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1 INTRODUCTION

1.1 Research topic and relevance

It is well known that copulas play a central role in modelling
multivariate dependence and linking univariate marginal distributions
together to form a multivariate distribution. This is the essence of the
famous Sklar’s theorem (see Theorem . Having many choices for
bivariate or, more generally, multivariate copulas is hence of
fundamental importance in describing probabilistic models of natural
phenomena. Interest in copulas, or more generally quasi-copulas, and
their construction methods is growing also among researchers working
on fuzzy set theory, when modelling preferences and similarities as well
as describing aggregation processes, on expert and decision support
systems, multicriteria and group decision making. For more in these
directions we refer to [13] 26] 25 34, [T, 14], and references therein.

Over the years, many different methods have been suggested to
construct various copulas; one can consult the books by Nelsen [36],
Joe 23], Durante and Sempi [12]. Sometimes several new construction
methods can be unified under one umbrella, giving rise to unifying
characterization results. In this thesis we describe one such case and
offer an even wider range of new copulas, parametrized not by one or
several parameters, as is often the case, but rather by a family of
general univariate functions satisfying predefined criteria. As
particular cases we recover several known results given in, for example,
[10, [13 9, 17). For a more precise definition of a bivariate copula see
Definition [

Let C denote the class of bivariate copulas and G be the set of all
continuous functions f : [0,1] — R;. Consider ) # C' € C and ) #
G’ € G. In our work we consider the map H defined on C' x G’ by
(C, f)— Hy(C) :[0,1]> = [0,1], where

Hp(C)(u,v) == C(u,v) f(C(u,v)),



C denotes the survival functionﬂ corresponding to copula C' (see
Definition . First, we characterize the subset G’ so that

H({' xgh)cce

whenever C' = C (see Theorem [3|in Section , which, together with
known examples from the literature, suggests a classification of
functions f used to construct Hy into eligible, conditionally-eligible and
non-eligible; see Definition [6] Having described eligible functions, in
Section [3.3| we study the properties of the transformation C' +— Hf(C').
In Theorem [4 we show that it preserves concordance order on the set
of copulas, yielding integral bounds for the Kendall’s 7, Spearman’s p,
and Gini’s v; moreover, H;(C) has simple expressions for the tail
behaviour indices, provided they exist for the chosen C' € C. Among
the properties of a copula C' that are not necessarily preserved by the
transformation, we mention the TP property and that of being
Archimedean (see Proposition . Further, the iterations of the map
C +— H(C) converge in the supremum norm to the unique fixed point
of this transformation, namely the countermonotonicity copula W (u,v)
(see Theorem [)) for any initial C € C.

As we see in Chapter [3| for H(C') to be a copula for any bivariate
copula C', quite restrictive conditions on f must be imposed. On the
other hand, for a particular copula C, these requirements on f can be
substantially loosened, yielding a much bigger set of allowable functions
f; this set contains many conditionally eligible functions, i.e. those that
depend on the choice of the initial copula C' and are not eligible. This
problem, for the case of comonotonicity copula M (u, v) (see Theorem@,
was solved by Durante and coworkers [10, [13].

Motivated by their nice results, we have decided to investigate the
case of the independence copula II(u,v) = wv since, together with an
appropriate function f, it defines several well known families of copulas
(see Examples EI, and below). The class of eligible functions
unfortunately halves the allowable parameter ranges for the
well-known families of Farlie-Gumbel-Morgenstern, Ali-Mikhal-Haq
(henceforth denoted as FGM and AMH; see, e.g. [36] for definitions

!The function C(u,v) is not a copula and should not be confused with the survival
copula C(u,v).



and properties) and Celebioglu—Cuadras (see [4, [7]) copulas, yielding
at the same time many examples of conditionally eligible functions f.

Therefore, in Chapter |4 we focus on the problem of finding functions
f for which

Cr(u,v) =w f((1—u)(l—v)), wu,vel0,1],

is a bivariate copula. In fact, this question is also related to an open
problem raised in a short note by Cuadras [6] where the author considers
“canonical” copulas of the form

CFy(u,v) = uwwHy(Q(u,v)), Hg(p) = /1 fet(;)dt +1, u,v,pe|0,1],
p

where fy is the so-called “canonical” correlation function depending on
a parameter f and discussed in [5], and @ is an appropriate bivariate
function on the unit square to be characterized. In [6, Examples 4,6 and
8],

Qu,v) =1— (1 —u)(1 —v) =II"(u,v),

i.e. the dual of independence copula II, is taken, in which case our
function f has the form

F(t) = Ho(1—1), telo,1). (1.1)

Therefore, our results could be used to shed some light on the properties
of a certain subclass of canonical correlation functions and corresponding
copulas.

An interesting relation between copulas of the considered form with
the TPy property and geometric Jensen convexity of the function f is
discovered in this chapter. Also we consider the case of twice
continuously differentiable functions f for which a much more
complicated sufficient condition appears, indicating possible difficulties
with a complete solution for the problem under consideration.

1.2 Novelty

The obtained results are new. Most of the results are included in the

following publications:
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2 PRELIMINARIES

In this chapter we collect necessary definitions and facts from copula
theory that will be used later on. We start by defining copula as a
bivariate function and mentioning Sklar’s theorem which is considered
to be the foundation of copula theory. This theorem first appeared in
[40]. The name “copula” was chosen to emphasize the manner in which a
copula “couples” a joint distribution function to its univariate margins.

Definition 1. A bivariate copulaﬂ (a copula, for short) is a function C
defined on [0, 1] with values in [0, 1] such that

e C(u,0)=C(0,u) =0 for any u € [0, 1],
o C(u,1)=C(1,u) = u for any u € [0,1], and

o (2-increasingness) for all uj,ug,v1,v2 € [0,1] with u; < ug and
v1 < vg, denoting [0 := [ug, ua] X [v1, va],

VC(D) = C(’UQ, ’UQ) — C(ul, 'U2) - C(UQ, Ul) + C(ul, ’Ul) >0
The first two conditions for C are also known as the boundary conditions.
We denote the class of bivariate copulas by C.

Theorem 1. Let H be a joint distribution function with margins F' and
G. Then there exists a copula C such that for all x,y € R,

H(z,y) = C(F(z),G(y))- (2.1)

If F and G are continuous, then C' is unique; otherwise, C is uniquely
determined on Ran F' x Ran G. Conwversely, if C is a copula and F and
G are distribution functions, then the function H defined by is a

joint distribution function with margins F' and G.
Now let us define popular functions involving bivariate copulas.

Definition 2. Let C € C and (u,v) € [0,1]%. Then

!One can also consider n-variate copulas for any n > 2 (see, e.g. [36], [23], or [12]),
but we mostly will be concerned with bivariate copulas in this thesis.



e C(u,v) =1 —u—v+ C(u,v) is called survival function (of the
copula C);

o C*(u,v) = u+v—C(u,v) is called dual function (of the copula
o);

e Clu,v) =u+v—1+C(1—u,1—0)is called survival copula;

Further we mention the well-known Fréchet—Hoeffding bounds
satisfied by all copulas. The bounds are true in the n-dimensional
setting, but as we consider only bivariate copulas in this thesis, the
formulation is adapted to the case n = 2 (see Figures and for
visual representation).

Theorem 2 ([36, Theorem 2.2.3]). For any copula C € C and any
(u,v) € [0, 1%,

W (u,v) == (u+v—1)" < C(u,v) < M(u,v) := min{u,v}.
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Figure 2.2: Contour maps of copulas W (u,v), II(u,v) and M (u,v)



Concordance order and implied dependence properties

In this subsection we mention the (partial) concordance order on the set

of copulas C' and popular dependence properties.

Definition 3 (|36, Definition 2.8.1]). For any C1,Cy € C, we say that
C1 is smaller (resp. larger) than Cy and denote it by C7 < Ca (resp.
Cy = Cy) if Ci(u,v) < Co(u,v) (resp. Ci(u,v) > Co(u,v)) for any
(u,v) € [0, 1]2.

Then the Fréchet—Hoeffding bounds can be written succinctly as
W < C < M for any C € C.

A parametric family {C,} is said to be positively (negatively)
ordered if C, < C, when @ < b (a > b). For the class under
consideration, this translates to partial ordering of functions {f,}, i.e.
{C}} is positively (negatively) ordered iff f,(t) < fi(t), t € [0,1] when
a <b (a >b). Families of copulas in Examples [9] and |15 are all
positively ordered.

We now recall some dependence properties.

Definition 4. Let X and Y be random variables. It is said that (see
[36, Definitions 5.2.1 and 5.2.3])

e X and Y are positively quadrant dependent (PQD) if

P(X <z,Y <y) >P(X <2)P(Y <y), Y(z,y) R

Y is left tail decreasing in X (denoted LTD(Y|X)) if
P(Y < y|X < z) is a nonincreasing function of = for all y.

Y is right tail increasing in X (denoted RTI(Y|X)) if
P(Y > y|X > z) is a nondecreasing function of z for all y.

o Y is stochastically increasing in X (denoted SI(Y|X)) if

P(Y > y|X = z) is a nondecreasing function of z for all y.

It is often desirable to quantify the strength of an association
(dependence) of a pair of random variables (X,Y) whose copula is C.
Just by looking at the copula C, which provides the dependence, is
often not clear if X and Y are strongly /weakly associated (dependent).
Many measures of association are known in the literature, and we will



mention several of them below. One way to quantify association might
be through concordance of random variables. Informally, we say that a
random variable X is concordant with Y if “large” values of one of
them tend to be associated with “large” values of the other, and
likewise “small” values of one with “small” values of the other (see [36]
Chap. 5.1]). More precisely, if we have two observations (x;,y;) and
(x,y;) of continuous random variables (X,Y’), then these observations
are concordant if

(zi — x5)(yi —yj) >0
and discordant if
(zi — ;) (yi — y5) < 0.

In nonparametric statistics, the sample version of Kendall’'s 7 is
extensively used (e.g. to test for independence of X and Y see [21]
Chap. 8|), which is simply the difference between the number of
concordant pairs among the sample observations {(x;,v;),i = 1,...,n}
(observations are assumed distinct, and each pair is either concordant
or discordanlﬂ) and the number discordant pairs, normalized by the
number of all pairs. Among other measures of association, we mention
also Spearman’s p and Gini’s . On the population level, for a random
vector (X,Y) whose copula is C, the three measures are defined as
(see, e.g. [36, Chap. 5.1]):

Txy = P((X1 — X2)(Y1 — ¥2) > 0) = P((X1 — X2)(Y1 — Y2) < 0);
pxy = 3(P((X1 — X2)(Y1 —Y3) > 0) — P((X1 — X2)(Y1 — Y¥3) <0));

1 1
VX,YZQ/ / (lu+v—1] = |u—v|)dC(u,v),
0 Jo

where (X;,Y;), ¢ = 1,2,3 are independent copies of (X,Y). In terms
of the copula C, they are given by the following expressions (see [306]

2If ties among ;s or y;s are observed in the data, there are several statistically
meaningful ways to extend the definition of concordant/discorcdant pairs to such a
case, leading to appropriate modifications of the statistical tests; see [21] Chap. §].

10



Theorems 5.1.3, 5.1.6; Corollary 5.1.14]):

>y = 4/01 /01 C(u, 0)dC(u, v) — 1, (2.2)
pxy =12 /01 /01 C(u,v)dudv — 3, (2.3)
Txy =4 (/01 C(u, 1 —u)du — /Ol(u - C(u, u))du) . (2.4)

For any reasonable concordance measure kxy in the sense of Scarsini
(Kendall’s 7, Spearman’s p and Gini’s v are examples; see [306,
Definition 5.1.7]), measuring association between continuous random
variables X and Y whose copula is C, an increase of C' in concordance
order means an increase in kx y, which justifies the name of the order.

Tail dependence coefficients

Apart from concordance measures which quantify how large/small values
of one variable appear with large/small values of the other, one might
also be interested in measuring dependence in the upper right and/or
lower left corner of [0, 1]2. This dependence can be measured in several
ways, for example, by upper and lower dependence coefficients, whenever
they exist and belong to (0, 1], which are given by the following limits:

Ay =limP(Y > V@)X > FEY(1)),

A = lim P(Y < GEV@)|X < FEY@),

where F(-V(t) := inf{z|F(x) > t} is the quasi-inverse distribution
(quantile) function of a continuous random variable X (see [30,
Def. 2.3.6]), and likewise G(~1) is the quasi-inverse distribution
function of a continuous random variable Y. By [36, Teorem 5.4.2], in
terms of the copula C' of the variables X and Y, the tail dependence
coefficients can be computed as

o 1= 5C(t) _ / .
T 5C(t) Y
AL = ltlfél = 0o (0+), (2.6)

where ¢ (t) = C(t,t) is the diagonal section of copula C.

11



In order to measure (left-tail) dependence among two continuous
random variables, one can use the notion of left corner set
decreasingness, which has a tight connection to the so-called TP
property of the joint distribution function of those variables, as well as
that of the corresponding copula. To be more precise, given a pair of
continuous random variables X and Y and following [306]
Definition 5.2.13], variables X and Y are said to be left corner set
decreasing (denoted LCSD(X,Y)) if

PX <a2,Y <ylX <2,V <)

is non-increasing in 2’ and y' for any fixed x and y. By [36
Corollaries 5.2.16 and 5.2.17], the LCSD(X,Y’) property is equivalent
to the joint distribution H (and also corresponding copula C) of X
and Y having the TPy property, namely,

H(x1,y1)H (22, y2) — H(x1,y2)H (22,91) > 0, (2.7)

forall 0 <z <29 <1, 0 <y; <y2 < 1. Copulas with TPs property

29

are sometimes called “TP5 copulas™’.

Symmetry properties

A pair of random variables (X,Y") can also exhibit various symmetries.
Recall (see [36], Definition 2.7.1]) that, given a random pair (X,Y) and
a point (a,b) € R?,

o (X,Y)isradially symmetric about (a, b) if and only if (X —a, Y —b)
and (a — X,y — Y) have the same joint distribution function;

o (X,Y) is jointly symmetric about (a, b) if and only if (X —a,Y —b),
(X —a,b=Y), (a—X,Y —b) and (a — X,b —Y) have the same
joint distribution function.

It is well known (see [36, Theorem 2.7.3]) that if X and Y are
continuous random variables with distributions symmetric about a and
b, respectively, and joined by copula C, then radial symmetry of the
joint distribution of (X,Y) about (a,b) is equivalent to having C' = C.

Also note that Cy(z,y) = Cf(y,x), i.e. if X and Y are identically
distributed with associated copula C, then X and Y are exchangeable
(see [36, Theorem 2.7.4)).

12



Archimedean copulas

We close this chapter by mentioning one special family of copulas,
namely Archimedean copulas. Such copulas are very popular among
practitioners, due to the easy way to compute them, excellent
properties and wide range of dependence structures that can be
modelled through this family. To be precise, a copula C is called
Archimedean if it can be written as

Cu,v) = ¢ (g(u) + ¢(v)), (u,v) € [0,1]?

for some continuous, strictly decreasing, and convex function ¢ : [0, 1] —
[0, +00], called generator, such that ¢(1) = 0, where ¢[~! denotes any
appropriately defined pseudo-inverse of ¢. For example,

Definition 5 (|36, Def. 4.1.1.]). Let ¢ : I — [0, +0o0] be a continuous,
strictly decreasing function such that ¢(1) = 0. The pseudo-inverse of
¢ is the function ¢!~ : [0, +00] — I given by

e ) 7)) 0 <t <¢(0),
o) = { 0, #(0) <t <oo.

Clearly, any Archimedean copula is symmetric, i.e. C(u,v) = C(v,u)
for any (u,v) € [0,1]2. For more about Archimedean copulas; see, e.g.
[36, Chap. 4].

Some popular families of copulas, which will be used in examples
in following chapters, are Archimedean, for example, Ali-Mikhail-Haq
and Gumbel-Hougaard. Unfortunately, in general, proposed mapping
H; does not preserve Archimedean property, i.e. if C'is Archimedian,
H{(C) need not be Archimedian (see Proposition [L).

13
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3 CHARACTERIZATION OF
ELIGIBLE FUNCTIONS

In this chapter we try to specify the set of eligible functions, i.e. find
functions f for which

Hf(C) (u,v) :== C(u, v)f(é(u7 v)), (u,v)€ [O> 1]2

is a bivariate copula for any C' € C. The rest of the chapter is organized
as follows. In Sect. [3.I] we provide necessary and sufficient conditions for
the problem. Then, in Sect. we provide some examples of function
f and corresponding mappings. Section constains some properties
of the mapping. Finally, in Sect. we discuss some extensions to
n-dimensional case and in Sect. provide some possible extensions of
the considered transformation.

3.1 Main results

This section contains the statement and proof of our main result of
this chapter (Theorem , as well as describes many known examples
of transformations which have inspired our work. To distinguish three
possible situations, we suggest the following classification of

transformation functions:
Definition 6. A function f :[0,1] — R4 is said to be

« eligible if H;(C') € C for any C € C; the set of eligible functions
will be denoted by Go;

« conditionally eligible if there are Cy,Cy € C such that H¢(C) €
C but Hf(CQ) ¢ C;

« non-eligible if H¢(C) ¢ C for any C € C.

For example, any function f : [0,1] — Ry, for which f(0) # 1, is
non-eligible. Also note that f cannot assume negative values if Hy(C')
is to be a copula for all copulas C. Furthermore, any function f such

15



that f(0) = 1 is a candidate to be eligible/conditionally-eligible since

Hi(W)=Wf(W)=W as W(u,v) =0 on
{(u,v) €[0,1]*:u+v <1}

while W = 0 on
{(u,v) € [0,1]? :u+v >1}.

Many examples of eligible/conditionally-eligible functions are also
known. Given the setup described in the Introduction, they can be

described as follows:

o F. Durante and coworkers (see [10, Theorem 1] or [13, Theorem 3]
where an extension to n-variate copulas is given) characterized G’
when C' = {M}, where M (u,v) = min{u, v} is the comonotonicity
copula (upper Fréchet—Hoeffding bound). Indeedﬂ

H¢(M)(u,v) = min{u, v} f(1 — max{u,v})

is a copula for a continuousE| f:]0,1] — [0, 1] iff

(a) £(0) =1,
(b) f is non-increasing on [0, 1], and

(¢) t— f(t)/(1 —t) is non-decreasing on [0, 1).

This result will prove the necessity of several conditions for a
function f to be eligible. Combined with our characterization of
eligible functions, it will also give an indication why certain

functions f are only conditionally-eligible.

« A.Dolati and M. Ubeda-Flores [9] and A. Kolesarova et al. |26, 27]
considered ' = C and

G ={0a(u)=1—au:uecl01],ac0,1]}.

This transformation provides a rare (in this context) example of
known probabilistic characterization on the level of random
variables. Indeed, if X and Y are random variables distributed

'To fit current setting, Durante’s f(t) is our f(1 —t) for t € [0, 1].
2Theorem 1 in [10] contained additional differentiability assumption on f which
was subsequently removed in [I3] Theorem 5].

16



uniformly on [0, 1] whose copula is C, then Hs_(C) is the copula
of the pair

(min{ X1, X2}, max{Y7,Y>2}) with prob. a/2;
(Z1,7Z3) == (max{Xi, Xo},min{Y7,Y2}), with prob. a/2;
(X1, Y1), with prob. 1 — a,

where (X;,Y;),i = 1,2 are independent copies of (X,Y’). Note that
Hs,, (IT) for o € [0, 1] gives part of the FGM copula family, the other
part corresponding to a € [—1,0). This fact, combined with our
results, implies that d, is eligible iff « € [0,1] and conditionally-
eligible if o € [—1,0). Whether J,, is conditionally-eligible or non-
eligible for @ < —1 remains to be seen; the values a > 1 lead to

negative values of d, so are clearly unacceptable.

« A. Dolati and M. Ubeda-Flores [J] also suggested C' = {II},
(z,y) = zy, or C' = {M} and

G = {gs(u) = exp{du} : u € [0,1],6 € R}.

The authors have shown that Hy,(II) is a copula iff 6 € [—1,1],
whereas no conditions on ¢ have been provided for the H,, (C) to be
a copula for a general C'. Our main results (Theorem 3) shows that
gs is eligible iff 6 € [—1,0]. Moreover, gs is conditionally-eligible
if § € (0,1], while it is not known if g5 is conditionally-eligible or
non-eligible for § & [—1,1].

o F. Durante et al. [I7] considered C’ = C and
G ={fH) =00+ )" :uel0,1],xe0,1]}.

Our results imply that f) is eligible iff A € [0, 1]. It is also known
that for A € [-1,0), Hy, (II) is a member of the Ali-Mikhail-Haq
family of copulas, hence fy is conditionally-eligible for A € [—1,0).
For A < —1, fy is clearly non-eligible as it can attain negative
when u is close to 1, while it is not known, to the best of our
knowledge, if f) is conditionally-eligible or non-eligible for A > 1.

Now we state our main result of this chapter:

Theorem 3. A function f :[0,1] — Ry is eligible if and only if
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(i) f is non-increasing,

(it) f(0) =1,
(iii) f(z) > 1—x for any z € [0,1], and
(iv) f is conver.

Remark 1. Note that conditions (i)—(iii) restrict the range of eligible
functions to the interval [0, 1]. If one were to replace Ry with [0, 1], then
condition (ii) would become superfluous due to (iii) used with z = 0. As
condition (ii) is explicitly referred to in the proofs, we chose to keep it
in the formulation. Also note that in [10, Theorem 1] condition (c) does
not imply condition (a), even if f takes [0,1] to [0, 1].

To prove the 2-increasingness property of H¢(C') the following result

will be crucial.

Lemma 1. Let C € C and let f satisfy conditions (i)-(iv) of Theorem|3
Then for any (u;,v;) € [0,1]%,i = 1,2 and such that u; < ug and vy < vy,

Voo ([ur, ua] x [vr,va]) = =V ([ur, ug] x [v1, v2]),

where for any bivariate function g : [0,1]*> — R,
Vo([ur, ug] x [v1,02]) = g(u2,v2) — g(u1,v2) — g(uz, v1) + g(u1, v1).

Remark 2. The bound of Lemma (1] is sharp, as for f(z) = 1 — x the

lower bound is attained.

Proof of Lemma (1 Denote

Here for a,b € R, a A b = min{a, b} and a V b = max{a,b}. Since any
copula C is 1-Lipschitz, C is non-increasing in each of its arguments and
so z1 < z3 < z3 < z4. Thus, since f is also non-increasing (by (i) of
Theorem ,

f(z1) < f(z3) < f(22) < f(=1)
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and

Viea(lwn, 2] x [y1,42]) = f(21) — f(22) — f(z3) + f(24) =2 A

Now consider several cases:

Case 1. 0< 21 < 29 < 2z3< 24 <1. Then

A:—M(32_21)+M

29 — 21 24 — 23

(24 - 23)7
and for the considered f we have

() f(22) = 1 604 f(z9) = (1) @) fl2a) = flz) O

_1§ < < <0,
Z9 zZ9 — 21 Z4 — 23

(3.1)
yielding
A f(24)—f(23)(

24 — 23 — 22 + 21)

Z4 — 23
_ WVC([ULW] x [or, v2])

Vo ([ur, ug] X [v1,v2]).

Case 2. 0 < z1 = 29 < z3 < z4. Similar to Case 1, we get

A= M(m — 23— 29+ Zl) " —Vc([ul,UQ] X [1}1,'02]).
Z4 — 23

Case 3. 0 < z1 < 29 < z3 = z4. Analogous to Case 2.

Case 4. 0 < z1 = 29 < z3 = z4. In this case, A = 0 trivially, and likewise

Vg([ul,uﬂ X [Ul,UQD = Vc([ul,UQ] X [Ul,vg]) =0.

Now we can prove our main theorem of this chapter.

Proof of Theorem[3. (Sufficiency) Using condition (ii) and the fact that
C € C is a copula, we easily verify that Hy(C) satisfies the boundary
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conditions of a copula:

Hf(C)(u7 1) = uf(O) =, Hf(C)(lv ’U) = ’Uf(()) =
H¢(C)(u,0) = Hy(0,v) =0, Vu,v € [0,1].

It remains to show that H;(C) is 2-increasing for any C' € C and f
satisfying (i)—(iv), that is,

0 < Vi, (o)(B) = Hy(C)(ur,v1) — Hy(C)(ur,v2)
= Hy(C)(uz,v1) + Hy(C)(uz, v2),

where we denote [J := [ug, ug| X [v1, va] for uy, ug, vy, Vo € [0, 1] such that
u1 < ug and v; < vo. Observe that

Vi (o) (0) = Cur, v1)V;5(0) + Ve (O) f o Cluz, va)
+ (C(u1,v2) — C(ur,v1))(f o Cug,v2) — f o C(us,v2))
+ (C(ug,v1) — C(u1,v1))(f o Cluz,v2) — f o Cug, v1))
Clur,v1)V;z(0) + Ve (D) f o C(ug,v9),

since C' and f o C are non-decreasing in each argument (here we used
condition (i)). Now by Lemma [l and condition (iii),

)(f o Cluz,v2) — C(u1,v1))

)(1 = C(uz,v2) — C(u1,v1))

)(ug + vo — C'(ug,v2) — C(u1,v1))

> Ve(O)(C(uz,1) — C(uz,v2) + C(1,v1) — Cur,v1)) >0,

since being a copula C is non-decreasing in each argument.

(Necessity) Conditions (i)—(iii) are necessary for f to be eligible.
This follows from Theorem 1 in [10]. As for condition (iv), assume that
f is eligible and suppose on the contrary that f is not convex. We will
construct a (diagonal) copula Cs such that Hy(Cs) is not a copula.

To this end, first observe that, being continuous, such f cannot be
convex in the Jensen sense (see [35, Section 1.4.3]), i.e. there are points
x0, Yo € [0, 1] such that z¢ < yp and

(3.2)

o + Yo f(wo) + f(v0)
f( 5 >> 5 .
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Without loss of generality, we may assume that yo < 1. If this were not
the case, we could consider y{, < yo such that (3.2]) holds with y{, in place
of yo as the function

$0+y> ~ f@o) + f(w)

o) = £ (2 .

is continuous and g(yg) > 0.
Now for 39 < 1 we can find ng € N such that yg < 1 — 27", Next
define the function

at, if0<t<wv :=(1+27"0 —yp)/2;
o(t) :==q 27Mo, ifog <t <wg:= (142770 —2x)/2;
148t —1), ifo<t<l,

where 270 < v; < vp < (1+4270)/2 and
a=2""/y; <1, and B=(1-27")/(1—-wvy) <2

Clearly, such a function 6(¢) < ¢ is continuous (piecewise linear), non-
decreasing, [-Lipschitz, and, moreover, 6(0) = 0, §(1) = 1. By [36]
Theorem 3.2.12], there is a diagonal copula, namely

Cs(u,v) = min {u,v, W} , (3.3)

with 0(t) as its diagonal section. Now if [ = [vy, va] X [v1, v2], then

Vi (05)(8) = Cs(va,v2) f(Cs(v2,v2)) = Cs(v1,v2) f(Cs(v1,v2))
— Cs(v2,v1) f(Cs(v2,v1)) + Cs(v1,v1) f(Cs(v1,v1))

= 3(02)(20) — 2C5(on,vf (252 ) + 800
= 2700 (o) -2 (5 + (yo>)

since

Cs(vi,v1) =1 =201 +0(v1) = w0, Cs(v2,v2) =1 — 202 + 6(v2) = o,

— — To +
Cs(v1,v2) = Cs(v2,v1) =1 —v1 —vg + Cs(v1,v2) = 0 5 0.

This shows that H;(Cjs) is not a copula, contrary to our assumption,
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and completes the proof of the theorem. O

Remark 3. Comparing our Theorem [3| with Durante’s [10, Theorem 1],
we note the following:

e Condition (iii) follows from a stronger condition (c) by using ¢t = 0
and condition (a), which is also condition (ii).

e Conditions (i), (iii), and (iv) together imply condition (c). Indeed,
to show (c), by [10, Lemma 1] (see also [13, Lemma 2]), it is enough
to show that for 0 < v < u <1 one has

(1 —wu)f(u) + (1 =0)f(v) = 2(1 —u)f(v) 20,

which can be equivalently written as

(I —u)=——"——

But the latter follows from the following inequalities which are
implied by conditions (i), (iii) and (iv):

Flw) ~1 _ fw) ~ f(0)

U - U—7v

-1< <0.

e Some concave functions satisfy condition (c). For example,
consider simple concave functions fy(z) = 1 A =% for
0 € [(5— v13)/8,1/4) ~ [0.1743,0.25), satisfying (i)-(iii) and
even condition (c), which produce a “ripple” in the graph of

Hy, (IT) making it a non-copula, since

3

Vi, @ ([1/2,1/2] x [1 - 20,1 26)) = 61 =0)

—26(1—20) < 0.

3.2 Additional examples

In this section we present a few more examples of the copulas H¢(C') for
different f and C. We begin with an illustration of the counterexample
constructed in the proof of Theorem
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(a) A difference M — Hy(M) (b) contour map of copula H (M)
Figure 3.1: Copula H;(M) whith f(t) = sin(7(1 —t)/2)
Example 1. Let f(t) = sin(n(1 —t)/2) (see [10, Example 5]). It was
shown that Hy(M) is a copula (see Figure [3.1)). Yet, f is concave, so
our construction from the necessity part proof of Theorem [3| applies.

Indeed, take zg = 1/4, yo = 3/4, ng = 3, v1 = 3/16, va = 7/16, a = 2/3,
g =14/9, and

2t /3, if 0 <t<3/16;
5(t) =14 1/8, if 3/16 < t < 7/16;
1+ 14(t—1)/9, if7/16 <t <1.

Then for O = [3/16,3/16] x [7/16,7/16] and Cs given in (3.3)),

1
Vi, (c5)(0) = 16 (W —2vV2+4+/2— \/i) ~ —0.01346.

A couple of known copula families that fit our setting are the

following;:

Example 2. o Let fy(t) = 14 0t + 204t%, 0,6 € [~1,0]. Then
Hy, ,(I) is known as part of Lin’s iterated FGM copula family

Hy, () (u,0) = wo |1+ 6(1 — u)(1—v) {1 4 %(1 — (1 — U)H .

For more on Lin’s iterated FGM copulas, see [30].

o Let fo(t) = exp{(1 — )* — 1)/a} for a« > 0 (see [I0
Example 4]). Again, Hy, (M) was shown to be a copula. Yet fq
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satisfies conditions (i)—(iv) of Theorem [3|if and only if o > 1. For
€ (0,1), fq is only conditionally eligible.

Here are a couple of additional examples:

Example 3. Let (a,b) € {(s,t) € [0,1]* : t > 1 — s} and fi,p)(2) :=
bV (1 - %bx) Then setting Cop := Hy,, , (II) we have

Custi) = o (1= 2200 - 01—
:{ “”(1—%(1—7«6)(1—@)), 0<(1—u)(l—0)

buv, a<(l—u)(l—-v)

which, by setting a = 1, recovers part of FGM copula family with
parameter § =1 —5b > 0.

Notice that H¢(II) is a function of II(u,v) = uv and

I(u,v) = (1 —u)(1 —v).
One can get new copulas from II by composing H with H, for different
fa g e gO:

Example 4. o Let fo,(t) =1—ayt, i =1,2 and «; € [0,1]. Then

Cayas (U, v) = (Hfa1 o Hfa2) (I1) (u, v)
= [Hy,,(I(1 — ar Hy,, (I1))](u, v)
=w(l — az(1l —u)(l —v))
X [1—ai(l—u)(1l—2v)(1—auv)],
which differs from iterated FGM copulas of (a) Kotz and Johnson
[28] and (b) Lin [30]:
(a) Cop(u,v) =uv{l+6(1 —u)(1l—v)[l+ duv]};
(b) Coolu,v) = v {1+ 0(1 — w)(1 - v)[1 + $(1 — uw)(1 - v)]}

where 6, ¢ € [-1,1].

e For fo(z) =1 —az and gx(z) = (1 + Az)~! with a, A € [0,1] as
considered by Dolati and Ubeda-Flores [9], composing in different
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order one respectively gets:

= o u,v :—Hfa(n) U, v
Cralu,v) = (Hgy o Hy,) (I)(u,v) 0t AW>( 0)
wo(l — a1l —u)(1 —v))
1+ X( )(1 —v)[1 — auw]
and
Ca(u,v) = (Hfa o Hy,) (1) (u, v)
= [Hy, (D)(1 — aHy, (IT))](u, v)
_ uv 1 a(l—u)(1=v)[1+ A1 —u—v)]
I+ X1 —w)(1—v)) 1+ A1 —wu)(1l—v)

_ w[l+ (1 —u)(l—v)A—a—Aa(l—u—1)]
(IT+ A1 —u)(1—v))? ’

Also by considering f,(x) we get
Hy, (C)(u,v) = —aC?(u, v)+auC (u, v)+avC (u, v)+(1—a)C(u,v)

which partially recovers copula mapping suggested in [27] (with
parameter d = 0 in their setting).

o If f\,(z) = (1+ Nz) 1, A €[0,1] and i = 1,2, then

o (1, 0) i= (Hoy, © Hyy, ) (1) (u,v)
T T+ M0 —u—0) 1+ A1 —u)(I—0) + \uv’

Note that in this example, all listed two-parameter copulas are
polynomial or rational functions of II and II since

1 —u—v=TI(u,v) —I(u,v).
3.3 Properties of transformation H

The mapping H possesses several nice properties. Recall that
W(u,v) = (u+v—1)" is the lower Fréchet-Hoeffding bound, i.e. for
any C € C, C' = W. Then we have:
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Theorem 4. For any f € Gy and any C,C1,Cy € C, the mapping
C— Hf(C)

(i) has a unique fized point, W, for all f #1, i.e. H¢(C) = C if and
only if C =W;

(it) is injective, i.e. Hy(C1) = Hy(C2) if and only if C1 = Cy;

(iii) preserves concordance order, i.e. if C; < Cy then Hf(C’l) <
H(Ca) (see Definition [3);

(iv) decreases upper and lower tail dependence indices, whenever they
exist, i.e. if a copula C has upper and lower tail indices, \y =
Av(C) and A\, = A(C), respectively, then

Au(Hp(C)) = (14 f/(0+) A (C)  and  AL(Hp(C)) = fF()AL(C).

Moreover,

(v) if C € C is symmetric (that is, C(u,v) = C(v,u) for any (u,v) €
[0,1)2), then H(C) is also symmetric; and

(vi) if C is radially symmetric (that is, C = C) and C' > 0 on (0,1]2
then Hf(C) = H¢(C) iff f(t) =1—at, a € [0,1].
Proof. (i) Having H(C) = Cf(C) = C' is equivalent to having C' = 0
on the set

A= {(u,v) €[0,1]* : C(u,v) > 0},

since f(0) =1, f # 1, f is non-increasing and convex (see (i), (ii) and

(iv) of Theorem [3)). So for any (z,y) € 4,

Clu,v) =0=1—u—v+ C(u,v)

implies that
0<Cu,v) =u+v—1=W(u,v).

On the complement [0,1]% \ 4, both C and W are zero, so also equal.
(ii) Sufficiency is trivial. To prove necessity, omitting arguments to
simplify notation, observe that having H;(C1) = H(C?) is equivalent
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to

0= C1f(€1> - C2f(€2)

- _ (3.4)
= C1(f(C1) — f(C2)) + (C1 — Co) f(C2) :== B

on the whole square [0, 1]2. Suppose there exists a point (ug,vo) € [0, 1]
such that Cj(ug,vg) > Ca(ug,vp). Then also

29 1= 61(110,’00) > 21 = 62(”01“0)

and
0 S f(zl) — f(Zg) S Z9 — Z1, (35)

by the first two inequalities in (3.1). Now using (iii) of Theorem
f(21) = uo + vo — C2(uo, vo) > ug +vo — C1(uo,vo) > C1(uo, vo),

where the last inequality follows from the upper Fréchet—Hoeffding
bound (see Theorem [2)):

uo + Vo
2

C1(ug,v0) < M(ug,v9) = zo Ayo <

Putting together the obtained inequalities yields

B(ug, vo) = C1(uo,v0)(f(22) — f(21)) + (C1(uo,v0) — C2(uo,v0)) f(21)
> (C1(uo,v0) — C2(uo,v0))(f(21) — C1(uo, v0)) > 0,

which contradicts .

(iii) Suppose C; > C3 on the whole [0,1]2. Then also C; > Co
on the same square and so f(Cy) < f(Cs) for any eligible f by (i) of
Theorem (3| Using , on I? then

0< f(ég) — f(él) < 61 —62 =C1 - Cs.
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Therefore we can write

Hy(C1) — Hy(C2) = C1f(C1) — C2f(C2)
= f(C1)(C1 — C2) — (f(C2) — f(C1))Cy
> f(C1)(C1 — C2) — (C1 = C)Cs
= (C1 = C2)(f(C1) — (o)
> (C1 —Co)(1—Ch — ()
0,

Y

since for any (u,v) € [0,1]?,

1-Ci(u,v) =u+v—Ci(u,v) > u+v—uAv=uVo > uAv > Cs(u,v).
(iv) Using (2.5)), together with the facts that

S, (c)(t) = dc(t) f(1 =2t +dc(t)),

f is convex and f(0) =1 (by Theorem [3)), yields

. 1 =0g,0)(t)

Av(Hy(C)) =2— ltlTI{lT

R S 1 — f(1 =2t +30(8) 1 — 2t +80()
R o R W Ol p s s vy o1 7

= A (C) + dc(1) f(04+H) A (O),

proving the first formula since dc(1) = 1. To get the second, we use
(2.6) and obtain

AL(Hf(C)) = lim Omyey() _ . do(®)f(1 =2t + dc(t))

10 t t10 t =AL(O)f (D),

since d¢(0) = 0.

(v) Obvious from the definition of H(C').

(vi) If C = C and f(t) = 1 — at for a € [0,1], then Hy(C) = I?(E)
by [9, Theorem 3.9].

The proof of necessity mimics the proof of Theorem 3(b) in [10].
Indeed, consider an f € Gy, let C' = C be such that C > 0 on (0,1]?,
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and suppose that Hf(C) = H¢(C). Then
Clu,v) =C(1 —u,1—v), Y(u,v)€l0,1)?

and

0= Hy(C)(u,v) = Hy(C)(1 —u,1 —v)
=1—u—v+Cu,v)f(C(u,v)) — C(1 —u,1 —v)f(C(1 —u,1 —v))
= (C(u,v) = C(u,v)) + C(u,v) f(C(1 —u,1 - v))
—C(1—-u,1—0)f(C(u,v)),

which after rearrangement for (u,v) € (0,1)? becomes

1— f(C(u,v)) _ 1—f(C(1—-wu,1-0))
C(u,v) C(l—wu,1—v)

Letting v 1 1 for a fixed u € (0, 1), we get (1 — f(u))/u on the left-hand
side, while the right-hand side tends to —f’(0+). Hence,

flw) =14 f(0+)u, Vue(0,1).

By being eligible, f is continuous on [0,1], hence f(z) = 1 — ax for
any x € [0,1] with & = —f/(0+) € (0,1]. The case f = 1 corresponds
to o = f’(04) = 0, in which case H¢(C) = C and there’s nothing to
prove. O

Remark 4. Condition C' > 0 on (0,1]? of Theorem (V) is satisfied, e.g.
by Frank, Gauss and Student copulas which are known to be radially
symmetric. This condition eliminates the trivial case C = W = H(C)
for any eligible f and also helps avoid situations where the function f
can be uniquely specified only on a subinterval of [0, 1]. To illustrate this
possibility, consider the diagonal copula corresponding to W, namely

C(u,v) = Csy, (u,v) = min{u, v, (u —1/2)" + (v — 1/2)"}

and consider f,(t) = fa/21-a2)(t) = (1 —at) vV (1 - a/2), a € (0,1],
€ [0,1] (see Example [3). It is straightforward to check that both C
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and Hj (C) are symmetric and radially symmetric. Indeed,

0, 0§u,v§%;
= B u/\gv—%g, 0§u§%<v§1;
Cu,v) =C(1—u,1—v) = . .
vAlu—35), 0<v<35<u<l
u+v—1, %<u,v§1,
and
H~Q(C)(u,v):Hfa(C)(l—u,l—v)
1—u—wv, 0<L ,vgé,
_ 11—« u/\( % %—u\/(v—% , 0§u§%<y§1;
B 1—aEv/\( ;;;;é%—v\/(u—égg, 0§v§%<u§1;
0, %<u,v§1

As a corollary of Theorem [4] we immediately obtain the following
result.

Corollary 5. For any f € Go, C € C, and any continuous random
variables X and Y, having copula H¢(C), we have the following

inequalities:
1
1 <mey (H(C) <4 [ (1= a) ey -1, (3.6)
-1 <pxy Hf <12/ 1—£E dZL‘— (37)
1/2
1 <yxy (Hf(C)) < 4/ ) F(1— )+ f(2) dz — 2. (3.8)

Proof. By Theorem [] (i) and (iii), W = Hy(W) < Hy(C) < Hy(M) for
any C € C and any f € G, and due to [36, Theorems 5.1.9 and 5.1.13],

for Kendall’s 7, Spearman’s p, and Gini’s -, we have

“1=71xy(W) <7xy(Hf(C)) < mxy(Hs(M)), (3.9)
—1=pxy(W) < pxy(Hf(C)) < px,y (Hp(M)), (3.10)
—1=xy (W) < vxy(H(C)) < yxy (Hy(M)). (3.11)

Now using [10, Theorem 4], the fact that our f(¢) is Durante’s
f(1—1t), and a simple change of variables, we immediately get the
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claimed inequalities. O

The next proposition contains some negative facts about the
mapping Hy, including a few important properties of a copula that are

not preserved, in general.
Proposition 1. The following is true about Hy:

(a) Given a general f € Go, the mapping Hy : C — C is not necessarily
surjective.

(b) Given a general f € Gy and a copula C € C that has the TP
property, i.e. for all0 <wu; <ug <1, 0 <v; <wg <1,

C’(ul,vl)C’(uQ,vz) — C’(ul,vg)C(ug,vl) Z O,

the image Hy¢(C) does not necessarily have this property.

(c) Given a general f € Gy and an Archimedean copula C € C, the
image H¢(C) need not be Archimedean.

Proof. (a) Let f(t) = 1 —t and see |26, Example 2] where a Bertino
copula Bs for a specific function § is constructed, which has no

preimage under the map Hy taking C' to C(1 — C).

(b) Both M and H;(M) are known to be TP; [15, Example 3.7]. On
the other hand, H(II) belongs to the Farlie-Gumbel-Morgenstern
(FGM) copula family when

f)=1—at, «aec(0,1],

which is easily checked to be RRg (reverse regular of order two,
i.e. the inequality of TPy property is reversed), so TPy property
of IT is not preserved.

(c¢) The independence copula II is clearly Archimedean with generator
¢(t) = —Int. Then, on the one hand, the members of the FGM
copula family, H¢(II) for

f(t)zl_atv 066(0,1],
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are not Archimedean; see [36, Example 4.7]. On the other hand,
the members of the Ali-Mikhail-Haq (AMH) family, namely
H f (H) for

f)=0+at)™l, ac(0,1]

are Archimedean; see [36, Example 4.8].

Let
HY :=id (identity mapping on C), H%:= H;o HY ™1 k>1

Excluding the trivial case f = 1 which implies H ]Jf = 1d for any k£ > 0,

we have

Theorem 6. If f is eligible and f % 1, then for each C € C,

lim |Ef(C)-w| =o.
k—o0 9]

Proof. As pointwise convergence of copulas to a copula implies uniform
convergence (due to equicontinuity of the family of copulas), it suffices
to show for any (u,v) € [0,1]? that

kl;ngo H}C(C)(u,v) — W(u,v) =0. (3.12)
Now observe that for any (u,v) € [0,1]%, since f(¢t) < 1 for all
tef0,1] and k> 1

HF(C)(u,v) = Hf~H(O)(u,0) f(HyH(O)(u,0)) < Hf™H(C)(u,v).

Therefore the sequence of copulas H*(C), k > 0 is point-wise monotonic
and hence it converges to some copula which must be H-invariant. By
using Theorem [] we get that the limit equals W. O

We close this section by considering another function that is often
encountered in applications, namely that of a copula density. It is
required when trying to fit various copula models to given data using
maximum likelihood or Bayesian approach. So a question of how a
density of an absolutely continuous copula is transformed under the
map C — Hy(C) arises. The answer is provided by the following
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simple proposition where to simplify notation we let 9, = %, Oy = %
and 02, = 83;}.

Proposition 2. If f is eligible and such that f" exists on (0,1) and C' is
an absolutely continuous bivariate copula, then (dropping the arguments

on both sides) the density of Hy(C) is given by

0n,Hy(C) = f'(C) - [0u,C - (0,C = 1) + 9,C - (8,C — 1)]
+C - f"(C) - (8,C —1)- (8,C — 1)
+02,C- [f@)+C-F(C)].

Proof. Differentiating with respect to u yields
OuHf(C)=08,C- f(C)+C- f(C)-(0,C—1).
Now differentiating with respect to v, we get

0 (C) = 0,,C - [(C) + 0uC - f(C) - (8,C = 1)
+0,C- f'(C) - (9.0 — 1)
+C[1(0) - (9,C =1) - (3,C = 1) + f'(C) - 92,C]
= 8,C - ['(C) - (8,C — 1) +8,C - f/(C) - (9.C — 1)
+C-f(C) - (0, —1) - (8,C — 1)
+02,C - [f(C)+C-F(©)],

which after rearrangement yields the claim. O

3.4 Possible extensions to the multivariate case

While working with binary copulas, one is always inclined to extend
his/her work to higher-dimensional copulas. In this case, however, this
proves to be a difficult task. Following one possible n-dimensional
extension of FGM copula (see [12, Section 6.3.], [24]), i.e.

Co(uy,...,up) = ﬁuz (1—1—612[(1—%)) ,
i=1 i=1
let us define
HF(O)(uy,. .. un) = Cu, ..y un) f(Cur, ..., up)). (3.13)
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Here C is n-dimensional survival function, i.e. suppose (Xi,...,X})
is random vector with copula C and marginal distribution functions
{F;:i=1,...,n}, then

Clu, ... un) =P(X1 > F (@), ..., X > FS D ().

n

One could hope that similar conditions on f exist for it to be eligible.
However, it is not the case. Let us take

Cut, ..., up) = M(u1,...,u,) = min{uy, ..., u,},

M(ug, ..., uy) =1—max{u,...,u,}
and hypercubes

By :=[a,1] x [a,1] x [0,a] x -+ x [0,a],

By :=[a,1] x [0,a] x --- x [0, q],

where a € [0, 1]. Then, after simple calculations, for n > 3, we have that

Viron (B) = a(f(1 —a) = 1), Vir ) (Bz) = a(l = f(1 = a)).

Since, for H}(M) to be a copula, VH?(M)(Bl) and VH}L(M)(BQ) must
be greater than or equal to zero, we get that function f must be equal
to 1 on the interval [0,1]. Of course, this case is not interesting since
H?(C) = C, when f(u) = 1.

This shows that for the mapping H}L(C) defined by the set of
eligible functions is trivial. However, if one considers conditional
eligibilty, it may well be possible to find some useful results. In
particular, the case of independence copula, i.e. C = II is of special
interest since it would generalize multivariate AMH and FGM families
of copulas. Altough it looks promising, no results in this regard, have
been proven as of yet.

Another aproach would be to define H }‘(C) differently. One example
would be

HE (O)(uts .- un) = Clug, ... upn) f (nliuiqLC(ul,...,un)),

i=1
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which for n = 2, also recovers mapping Hy and, given f(0) = 1, also
satisfies boundary conditions.

3.5 Some generalizations and related work

In [38] an interesting extension to the results of this chapter is suggested.
Consider a function g : [0,1] — [0, 1], some binary copula D € C and
mapping D(C, g(C*)) : [0,1]?> — [0, 1] given by

D(Ca g(C*))<uv v) = D(C(u7 v)?Q(C*<uv U)))

This clearly extends our construction, since if we take D = II and
g(t) = f(1 —t), we recover mapping H(C). In [38], the sufficient
conditions on “outer” copula D (ultramodularity and Schur concavity)
and f such that, for each copula C' € C, D(C, f(C*)) is also a copula,
are provided. However these conditions are not necessary (contrary to
our results in Theorem . More information on this topic can be
found in [38].
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4 CONDITIONAL ELIGIBILITY

In this chapter we focus our attention to conditional eligibility for the
case of independence copula II(u,v), i.e. to finding functions f for which

Cr(u,v) =w f((1—u)(l—v)), wu,vel0,1], (4.1)

is a bivariate copula. As mentioned in introduction, this construction
allows us to recover the well-known families of FGM, AMH and
Celebioglu—Cuadras copulas.

The rest of the chapter is organized as follows. In Sect. we give
several necessary conditions on f for Cy in Eq. to be a copula.
Then, in Sect. we state and prove our main results of this chapter
giving sufficient conditions on the function f. Section contains
applications and further examples of copulas which show how our
results can be applied in copula constructions.

4.1 Necessary conditions

In this section we present necessary conditions for a function f so that
Cy in (4.1) is a bivariate copula. In what follows, 0y, 0y, ... will denote
the partial derivative with respect to u,v,..., respectively.

Proposition 3. Suppose C; given in (4.1)) is a bivariate copula on
[0,1)2. Then

(i) f is nonnegative, continuous on [0,1) and f(0) =1;
(i) For Lebesque-almost all t € (0,1), f'(t) and f"(t) exist;

(iii) The function t — (1 —1t)f(t) is nonincreasing on [0,1). Moreover,

f must satisfy the following inequalities:

ma)il_—j%\)/j 0} < f(h) < %—t’ te[0,1).

The upper bound is achievable.
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(iv) The following limit is true:

limM =0; (4.2)

10 Vit

(v) For any t € [0,1), denoting the diagonal of Cy by §, i.e. 6(t) =
Cy(t,t), we have

5(1 - t) . avcf(l - t2vv)|v:0_
(1—t)2 1—¢t2 ’

f(t?) = (4.3)

(vi) For anyt € [0,1/4],

tf(t):(]f@—l—\/i—t,;—\/i—t).

Proof. (i) Since Cf(1,v) = v for any v € [0, 1], we must have f(0) = 1.
Also for any u,v € [0,1), we can write

_Ci(1—u,1—v)
) = L=,

(4.4)

which is a ratio of two nonnegative continuous functions. In particular,

setting u = v = /2, we get

:Cf(l_\/gvl_\/g)zé(l_\/g) VZE[O,l).

(1-v2)? (1-v2)*

Hence, f is continuous on [0, 1).

f(2)

(ii) Since C is assumed to be a copula, partial derivatives 9,Cr(u,v)
exist (see, e.g. [36, Theorem 2.2.7]) for almost all v € [0,1] and any
v € [0,1] (similarly for 0,C¢(u,v)), and we get that f(uv) in is
differentiable for almost all v € (0,1) and all v € (0,1) so that

_Cr(1—t/v,1—v)
10 = =t =)

is differentiable for almost all ¢ € (0, v) for any fixed v € (0,1).

Now given any v € (0, 1), let

E, :={t € (0,v) : f'(t) does not exist}
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and consider -
E = zL:J2 El—l/i = Zlggo El—l/z"

Since Fy_1/; C Ey_1/i41) for all ¢ > 2, and each E, has zero Lebesgue
measure, so does set E by the continuity of Lebesgue measure.
Therefore, on the set E° = (0,1) \ E, which has Lebesgue measure of 1,
f! exists, proving the first part of this claim.

Then for any v € (0, 1) such that uv € E¢, differentiating both sides
of (4.4)) with respect to u, using the chain rule, and then rearranging

gives

Cr(l—u,1—v)—(1-u)d.Cf(z,1— )|
v(l —v)(1 —u)?

z=1—u

Py =

The right-hand side of the latter equality is differentiable with respect
to v for Lebesgue almost all v € (0,1) (let this set be D€) since Cfy is
assumed to be a copula. And so f’(uv) is differentiable with respect to
v for almost all v € (0, 1) such that uwv € E€. Mapping each t = uv € E°
onto a point on the main diagonal of the unit square, namely (v/%, /1)
and considering a part of hyperbola uv = t for (u,v) € [0,1]%, we can
discard those points (u,v) on it where v € D, still leaving a set of
positive one-dimensional Lebesgue measure of points (u,v) such that
uv = t. Hence
{t: f"(t) exists} D E,

so that f” exists Lebesgue almost everywhere on (0, 1).
(iii) Since a copula must be nondecreasing with respect to each
argument, we get

0 < Cf(u2,v)=Cp(ur,v) = v(uz f(1—u2)(1—v)) —ur f(1—u1)(1—0))),
for all 0 < wu; <wp <1andall vel0,1]. So if v # 0, the function
t=tf((1—1)(1—u))

must be nondecreasing for ¢ € [0, 1] and any v € (0, 1]. The limit of such
functions as v | 0 must also be nondecreasing, i.e. ¢ +— tf(1 —1t) is
nondecreasing. The first claim of part (iii) follows by a simple change
of variable.
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Furthermore, since the aforementioned function is nondecreasing, we
get that the upper bound is tf(1 —¢) < f(0) =1,s0 (1 —s)f(s) <1
where s = 1 — ¢, and the stated upper bound follows for all ¢ € [0, 1).
Also note that for f(t) =1/(1 —1t),

T1-(1-w(l—v)

Ct(u,v) = AMH(1)(u,v), wu,v€0,1], (4.5)
is the Ali-Mikhail-Haq copula with A = 1 (see Example and
therefore the stated upper bound on f is achievable.

For the lower bound, apply the lower Fréchet—Hoeffding bound to
the expression in (4.4) and substitute ¢t = uv and s = u 4+ v. Then
max{1l —s,0}
t) > ——

1)z 1—s+t
Observe that if t > 1/4, then s > 1, so the right-hand side of the above
inequality is trivially zero, hence we need only to consider 0 < ¢ < 1/4.

. Vtel0,1], Vs € 2Vt 1 +1).

In this case, taking the maximum with respect to s € [2v/%,1] of the
right-hand side of this inequality, we get

max{l — 2v/¢,0} max{l —2V¢,0} -
0 e e O

Unfortunately, the lower bound f does not yield a copula. Indeed, by
considering S; = [0.5,0.85] x [0.5,0.85], one gets

VC?(Sl) = Cf(0.85, 0.85) — 2Cf(0.85,0.5) + C]?(O.5,0.5) ~ —0.0291 < 0.

Even more can be said: Cf does satisfy the boundary conditions, but it

is not even a proper quasi-copula. Indeed, for Sy = [0.5,1] x [0.5,0.85],
Vo(S2) = 0.35 — C(0.5,0.85) ~ ~0.0145 < 0,

so that the condition of [19, Proposition 3] fails.
(iv) Suppose on the contrary that (4.2) is not true. Then there is an

e € (0,1) such that
= 1=+ f()

lim ———~ > ¢,

10 Vit -

The latter implies the existence of a sequence {t,}22; C [0, 1] such that
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t, — 0 asn — oo and

1-(1+) /()
tn

>e, VneN.

Now consider a square [J := [ug, ug] X [v1,v2] = [1 — ty, 1] X [1 — t,, 1]
and estimate the Cg-volume of it.

ch([]) = Cf(UQ,UQ) — Cf(ul,vg) — Cf('LLQ,Ul) + C’f(ul,vl)
=1- 2(1 - tn) + (1 - tn)Qf(ti)

1—et
<1-2(1-t 1—t,)? i
<S1-20- )+ (- )
1 et
S1=2(1—t) + (1 — ty)’—"
1- 2

144,

(th(24¢) —¢) <0,

as soon as t, < ¢/(2 4+ €) which happens eventually since ¢, — 0,
contradicting the fact that Cy is a copula.

(v) The first equality follows easily from by taking u = v = t.
To get the second, observe that for any u € [0, 1),

T T Cf(l—u,lfv) B 81,Cf(1—u,v)|v:
f(w) =lim f(uv) = lim 1-—od_0) a—

Hence, taking u = t?> we obtain the desired expression. Note that the
limit exists as f is continuous on [0,1) by part (i).

(vi) Taking v = 1 — u in the expression for C, we get
Ce(u,1 —u) =u(l —u)f(u(l —u)), Vael0,1].

Thus after substituting ¢t = u(1—w) € [0,1/4], we obtain u = 3+,/1 — ¢
which, due to the symmetry of Uy, gives

tf(t):Cf(%—l—\/i—t,%—q/%—t),

completing the proof. ]

Remark 5. From the second equality in (4.3) with 1 — ¢ = s, one has
sf(l—s)= 8va(s,v)|v:0,
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that is, the requirement in (ii) restricts only the behaviour of partial
derivatives of C'y on a part of the boundary of the unit square. Since
partial derivatives (or Dini derivatives, in general; see [11, Theorem 2.3))
of a copula must be nondecreasing also for other points v, not just v = 0,
this implies that (ii) of Proposition cannot be sufficient to always make
C a copula.

Even though (4.3]) seems to be a rather restrictive condition on f, it
is still not a sufficient condition for C; to be a copula. To illustrate we

provide two examples:

Example 5. Suppose that f # 1 and §(t) = t? for 3 € [1,2). Then
there is an Archimedean copula with such a diagonal, namely a member
of the Gumbel-Hougaard family (see [306], family (4.2.4)]) with generator
#(s) = (—Ins)? where s € [0,1] and § = In2/1In 3:

C(u,v) = exp{ — ((~Inw)’ + (~mv))) 7},

Yet, for such a diagonal, the function f as given by (4.3) does not yield
a copula, that is,

Cyluyv) = ey(1 = /(1 —u)(1 — )"

fails to be a copula as 92,Cf(u,v) < 0 for (u,v) near (1,0) or (0,1).
Indeed, by taking any 0 < e < 1and u =¢, v =1 —¢, we can show that

2 (1=2)""r 5 3 2
OruCrle1—e) = (822 + (2= 58)22 + (8 — 28)= + (28— 4)],
where z = /e(1 — ¢), which, clearly, becomes negative as z | 0 as 5 < 2.

Including the partial derivative on the boundary into consideration
allows for the following example:

Example 6. Consider f(t) = 1+ ut?. It is known that (see [2]; or
Example [15| below)

C(u,v) = uo(l + p(l —u)*(1 —v)?), wu,v e [0,1],

is a bivariate copula for any p € [—1, 3]. Here we consider only 1 € (0, 3].
Then the diagonal §,,(t) = C¢(t,t) = t*(1+ u(1 —t)?) satisfies Condition

42



(3.4) of [14, Corollary 5], i.e.
5(t) < t8'(¢) < 26(1)

and so the function

S, (u,v) = min{u, v} max {6“15”), 5“1()0)} = uv(l + p(1 — max(u, v))4)

is also a (semilinear) copula, different from C, which satisfies (4.3).
This shows that even if (4.3]) holds, a copula need not be of the form

given by (4.1)).

4.2 Sufficient conditions — main results

We begin with a known result showing the implications of geometric
Jensen convexity. A similar fact was stated without proof in [33]
Remark 3.1, p. 629], but with the domain of f being (0,4o00).
Equivalence of parts (i) and (ii) was also mentioned in [37]. For part
(iii) with slightly different notation, see [I8, Theorem 1(iv)].

Lemma 2. Let 0 < a <b < oo and J = (a,b). Consider a continuous

function f : J — (0,400). Then the following statements are equivalent:

(i) The function f is geometrically Jensen convezr on J, i.e.

fWry) <\ f(@)fly), zye (4.6)

(i) The function g := Inof oexp : (Ina,lnb) — [0,400) is convex
(assuming Ina = —oo if a =0).

(iii) For any X € (1,b/a) (taking 8 ‘= +00), the function
h(t) = f(A\t)/ f(t) is nondecreasing for t € (a, %)

Proof. (The proof is presented for the reader’s convenience.) “(i) =
(ii)” Consider any z,y € (Ina,Inb). Then, by (i),

g <$—|—y> =In (f(ex/%y/z)) < ln( f(eév)f(ey)> — 9(x) +9(y)

2 2 ’

hence, g is Jensen convex and, by construction, also continuous.
Therefore, g is convex (see, e.g., [35 Section 1.4.2, p. 14]).
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“(iil) = (i)” If g is convex, then, for any z,y € (Ina,lnd) and
t€[0,1],
f (ezte(lft)y> < f(ez)tf(ey)lft’

i.e. f oexp is geometrically convex, and hence geometrically Jensen
convex (by taking t = 1/2). After the transformation of the domain
(Ina,Ind) into (a,b), we get that f is geometrically Jensen convex.

“(ii) <= (iii)” Consider any lna < z; < z2 < Inb and any £ €
(0,Inb — z9). Let t; = ** <ty =e*2 and A = e* € (1,b/t3). Then

fOt) _ f(Mt2)

M =6 S i)

< = h(t2)

if and only if

9(€+21) — g(z1) < g(§ + 22) — g(22).
The latter is equivalent to the convexity of g on (Ina,lnb). O

Remark 6. As the pointwise supremum of any family of proper convex
functions defined on the same domain is also convex and since In(z) is
continuous and increasing, from Lemma ii) we easily get that the
pointwise supremum of any family of geometrically Jensen convex
functions defined on the same domain is also geometrically Jensen
convex. This fact will be useful when considering maxima or suprema

of certain copulas.

Example 7. Consider f : [0,1] — [1,1+1n2] given by f(z) = 1+In(1+
z) and let g :=Inof oexp : [-00,0] — [0,In(1 4+ In2)]. Then it is easy
to check that for all x € [—o0, 0]

e.ﬁt

1+e*)(1+1In(1+e?))’
e’(1—e® +1In(1 + e%))
(I+e*)2(1 + In(1 + e7))?

g(ﬂf)=(

g"(x) = > 0.

Thus, by Lemma (ii), the function f is geometrically Jensen convex.
Checking this property by definition would be rather cumbersome. Also

note that f is concave!

Theorem 7. Let f : [0,1] — [1,+00] be continuous on [0,1), with

44



f(0) =1, and let
Cr(u,v) :==wf((1 —u)(1—wv)), u,vel0,1].

The following statements are equivalent:

(a) The function Cy is a bivariate copula, with the TPy property (see

Eq. (2.7)),
(b) The function f has the following two properties:

(i) t — tf(1 —t) is nondecreasing on (0,1),
(ii) f is geometrically Jensen convex on [0,1) (see Eq. (4.6)).

Proof. “(b) = (a)” Since f(0) = 1, Cf clearly satisfies the boundary

conditions of a copula:

Cy(0,v) = C¢(u,0) =0,
C¢(L,v) =v, C¢(u,1)=u, wu,vel0,1]. (4.7)

First, we show that Cy is nondecreasing in each argument. Indeed, due
to obvious symmetry, it is enough to check nondecreasingness in the first
argument. So consider any 0 < u; < ug <1 and v € (0,1). Then

Ay 1= Cy(uz, v)—Cy(ur, 0) = ylus f(1—0) (1)) —ur f((1—v)(1—u1))],

(4.8)
where letting u; :==1—(1—2;)/(1 —v),i=1,2, weget 0 <1 — 25 <
1—21<1-—wand

A1=v[<1— 1—22>f(1—z2)— (1— a:'zl)f(l—zl)}

1—-w
v v v
- 1- 2 1—z)—(1-2 1— .
1—o [( 22) 2 f( 22) ( Z1) z1f( Z1)] (4.9)
v(l—-v/z
> W20 (1= ) maf(1 = 2] 2 0,
due to condition (i). Furthermore, if v = 0 or 1, then A; = 0 or

Ay = us —uy > 0, respectively.
Now we check that Cy satisfies the TPy property, which by [15,
Lemma 3.1} will imply that C is 2-nondecreasing, and hence a copula.
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First, consider any 0 < u; < ue < 1 and 0 < v1 < v3 < 1 and compute

D = Cf(UQ, UQ)Cf(ul, Ul) — Cf(UQ, Ul)Cf(ul, UQ)
— urviuzvslf(s) fO) — f(s) )] (4.10)

= u1v1U2v2 A2,

where

A= (1—v1)/(1—w2) > 1,
s=(1—-wu)(1—w2), t=(1—wup)(l—u9).

Observe that 0 < s <t < 1 and for fixed v; and ve (and hence fixed A),

Ag = f(s)f (M) = f(t)f(As) =0,

by condition (ii) and Lemma [2{(iii).

If u; = 0 or v; = 0, both sides of Eq. are zero. And if us =1
or vo = 1, then the expression in Eq. is nonnegative since C is
nondecreasing in each argument as already shown above. Thus in all
cases D > 0 as required.

“la) = (b)” If Cf is a TPy copula, then D in Eq. is
nonnegative for any 0 < w1 < ue < 1 and 0 < y3 < yo < 1, which
implies that Ag > 0 for any 0 < u; < ug <1 and 0 < v; < we < 1. This
means that ¢t — f(At)/f(t) is nondecreasing for any A € (0,1 — v1). So
by Lemma [[(iii), f is geometrically Jensen convex on (0,1 — v1), for
any v € (0,1), and hence on (0,1). So f satisfies property (ii) on (0, 1)
and trivially at 0.

To check that f also satisfies property (i), observe that A; in
Eq. is nonnegative for any 0 < u; < ug < 1 and any v € [0, 1],
since any copula is nondecreasing in each argument. Thus for any
0<u; <uz <1andwve(0,1), we obtain

ug f((1 = v)(1 —u2)) —ur f((1 —v)(1 —u1)) = 0.

Rearranging gives

w _ f(1 =)0 = u)
uz = f(T= o)1= u)

Treating u; and wuy as fixed, letting v | 0, and using continuity of f, we

46



have

J(A=v)(L—up))  f(1—ug)

u
- <lim = 0<u <u<l.

ug — oo f(L=0)(1—w))  f(I—w)’

The latter shows property (i) for function f, completing the proof. [
Combining with [15, Corollary 3.5], we get the following corollary:

Corollary 8. Let f : [0,1] — Ry be a continuous, geometrically
Jensen convex function such that f(0) = 1. Let v > 0 be such that
t s tY7f(1 —t) is nondecreasing on (0,1]. Then for any a > 0 the

function
Coy(1t,0) = o (F((1 = u/) (1 = 0Y))", wwe 0,1, (411)

s a bivariate copula with the TPy property.

Proof. As geometric (Jensen) convexity is preserved when taking
positive powers of functions, under the stated assumptions, the
function f7(t) satisfies conditions of Theorem [7b), and so the function
Ci, (see Eq. (4.11))) is a bivariate copula with the TPy property. Now
an application of [15] Corollary 3.5] gives, for ¢(t) =t*, a > 0, that

Coé7,y(u7 v) = C’f‘i’y(ul/a7 vl/a)

is again a TPy copula, finishing the proof. O

It is known that the maximum of two bivariate copulas C7 and Cs,
ie. Cs(u,v) := max{C(u,v),C2(u,v)}, need not be a copula (it must
only be a quasi-copula; see [36, Example 6.3 and Theorem 6.2.5]), but
if C7 and Cy are of the form and have the TPy property, then Cs
will always be a TPy copula. Indeed, we have

Corollary 9. Let C = {Cy, f € F} be a family of bivariate copulas as
in Theorem[7. Then

Csup (1, v) = sup C(u,v) = uwvsup f((1 —u)(1l —v))
ceC fer

is also a TPs copula.
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Proof. Let fsup(t) := supser f(t), t € [0,1). Since each f € F is
continuous on [0,1), f(0) = 1, and conditions (i) and (ii) of Theorem
[7(b) hold, the same conditions hold also for fey, (recall Remark [6)) so
then Cy,p is a copula by Theorem a). ]

Example 8. To illustrate Corollary [9] consider

Cap(u,v) == max{AMH(S)(u,v), FGM(«)(u, v)}
= wv fas((1 = u)(1—0)),

where

fap(t) = max{(1 - )", 1+ at}, Be(0,1), ae(BB/(1-4).

Such « is taken to make the graphs of the two functions, whose maximum
is considered, cross inside the unit interval (another crossing point ¢t = 0
is not interesting). Then such C, g form a family of TPy copulas.

To present the second main result of this chapter, for any twice
differentiable function g : [0,1) — R4 let

Ai(g) = {t € (0,1) : (tg(t))" > 0, g(t) + (t — 1)g'(t) > 0},
Az(g) :={t € (0,1) : (tg(t))" <0,
g(t) + (1= V) ((1 = 3Vt)g'(t) + (1 — V)g"(t)) = 0}.

Observe that Ay(g) N Aa(g) = 0.

The following theorem provides a different set of conditions
characterizing suitable twice continuously differentiable functions f for
C to be a copula.

Theorem 10. Let f : [0,1] — [0,400] be twice differentiable, with f

absolutely continuous, on (0,1) such that
f(0) =1, lgfgtf'(t) =0, and (1—1t)f(t) <1 foralltel0,1).
(4.12)
Then C¢(u,v) = uwv f((1—u)(1—v)) defined for u,v € [0,1] is a bivariate
absolutely continuous copula if A1(f) U Aa(f) = (0,1). If, in addition,

f" is assumed continuous, then the above conditions are also necessary.

Proof. For convenience, we make a change of variables. Recall that a
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function C(u,v) on [0,1]? is a bivariate copula iff such is
Clu,v) =u+v—14+C(1—u,1—v).

Hence, it suffices to check if

~

Crlu,v) =u+v—-14+(1—-u)(1—v)f(u)

is a copula under specified conditions. Since f(0) = 1, both Cy and C ¥
satisfy boundary conditions (see Eq. ) So we only need to check
the 2-nondecreasingness of C . Since f is twice differentiable, it suffices
to show that 821161” > 0 on (0,1)2. Then a straightforward application
of [8 Theorem 3.2] (for its formulation and application details, see the
Appendix) will yield that C + is an absolutely continuous bivariate
copula. See also Remark [9] for additional comments about the necessity
of the restrictions on f.

A simple computation gives

8ﬁvéf(u, v) = f(uv) + [1 — 2u — 2v + 3uv] f' (uv) (4.13)
+uv(l —u)(1 —v)f" (uv). .
Now consider another change of coordinates:
t=wuv, s=u-+wv,

so that the right-hand side of (4.13)) becomes

K(s,t):=f(t)+[1—-2s+3t)f'(t) +t(1—s+1t)f"(t)
={f(O)+ (L +30)f' () +tL+ 1) (1)} — s{2f' (1) + £ (D)},
where t € [0,1], 2v/t < s <t + 1. Here we consider 2 cases:
(i) If t € Ay(f), then
K(s,t) > [f(t) + (1 +3t)f'(t) + t(1 + ) f"(1)]
[21(

— (D21 + /()]
= f(t)+ (t—1)f'(t) >0,

that is, the mixed derivative in (4.13]) is nonnegative as needed.
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(ii) If, on the other hand, t € As(f), then

K(s,t) > {f(t)+ Q1 +3t)f'(t) + t(1+ 1) f"(t)}
— 2VE{2f'(t) + 1 (1)}
=ft)+ 1=V (1 =3V f'(t) +t(1 —VE) £ (1) > 0,

i.e. we again have a nonnegative mixed-derivative in (4.13)).

Since Ai(f) U A2(f) = (0,1), we have shown that C; is a bivariate
absolutely continuous copula.
On the other hand, if ¢ € (0,1) is such that

(tf(@)" =2f(t) +f"(t) 20, f(t)+ (t—1)f'(t) <O,

then K(t 4+ 1,t) < 0, which, due to continuity of K, implies that in
some neighbourhood of points (u,v) = (¢t,1) and (u,v) = (1,t),
ngé’f(u, v) < 0, which cannot happen if C; is an absolutely
continuous bivariate copula, since by picking a rectangle inside such a
neighbourhood, we would get a negative CA'f-VOlume of it.

Similarly, if ¢ € (0, 1) is such that

(tF()" <0, f(&)+ (1= V(A -3VOF () +t1 - V(1) <0,

then K (2v/t,t) < 0, which implies that in a neighbourhood of the point
(u,v) = (Vt, /1), 8Zv6'f(u,v) < 0, which is again a contradiction if C
is an absolutely continuous bivariate copula. O

Proposition 4. Let f : [0,1] — [0, 400] be twice differentiable on (0,1)
such that
f(0)=1 and lgﬁ)ltf/(t) =0. (4.14)

Then
(i) if A1(f) = (0,1) then the function f is nondecreasing;
(ii) if A2(f) = (0,1) then the function f is decreasing.

Proof. (i) Since (tf(t))” > 0 on (0,1), the function g(t) := tf(t) is
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convex, hence the slopes of secant lines are nondecreasing and so we get

_ tf(t) —0f(0) _ taf(t2) =t f(t1)

t
f( 1) t1—0 - to — 1 ’

VO < t] <tg <1,
(4.15)
which after rearrangement gives f(t2)— f(t1) > O forall 0 < ¢ < t9 < 1,
i.e. f(t) is nondecreasing.
Part (ii) follows in the same way by a change of appropriate
inequality signs. O

Note that the function f needs not be convex or satisfy the lower
bound f(t) > 1 —t as is required in Theorem |3| (see Examples [15| and

respectively).

4.3 Applications and more examples

Example 9. Let fs5(t) = e’ where § > 0. Then, due to the arithmetic-
geometric mean inequality, fs5 is geometrically Jensen convex, and being
continuous also geometrically convex. Condition (i) of Theorem [7|(b) is
satisfied for 0 < 6 < 1. Hence we recover the known fact that

Cts(u,v) = we® =AYy e [0, 1]

is a bivariate copula, which is also known as Celebioglu—Cuadras copula
[4, [7]. Moreover, we have proved that this copula, in particular, has the
TPy property.

Example 10. Let f,(t) = 1 + at, where « € [0,1]. Again, by the
arithmetic—geometric mean inequality, f, can be easily shown to be
geometrically Jensen convex, and so it is geometrically convex, too.
Condition (i) of Theorem [7[(b) holds also for any o € (0,1]. So by
Theorem [7]

Cr, (u,v) = 2y(1 + o1 — u)(1 —v)),

is a bivariate copula, also known as Farlie-Gumbel-Morgenstern
FGM(«) copula, with the TPy property.

If v € (0,1/a], then t'/7(1 + (1 — t)) is nondecreasing on (0, 1), so
by Corollary

B
Caﬁ»'Y(u’ U) = UU(l + @(1 - ul/ﬁ) (1 - vl/ﬁ)) ,yv u,v € [07 1]7 /B > 0
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is a TPy copula. In particular, taking v = 1, we recover a result of
Durante et al. [15, Example 3.6], while if v = 1/a > 1/, we have a
copula family considered by Huang and Kotz [22]. When Sy € N, we
get a family of copulas considered by Bekrizadeh et al. [3].

Example 11. Let fy(t) = (1 — At)~!, where A € [0,1]. Once more,
by the arithmetic—geometric mean inequality, f) can be easily shown to
be geometrically Jensen convex, and so it is geometrically convex, too.
Condition (i) of Theorem|7b) is easily checked to hold for any X € (0, 1].
So once more by Theorem

Cplu,v) =1 AL = u)(1 =)’

is a bivariate copula, also known as Ali-Mikhail-Haq AMH()) copula,
with the TPy property.

If v € (0,1/)], then t'/7/(1 — A(1 — t)) is nondecreasing on (0, 1), so
by Corollary

uv

(1 =A@ — /)1 —ot/o)) "

Cxpry(u,v) = u,v €[0,1]; >0

is a TP2 copula. So we have a generalized AMH copula family.

Example 12. Consider the function f from Example [7| namely
f(z) =1+In(1+x).

We already know that it is geometrically Jensen convex. As for
Condition (i) of Theorem [7|(b), we have

2(1 —t)
2t

tf(1—t) =t(1+In(2—1t)) and (tf(1—t)) = +In(2—t) >0,

for all ¢ € [0,1], whence this condition is satisfied as well. Therefore,

applying Theorem (7] we obtain that
Cr(u,v) =uwv(14+1In(l + (1 —u)(1 —v))) (4.16)

is a bivariate copula with the TPy property (see Figure [4.1)).
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(a) A difference Cy —1II (b) contour map of copula Cf

Figure 4.1: Copula Cy whith f(z) =14 In(1+ x)
To illustrate Theorem we present the following example:
Example 13. Recall the function f from Example [7] namely
f(t) =1+In(1+1).

It is straightforward to check that for all ¢ € [0, 1],

2+t

200+ 11"(0) = g > 0.
£+ (=D (@) = g + Il +1) 20,

that is, A1(f) = (0,1), so by Theorem C¢(u,v) given in (4.16) is a
bivariate copula, in agreement with the result of Example

On the other hand, if we take f(t) = 1 + sin(nt/4), then for all
t €[0,1],

2f'(t) +tf"(t) = %cos (%t) (2— %ttan (%t)) > 7r\8/§<2_ %) >0

and

Ft) + (¢ —1)f(t) =1 +sin (%t) +(t— 1)% cos (%t)

> sin (%t) + %t cos (%t) > 0.
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So again A;(f) = (0,1) and, by Theorem [10}

Cy(u,v) = uv(l + sin (%(1 —u)(1— v)))

is a bivariate copula. Note also that in this case Theorem [7] is not

applicable as
g(t) = (Inof oexp)(t) = In (1 + sin (me’/4))

is concave at least for ¢ € [—0.05,0], i.e. f is not geometrically Jensen
convex by Lemma

Example 14. Recall the function from Example |10 i.e. f,(t) = 1+ at,
but now take o € [—1,0). Then

2f'(t) +tf"(t) =2a <0
and

FO) + Q= V(1 =3V [ (1) + (1= Vi) (1))
=1+at+(1-Vt)(1-3Vt)a
=1+a—4a(Vt—1t)>0.

Therefore, A(f) = (0,1) and, by Theorem [10]
Cr(u,v) = uv(l +a(l —u)(l— v))

is a bivariate copula. Together with Example this fully covers the
case of the Farlie-Gumbel-Morgenstern copula family.

Similarly, it can be shown that f5(t) = €% from Example @ where
§ € [~1,0), and fi(t) = (1 —At)~! from Example[L1} where X € [~1,0),
are such that As(f) = (0,1).

Example 15. Consider f(t) := f,(t) = 1+ ut? t € [0,1], p € R. We
will apply Theorem [10| to find y, such that C t, (and hence also Cf,) is
a bivariate absolutely continuous copula. It is clear that

>0, if p=>0;

2@+ (t):6“t{ <0, ifu<o.

54



In the case ;1 > 0, to have t € A;(f), we also need to check
f@) + (t—=1)f'(t) =1 —2ut + 3ut> > 0,

which is true for all ¢ € [0,1] iff u < 3.
On the other hand, if u < 0, then to have ¢ € Aa(f), we check that

F@t) = (1= VO =3V f'(t) + (1 = Vi) (1))
=14 pt? + 4put(1 — 3Vt +2t) >0,

which is true for all ¢ € [0,1] iff > —1.
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(a) A difference Cy —II (b) contour map of copula Cy

Figure 4.2: Copula Cy whith f(t) =1 —1t/2 +t?/2

Combining both cases, we get that if u € [~1,3], then Cf, is a
bivariate absolutely continuous copula. On the other hand, if we take
p > 3 or p < —1, then there exist at least one point ¢ € (0,1) \ (A1(f)U
As(f)) (and hence even a small interval of such points). Since f”(t) = 2u
is continuous, by Theorem we get that Cy is not a copula. Therefore
Cy, is a bivariate absolutely continuous copula iff € [~1,3], which is
in agreement with the findings of [2].

To get an example of a function f for which A;(f) # (0,1) fori =1, 2,
consider

f)=1—-t/24+t3/2=0—t)/2+ (1 +1})/2,

i.e. a convex combination of two admissible functions. For such f(t),
2f'(t) + tf”(t) is nonnegative for 0 < ¢t < a and negative for a < t <1
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where a =~ 0.33. See Figure [4.2] for illustration.

Example 16. Let f(t)=1—1t— % + %. Then
f(t)<1_tv 136(071)3

so, in particular, it fails Condition (iii) of Theorem 3| yet after some
calculation it could be shown that As(f) = (0,1). Therefore, by
Theorem [10]

Cp(u,v) = uv(l—(1—u)(1—v)—i(l—u)2(1—v)2+%(1—u)3(1—v)3>,

is a bivariate copula (see Figure [4.3)).
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(a) A difference Cy —II (b) contour map of copula Cy

Figure 4.3: Copula Cy whith f(t) =1—1¢ — % + %

4.4 Properties of the considered copulas

We now investigate some properties of copulas Cy given in (4.1). We
start with a partial order relation, then describe tail dependence

coefficients, and finally discuss symmetry properties.

Concordance order and implied dependence properties

It is well known that given two copulas C' and D, D is said to be more
concordant (or more positively quadrant dependent) than C (see [36]
p. 223]), we write C =< D, if C(u,v) < D(u,v) for all (u,v) € [0,1]%

The following result is easily proved.
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Proposition 5. Let Cy and Cy be two copulas as in . Then Cy =
Cy if and only if f(t) < g(t) for all t € [0,1].

In particular, for f(¢) > 1, ¢t € [0,1] (for example, if A;(f) = (0,1))
we get Cy = IT and similarly, for g(t) <1, t € [0,1] we get Cy =< II.

Now recall dependence properties defined in Chapter Then we
can prove the follwing proposition.

Proposition 6. Let (X,Y) be a pair of continuous random variables
with copula C'y. Then we have:

(i) LTD(Y|X) if and only if f(t) is nondecreasing in t € [0,1);

(i) RTI(Y|X) if and only if
f(t) > 1+t(1 —t)max{f'(t),0}, fora.e. te(0,1);

(iii) SI(Y|X) if and only if for any a € [0, 1], the function
t—tf(a(l—1t))

is concave on [0,1].

Proof. (i) It suffices to observe that

Cy(x,y)

B(Y < y|X <) =
xr

=yf(1-2)1~y))
is nonincreasing in x on (0,1] for all y € [0,1] if and only if
f(1 — ) is nonincreasing in x (since f is continuous on [0, 1) due

to Proposition i)), or equivalently, f(¢) is nondecreasing in .

(ii) By [36l, Corollary 5.2.6], RTI(Y|X) holds if and only if for any

v e [0,1] Orfen)
v—Cy(u,v

1—u

8qu ('LL, ’U) >

for all w € A C [0,1] where A has Lebesgue measure of 1.
Rearranging, for all y € (0, 1], we get

(1 =u)(1=v)) —u(l —u)(1—0) £ (1—u) (1 =)~ 1 > 0. (4.17)

Now let t = (1 — u)(1 — v) and note that 0 < ¢t < 1 —u. Then
for (4.17) to hold it is necessary (and sufficient) that for Lebesgue
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(iii)

almost all ¢ € [0, 1],

f'(t) =0,
f) = (A =t)tf'(t)—1>0 (taking y | 0);
f'(t) <0,
o f(t)>1 (letting u | 0 along a sequence from A).

Combining both cases and rearranging, we get that for almost all
te0,1],

ft) > max{1,1+t(1 —t)f'(t)} =1+ t(1 — t) max{f'(¢),0}.

By [36), Corollary 5.2.11], SI(Y'|X) holds if and only if Cf(u,v) is
concave in u. This is equivalent to having secant slopes of C¢(-,v)
nonincreasing for any v € [0, 1], that is,

Cr(uz2,v) — C¢(ur,v) S Cy(usz,v) — Ct(ug,v)

U2 — Uy U3z — u2

)

for any 0 < u; < ug < usz <1 and any v € [0,1]. For v = 0 the
above inequality is trivial, so consider only v € (0,1]. Then after

rearrangement, the above inequality is equivalent to

ua f(1 = u2)(1 = v)) —ur f((1 = w)(1 —v))

U2 — U1

S usf((1 —u)(1 —v)) —up f((1 —up)(1 —v))

- )

Uz — u2

(4.18)

which is to say that for any a € [0, 1), the function
t—tf(a(l—1t)), tel0,1]

is concave. Letting y | 0 in (4.18)) also yields that ¢t — ¢f(1 —t) is
concave (also nondecreasing by Proposition [3{iii)), so we can allow

even a = 1.

O

Remark 7. Observe that if X and Y are continuous random variables
with copula C', then by [36 Corollary 5.2.16] we have that LCSD(X,Y)
holds if and only if Cy is TP, and therefore necessary and sufficient
conditions on f for LC'SD(X,Y) to hold are already given by Theorem
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Let us now recall some popular measures of association, namely
Kendall’s tau and Spearman’s rho. Using Proposition (iii) and 7 and
p integral representations for copulas, one can show the following
result.

Proposition 7. Let (X,Y) be a pair of continuous random variables
with copula Cy. Then

—0.8636 ~ C} < p < 4w% — 39 ~ 0.4784

and
2r2 — 21

3 +4(Ja—J1) <7<

1
3a

where
1,1
T = /0 /O w202 (1 = w)(1 = o) (F/((1 = u)(1 = v)))?dudv
Jo = /01 /01 Cr(u,v)[u+v—2uw|f (1 —u)(1l—v))dudv.

Proof. Due to , the upper bounds for 7 and p follow from the known

values of the AMH(1) copula (see, e.g. [36, Exercise 5.10]), as required.
To obtain the stated lower bound for 7, we observe that by

Proposition [3[(ii), f/(¢) exists for almost all ¢ € (0,1) and hence

0uC(,0) = vf (1~ w)(1 — ) — wo(1 — ) /(1 — w)(1 — v),
for all v € (0,1) and almost all u € (0,1);

0,Cy () = wf (1~ w)(1 — ) — wo(1 — ) (1~ w)(1 ),
for all uw € (0,1) and almost all v € (0,1).

Thus for almost all (u,v) € (0,1)2,

0uC¢(u,v)0,Cr(u,v)
= uv fA((1 = u)(1 —v)) + w0 (1 —u)(1 = 0)(f (1 = u)(1 - v)))?
—uvy(l —u) +u(l = v)]f((1 = u)(1 =) f(1—u)(l—w).

Now using [36, Eq. (5.1.12)], we get

1 1
T=1-— 4/ / 0uCr(u,v)0,Cr(u,v)dudv = 1 — 4(I; + I + I3),
0 Jo
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where
I = /1 /1 wv f2((1 — u)(1 — v))dudv

7T2
// sdudv =2 — —,
(1-— 1—u (1—0))? 6

b::A.Azﬂfﬂ—uﬂl—@ﬁ“&—uﬂl—m»%ww:JL

and

1 1
I3 := —/0 /0 uvlu + v — 2uv] f((1 —u)(1 —v)) f((1 —u)(1 —v))dudv
1,1
— 7/0 /0 Cu, v)[u + v —2u] f/(1 — u)(1 — v))dudv = —J,.

Thus,
2m? — 21
Tzl%ff+4b—hy
As for Spearman’s p lower bound, we simply use [36, Eq. (5.1.15¢)] and
Proposition [3{(iii) to get

1,1
p:12/ / Cy(u,v)dudv — 3

_ \/7—
>12/ / uvmax{l 2¢/(1 —u) O}d dv — 3 ~ —0.8636,
(1—u)(1—v))?

where the approximation was obtained by Maple 2018.1 software. O

Remark 8. As can be observed from the proof of Proposition [7] the
computation of the lower bound for Kendall’s 7 requires information on
the bounds of f’. If one knows, for example, that f is increasing so
that f/ > 0, then Jy can be dropped while J; can be bounded above
by 2 — %ﬁ since f/(t) < 1/(1 — t)? due to the fact that (1 — t)f(t) is
nonincreasing on (0,1) and f(t) < 1/(1 —¢). On the other hand, if
f' can be negative, we have no tight lower bound. Trying to exploit
the fact that 0(1 —t) = (1 — ¢)2f(t?) where 6(t) = Cy(t,t) and that
0 is nondecreasing and 2-Lipschitz (so that ¢'(¢) € [0,2] for almost all

€ [0, 1]), unfortunately, gives a looser lower bound for f’, resulting in
a worse estimate for J; than in the case of f/ > 0.

Also Proposition [7] shows the limitations of the copula construction
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method under investigation. Indeed, a very strong (positive) association
cannot be modelled using the considered copulas.

Tail dependence coefficients

Another interesting property of copulas is tail dependence. This
dependence can be measured in several ways, for example, by upper
and lower tail dependence parameters, which are calculated in the
following proposition.

Proposition 8. Let Cy be a copula as in (4.1). Then the upper tail
dependence coefficient of Cy is zero, i.e. Ay = 0, while for the lower tail
coefficient we have

A =lim(1 = VA £(t) = 5 lim(1 - (1) € 0,172

where both limits always exist.

Proof. Notice that dc,(s) = s°f((1 — s)?) and, therefore, using
t=(1-s)%
1-sf((1—5)°)
1-s
o L= (L 05 + 2VEF)
10 NG

due to (4.2)). Similarly, and denoting t = (1 — 5)?, we get

Av=2-1
U slgl

=0,

Cy(s,5) _ ,s*f((1—5)?) (1—1)f(t)
0<2 =2 =2(1 - V) f(t) =2—>~2.
<29t 5 (1= Vs =220

Now letting s | 0, or equivalently, ¢ 1 1, and using Proposition 3} (i) and
(iii), we see that the limit on the right-hand side exists and is equal to
limgy (1 —1¢) f(¢) € [0,1], while the limit of the left-hand side is 2Ar. O

Example 17. In this example we show that the full range of A7, namely
[0,1/2], can be attained. To see this, consider

1Bt
1=t

fs(t) €[0,1), g e[0,1].

To check that Cy,(u,v) = wvfs((1 — u)(1 —v)) is a bivariate copula
for any 5 € [0,1], we use Theorem [7| and show that fz is geometrically
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Jensen convex. For this we only need to show that for any u,v € [0, 1)
and (3 € [0, 1],

<1—6\/ﬁ)2 _ (1= Bu)(1 - Bu)
l—=yuv ) = (1-u)(l-v)

This amounts to checking that
0< (1= Vam)*(1 - Bu)(1 — Bv) — (1 — BVam)*(1 — u)(1 - v)
= (1= B)(Vu - V0)*(1 - Buv),

which is true for all u,v € [0,1) provided g € [0, 1].
Now by Proposition 8 the lower tail dependence coefficient of Cy, is

1 1-—
AL = 51;%{1(1 - t)fﬁ(t) = ?ﬁ,

which fills the whole interval [0,1/2] as 8 changes in [0, 1].

Symmetry properties

The following proposition provides a characterization of symmetry of a
pair of random variables with associated copula Cf.

Proposition 9. Let (X,Y) be a pair of random variables with associated

copula Cf.

(i) If X is symmetric about a and Y is symmetric about b, then (X,Y)
is radially symmetric about (a,b) if and only if

ft)=1—at, a € [-1,1].
(ii) If X is symmetric about a and'Y is symmetric about b, then (X,Y)

is jointly symmetric about (a,b) if and only if f(t) =1, i.e. Cp =
1I.

Proof. (i) Using [36, Theorem 2.7.3] (X,Y) is radially symmetric if
and only if C satisfies

Cilu,v) =u+v—-1+Cf(1 —u,1—-v), Vz,yel0,1].

62



(i)

Recalling (4.1) and denoting ¢ = wv and s = u + v, we get for
s #£ 1,
tfl—s+t)=s—1+(1—s+1)f(2),

or equivalently,

fA—s+t)—f@) _ f{t) -1

1—s t

which implies that both sides must be constant in u, say, a. Hence
f(t) = 1+ at. From Examples [10|and [14] we get that o € [—1,1].

By [36, Eq. (2.8.1)], (X,Y) is jointly symmetric about (a, b) if and
only if, for all z,y € [0,1]

C¢(u,v) =u—Cs(u,1 —v) and Cy(u,v) =v—Cf(l—u,v).

Due to the symmetry of C, it is enough to verify the first equality,
which is equivalent to (for z # 0)

vf(1=u)(1=v)) =1—(1=0)f((1-u). (4.19)

Since it must be valid for all v € [0, 1], take v = 1/2. Then

H (5 () =

and, therefore, f(t) =1, ¢ € [0,1/2). On the other hand, if we let
ul 0in (4.19) then

vfl=v)=1-(1—-v)f(v),
which for v = 1/2 implies f(1/2) =1 and for v > 1/2, we get
vt (1 -0v)f(v) =1,

and therefore f(t) =1, t € [0,1].
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5 CONCLUSIONS

In Chapter |3| we have provided a characterization of eligible functions f
so that
Hy(C)(u,v) = Cu,v) f(C(u,v))

is a copula for any C € C. Many considered examples in that chapter,
especially involving C' = II, have shown that H;(Cp) can be a copula
for a specific Cy € C even if f is not eligible, i.e. f is conditionally
eligible. Therefore in Chapter [4| we focused on this particular case, i.e.
we have attempted to characterize all functions f such that C'y in Eq.
is a bivariate copula. This class contains not only eligible
functions, but also many more conditionally eligible functions, and has
proved to be more difficult to characterize succinctly as accomplished
by Durante and coworkers in |10} [13] in the case of transformations of
the comonotonicity copula M instead of the independence copula II
considered in this chapter. So far we have succeeded in fully
characterizing a subclass of such copulas, namely those which have the
so-called TP9 property, as well as those where the function f is twice
continuously differentiable. In general, the function f is only twice
differentiable Lebesgue almost everywhere on (0, 1), so there is a little
gap to be filled between necessary and sufficient conditions for Cy to
be a copula. An example of such a case is provided in Example
which contains only a piecewise smooth function f. This example can
be generalized by taking the maximum of a bigger number of
appropriate functions, thus potentially distorting differentiability at

various points on the unit interval.

Directions for further research

As mentioned in Section extensions of the obtained results to
multivariate case is still an open problem.

Another direction for further research includes investigation of the
relationship between the function f and the “generator” function in
Cuadras terminology, given in Eq. . It would be interesting to see
what our necessary and sufficient conditions say about the canonical
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correlation function in the definition of Hy. Also what if Q(u,v) = II* is
replaced by some other function in Cuadras’ construction? This would
further enrich our knowledge about many popular copula families.

Yet another interesting direction for future investigation is the
question of finding examples and, possibly, a characterization of all
functions f such that

Cr(u,v) =uwvf((1—u)(1—v)), (u,v)e€]l0, 1]2

is a (proper) quasi-copula. We have tried our best to find at least one
proper quasi-copula among the functions we have considered or those in
the literature, but so far failed to find at least one of the required form.
Many examples that we tried do satisfy the boundary conditions for a
copula/quasi-copula, but failed the other defining condition for a quasi-
copula (2-increasingness on special rectangles, or 1-Lipschitz condition).
So in our opinion, the posed question deserves a deeper investigation,
and a likely separate paper, provided one succeeds in finding at least
one proper quasi-copula of the considered form. Many examples from
the literature involve, for example, a separable (wavy) perturbation of
the independence copula (i.e., uv +g1(u)gz(v) for some functions g; and
g2, see, e.g. [19, Eq. (5)], [16, Example 3.5]), but not of the form
uog(1 - w)(1—v)).

Furthermore, in view of several examples considered in this thesis,
one can wonder if there is any relationship between the copulas under
investigation and copulas with quadratic or cubic sections. Do our
results generalise or are particular cases of the known results?

Indeed, many examples with polynomial sections can be obtained
from the considered construction by taking a polynomial function f, but
the list cannot be exhausted by such construction due to the necessarily

symmetric form of

Ct(u,v) =uwf((1 —u)(1—v)).

Moreover, this construction can only give copulas with polynomial
sections that have a factor II(z,y) = xy. Some other examples can be
obtained from other copulas C' with polynomial sections and an eligible
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polynomial f as in
H(C)(u,v) = Clu,v) f(C(u,v))

that we considered in in Chapter |3, Again, such an H(C') has a special
factor in its expression.

As copulas of the form C} are always symmetric, putting additional
restrictions of having polynomial sections would drastically reduce their
form. For example, the only copulas of the form C; with quadratic
sections are those of the FGM family, while [36, Theorem 3.2.4] allows
for more freedom. On the other hand, if we look for copulas of the form
C'y having cubic sections, then due to symmetry, form of the copula and
degree restrictions, the only such copulas are easily seen to be of the

form considered in Example 2, namely
Cul(u,v) = uwv(l + p(l —u)*(1 —v)?), pe-1,3].

Again, we clearly do not obtain all copulas with cubic sections as
described, e.g. in [36, Theorem 3.2.6].
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APPENDIX

For the reader’s convenience, in this appendix we recall a
characterization of absolutely continuous n-variate copulas and also
give technical details how it is applied in the setting of Theorem

Let Vi,...,V,, n = 2,3,..., denote independent random variables,
uniformly distributed on [0, 1].

Theorem 11 (Theorem 3.2, [§]). A function C : [0,1]" — [0,1] is an
absolutely continuous n-dimensional copula if and only if there exist
functions G;,,..i.  RE = R, 1 <41 < -+ <. <n, c=2,...,n,
satisfying the conditions:

(integrability) For any 1 < i3 < ---<i.<m,c=2,...,n,

1 1
/ / |§i17~--7ic(ti17--'7tic)
0 0

(degeneracy) For any 1 < i1 < -+ < i, < n, k =1,2,...,c,
c=2,...,n,

dtil .- 'dtic < 005

g7’17 50 (‘/;/17"‘ lc)|‘/;/17"‘7‘/tik_17v

Q17"

Vi)

_/ 911, e 217'~‘7‘/ik_17tik7‘/;k+17'”7‘/’;c)dtik =0 (0,5),

(positive definiteness)
UV V) =Y > g(Vay,. Vi) > =1 (a.s.)
c=21<i1<<i.<n

and such that

C(u, ..., un / / Un(ta, ... tn))dty -~ dty,

As an application of Theorem in the case n = 2, we have the
following technical, but rather straightforward result.

Lemma 3. Under the conditions of Theorem[10, that is, if f : [0,1] —

[0, +00] is twice differentiable, with f' absolutely continuous, on (0,1)
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such that

f(0)=1, ltiiaoltf’(t) =0, and (1-t)f(t) <1 forallt€]|0,1), (5.1)

and, in addition, for

~

Ci(zyy)=z+y—14+ 1 —2)(1—y)flzy), (z,y)€0,1]

20 ~
one has gxng/ >0 on (0,1)2, then Cy is an absolutely continuous bivariate

copula.

Proof. We simply check the conditions of Theorem Indeed, when
n = 2, we have ¢ = 2 and can take

~ - 02Cy 2
91,2(557y) = UQ(%‘,y) = axay(xay) - ]-7 ($7y) € (07 ]-) :

Observe that

%(%y) =1-(1=y)fley) +y1 - 2)1 =y f )],
o
gxgg]; (z,y) = flzy) +[1 - 22— 2y + Sxy]f/(t)|t:wy

+ay(l—z)(1 =) f"(t)],_,,

Since f is assumed twice differentiable on (0, 1), the function (z,y) —

%%(x,y) is jointly continuous (hence Lebesgue measurable) on (0,1)2,

26,
therefore its partial derivative with respect to y, namely gxgé , is also

Lebesgue measurable on (0, 1)? as the limit of measurable functions.
As the function f, together with its derivatives, might explode at the

boundary of the unit square (e.g. for AMH(1) copula, f(¢t) =1/(1 —t),

so it and its derivatives tend to +oco as t 1 1), we consider any integer

m > 1 and a sequence of nonnegative restrictions

o) O (ay), if (w,y) € [/m,1 — 1/m]?;
’ 0, if (z,y) €[0,112\ [1/m,1—1/m]2,

.
which clearly monotonically increases to % pointwise on (0,1)2.
Now to establish Lebesgue integrability of §i2 on [0,1]%, we need
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to prove Lebesgue integrability of ¢(™ for any m > 1, then apApIy the
monotone convergence theorem to get the integrability of gi%’ and
finally use the triangle inequality.

As f’ is assumed absolutely continuous on (0, 1) and since y — xy is

strictly increasing for any fixed = € (0,1), one gets that y — acf L (

z,y)
is also absolutely continuous on any interval [1/m,1 —1/m], m Z 1, for
any fixed x € (0,1) as compositions of absolutely continuous functions
with strictly increasing ones, as well as products and sums are again
absolutely continuous. Thus, by the fundamental theorem of calculus
for Lebesgue integrals, we have that forall0 < 1/m <y <1-1/m <1

aCy aCy

9?C;
%(mﬂ/) - %(ﬁi, 1/m) +

(z,t)dt.

.
Moreover, by the same theorem y %(1‘, y) is Lebesgue integrable on
[1/m,1—1/m] for any x € (0,1) and m > 1. By Tonelli theorem then the

2
function (z,y) — gxgg (x,7) is Lebesgue integrable on [1/m,1 — 1/m]?
for any m > 1.

Therefore, for any m > 1, we obtain

/ / xyda:dy

1-1/m fl1-1/m ach
1/m /1 0xdy
= Ci(1—1/m,1 —1/m) — 2C¢(1/m,1 — 1/m) + C;(1/m,1/m)

= () 1 5)) 20 (- (G- 5)
(1= 7(G)
<ot (- (G

where to obtain the last inequality we have used the bound (see (5.1))

(x,y)dxdy

(5.2)

(1—-2)f(z) <1, z€][0,1).

Therefore, using the monotone convergence theorem, ([5.2) and the
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assumption f(0) =1,

[ [ st piazay = i [* [ 160 <11z
0 Jo 0 JO . Lo L2
< Jim (14 g+ (- 2) ()

mM— 00

=2 < oo.

Hence g 2 is Lebesgue-integrable on [0, 1]2.
As for the degeneracy condition of Theorem by Lebesgue
dominated convergence theorem, for any y € (0, 1), we get

1 1—1/m
/0§1,2($7y)d95: lim g12(z,y)dx

m— 00 l/m

_1oC 1 oC; /1
- i (51 ) - S () -

1 Yy 1 1 (Y
(=)0 G) - (=) a=wr ()] -
_ l—y YN (Y _
=040+ 1= = lim ((5)r(1) ~1=0,
due to condition (5.1). Plugging-in y = V5, where V5 is a uniformly
on [0, 1] distributed random variable, we check that the first of the two
required degeneracy conditions hold. The other (with y replaced by )
holds by symmetry.
Finally, the choice of g2 clearly fulfills the required positive
definiteness condition of Theorem and provides the needed
expression of C + via its density. O

Remark 9. Note that if CA’f is an absolutely continuous bivariate
copula, then the second condition in is also necessary as seen
from equation . The other two requirements of are necessary
by Proposition |3} parts (i) and (iii).
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