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Abstract

We consider spatially homogeneous copulas, i.e. copulas whose corresponding measure is
invariant under a special transformations of [0, 1]?, and we study their main properties with a
view to possible use in stochastic models. Specifically, we express any spatially homogeneous
copula in terms of a probability measure on [0, 1) via the Markov kernel representation. More-
over, we prove some symmetry properties and demonstrate how spatially homogeneous copulas
can be used in order to construct copulas with surprisingly singular properties. Finally, a general-
ization of spatially homogeneous copulas to the so-called (m, n)-spatially homogeneous copulas
is studied and a characterization of this new family of copulas in terms of the Markov *—product
is established.
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1 Introduction

It has been long recognized (see, e.g., [3, 16, 19] and the references therein) that Markov operators
on L'(]0,1]) are in one-to-one correspondence with copulas or, equivalently, doubly stochastic mea-
sures, i.e. probability measures of [0, 1]> whose marginals coincide with the Lebesgue measure. This
correspondence has been exploited in various contexts, especially in problems related to convergence
and approximation of copulas (see, e.g., [17, 25]). In [4], a subclass of the family of all Markov op-
erators on L!((2) is introduced under the name spatially homogeneous Markov operators, which are
Markov operators commuting with all rotations. Nevertheless, to the best of the authors’ knowledge,
the related notion of spatially homogeneous copulas (as directly translated from the Markov operator
setting via the isomorphism between the two classes) has not received any attention in the literature
yet, despite the fact that it presents strong similarities with related concepts appeared in the study of
circular distributions.

The objective of this paper is hence to revisit the concept of spatially homogeneous copulas. In
particular, we are interested in their possible use in stochastic modeling. Remarkably, each spatially
homogeneous copula can be represented in terms of a unique probability measure on [0, 1), which
provides an interesting analogy with other popular classes like Archimedean copulas (induced by
survival functions associated with a probability measure on the positive real line) or extreme—value
copulas (induced by measures on the unit simplex or, equivalently, Pickands dependence functions).
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Thanks to the previous different viewpoint, we are hence able to provide a generalization of spa-
tially homogeneous copulas to the so-called (m, n)-spatially homogeneous copulas which, in turn,
are shown to be fully characterizable in terms of a Markov product (also called x—product), which is
used in the study of Markov processes in [5]. Various properties have been presented to illustrate how
spatially homogeneous copulas exhibit several interesting aspects of stochastic dependence. Finally,
we sketch a possible multivariate generalization of this concept.

2 Markov kernels of spatially homogeneous copulas

For arbitrary x € R and z € [0,1] let R, : [0,1] — [0, 1) denote the rotation by z, defined by
R.(z) = x + z(mod1). Obviously, restricting to [0,1) we have R,;' = Rj_, - in the sequel
R Y(F) will, however, denote the pre-image of F via R,. Furthermore we define the transformation
®: 10,12 = [0,1)2 by (z1,71) ® (w2, y2) := (71 + 22 (Mmod 1), y1 + y2 (Mmod 1)).

The symbols ([0, 1]) and %(]0, 1]?) denote the Borel o-fields on [0, 1] and [0, 1]2, X and ), the
Lebesgue measures on ([0, 1]) and 4([0, 1]2). Moreover, € denotes the family of all 2-dimensional
copulas, K 4(+,-) the Markov kernel of A € &, 14 the corresponding doubly stochastic measure (for
background see [7] and the references therein).

A copula A € % is called completely dependent if there exists a A\-preserving transformation
h:[0,1] — [0,1] such that K (x, F) = 1p(h(z)) is a Markov kernel of A; for properties and char-
acterizations of complete dependence we refer to [25]. In the sequel we will let .7~ denote the family
of all A-preserving transformations on [0, 1], .7 the subclass of all bijective \-preserving transfor-
mations, and €°? the family of all completely dependent copulas. For h € .7, C), will denote the
corresponding completely dependent copula.

As direct application of the results in [15] the Markov kernel K 4(-, -) of an arbitrary copula A € €
can be decomposed into the sum of three substochastic kernels K9(-,-), K3 (-, -), K%(-, ) from
[0,1] to A([0,1]), i.e

Ka(z,E) = K¢ (2, E) + K" (2, E) + K%*(z, E) 2.1)

for every z € [0,1] and E € ([0, 1]). Thereby, the measure K4%*(z,-) is absolutely continuous

with respect to the Lebesgue measure ), the measure K 9 (g, .) is singular with respect to A and
has no point masses, and K%(z,-) is discrete for every x € [0,1]. Letting k4 denote the Radon-
Nikodym derivative of the absolutely continuous component of p4 with respect to Ao. Then the
(almost everywhere) uniqueness of the kernel K 4 implies that the measures Kjbs(x, ) and E —
S5 ka(z,y)d\(y) coincide for almost all x € [0, 1].

abs ,,stng | dis

In the sequel, we will refer to the induced measures p%’, i, u%*®, given by
P (B x F) = / K% (x, F)d\(z), '™ (E x F) / K5 (2, F)d\(x)
pdis(BEx F) = / K% (x, F)d\(x) (2.2)

for all Borel sets E, F' C [0, 1] and extended to ([0, 1]?) in the standard way, simply as absolutely
continuous, discrete and singular components of 1 4. Notice that the standard definition of a (purely)
singular copula as in [7, 18] translates to z2%"9([0, 1]2) 4+ u%*([0,1]?) = 1.

Definition 2.1 ([4]). A € ¥ is called spatially homogeneous if
pa(z(1,1) @ G) = pa(G) (2.3)



holds for every x € [0,1] and G € 4([0,1]?).

In other words, a copula is spatially homogeneous if its associated measure is invariant under the
transformation ®, : (u,v) — (Ry(u), Ry(v)) for every x € [0, 1]. Roughly speaking, the measure
induced by a copula of this type is invariant to some location shifts, assuming the unit square is
wrapped around at its edges.

In the sequel €7 will denote the class of all spatially homogeneous copulas which includes the
comonotonicity copula My and the independence copula Ils.

Obviously, A € ! if, and only if, we have

NA(R:J:(E) X RI(F)) = FLA(E X F) 2.4

forevery x € [0,1) and E, F € A(|0, 1]).

Spatially homogeneous copulas can easily be characterized in terms of the corresponding Markov
kernel. In fact, suppose that ¥ € 22'(]0, 1]), where 2?'([0,1]) denotes the class of all probability
measures on ([0, 1]) fulfilling ¥({1}) = 0. Let ¥ denote the push-forward (i.e. image measure)
of ¥ via R;. Setting

K(z,E) := 9% (E) (2.5)

for every z € [0,1] and E € %(]0, 1]), the following result holds.

Theorem 2.1. The mapping K (-,-) defined according to eq. (2.5) is the Markov kernel of a copula
Ay € ¢H.

Proof. 1t is clear that E — K (x, E) is a probability measure on #([0, 1]) fulfilling K (x,{1}) =
for every x € [0, 1]. Moreover, considering

1 0, y—2]U[l —x,1] ifz <y,
R; ([O,y])—{ 12 1+y—a1] it >y (2.6)
it follows immediately that x — K (z, [0, y]) is measurable in x for every fixed [0,y] C [0, 1]. Since

the family 2 of all Borel sets F' for which x — K(x, F') is measurable forms a Dynkin system
containing the family of all intervals of the form [0,%], we conclude that K (z, E) = 9¥F=(E) is
a Markov kernel. Thus, we only have to prove that K(-,-) is associated with a doubly stochastic
measure (i.e. it satisfies eq. (3.4.8) in [7]). Using Fubini’s theorem and change of coordinates we get

K(z,E)d\(z) = / / ~1(p) 2)d9(z)d\(x / / 2))d9(z)dA(x)
[0,1] [0,1] J[0,1] Ra [0,1] J[0,1]

= / / ))dA(x)dY(z) _/ / y)di(z)
[01] [0,1] [0,1] J[0,1]

which implies that K (-, -) is the Markov kernel of a copula Ay.
To show that Ay € €H we can proceed as follows. It is straightforward to verify that, for every
F C[0,1) we have R;%l.(z) (R (F)) = R;'(F), from which we immediately get

(Ro(F))) = 9(R;H(F)) = K(2, F)



for every F' € %([0,1]) with F' C [0, 1). Having this, using disintegration theorem (see, e.g., [2, 13])
and changing coordinates, for arbitrary E, F' € Z(|0, 1]) with F' C [0, 1) the desired equality follows
from

Ay (Rx(E) X Rx(F)) = /R.(E) K(z, RI(F))d)\(Z)
= /[01] 1p(R1-2(2))K(Ry 0 R1—2(2), Ry(F)) d\(z)

= [ KR, B0 = [ K P
= [HAy (E X F)
Since for F' = {1} eq. (2.4) obviously holds for every E € %([0, 1]), the proof is complete. O

Remark 2.1. From the previous construction and the fact that R, o Ry = R, holds for every x € [0, 1]
it follows that, if the measures 9 and 950 € 22([0, 1])) coincide, then they induce the same spatially
homogeneous copula.

Not surprisingly, every spatially homogeneous copula is the result of rotating a probability mea-
sure ¥ € Z7'([0, 1]), as the following result shows (compare with [4, Theorem 3]).

Theorem 2.2. Suppose that A € €. Then there exists a unique probability measure ¥ € 2'(]0,1])
such that A = Ay.

Proof. Without loss of generality let K 4(-,) denote a version of the Markov kernel of A fulfilling
Ka(z,{1}) = 0 for every z € [0,1]. Expressing eq. (2.4) in terms of the corresponding kernel and
changing coordinates we get

/KA(Z,F)dA(z) = / Ku(z, Ro(F))dA(2)
F Ra(E)
- /[0 1 FIa DK a(Re© Fia(2), Ra(F)) dX(2)

= [ AeW)Ka R (), Ba(F) dN) = [ Ka(Ra(o), Ro(F)AN:)
[0,1] E
forevery x € [0,1] and E, F' € A(|0, 1]). Hence, for every G € %([0, 1]) we must have

Ka(z, F)d\a(z,x) = Ka(Ryz(2), Ry (F))dAa(z, x).
GxE GxXE
Considering that E, G were arbitrary, we can find a set Qr € %(]0,1]?) with A\2(2r) = 1 such
that K4(z, F) = Ka(Ry(2), R.(F)) holds for every (z,2) € Qp. Repeating the same argument
for every set F of the form F = [0,y] with y € Q N[0, 1], we can find a set Q € %([0,1)?) with
A2(€2) = 1 such that

Ka(z,[0,9]) = Ka(Ra(2), Ro([0,9])) = Ka(Ra(2), R, ([0, y]))

holds for every (z,z) € € simultaneously for all y € Q N [0,1]. As a consequence, for every
(z,2) € Q the measure K 4(z, -) and the push-forward K 4(R.(z),-)f1== of K4(R.(2),-) via Ry _,
coincide, i.e. we have

KA(Z7 F) = KA(Rm(Z)7 Rx(F)) (2.7)
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for every F' € 2(]0,1]) and every (z,x) € Q. Disintegration theorem implies the existence of a set
A € A([0,1]) with A\(A) = 1 such that \(Q2,) = 1 for every z € A. Let z € A be arbitrary but fixed
and define the probability measure ¥ € ([0, 1]) by 9(F) = Ka(z, R,(F)). Then, for every = € 2,
and every F' € ([0, 1]) using eq. (2.7) we get

9 (F) = 9(R;YF)) = Ka(z,Rs 0 Ri_4(F)) = Ka(Ry(2), Ry o R, 0 Ri_(F))
= Ka(Ru(2),R.(F)) = Ka(R.(z),R.(F)) = Ka(z, F).

This last equality completes the proof of the representation (2.4) since {2, has full measure and kernels
are only unique up to a set of measure zero. Finally, uniqueness of ¥/ is clear. O

Remark 2.2. According to [4] %M is a convex and compact subset of ¥ (endowed with the uniform
metric). Moreover, its extreme points correspond to extreme points of the class of all probability
measures on Z?'([0,1]), i.e. to probability measures concentrating their mass on one single point.
In other words: A copula A € € is an extreme point of € if and only if there exists a point
z € [0,1) such that A = Cpg, holds; i.e. A is a shuffle of M5 induced by R,. Using this fact and
applying Choquet’s theorem (see [20]) can be also provided an alternative proof of the one-to-one
correspondence between ([0, 1]) and €.

3 Some properties of spatially homogeneous copulas

In this section we study some symmetry properties of spatially homogeneous copulas and some par-
ticular examples underlining their usefulness concerning the construction of copulas with exotic pro-
perties.

3.1 Measure-theoretic properties

Suppose that Ay € €. Obviously uﬁ:g ([0,1]%), u%2([0, 1]*) and p%%([0,1]%) coincide with the
masses of the singular, the discrete and the absolutely continuous components of 1J. Specifically,
letting ¥ = 959 9% 4 92 the Lebesgue decomposition of 1) we have

w0, 17) = 95m9((0,1]),  pd3((0,1]%) = 9°(0,1])  udy ([0, 1]%) = 9°**([0,1))3.1)

In particular, in case of ¥%([0,1]) = 0, it follows immediately from eq. (2.5) and eq. (2.6) that
the function (z,y) + K(x,[0,y]) is continuous on [0, 1]2. Notice that, if 1 is a measure with full
support, then Ay has also full support. Moreover, we could obtain singular (respectively, absolutely
continuous) spatially homogeneous copulas Ay with full support by selecting 159 (respectively,
99%%) that has full support.

Another aspect of interest is the case of ¥ absolutely continuous with density f. In this case it
is straightforward to verify that (a version of) the density ky of Ay € €Y is given by kg (z,y) =
f(R1—2(y)). In fact, for every x, y € [0, 1], we get

| kaes)anes) = 0™ (00 = [ Loy (Rae) () AAE)
[0,9] 0.1]
- /[0 1 Loy (Be 0 R1—2(8)) f(R1-2(8)) dA(s) = F(Ri_z(5)) dX(s).

[0,y]



Thus, the density kg of Ay € €H
ko(R.(z), R-(y)) = ko(z,y)

forall z,y, z € [0, 1]. A similar condition has also appeared in [1], where periodic copulas have been
introduced, and, under a slight modification of the copula domain, in the study of copulas for circular
distributions, as investigated, for instance, in [12].

Figure 1 depicts samples of two spatially homogeneous, absolutely continuous copulas.

3/44 3/44

> 1/24

> 1/24

1/4 1/44

Figure 1: Samples of size 50.000 of spatially homogeneous, absolutely continuous copulas Ay where
9 corresponds to a uniform distribution on [}l, %] (left panel) or a beta distribution 33 5 with parameters
2 and 5 (right panel).

3.2 Dependence properties

Now, we are interested in checking whether spatially homogeneous copulas can be related to some
measures of association. Since IT and M belong to the convex set €', the continuity of Spearman’s
p and Kendall’s 7 (and, in general, any concordance measure) with respect to the uniform metric d.
implies p(€H) D [0,1] as well as 7(¢H) D [0, 1]. In other words, spatially homogeneous copulas
can describe any degree of concordance in [0, 1].

Furthermore, spatially homogeneous copulas can cover a broader range of concordance values.
For Spearman’s p it is even possible to determine this exact range, as the following result shows.

Theorem 3.1. p(¢') = [-0.5, 1].

Proof. For the spatially homogeneous copula As, with z € [0, 1), in view of the disintegration theo-
rem, we have

p(4s.) = 12/ My dpa,, —3 = 12/ zR.(x) d\(z) — 3
[0,1]2 [0,1]

= 12/ a:(x—i—z)d)\(x)—i-lQ/ z(xr+z—1)d\(z) —3=—62(1—2)+ 1.
[0,1—2] [1—2,1]
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The latter expression is minimal for z = % and we get p(As,) > —% with equality if and only if
z = % Considering that the mapping A — p(A) = f[o 12 Iy dp 4 preserves convex combinations
it follows immediately that p(Ay) > —% holds for every discrete measure ¢ concentrating its mass
on finitely many points in [0, 1]. Since every element of Z?’([0, 1]) is the (weak) limit of a sequence
(90 )nen of discrete measures of the afore-mentioned type the proof is complete. O

Remark 3.1. Determining the exact range of Kendall’s 7 seems more challenging. Letting ¥/ denote
the uniform distribution on [i, %] (the left panel of Figure 1 shows samples of this copula) a straight-
forward calculation yields 7(Ay) = —%. Using continuity of Kendall’s 7 w.r.t. d, we therefore get
(1) D [—%, 1]. We conjecture that this interval coincides with the actual range of possible values
of Kendall’s 7 for spatially homogeneous copulas. However, we have not been able to prove formally

this conjecture.

We add a final remark about tail dependence properties. By the convexity of € it follows that
spatially homogeneous copulas cover all possible tail dependence coefficients (ranging from 0 to 1).
In fact, a convex combination of the copulas II, and M5 is spatially homogeneous. Moreover, by the
very construction of the class €', it follows that, if (U, V)~ A€ ¢H , then P(U <u,V <u)=
P(U>1—wu,V >1—u) forevery u € [0, 1], implying that the left-lower and the right-upper tail
dependence coefficients of A coincide.

3.3 Symmetries

Driven by the specific choice of the generating probability measure ¥ € 22'([0,1]), the class ¢
contains copulas that exhibit different types of symmetries. In order to study these symmetries we first
focus on the following lemma that gathers additional properties of the bijection ® : &'(]0,1]) — €,
defined by ® () = Ay (for properties of the metric D; see [9, 25]).

Lemma 3.1. Suppose that 9,v € 27'([0,1]) have distribution function F and G respectively. Then
we have

Di(Ag, Ay) < 2|[F — Gloo (3.2)

Proof. Forall z,y € [0, 1], using eq. (2.6) and the triangle inequality we get

|Ka,(z,[0,y]) — Ka,(z,[0,9])] < 14 (@)|9(10,y — z]) — v([0,y — z])|
+ 1,4 (2)[0([1 — 2, 1]) — v([1 — z,1])]
+ 1[y,1](33)‘19([1 —z,l4+y—z])—v(l—z1+y—z])
< Apg(@) 2F = Glloo + 1(@) 2] F = Gl
= 2|F - Gl

from which inequality (3.2) follows immediately by integration. O

Theorem 3.2. If 9 € 2'([0,1]) fulfils 9(1 — E) = J(E) for every E € ([0, 1]) with E C (0,1)
then Ay is radially symmetric (i.e. Ay coincides with its survival copula Ay) and symmetric.

Proof. (i): First suppose that 9({0}) = 0. Then, for every £ € £([0,1]) with E C (0,1) and
x € [0, 1], the Markov kernel fulfils K(1 — 2,1 — F) = K(z, F) since we have

9 (1 - B) = 9(1 - R, (B)) = 0(R; \(E)) = 9" ().

€T



Here, notice that R, ' (1 — F) and 1 — R, '(E) need not coincide (consider, for instance, £ = {1/2}
and = 1/2). Using the disintegration of a measure we get

Aﬁ(xay) = MA@([va] X (Ovy)) :/[O ]K(Z7 (an»d)‘(z) = 0 ]K(l 2 (1 _yvl))dA(Z)

oy (1 — 1] % (1~ 3, 1) = o, (1L — 1] x [1— 9, 1)
= z+y—1+Ay(1—x,1—-y)

for all z,y € [0,1], so Ay is radially symmetric. Moreover, for 9 = g, we have Ay = M € €.
Thus, the desired result follows by considering that every ¢ can be expressed as convex combination
of some v € Z'([0, 1]), with v({0}) = 0, and d, and the fact that Ay is rotation symmetric for every
v e 2'([0,1)).

(i) To prove symmetry of Ay we proceed in two short steps:

(a) First, assume that the support of ¥ can be written as

Supp(9) = {z1,22,...,Tn, 1 —xp,...,1 —x2,1 — 21}

forsomen € Nand 0 < 71 < 22...,Tp-1 < Tn, < % Define o; = 9({z;,1 — z;}) and set
¥; = L9 € 2'([0,1]). Since we obviously have

Aﬂi(fﬂ’ y) = %(SR% (xvy) + Slea:i (SU’ y)) = %(SRIZ (I,y) + SRzi (y,:c))

for all z,y € [0, 1], Ay, is symmetric. Considering that the mapping ® : 2'([0,1]) — € preserves
convex combinations, Ay is symmetric too.

(b) Since the distribution function F of every ¥ € 27'([0,1]) with ¥({0}) = 0 is the uniform limit
of discrete distribution functions corresponding to measures considered in (a) and convergence with
respect to D1 implies uniform convergence (see [25]), it follows that Ay is symmetric too. Finally, the
proof can be completed by using the same arguments as in (i) and the fact that My is symmetric. [J

Remark 3.2. An alternative way to prove symmetry of Ay would be to show that for every ¥ €
2'(]0,1]) fulfilling ¥(1 — E) = ¥(F) for every E € £([0,1]) with E C (0, 1) the corresponding
Markov operator T4, is self-adjoint (interpreted as operator on L?([0, 1], ([0, 1]), A)) and using the
fact that Ty = (T'4)¥ for every copula A € % (see [19] and [26]).

If we substitute the invariance condition (2.3) by the condition
pa(z(l,=1) ® G) = pa(G) (33)

for all z € [0, 1] and every G € ([0, 1]?) it follows in the same manner as before that such a copula
A corresponds to a unique probability measure ¥ € 2’(]0, 1]) such that

K(z,E) = 9+ (E)

is a Markov kernel of A. Equivalently, if Ay is spatially homogeneous, then A’ € €, defined by
Al(x,y) =x — Ay(1 — x,y), fulfils condition (3.3).
The following result holds.

Theorem 3.3. The independence copula 1ls is the unique spatially homogeneous copula satisfying
(3.3) for every x € [0,1] and every G € 2([0,1]?).



Proof. If Ay, € €™ also satisfies (3.3), then there exists a probability measure ¥2 € 2'([0,1]) such
that
Ry _ qR1-=2
VT =0y

holds for every = € [0, 1]. As direct consequence we get 19{?‘2”” = 19, implying that 1J; is invariant with
respect to any rotation z — Ry (z) with x € [0,1), from which J; = A = 9, follows immediately
(uniqueness of Haar measure). This completes the proof since Ay = II, € €. O

3.4 Application to the construction of copulas with exotic properties

Theorem 3.2 can be used to construct various “exotic” copulas, i.e. copulas that do not satisfy standard
smoothness and regularity properties. Here, we provide three examples.

Application 3.1. We prove the existence of singular copulas A € % fulfilling that the partial derivative
94 is continuous on (0, 1) x [0,1] and % is continuous on [0, 1] x (0,1). As shown in [22], under
these regularity conditions weak convergence of the empirical copula process holds.

Choose ¥ € 2'([0, 1]) with 99¢([0, 1]) = ¥**([0, 1]) = 0 and fulfilling ¥(1 — E) = J(F) for
every E € #([0,1]). Then ufjgg ([0,1]?) = 1, so Ay is singular, and from Section 3.1 it follows that

(z,y) — K(x,[0,y]) = 9F=([0,y]) is continuous on [0, 1]2. Considering

Az, y) = o ]K(Z, [0, y])dA(2)

we conclude that %(x, y) is continuous on (0, 1) x [0, 1]. Fulfilment of the condition for % is now

a direct consequence of symmetry of ¢ and Theorem 3.2. An example of a measure ¢ satistying the
previous condition is given by the measure induced by the Cantor ternary distribution function. See
Figure 2.

Application 3.2. Let o € (0,1) be arbitrary. Then there exists an absolutely continuous copula A
with density k 4 fulfilling the following three properties:

(I) The set A := {(z,y) € [0,1]2 : ka(z,y) = 0} fulfils Ao(A) > 1 — cv.
(I) For E, F € A([0,1]) we have pua(E x F') > 0 whenever \o(E X F') > 0.
(1) For E, F € (|0, 1]) we have \o(A N (E x F)) > 0 whenever \y(E x F) > 0.

We proceed in two steps:

Step 1: Choose a set Q € £(]0,1]) with A(2) € (0,a) and Q@ = 1 — Q (i.e. © is symmetric with
respect to 1,/2) such that for every interval (a,b) C [0,1] and a < b we have A(2N (a,b)) > 0 as well
as A(2°N (a, b)) > 0. Such a set can easily be constructed by slightly modifying the proof of Lemma
3.11in [10]. Without loss of generality we may assume that each point w € 2 is a Lebesgue point (see
[24]) of 1, i.e. for each w € ) we have

) 1
Tl_l)r&_ EA(Q N(w-—rw+r)) =1
Obviously, ﬁlg is a probability density on [0, 1]. Letting ¥ € £?(]0, 1]) denote the corresponding
probability measure it follows from Theorem 3.2 and Section 3.1 that the corresponding spatially
homogeneous copula Ay is symmetric and absolutely continuous with density

]{719(33', y) = 1go Rl—m(y)‘

1
AQ)
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Setting A := {(z,y) € [0,1] : ky(z,y) = 0} we obviously have Ao(A) =1 — A\(Q2) > 1 — a, and
considering that ky is zero on A by definition, Ay satisfies condition (I). Also notice that for every
w € Q by symmetry we have 1 — w € €, hence (Ri_ (1), 7) € A and ky(Ry(z),7) = ﬁg) for
every x € [0, 1].

Step 2: We prove that g := 14, also satisfies condition (IT) by showing that for all E, F' € (][0, 1])
with A2(E x F') > 0 we have A2(A° N (E x F')) > 0. By extracting sets of measure zero from E
and F' if necessary, we may assume that each point ¢ € F is a Lebesgue point of 15 and each f € F
is a Lebesgue point of 1. Furthermore, using symmetry (and intersecting £/ x F' with small squares
of the form Q;; = [’2_—,}, 2%] X [32;7}, %] for i,j € {0,...,2"} if necessary) we may assume that
E x F C {(x,y) € [0,1]? : y < 2}. Fix an arbitrary ¢ € (0,1/4). Since E and F have positive
measure, Steinhaus’ theorem (see, e.g., [23]) implies that £ — F', defined by

E—-F:={e—f:ecE feF}C|0,1],

contains an open interval I of positive length. Since the construction of € implies A(2 N T) > 0, we
may choose w € QNI and some r € (0,1) with (w — ro,w +r9) C I C E — F such that, for every
r € (0,79], we have

%A(Qﬂ(w—r,w—i—r)) >1—e. (3.4)

Choose (e, f) € E x F with e — f = w. Then there exists Ag > 0 such that for every A < A

1 1
ﬁ/\(Eﬂ(e—A,e+A))>l—6 and E/\(Fﬁ(f—A,f—i—A)) >1—c¢,

hence
)\2<(E x F)N ((e— A e+ A) x (f—A,f+A))) > (1— )24 A2 (3.5)

holds. On the other hand, considering § < %0, we have
(e—d,e+0)—(f=6,f+9)=(w—20,w+2) C(w—rp,w+10).

Hence, using the observation mentioned at the end of Step 1 and inequality (3.4), we get
o (AC N((e—6be+d)x(f—of+ 5))) > (1—¢)2462. (3.6)

Considering A = ¢ = ¢ for some { < min{%, Ag} together with the inequalities (3.5) and (3.6),
A2(A° N (E x F)) > 0 follows, which completes the proof of condition (II). Condition (IIT) can be
proved analogously by working with Q¢ instead of €.

Application 3.3. In [11] it is shown how Iterated Function Systems with probabilities (IFSP) can be
used to construct two-dimensional copulas with fractal support (for background on IFSP, fractals and
Hausdorff dimension we refer to [8, 14]). In particular, it is proved that, given an arbitrary s € (1, 2)
there exists a copula A; whose support has Hausdorff dimension s (for an extension to the general
multivariate setting we refer to [27]).

Spatially homogeneous copulas allow for an alternative short proof of this result. Let s € (0, 1) be
arbitrary but fixed, set L = 211/8 € (0, 1) and consider the (totally disconnected) IFS {[0, 1], (w;)?%_ }
with

wy(x) = Lz, we(x)=Lzx+1-—L.

Letting .#([0,1]) the family of all non-empty compact subsets of [0, 1], the induced Hutchinson
operator # : ¢ ([0,1]) — ([0, 1]), defined by #(E) = w1 (F) U ws(E) is easily seen to be a

10



contraction on the complete metric space (¢ ([0,1]),dz), where 0 denotes the Hausdorff metric.
Banach’s Fixed Point Theorem implies the existence of a set Z* € (|0, 1]) invariant under %, such
that the Hausdorff dimension dim g (Z*) of Z* of which is exactly s.
Choosing p; € (0, 1), setting p2 = 1 — p; and considering the operator *" : Z([0,1]) — 22([0,1]),
defined by

YV (0) = pr9™* + p™? 3.7)

it is straightforward to verify that 7" is a contraction on the complete metric space (Z([0,1]), k)
where dx denotes the Kantorovich (or Wasserstein) metric on &(|0, 1]). Banach’s Fixed Point The-
orem implies the existence of a probability measure ¥* € ([0, 1]) (in fact even ¥9* € £7'([0,1]))
invariant under ¥, the support of which coincides with Z*. Notice that, for the special case of s = %
andp; =p2 = %, the set Z* is the classical Cantor set and ¥* is the probability measure corresponding
to the Cantor staircase function. Figure 2 depicts a sample of this homogeneous copula. Obviously,

the support Supp(Ay+) of the homogeneous copula Ay« is given by

Supp(Ay+) = U {z} x R(Z%).
z€[0,1]

Since the latter set has Hausdorff dimension s + 1 € (1,2) the alternative proof of the result is
complete.

3/44

> 1/24

1/44

Figure 2: Sample of size 50.000 of the singular spatially homogeneous copula Ay« with * denoting
the probability measure corresponding to the Cantor staircase function.

Finally notice that, given a fixed s € (0,1), choosing p; # p; and proceeding in the afore-
mentioned manner yields another measure J* € 22([0, 1]) that, on the one hand has the same support
as ¥ but, on the other hand, is singular with respect to ¥*. As a consequence, the doubly stochastic
measures fi4,, and Ay, are singular with respect to each other and have the same compact set of
Hausdorff dimension s + 1 as support (compare with [28]).

11



4 A generalization of spatially homogeneous copulas

The concept of spatially homogeneous copulas can be extended in a natural way as shown below.

Definition 4.1. Suppose that m,n € N. Then A € ¥ is called (m, n)-spatially homogeneous if
pa(z(m,n) ®G) = pa(G) “4.1)

holds for every = € [0,1] and G € %([0, 1]?).

Obviously, A € € is (m, n)-spatially homogeneous if, and only if, the measure 14 is invariant
under every transformation ®;" : [0, 1] — [0, 1], defined by

O (u,v) = (Rune(u), Rnz(v)),
with z € [0, 1]. In other words, A € € is (m, n)-spatially homogeneous if, and only if, we have
pUA(Rmz(E) X Ryz(F)) = pa(E x F) “4.2)

forall E, F € #([0,1]) and x € [0, 1].
In what follows, let the function h} : [0, 1] — [ ~L L] be defined by h (z) = % for every

"N ' N
N € Nandevery j € 1,..., N. Suppose that A € € is (m,n)-spatially homogeneous and, without
loss of generality, assume that m and n are relatively prime. Set Q; ; = [%, <] x [%, L1 for all
i€{l,...,n}andj € {1,...,m} and let w; ; : [0,1]*> — Q; ; denote the affine contraction
r+i—1 y+j5—1
wisten) = ( , ) = @10 @3)
n m
Defining ¥ : [0,1]2 — [0, 1)% by
(e,y) = (Ri(2). Ri(y))-

the following property holds: for every pair (i,7) € {1,...,n} x {1,...,m} there exists exactly one
1 €{0,1,2,...,mn—1} such that ¥ (Q1 1) = Q; ;. Furthermore, (m, n)-spatial homogeneity yields
that, for every G € %([0, 1]?) with G C Q; ;, we have

pa(G) = pa(VH(@) = pa(T7HG) N Q).

This implies that there exists a copula B € % such that

1 n o m N
pa=—> > ny’, (4.4)

i=1 j=1

i.e. AisaT-checkerboard of B with 7 being the n X m-dimensional transformation matrix having all
entries equal to % (for the construction of such checkerboard copulas see [6]). Furthermore, (m,n)-
spatial homogeneity of A implies that B is also spatially homogeneous, so altogether we get that A is
an x m checkerboard of a spatially homogeneous copula B € €. Since, on the other hand, every
copula of the form (4.4) with B € € is obviously (m, n)-spatially homogeneous, we have proved
the following result.

12
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Figure 3: Sample of size 50.000 of a (3, 5)-homogeneous copula A, its histogram and marginal
histograms; thereby the measure 1) according to eq. (4.5) has been chosen to be of the form
¥ = 0.163/4 + 0.9 B 5 with 33 5 denoting the beta-distribution with parameters 2, 5.

Theorem 4.1. A copula A is (m, n)-spatially homogeneous if. and only if. there exists By € € such
that the following equality holds:

pa= SN 45)

i=1 j=1

In other words, (m,n)-spatially homogeneous copulas can be constructed via suitable push—
forwards of a spatially homogeneous copula By € €. Figure 3 depicts a sample of a (3, 5)-
homogeneous copula.

We will now derive a simple expression for the Markov operator and the Markov kernel of (m, n)-
spatially homogeneous copulas and then characterize (m, n)-spatial homogeneity of a copula A in
terms of (i) the Markov product * of copulas and (ii) the Markov operator of A (see [5, 19] and
[25] respectively). To simplify notation, for ever ¥ € 22'([0,1]) and every m € N, let the measure

Im € Z'(]0,1]) be defined by
B 1 m -
’lgm — m ]221 9§

13



Theorem 4.2. Suppose that A € € is (m,n)-spatially homogeneous and let By denote the corre-
sponding homogeneous copula according to eq. (4.5). Then the Markov operator T’y and the Markov
kernel K 4 of A are given by

1 m
T = o R (y)d9n,(y) = — o Rn,oh(z)dd 4.6
(Taf)(z) Mf 14 (y) A0 (y) m; Mf 2,0 hJ'(2)d0(z)  (4.6)
and
Rﬂz 1 " MoR n
Ku(z, F) = 0" (F) = EZﬁhﬂ Rne(F). 4.7)
=1

Proof. Eq. (4.7) is a direct consequence of eq. (4.5), Theorem 2.2 and eq. (2.5). Considering that,
according to [25], the Markov operator T4 of a copula A can be expressed in terms of the Markov
kernel K 4 of A via

(Taf)(x) = fy)Ka(z, dy),
(0,1]

eq. (4.6) follows immediately. O
Translating the composition of Markov operators T4, T : L'([0,1]) — L*(]0,1]) to the family
% of copulas yields the Markov product of copulas, implicitly defined via T4 = T4 o T (see

[19, 26]). Generalizing [4, Theorem 3] (m, n)-spatial homogeneity of a copula can be characterized
in terms of the Markov product as follows:

Theorem 4.3. A copula A is (m,n)-spatially homogeneous if, and only if, A+« Cg, = Cg, . *x A
holds for every x € [0, 1].

Proof. Suppose that T4 is of the form (4.6) and let z € [0, 1] and f € L'([0, 1]) be arbitrary but fixed.
Setting i = mz + z — Ro(mz + z) = [mx + z| € {0,1,...,m — 1} it is straightforward to verify
that Ry_pz 0 Rnp, ()(y) = Rz, o R (y) holds for every y € [0, 1], from which we get
(TCRmL © TA ° TC_RlnI f) (Z) = (TCR’VVLJL' © TA © TClenz f) (Z) = (TCR'mz' © TA © f °© Rl—nx) (Z)
= Top ([ o R o Ra)nnw)
[0,1]

= foRinzoRnp, ) (y)ddm(y)

[0,1]
= fo R%z o R (y)dim(y) = fo R%Z(w)dﬁm(w)
[0,1] m [0,1]
= (Taf)(2),
R .

whereby the penultimate equality follows from change of coordinates and the fact that ﬁmﬁ = .
We therefore know that T, o T4 = Tx o Toy, , which, translating to €, reads A x Cg,, =
CRr,.. ¥ A.

To prove the reverse implication, assume now that T, 0Ty = TxoT¢,, holdsforevery z € [0, 1].
Considering f = 17 € L'([0,1]) for some F € %([0,1]) we get (again see [25])

Ka(2,F) = (Talp)(2) = (Teg,, o Tao T, 1r)(2) = (Tey,,, © Talg,, ) (2)
= TAlRm(F)(Rmx(z)) = Ka(Rma(2), Rna(F)),
from which eq. (4.2) easily follows via disintegration. O
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S On multivariate spatially homogeneous copulas

Most naturally the question arises, whether the provided class of copulas can be generalized to any
dimension d > 3. The answer is positive - we complete the manuscript by stating the corresponding
definition, the representation theorem analogous to the two dimensional setting and by providing a
sketch of the proof.

Definition 5.1. A d-dimensional copula A is called spatially homogeneous if, for every G € ([0, 1]%)
and every z € [0, 1]
pa((l,....1) & G) = pa(G)

holds.

Theorem 5.1. A d—dimensional copula A is spatially homogeneous if, and only if, there exists a
probability measure ¥ on %([0,1)%~1) such that, for every B € (|0, 1]%) we have

pa(B) = - 9% (B )dA(z), (5.1)

where By = {(z2,...,24) € [0,1]%7' : (z,29,...,24) € B} is the z-cut of B and R, denotes the
rotation of [0, 111~ defined by R (o) = (Ralt2).- - Ra(t)).

Sketch of the proof. First suppose that 9 is a probability measure on Z([0,1)9~1). Then defining
4 according to eq. (5.1) obviously yields a probability measure p14 on %([0,1]%). Letting 9™ €
2'(]0,1]) denote the push-forward of ¥ via the projection 7(y2, . .., y4) = y2 and considering

Fy x [0,1)%2 € 8([0,1)¢ 1)
we get
IR (Fy x [0,1)72) = 9"(R;(F)),

from which (by applying Theorem 2.1) p4([0,1] x F» x [0,1)472) = \(Fy) follows immediately.
Showing that all other univariate marginals of y4 coincide with the uniform distribution on [0, 1] can
be done analogously. Finally, the proof that ;14 generates a spatially homogeneous copula can be done
as in the two-dimensional setting.

On the other hand, if A is a d-dimensional spatially homogeneous copula, then the existence of a
probability measure ©J on Z([0, 1)) fulfilling eq. (5.1) can be shown by adjusting each of the steps
in the proof of Theorem 2.2 to the multivariate setting (for properties of Markov kernels of multivariate
copulas see [9]). ]

Figure 4 depicts a sample of size 20.000 of a three-dimensional homogeneous copula and its
univariate marginals.

6 Concluding remarks

We have focused on spatially homogeneous copulas and we have shown how they can be helpful in
providing novel stochastic models with some special features:
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Figure 4: Sample of size 20.000 of the three-dimensional spatially homogeneous copula with ¢ de-
noting the doubly stochastic measure corresponding to the two-dimensional Marshall-Olkin copula
with parameters (1, %) histograms of its univariate marginals.

e they are generated by a unique probability measure in [0, 1);
e they cover a broad range of concordance values;

e they include various examples with unusual properties with respect to the smoothness of the
copula function and/or the existence of density/singular component.

Most remarkably, spatially homogeneous copulas can exhibit different types of symmetries and/or
periodicity in the density. These latter aspects make them appealing in the study of circular data (and
copulas for circular distributions); such a link will be the object of future investigations.

16



Acknowledgements

The authors gratefully acknowledge the support of the grant MTM2014-60594-P (partially supported
by FEDER) from the Spanish Ministry of Economy and Competitiveness. The first author has been
partially supported by INDAAM—-GNAMPA Project 2017 “Bounds for Risk Functionals in Dependence
Models”.

References

(1]

(2]

(3]

[4]

[5]

(6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]
[14]

A. Alfonsi and D. Brigo. New families of copulas based on periodic functions. Commun. Stat.,
Theory Methods, 34(7):1437-1447, 2005.

L. Ambrosio, N. Fusco, and D. Pallara. Functions of bounded variation and free discontinuity
problems. Oxford Mathematical Monographs. The Clarendon Press Oxford University Press,
New York, 2000.

J. R. Brown. Doubly stochastic measures and Markov operators. Michigan Math. J., 12:367-
375, 1965.

J. R. Brown. Spatially homogeneous Markov operators. Z. Wahrscheinlichkeitstheorie Verw.
Gebiete, 6(4):279-286, 1966.

W. E. Darsow, B. Nguyen, and E. T. Olsen. Copulas and Markov processes. Illinois J. Math.,
36(4):600-642, 1992.

F. Durante, J. Ferndndez-Sanchez, and W. Trutschnig. A typical copula is singular. J. Math.
Anal. Appl., 430:517-527, 2015.

F. Durante and C. Sempi. Principles of Copula Theory. CRC Press, Boca Raton, FL, 2016.

K. Falconer. Fractal geometry. John Wiley & Sons, Ltd., Chichester, third edition, 2014. Math-
ematical foundations and applications.

J. Fernandez-S4nchez and W. Trutschnig. Conditioning-based metrics on the space of multivari-
ate copulas and their interrelation with uniform and levelwise convergence and iterated function
systems. J. Theoret. Probab., 28(4):1311-1336, 2015.

J. Ferndndez-Sédnchez and W. Trutschnig. Some members of the class of (quasi—)copulas with
given diagonal from the Markov kernel perspective. Comm. Statist. Theory Methods, 45:1508—
1526, 2016.

G. A. Fredricks, R. B. Nelsen, and J. A. Rodriguez Lallena. Copulas with fractal supports.
Insurance Math. Econom., 37(1):42-48, 2005.

M. C. Jones and S. Pewsey, A. Kato. On a class of circulas: copulas for circular distributions.
Ann. Inst. Stat. Math., 67(5):843-862, 2015.

A. Klenke. Probability theory. A comprehensive course. Springer, Berlin—Heidelberg, 2008.

H. Kunze, D. La Torre, F. Mendivil, and E. R. Vrscay. Fractal-based methods in analysis.
Springer, New York, 2012.

17



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

K. Lange. Decompositions of substochastic transition functions. Proc. Amer. Math. Soc.,
37:575-580, 1973.

P. Mikusinski and M. D. Taylor. Markov operators and n-copulas. Ann. Polon. Math., 96(1):75-
95, 2009.

P. Mikusiriski and M. D. Taylor. Some approximations of n-copulas. Metrika, 72(3):385-414,
2010.

R. B. Nelsen. An Introduction to Copulas. Springer Series in Statistics. Springer, New York,
second edition, 2006.

E. T. Olsen, W. F. Darsow, and B. Nguyen. Copulas and Markov operators. In L. Riischendorf,
B. Schweizer, and M.D. Taylor, editors, Proceedings of the AMS-IMS-SIAM Joint Summer Re-
search Conference on Distributions with Fixed Marginals, Doubly Stochastic Measures and
Markov Operators held in Seattle, WA, August 1-5, 1993, volume 28 of IMS Lecture Notes
Monogr. Ser., pages 244-259. Inst. Math. Statist., Hayward, CA, 1996.

R. R. Phelps. Lectures on Choquet’s theorem. D. Van Nostrand Co., Inc., Princeton, N.J.-
Toronto, Ont.-London, 1966.

M. Schreyer, R. Paulin, W. Trutschnig. On the exact region determined by Kendall’s tau and
Spearman’s rho. Journal of the Royal Statistical Society: Series B (Statistical Methodology) 79
(2), 613-633 (2017)

J. Segers. Asymptotics of empirical copula processes under non-restrictive smoothness assump-
tions. Bernoulli, 18(3):764-782, 2012.

K. Stromberg. An elementary proof of Steinhaus’s theorem. Proc. Amer. Math. Soc., 36:308,
1972.

T. Tao. An introduction to measure theory, volume 126 of Graduate Studies in Mathematics.
American Mathematical Society, Providence, RI, 2011.

W. Trutschnig. On a strong metric on the space of copulas and its induced dependence measure.
J. Math. Anal. Appl., 384(2):690-705, 2011.

W. Trutschnig. On Cesdro convergence of iterates of the star product of copulas. Statist. Probab.
Lett., 83(1):357-365, 2013.

W. Trutschnig and J. Ferndndez Sanchez. Idempotent and multivariate copulas with fractal sup-
port. J. Statist. Plann. Inference, 142(12):3086-3096, 2012.

W. Trutschnig and J. Ferndndez Sdnchez. Copulas with continuous, strictly increasing singular
conditional distribution functions. J. Math. Anal. Appl. 410(2):1014-1027, 2014.

18



