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ON UNIFORM TAIL EXPANSIONS
OF BIVARIATE COPULAS

Abstract. The theory of copulas provides a useful tool for modelling de-
pendence in risk management. The goal of this paper is to describe the tail
behaviour of bivariate copulas and its role in modelling extreme events. We
say that a bivariate copula has a uniform lower tail expansion if near the ori-
gin it can be approximated by a homogeneous function L(u,v) of degree 1;
and it is said to have a uniform upper tail expansion if the associated survival
copula has a lower tail expansion. In this paper we (1) introduce the notion
of the uniform tail expansion of a bivariate copula; (2) describe the main
properties of the leading part L(u,v) like two-monotonicity or concavity; (3)
determine the set of all possible leading parts L(u,v); (4) compute the lead-
ing parts of the uniform tail expansions for the most popular copulas like
gaussian, archimedean or BEV; (5) apply uniform tail expansions in estimat-
ing the extreme risk of a portfolio consisting of long positions in risky assets.

1. Introduction. The theory of copulas provides a useful tool for mod-
elling dependence in risk management. The goal of this paper is to describe
the tail behaviour of bivariate copulas and its role in modelling extreme
events. We discuss possible applications, taking as an example a portfolio
consisting of two risky assets.

We recall that a function C : [0,1]? — [0, 1] is called a copula (see [6]) if

Vu,v €[0,1] C(0,v) =0, C(u,0)=0;
Vu,v € [0,1] C(1,v)=v, C(u,1)=1u;
Yy, ug,v1,v2 € [0,1], up < ug,v1 < vy,
C(u1,v2) + C(ug,v1) < Clug,vr) + Clug, v2).
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398 P. Jaworski

The functions with the last property are called two-nondecreasing. Every
copula is nondecreasing with respect to each variable, continuous (and even
Lipschitz).

Let X and Y be two random variables defined on the same probability
space ({2, M,P). Their joint cumulative distribution Fxy can be described
using an appropriate bivariate copula Cyy (see [6, Th. 2.4.1]):

Fxy(z,y) = Cxy(Fx(z), Fy(y)),

where Fly, Fy are the cumulative distributions of X and ). Note that strictly
increasing transformations of the random variables X and ) do not affect
the copula. Indeed, if

X'=fx), V=90),

where f and g are strictly increasing (and so invertible), then

Fryr(a,y) = Fay(f 1 (2), 97 () = C(Fx(f (), Fy(9~ ' (y))
= C(Fx(x), Fy(y))-
Therefore if one is interested in tail dependence of random variables rather
than in their individual distribution, then the proper choice is to study the
copula, the more so since the copula is uniquely determined at every point
(u,v) such that the equations Fy(z) = u and Fy(y) = v have solutions.

For every copula C' we have a dual, so-called survival copula 6, defined
by

Clu,v) =C(1 —u,1 —v) +u+v—1.
Note that if C describes the joint distribution of X and ), then C does the
same for —X and —).
Furthermore, in certain cases the copula Cyy is the joint cumulative
distribution of some random variables defined on the same probability space
as A and ). Indeed, let P and Q be the random variables defined by

P =Fx(X), Q=Fy).

PROPOSITION 1. If the cumulative distributions Fx, Fy are continuous
then:

(i) P and Q have uniform distributions on [0, 1].
(ii) The copula Cxy is uniquely determined.
(iii) The two-dimensional cumulative distribution Fpg coincides with
the copula Cxy.

Proof. We prove (iii) (the first two items are obvious). We choose p, g
such that 0 < p,q < 1. Since Fy and Fy are continuous, there exist x,y
such that

p=Fx(x), q=Fyy)
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Hence
Fpo(p,q) =P(P <pAQ<q) =P(Fx(X) < Fx(z) AN Fy(Y) < Fy(y))
=P(X <z AY <y) =Cxy(Fx(z), Fy(y)) = Cxy(p,q)-
In order to study extreme events we have to deal with the tail behaviour
of a copula. We say that a bivariate copula has a uniform lower tail expan-

sion if near the origin it can be uniformly approximated by a homogeneous
function of degree 1. In more detail:

DEFINITION. We say that a copula C : [0,1]? — [0,1] has a lower tail
expansion if there exists a homogeneous function L : Ri — R of degree 1,
i.e.

Vit >0 L(tu,tv) = tL(u,v),
and a bounded function R : [0,1]*> — R with

lim  R(u,v)=0
(u,v)—(0,0)
such that
Vu,v € [0,1]  C(u,v) = L(u,v) + R(u,v)(u + v).

Furthermore, we say that C' has a uniform upper tail expansion if the asso-
ciated survival copula C' has a lower tail expansion.

The function L will be called the leading part of the expansion. When
L = 0 we shall say that the expansion is trivial.

Our conditions are a bit stronger than the ones introduced by P. Em-
brechts ([1]) and other authors, but still they are satisfied by nearly all
copulas studied in the literature.

There are also other ways of introducing the leading part L. For example
one may adopt the definition with the “strong” derivative.

LEMMA 1. A copula C : [0,1]> — [0,1] has a lower tail expansion iff
there exists a homogeneous function L : Ri — R of degree 1 such that
‘C(U,, U) — 0(07 O) — L(“’a U)|

— 0.
(u,0)—(0,0)+ | (w, v)||

Furthermore the value of L can be determined as a limit along a ray.

LEMMA 2.

Proof. We have
C(tu,tv)  L(tu,tv) + R(tu,tv)(tu + tv)

7 t
_ tL(u,v) +tR§tu,tv)(u—|—v) = L(u,v) + R(tu, tv)(u + v) — L(u, v).
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In the following parts of the paper we:

e describe the main properties of uniform tail expansions and determine
the set of all possible leading parts L(u,v);

e compute the leading parts of the uniform tail expansions for the most
popular copulas like gaussian, archimedean or BEV;

e apply uniform tail expansions in estimating the extreme risk of a port-
folio consisting of long positions in risky assets.

2. Properties of the leading part L. Let L(u,v) be a leading part
of the uniform lower expansion of a given copula C(u,v).

THEOREM 1. L(u,v) is nonnegative, two-nondecreasing and bounded by
the smaller of its arguments:
0 < L(u,v) < min(u,v),
up <wug, v1 <wve = L(ur,ve) + L(ug,v1) < L(ug,v1) + L(uz,va).

This follows directly from Lemma 2 (cf. [4, Th. 1]).

From the above theorem and the homogeneity of L we obtain its further
properties:

COROLLARY 1. Let u,u1,u2,v,v1,v2 > 0. Then:
(i) L(0,v) = L(u,0) = 0.
(ii) If up < ug then 0 < L(ug2,v) — L(uy,v) < ug —uy and if v1 < v9
then 0 < L(u,v9) — L(u,v1) < vg — v1.
(iii) L(u,v) is continuous.
(iv) The function
1:0,1] = R, I(a)=L(a,1—a),
1§ concave and continuous.
(v) L(u,v) is superadditive:
L(uy + ug,v1 +v2) > L(u1,v1) + L(uz, v2).
(vi) L(u,v) is concave:
VA, >0+ =1
L(A1ur + Aoug, A1vr + Aava) > A1 L(u1,v1) + AaL(ug, v2).
Proof. The first three properties are straightforward (see [4, Cor. 1]).
(iv) Since L is continuous, so is I(a) = L(a,1 — «). The concavity of

[ follows from the fact that L is two-nondecreasing. Indeed, let 0 < a3 <
as < 1. Since 1 — as < 1 — aq, we have

L(Oél, 1— 042) + L(ag, 1— 041) > L(al, 1-— al) + L(ag, 1-— ag).



Tail expansions of bivariate copulas 401

Let

aq a2

s o3=1—-as+ai, o4 =1—0a1 + .

= 064:7
1—as+ay’ 1—aq+ay’

Then the above inequality can be written as

03l(a3) + o4l(aq) > l(ar) + ().
Here
03+ 04=2, 0303+ 0404 = 1 + Q3.

Moreover a3 and a4y lie between 1 and ao. Thus at least one of the points
(as,l(c3)), (a4,l(cy)) lies above or on the chord joining (a1,l(a71)) and
(ag, Z(OQ)).

We shall show that for any —1 < 31 < B2 < 1 the graph of [ lies above
or on the chord joining (31,1(f1)) and (B2,1(B2)). Let Z C [(1, f2] consist of
those 3 such that (3,1(/3)) lies over the chord. Then Z is closed (because [ is
continuous), nonempty (because (31 and (3 belong to it) and dense (because
between any two points from Z there is a third one), therefore Z is the
whole interval [31,32]. Since [ is continuous, this finishes the proof of the
concavity for the whole domain [0, 1].

(v) Assume that u; +v; > 0 and ug + vy > 0. Let

(51 u9
a1 = s Qg = .
V1 + U V2 + U2
Then
L(ui,vi) = (ui +vi)l(a;)  fori=1,2,
and

L(uy + ug, vy + v2)

u1 + 1 U2 + V2
= (U1 +ug +v1 + Ug)l [e%1 o
Ul + ug + v + v2 U + u2 + v + V2
u1 + U1 U + V2
> (u1 +ug +v1 +v (o (o
( 2 ! 2>(U1+U2+v1+v2 ) ul +ug +v1 + v 2)>

= (u1 + v1)l(a1) + (u2 + v2)l(ag) = L(uy,v1) + L(ug, v2).
(vi) is a direct consequence of (v). Indeed, let A1, Ao > 0 and A; + X2 = 1.
Then
L(Au1r + Agug, Ayvr + Agva) > L(Ajur, Mv1) + L(Azug, A2vz)
= M L(uy,v1) + Ao L(ug, ve).
For another proof of concavity of L, based on its differential properties,

the reader is referred to [4, Th. 2]. As a matter of fact for homogeneous
functions of degree 1 the concavity and two-monotonicity are closely related.
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PROPOSITION 2. Let L : Ri — R be homogeneous of degree 1, concave
and continuous. Then L is two-nondecreasing.
Proof. Let 0 < vy <wg and 0 < u; < ug. We have to show that
L(uy,v1) + L(ug,v2) — L(uy,v2) — L(ug,v1) > 0.

Since L is continuous, it is enough to consider the case u; > 0. Note that
since L is concave and continuous, the same is true for

1:0,1] = R, (o) =L(cv,1— ).
Since L is homogeneous of degree 1, we have
L(ul, 1)1) —+ L(UQ, 1)2) — L(ul, UQ) — L(UQ, 1)1)

U1 U2
= l l
(w1 +o1) (Ul +Ul>  (uz o) <U2+v2>
Ul u2
— l — l
(u1+vg) <u1—i—v2> (U2+’U1) <u2+1)1>

= (u1 +ug +v +v)(l < UL+ Uz )—l < ULt Uz >>
PRI Uy +ug + o1 0o N +us+o1+0v2) )

Here [; and I3 are linear functions whose graphs contain chords joining points
on the graph of I:

U1 U1 U2 U2
o) = (atn) o(atn) ()
up + v1 up + v1 U2 + V2 U + V2
) R ) B ) R G
U + v U1 + v U + U1 Uug + U1

Note that since v; < vo and 0 < uy < ug, we have

(5] < (751 . 1 1 . u9
up+ve —up+vy  l4wv/up T 1+ovi/ue us+vr’
(5] 1 1 u9 u9

= = < .
ur+ve  l4wvg/ur T 14wve/us  us+vy T ug 4y
Therefore the first chord lies above the second one and

U + U U +u
U1 + ug + v + v2 Uy + u2 +v1 + v2

which finishes the proof.

2.1. Copulas with prescribed leading part L. In this section we shall show
that Theorem 1 completely describes all possible leading parts.

THEOREM 2. Let L : Ri — R be homogeneous of degree 1, two-nonde-
creasing and such that

Vu,v 0 < L(u,v) < min(u,v).
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Then the function
C(u,v) = max(L(u,v),u+v—1)
restricted to the unit square [0,1]? is a copula.

The proof is based on checking all possibilities (compare [4, Th. 3]).
Note that for any L which is nonnegative, and for 0 <u +v <1,

C(u,v) = max(L(u,v),u+v —1) = L(u,v).

Thus L is not only the lower tail approximation of C but the tail itself.
The above theorem together with Proposition 2 and Corollary 1 gives us
the following:

COROLLARY 2. There is a bijection between

e leading parts L of uniform tail expansions and
e concave functions 1 : [0,1] — R which satisfy

0 <l(e) < min(a, 1 — a).
The bijection is given by the formula
(o) = L(a,1 — ).
The above results remain valid for pairs of tails and pairs of functions.

THEOREM 3. Any two two-nondecreasing functions L; : Ri — R, i =
1,2, homogeneous of degree 1 and such that

0 < Li(u,v) < min(u,v),
are the leading parts of the lower and upper tail expansions of some copula.
Proof. We shall apply the patchwork technique (cf. [6]). For i = 1,2 let
Ci(u,v) = max(L;(u,v),u +v — 1).
Then the function C : [0, 1]? — [0, 1] defined by

C1(2u,2v)/2 for 0 < w,v <1/2,
for0<u<1/2<w,

C(u,v) = “ susl/
v for 0 <ov<1/2<u,

(2u+2v—2+4+C5(2 —2u,2 —2v))/2 for 1/2 < u,v <1,

is a copula. Indeed, for the lower left corner we apply the measure induced
by C1, for the upper right one the measure induced by Cs, and for the
remaining two the null measure.
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y
1
0 | Gy
0.5
C1 0
0.5 1
Therefore for u+v < 1/2,
Ch(2u, 2 ~ C5(2u, 2
C(u,v) = % = Li(u,v), C(u,v)= w = Lo(u,v).

3. Examples of trivial expansions. Assume that X and ) are inde-
pendent. Then
C(u,v) = uv.

In this case L(u,v) = 0 and R(u,v) = uv/(u + v). Hence the expansion of
the lower tail is trivial. The same is valid for the survival copula. Hence the
expansion of the upper tail is also trivial.

Let now X and ) have the same standard normal distribution N(0, 1)
and normal joint distribution. Then their copula

CN(“?”) = FXy(Fil(u)ﬂFil(v))a

where F' is the distribution function of the standard normal distribution
(N(0,1)), is called gaussian.

PROPOSITION 3. The gaussian copula Cn has trivial expansions of both
tails.

The proof of the lower tail case (see [4, Lemma 1]) is based on the fact
that the shifted quadrant (—oo, 2] X (—00, 30| is contained in the halfplane
{(z,y) : 2 +y < x0+ yo} and on an estimation of the tail of the standard
normal distribution (see [3, p. 119]). The upper tail case is quite similar.

REMARK 1. The above result shows that the phenomenon of nontriv-
ial tail expansions does not exist in the “world ruled by the paradigm of
normality of all distributions”.

4. Simple examples of nontrivial expansions. Assume that ) = X.
Then

C(u,v) = min(u,v).
In this case L(u,v) = min(u,v) and R(u,v) = 0. The same is true for the

survival copula. Note that the above remains true if we only assume that )
and X are comonotonic.
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The above copula has a singular support (the diagonal {(¢,¢) : ¢ € [0, 1]}).
Other examples of singular support copulas are given by

Cq(1,v) = max((o — 1) min(u/p, v/q),u + v — 1),
where p4+qg=p0> 1, 0 < p,q < 1. The support consists of one, two or three

segments, each with uniform distribution of mass.

1

q

pl

Except the case p = ¢ = 1 the upper tail has a trivial expansion. But the
lower tail always has a nonzero leading part:

L(u,v) = (¢ = 1) min(u/p,v/q), e=p+aq,

5. Archimedean and quasi-archimedean copulas

5.1. Definitions. Let ¢ : [0,1] — [0, 00] be a convex, strictly decreasing
continuous function with ¢(1) = 0 and ¢(0) = ¢¢ < co. Then the function

C:[0,1> = [0,1],  C(u,v) = " (min(po, p(u) + ¢(v))),
is a copula (see [6, Th. 4.1.4]). Such copulas are called archimedean.
We extend this notion by setting

Co,tr (u,v) = ™ (min(po, p(u) + ¢ (v) — H(p(u), 0(v)))),
where H : R%r — R is homogeneous of degree 1, two-nondecreasing and such

that
Vu,v  0< H(u,v) < min(u,v).

THEOREM 4. C, y is a copula.
Proof. We have
H(e(w), p(v)) < min(p(u), ¢(v)) < p(u) + ¢ (v).
Hence Cy g is well defined. Moreover
Coup1(0,0) = ¢~ (min(ip0, 9(0) + (v) — H((0), ¢(v))))
¢~ (min(po, o + (v) = H(po, 9(v)))) = ¢~ (o) =0,
¢~ (min(po, (1) + p(v) — H(p (1)790(1)) )
@ 1(mm(<P070+<P( ) = H(0,¢(v)))) = ¢
¢ (p(v) =
Analogously, Cy (u,0) =0 and Cy, g (u, 1) =

-1

Co.u(1,v)

(min(po, ¢(v)))
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Next we show that Cy, p is two-nondecreasing. Let u; < up and v1 < va.
We put

= @(u1) + ¢(v1) — H(p(u1), p(v1)),
zo = p(u1) + @(v2) — H(p(u1), p(v2)),
z3 = p(u2) + p(v1) — H(p(u2), p(v1)),
zg = p(u2) + @(v2) — H(p(uz), p(v2)).

Since ¢ is decreasing and H satisfies the Lipschitz condition (see Corol-
lary 1), we have
Tl > Xy > x4, T1 2> T3> T4

Since H is two-nondecreasing, we have
T — To < T3 — T4.

The function v¢(x) = ¢~ !(min(yg,r)) is convex nonincreasing. The interval
[z, 21] is shorter than [z4, 23] and lies to the right of it, therefore

Y(za) — P(w3) = P(w2) — P(21).
Hence
Co,i(u2,v2) — Cop m(ug, v1) = (24) — (23) > Y(22) — Y(21)
.1 (u1,v2) — Cp i (u1,v1),
which finishes the proof.

We call the copula Cy, ; quasi-archimedean. Note that the class of quasi-
archimedean copulas contains among others the bivariate extreme value
(BEV) copulas investigated for example in [2].

REMARK 2. If H(u,v) = min(u,v) then for any ¢,
Copt1(u,v) = ¢~ (min(po, ¢(u) + ¢(v) — min(p(w), ¢(v))))
= ¢~ ! (min(po, max(p(u), (v)))) = ¢~ (max(p(u), ¢(v))) = min(u, v).

Hence the tail expansions do not depend on . Both leading parts are equal
to min(u, v).

5.2. FElasticity. We recall that the elasticity of a differentiable positive
real-valued function f is defined by
zf'(x)

&I =y

LEMMA 3. Let f:(0,e)—(0,00) be differentiable with elasticity bounded
by dy and d;:

Ve € (0,6)  do < Euf(x) < dy.
If dy # —o0 then
Vo € (0,e) Vt € (0,1]  t™f(x) > f(tx).
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If dy # oo then
Vo e (0,e) VYt e (0,1]  tBf(z) < f(tx).

Proof. The proof is based on the following observation. For a given con-
stant d we consider the composite function F(t,z) = t=¢f(tz), 1 >t > 0,
e >z > 0. Then

IPO) iy sin sy -+ 20

ot ot
= L& (1) )
Hence if d > sup{&, f(x)} then F is decreasing in ¢t and for ¢t < 1 we get
f(tz) =t f ().

Analogously, if d < inf{&, f(x)} then F is increasing in ¢t and for t < 1 we
get

ftz) < t2f(x).

5.3. Tuail expansions of quasi-archimedean copulas. In this subsection we
assume that H(u,v) < min(u, v) for some u,v. We shall show that then the
lower (resp. upper) tail expansion of the quasi-archimedean copula depends
on the limit elasticity of ¢(z) (resp. (1 —x)) at 0,

) I
Sx(())—xl_)w o(x) ’ £a(1) xl—>0+ o(l—z) °

The only exception concerns the lower tail expansion. Namely if ¢q
is finite then Cy, g(u,v) vanishes in some neighbourhood of the origin, so
L(u,v) =0.

THEOREM 5. If the limit £,(1) exists then the quasi-archimedean copula
Co.u has a uniform upper tail expansion. Moreover, if £,(1) = d < oo, then

L(u,v) = u+v — Yul +vd — H(ud,vd),
and if £;(1) = oo, then

L(u,v) = min(u,v).

Proof. Note that since ¢(1 — x) is increasing and convex, d cannot be
smaller than 1. Hence for any dg and d; such that 0 < dg < d < dy, we can
find e such that for x € (0,¢) and s € (0,1),

shp(l—x) < (1 — sz) < sMp(1 — ),
s0(1— o7 (@) < 1= (sw) < s/ N (1= o7 (2)).

Therefore we have the following upper bound for ¢ close to 0 and u +v < 1:
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a%H(tu,tv) = o Hp(l—tu)+p(1—tv)—H
<o w1 —t) + vl —t) — H
< R/udt 4 vd — H(udo vdo)(1 — o (1 — 1)) + tu + tv
=t(u+v— RQ/udt +vh — H(udo, vo)).
Analogously we get the lower bound
apﬂ(tu,tv) > t(u+v— {fudo +vdo — H(udr, yir)).
Thus we have
u+v— Rfudo +ovdo — H(udr vdr)
< a%H(tu,tv)
- t
Passing to the limit as ¢ — 0 and dy, dy — d we get
L(u,v) = u+v — Yul +vd — H(ud,vd).

If £,(1) = oo then for any dy > 0 we can find ¢ < 1 such that for
x € (0,¢),

o(1—tu), p(1—tv)))+tut+tv—1
u® v®0)p(1 —t)) + tu + tv — 1

(
(

<u+v— R/udt +ovd — H(ydo pdo).

-7 (22) < W21 - o7\ ().
Therefore we have the following lower bound for ¢ close to 0 and v+ v < 1:
Corr(tu, tv) = o™ (p(1 = tu) + (1 — tv) = H(p(1 — tw), (1 ~ tv)))
+tut+tv—1
> o (2max(p(1 — tu), (1 — tv))) + tu +tv — 1
> — %/2(1 —min(1 — tu, 1 — tv)) + tu + tv
= t(u—+v— Y2max(u,v)).
The upper bound is obvious:
ap,H(tu,tv) < min(tu, tv) = t min(u, v).
Thus we have
é@ﬂ(tu, tv)
t
Passing to the limit as dy — oo we get L(u,v) = min(u,v).

u+v— Y2max(u,v) < < min(u,v).

THEOREM 6. If the limit £,(0) exists then the quasi-archimedean copula

Co.u has a uniform lower tail expansion. Moreover if £,(0)=—d, 0<d<oo

then
UV

{/ud + v — H(ud, o)’
if £,(0) = —oo, then L(u,v) = min(u,v); and if £,(0) = 0, then L(u,v) = 0.

L(u,v) =
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Proof. Note that since (x) is decreasing and convex, —d cannot be
positive. If d is finite and nonzero then for any dy and d; such that 0 < dg <
d < dy, we can find € such that for x € (0,¢), y > e ! and s € (0,1),
sTPp(z) < p(sz) < s Pp(x),  sYPETHy) < oM (sThy) < sV H(y).
Therefore we have the following lower bound for t close to 0 and u + v < 1:

Co,tr (tu, tv) = o~ (p(tu) + (tv) — H(p(tu), p(tv)))
<o M uPp(t) + v () = H(u™ M 0™ M)p(t))
< o = (o) ()
=t R udo y=do — [ (y~dr y—dr).
Analogously we get the lower bound
Cop.pr (tu, tv) >t ~R/u~d 4 v=d1 — H (y~do y—do),
Thus we have
_d{/u—do 4 p—do — H(u‘dl,v_dl)
S Co,u(tu,tv)
- t
Passing to the limit we get

L(u,v) = </u=d+v=4— H(u9, v-9)

> “R/uh +y~di — H(ydo y—do).

B uv
{/ud +vd — H(ud, v)
If £,(0) = —oo then for any dyp > 0 we can find ¢ < 1 such that for
z € (0,¢e),

e 20) > W2\ (a).
Therefore we have the following lower bound for t close to 0 and u + v < 1:
Oy (tu, tv) = o™ (p(tu) + p(tv) — H(p(tu), o(tv)))
> o~ (2max(p(tu), p(tv)))
> ~%2min(tu, tv) = t ~¥/2min(u, v).
The upper bound is obvious:
Co.m(tu,tv) < min(tu,tv) = t min(u, v).

Thus we have

_ Co, m(tu,t
/2 min(u, v) < %

< min(u, v).

Passing to the limit as dy — oo we get L(u,v) = min(u,v).
If £,(0) = 0 then for any d; > 0 we can find ¢ such that for x € (0,¢),
y>elandse(0,1),

o(x) < p(sz) < s o), @ (sy) < sV (y).
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Therefore we have the following upper bound for ¢ close to 0 and u+v < 1:
Co 1 (tu, tv) = o~ (p(tu) + p(tv) — H(p(tu), p(tv)))
<o () + @(t) — Hp(t)u™ M, p(t)v™ ™))
=0 (p(t)(2 - Hu™ ", 0™™)))
<t R/2— H(u 9, p=d),

Thus we have

0< 703"’“;“’”) < “N/2— H(u % ).

Passing to the limit as d; — 07 we get L(u,v) = 0.

Note that the above assumptions are satisfied by all one-parameter fam-
ilies of archimedean copulas listed in [6, pp. 94-97]. Therefore all of them
have uniform tail expansions. Below we list the corresponding 23 families of
©’s, restrictions on d, and the values of £;(1) and £,(0) (when ¢(0) = c0).

o) = L@ 1), de[-1,0) E(1) =1, ¢(0)< oo
plz) = 2@ - 1), d € (0,00) E() =1, &:(0)=—d
o(z) = (1-z)¢, del,0) &) =d, ¢(0)< oo
p(r) = In 2=20=2) del-1,1) (1) =1, £:(0)=0
o(z) = (—Inz)?, del,00) E(1)=d, &(0)=0
p(z) = —In €= d e (—00,00)\ {0} | £x(1) =1, E(0)=0
o(z) = —1In(1 — (1 —2)9), d € [1,00) E(1)=d, & (0)=0
o(z) = —In(dz + 1 — d), de(0,1) Ex(1)=1, (0) < o0
o(@) = T d € [1,00) Ex(1) =1, ¢(0) <oo
o(z) =In(1 — dln(z)), d e (0,1] Ex(1)=1, &:(0)=0
o(z) =In(2z~4 — 1), de(0,1] E(1)=1, &(0)=0
o(z) =In(2 — %), de(0,3] &) =1, ¢(0)< oo
o(z) = (1/z —1)%, del,00) E(1)=d, &:(0)=—d
o(z) = (1 —1In(z))% -1, d e (0,00) E()=1, &:(0)=0
o(z) = (=4 —1)¢ de[1,00) &) =d, E:(0)=—d
o(x) = (1 — /e, d € [1,00) Ex:(1)=d, ¢(0) <o
o(z) = (d/z+1)(1 — z), d € (0,00) EL(1) =1, &Ez(0)=-1
plz) = —In D=1 de (—00,00)\ {0} | Ex(1) =1, &2(0)=0
p(z) = exp(347), d € [2,00) Ez(1) =00, ¢(0) < o0
o(z) = exp(d/z) — ed, d € (0,00) EL(1) =1, &Ez(0)=—-o0
o(z) = exp(z™) — e, d € (0,00) EL(1) =1, &z(0)=—-o0
ex)=1—(1-(1-2)He de[l,00) &) =d, ¢0)< oo
o(z) = arcsin(1 — z%), d e (0,1] Ex(1)=1, ¢(0) < o0
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5.4. Ezamples. Let ¢(z) = (—1In(x))?, where d € [1,00). Then
lim Ep(2) =0, lim Ep(1 —2) = d.
Hence the Gumbel-Hougaard copulas
C(u,v) = exp(— /(= In(u))? + (—In(v))9)
have the lower leading part equal to 0 and the upper one equal to
u+v— m.
Similarly the BEV (bivariate extreme value) copulas
C(u,v) = exp(In(u) + In(v) + H(—In(u), —In(v))),

if H(z,y) # min(x,y), have the lower leading part equal to 0 and the upper
one equal to H(u,v).

In the exceptional case, H(z,y) = min(z,y), C(u,v) = min(u,v). Hence
in this case both leading forms equal min(u,v).

6. Applications: Measuring the extreme risk of two long posi-
tions. We shall focus on the following simple case. An investor has in his
portfolio two risky assets which are highly dependent. Let w; be the amount
of money invested in the ith asset. The investor fixes a security level c,
0 < ¢ < 1. In order to determine the risk associated with his investment he
wants to estimate the following quantities:

e the probability that the value of the portfolio after a certain period of
time is smaller than c¢(wy + ws);

e the conditional probability that the value of one asset will be smaller
than ¢ times its initial value, under the condition that this happens
for the other asset;

e the conditional probability that the value of both assets will be smaller
than ¢ times their initial values, under the condition that this happens
for one of them;

e the conditional probability that the drop of the value of one asset will
be greater than that of the other under the condition that the value
of the other asset will be smaller than ¢ times its initial value.

Let S;o and S;1 be the prices at the beginning and at the end of the

period. So the final value of the investment equals
S1,1 Sa.1

Wi = w) —= + wy ——.
S10 S2.0

We assume that the returns of both assets are heavy tailed, with the same
tail index o > 0 (cf. [5, 9.3]), that is,

P(In(S;1) — In(Sip) < 2) = ai(—2)"* for 2 <0,
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and their joint distribution is determined by a copula C' having a uniform
lower tail expansion with nonzero leading part L.
Let ¢, 0 < ¢ < 1, be a benchmark, let

F(c) =P(W; < c(wr + w2)),

and let U(c) and V' (¢) be the probabilities that the value of respectively the
first or second asset drops below c:

U(c):P<%<c>, V(c)zp<%<c>.
Obviously, for small c,
U(e) = a1(—1In(c))™,  V(c) = az(—1In(c))™ .
LEMMA 4. For wi,ws > 0 and sufficiently small ¢ we have the estimate
F(c) = (= In(c))""L(as, az).
Proof. To get the lower estimate, let z = Inc. Then

F(e) = P(W < c(wr +ws)) > P(ﬁ con c>
S10 S2.0

~ Clar(—2) "% as(~2) ") = Llar(—2) ", as(~2) ™)
— L(ar, az)(~2)"°

For the upper estimate, let w = IH(M

) and z < w. Then

wi1+tws2
S w S w
P(Wgc(w1+w2))§IP’< 1,1§Cw1+ 2/\ 2,1§Cw1+ 2)
S1,0 w1 52,0 wo
<P SMSC (:01"‘002 /\52,1§c %01+w2
Sl,O mln(wl, UJQ) 5270 mm(wl, wg)

~Cla(—z24w) Y a(—z2+w) ™) = Llai(—2 4+ w) % az(—2z+w)™ %)

— L{a,a2)(—2 +w) ™ ~ L<a1,a2><—z>—a(1 o )

~ L(ay,a2)(—z)" %
Note that since L(a1,a2) < min(aj,az) we get:

COROLLARY 3. “Asymptotically”, diversification of a portfolio does not
increase the risk.

The answers to the next two questions from the above list follow from
the classical formula for the conditional probability:

S S.
P(Sl’l B C‘ San _ ) PSS SeASE <o CcUle), V()
S10 — 20 IP’(%; <¢) V(e) '
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So for sufficiently small ¢,

H(on=elsn =)~ -H(v) =+ (@)

In the same way we show that

(382320 2525 0(.2)

The formula for the probability of two drops below the benchmark is
only a bit more complicated:

S11 Sa1 S Sa1
Py =Pl —— <cNh—X<K —— <cV—"—-K<L
21 (51,0 = Sao ‘ S10 ‘ Sao C)
s s
CP(ggSchgi<e) C(U(e), V()
B3 < ov 2 <o) U@ +V(0) - O, V(o)
S1,0 Sa0

Therefore for sufficiently small c,

LU(c),V(c)) ~ L(ay,az)
Ule) +V(e) = L(U(c),V(c))  a1+az— L(ar,a2)

P2|1 ~

COROLLARY 4. For sufficiently small ¢ the above conditional probabili-
ties do not depend on c.

The conditional probability that the drop of the value of the first asset
will be greater than that of the second under the condition that the value
of the second asset will be smaller than ¢ times its initial value equals (for
differentiable L(u,v))

oL

P ~ g y )
1<22 % 5o (a1,a2)
and the conditional probability that the drop of the value of the second asset
will be greater than that of the first under the condition that the value of
the first asset will be smaller than ¢ times its initial value equals
P ~ —(ay,a9).
a1 & 5 (a1, az)
The following lemma is the crucial point of the estimation.

LEMMA 5. Let i be a measure induced by L(u,v). Then

= n(A(0,0):(0,0): (7.0)) = 0 5 (7, 0)

= 10,00 (9, 0): (:0)) = p o ().
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Proof. We have
qpv/q q
L
,ulzs S —(u,v)dudvzxa—cﬂ,v) dv.
o o Oudv 50\ ¢

Since L is homogeneous of degree 1, its first derivatives are homogeneous of

degree 0 and
oL (pv v GL( ).
av q 9y a p7 q

8 qav p‘)q'

Therefore

In the same way we get the formula for po.

Proof of approximations. By the lemma we have the following approxi-
mations:

s
S10 ~ S20

r(om(0(3)) o o(5)) 5

~ ]P’<a2U &> < a1v<@> < alag(—ln(c))a>
S10 S2.0

~ u(A((0,0); (0, ag(—1In(c))™); (a1 (= In(c)) ™, ag(=In(c)) ™))

- oL - —«
= az(=In(c))™ Z~(a1(=1n(c)) ™%, az(~ In(c)) ™)
e
= az(—1In(c)) %(al,ag).
Therefore
}p(@ < S21 o )
o S11 _ S21 | S2a Gy 25, =€
Picop =P < <c|= =
S10 ~ S20 | S20 P32 <c)

az(=1In(c)) "Gt (a1, a2) 3_L(a o)
az(—In(c))—® T oov T

In the same way we get the approximation of Poq;.




(1]
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