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Introduction

It is known that, residual life time (R.L.T.) distributions, and their behavior for
t — oo play an important role in probability theory, such as, survival analysis, renewal
theory, and queueing processes. The starting work was Balkema and De.Haan [1],
that initiated investigations into the asymptotic behavior of R.L.T. (for ¢ — o0) on
the real line. They derived the types of possible limit distribution and their domain
of attraction. See also, the monograph P. Embrechts, C. Klueppelberg, T. Mikosch
6].

In a second work Balkema and Yong-Cheng Qi [2] investigated limit laws in
the multivariate setting and introduced concepts of stability and strict stability of
R.L.T. distribution in the multivariate setup. For recent investigations for R? see
M.V.Wuethrich [27].

The (semi-) stability of R.L.T. (for d = 1) are characterized by the general lack
of memory property (G.L.M.P). On the other hand, the G.L.M.P turns out to be a
functional equation which we call ” (semi-) stability” functional equation. It is found
that, the limit laws of R.L.T. distributions fulfil also these functional equation. (The
R.L.T. semi-stable laws are slightly different from the class of discrete limit laws
in [1]). We obtained all possible R.L.T. limit distribution by obtaining the general
solutions of these functional equation (in the continuous and discrete cases). For
R?, d > 1, there exist various generalizations of the L.M.P.

Most of these are not suitable for investigations of R.L.T. distributions in the mul-
tivariate case. We introduce a concept of (semi-) stability for R.L.T. distributions
which differs from the approach [2] mentioned above.

The paper is organized as follows:

Beginning with preparations where results of the structure of affine transformations
and convergence of types theorem are collected. Chapter 1 is concerned with the
one-dimensional setup. Following the ideas in [1] on the one hand, and having in
mind the theory of stable and semi-stable laws (in the usual sense) it is proved that
the possible limit laws satisfy a 7 stability” functional equation. These laws are called
R.L.T. stable resp. R.L.T. semi-stable. Parallel to the investigations of (semi-) stable
laws (in the ”additive scheme”, i.e. in the usual sense) the R.L.T. (semi-) stability is
characterized by the ”decomposability semigroup” and by the existence of domains of
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attraction. Finally, in 1.8 and 1.9 we emphasis the similarities between R.L.T. (semi-)
stability, (semi-) stability in the ”additive scheme”, and in the ”max-scheme”.

Chapter 2 is concerned with analogous investigations for the multivariate case

R?, d > 2. The investigations are parallel to Chapter 1 however the results are less
complete.
Following [2] the admissible normalizing operators are now "CAT's” (coordinate wise
affine transformations). The structure of one-parameter groups of ”CAT's” is more
complicated than for d = 1, hence the possible solutions of a ”stability functional
equation” (for R.L.T.) have — in the general case — no simple representations. Due
to the fact that we have no complete overview over the possible solutions of the
functional equation the R.L.T. (semi-) stable laws are characterized only in the special
cases where the underlying one-parameter group of ”CAT’s” is a group of shifts or
has a unique fixed point. Again R.L.T. (semi-) stable laws are characterized by their
decomposability semigroup and by the existence of domains of attraction. (It should
be noted that (for d > 2)) the investigations [2] and the recently published [27] lead
to different generalizations).

Finally, as for d = 1 some connections between R.L.T. (semi-) stability and max
(semi-) stability are pointed out. These parts are only sketched because (for d > 1)
the set of max (semi) stable laws is much more complicated as in the one dimensional
situation, (and only few investigations are available) where due to the famous result
of Gnedenko only three types of max-stable laws exist.



Chapter O

Preparation

0.1 The structure of affine transformations on a

finite dimensional vector space

In this section we reformulate results from Edelstein, Tan [5] for the special case of
finite dimensional vector spaces. Since for dimV < oo strong and weak convergence
coincide the results and proofs in [5] are simplified. Therefore we reformulate some
results and include sketches of proofs. We start with the following notations.

Definition 0.1.1. (Affine transformation): Let V.= R? be a finite dimensional vector
space, and T be of V defined by

T:z—T(x)=A-z+bVzeV, (0.1.1)
A€ End(V), b€ V. Then T is said to be an affine transformation of V.

Notation 0.1.2. Let A(V) denote the semigroup of affine transformations and
Aff(V) C A(V) denote the subgroup of invertible transformations.

Note that 7" : © +— A -z + b invertible iff A € GL(V). Later we shall restrict the
consideration to subgroups of Aff(V).
In particular for d =1 let

Affy(R,1):={z— A-z+b: A> 0} (0.1.2)

Theorem 0.1.3. Let V=R?% let T : 2 — A-x + b, b € V be affine transformation
defined as in definition 0.1.1. If b ¢ (A — I)(V) then {7T"},>1 has no bounded

subsequence.



Proof. There exist V3 y L (A—1I)(V) such that (y,b) =1 (since b ¢ (A—1I)(V) i.e.
(y,b) #0). According to Edelstein, Tan [5] lemma(1)we have

T”x:(A—I)(ni:Tkx)—Fx—i—n-b (0.1.3)
Therefore .
(y, T"x) = (y, (A= D)(D_TFx)) + (y,x) + n- (y,b) (0.1.4)

k-1 n—1
Since (A —I)(>_ T"z) C (A —I)(V) hence (y, (A —I)(>_ T*z)) = 0, then we have
0 k=0
(y, T"z) =:c+n

with ¢ = (y,x). Hence (y,T"x) has no bounded subsequence, and the assertion
follows.(See [5] theorem 2.2) O

Theorem 0.1.4. Let V= R? let T be an affine transformation as before. Then the
following are equivalent

(1) There exists a fixed point z, (i.e. Tz, = ).

(ii) For some x € V, {T™z} contains a bounded subsequence.
(iii) For some x € V, {T™z} is bounded.

(iv) For some z € V, {T™x} is convergent.

(v) For some z € V, {T"x} contains a convergent subsequence.

Proof. (i) = (iv) = (v) = (ii), (i) = (iii) = (i) are obvious.
(17) = (i): From (ii), and according to theorem 0.1.3 we have b € (A — I)(V). Let
2, €V: (A- Dz, = —b < Ax, =z, —b. Then we have

Tr,= Az, +b= (2, —b)+ b=,
hence z, € Fix(T). (See e.g. [5] theorem 2.3) O

Theorem 0.1.5. Let V = R? as in theorem 0.1.4. Let S C A(V) be a commutative
semigroup. If for some z( the orbit

SI’Q = {T{EO T e S}
is bounded then S has a common fixed point x,.

Proof. Sxq={Txy:T € S}, is bounded, hence relatively compact. Then the closed
convex hull €6 (Sxzg) := K is compact



Claim : T(K)CK,VTEe€S.

T is affine = T'(co(Sx)) C co(Sxp). Since V is finite-dimensional, 7" is continu-
ous therefore T'(K) C K follows. Hence S is a commutative semigroup of continuous
affine transformation acting on a compact convex set. Therefore, by Kakuntani's
fixed point theorem see e.g. Rudin [?], there exist a common fixed point z, for § [

Corollary 0.1.6. Let V = R? let T be affine. If {T™x¢},en is bounded or has at
least a bounded subsequence for some xy € V, then {T"},cn, has a common fixed
point x,, i.e. T"x, = x, for alln € N

Proof. Apply theorem 0.1.5 to the semigroup {7"},en ]
Remark 0.1.7. By induction we obtain
a) ForT:x— A-xz+b,if A= Ap, b= br we have

n—1

n—1
with A% := I hence Agn = A%, bra = > A* - by
k

=0

b) T, and hence {T"}, has a fixed point z, if
Tr,=Az,+b=2,<— (I — A)x, =0
Hence, given A, and x, we obtain
Te=A-z+{I—-A) -z, =A (v —x,) + 4.
Therefore by induction we obtain

T"(z) = A™(x — xy) + 2

Corollary 0.1.8. Let {T;};~0, be a continuous one parameter semigroup C Aff(V),
with TyTs = Tiys, To = I (additive parameterization). Hence {T;}s~o is extendable
to a group {T}ser. If {Tix0}=0, is bounded for some xy then {T}};~¢ has a common
fixed point x,

Remark 0.1.9. We have in corollary 0.1.8



If Tyx, = x, we obtain for all £ > 0 A;x, + by = z,. Hence as in the discrete case
Tix = Ayx + by, = Ay + (I — Ay)x,. Therefore we have

Tix = Ay(z — xy) + 2. (0.1.6)
The semigroup property (additive parameterization)

Ty s =TT, for t,s>0
and continuity yield that

Ai(Asx + bg) + b = AyAst + Aibs + by = App st + bygs.

Hence A,y = AyA, = A, = €' for some linear (). Therefore

Ty(z) = e“(z — z,) + 2, (0.1.7)
and b, = (I — €'9)x,

Remark 0.1.10. We can switch from the additive parameterization to the multi-
plicative parameterization by defining
Ty := Tiogu for t =logu (resp. u = €', u > 1). Then we have

T, s =TT, fort,s >0 <~ T, = T, T, for u,v > 1 (0.1.8)

Remark 0.1.11. Let T': 2 — Az + b be affine as above
n—1

(a) Put x =0: If {T™(0) = >_ A*-b} is bounded, then T has a fixed point
k=0

(b) Assume that A™! exists (i.e. T € Aff(V)). If
n—1 n
{T™(0)= > A*A1.p= -5 A=+ .p} is bounded, then T has a fixed
k=0 k=0
point

The special case d=1: We have T': x+— Az + 0, A > 0

n—1
Proposition 0.1.12. (a) e If0 < A < 1: Then {T™(0) = _ A*-b} is conver-
k=0
gent, hence bounded. Hence T has a fixed point.

n—1
e If A >1: Then {T""(0) = — Y - - b} is bounded, hence T has a
k=0
fixed point. We obtain : T : x — Az + b has a fixed point iff A # 1. Then
_ b

Ty = 1°4"
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o Assume b #0. If A=1:Then T : x — x + b, has no fixed point. We
always assume T'(R;) C R,. Hence b > 0, A > 0. Therefore
r, >0 iff 0<A<l1l andz, <0 iff A>1

e The case x, = 0 appears iff b = 0, i.e. iff T is linear, Tx = A - x

(b) (Continuous one-parameter groups for d =1): Let T; : x — A(t)x + b(t) be a
continuous one-parameter group in Aff(R) then A(t) = '@ for some real Q.
(T3) has a fixed point z, <= Ti(z) = €@ (z — x,) + x,. This is the case iff

Q#0, (e eQ#1).

Proof. This follows immediately if we consider the discrete sub-semigroups (T3,.,)n>1
for some to > 0. As in the discrete case we obtain assuming 7;(R;) C R, :

z, >0

= (le. <= @ <0),
2, <0 <= A
=

(iie. <= @ >0), and
b(t) =0 (ie. <= Ty(x) =€“ 2).

1
< 1

z, =0
O

Lemma 0.1.13. d = 1. Let v € Affy(R) and ¢ > 0, ¢ # 1. Then there exist a
continuous one parameter group (73):~o with multiplicative parameterization, such
that T, = ~.

Proof. Put v:x+—a-x+b.

Case 1: Ifa=1. Put T} : x +— z + log(t) - &. Then, obviously
Tis(x) = x—l—loléc(log(t)%—log(s)) =Ti(Ts(x)) = Tt(ﬁ's#—x) = x+logc's+logc-t.

Furthermore, T.(z) =z + b = 7.

Case 2: If a > 0, a # 1. Then, according to proposition 0.1.12 above there exist a
fixed point z, and y(x) = a - (x — z,) + z,. Then we define
T, : x — a'(x — x,) + x,, and obtain T () = 7-
And then using remark 0.1.10 to verify the existence of a group (ﬁ) with mul-
tiplicative parameterization.

[]

Lemma 0.1.14. Let v € Affy(R). Then there exist a one-parameter group (7)o
(with additive parameterization), such that Ty = v

Proof. As above let v : z + a -z 4+ b. Then we have
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Case 1: Assume that a = 1. Put y(¢) : @ + = + b - t. Therefore, again as in lemma
0.1.13 (case 1) Tyys = T} - Ts (additive parameterization). Furthermore T = ~

Case 2: Assume a # 1. Then according to proposition 0.1.12 there exists a fixed
point z, with v(z,) = z,, v(z) = a - (x — x,) + z,.
Put T; : ¢ — a'(z — x,) + x,. We have T1 = .

]

Remark 0.1.15. Let v be as above, ¢ > 0. Then there exists a one-parameter group
(with additive parameterization) (7)) with T/ =~

Proof. Put T] = T /.. Later we use this notation in section 1.7 to obtain some refor-
mulations. L

Remark 0.1.16. In the sequel we shall frequently assume that affine transformation
~ have the following properties :

(1) 7 is strictly increasing,

(i) v(z) > 0 for all = > 0,

(iii) 7"(r) == oo for all z > 0.

We denote this set by Affj(R,1). Let ST := {y15:b> 0} and

U*: = {yap:a>1, with fixed point 2, <0}
= {Yap:a>1b=(1—a) x}

As easily seen, the semigroup generated by St and U™ is Aff, whence we obtain

Aff(R,1) = {yp:a>1,b>00ra>1,b>0}
{7as : (a,b) € [1,00) x [0,00) \ {(1,0)}}
= {y="ap: (2), (40) and (4i7) hold}

0.2 Convergence of types theorems (C.T.T.)

The central object of this section is the convergence of types theorem which connects
weak convergence in the set of probabilities M'(R) and convergence of affine trans-
formation of R, . Note that non- degenerate distribution means that, the distribution
is not a point measure. Convergence of types is a simple but powerful limit theorem
that is useful in many branches of probability theory (see e.g. Hazod [14]). In this
section, we present the one dimension version.
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Proposition 0.2.1. The classic version of C.T.T. for d =dimV =1:
Let pn, pt, A be probability measures on R, 4, A non-degenerate. Let
Yn € Affg(R) : x — A, -z + b, with A, > 0. Assume

(1) Hn — [, and

(2) Ynlpn) — A
Then the sequence {v,},>1 is relatively compact in Affy(R). And for all accu-

mulation points v (i.e. 7, — v for some subsequence 1) we have

(3) () = A
Here we will be concerned with probabilities u,, ¢, A concentrated on R hence
we assume v, (R,) C Ry, in particular A,, > 0 for all n. Therefore we obtain in
this particular case:
lim 7, =: v exists and (3) holds. (See e.g. Letta [17]).

We shall continue with general C.T.T. for dimV > 1 in Chapter 2. Here we continue
with an equivalent form of the C.T.T. in the context of distribution functions.

Proposition 0.2.2. Let F,,, F'and G denote the distribution functions of p,, u
and A, (of prop. 0.2.1) respectively. Then (1), (2) and (3) in proposition 0.2.1 are
equivalent to the following

(1)" F,(x) — F(), for all continuity points of F.
2) F,(v;'(z)) = Fo(5- (2 = b,)) — G(x) for all continuity points of G.

(3) F(y ' (z)) = G(x) for all x.

Note that F' and G are right continuous. Therefore, if the relation (3) holds true
for all continuity points, it holds true for all z € R, . In the following we shall use the
notation F,(-) — F(-) iff F,,(z) — F(x) for all continuity points of F'.

Proposition 0.2.3. Another useful version of C.T.T. for (d = 1) : Let F' be a non-
degenerate distribution function, let «,,, 5, € Affo(R) be affine transformations of R.
Assume in addition that

F(ay(x)) = F(x) (0.2.1)
and B
F(Bn(x)) — F(x) (0.2.2)
where F and F are non-degenerate distribution functions. Then the sequence,
{Vntns1 == {Bna;, ' n>1 is relatively compact and for all accumulation points v we
have _
F(x) = F(y(z)), = € R. (0.2.3)

(In fact, since 7, 8, € Affy(R) we obtain v, — )
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Proof. The proof is an obvious consequence of proposition 0.2.2 if we put
F,, := F o ay,. Then we have F,(z) — F(x), and hence F,, o vy,(z) — F(x). O

For the next version of the C.T.T. we first note
Lemma 0.2.4. Let ¢, — 00, 0 < z, < 1. Then
n-(l—x,) —y <= cp-(x,—1)— —y
= el ey
<~ X

Cn
n

e Y

Proof. Without loss of generality we take ¢, € N, otherwise we take [c,]. Then

e ) g | = | (e |

Cn
< Z et — 2, | (since |z, |<1=|e""1|<1)
n=1

]

This yields immediately the following new version of the C.T.T. (See e.g. Balkema,
de Haan [1]).

Proposition 0.2.5. Let S,§ be decreasing real functions, ¢, — 0o, V., 3., as in
proposition 0.2.3. Let F' be a distribution function and assume that

cn - (1 — F(yn(z)) = S(x), and

en - (1= F(Bu(2))) = S(x), when S, S > 0, are non-degenerate functions. Then

exp(cn - (F((@))) = 1) = exp(—S(x)) = F* (1u(2)) ~> exp(~S(x)) (0.2.4)
and

exp(cy - (F(fu())) = 1) = exp(=5(2)) <= F(Bu(x)) = exp(=5(x)) (0.2.5)
(Where —— means weak convergence as above mentioned.)

Proposition 0.2.6. Let 5, §, By Vn, and c¢,, be as in proposition 0.2.5. Assume
that
e (1= F(yn(z)) — S(x) (0.2.6)

and B

Cn (1= F(Ba(z))) — S(z) (0.2.7)
x > g, for some zg > 0. Then {T';, = 3,7, '}n>1 is relatively compact, and for all
accumulation points I' we have S=5oT. (In fact, we have I',, — T).
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0.3 The set of the probability measures M'(R,)

Notation 0.3.1. Let (2, ¥, P) be a probability space, let X,,, X : Q@ — R be a real
random variables, with distributions p,, p (resp. distribution functions F,,, F', and
the tails functions R,,, R) respectively, where

Fz)=P(X <z)and R=1-F (R(z):=P(X > x)), and let Y be the set of all
continuity points of F' (resp. R) for which F'(z) < 1 (resp. R(x) > 0). Then we have

fn — . (resp. Fy = F) <= F,(z) — F(z)Vx €Y.
Equivalently formulated for the tail R as:
R, % R < R,(r) > R(x)VxecY.
Definition 0.3.2. We define the R.L.T. distribution for t, x > 0 by:
Fi(z):=P(X <z +t|X >1t). (0.3.1)
Hence if F(t) < 1 we have
Fy(x) = (F(z+1) = F(1))/(1 = F(t)) = p(t, z + 1]/ u(t, 00). (0.3.2)
Analogously, if R(t) > 0 we define the corresponding tail function by
Ri(z) := P(X >z +t|X >t) = u(x +t,00)/u(t, 00). (0.3.3)
Which is expressed analytically by:
Ri(z) := min(1, R(z +t)/R(1)). (0.3.4)

Remark 0.3.3. R.L.T. distributions may be defined by transformations acting on
the set of probabilities M (R, ) as:
If pu(t,00) >0 define 7, : M'(Ry) — M'(R,) by

Te(1) (0, z] := p(t, @ + t]/u(t, 0o). (0.3.5)

(Le. the distribution function of 7;(u) is F; if F' is the distribution function of p).
As easily seen we have

TiTs (1) = Teps (1) (0.3.6)

hence (7¢):>0 is a continuous one parameter semigroup.
Put y(t) : x — x + t. Then the tail R(¢) may be written as

Ry(x) = R(~(t)(x))/R(t) (0.3.7)
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Proposition 0.3.4. For later use we note: Let I’ be a distribution function with
tail R. Let t — I'(t) : @ — a(t) - = + b(t) be a function R, — Affy(R). Assume that
[(t)(x) > xVx > 0.Define ['(t) : x +— a(t) - x + b(t) — t. Then for all x, ¢ > 0 we have

Ry(I'(t)(x)) = R(z) <= R(L(t)(x)) = R(t) - R(x). (0.3.8)
Functional equations of this type,
R(T'(t)(x)) = R(t) - R(x) (0.3.9)
more generally
R(I(t)(x)) = c(t) - R(x) (0.3.10)

for some function c(-).

0.4 Examples

Example 0.4.1. Ezxponential distribution : Let o > 0.
The distribution function is defined by: Eq () =1—e7, 2 >0
And the tail distribution is: F,(z) = e ", >0

Example 0.4.2. Shifted exponential distribution : Fix xy € R.

The distribution function is defined by: Eq 4, (7) =1 — e @20 = E_(x — ), = > 0.
And the tail distribution is: Fq 4 () = e *@%) = E (2 — x¢), 7 > 0.

By re-scaling the example 0.4.2 above we obtain again a shifted exponential distribu-
tion as in the following example

Example 0.4.3. Re-scaled exponential distribution. Let 3 > 0 and put

Ea,xo,ﬁ(x) = Ea,m()(ﬁ : 55), xz > 0.
Then the distribution function is:

Ey w(B-2)=1- emBr—z0) _ | _ g—eBla—z0/B) Eaﬁ,xo/ﬁ(x), x> 0.

And the tail distribution is: Eug,4,/5(z) = e~ @=w0/5)

Example 0.4.4. Standard Pareto distribution: Let o« > 0. Then the distribution
function is defined by: P, 1(z) =1—2"% = > 1.

And the tail distribution is: P, ;(z) =27%, > 1

Example 0.4.5. Shifted Pareto distribution: Let ¢ € R, consider the Pareto distri-
bution shifted by 1 — ¢, then the distribution function is defined by:
P,x)=Pyi(z—(1—-¢)=1-(xz—(1—-¢) % c+tarz—1>1ezr>2—0c

And the tail distribution is: P, .(v) = (z — (1 —¢))™, 2>2—¢
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Notation 0.4.6. : It is may be better in the previous example to replace 1 — ¢ by
xo, then the distribution function is: P, 4, (z) = Pa,1(x — x9) =1 — (x — x9) ™ for
T — x> 1.

And the tail distribution is: Py, () = (v — 2¢)™,  — 29 > 1. Therefore it is better
to define the re-scaled Pareto distribution as the following example

Example 0.4.7. Re-scaled Pareto distribution : Let 3 > 0.
Define P, g 4,(z) as: Py g 4(2) = Pa,4,(8 - ). Therefore the distribution function
is: Po g ap(x)=1—(B-2—29)™ f-2—20>1 2> H%

=1—-0"%x— %)‘i, T > —1?0.

And the tail distribution is: Pq,g,4,(2z) = 67%(x - )™ © = 1*%

Notation 0.4.8. By using the re-scaled Pareto distribution 0.4.7 above. we obtain
the following: P, , (z) =1—(z+1—20) " 2 —20 >0 <= 2 > xo.

Put zy = 0. Then we obtain the distribution function: P, ¢(z) := 1 — (z + 1)7°,
xz > 0.

And the tail is: P, o(x) = (1+2)"%, x>0

Put zg = 1. Then the distribution function is P, (x) := P, o(z—1) =1—27%, 2 > 1.
And the tail distribution is: P, i(v) = 27%, 2 >1

Example 0.4.9. Re-Parameterization of the Pareto distribution: From 0.4.7 we ob-
tained the following P, g ,(2) = Pa1(8 - — ), © > 2 Then a useful re-param-
eterization of the continuous Pareto distribution is obtained in the following:
Pasan() = Pa( - = ) = 1 = ¢ 20087 0ee 300 g > i

In particular for ¢ =1 (i.e. 2o = 0) we have

Poir)=1—(B-2)@=1—¢closbr 3.0 >1,

And the tail distribution is: P,1(x) = emlogfr 3.4 > 1

Example 0.4.10. Weibull distribution :
The distribution function is: Wy o(z) =1 — e AN>0, a>0, z>0.
And the tail distribution is: Wy 4(z) =, A >0, a >0, z > 0.

Example 0.4.11. The following distribution will appear later: Let 3 > 0.
The distribution function: Bg(z)=1—(1—-2z)},0<z <1
And the tail distribution is: Bg(z) = (1 —z)? , 0<z <1

Example 0.4.12. Geometric distribution: We have to consider two types of geometric
distributions. Let 0 < ¢ < 1, p:=1—¢q. We put

(@) p=pg=3p-q" e, k€Zyor
k>0

(a)' (Shifted pg):  p =& = kZ p-q ek =pgxer, k€Zy
>0
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Consequently, if we consider the type (a), then
[z]

the distribution function is: G, (z) = Y. p-¢* e =1 — ¢z >0.
k=0

And the tail distribution is: G,(z) = ¢+, 2 >0

Example 0.4.13. Shifted geometric distribution: Let xy € R then we have the prob-

ability measure is: fig 2o = > P q" - €1_a,- Therefore the distribution function is:
k>0

[x—z0]

Gorg=Golr —x0) = Y p-qF-epag =1—¢" ™ 2>
k=0

And the tail is: G ., = Gy(r — 1) = ¢*=20HU 2 >

Example 0.4.14. Re-scaled geometric distribution: Let p,q be as above, then we

have i, » = Y pgie., 7> 0 fixed, x> 0.
k>0

(7]

The distribution function is: Gy, (z) = 3. pg" - ey = G4(£) =1 —¢'*7 |z > 0.
k=0

And the tail distribution is: G, ,(z) = ¢+, 2 >0

Example 0.4.15. Shifted re-scaled geometric distribution: Let 7 be fixed. Then we

have pty 720 = > P¢* + €kr—z- Then
k>0

the distribution function is : Gy 7 40(2) =1 — ¢l =" 2> 20, 7> 0
r—x ]

And the tail distribution is : Gy 4 (z) = ¢ 71, o > g

Example 0.4.16. Some times a re-parameterization of the geometric distribution is
useful: Take v < 0, g =¢€7, (7 =logq). Then

[z]
the distribution function is: Ger(z) = Y (1 —€7) - b7 =1 — el
k=0
If we take v > 0, ¢ = e~ hence we obtain
the distribution function G.- ,(z) =1 — e~ V(I

And the tail distribution is: Go— ,(2) = e 1+
and in particular if 7 = 1 we have

Dz >o.
D x>0,

z
p
z
=

G () = e

Example 0.4.17. Discrete Pareto distribution : We define a discrete version of 0.4.4
where the function in the exponent is constant between lattice points.

The distribution function is: DP, () =1 — e~«loszl " 7 >1

And the tail: DP, i(7) = e Mgl 2 >1
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More generally we have the following Pareto distribution:

Example 0.4.18. The distribution function is:

—a-[lo log(z—20 z .
DPy g gp(x) = 1— e 18P B 30 — 20y > 1 g > im0,

And the tail: ﬁa,,@,xo(x) - @—Of'[10gﬁ+log(:c—%O)}7 B (x— %o) >1 = 1> 1+ﬁ:1:0‘
In particular

Example 0.4.19. Shifted discrete Pareto distribution : Let ¢ € R. Then we have
the distribution function is: DP, () =1 — geelloglztel 4> .
And the tail is: DP, (7) = f~%e«losl@+c)]

Example 0.4.20. Re-scaled discrete Pareto distribution.

The distribution function is: DF, 1(5) =1 — e~ leedl 2> 5.
And the tail is: DPgq 1(z) = e M85 2> 3.



Chapter 1

(Semi-) stability of residual life
time (R.L.T.) distributions in the

one dimensional case

1.1 The lack of the memory property (L.M.P.)

It is convenient to describe the lack of memory property (L.M.P.) of a random variable
or of its distribution in terms of residual life time. Firstly, in this situation we know,
the classical version of the (L.M.P.) of the exponential distribution, described by
Galambos [8]. In this section we formulate the general definition of the L.M.P. for
R.L.T. distributions, which will be important in the sequel, to characterize the (semi-)
stability of the limit laws, and we begin with the following definition:

The classical case of the lack of memory property

Definition 1.1.1. We say that the probability measure p possesses the lack of memory
property for R.L.T. if

p(z +t,00)/u(t,00) = p(z,00), x>0, t >0, p(t,o0) > 0. (1.1.1)

Equivalently: Let F be the distribution function, with the tail function R. Then we
say that F possesses the lack of memory property if

R(z+1t)/R(t) = R(z), x > 0,t >0, R(t) >0 (1.1.2)
(See Galambos|8)).

19
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Definition 1.1.2. For a distribution function F with the tail R, we define
LM(F) :={t: (1.1.2) holds} (1.1.3)

to be the set of all points t which satisfies the L.M.P. with respect to the distribution
function F

Example 1.1.3. In example 0.4.1 we obtain
Eo(x +1)/Ey(t) = e @@t Jemat — gm0 — | (1), Y > 0.
Hence the exponential distribution possesses the L.M.P., that is, LM(E,) = R,.

Example 1.1.4. In example 0.4.2 we obtain
EO&,Z’O (l' + t)/Ea,$O (t) = 6_Oé(m_a;o—"_t)/6_()[(t_$0) = e_al‘ # EO&,-TO (:E)

Vo >x9, a>0,t>0. Hence the shifted exponential distribution does not possess
the L.M.P. And we write
LM(Eq4.4,) = 0.

On the other hand, these distributions satisfy a similar equation

R(y(t)(x)) = c(t) - R(x) (1.1.4)

with R(7) = Eg,(z), for some y(t) € Afff (R, 1), and for some function ¢ : R, — [0, 1].
In fact, for this example. Put v(¢) : x — x + ¢ then

R(y(t)(z)) =e - R(x), t >0, x > g
Note that, if R(0) = 1, then ¢(t) = R(v(¢)(0)). This will be important in the sequence.

Example 1.1.5. In example 0.4.4 similarly we obtain that the standard Pareto distri-
bution does not possess the L.M.P. But this distribution satisfies an equation similar
to (1.1.4). Examples 0.4.4 - 0.4.20 can be treated in a similar way. For this reason
the equation (1.1.4) will be studied in the next sections.

Definition 1.1.6. Let u € MY(R,) with distribution function F and tail function R.
Let (y(t))ier be a continuous one parameter group in Aff (R, 1) (see remark 0.1.16)
and v € Afff (R, 1) with v"(x) — oo, as n — oo for x > 0. Then u (resp. F resp.
R) is called R.L.T. stable w.r.t. ~(-) if

R(y(1)(x))
R(v(1)(0))

Analogously, j (resp. F, resp. R) is called R.L.T. semi-stable w.r.t. () if

=R(z), x>0,t>0 (1.1.5)

R(y(z)) ~R(z), 2>0 (1.1.6)
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The general case of the lack of memory property 1.1.6 may be considered as
a generalization of the L.M.P:

Definition 1.1.7. A further generalization of the lack of memory property: We say
that the probability p (resp. the distribution function F') possesses the generalized
L.M.P. if there exist a path v : t — ~y(t) € Aff§ (R, 1), v(t)(z) = a(t) - = + b(t) such
that v(t)(x) > x that is x > xo, Y(t) / 00, and in addition

R(y(t)(x))/R(v(t)(0)) = R(x) (1.1.7)

for all x>0 and all t >0 with R(y(t)(0)) > 0. We do not assume that (-) is a
semigroup. Hence equation (1.1.4) holds for some c(t) > 0.

If # = my, R(xo) > 0 such that v(t)(zg) == 0o then we have
R{y(t)(w)) = e(t) - Riav), t> 0 (1.1.8)

Remark 1.1.8. For a distribution p (resp. F') which possesses the generalized L.M.P.
(i.e. if (1.1.7) holds), i.e. w is R.L.T. stable (in short, R.L.T.stable ). Then, for a

fixed xo such that v(t)(ze) == co we observe:
Put y := ~v(t)(zo) in (1.1.8) then we have

R(y) = c(t) - R(xo) = c(t(y)) - R(xo). (1.1.9)

with ¢t = t(y) = f'(y), where f denotes f : t — ~(t)(x). Hence R (resp. F) is
uniquely determined by v(-) and ¢(+)

1.2 (Semi-) stable R.L.T. distributions

Stable R.L.T. distributions: We called in Definition 1.1.6 distributions which possess
the generalized L.M.P. (1.1.5) R.L.T. stable.

Example 1.2.1. Consider the distribution obtained by using the re-scaled Pareto
distribution in example 0.4.7. In particular the case at xy = 0 in notation 0.4.8. We
have

Poo(z)=(1+2) 2>0,a>0 (1.2.1)

Claim: The Pareto distribution is R.L.T. stable. Indeed, we have

Poo(z+1t)=1+z+1t)" (1.2.2)

At the same time

Poo(x) - Pop(t) = (1+2)™ (14+6)*=(1+t+z+at)™™ (1.2.3)
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Hence we can define affine transformations
Ft)y:x—t+ax+at=>1+t)x+1 (1.2.4)

with a(t) = 1+t,b(t) = t, then

~

00T ()()) = Pao(T(t)(0))Puo(z), x> 0. (1.2.5)

And in the case of 2o = 1 with « > 1, the same affine I'(¢)(z) will be taken to prove
the stability condition as above.

Remark 1.2.2. Another view of example 1.2.1: Instead of the relation

Poo(T(#)(z)) = Pao(T(t)(0))Pao(x) we can write the equivalent form

(Pao)rwo (I'(t)(#)) = Paol(z) (1.2.6)
with T()(-) = T'(¢)(-) — T'(£)(0). Now define the affine mappings

1

ﬁ(t)::rr—>1—+t-:v

with D(t) = ~!(t). Then we observe I'(t)(0) = t. Therefore, for the Pareto distribu-

(
tions we have (Pa0):(87(t)(z)) = (Pao)(z) which coincides with

(Pa0)e(T'(#)(2)) = Pao()

Notation 1.2.3. The distribution in the above example does not possess the L.M.P.
but it is R.L.T. stable. The other examples have similar properties. Hence, we can
say that, the L.M.P. is not suitable to characterize R.L.T. stability. That is the
reason why R.L.T. stability is defined. At the same time we obtain a generalization
of the stability condition, to cover and characterize all R.L.T. limit distributions.
Now similar to Prop. 0.3.4 (in particular for the discrete case distribution) we have:

Proposition 1.2.4. Let I', be affine I'y : x +— ay -z + by, £ > 0,a;, > 0, such that
[}, € Aff§ (R, 1) (ie. Tp(z) > x for all z > 0 and T'(x) /' o) then

R(Tx(z)) = ¢ - R(x) <= Rp,(0)(Tk(2)) = R(x)

where T',(z) = [i(z) — [4(0)
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Proof. Define fk(ac) =Tk(z) — by =ax -z, £ >0, a; > 0. Then we have

Fro Tl = Rw) = D LUO)_ gy
= TRmo) W
R(Ty(z))
= R
<  R(T'x(x)) = R(T'x(0)) - R(x)
— R([k(z)) =cp-R(x), cx:=R(I%(0)),z>0.

[]

(Semi-)stable R.L.T. distributions: We defined in 1.1.6 the R.L.T. semi-stability
distributions as: Let p be a probability distribution, then p is said to be R.L.T.
semi-stable if there exist affine mappings I'y : © — T'y(x) defined by
[(z) = ag - © + by = [*(z) with Ty(x) > 2 V2 >0, k € N and in addition

R(Tw(z)) = ex - R(z), >0 (1.2.7)

Similar to the continuous Pareto distribution 1.2.1 we verify the R.L.T. semi-stability
for discrete Pareto distributions 0.4.17

Example 1.2.5. Put (as in 0.4.17)
DP, 1(z) = e~lloga] —. glloee] 3 > 1 (with ¢ = e™®).
Define 7y, : @ + €¥ - . Then for z > 1 we have

R(’}/k(-r)) — q[log(ekm)] _ q[k+log:r} _ lloga] qk, = Z+.

(Note that ¢* = R(v,(1))). Hence DP,, ; is R.L.T. semi-stable. Note that 7;, = ~*
with 7 = 7.

Now, we will prove that the set of distributions satisfying the generalized L.M.P.
is closed, that is, the limit law is also characterized by a functional equation, and
hence satisfies the condition of the (semi-) stability (resp. the general L.M.P. )

Proposition 1.2.6. Let F,, be R.L.T. stable continuous distribution functions with

tails R, such that R, (0) = 1, and R, (7.(t)(x)) = ¢,(t) - Ru(x) YV, t, ¥V n with v,(-) € Affy(R),
and ¢, : Ry ~ [0,1]. Assume that Fj, —— F # 1. Then

() =4 (), en(r) = e (+), and if co Z 0,1, F is R.L.T. stable,

Le. F(y(t)(x)) = ceo(t) - F(x)
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Proof. Assume x = 0 is a continuity point of F', then, with v, : * — a,x + b,

By (7 (1)(0)) = en(t) == Ru(bn(t)) = ca(t), 0 < () <11
For fixed t there exist a subsequence (n') of (n) such that

n'—o0

cn(t) — co(t) €10, 1].

If inf ¢, (t9) > 0 for some ty > 0. Then we can apply the convergence of types (Prop.

0.2.3). Since coo(t) # 0, we have {v,(t)} is relatively compact, then there exist a
subsequence (72) of (n') such that

(1) =30 (@) = A1) -+ ().
In fact, since v, € Affo(R), (n) = N, and hence (n') = N. Therefore
cn(t) + Ru(@) = Ra(ya(t)(x)) — R(A(t)(2))
weakly, and therefore R(7(t)(x)) = cx(t) - R(x). We have

o Ifco(t) =1 = R(¥(t)(x)) = R(x) V x therefore ¥(t)(z) = id V¥ z, a contradic-
tion to R(y(t)(x)) = ¢(t) - R(x) for all continuity points z, > 0, Vt.

0

Hence the limit laws fulfil the functional equation for all continuity points. Since R
is right continuous, this relation holds true for all z. And then we have ¢ — ¢(t) is a
continuous homomorphism, whence ¢(t) = ¢, ¢ = ¢(1). O

1.3 Limit laws: characterization by ”stability func-

tional equations”

In this section we find that R.L.T. limit laws satisfy a functional equation which turns
out to be the condition of R.L.T. stability (semi-stability). Functional equation of
the R.L.T. semi-stability will be solved in the next section in its general form, in
both, continuous and discrete cases, in order to find the possible limit distributions
of R.L.T. (We follow here the investigations of Balkema, de Haan [1]).

Notation 1.3.1. Let X be a random variable, let p (resp. F') denote the correspond-
ing distribution (resp. distribution function), and let R denote the tail. Assume that
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I(t) € Afff (R, 1), T(t)(z) == 0.
Assume further

Ry(F () = R(T(t)(z) +1) _ R(F(ti)(x)) e )

R(t) R(
for all continuity points x of S(z) such that S(z) <1 where 1—S5 is a non-
degenerate distribution function, and I'(¢)(z) be as in proposition 0.3.4.

Lemma 1.3.2. There exist a function Y 3 y — ['(y) € Aff§ (R, 1) such that

ST (y)(x)) = 5(y) - S(x) (1.3.1)

Vx, y€Y, where Y denotes the set of all continuity points of S(z) such that
S(x) <1

Proof. Assume (as in the above notation) that,

R(I'(¢)(z)) _ R(a(t) -z +b(t)) 100
o g =% §(x) (1.3.2)

forallz €Y, = >0.

Let Y3y>0, putt:=1(s)(y) =a(s) -y+0b(s) forally €Y, s> 0 with
['(s)(y) == oo then we obtain in (1.3.2)

R((D()()) - &+ DO W) og o
R(I(5)()) 5@ (1.33)
Therefore
R(a(L()(®) - 2+ bI()w)) | BOS)W) soe g
R(T)) Ry @S (8

forall Y 52,y >0.

The left hand side is equal

R(a(T(s)(y)) -+ b(T(s)(y)))  Rlals) - (LRI 4 ps))
R(s) R(s)

with

a(T'(s -x+b(T(s —b(s a(l'(s b(I'(s —b(s _
( ') W) ‘Z(g( ) () ()) _ o ())(y)) x4+ T(s))—=b(s) __ r 1(5)(F(F(s)(y))(x))
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(note that = f))(y)) % A(y) and % % B(y)). Hence we obtain in
1.34

R(a(T'(s)()) -z +b(I'(s)()))  R(L(5)(¥)) s—os .

R(L(s)(y)) R(s) S(T(y)(z)). (1.3.5)
where I'(y)(z) = A(y) - = + B(y).

Applying C.T.T. to (1.3.4) and (1.3.5) we obtain

STy (x)) = Sy) - S(x)
for all points z,y € Y, x,y > 0. Hence the assertion follows. O

Remark 1.3.3. Assume S(0) =1 and 0 € Y. Then
Ri(T(t)(z)) -~ S(z) implies that there exists a function s — ~(s) € Afff(R, 1),
hence y(s)(x) — oo for all z > 0 as s — oo and

R(y(s)(x)) w
——————== — S(z) (fors — o0) (1.3.6)
R(7(s)(0))

Proof. With the notation of the proof of lemma 1.3.2 we have for y =0

1. W 5 S(z). Then for z = 0 we have

R(CI'(5)(0)(0) _w _

Whence we have gmz;%; % S(x) with v(s) = I'(T'(s)(0)). O

1.4 Solutions of the stability functional equation

Here we solve a general functional equation, special cases of which appeared in the
preceding sections.

Let A : R —— R be a non constant decreasing right continuous function. Let
{v(t) }ter € Afff (R, 1) be a semigroup of affine transformations. Let

R, in the continuous case,
T —

Z, in the discrete case

We always assume (¢)(0) > 0. Assume

A(y(#)(x)) = e(t) - Alz) (1.4.1)
VaoeRy, teT where ¢(t) > 0.
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SOLUTION  Since t — 7(t) is a homomorphism, we obtain immediately that

t +— ¢(t) is a homomorphism (7', 4+) — ([0, 1], -). If ¢ + ~(¢) is continuous, we obtain
that ¢ — ¢(t) is continuous.

In the discrete case, we obtain c(t) = (c(1))! =¢' :=e? (¢ = e resp. B =
—loge(l) > 0), t € Zy. The trivial cases ¢(-) =0, ¢(-) =1 are excluded in the
sequel.

In the continuous case we obtain the solution c(t) = e #! = ¢!, t € R,. According to
the structure of affine semigroups obtained in section 0.1 we have the following two
cases:

Case(1l) (@ =0), v(t)(z)=z+t -«
Case(2) (@ £0), 1(1)(x) = 9 — 2,) + 2.

Note that in case (2): z, <0 <= @Q >0,and z, >0 <= @ < 0. See prop. 0.1.12.
Hence the functional equation 1.4.1 can be formulated as:

Case(1l) A(z+t-a)=eP"- Ax)
Case(2) A(e'? - (z —z,) +x,) = e Pt A(2)

The solution in the continuous case (T =R, ):

A1) According to case(1) we have y(t)(z) =z +t- .
Put 2 = 0, A(0) =: c¢. Therefore we obtain

Alt-a)=e Pt A0) =c-e P (1.4.2)

Hence we obtain .
Az)=c-ea? 2>0 (1.4.3)

where 2z :=t-a =~(t)(0) and A(t-a) = A(y(t)(0)) = c- e P, (In particular A
is continuous on R .)

A2) According to case(2), it is more convenient to use multiplicative parameteriza-
tion (in Remark 0.1.10). Therefore

Au(x —z) +2,)=u" - Alz), u=¢e">1.
For z = 0, A(0) =: ¢ we obtain again :

A =) (—z)=u"c,u>1.
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e The case @ > 0: (i.e. zx £0). —z, =| z, |=: d this yields
Ad-(w®=1)=u"-¢, (¢>0,d>0) (1.4.4)

Put z =d- (u? — 1) > 0 hence u = (1 + 2)5. And the solution of the func-
tional equation (using 1.4.4) obtains the form

AMz)=c-(1+=)@,2>0. (1.4.5)

Az)=(C+ D27 (1.4.6)

e The case @ <0 (i.e. &, >0), ¢, d as above. We obtain analogously with
d=x,>0
Ad-(1—u®)=u"-c (1.4.7)
Put z=d- (1 —u®),0< 2 <d for u>1 then we have

u:(l—g)é, 0<z<d.
Hence we obtain (using 1.4.7)
Az)=c-(1—-=)@ =(C—-D-2)7" (1.4.8)
With C, D, v as above.

e Now we treat the case x, = 0: We have
Y(t)(z) = et x = A(!? - x) = 7P A(2).
For z = 1, A(1) =: ¢ we obtain A(e'?) =7 . c.

1
Put z = €@ hence e = 2@, and therefore we obtain

A(z) = 2T ¢, z2>1 (1.4.9)

The solution in the discrete case (T'=7,):
A3) According to case(1) we have v(t)(z) = x + ta, t € Z, therefore
Az)=c-ea* (1.4.10)

as before with ¢ = A(0), z = a -t =v(t)(0) € Z; - a.
Put T(z) == A(x), 0 <z < a, q := e . Then we obtain the solution

Az)=c-¢" T(x) (1.4.11)
ifk-a<z<(k+1) -« x:=2z—k-a. For later use, note that ¢t - a = ~(¢)(0),
t € Z,, hence

Aiz)=c-¢" T(x) (1.4.12)
if 7(k)(0) <z <~(k+1)(0), z:=z—~(k)(0)
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Properties of the function 7: 7'\, T(0) = A(0) w.lo.g=1,T(a—) > c-q
(equivalently, T\, T'(a—) = A(a—) > A(0) - q)

A4) According to case(2), t € Z, . As before we obtain with y(1) =1 R > 1, R =¢9 :
ANRF(x — 2,) + 1) = e PEA(z). Put . =0, ¢ = A(0),
z=|z, | (RF = 1) =| 2, | ("9 —1). Here €9 =1 + w7 and ek =1+ =1
Therefore, for this discrete set of z’s we have

z -8
—~ Ya 1.4.13
Nl (1.413)

Az)=c-(1+

Put for short v, = y(k)(0) =| z, | (RF — 1) =| 2, | (" = 1), k € Z,.
For z > 0 3k = k(z) € Z, such that z = vy(k)(z),0 < x < v(1)(0),
ie. v <z < vgyq with

z=~(k)(z) = 9z —x,)+2,
= Mgt |, | (9 -1)
= ekQ - X+ vg.

Hence z = (Z(;gk) = x(z2)

Put again T'(z) := A(x), 0

z—

Vg
RF -
< x < (1)(0). Then we obtain the solution

Vg

Az =c (1+ —2 )8 . T(x), (1.4.14)

| 2 |
k=k(z), @ =a(2) where T\, T(0) = 1, T(y(1)(0)=) > e~ (1 + ).

A5) In case(2) if @ <0, z, > 0, this case is omitted because it is of no importance
in the sequel.

A6) In case(2) if @ >0, z, =0 we have:
v(k)(x) = R* -z, R=¢%. Put e.g. x =1, A(1) := c. Hence

A (E)(1)) = A(RF) = ¢~ e H0

for 2 >0, v(k)(1) = R* <z < R*! =4(k
z=7(k)(z), 1<xz<R(ie v=1u(2) = 5,
1 <z < R. Then we obtain for z > 1 :

). Then

+1)(1
k=Fk(z)€Zy). Put T(z) = Ax),

A(z) = Aly(F)(2)) = c(k) - Alx) (1.4.15)

Hence
Az)=e " . T(z) = ¢" - T(z) (1.4.16)

with k = k(z) = [10%] and v = 2(2) = &, g ="
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Remark 1.4.1. Conversely, as easily seen, all functions obtained in the above cases
in equations 1.4.3, 1.4.5, 1.4.8, and 1.4.9 are solutions of the functional equation in
the continuous case. And in the discrete case, as easily seen in 1.4.12, 1.4.13, 1.4.14,
and 1.4.16 we obtain solutions for any fixed function 7. The solution is uniquely
determined only if we assume 7' in addition to be constant = 1.

Remark 1.4.2. In most cases we considered solutions of the functional equation to
be valid for > 0 (resp. x > 1). Same arguments allows to consider also solutions
of A(v(t)(z)) = ¢(t) - A(x), for t > 0 and = > xy, for some x.

In fact, in the continuous case solution, define ¢y by zq = (%0)(0).
Put A*(z) :== A(y(to)(z)) =: A(y), * > 0 = y > xy. Then A* fulfils the equation
AN (y(t)(x)) = c(t) - A*(z),for t >0, 2 >0 (1.4.17)

Similarly in the discrete case: Assume xg = v(ko)(0) then define A* as before. Or for
v(ko — 1)(0) < xg < Y(ko)(0), then define A*(z) := A(y(ko)(z)), x >0,y > x¢ with

A (y(k)(2)) = e(k) - (), © >0, k=0

Remark 1.4.3. If A is the solution of the functional equation, and if we look for
solutions (for sufficiently large = ) which are tail functions, we have to replace A by

A= min(1,A). Hence, if A fulfils the equation for all x > 0, A fulfils the equation for
all x > xg, where x is defined by A(xg) = 1 in the continuous case (resp. A(zg) <1
in the discrete case).

Theorem 1.4.4. The probability distributions, with tail function R such that
0 < R(x) < 1 for all x > 0 following a R.L.T. stability functional equation are

1. Exponential distributions

2. Pareto distributions

3. Generalized geometric distributions

4. Generalized discrete Pareto distribution
and suitable shifted versions of (1)—(4).
Proof. The continuous case:

1) The case @ = 0. We obtain in Al) equation 1.4.3 the solution
Az)=c- ea?, 2> 0 with ¢ = A(0).

2) The case @ > 0, z, < 0. We obtain in A2), in particular if ¢ := A(0) = 1 the
following;:
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a) Az)=(1+ 3)_?&, z > 0 (equation 1.4.5)

b) A(z) = (1 — fl)_?ﬁ, 0 < z < d (equation 1.4.8)
c) A(z) = ) -¢, z > 1 (equation 1.4.9).

3) We obtain in (A2), case @ > 0, z, = 0. In particular if ¢ := A(1) = 1:

1 z < 1.

Hence we obtain the following tail functions

e In step (1) the tail function of Es if (¢ = 1), see example 0.4.1.

e In step (2): a) and c) the tail functions of a Pareto distribution which is inves-
tigated by using the re-scaled version, see notation 0.4.8.

o In step (3) the tail function of a shifted Pareto distribution, see notation 0.4.6.

Notation 1.4.5. Note that we obtain in step (2):b), (and in addition to the Pareto
distribution), the tail of a bounded distribution B g, see example 0.4.11, which are of

no importance in the sequel.

The discrete case:

4) We obtain In A3) (using equation 1.4.12), in particular if c=1: A(z) = ¢* - T'(z).
Hence A(z) = ¢' - T'(x). Hence we obtain the tail of a generalized discrete Pareto
distribution, see example 0.4.17.

5) We obtain in A4) (using equation 1.4.14), in particular if c=1:

Alz)=(1+ ‘Z—’il)fg -T(x). Hence we obtain the tail function of a generalized
shifted discrete Pareto distribution, see example 0.4.19.

6) The case @ > 0,z, = 0. We obtain in A6) equation 1.4.16
A(z) = e ¥ . T(z) = ¢ - T(z). Hence we obtain the tail of a generalized geo-
metric distribution, see example 0.4.14

Notation 1.4.6. The case (Q < 0, z, > 0 is omitted because it is of no importance in
the sequel. O
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1.5 The decomposability semigroups of R.L.T. dis-

tributions

Here we introduce a concept which has been successfully used for investigations in
(operator) semi-stability of vector space — and group— valued random variables.

We give a general definition which will be useful for vector spaces (in chapter 2). For
d =1 it turns out that the objects a quite simple.

Definition 1.5.1. Let R be a non-degenerate tail function and xo = xo(R) > 0. We
define the R.L.T. decomposability semigroup

Dec(R) = {7 € AR (R, 1) : 7 = 7y witha > 1, b > 0, such that R(x(x)) = (1) - R(x)
for all x > xy, ¢ = ¢() € (0,1]}.

Remark 1.5.2. Note that with the notations 0.1.16 in 0.1

Dec(R) C {{id} U Aff{ (R, 1)}. The assumption v = ~,; € Dec(R) implies that either
v =, =1d, or v is a shift, v =1, , b > 0 or v has a fixed point z, < 0 with
v(@)=a - (r—z,)+z,=a-x+ (a—1)(—x,), hence b = (a — 1)(—z,) > 0.

In particular, 7 is (strictly) increasing on R hence y(z) > z, for all z > xy. Obviously
we have

Proposition 1.5.3. Dec(R) is a closed subsemigroup of Affg (R, 1) and v — c(v) is
a continuous homomorphism ¢ : Dec(R) — ((0,1],-)

Proof. Let v, € Dec(R). According to the remark 1.5.2 we have
R((yod)(x)) = c(v)- R(Y(x))
= c(y)e() - R(x)

for © > xy (hence ¥(x) > zo). Hence v +— ¢(y) is a homomorphism. Let x > z( with
R(x) > 0 such that () is a continuity point of R. Then R(y™(z)) — R(y(x)) hence
(Y R(x) — c(y)R(z) whence c(y™) — c¢(v) follows. O

Moreover we have
Proposition 1.5.4. ¢: Dec(R) — (0,1] is a closed map if R is non-degenerate

Proof. Let {a,} C im(c), i.e. a,, = ¢(y,) with 7, € Dec(R), 0 < o, <1 and assume
further a, — a € (0,1]. If 2y > 0 replace R by R such that
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Then we have R(y,(z)) = o, - R(x) — a - R(z),x > . On the other hand

~ R(yn(7)) Ya(x) > 20 = x> 7, (20)

1 7 < 7, (wo)

If we define
a-Rlz) z>zx
S(z) == (@) ’

1 T <z

we obtain é(fyn()) — S, whence by the convergence of types theorem we have
() is relatively compact, in fact 7, — 7 follows, and moreover R(y(z)) = a - R(z).
Whence R(v(z)) = a - R(x). Therefore, v € Dec(R) with ¢(y) = a. Thus im(c) is
closed in (0, 1] O

In analogy to investigations of semi-stable laws on vectors spaces and groups, we
define the invariance group. Note that this definition appears at first complicated,
due to the fact that Dec(R) is only a semi group. (See also 1.5.5 below )

Definition 1.5.5. Let R, x¢ as above.
Inv(R) :={y € Affy(R), v /" : 3 &, > x¢ such that R(y(x)) = R(z), v > x,}.

Inv(R) is called the invariance group of R.

Proposition 1.5.6. For d = 1 and for a non-degenerate tail function R with
xy > xo, and R(z,) > 0 we obtain: Inv(R) = {id} = {y: R(y(x)) = R(z), x > x0}

Proof. We assume v € Afff (R, 1), hence v /', i.e.y i= Yap : ¥ +— ax + b with a > 0.

e Assume first a > 1,b > 0, v # id such that y"*(z) /" oo for x > 0. Hence

R(z) = R(y"(x)) — 0 for all sufficiently large =, (i.e. for z > z.,, with
y*(x) > w., for all large n € N). Hence R(z) = 0, a contradiction.

e Ifa=1,b<0. Then v"(x) — —oo and we obtain R(z) = R(x—nb) > R(x,+D)
for all large x and n € N, such that z — (n +1)b < z., < x — nb.
Le. 0= lim R(z) = lim R(y"(x)) > R(x,) > 0, a contradiction.

e f0<a<l, v(z) = alx — z,) + x., we obtain v"(x) — x,. Therefore, for all
large © >z, n € N with v"*(z) <z, <+"(z) we have R(x) = R(y"(x)).

Whence again lim R(y) > 0, a contradiction.
y—00

Thus we have proved: Inv(R) = {id} = {710} O
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Remark 1.5.7. Evenly the assumption R(z) > 0 for all x would not be a seri-
ous restriction: Assume there exists 7 € Dec(R), v # id, and assume furthermore;
R(x1) > 0 for some z; > 0. Then R(z) > 0 on R,.

Proof. Obvious, since R(y"(z1)) = c¢(y)"R(x1) > 0, and by assumption we have
v € Afff (R, 1), v*(x1) /" oo. Hence R(z) > 0 for all z > 0. O

The next result explains the complicated definition of Inv(R) in 1.5.5 :
Proposition 1.5.8. The semigroup Dec(R) is embeddable into a group
Dec(R) C Afff (R, 1).
¢ extends to a continuous injective homomorphism, ¢ : ]S\G/C(R) — (RX,-) with (triv-
ial) kernel ker(c) = Inv(R) = {id} or ¢ = 1 (if Dec(R) = Inv(R))

Proof. Let ]5:;3(]%) denote the subgroup generated by Dec(R). ISEJC(R) acts in a

suitable way on R: let v, 7 € Dec(R) then 47~ € Dec(R). And we obtain for x > w,
y = 7(x) > 7(x0) that

Therefore for all sufficiently large y we have R(77!(y)) = - )R(y) and T (y) > Ig.

Whence R(y7 ! (y)) = % - R(y) follows. Hence, put ¢(yr~1) :=

R(ym(y)) =e(ym ') - R(y).

Assume ¢(7) = ¢(y) =: z. Then, for all sufficiently large y, R(y7'(y)) = R(y), i.e.
y7~t € Inv(R). But Inv(R) = {id}, whence v = 7 follows O

Note that we have proved:
Dec(R) = {ry~':7,7v € Dec(R)}
Dec(R) - Dec™ ' (R)
Therefore, the preceding results extend immediately to the group IS\e/C(R) C Afff (R, 1)
Theorem 1.5.9. With the notations introduced above we have:

a) Dec(R) is a closed sub-semigroup of the closed subgroup Dec(R) C Aff} (R, 1)

b) 7+ ¢(v) is a continuous closed homomorphism ]/)\e/c(R) — ((0,0), )
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Remark 1.5.10. im(¢) N (0, 1] is a multiplicative semigroup of (0, 1], which is closed
since ¢ is closed map. Therefore either

e im(c) = (0,1] or
e im(¢)={¢": k€ Z, forsome 0<q<1}or
e im(c) = {1}
Therefore we obtain the following
Theorem 1.5.11. Let R be as above. Then either
a) im(c) = {1} (i.e. Dec(R) = {id} = Inv(R)) or
b) there exist v € Dec(R) such that Dec(R) = {y*: k € Z,} or

c) there exists a continuous one-parameter group R > t — ~(t) (w.l.o.g. additive
parameterization) such that Dec(R) = {y(t) : t € R}, Dec(R) = {y(t) : t > 0}
and c(y(t)) = ¢* (= e P) for some ¢ € (0,1), 8= —logq > 0. W.l.o.g. we may
assume [ = 1.

Proof. e In fact, if Dec(R) # {id}, then for any v € Dec(R) , ¢(7) € (0,1). Obvi-
ously {7"} C Dec(R), c(+*) = c(7)".

o If im(c) = {¢* : k € Z,}, there exists v € Dec(R) with &(y) = ¢. Now (b)
follows.

e If im(c) = (0,1], v~ ¢(v) € (0,00) is a continuous homomorphism of the Lie

group Dec(R) onto ((0,00),), Dec(R) is closed in Afff (R, 1), hence closed in

GL(R). Therefore Dec(R) has at most countably many connected components.
Therefore there exists a continuous homomorphism

((0,00),-) — Dec(R) : u—F(u)
such that ¢(y(u)) = u, u > 0. Passing to additive parameterization,

v(t) :=F(e), u = €', yields the assertion (for ¢ = e~!). Now it is obvious that

t—o0

v(t)(x) =% 50 for all z > (resp. > 0) (since R(y(t)(z)) = ¢' - R(x) — 0) -

Corollary 1.5.12. Let R be as above. Let D C f)\c;:(R), D # {id},
C:={c(vy) :veD}

Then either
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a) the semigroup (C) generated by C is discrete {¢" : k € Z,}, then R is R.L.T.
semi-stable, with Dec(R) = {+* : k € Z, } or

b) (C) is dense in (0,1}, then ¢(Dec(R)) = (0,1] and there exists a one-parameter
group v(+) such that (e.g. with additive parameterization) c(v(t)) = ¢* ,¢ > 0.
L.e. in this case R is R.L.T. stable.

Theorem 1.5.13. The limit distributions which satisfy the limit relation in sec-
tion 1.3 are R.L.T.(semi-) stable, and hence belong to the class of distributions char-
acterized in section 1.4 (seel.4.4), i.e. they belong to (shifted) exponential distribu-
tions, (shifted) Pareto distributions, generalized geometric distributions or generalized
discrete Pareto distributions.

Proof. We obtained in 1.3 that for R.L.T. limit distributions we have affine
I'y, € Aff(R), y € Y, such that

R(T, () = R(y) - R(@), y € ¥, o > 0.
In other words—with the notation of section 1.5~
D=({T,:yeY)CDec(R)withe(l'y) = R(y)Vy €Y.

Therefore, either (R(y) : y € Y) is discrete, or dense in (0, 1], whence the assertion
follows by the preceding corollary 1.5.12. O

1.6 Domains of attraction of stable R.L.T. distri-

butions

Definition 1.6.1. Let F, G be a non degenerate distribution functions, such that
F(D(t)(z)) =2 G(z) (1.6.1)

for all continuity points x of G(z), x>0, for some continuous function
L(t) : z — T(t)(z) € AfF (R, 1) of affine transformations such that T(t)(z) == oo,

Vx>0, and f(t)(x) be as in proposition 0.3.4. Then the set of all distribution
functions F which satisfy (1.6.1) is said to be the domain of R.L.T. attraction of G
and we write

(DOA),(G) ={F: equation (1.6.1) holds} (1.6.2)

Equivalently, let R > 0 be the tail of F', L =1— G be the tail of G then 1.6.1 is

equivalent to

RI(t)(2)) t—o0
—R0 L(z) (1.6.3)
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for all continuity points x of L. In this case we write
(DOA),.(L) ={R : equation(1.6.3) holds} (1.6.4)

More generally, we admit non-continuous I'(+), with right and left limits such that for
all sequences t,, — oo
R(D(t,+))/R(L(t,—)) =1 (1.6.5)

The shape of the limit distributions :

Remark 1.6.2. From the solution of the functional equation 1.4.1 see 1.4, and the
descriptions of limit laws in 1.3, we have according to theorem 1.5.13, that the pos-
sible limit distribution G are R.L.T. stable (in short R.L.T. stable ), and hence are
solutions of the functional equation (1.4.1). Thus we know according to theorem
1.4.4, that G resp. L, has one of the following forms

1) Exponential Laws: L(z) = E,(z) = exp(—Az), 2 >0 for A > 0
with y(t) : x +— x +t, c(t) =exp(—=At) (= L(I'(t)(0)))

1a) Shifted exponential laws: L(x) = E) 4, (%) = exp(=A(z — x¢)), * > 0
with () as in 1), ¢(t) = exp(—=At) (= L(T'(t)(x0)))

2) Pareto distribution: L(z) = Py(z) = (1+r-2)"*, >0
with y(¢) : z +— el(z + k1) — k7L, c(t) = e (= L(T'(2)(0))), and

2a) Shifted Pareto distribution: L(z) = Py 4, (z) = (1 + k(x — 20)) ™, > 70
with v(¢) and ¢(¢) are as in 2) with assumption that x —x¢ = 2

The domains of attraction of R.L.T. stable laws are non empty. First we show

Proposition 1.6.3. a) The definition of (DOA) (L) (1.6.3) or (1.6.4) can be written
in the following equivalent form:

(DOA), (L) = {R : M;(‘”)); L L)) (1.6.6)

where R is a tail and v : Ry — Aff (R, 1) is a function, v(¢)(0) == oo, which
is continuous or at least fulfils (1.6.5) in definition 1.6.1

b) L is R.L.T. stable iff (DOA) (L) #

Proof. a) Assume % s L(x). Assume for convenience that I'(-) is continu-

ous. Then define s = s(t) such that I'(s)(0) = ¢. With this notations (applying

; Ry(t)(z)) _w
remark 1.3.3) then equation (1.6.3) means that m — L(x).
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) a -) to be continuous. Then define

s = s(t) such that v(s(¢))(0) = t. Put T'(t) := v(s(t)) to obtain
RI®)(x) _ R(yv(s(t))(x))
R(t) R(y(s(1)(0)))

If '(-) (resp. ~(+)) is not continuous but satisfies (1.6.5), it is easy to modify
the proof above.

Conversely, assume (1.6.6) and assume again (-
)

5 L(x).

b) Let L be a R.L.T. stable tail with continuous one-parameter groups 7(-) such that

ﬁg%%;g = L(z). Then with R := L (1.6.6) is fulfilled , hence L € (DOA) (L).

Conversely, assume there exists R € (DOA) (L) satisfying (1.6.3). Then, as
already mentioned in 1.6.2 L is R.L.T. stable

[]

Remark 1.6.4. For the R.L.T. stable tails L in 1.6.2 (1),(2) and the corresponding
one parameter groups (-) we have, as mentioned, ¢(t) = L(7(¢)(0)), and

L(y(t)(x)) = c(t) - L(x) (1.6.7)

Put I'(t) := v(s(t)), T(t) : & — D(t)(x) —t where for ¢ >0 we define s = s(t) such
that ¢(s(t)) = L(t). Then (1.6.7) yields L(I'(t)(z)) = L(t) - L(x), i.e.

Ly(T'(t)(x)) = L(x) (1.6.8)

And the converse is true too. Hence (1.6.7) and (1.6.8) are equivalent descriptions of
R.L.T. stability. More precise, E) € (DOA) (E)), and Py € (DOA) (P,) (i.e. both
of the (DOA),.(E)) and (DOA)_(P,) are not empty).

Remark 1.6.5. Max-stable distributions on R were investigated for the first time by
Gnedenko [9]. For a recent survey on extreme value theory see Galambos [8]. There
exist three types of max-stable distribution functions ®,, A, ¥,, where &, and ¥,
(av > 0) are concentrated on R, R_ respectively:

O, (x) =exp(—(z77)), >0
(¥, is not important in the sequel), and
Ay (z) = exp(—a - exp(—x)), x € R, for a > 0.
In particular, A = Ay = exp(—exp(—z)). We obtain

—log @a(2) |y =27 1j1,00)(2)
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and
—10g A(z) |s, = exp(—2)
are the tails of the Pareto and of an exponential distribution respectively, see remark
1.4.2 both R.L.T. stable distributions.
Let F' denote the distribution function of a max-stable law. Then we denote by
(DOA),,(F), the domain of max-stable attraction of F'. We obtain for the domains
of attractions of R.L.T. stable resp. of max-stable laws:

Theorem 1.6.6. Let F be a distribution function with tail R, R(z) > 0, > 0. Let
G be a max-stable distribution function, G(z) = exp(—H|(x)) for all x > 0, assume
that a- G |, is the tail of a distribution function for some o > 0. Then we have

F e (DOA), (G) < F € (DOA) (aH)
Precisely: There exist 7, € Affj (R, 1) such that
F"(1(x)) — G(z), 220

iff for a function (-) fulfilling (1.6.5) in 1.6.1 defined by the sequence {v,},>1 we
have
Ri(3(t)(x)) = aH(x), x> 0

and vice versa. Analogous results are obtained for shifted versions, if 0 is replaced by
some o (with R(zo) < 1).

Proof. 7 =7 Let F, G be distribution functions, G = exp(—H). Assume that there
exists a sequence of affine transformations {7, },>1 C Aff§ (R, 1) such that

F"(ya(2)) = G(), = > 0.
According to lemma 0.2.4 this is equivalent with
n- (1= F(y(2)) — H(z)

hence

n - R(y(x)) — H(x).
Define v : Ry — Affg (R, 1) by 7(t) := e with n(t) = n, —5 < aR(t) <
Therefore,

3=

RO(1)()) _
S o

n-o- R(Vn(t)(x)) S R(t)

(n+1) - a- Ry (z))

Therefore, since lim 222 = 1, we obtain

A = 0 RGO@) 5 o Hw), 020
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7 <=7. Assume the existence of a function ¢ — ~(t) € Affy(R) such that

t—o00

Ry(y(t)(x)) — a- H(z), + =0

Define Tn € AHS_<R7 1) by TYn = ’)/(tn), with nLJrl < Ryt (2))) S

«

3=

then t,, —= oo and
R(y(tn)(2)) n—oo
AWANVAN A CH
R(tn) - ([E)
yield
n: R('Yn(x)) = H(;Ij), z 20
Therefore as above, according to 0.2.4

F(ya(2))" = exp(—H(x)) = G(z)

Corollary 1.6.7. Let F, R as above, let A, ®, be defined as in [8]. Then

a) F' € (DOA), (A)iff F belongs to the domain of R.L.T. attraction of (shifted)
exponential laws

b) F € (DOA),,(®,) iff F belongs to the domain of R.L.T. attraction of (shifted)

Pareto laws.

Proof. a) Obvious, since A(z) = exp(—exp(—z)) hence A |{z54,3= €, with
H(z) = ¢ |ppmagy= ¢ ™ @) [ —ia K

with K the tail of a shifted exponential distribution.

b) Analogously, P(x) = x~%, x > 1, is the tail of a shifted Pareto distribution, and
0q(7) = exp(—(27%)) = exp(—P(z)), = > 0.
[

Remark 1.6.8. For later use (in Chapter 2) we note that in the definitions of R.L.T.
stability and domain of R.L.T. attraction (for d = 1) we followed the notations
introduced in Balkema and de Haan [1]. But we have seen that under mild conditions
these definitions are equivalent with the following ones which turn out to be useful
for the multivariate case:
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Remark 1.6.9. a) From remark 1.3.3 we have already shown that for a limit tail
function S which is continuous at y = 0 and fulfils S(0) = 1, we have

w —% S(z) (for t — 00) (1.6.9)

iff (for some function s — 7(s) € Aff§ (R, 1) with v(s)(z) — oo, x > 0) we have
R(y(s)(x) w

EO(5)0) S(x) (as s — o) (1.6.10)

b) Hence in Definition 1.6.1 if L is continuous at 0 and L(0) = 1, equation 1.6.1
(resp. 1.6.3) is fulfilled iff for some function s — v(s) € Aff§ (R, 1),

(s)(x) == 00, z > 0,

R(y(s)(x)) w, L(z) , (for 5 — o) (1.6.11)

Therefore,
(DOA), (L) = {R: 1.6.11 holds}.

c) If in addition R is continuous then (1.6.11) is equivalent to

ROui1(0)) v
R(a(0))

Indeed, this follows immediately from the proof of theorem 1.6.6 and part (a)
of this remark.

(1.6.12)

d) Thus we can re-define domains of R.L.T. attraction as follows

(i) (Domain of R.L.T. attraction ):

o Bon@)
R € (DOA), (L) iff 72 5 = L(a)

for some sequence 7, € Aff§ (R, 1) such that ~,(r) == oo, x > 0, and

R(1n+1(0)) n—oo
R(7(0))
(ii) (Normal domain of R.L.T. attraction):
e BOO(@) w
R € (NDOA), (L) iff RO@)0) — L(z)
where (y(t)) C Aff+( 1) is a one parameter group such that L is R.L.T.
stable w.r.t. (+), i

L(y(t)(x)) = L(x(t)(0)) - L(x), ¢ = 0.
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1.7 Domains of attraction of R.L.T. semi-stable

laws

With the notation from 0.1. and according to lemma 0.1.14 and 0.1.15 we define the
following;:

Definition 1.7.1. Let v € Aff{ (R, 1), such that v*(x) "% 00, 2> 0, then

Case (1) v(z)=z+7 andY*(z) =2+ k-7, k€ Zy, 7> 0. Put

Case(2) v(z) = u(z — ) + 7, and ¥*(x) = uf*(x — 2,) + 2, T < 0,up9 > 1,
a > 0. Put
Zha = 7"(0) =l ug™ = 1] 2 |

Put
Zer =70) =k -7 in case (1),
Vi ‘=
Zho = Y°(0) =| ub> — 1|z, | in case (2).

Let T : [0,v1) +— [p, 1) be decreasing with T'(0) = 1, T'(v1—) > p where 0 < p < 1. Put

L) = T(y) = 1 —Gpr.n(z) Case (1),
1 = Nyraq(z) Case (2).

where v < x < Vi1, such that y =z — v, € [0,v7).

L(z) =1—Gpr.(x) (in case (1)) is called the generalized geometric distribution,

and L(z) =1 — Nppa~(z) (in case (2)) is called the generalized discrete Pareto dis-

tribution (cf. 1.4, AS-A4 ).

Corollary 1.7.2. Put p = e ?, and put w.lo.g. 7 = 1.

e ForT(z) = 1,0 <z < 1: L(x) =1— Gpi1,(x) is the (usual) ”geometric
distribution G,,”.

o For T(z) = e#* 0 <z <1: L(x) = 1— Gpra,(x) is the "exponential
distribution function Ejs”. In a similar way, Pareto distributions and discrete
Pareto distributions are representable as ”generalized Pareto distribution”.

o IfT(x)=1,0<z<1: L(z) =1-N,14,(x)is"a discrete Pareto distribution
:D.Pa7 1(!13)”
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Definition 1.7.3. a) LetI' be R.L.T. semi-stable with tail 1 —T' =,
U(y(x)) = ¥((0) - ¥(z), = 0.

Then a distribution function F with tail R belongs to the R.L.T. domain of
semi-stable attraction of I' (F € (DOA), (T')) iff there exists v, such that
Yn(0) — 0o furthermore

R(7m41(0))/R(7(0)) == 5 € Ry (6 € (0,1)) (1.7.1)
and
R(yn(x))/R(1(0)) == ¥(z), © >0 (1.7.2)

b) F belongs to the normal domain of R.L.T. semi-stable attraction (F' € (NDOA), _(T'))

if 7 =" in (a).
Proposition 1.7.4. We have

a) (DOA) . (V) # 0 = ¥ is R.L.T. semi-stable

r,8S

b) If ¥is R.L.T. semi-stable then the normal domain of R.L.T. semi-stable attraction
is non-empty, in fact ¥ € (NDOA), _ (¥)

Proof. a) Assume for a tail function R that R(v,(z))/R(7,(0)) — ¥(z). Hence

R(%%Il%ﬂ(x)). R(7,(0)) ’ﬂO\IJ(:U)
R(7,(0)) R(7n+1(0))

Observing that % % 1/8 (> 1), we obtain by the convergence of

types theorems that
Vi s =3 v € Afff (R, 1). Therefore, U(vy(z)) = 3- ¥(z), x > 0, follows.
Le., ¥is R.L.T. semi-stable.

b) follows immediately from the definition: We have by (1.7.1) and (1.7.2)

Note that k — ¥ (7*(0)) = c(7*) is a homomorphism. Hence with

p="¥(v(0)) €(0,1)
V(v*(0)) = p" € (0,1) (1.7.3)
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Remark 1.7.5. In [1] the authors consider limit laws of the following type:

tlim Ri(T'(t)(z)) = S(z) (1.7.4)
Where in the discrete case t — ~y(t) is a jump-function, i.e. there exist ¢, /' oo,
such that v(t) = y(tx), tx <t < tgr1. The so defined domains of attraction are not
equivalent to (DOA), = defined above. In fact, if the stronger condition (1.7.4) is
fulfilled, R is R.L.T. semi-stable, hence R = G, 7, or R = N 1,4~ Where T' =1 on
[0, ?Jl).

Proof. Note that the discrete set {vy} is of the form

Dy, =Ak-7: keZy,m>0} Case (1),
Vg €

Dio={| x| (uk*—1): k€Zi,up>1} Case (2).

Let F' be a distribution function with the tail R > 0. F' belongs to the domain of
semi-stable R.L.T. attraction of S. Hence

Ry, (4(2)) == S(x) (1.7.5)

for all continuity points x, x > 0 where v € Aff(R), and v, = v*(0) (resp. +*(z0)).
Define I' : Ry — Affj (R, 1), ['(¢) :=~" if vy <t < vp41. (We write vy = vg(y) in this
case ). In other words, with this notation we have

Ry, (D(t)(x)) == S(x). (1.7.6)
If ¢ = vy, one could also replace (1.7.6) by

Ry, (T (v)(x)) "= S(x)

t—oo

But not necessarily R;(I'(t)(z)) — S(z) as in Balkema, De-Haan [1].
For v, <t < vgyq1 we have (if T'(¢)(x) > t)

Rir(oa)) = SEOEED - B g () 0)

—S(x)
Thus, let LIM(+) denote the set of accumulation points, then

LIM(R(T (1) ()i € LIM@(@@)) 5(x)




45

At the same time we have

R(t)  EO — RG*w))
Vg

Thus by assumption,

R(v) . R(yM0) 1
LIM C 1,1 =1
“rw) < ARGy S
1 1
LIM(R,(I'(t)(x))) € S(x) - [1, =————] C S(x) - |1, -
So the defined R.L.T. semi-stability, in condition (1.7.5) is not equivalent to the
condition in [1]. O

Therefore we obtain

Corollary 1.7.6. The stronger condition Ry(I'(£)(z)) == S(z) is fulfilled iff T is
constant.

1.8 R.L.T. semi-stability and max-semi-stability

Max stable laws and their domains of attraction are well known, whereas for max-
semi-stable laws there exist only a few investigations. see e.g. [4], [10], [11], and [24].
With the notation in 0.1, according to lemma 0.1.14 and 0.1.15 we obtain

Definition 1.8.1. A distribution p with distribution function F' and tail R is called
maz-semi-stable if there exist v € Affo(R), ¢ € Ry \ {1}, such that

FYe(y(x)) = F(z), equivalently
F(y(z)) = F(x)

for x> xy (> —o0) and F(x) =0, z < xq.

As we are interested in distributions concentrated on R, we assume v € Aff§ (R, 1)
and 0 < ¢ < 1 (since then y"(z) — oo for x > 0 and F(y"(z)) = F<"(z) /' 1). Recall
that F is max-stable if there exists a one parameter group ((t))o C Affg (R, 1) such
that

F(y(t)(z)) = F'(x) fort > 0, 2 >z (> —00)
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Remark 1.8.2. According to lemma 0.1.13 for given «y and ¢ there exists (a uniquely
determined) one parameter semigroup (y(t));0, and (with multiplicative parameter-
ization ) such that y(c) = v, ¢ € R, \ {1}. Therefore we obtain:

F' is max-semi-stable <= for a continuous group (v(¢),t > 0) we have

F(y(M)(x) = F (), k€ Z, > .

As mentioned in section 1.6 there exist only three types of max-stable distributions.
For max-semi-stable distributions the situation is more complicated. We shall obtain
a new characterization of max-semi-stable laws in the sequel.

As in 1.6 we define

Definition 1.8.3. Let F' be a distribution function; F(z) > 0 for x > xy and
F(z) =0ifx < xy. Then

H(z) = —log F(x) x>z (i.e.F(x) > 0)

00 r < xp.

is well defined. We obtain H > 0 and H \, . If H(z1) < oo then we define

Then H s the tail of a probability distribution function with
H(z) = H(z) - H(z), © > 23
Therefore, putting H(x1) = a. We obtain:
F(z) = e @ g> g

Theorem 1.8.4. Let F' be a distribution function concentrated on R, assume
F(z) = e *H®@ 5 >0w.lo.g z; =0 where H is the tail of a distribution function.
Then we have:

F' is max-semi-stable «—— H is R.L.T. semi-stable

Proof. Let F' be a max-semi-stable distribution. Hence we have
Fly(z)) = Fo(z) = ¢ @HOG) 2 —cali)
< H(y(z)) =c- H(z)

This is the case if and only if H is a solution of the R.L.T. semi-stability functional
equation, resp. H is R.L.T. semi-stable. [
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Remark 1.8.5. Let I, and H be as in the theorem 1.8.4 above. Assume that F' is
max-semi-stable. Then H is either G 1+~ or Np1.q.5.

Proof. Applying theorem 1.8.4 above, we have H is R.L.T. semi-stable. (L.e. H is a
solution of the semi-stability functional equation). See section 1.4, theorem 1.4.4. [

In view of this characterization we recall the definitions of the domain of max-
semi-stable attraction, and we obtain immediately:

Definition 1.8.6. a) Let G be a max-semi-stable distribution function,
G(y(z)) = G%(x), x > 0. Let F be a distribution function. Then F belong to the
domain of max semi-stable attraction of G (in short F € (DOA)  (G)) <=

there exist k, / 00, ky/kni1 — ¢ and 7y, € Aff§ (R, 1) such that

m,ss

F(ya(2))* = G(x), 20
b) F belongs to the normal domain of max-semi-stable attraction of G if v, = "
and k, = [1/c"]

c) F in (DOA) (G) belongs to the normal domain of R.L.T. semi-stable attraction
With this notation we obtain

Theorem 1.8.7. Let G = e~ asin theorem 1.8.4. Let F be a distribution function
concentrated on Ry, let w.l.o.g. H(0) = 1. Then we have:

F e (DOA) . (G) < Fe(DOA) . (1—H).

m,ss 7,58

And the same relation holds true for normal domains of semi-stable attraction.

Proof. 1) According to lemma 0.1.14 we have
(1= R(yu()))" = FM (3 (2)) == G(2) (= e M) iff
B Rin(2)) "= - H(z)
2) Replacing G by GV¢, k,, by [k,/a], we may assume w.l.o.g. o =1
3) Therefore, since H(0) = 1 we obtain

lim M — lim Fn
n—oo R(7,(0))  n—ooknp

=cC
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4) Thus
b - R(m(2) "= H(z) <= M@"g; ()

ie. 1 - R=F¢€(DOA), (1-H)
5) Conversely, assume
B(1n11(0))  noo
— ¢ and
R(7x(0))
R(n(2))  noo
— H(x)
R(7,(0))
assume again as above a = 1 and put k, := [1/R(7,(0))]. Then, as above

k- R(yn(z)) == H(x) follows.

Le. F € (DOA), ..(G) as asserted.
The coincidence of the domains of normal attraction is now obvious.

1.9 Similarities between (semi-) stability, max-

(semi-) stability and R.L.T. (semi-) stability.

Definition 1.9.1. Let u € M*(R) with distribution function F. An infinitely divisible
measure p € MY (R) is (strictly) stable if and only if there exists a continuous one-
parameter group of linear transformations

(v(t) : & t%2) >0 (with multiplicative parameterization) such that

Y ) (p®) = p', t,s >0 (1.9.1)

Recall that a subset (u;)i>0 € M'(R) is called a continuous convolution semigroup
if

(i) Ry >t u, € M*(R) is weakly continuous

(11) M * fbs = [its, 1,8 2> 0

Here (u®) is the convolution semigroup with pu! = u, the number « is called the
index of 1 (See e.g. Hazod [15], or Meerschaert, Scheffler [20] ).
If 1 is stable but not strictly stable, then there exists a continuous function
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RX 3t — ~(t) € Aff(R) such that (1.9.1) holds. But (y(:)) is in general not a one-
parameter group.
In fact, let 7 : x +— t* - 2. Then p is usually defined to be stable iff

Tt(ﬂ) = ,Ut *E_p(t)

for some b(t) € R.
Equivalently, put v(t) : x — 7(x) 4 b(t), then

V() (1) = 'y t > 0.
As easily shown, that if (7(-)) were a group then b(-) fulfills the functional equation
b(st) =t*b(s) +b(t), t,s >0 (1.9.2)
hence v(+) is a semigroup iff b(-) = 0 (in 1.9.2), hence if y(t) = 7, t > 0.

Definition 1.9.2. u is (strictly) semi-stable iff there ezist v € Affo(R) and
c € (0,1) such that y(u®) = us, s > 0.

Since 7 is embeddable into a continuous one-parameter group (y(t)):>o such that
v(c) = v we obtain:
p is semi-stable <= ~(c)(u) = p° (1.9.3)

Definition 1.9.3. u (resp. F') is maz-stable iff for some continuous group with
(Y(t))i>0 € Aff (R, 1)
F(y(t)(x)) = F'(z), « > xo, (1.9.4)

where F(z) =0, z < xg

t

Remark 1.9.4. e Note that (in the one-dimensional case) F* is a distribution

function for any ¢t > 0.

e Note that as mentioned in 1.6.5 a max-stable distribution is of the type A, ®,,
or ¥, (which will be of no importance in the sequel). The corresponding affine
transformations v(-) following (1.9.4) are
Y¥(t) : z+ x4+t and x > t/% . 2 respectively, hence in both cases 7(-) is a
group of affine transformations.

Definition 1.9.5. u (resp. F') is max-semi-stable iff for some (7(t));>0 and ¢ € (0,1)
we have
Fy(e) (@) = F"(2), = > 2o, € Zs. (195

This is a motivation to define operators acting on the set of probabilities similar
to 73 in definition 0.3.3

Definition 1.9.6. Let v(-) denote continuous functions with values in Affo(R). Let
1D denote the set of infinity divisible probabilities on R.
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a) let y(t) : x — %0 +b(t) fulfil (1.9.2), S" : ID — ID is defined by

ST () = ((£) ()"

b) let v(-) be a continuous one-parameter group in Aff$ (R, 1) e.g. with multiplicative
parameterization. M7® : M (R) — M*(R) is defined by

MYO(F)(x) = (F(y (1) ()"
where F' is the distribution function of u

c) let again y(+) be a continuous one-parameter group in Affg (R, 1).
T MNR,) — MMNR,) defined by

p(y (1) (), 00)
p(v(t)(0),00)°

where M}R,)) = {pn € MY (R,) with R(z) > 0, z > 0}

T (pu(x, 00)) = x>0

With this notations we obtain:

Proposition 1.9.7. t — S"® ¢t M?® and t — T7® are homomorphisms.
Proof. This follows from the definitions by easy calculations. O]

Theorem 1.9.8. a) p € ID is strictly stable (resp. semi-stable) iff for some ~(-),
(and ¢ € (0,1)) we have SY®(u) = p, t > 0 (vesp. S7 () = p)

b) p € M'(R) with distribution function F is max-stable (resp. max-semi-stable) iff
for some v(+) (and ¢ € (0,1)) M"O(F) = F, t > 0 (resp. M"9(F) = F)

c) p € M}R,) is residual life time stable (resp. R.L.T. semi-stable ) iff for some
v(+), (and ¢ € (0,1)) we have

77 (1) = p, t >0 (resp. 77 () = )

Proof. a) and b) follow immediately by using 1.9.1 resp. 1.9.3 and 1.9.4 resp. 1.9.5
above

c) Let R be the tail of u, let u(t) = T7®(u) with tail z gmgggg by definition.
Hence, obviously, u is R.L.T. stable iff u(t) = u, i.e. if

T () = pfort >0

and g is R.L.T. semi-stable if
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Hence, if « is embedded into a group ~(:) such that v(c) = =, the assertion
follows.
O

Note that if we define in 1.9.6-(c) with a continuous function ~(-) C Affy(R) with

t—o0

7(t) == oo, then T7® () = pu for t > 0 yields that

(7(+)) € Dec(p)

Hence, as shown in section 1.5, there exist a continuous one-parameter group
7 C Dec(p). Le. pis R.L.T. stable.

1.10 References and comments for Chapter 1

This section contains remarks and comments to Chapter 1, and references to further
literature on the (semi-) stability of R.L.T. distributions (on R). Particularly, we
are interested in a property called 7 Lack of Memory property (L.M.P.)”, and how
to generalize this property to characterize the property of (semi-) stability of R.L.T.
distributions and their domains of attraction by limit laws. Finally we investigate sim-
ilar relations between the (semi-) stability, max-(semi-) stability, and R.L.T. (semi-)
stability distributions.

R 0.1 In this section we give an overview of affine transformation. We follow Edel-
stein, Tan [5].

R 0.2 This section contains a survey of C.T.T., on R! in particular for probabilities
concentrated on R, . For general version see Letta [17]; for the particular version the
reader is referred to Balkema, de Haan [1].

R 0.3 In this section we collected some notations for probabilities on R.

R 0.4 This section contains some standard examples of distributions which are im-
portant in the sequel.

R 1.1 In this section, we start collecting definitions, remarks, and examples of well-
known classical L.M.P. of the exponential distribution followed from J. Galambos
and S. Kotz [8] (cited in § 2.1 ). See also Balkema and de-Haan [1]. Here, we defined
R.L.T. (semi-) stable distributions allowing (v(t));er C Aff§ (R, 1) to be a continuous
one parameter group (see 1.1.6) which may be considered as a generalization of the
L.M.P. A further generalization of the L.M.P. (see 1.1.7 and 1.1.8).
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R 1.2 Firstly, it should be noted that the L.M.P. is not suitable to characterize
R.L.T. (semi-) stability. That is the reason why R.L.T. (semi-) stability is defined,
for this (see 1.2.1-1.2.3). Here we introduced a further definition of the (semi-) sta-
bility R.L.T. distributions closely with the general L.M.P. but ~v(¢) C Affj (R, 1) not
assumed to be a semi-group. Note that all R.L.T. (semi-) stable distributions are
characterized by this generalizations of the L.M.P. (see e.g. 1.2.1 or 1.2.2). Finally
we investigated that the R.L.T. distributions (in the limit laws) fulfills the (semi-)
stability condition (G.L.M.P.) (i.e. the set of distributions satisfying G.L.M.P. is
closed, (see 1.2.6).

R 1.3 In this section we followed investigations of Balkema and de-Haan [1]. In (1.3.2)
it is proved (applying the convergence of types theorem ( 1.3.4, and 1.3.5)) that the
limit laws fulfill a functional equation which turns out to be the condition of R.L.T.
(semi-) stability.

R 1.4 Here we are mainly concerned with a general form of the introduced sta-
bility functional equation, and obtained its general solutions after re-formulating it
with respect to the formulation of affine semigroups (according to the existence of
common fixed point or not) introduced in §0.1 (see 0.1.12). All these solutions are
already R.L.T. stable. It should be noted that the solutions in the discrete case are
uniquely determined only if the function 7" is assumed to be constant (e.g. 7" = 1)
see 1.4.1.

In most cases the solutions considered to be valid for z > 0 (resp. « > 1), same
arguments allows to consider solutions for x > xg, t > 0 see 1.4.2, 1.4.3. Finally,
we obtained a new class of limit distributions with a suitable shifted versions see 1.4.4.

R 1.5 Here we introduced the decomposability semigroup of R.L.T. distributions
(Dec(p)) similar to the useful concept to characterize (operator) semi-stability for
vector space and group valued random variables. Again we characterized the (semi-)
stability of the limit laws in§ 1.3 by the decomposability semi group (i.e. they be-
long to the class of distributions characterized in 1.4.4). See in particularly 1.5.13.
Decomposability groups and corresponding canonical homomorphisms are essential
tools for investigations of (semi-) stability of vector space— and group— valued random
variables. See e.g. Hazod, and Siebert [15] §1.5, 1.12, 2.5 .

R 1.6 With the notations following from Balkema [1], we re-write the domain of
R.L.T. attraction in an equivalent form related to a continuous one parameter group
(v(#))i=0 C Afff (R, 1) (resp. w.r.t. a right continuous function). Moreover, this do-
main of attraction characterizes the R.L.T. stability of the limit laws (see 1.6.4). It
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should be noted that, (as in 1.6.5) the domain of R.L.T. attraction for (shifted) expo-
nential laws and (shifted) Pareto laws, are closely related to the domains of attraction
for the Max-stable distribution functions ®,, A, respectively. (See also Balkema [1]
theorems 3,4). Finally we re-defined in 1.6.9 R.L.T. stability in an equivalent way
and domain of R.L.T. (for d = 1), which will be useful in Chapter(2)(for d > 1).

R 1.7 Firstly, in this section we investigated in 1.7.1 the general geometric distribu-
tion G, r,~(x) (case (1)), and general discrete Pareto distribution N, r.~(x) (case
(2)). Again analogously, the R.L.T. semi-stability is characterized by its domain of
attraction. Moreover it is proved in 1.7.4, that the defined R.L.T. semi-stability, in
condition (1.7.5) is not equivalent to the condition in [1]: This stronger condition

Ry(T(t)(z)) == S(z) is fulfilled iff T is constant.

R 1.8 It should be noted that, the situation for the max-semi-stable more com-
plicated. As we are interested in distributions concentrated on R,, we defined
max-(semi-) stable distributions related to the existence of a continuous one pa-
rameter groups (Y(t))is0 C Afff (R, 1) (see 1.8.1 and 1.8.2). As in 1.8.4 if the
distribution function F(z) = e=*H#®@ 2 > 0 allow F to be max-semi-stable then
H € {Epmiv , Np,T,ow}- Finally we investigated the similarity between the max-
semi stable domain of attraction (of a distribution function G = e=*# (as in 1.8.7)
and the domain of R.L.T. semi-stable attraction).

(Semistable R.L.T. and similarities to max-semi-stability are not considered in [1].)

R 1.9 In this section we start collecting definitions on (strictly) stable, semi stable,
max-stable, and max-semi-stable distributions related to a continuous one parameter
group (7(t))=0 € Afff (R, 1) (see 1.9.1-1.9.5). We introduced in 0.3.3 and 1.9.7 a
motivation to define a homomorphism operators ¢ — S7®, ¢t — MY® and t — 770
acting on the set of probabilities. This allowed us to re-define (strictly-) stable,
max-(semi-) stable, and (semi-) stable R.L.T. see 1.9.8. (Compare also the charac-
terization of semi-stable processes by invariance under space—time-transformations,

See e.g. [15]§3.6.24).



Chapter 2

(Semi-) stability of R.L.T.
distributions in the

multidimensional case

2.1 The structure of affine transformations on R?.

The subgroups of coordinate-wise affine trans-

formations CAT(R,d)) (d > 1)

In the preparatory section 0.1 affine transformations were introduced. Here in chapter
2 we investigate a subgroup CAT(R, d) which will play the role of affine normalization.
First we recall and fix some notations.

Notation 2.1.1. e Let M (R, d) denote the algebra of real dxd matrices, GL(R, d)
the general linear group.

e Let A(R,d) denote the set of affine transformations on R?, T T AT+ E,
Ae MR,d), pe R

e We always have fixed vector space bases, hence identify linear transformations
and matrices, and we use the notation T = A

o4



e We shall denote the group of affine transformations by

Aff(R,d) = {7, ; € A(R,d) : A € GL(R,d)}

and Affy(R, d) the connected component of the unit element v, o =1d
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Remark 2.1.2. Analogous to the remark 0.1.16 we assume that the normalizing

affine transformations T = ~ A3 have the following properties
(i) = T(z) is strictly increasing (coordinate wise)

(ii) T(7) >0 for all 7>0 and

(i) (7"(7)); "= 00, 1 < i < d, for all >0 .

Hence we begin with the following definition

Definition 2.1.3. (Coordinate-wise affine transformations): We define

CAT(R,d) = {’YA,? . A is diagonal with positive entries} C Affy(R, d).

Uy ... 0
For ue R? let diag(a) =
0 ... Ug

Hence R
_ L d
CAT(R,d) = {fydiag(ﬁ),b cu>0, hbe R}
Note that CAT(R, d) is a proper subgroup of Affy(R, d) iff d > 1.
We observe for v, =, 7, T € A(R,d)

Yaa ° Ty = Tapap+a
and for v, » € Aff(R, d)

-1
VA,E\ - ’YA—l,—A—la

(2.1.1)

(2.1.2)

(2.1.3)

Aff(R, d) contains subgroups isomorphic to (R¢, +) and to GL(R, d) respectively:

S(R,d) := {7, = :a€ R} = (RY)
the group of translations (or shifts), and

L(R,d) == {, ; : A € GL(R,d)} = GL(R, d),

(2.1.4)

(2.1.5)
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the group of linear transformations.

Put furthermore
D(R,d) := CAT(R,d) N L(R, d), (2.1.6)

the group of coordinate-wise linear transformations (resp. diagonal matrices).
Affine transformations on R? may be considered as linear transformations on R+,
in fact

1t
gp:’yA’AHFAj:: (Z\ A)EM(R,d+1) (2.1.7)

is a continuous injective homomorphism. In the sequel we use this interpretation
frequently. For (C, ¢) € M(R,d) x R let X~ denote the matrix in M(R,d + 1)) :

0o
XC?:: <4 0)
’ c C

In section 0.1 we started with the description of one-parameter groups

Rt T, € Aff(R,d). Let T; = Tan T Recall that

At +s) = A(t)A(s) and

T‘t—l—s =TT, <~ — -
b(t+s)=A() b (s)+ b (t)

(2.1.8)

(Analogous relations are obtained if we switch to multiplicative parameterization,
putting S, := Tiogu ,u > 1. Hence S,S, = Syp».) One-parameter groups (7}) are
always assumed to be continuous. Hence according to basic Lie group theory t — T;
is even analytic and the derivatives %Tt li—o may be considered as elements of the
Lie algebra. If we consider the above mentioned matrix representation we obtain
for T, = T4 30 (resp. Ff(t),;(t)) : Aﬁt) = exp(tQ) for some @ € M(R,d), hence
LA(t) |imo= Q and 4 p (t) |;—o=:d€ R?. (Note that Ty = Id = T hence

JEEN

b (0) =0 .) Therefore the infinitesimal generator exists

d

@FA(t),f(t) lt—0= XQ,Q (2.1.9)
with the above- mentioned notation. For further use, note
(X4 XBj] = X[A,B},A?fBg (2.1.10)
where [U,V]:= UV — VU as usual. We write
FA(t),;(t) = eXp(tXC%;) (2111)
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if X — is the infinitesimal generator, and since the matrix representation is injective,
we also write (by abuse of language) T; = eXp(tX ) in this case.

For the above mentioned subgroups we observe for Tt = exp(tX 9 2) :

Taw, b @)

o (T, : t € R) C CAT(R,d) iff A(t) = diag(e"?,...,e"%) = exp(t - Q) with
Q = diag(q1, - - -,qa), i-e. iff Q is diagonal.

(T .t € R) C S(R,d) iff A(t) = Id hence iff Q = 0. Then obviously b () = t- d,
=%, , and the infinitesimal generator is given by X 03 = X0 o

o (T;:t e R) CL(R,d) iﬁﬁ:ﬁ, hence iﬁXQEZXQS and we have

5= Vo5

According to section 0.1 (0.1.3-0.1.7) we observe: Either {Tt z:t € R} is

unbounded for all = or there exists a common fixed point z, . The first case

appears e.g. for shifts, i.e. for T; = Vi , in the second case we have

N

T;f Tr= etQ : (.CE - E*)_’_ E*: etQ g +<I — GtQ>' T4

hence T; = Vet (1-et@). 3,

Put for short I'; :=T = exp(tXQ 2). Then

A(t), b (t)

d

EI} - PtXQ72 - XQ,EF“ t c R

Hence p (-) satisfies the differential equation

d — — — —_ —\
Z b () =d+Q b ()= d, b (0)=0 (2.1.12)
We are going to investigate the structure of one-parameter subgroups
{T,,t € R} C CAT(R, d)

in more details. (For a slightly different description see Balkema and de Yong-Cheng
Qi [2].)
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Definition 2.1.4. Let (T, = _, ;(t)) C CAT(R, d) with Q = diag(q, . ..,qa). Put
Dy :={i:q =0} and D, :=CDy = {i : ¢ # 0}. Let
Vi={zeR:12;=0,j¢ D} =Y @R, i=0,1
JjeD;
Let, as above, 2:: % z‘ t=o(t). Furthermore, let Tt(i) denote the one-dimensional affine

groups R > z — e - 2+ b,(t) (= (Ti2 €)i, €; denoting the it unit vector, 1 < i < d.)
The general considerations above yield for this particular case:

d

dt

Whence we obtain immediately

Corollary 2.1.5. Assume, as above T; C CAT(R, d). Then we have :

bi(t) = d; + q;bi(t) = €' - d; ,b;(0) =0 (2.1.13)

a) i€ Dy=b(t)=t-d, teR, (T, x);=m; +1t-d;
b) i€ Dy = bi(t) = (e =1)- % (T, E)izetqi-xi+(etw—1)-%:etqi(xiJr%)—%.
di

q

Hence in this case Tt(i) has a fixed point (5*)1 =—
(Note that in a) (T} z); = z; if d; =0.)
With this observation we can describe the behavior for ¢ — oo
Proposition 2.1.6. With the above notations we have:
a) Letie Dy . Then(th)i/oofortHoo <~ d; > 0.

In this case, (T z); >0 if ¢ >0, z; >0
b) Let i € Dy . Then (Tt;)i/oofort%oo = (?)Z —% and ¢; > 0.

As in chapter 1 we are interested only in distributions concentrated on Ri, therefore
in CATs (T;) with (T; ?)l =% 5o for all i and for all z in a suitable region of R?.
Therefore we introduce the notations

Definition 2.1.7.

cat(R,d) = {XQ = (exp(t - X, 2) € CAT(R,d) fort > 0}
= {XQQ :Q = diag(qu,...qa)}
CATH(R,d) = {XQQ:Q:diag(ql,...,qd): g >0,1<i:<d

and d; > 0if ¢; =0, i.e. if i € Do}.
Hence for XQE € CATH(R,d) the corresponding group (T;) fulfils (T; E)z /" oo for
15—>oof07“all§€]Rfl|r with x; > 0, 1 € Dy (mdmiZ—%,iEDl



Proposition 2.1.8. Let v, -, v, = € Aff(R, d) then

1

TouTaa Ty = Tvav-1,(1—vAU-")Yu+Uq"

Therefore, the subgroup S of shifts is a normal subgroup,

S ={y, 7 @€ R} < Afi(R, d).

-1 N
In faCt’ ’yU,uﬁyI,aFyUﬂj\ - PYI,Ua'

Applying this observation to one-parameter groups 7; = exp(tX Q};) = Vexp(t@), L0

we obtain

99

—

Proposition 2.1.9. Let T} = exp(tXQ =). Put TV = VUJTW;L Then (T”") is a

one parameter group,
U7u _
I, =~

with infinitesimal generator X Od

O=UQU ', d=U 4 -UQU " u

Proof.

yields the assertion.

In particular we obtain

r -X -I't. =X

U0 Q.d U

and
FI -X T

U™ Q. d I,—?

-1 _ v -1
F ’ a FU”LLXQ:CIFU,E\

(1
u

0)(00
uv)\d Q

UQU-U 4

=X _gu+d

)

exp(tUQU—1),(TI—exp(tUQU~1))u+U b (1)

(2.1.14)

(2.1.15)

With the notations introduced in definition 2.1.4 R? = V, @ V;, we obtain a decom-

- =(0) =) =@

position d=d +d , d €V, such that @ |y,= 0, hence exp(tQ) |y,= idy,. We

obtain
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Proposition 2.1.10. For a one-parameter group (7;) € CAT(R, d) with

L) ()
Q = diag(q1,...,94), d=d + d there exists a shift 7, such that (fylﬁthyI’_;)
has XC2 _.(0) as infinitesimal generator.
.d

Proof. In fact, choose ue V1 such that @ u= dV, ie. u; = %, 1 € Dy. Then

—(0)

T XQ 2 Tr-u = XQ7—Q$+Z - XQ’d

)

This yields

Corollary 2.1.11. Assume Q u=0 . Then X, ; = X_ =+ X, - with [X_ = X -] =
0. Therefore, if T} = ’

)

Y A3 () with infinitesimal generator X os then

,—Tt = Vexp(tQ),0 7]7“_; = ’y[?tg * VYexp(tQ),0

Proof. As immediately seen [X 05 X, 2] = 0. Whence the remanning assertion fol-
lows by elementary Lie group theory O]

Corollary 2.1.12. Let T; = exp t(XQ _) as in the above proposition 2.1.10, let
d

—~ (0 —(1) —(2
R¢ =V, + V; as above. Then for z= x()—i—x(),m eV;.

N IZ—Ftdz Z € D(),
(Ti x); = (2.1.16)

€t'Qi Ty 1€ Dl.

We decompose D, :Lﬂj:1 DY) such that g = q =: p; if k,l € Dj, pi # pj, i # j.
Hence Q = " @p;-Idw,, W; = {z: 2, = 0,k ¢ D;} = Y @R. With this notations
j=1 ieD()

we obtain V; = Z ®W; , and T; |v,= Z ®etPi - Idy, .

Putting things together we have proved
Theorem 2.1.13. Let (T; = expt(XQ 2)) C CAT(R,d). Then R? is decomposed as

)

a direct sum of lattice ideals

Rd:Vo@i®Wi

i=1
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where V = {; =0,k ¢ Do}, W, = {; z = 0,k ¢ D@} and there exists a basis
transformation ~, - of coordinate-wise shifts such that v, ;Tw}‘i =: T, decomposes

as a direct sum of a shift and of linear operators
~ r o~
Ty |v, @ Z ST} |w,

i=1

~ N —(0) ~ N N
with 7} |y,:2—2 +t b and Ty |w,iz— ez, i=1,...7.
Remark 2.1.14. a) Note that, for all T, = =expt(X _w) € CAT(R,d)

Taw. v ) Q.d
with the above assumptions, we have
1<y=T,2<T,y ¥, ycR’

Therefore, we restrict ourselves in the following considerations to one-parameter-

subgroups in CAT(R, d).

b) Note that in the above considerations we used

CAT(R,d) = @Aﬂo ) since

fydlag Z EB/Y% bi » = Vas,bs aCtlng onR- ;2R

Define as in thedone—dlmensmnal case
CAT*(R, d) = Affg(R, 1)
i=1

d
={y=>®Vun :¢%=1,b; >0o0r ¢ > 1,b; > 0}. Then it follows
easily by reduction to the one dimensional situation (in 0.1 remark 0.1.16) that

CATH(R,d) = {7 € CAT(R,d) : (i), (i1) and (iii) in 2.1.2 hold}  (2.1.17)

2.2 Multidimensional versions of the C.T.T.

In this section we note some generalizations of the convergence of types theorems
mentioned in section 0.2 to the multidimensional case. See e.g. [14], [15] or [20].

Definition 2.2.1. A probability measure u € M*(R?) is called full if pu is not sup-
ported by a proper affine subspace.
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Proposition 2.2.2. (Convergence of types theorem) Let p, € M(R?) be probability
measures of R%, for n € N, (d > 1), and assume that u, — u for some full measure
p € MY(RY).

Let {T,, := Tain }n>1 be a sequence in A(R, d), assume that

a) T, (i) — X for some full measure A € M*(R?).
Then the sequence {7},},>1 is relatively compact in A(R,d), and for all limit
points T we have T'(1) = A.

b) If we assume in addition 7,, € Aff(R,d) (resp. € CAT(R,d)) and p, A\ are full,
then {7}, },>1 is relatively compact in Aff(R,d) (resp. CAT (R, d)) and any limit
point T is invertible, with T'(u) = A, T"Y(\) = p.

This theorem will be applied in the sequel where we assume

T, € CAT(R, d).

d
In fact, since CAT(R, d) = > ®Affy(R, 1) it would be sufficient to replace fullness by
1

?CAT-fullness”: pu is CAT-full iff all marginals m;(1) € M*(R!) are non degenerate,

where 7; :z+ x; denote the coordinate projections. (See e.g. [15] §1.13 in particular
1.13.29-30 or [14] §4.5). We shall need the following well known

Definition 2.2.3. Let n € M'(R%). Then
Sym(u) :={T € Aff(R,d) : T(p) = u} (2.2.1)

called the symmetry group of p. By Inv(u) we denote the set
{y € CAT(R,d) : v(n) = p} = Sym(p) N CAT(R,d) called the invariance group
of 1.
Proposition 2.2.4. Note that Sym(u) is a closed subgroup of Aff(R,d) (See e.q.
Hazod and Siebert [15] page 14,15), and Inv(u) is a closed subgroup of Sym(u).

As in section 0.2 we reformulate the convergence of types theorem in the context
of distribution functions. We call F, non degenerate iff p is full.

Proposition 2.2.5. Let F,, = F), and F' = F}, denote the distribution functions of
1, and p respectively. Assume that

a)’ F,(-) — F(:) for some non-degenerate distribution function F. Let {T},},> be
as in proposition 2.2.2, and

b) F(T;7'()) = F(-) for some non-degenerate distribution function F. Then we

have {7, := T, '},>1 is a relatively compact sequence in Aff(R,d) (resp. in
CAT(R, d)) and for all limit points 7 we have F),(7(z)) = F(x).
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The following version is sometimes useful.

Proposition 2.2.6. Let F' and F be non-degenerate distribution function, let T,
o € Aff(R,d) (resp. CAT(R,d).) be defined as before. Assume that

F(T,() — F()

and B
F(7a(-)) = F().

Then the sequence {M,, = TnTn_l}nZI 15 relatively compact and for all limit points M
we have R N
F(M(z)) = F(z),ze R

Proposition 2.2.7. a) According to 2.2.3 and 2.2.5 we have: p is full iff Sym(u) is
compact (See e.g. [15] page 15).

b) In this case Inv(u) is a compact subgroup of CAT(R, d).

Proof. The assertion follows by applying the convergence of type theorem to 2.2.4
above. O

Lemma 2.2.8. Let G C CAT(R,d) be any compact subgroup of CAT(R,d). Then
G = {id}

Proof. Let v € G. Since G is compact, {7" : n € Z} is bounded. Assume that v # id.
According to the structure of the subgroup of CAT(R,d) in section 2.1 (bounded
case) v is given as:

ﬂy(?) = A(g + §0)— 50 with a fixed point xz, = — ;0, A = diag(ay, ..., aq) ,a; > 0,
for 526 )

o If there exists ¢, such that a; > 1 then (fy”(;))Z — 00, §>6, a contradiction to
boundedness of {7"}.

o If a; <1 for all 7, and there exists 7o such that a;, < 1 then consider vl As
above, {(v")™! : n € N} is not bounded, a contradiction.

Hence a; = 1 for all i. Le. v =+, - = id. Therefore, G = {id}. O
Result 2.2.9. Let p be full. Inv(p) is a compact subgroup of CAT(R, d). Applying
lemma 2.2.8, we have Inv(u) = {id}. Hence in the particular case of CAT's we
observe:

Theorem 2.2.10. Convergence of types theorem for CAT(R,d): Let {i,}n>1 be a
sequence of probability distributions of R? ,d > 1, let u,v be full distributions.
Assume that {7, },>1 is a sequence in CAT(RR, d). Assume in addition that
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1) pin = p

2) Yu(pn) — v.
Then v, — v € CAT(R,d) and vy(u) = v

Proof. According to prop. 2.2.2 we have {7, },>1 is relatively compact in CAT(R, d)

hence v, — ~ for some subsequence (n)" and any limit point + is invertible with
v(p) = v and v~ (v) = p (since v full). Assume that {v,} converges to another limit

—

point i.e. 7, ® ~ for some subsequence (n) then 7 is invertible with 7(u) = v and
7 Yv) = p. Define g := 3y 'y € CAT(R,d), we have f(u) = p = [ € Sym(u).
Sym(p) NCAT(R, d) =: Inv (). Since Inv(u) is a compact subgroup of CAT(R, d) (by
lemma 2.2.8) we have Inv(u) = {id} follows . Hence 8 = I, and ¥ = 7. Hence we
obtain 7, "= 7 and moreover (u) = v for any limit point y O]

2.3 The set of probability measures M!(R?)

In this section, we reformulate the multivariate case of the notations and theorems
given in section 0.3 as a preparatory of chapter 2 In this case a random variable X is
usually called random vector and we begin with the following notations. (For details
see e.g. [16] or [20])

Notation 2.3.1. Let (€2,>", P) be a probability space, let X :  — R? be a random
vector, the distribution is denoted by u, and the distribution function is F’ with the
tail function R = F.

RN

F(z):=P(Xy < a1,..., X4 < 34) = p(—00, 7] (2.3.1)

We are mostly concerned with probabilities on R%. Le. F(?) > 0 only for = with
r; > 0,1 <i<d. In short we write

RN

F(z)=P(X <z)VzeR% (2.3.2)
and the tail function R is
R(z) = P(X >z)V ze R% (2.3.3)

Note that the relation R N
R(z)=1—-F(z)V x>0

holds only in the one dimensional case, but in general , this simple relation fails to
hold (that is not true in the multidimensional case). See [18] page 168.
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Remark 2.3.2. With the above notations, if X,, and X are random vectors with
distribution p,, and p (resp. distribution function F, and F') respectively then we
write again

fn — p (resp. F, % F) < F,(z) — F(z) (2.3.4)

for all continuity points of F.
This is the case iff B R
R,(z) — R(x) (2.3.5)
for all continuity points of R.
Since we are interested in the limit behavior of tail functions (distributions) of
non-negative random vectors. We begin with the tail functions, which we can obtain
from the univariate case.

Definition 2.3.3. Let X be a random vector, F' is the distribution function, and the
tail is R. Let A denote the tail of a one-dimensional distribution. Then we define

R:R% —[0,1] by

R(7) = Az + ...+ z4) = A((z, ¢))

for all 526\ . Here {-,-) denotes the scalar product of the vector space RY,
e=(1,1,...,1)

Notation 2.3.4. Since (5, 2) > 0V z>( we can define a continuous positive real
valued function ¢ : RZ — R, by

(7)) = (T, e) V>0
Then we have B B
R(@) = A(6(2)) (2.3.6)

which coincides with the univariate case replacing (5, E) instead of x.

And now we give some illustrative examples to show how we obtain the tails (for
d>1)

Example 2.3.5. Exponential distribution : The tail is:

G

EQ(E) = e x(®:e) ,Eza,a >0

Example 2.3.6. Shifted Exp. distribution: Put £ (?) = E’a(g — EO). In a similar

&, T 0

way, we obtain the tail Ea zo(f), and we have

RGN —

E, = (7) = Bo(z — 79) = e (F0) . em @)y 5> 00 0 > 0
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Example 2.3.7. Standard Pareto distribution: The tail is

RN

Pou(r) = (1+(7,e)) "V 220,a> 0
By this way we can obtain multidimensional tail functions for all univariate examples
given in section 0.4.

Definition 2.3.8. A first possible generalization of R.L.T. distribution is as follows:

Fo(z)=PXi<mi+t,... , Xg<ag+t|Xi>t,...,Xq>1)

t

forallx; >0, 1<:<d, t>0
In short we write

F.(z)=P(X <t +t-e|X>t e)VzeRL t>0 (2.3.7)

te

If R(t- ¢) > 0Y ¢t > 0 then R.L.T. is analytically defined as:

Rt,g(;) = min(1, RG(@ +zi e))) v 526, t>0
R((t- e

where 1 is defined as in notation 2.3.4. More generally, we define

Definition 2.3.9. Let u € M*(RY) be any distribution and F is the distribution
function with the tail function R. Hence the R.L.T. distribution may be defined by a

transformation acting on a set of probabilities M*! (Ri) as
7 MYRY) — MY (R?L) defined by

- tex+tel . -
() (0. 7] = MO E A 0. o) > 0 (238
M(t €, OO)
Equivalently, for this distribution function
n(F(x)) = Fy(x) (2:3.9)

Using equations 2.3.8 and 2.3.9 then:
If F' is the distribution function of p then F; is the distribution function of ().
Moreover we have (745t > 0) is a continuous one parameter semi-group.

Equivalent representation: If R(t- 2) > ( then

¥ 2>0,t>0 (2.3.10)
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where Ag is the cuboid defined by

Another point of view: Let F' be a distribution function of a non-negative random

vector X of R, and let ¢ — ~(t) € Affp(R,d) (or € CAT(R,d) ) be some function.
Put for ¥>0

! R(y)

Assume 7(t)(§) >z v 526 and ¢t > 0. Then we have

. i R(Y) > 0.

R,-(7(t)(z)) = R(z) <= R(y(t)(z)) = R(t e) - R(x)

— -

where 7(t) T F(t)(x) ==~ (t)(z) —t e . We obtain a functional equation of the
type R R
R(3(t)()) = R(t: €) - R(z) = R((t)(0)) - R(x) (2.3.11)

similar to the one-dimensional situation. More generally we write
R(y(t)(x)) = c(t) - R(x) (2.3.12)

for some real ¢(t)(= R(y(t)(0))) > 0. Functional equations of this type (stability
functional equations) will again be important in the sequel.

2.4 The multidimensional lack of memory prop-

erty (M.L.M.P.)

Firstly we discuss shortly generalizations of the lack of memory property. It will turn
out, that for d > 1, this concept is not useful to investigate R.L.T. limit distributions.
Nevertheless we present a few concepts which had been investigated in the past.

2.4.1 The classical lack of memory property

Various generalizations of the lack of memory property were investigated in the past,
such as "extended form of classical L.M.P. property” See e.g. Galambos [8] (cited
on p.22), and "strong L.M.P. 7 See e.g. Kotz [16] (cited on p.69). Firstly we shall
discuss shortly these concepts connected to a continuous group of transformations:
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Definition 2.4.1. Let X be a random vector of RY with probability measure j1 €
MY(RY). We say that p possesses the strong L.M.P. iff there exist a continuous group
of transformations (T(t) := v, , - € S(R,d)):er defined by

T() Tt 1t %
for Te RY where e= (1,...,1), t € Ry such that

where A; = {;E Ri cxp >y, 1 < i < d} as before

Definition 2.4.2. (Equivalent formulation) Let F be the distribution function of u
i 2.4.1. Let R denote the tail function, where

R(z)=P(X, > z1,...,Xq > 24)
Equation (2.4.1) holds iff
R(xy+t,...,xq+1t) = R(t,...,t)  R(xy,...,24) (2.4.2)
which can be written in the equivalent vector form as
R(T(1)(0)) = R(t ©) - R(z) = R(T()(0)) - R() (24.3)
with T(t)(-) be as in Definition 2.4.1 above.

Definition 2.4.3. (Weak lack of memory property (W.L.M.P.)): We say that F in
2.4.2 possesses the W.L.M.P. iff for all >0 and all a€ E we have

R(@aoz +te)=R(te) R(aox) (2.4.4)

N

where @ o x= (a1, . .., aqzq) = diag(a) = and
E :={a: only one of a;s is 0 and the others are 1}. (See [16] cited on page 406).

Notation 2.4.4. We define the set of all points which satisfy the condition of
W.L.M.P. with respect to the distribution function F' as:

WLM(F):={te: t>0: (244) holdsV 2>0 and all a€ E}
And the set of all points which satisfy the condition of S.L.M.P. as:
SLM(F):={te:t>0: (24.2) holds ¥ >0}
It is obvious that SLM (F) C WLM(F).

Now for simplicity we consider the bivariate case (d=2), and we give the following
illustrating examples.
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Example 2.4.5. (2-dimensional exponential distribution)(See example 2.3.5):
R(xq,12) = exp(—(z1 + x2)) , 1,22 > 0.

Put T(t) ==, : (x1,22) = (z1,22) + - (1,1). Then we have

R(T(t)(x)) = exp(—(z1 +t,05 +1))

= exp(—(t+1)) - exp(—(z1,2))
(=2+1) - exp(—(21,2))
(~2t) - R(z).

= exp

= exp

And as above

exp(=2t) = R(t- ¢) = R(T(1)(0))
Hence this distribution possesses the strong L.M.P.

Example 2.4.6. (2-dimensional standard Pareto distribution) (See example 2.3.7):
Consider the 2-dimensional standard Pareto distribution defined by the tail as

P({L‘hl’g) = (1 + 2 +ZL’2)_1 , L1,Ty > 0.

Recall that for d = 1, this distribution does not possess the weak L.M.P. (it does not
possesses the strong L.M.P. )

Since these distributions play an important role in the limit laws of residual life
times, therefore we will obtain a suitable generalization of the L.M.P. in the next
section, (stability of R.L.T. distributions) to cover all the limits distributions similar
to Pareto distributions, and later we present this example with some details as R.L.T.
stable distribution.

2.4.2 A generalization of the multidimensional lack of mem-

ory property (G.L.M.P.)

Definition 2.4.7. We say that, the probability measure i € M(R%) (resp. the dis-
tribution function F or the tail R) possesses the general multidimensional L.M.P. iff
there exist a continuous one parameter group

t T(t) o A()- @ + b (£) € CAT(R,d), t >0, with (T(£)(x)); — 00 for t — oo,
1<i<d, x>0 such that

R(T(t)(x)) = R(T(£)(0)) - R(T), = € R% (2.4.5)
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More generally, this can be written as
R(T(t)(z)) =c(t) - R(x) (2.4.6)

for some c(t) = R(T(t)(o)) >0 for all >0 .
If there exists Zo>0 such that (T'(t )(330)) — oo for all i and z>z, and if
R(z) >0 then
T(t
() = IO (o)) (2.4.7)
R(zo)

For y= T(t)(zo), t =t(¥) > 0 we have
R(Y) = c(t) - R(zo) = c(t(Y)) - R(x) (2.4.8)
Hence for ¥ in the orbit {T(t)(z), t > 0}, R(g) is uniquely determined by 7'(-) and
the function ¢(+)
Remark 2.4.8. We consider a multidimensional case of example 2.4.5 :
R(z) =exp(—(z, e)) ,x€ RL. As in the case d = 2 we have
R(T(t)(x)) = c(t) - R(x).

with ¢(t) = R(T(£)(0)) = R(t- ¢) = e,

Example 2.4.9. Consider the 2-dimensional standard Pareto distribution defined by
the tail R = P given in example 2.4.6 :

R(l’l,l‘g) = (1 + 21 —f—l'g)_l , L1, T > 0.

We define T'(t) € CAT(R,d) by T(t) ==, , (et_1).1¢ - Then we have

1
2

RT()(x)) = (L+e(z,e)+ 5 (e e)”
(

— () + )t
= (14 (z,e)
= e’tR(z)

Hence the equation (2.4.6) follows with ¢(¢) = e™*. Hence this distribution possesses

the G.L.M.P. Moreover we observe that
t __

RT(#)(0) = (1 +0+

Hence the equation 2.4.5 also follows.
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Example 2.4.10. (Direct products): Assume p; to be distributions with tails R; on
R% i = 1,2 which have the affine groups Tt(z) acting on R%. Put d := d; + dy define

).

. N (2
T, RE—RYGRE S RY by Tz @z) = (TY 7 z0

And let F' denote the distribution function of puy ® uo with tail R . Hence

—(2)

—(1) —(1)
R(z @2 )= Ry(z

(2 (1 —(2
) - Rg(:v()) for all J;:x()@x()e RZ.

Assume that R; possess the G.L.M.P. w.r.t Tt(i), 1 =1,2. Then R possess the G.L.M.P.

wrt. (T,). In fact, we have BT (7)) = e;(t) - Ro(z" ), i = 1,2.
v (1 —(2
Put x:x( ) @ x( ) . Hence
) =) —(2)

R(T,z) = R(TM 7 ) Ry(T® )
= el R @)

Hence F' possesses the G.L.M.P. (with c(t) = ¢1(t) - c2(t)).
Note that the exponential distribution in 2.4.8 is a direct product of one-dimensional
ones, however the Pareto distribution 2.4.9 is not representable as a direct product.

2.5 Solutions of the stability functional equation

(Multidimensional case)

In this section we solve a multidimensional general stability functional equation (2.4.6)
which appeared in the preceding section. Firstly we consider the continuous case and
we begin with the the following assumptions.

Let A : A CR? — (0,1] be a non- constant decreasing continuous function defined on
some subset A of R%. Let (7(t))ier be a one-parameter group of CAT(R, d). Assume
that v(t + s) = y(t)v(s), t,s € R (additive parameterization)

resp. v(uv) =7(u) - ¥(v),u,v > 1 ( multiplicative parameterization). Assume that

Ay (z)) = c(t) - A(z) , >0 (2.5.1)
Assume in 2.5.1 that

(YO)(T): S0, 1<i<d, 750 (2.5.2)

Furthermore R
0<A<landA(z)—0ifz; — 00,1 <i<d. (2.5.3)
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The solution in the continuous case: According to the structure of affine trans-
formations and the subgroups of CAT’s of R? presented in section 2.1, we consider
the following two cases:

N

Al) v(t)(f) =t- (E + 50)— o with a fixed point z,= — g , §0>6 (multiplicative
parameterization).

A2) 'y(t)(z) =2 +t z, for §0>6(additive parameterizations).

Firstly we consider the case A1), and we begin with the following descriptions

Remark 2.5.1. Let v(t)(x) be as in case A1), and assume A to be a solution of
(2.5.1). For A C Ri, let

A= {y(t)(z) 1 t >0, z€ A}, (2.5.4)
Then there exists a unique extension of A to A" such that ¢ — ¢(t) is a continuous

homomorphism (R7,-) — (R%,-), and immediately we obtain c¢(t) = t? for some real

3. According to 2.5.2, and 2.5.3 we have ¢(t) == 0, for t — oo hence we write 3 = —a
for some a > 0. Therefore, the extension of A is given by

JEEN

Ar@)(z)) =t A(x), z€ AV, t > 0. (2.5.5)
Note that for A = R% we obtain the following description:

Proposition 2.5.2. Let Q = (A = {q <Q,§0> = 0}. For any z¢€ R? there exists
a unique q= Q € @ such that = ~v(t)(¢q ) for some (unique) ¢t = t(g) > 0. Indeed,

t=t( >—1+<<”°>> 1=13=(})(x)

P'roof If t(z), Q; exist, then q= 7(%)(1‘) = %(% + Zo)— o and
(C] xo) = 0. Put ¢ := (z, o). Since @

(a: $0>—|—1 c—c=0 =1t -c=(r,
hence ¢= qé

) = 0 hence

Lo
zo) + ¢. Hence t = t(x) = 1 + 1(x, ) and
(— (x 4+ xg)— xg .

Conversely, if ¢(x), g; are defined in this way we obtain z= v(t(f))(gz)

\/

Remark 2.5.3. Let ¢€ Q. Then ’y(t)(a) eQiff t =1.
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Proof.

Y(1)(1)€Q, 1€ Q = (1t)(4), 7o) =0and (4,7,) =0
= (t-(4 + 7o)~ To, 7o) = 0 and (¢, z,) =0
= t-(q, 7o) £t (To, To) — (To, 7o) = 0 and (¢, z) =0
—  (t—1)- (%o, 7o) =0
<— t=1
as asserted. ]

Corollary 2.5.4. If we normalize ;0 such that

¢=(xo,xo) = || To |2 =1then t = t(z) = 1 4 (x, To) and hence
— — 1 —\ —\ N
1+ (z, z0)

Note that 3; is well defined as long as 1+ (5, ;0> > 0, hence for {5 (5, 50) > —1},

in general for {f 1(5, §0> > —1}, so at least for

(o)t = {z: (x,20) > 0}

Lemma 2.5.5. For all 7€ (§O)+, all t > 0 we have 5;237(,5)(;)

Proof. We have 5;6 Q (:= (xo)*) therefore 57 (7)€ @ since

®)

— —

<q7(t)(?)7 zo) = (9=, 79) =0 (2.5.6)
Moreover we obtain (using multiplicative parameterization)

0= =) OO 5)) =1

Hence the assertion. O

Remark 2.5.6. We have proved: If for z€ (o) * the orbit of y(-) is given by
{7(t)(z) : t > 0}. Then (z()" is the disjoint union of orbits and any orbit intersects

Q= {<§0>L} in exactly one point, namely in ¢
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Theorem 2.5.7. According to Al) with ’y(t)(?) =1- (5 + EO)— zo , for t > 0,
x€ (xo)T and c(t) =t for a > 0, ¢ = (x, ¥() we have

— ]_A_\

A'is a solution of (2.5.1) <= A(z) = 0(q=) - (1+ E(x, To)) " (2.5.7)

for some function ¢ : Q@ — (0, 1].

Proof. 7 <=7 Assume A has the form 2.5.7. Then we have

AGOE) = @4 gz (14— (b (7 + To)= o, 7o)
= (T ) (1ot (7 + Fo), Ta) = = (T, To)) ™
= P(43) - (ot (7, F0) + (Fo 7))
= p(a;)- - (L4 {7, 7))
— . A(2)

-

”» =7 Assume that A satisfies 2.5.1. Let z€ (z¢)*. Hence z=~(t)(¢) with
t= t(z) , =4~ . Then we obtain

L

Hence the assertion with ¢(¢q) = A(E), qe Q. O

Now we consider the case A2). Let ”y(t)(z) =T +t T as in A2). Define A7 be

as in 2.5.4 before. Put again Q = (x()*. Hence we obtain t — c(t) is a continuous
homomorphism, and by using the additive parameterization we obtain c(t) = e !
for some real 5 > 0. Analogously, there exists a unique extension of A to A” ( in this

case (R%)” = R?), and again for any = <§0>L there exists a unique representation
2= (t)(q=) with t = t(z) > 0, and (4, 7o) = 0. In fact
Y()(4=) =9 +t- Zo=1x hence we have q;:E —t- 7o and we obtain

@;, zo) = (2, To) —t-(xg,z0) =0 (2.5.8)

Therefore )
t=t(x) == (x,z0) with (zo, 7o) =1 c (2.5.9)
&
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and

N

Again, obviously q§:gy )7) for all t.

(t

Theorem 2.5.8. According to A2) with v(¢) :z—x +t- 2o and with ¢(t) = e P,
c = (xg, xy), € RY t € R we have

NN

A fulfils the functional equation 2.5.1 <= A(z) = e~ 2@ wa) (=) (2.5.11)

for some function ¢ : @ — (0, 1], where 5;6 (xo)* defined in 2.5.10

Proof. 7 =7 Assume
A(y(1)(x)) = e A(x) , cft) = e

Then |, for z€ (zo)", z= fy(t(f))(g;) —q- +1(Z 2o) zo . Hence

as asserted. O

Notation 2.5.9. It is easily seen that the solutions of the stability functional equation
obtained in 2.5.7 and 2.5.8 have R.L.T. stable one-dimensional marginals.
Example 2.5.10. Bivariate Pareto distribution
Let R(;) = R(x1,29) = (1 + 21 + 22)7%, for (xq1,z2) =z 26 :
Then R(z) = P()?>§) for a random vector X = (&,7m). Hence
P >x) = P(>xz,neRY
= P({>z1,n>0) (sincen >0)
= R((21,0))

= (1+x1)™% a tail of a one dimensional Pareto distribution.
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Analogously

Pin>y) = PEeR n>y)
P(£>0,n>y) (since & >0)

R((0,y))
= (1+y) * again a tail of a Pareto distribution.

In fact, we have no complete solution of the functional equation in the multivariate
case. We obtained solutions in the cases A1) and A2). Moreover, if v(-) is the direct
sum of groups v (-) of these types, then as in example 2.4.10, we obtain a solution
if A splits as direct product of functions A; fulfilling v (-) on the corresponding sub-
groups.

If v(-) is a subgroup of Affy(R, d) as above, not of type Al) or A2) then

() (R%) C RE. Let Q@ € R% be a cross-section w.r.t. v(+), then, as above, the solu-
tions A are given as

[N

A@) = eft=) - f(4=)

for = ’y(t;)(q?% q4-€ Q, l>> 0.
But in contract to the cases A1), A2) the cross-section will in general not be explicitly
known.

2.6 The decomposability semigroup of R.L.T. dis-

tributions

Here we introduce a concept which has been successfully used for investigations in
(operator) semi-stability for random vectors in the case of multidimensional vector
spaces. and for a group valued random variables, as in 1.5, and according to the
structure of the subgroup of CAT(R, d), d > 1, we begin with the general definition
of decomposability semigroup of R.L.T. distributions.

Definition 2.6.1. Let R be a non-degenerate tail function and o=, (R) 26 ,
R(z) >0 Vz>0. We define the R.L.T. decomposability semigroup

Dec(R) := {y € CAT(R,d) : v = Taz with A = diag(as,...,aq), a; > 1, b>0 such
that R(y(x)) = c(v) - R(x) for all x>z, ¢ = c(7) € (0, 1]}.

Remark 2.6.2. The assumption on 7 =7, T € Dec(R) implies that either

° 7:71,621(101"
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e v is a shift, v=7,; b>0o0r

e ~ has a fixed point 5*36 with
vz)=A-(z —z,)+ z,= A- = +(A - I)(— x,)
hence b= (A — I)(— z,) >0 . (See 2.1).
In particular, 7 is (strictly) increasing on R% hence
7(?) >z, for all >z, (2.6.1)

Obviously we have

Proposition 2.6.3. Let R be a fixed tail function. Then we have: Dec(R) is a closed
subsemigroup of CAT™ (R, d) and v — ¢(7) is a continuous homomorphism

c: DGC(R) - ((07 1]7 )
Proof. Let v, € Dec(R). According to the remark 2.6.2 we have

R((y07)(x)) = ¢(7) - RF(@)) = c(7)c(F) - R(w) (2.6.2)
for 5\250 such that ﬁ(z) 2;0. At the same time we have
R(yo7)(z) = c(yo7)  R(x) (2.6.3)

Hence ~ — ¢(vy) is a homomorphism. To prove continuity of ¢ let 5250 with
R(x) > 0 such that v(x) is a continuity point of R. Assume 4" — 7. Then

R(v"(z)) — R(y(x)). Whence ¢(y™) — ¢(y) and the continuity of ¢ follows. Moreover
we have

Moreover we have

Proposition 2.6.4. If R is non-degenerate, then ¢ : Dec(R) — (0,1] is a closed map

Proof. Let {a,} Cim(c), i.e. o, = ¢(7y,) with v, € Dec(R), 0 < o, < 1 and assume
further a,, — v € (0, 1]. If §0>0 replace R by R such that
- R(z) z>x
R(z) = () e B
1 cFxy dh Fi:a; < (x0);
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Note that R is a tail function. In fact, assume R(;) = P(X >§) for some random
vector X. Put Y := XV zq . Then R(z) = P(Y >x). Then we have

~ N

R(1(2)) = ay, - R(z) > - R(z), 2>1

On the other hand

N

~L R(7a(x))  1a(T) 270 &= 2> 7, ()

1 'Vn(Q) 250

R(ya(2)) = c(ya) - R(%) = v, - R() (2.6.4)
If we define
S(z) = a- R(z) iZio
1 rFxg

N

R(n(z)) = an - R(z) % - R(z) = S(x) (2.6.5)

Whence by the convergence of types theorem given in section 2.4 we have (7,) is

relatively compact in Aff(R,d). Moreover R(fy(?)) =a- E(?) for all accumulation
points v. Moreover

R(7a(7)) 2 R(y(2)) (2.6.6)

Therefore, there exist v € Dec(R) with ¢(y) = a. (In fact, by 2.2.10, 7,, — - follows).

Thus ¢ is a closed map, in particular , im(c) is Closed. Moreover Dec(R) is a closed
sub-semigroup of CAT(R, d). O

Note that we have to extend Dec(R) to a group ﬁe?:(R). In analogy to investiga-
tions of semi-stable laws on vectors spaces, we define the invariance group.
Definition 2.6.5. Let R be any tail functzon R >0. We define
Inv*(R) := {y € CAT(R,d), v /" 3 ., such that R(~y ( ) =R(z), v>x,}

Inv*(R) is called the invariance group of R. Note that by the direct product represen-
tation CAT(R, d) = @ Affo(R, 1) it easily follows that

Inv*(R) = Inv(R) = {id}. (See 2.2.9).
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Remark 2.6.6. The assumption R(A) >6 for all = which will be used in the sequel
is not a serious restriction: Assume there exists 7 € Dec(R), v # id, and assume

furthermore R(xl) > ( for some x1>0 Then R( ) >0 on R?.

P’roof Since R(y"(z1)) = ¢(7)"R(x1), and 1 by assumption we have
(y"(x1)); / oo for all i. Hence for all 7>0 there exist n such that v (zy) >z . O

Proposition 2.6.7. The group Dec(R) is embeddable into a closed subgroup
Dec(R) C CAT(R, d) such that ¢ extends to a continuous injective homomorphism
¢ : Dec(R) — (Rf,-) with ker(c) = Inv*(R) = {id}.

Proof. Let f)\e/c(R) denote the closed subgroup generated by DeC(R)

Let v, 7 € Dec(R), T le Dec(R) For all sufficiently large ¥ we have

R(T_l(y)) = —R( ) as in the case d = 1. Whence R(w-‘l(g)) = % : R(g) follows.
We obtain

RN RN

R(yr='(y)) =¢(yr™") - R(Y).
with ¢(y77") == 21 Hence

for =>1,, for Y= () > 7'(330)
As easily seen, ¢ extends to Dec(R), and ¢ is a closed homomorphism. ]

__ Therefore, the preceding results extend immediately to the group
Dec(R) C Affy(R)

Theorem 2.6.8. With the notations introduced above we have:
a) Dec(R) is a closed sub-semigroup of the closed subgroup f)\e/c(R) C CAT(R,d)
b) v+ ¢(v) is a closed continuous homomorphism I/)\e/c(R) — ((0,0), )

Remark 2.6.9. im(¢) N (0, 1] is a multiplicative semigroup, which is closed since ¢ is
closed map. Therefore either

e im(¢) = (0,1] or

m(c) ={¢*: k€ Z,} for some 0 < ¢ < 1 or

e im(c) = {1}

Therefore we obtain the following
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Theorem 2.6.10. Let R be as above. Then either
a) im(c) = {1} (i.e. Dec(R) = {id} = Inv(R)) or
b) there exist v € Dec(R) such that Dec(R) = {y*: k € Z,} or

c) there exists a continuous one-parameter group R > t — ~(¢) (additive parameter-
ization) such that
{7(t) : t € R} C Dec(R), {7(t) : t > 0} C Dec(R) and c(y(t)) = ¢'(= e~P") for
some ¢ € (0,1) (8 = —logg).

Proof. In fact, if Dec(R) # {id}, then for any v € Dec(R) , ¢(v) € (0,1), obviously
{7*} € Dec(R), c(v*) = c(7)".

o Ifim(c) = {¢* : k € Z.}, there exists v € Dec(R) with &(7) = ¢. Now (b)follows.

e If im(c) = (0,1],v — ¢(7) € (0,00) is a continuous homomorphism of the Lie
group G = ]/D\e/c(R) onto ((0,00),-). G being closed, we conclude G/Gy is at
most countable. Therefore there exists a continuous homomorphism
((0,00),-) — f)\e/c(R) where u +— (u) such that ¢(¥(u)) = u, u > 0. Passing
to additive parameterization, y(t) := F(e™"), u = €' yields the assertion (for

g=e").

T
is obvious that (y()(z)); == oo for all >, (resp. 26), i=1,...,d.
Hence v(t) € Dec(R), t > 0.

Corollary 2.6.11. Let R be as above. Let D C Dec(R), D # {id},
C:={c(y) :v €D} C(0,1]
Then either

a) the group (C) generated by C is discrete {¢* : k € Z,}. (Then R is residual life
time semi-stable, with Dec(R) = {+* : k € Z,} (see Def. 2.7.1 and 2.7.2 below)
or

b) (C) is dense in (0, 1], then ¢(Dec(R)) = (0,1] and there exists a one-parameter
group 7(-) such that (e.g. with additive parameterization) c¢(y(t)) = ¢' ,t > 0.
(Le. in this case R is residual life time stable, see 2.7.1 and 2.7.2 below).
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2.7 Limit theorems for multivariate R.L.T. distri-

bution (d > 1)

In view of the discussion in 1.6 and 1.7 for d = 1, we define multivariate R.L.T.
(semi-) stability:

Definition 2.7.1. Let € M*(R%) with distribution function F and tail function R.
Let (v(t))ier be a continuous one- pammeter group in CATT (R, d) and v € CAT(R, d)

with (7y (4))172300 1<i<d, f0r$>0 Then v (resp. F, resp. R) is called R.L.T.
stable w.r.t. v(-) if

ROME) _ p2) 355, 150 (2.7.1)

R(~(t)(0))
Analogously, j (resp. F, resp. R) is called R.L.T. semi stable w.r.t. ~(-) if

R0@) _ gy, 320 (2.7.2)

R(7(0))

Using the concept of the decomposability semi-group in 2.6 we obtain an equivalent
description:

Theorem 2.7.2. Let u, ', R be as above. Then we have
a) p (resp. F, resp. R) is R.L.T. semi-stable iff Dec(R) \ {id} # 0

b) p (resp. F, resp. R) is R.L.T. stable if there exists a continuous one- parameter
group (e.g. with additive parameterization ) v(-) € CAT*(R,d) such that

v(t) € Dec(R) \ {id}, t > 0.

Proof As a consequence of definition 2.7.1 above and definition 2.6.1 (if we put
.To—()) O

Moreover, if F' is non-degenerate we obtain by proposition 2.6.4 (resp. Theorem
2.6.10):

Proposition 2.7.3. Let p be non-degenerate then u (resp. F, resp. R) is R.L.T.
stable iff the image im(c) is dense in (0,1] where, ¢ : Dec(u) — ((0,1],-) is the
homomorphism defined in definition 2.6.1 (resp. 2.6.3)

And furthermore we note that

Proposition 2.7.4. Let p (resp. F, resp. R) be as above. Then p (resp. F', resp. R)
is R.L.T. stable w.r.t. (7(¢t),t > 0) iff the tail R is a solution of the functional equation
(2.5.1)
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Analogously, we have

Proposition 2.7.5. pis R.L.T. semi- stable w.r.t. (7(t)):o iff the tail R is a solution
of the discrete analogue of (2.5.1) i.e

R(W(E)) - c-R@l >0, (2.7.3)
(and hence R(Y*(x)) = " R(z), k€ Z,)

2.8 Domains of attraction of (semi-) stable R.L.T.
distributions (d > 1)

Next we define domains of R.L.T. (semi-) stable attraction in the multivariate case.

Definition 2.8.1. Let € M'(R%) with distribution function F and tail function R.
Let X be non-degenerate with distribution function G and tail function A. Then we
have the following:

a) p (resp F, resp. R) belongs to the domain of semi-stable R.L.T. attraction of
A if there exist 3 € (0,1], Tn € CAT+(R d) such that

(%(A))z‘ —>oo 1<i<d, SB>O and

1 R(%H( ) n—oo
) R('Yn(o)) /6

2 RW—@LA?,EN)
) R(7(0)) (), vz

b) p (resp. F, resp. R) belongs to the domain of R.L.T. stable attraction of A if
there exist v, € CATT(R,d) as in (a) such that

) n—oo

1)’ B +1(0)) +1(0) —=1, and
R(v(0))

R( n? w . -
2)’ Rz O;; — A(z), >0

c) p belongs to the normal domain of semi-stable R.L.T. attraction of A if in (a) we
have 7, = " for some v € CATH(R, d)

d) u belongs to the normal domain of stable R.L.T. attraction of A if for some one-
parameter group (y(t) : t > 0) C CATT(R, d) with (y(t)(x)); X0, 1< < d,

;>6 and m t—>_o>o A(E)
R(y()(0))
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Remark 2.8.2. As well known, the situation (b) of the above definition,
R(’Yn+1( ) n—oe

R(m(0)) 1 implies that for any 3 € (0,1) there exist a subsequence (n;) with
In

RN

('7n]+1i )) n—oo 3
R(7,,(0))
Le. i is in the domain of semi-stable R.L.T. attraction of A for any 0 < g < 1.

Proposition 2.8.3. a) If the domain of semi-stable R.L.T. attraction of A is non
empty then A is R.L.T. semi-stable.

b) If the domain of R.L.T. stable attraction of A is non empty , then A is R.L.T.
stable.

Proof. a) As a consequence of the convergence of type theorem we have: Assume in
definition 2.8.1(a) that (1) and (2) are satisfied. Then

ROna(®)) _ RO 00)(@) - BOW(0) sy ) g8)
R(7n41(0)) R(7.(0)) R(Yn11(0))
Hence we have
R(a(15 1) (2))

— =: Hn(§) — G- A(E), a non degenerate limit.  (2.8.2)
R(7.(0))

According to the convergence of types theorem, {7, 'v,1} is relatively compact
with accumulation points {7} = v - Inv(A). Since Inv(A) = {id},

Y Y41 — v € CAT(R, d)

Thus we have R R
H,(7) 2 5 A (@) (283
therefore, (using C.T.T. in equations 2.8.2 and 2.8.3 ) we have

A(y(z)) =0- A(E) as asserted. (2.8.4)

b) To prove (b), note that by the above remark 2.8.2 for any § € (0, 1] there exists
75 € Dec(A) with A(fyﬁ( ) =p- A( r). Le. im(c) = (0,1], and therefore there

exists a one-parameter group y(-) C Dec( ) with ¢(y(t)) =t ,0<t<1.
[
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On the other hand, we obtain immediately

Proposition 2.8.4. Let A be R.L.T. stable (resp. semi-stable ). Then the normal
domains of R.L.T. (semi-) stable attraction are non empty.

Proof. In fact, as for d = 1 it is easily shown that A itself belongs to the normal
domain of attraction. l.e. the assertion. O]

2.9 R.L.T. stability and max-stability for d > 1

Finally we sketch how the results of section 1.6-1.8 might be generalized to the
multivariate case.

Notation 2.9.1. Let ' € M'(R?) be an infinitely divisible distribution function, i.e.
F'is a distribution function for all ¢ > 0.

Put —H :=logF, H(z) = if F(z)=0.

1 — H is a distribution function. (Hence H playes the role of a tail of a (possible

_ it . t_1 . . .
LI (vesp. —H = lim £ is increasing). We
t il

unbounded) measure), hence H = 1in(1]

observe
F'=exp(—t-H), t > 0.

Theorem 2.9.2. Let y(-) € CAT" (R, d) be a continuous one-parameter group. Then
the following are equivalent:

() F(v(t)(x)) = Ft(z), i.e. F is max stable

(ii) H satisfies the functional equation (2.5.1)

H(y(t)(z)) =t- H(x)
where we define 0° := 0, t- 0o =: 00, e~ = (.
Proof. Obvious, since F!(z) = e~tH(%) O
And the correspondence of the domains of attraction follows by
Theorem 2.9.3. Let G and F' be non-degenerate distribution functions in M*(R%).
Assume F' = exp(—H), F(z) > 0, G(f) <1for >0 . Let 7, € CAT* (R, d). Then
Ga(w))" =3 F(x), 2>0 if n(l—G(y(2)) =3 H(x), v>0 .

Proof. Immediate consequence of 0.2.4. By standard arguments it is easily shown
that F' is max-stable in this case: In fact, by the convergence of types theorem we

obtain for all s € (0, 1) there exist 0 € CAT(R, d) such that F(a(g)) = Fs(f), >0 .
On the other hand, if aH is a tail, a > 0, then aH is R.L.T. stable. n



85

2.10 References and comments for Chapter 2

R 2.1 As a preparation of the following, we investigated a subgroup CAT(R, d), d > 1
(coordinate-wise of affine transformations introduced in 0.1). we restrict ourselves to
one-parameter-subgroups in CAT(R, d).

d
CAT(R,d) = €P Affy(R, 1)
=1

(Note that CAT(R, d) is a proper subgroup of Affy(R,d) iff d > 1 see 0.1.16). In 2.1.4
and 2.1.14 we investigated the structure of one-parameter subgroups

{T,,t € R} C CAT(R, d)

(For more details and for a slightly different description see Balkema and Yong-Cheng
Qi [2]).

R 2.2 Convergence of types theorems (C.T.T.) turned out to be an essential tool
in investigations in operator limit laws. Therefore we introduced in this section some
generalizations of the introduced versions of C.T.T. mentioned in section 0.2 to the
multidimensional case (see 2.2.10 in particular for normalizing operators belonging to
CAT(R, d). More details in Hazod [14]).

R 2.3 In this section we reformulated notations and theorems introduced in sec-
tion 0.3. Again the R.L.T. distribution of y (its distribution function F' with tail R)
may be defined by groups of transformations

7o MY(RE) — MY(R%) (see 2.3.9). Equivalently, Tt(F(E)) = Ft(z), ie. If F' is the
distribution function of p then Fj is the distribution function of 7;(1u).

R 2.4 Here we generalized the L.M.P. parallel to the derivations and introduced
concepts and remarks in section 1.1 see Galambos [8]. Note that, according to
2.4.10 the exponential distribution in 2.4.8 is a direct product of one-dimensional
ones, however the Pareto distribution 2.4.9 is not representable as a direct product.
Further reference for generalizations of the L.M.P. See [16](cited on pages 69, 406).

R. 2.5 The possible solutions of a ”stability” functional equation (for R.L.T.) 2.4.6
have-in the general case-no simple representations. Due to the fact that we have no
complete overview over the possible solutions of the functional equation the R.L.T.
(semi-) stable laws will be characterized in the sequel only in the special cases where
the underlying one-parameter group of CAT’s is a group of shifts or has a unique fixed
point. According to 2.5.1-2.5.6 we introduced in theorem 2.5.7 a particular solution
in the case, that the group of CAT’s has a unique fixed point, and theorem 2.5.8 gives
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the particular solution in the case of the group of shifts.

R 2.6 We introduced in this section the concept of ”decomposability semigroup”
of R.L.T. distributions, which is a successful concept for investigations in (operator)
semi-stability for random vectors in the case of multidimensional vector spaces. see
e.g. [15]. This leads to characterizations of the (semi-) stability R.L.T. distributions
in 2.6.11. (More details is in 2.7).

R 2.7 This section contains a definition and a characterization of R.L.T. (semi-)
stability by the decomposability semi group (see 2.7.2). In addition, characteriza-
tions by the functional equation 2.5.1 (or its discrete analogue See 2.7.5).

R 2.8 In this section we discussed the DOA, ;, DOA, ;;, NDOA, ,, and NDOA, ;
see 2.8.1. It is known that, the domain of (semi-) stable R.L.T. attraction character-
izes the (semi-) stability when it is non empty see 2.8.3.

R 2.9 In this section we sketched how the results of section 1.6-1.8 might be general-
ized to the multivariate case see 2.9.1-2.9.3. Since in the multidimensional situation
the max-domains of attraction are less investigated than for d = 1 we did not give
more details.
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