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Domains of operator semi-attraction of probability
measures on Banach spaces
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Abstract. The paper deals with operator (semi-) stability and domains of
operator (semi-) attraction of probability measures on infinite dimensional
Banach spaces: characterizations of operator (semi-) stability and of domains
of (normal) operator (semi-) attraction are given; it is shown that the set of
operator stable probability measures is a closed subset under weak topology;
the domain of operator semi-attraction of a given stable probability measure
coincides with its domain of operator attraction; and a probability measure is
(semi-) stable iff its finite-dimensional projections are (semi-) stable.

1 Introduction and notation

Central limit theorem and Gaussian distributions play a crucial role in classical
statistics. The development of applied statistics in various sciences implied the
creation of new tools based on the broader class of stable probability measures
containing the set of all Gaussian distributions (see Hougaard (1986); Kozubowski
and Rachev (1994); Kuruoglu et al. (1998); McCulloch (1996); Nikias and Shao
(1995); Palmer et al. (2008)). Further, the larger family of semi-stable prob-
ability measures can be also considered. In the last century, the concepts of
semistability and domain of semi-attraction of probability measures were stud-
ied intensively on real line, on finite dimensional spaces, as well as on ab-
stract spaces. Recently, the topic still attracts attention of many authors (Becker-
Kern (2002, 2003, 2004, 2007); Bouzar and Jayakumar (2008); Chuprunov and
Terekhova (2009); Csorgo (2007); Csorgé and Megyesi (2002); Divanji (2004);
Fazekas and Chuprunov (2007); Fedosenko (2005); Hazod and Shah (2001); Ho
Dang (2009); Kevei (2009); Kevei and Csorgd (2009); Maejima and Riddhi (2006);
Maejima and Riddhi (2007); Meerschaert and Scheffler (2002); Rajput and Rama-
Murthy (2004); Sato and Watanabe (2005); Shah (2007)). That motivates our study
on (semi-) stability and domain of (semi-) attraction of probability measures on
Banach spaces.

Section 2 of the paper studies limit behaviour of operator semistability of mea-
sures. It is found that, if (u,,) is a sequence of operator semistable measures con-
vergent weakly to a probability measure p, then p is also operator semistable. As a
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consequence, given a full measure u, the set H (u) of all real numbers r, such that
W is r-operator semistable, is a closed multiplicative subgroup of R*. Besides, on
Banach spaces with countable Schauder basis, a measure is (semi-) stable if and
only if its finite-dimensional projections are (semi-) stable.

Section 3 takes up the problem of domains of operator-semi-attraction, attempt-
ing to generalize some results given by Ho Dang (1987, 2009). Specifically, it
shows that the domain of operator attraction coincides with the domain of operator
r-semi-attraction for every r € (0, 1).

Section 4 is devoted to characterizing the normal domains of semi-attraction
and the normal domains of attraction. Some results of Jurek (1980) have been
generalized in this section.

Throughout the paper, the following notation will be used: E denotes an infi-
nite dimensional separable real Banach space, E'—its dual space, (-, -)—the dual
pairing between E and E’, 9U—the boundary and U°—the complement of a set
U,E, ={xeE:|x| <r} (r > 0). Further, B(E) will denote the algebra of contin-
uous linear operators on E with norm topology, Aut(E)—the sub-algebra of B(E)
containing all invertible bounded linear operators, I and ®—the unit and zero op-
erators, respectively,

o
=3 "Bk, t>0,B e B(E).
k=0

By a measure on E, we mean a nonnegative measure defined on o -algebra of Borel
subsets of E. Given a o -finite measure w on E, C(u) = {r > 0: w(dE,) =0}, it is
observed that C(p) N R™ is countable. For a linear continuous map B from E to
another real Banach space E;, the measure By is defined by Bu(F) = u(B~'F)
for every Borel subset F of Ey, i = —Ip and |pt|? = ju * pt is the symmetrization of
I, where * denotes the convolution of measures. In the case when B =cI, ¢ > 0,
we write T.u instead of cIu. A Borel subset G of E is called a w-continuity set if
n(0G) =0, p|g is the measure defined by u|g(F) = u(G NF). A measure on E
is said to be full if its support is not contained in any proper hyperplane of E. If
(p,,) converges weakly to p we write g, — K.

Let P(E) denote the class of all probability measures (p.m.’s) on E. A sequence
(;,,) of p.m.s is called shift convergent if there exists a sequence (x,) C E such
that (u,,) * §(x,) is weakly convergent, where & (x) is the p.m. concentrated at the
point x € E. Similarly, (n,,) is said to be relatively shift compact if (u,, * 8(Xy))
is relatively weak compact. It is well known that P (E) with the topology of weak
convergent is a separable metric space (see Parthasarathy (1967), Theorem 11.6.2).
Moreover, one can find in this space a shift-invariant metric p (e.g. the Lévy—
Prokhorov metric) such that

p(v*8(X), p*x8(x)) =p(v, p)
for all v, u € P(E) and x € E.
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A p.m. p is said to be infinitely divisible (inf. div.) whenever for each positive
integer n there exists a p.m. u,, such that u = u?, where the power is taken in
the sense of convolution. Then the power u¢ is well defined for every ¢ € R
(see Tortrat (1967) for example). For any bounded measure M on E, the Poisson
measure Pois(M) is defined as

Pois(M) = exp(—M(E)) Y M**/k!,
k=0

where M*? = §(0). Let M be an arbitrary measure on E vanishing at 0. Then M
is called a Lévy measure if there exists a representation M = supM,,, where M,
are bounded and the sequence (Pois(M,,)) of associated Poisson measures is rel-
atively shift compact. Then each cluster point of the relatively compact sequence
(Pois(M,,) x6(x,,)), X, € E, is called a generalized Poisson measure and is denoted
by e(M). According to Tortrat (1967), e(M) is uniquely determined up to trans-
lation, that is, for two cluster points, say g and u,, of (Pois(M,,) * §(x,)) and
(Pois(M,,) * 8(yn)), respectively, we have p; = p, * §(x) for certain x € E. Let
L(E) denote the set of all Lévy measures on E. Tortrat (1967) (see also Dettweiler
(1978)) pointed out that each inf. div. p.m. g on E has an unique representation
=y xe(M), where p is a symmetric Gaussian measure on E and M € L(E).

2 Semistability in limit

A probability measure u is called an operator r-semistable measure, r € R™, if
it is inf. div. and there are an operator B € B(E) and an element x € E such that
1 =Bu *x §(x). More precisely, we say that u is (B, r)-semistable. Further, if
B is of the form cI, ¢ € R, we can omit the “operator” and say that u is (c,r)-
semistable instead of (cI, r)-semistable. In the latter case, it is well known that,
for a non degenerated measure p, the unique solution p of the equation |c|” =r
lies in the interval (0, 2], p =2 if and only if p is a Gaussian measure, and p
has no Gaussian component if p # 2. The number p is called the exponent of the
measure [.

In addition, we say that u is B-stable (or operator stable) if it is inf. div. and for
all ¢ € (0, 1] there exists an element y, € E such that

p =18y

Moreover, if the operator B in the above formula is of the form cI then p is said to
be a stable measure.

Let H(p) be the set of all positive numbers r such that p is operator (B, r)-
semistable with B € Aut(E). In the case of finite dimensional spaces, Luczak
(1984) pointed out that H () is a closed multiplicative subgroup of R™, that is,
H(u) = RT or H(p) is a discrete group generated by some element s € (0, 1).
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Using the terminology given in Ho Dang (2009), if u is (B, r)-semistable and
H () is the discrete multiplicative subgroup generated by s then we say that u is
operator (s)-semistable, or (B, (s))-semistable. Below we show that for the case of
full measure u on Banach spaces, H (i) is also a closed multiplicative subgroup
of RT. At first, we formulate auxiliary lemmas:

Lemma 1. Let u, p,, n =1,2,... be inf. div. measures and t, t,, € [0, 00). Sup-
pose that JL, —, )L and t, — t, then there exists a sequence (z,) C E such that

% 8(2y) = 1

Proof. Let N be a natural number such that t < N and 1, < N for all n, then
u,ff —w [LN . Plus, because ;LZ’ is a factor of ;L,IIV , Theorem II1.5.1 of Parthasarathy
(1967) implies the relative shift compactness of (u'r), that is, there is a sequence
(x;,) C E such that the sequence (;qu” * §(X;)) is relatively weak compact. Mean-
while, it is clear that for every y’ € E’ we have
)" = (V)

Therefore, if v is any cluster point of the sequence (/L,t{‘ * 8(X,)), meaning ;L,Z",f *
8(Xy, ) —w v for some subsequence (ny) of natural numbers, then the Convergence
of Type theorem implies y'v = (y'p)" * 8(xy/) for some real x,.

Hence, with A" denoted for the characteristic functional of a p.m. A, we see that

ly’ (;Lif,f % 8 (Xp, ))]" (w) — [y'v]” (u) for any real number u, and

(I, ] (w) ™) — ([y'] " (w) ™,
that yields u(y’; x,,) — uxy. Consequently, (x,,) as a sequence of elements in
the second dual E” is *-weakly convergent to some x; € E”. With u, u,,, and v
treated as p.m.’s on E” and passing to the limit, we obtain

A () = [ )] Y = [ 8(x0)] (v),
which means v = ! * 8(X6’). However, both v and u’ are concentrated on E, xg
must be an element of E (renamed as Xg), and v = u’ * §(Xp).

LetL = LIM(/LZ’ * §(X;)) be the set of all cluster points of the sequence (;Lf{‘ *
6(xp)). Then, since (ui{‘ * §(X,,)) is a relatively weak compact sequence, L is a
compact subset of P(E) and L = {v = pu * §(x):x € D} with compact subset
DCE.

Let d denote the distance between a point and a subset in P(E), i.e. d(A,L) =
infyer, p(A, v) for any A € P(E), where p is the Lévy—Prokhorov metric in P (E).
Then d (uf{‘ * 8(X,), L) — 0. In such case, for every n we can choose an element
x; € D such that

p(pyy % 8(xn), ' % 8(x7)) < d(pyy 8 (x), L) +1/n.

In consequence, p(uZ’ * 8(x, —x9), u') — 0, which means ;LZ’ * 8(2y) —w '
with z, = x, — X7, the lemma is proved. O
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Lemma 2. Let u # §(0) be an inf. div. p.m. and B,, € B(E), x, €E, 1, € RT,

" =Bk 8(Xy),
forn=1,2,....

(a) Ifsup||B,|| <ocoandt, —t,t >0, then (B,), (X,) are compact sequences
and p is an operator t-semistable measure.

®b) IfB, > BeBE),x, >xecEandc1 <t,<c3,0<ci<crp<o00,n=
1,2, ..., then there exists a number t € [c1, c2]| such that t, — t and u is (B, t)-
semistable.

Proof. (a) Let t,, — ¢, from Theorem 5 in Chung Dong et al. (1982),
Bk 8(x,) = p'" —y gt

Hence, because sup ||B, || < oo, Theorem 4.11 of Linde and Siegel (1990) implies
the relative compactness (in the sense of point wise convergence) of the sequences
(B,) and (x,,). Given B, — B € B(E), x,; — x € E for some subsequence (n") of
natural numbers, taking into account Theorem 3.1 of Linde and Siegel (1990) we
get

By 8(Xp) = B+ 8(x),

and therefore u' = Bu * §(x), i.e. u is (B, t)-semistable.
(b) Let B, — B € B(E) and x,, — x € E, then sup||B,,|| < co. With the same
argument as the above, we see that

1 =By gk 8(Xp) = B x 8(x). 2.1

On the other hand, (¢,) is relatively compact and if ¢, s are two cluster points of
this sequence then 7 # 0 # 5. Therefore, u' # §(0) # u*. Meanwhile, in view of
Theorem 3.1 in Linde and Siegel (1990), Lemma 1 and (2.1), there exist elements
7;, Z; € E such that

' =Buxd(x+12);
W o=Bp ok §(x+zy).
Hence ¢ = s by virtue of Proposition 1.4.7 in Vakhaniya et al. (1985), the proof is

complete. O

Proposition 1. Let p be a full inf. div. p.m. on a Banach space. Then H(p) a
closed multiplicative subgroup of R™.

Proof. It is clear that if u is full (B, ¢)-semistable and B is invertible then u is
(B~!, t~1)-semistable. Besides, it is quite trivial that H (st) is a multiplicative sub-
group of R
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Letnow (t,) C H(pw) and t, — t € RT. Thenforn =1, 2, ... we have
1 =By 8 (Xy) (2.2)
with invertible B,, € Aut(E) and x,, € E. We claim that
sup ||B, || < oo. (2.3)
Indeed, if | B,/ || — oo for some subsequence (n’) of natural numbers, then
1By [~ " = By | Bt 8 ().

It is clear that the left-hand side of the above equation tends to §(0). On the other
hand, because ||||B,/||~'B,/|| = 1, Theorem 4.11 of Linde and Siegel (1990) im-
plies the existence of cluster points Xo € E of the sequence (x,/) and A € B(E)
of the sequence (||B,/||~'B,), ||A|| = 1, such that Ap * 8(xq) is a cluster point of
the right hand side of the equation. Consequently, §(0) = A * 6 (Xp), which yields
8(—xX9) = Au, meaning g is supported on the proper hyperplane A~!({—xq}), as
A # ©O. That indicates pu is not a full measure and it contradicts the initial assump-
tion. Thus, (2.3) is valid.

Consequently, Lemma 2 together with (2.2) and (2.3) confirms that u is (B, ¢)-
semistable with some cluster point B € B(E) of the sequence (B,,). To complete
the proof we need only to point out that B is convertible, that implies t € H ().

Indeed, let (nx) be a subsequence of natural numbers such that B,, — B. Then
from (2.2), we have

pt i =Bk §(—(1/1,,)B, %) (2.4)

With the same argument as the above, using (2.4) instead of (2.2) and (B;kl) in
place of (B,), we conclude that sup ||B,jkl || < oo and there exists a cluster point
By € B(E) of the sequence (B;kl).

Let (ny) be another subsequence of the sequence (ny) such that B;k} — By.
Then B, , — B and B,,k,B;k } =1, B;k}B,,k, =1, for every ny € (ny). Therefore,

BB) =1 and BoB =1, or B) = B~! and B is invertible. The proposition is just
proved. O

From the proposition, we can see that the concept of (B, (s))-semistability is
well defined for full measures on infinite dimensional Banach spaces. Namely, a
full measure u is said to be (B, (s))-semistable with an invertible operator B if it
is operator semistable and H (p) is the discrete multiplicative subgroup generated
by s.

Lemma 3. Given u, p,, € P(E), B, € B(E), 0 < ¢ <1, < ¢y < 00, suppose that
wu,, are (B, t,)-semistable, sup ||B,|| <cowithn=1,2,... and p, — K. Then
there exist a number t € [c1, c2] and an operator B € B(E) such that u is (B, t)-
semistable.
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Proof. From the assumption, we get u™ = B,pu, * 8(x,) for certain x, € E,
n=1,2,.... On the other hand, by virtue of Lemma 1, we can find a subse-
quence (n’) of natural numbers, (z,) C E and a number ¢ € [c], ¢3] such that
uZ’,’ * 8(Z,/) —>w M. Therefore, B, p, * 8(X,» + z,7) — p'. Hence, by virtue of
Theorem 4.11 in Linde and Siegel (1990), there exists an operator B € B(E) such
that u is (B, t)-semistable. O

It is well known that a p.m. on a Banach space is Gaussian if and only if all
its one-dimensional projections are Gaussian. A similar feature of (semi-) stability
can be described as follows.

Proposition 2. Let E be a real Banach space with countable Schauder basis and
I be an inf. div. p.m. on E. Then

(a) Forgivent € R, w is t-semistable if and only if all its projections on finite-
dimensional subspace of E is t-semistable,

(b) w is stable if and only if all its projections on finite-dimensional subspace
of E is stable.

Proof. Let IT be any linear projector from E into a given subspace. Then IT(A| *
A2) = A * IIA, for Ay, Ao € P(E). Therefore, IIx is inf. div. and (ITp)* =
I (p*) for each positive s € R by virtue of the infinite divisibility of w. Suppose
W is t-semistable for given t € R™, i.e. u' = T * §(x) for some real c. Then

(Mp)' = M (p') = W (Tep + $(x)) = M(chp  3(Mx) = T.(Mp) * S(Tx),

that means the 7-semistability of (IIu) and the “only if” part of (a) is shown.

To prove the sufficient condition of (a), let {e1, e>, ...} be a countable Schauder
basis of E. For each natural n, by E, we denote the subspace of E generated
by {e1, ey, ..., e,}, that is, E, = lin({e, e», ..., e,}), by II,—the natural linear
projector from E into E,,. Then it is evident that IT, — I and IT,u —, &.

Assume now II,, i are ¢-semistable, that is,

I, = T, (T, ) * 8(Xy) 2.5)

withc, e R, x, €E,,n=1,2,...,wehave I,,I1,, =10,,11,, = II,,, I1,,x,,, = X,,,
and I, u" =T, (II,, ) * §(x;), for all natural numbers n < m. The last equation
together with (2.5) implies

Tcn (Hnll«) = Tcm(nnﬂ)- (26)

First, we assume that p is a full measure on E. In that case u,, = II,u is a
full measure on E,;, therefore from (2.6) we confirm that ¢, = ¢,;, = ¢ with some
constant ¢ > 0, independent of n. Hence, the condition of Lemma 3 is satisfied
for u, = O, p and B, = cII,,. In consequence, p is (B, t)-semistable for some
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operator B € B(E). Then, from (2.5) we can conclude B = cI, implying u is ¢-
semistable.

In the case when the fullness of the measure g is not true, we can treat g as
a full measure on the closed subspace E, generated by its support and all finite
projections of that full measure in E, are ¢-semistable. Then by the similar to
the above argument, p is a r-semistable measure on E, and then u is also a 7-
semistable measure on E.

To complete the proof, we use the fact that (b) is an immediate consequence
of (a), because a measure is stable when and only when it is #-semistable for every
positive number ¢. U

3 Domains of operator semi-attraction

Let A, p € P(E), (Ax) C B(E), (x¢x) C E and (ny) be a subsequence of natural
numbers. In this section, we study the convergence

ApA % 8 (X)) = 1 (3.1

endowed with one of the following conditions:

ng/ng+1 — r € (0, 1), (%)
ng/ng+1 > c >0, k=1,2,..., (k%)
LIM(ng/ng+1) N (0, 1) # <, (o * )

where LIM(si) denotes the set of all cluster points of the sequence (s).
Now, by the same argument of Theorem 3.1 in Siegel (1989), we have the fol-
lowing lemma.

Lemma 4. Suppose that A is non degenerated. If (3.1) is satisfied, then
ArIA? = 5(0)

and p is inf. div.
The following lemma is also necessary for further exploration.

Lemma 5. Letu, A € P(E),k=1,2,..., (ng) and (my) be two subsequences of
natural numbers. Suppose that XZ" —>w M and my/ny — t € R. Then there exists
a sequence (yi) C E such that

Y
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Proof. In the same way as in the proof of Theorem 3.1 given by Siegel (1989), we
can show that y is inf. div. and then u! is well defined. For a natural number N
such that my /ni < N for all k, the lemma is proved by an argument similar to that
used in the proof of Lemma 1. O

We say that A belongs to the domain of operator r-semi-attraction of u,i.e. A €
DOSA(r, p) if (3.1) and (x) are true. In the finite dimensional case, Jajte (1977)
has shown that a full p.m. p is an operator semistable measure if and only if its
DOSA is not empty. Moreover, according to Theorem 4 in Ho Dang (2009), a
p.m. A on a finite dimensional space is an operator semistable measure if (3.1) and
(¢ * x) hold. The infinite dimensional version of that is the following.

Proposition 3. Given a full measure p € P (E), the following conditions are equiv-
alent:

(i) There exist an invertible operator B and a number r € (0, 1) such that p is
(B, r)-semistable.

(i1) There exist p.m. A € P(E), a subsequence (ny) of natural numbers, a se-
quence of invertible operators Ax € B(E) and a sequence (x) C E such that (3.1)
and (x * x) hold.

Proof. If u is a full (B, r)-semistable measure with invertible B, that is, w is inf.
div. and

1w =Bu*5(x)
for some x € E, then
n=B"" %8z (3.2)

withzy € E, k=1,2,....

Thus, by virtue of Theorem III.2.2 in Parthasarathy (1967), the sequence
(BFpulr _k]) is shift compact, where [s] denotes the integer part of a number s € R.
Hence, Lemma 4 implies B¥|u|> —,, §(0). Then, the sequence (B u” =Ty s
shift convergent to §(0). This together with (3.2) implies the existence of a se-
quence (Xx) C E, such that

Bl w5 (xi) = e,
1.e. (ii) is satisfied with invertible A = Bf fork=1,2,....

Conversely, let (ii) be true. Then, in view of Lemma 4, u is inf. div. and

1 "k
(Ak)\. * 8<—Xk>> =AM % 5(Xp) = I, (3.3)
ng

1 Ng+1
(Ak+1A;1)<Akl *5<—Xk>> *6(Zy)
ng

3.4)
=AM S (Xpq 1) S B
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. -1
with zx = X1 — Ak A (Exp).
We contend at first that

sup||Ax 1AL || < oo (3.5)

Indeed, if (3.5) fails, then there always exists a subsequence (k') of natural num-
bers such that ||Akr+1A,;1 || = oo and (3.4) leads to

ApALL ny
¢(Ak’+l)~*5( Xk/+1)> * 8 (Yk)

1Ak 1AL N4
I
= AL AT AR #800) > 5(0)
k' +183
. 1 Ak/Ai,l
with yy =z 11/|Apv+1A, || and | —~E-| =1 for all k" € (k).
1A AL

Combining the above evidence together with (3.3), Lemma 5 and Theorem 4.11
of Linde and Siegel (1990) we conclude the existence of an operator A € B(E)
with ||A|| = 1 and an element xg € E such that Au” * 6(xg) = 6(0). Hence, by
the same reason as in the proof of Proposition 1, g is not full, that contradicts the
assumption, therefore (3.5) must be satisfied.

Taking (x * %) into account, we get % — r for some subsequence (k") of
natural numbers and for some r € (0, 1). Then we can invoke (3.3), (3.4), (3.5),
Theorem 4.11 of Linde and Siegel (1990) and Lemma 5 to deduce that

p=Bp" x35(x)

with certain element x € E and certain operator B € B(E), being a cluster point of
the sequence of invertible operators (Ak/_HA];l) in the strong operator topology.
Next, arguing as in the proof of Proposition 1 we can infer that the operator B is
invertible. The proof is complete. (]

Note. If (3.1) holds for some sequences (n;) then under power of Lemma 2 we
see that

AN S(xp) =0 1 (3.1)

and (ng/n; + 1) — 1. Then from (3.1) and (3.1") we can build new sequences
(A}) € B(E), (x{) C E and (n}), such that (3.1) holds for them and 1 €
LIM(n,l / n,l 4 for arbitrary inf. div. measure p. Therefore, the condition (x * )
in the above theorem can not be replaced by ().

Proposition 4. Let u, A € P(E), B e Aut(E) and r € (0, 1). Suppose that i is a
full (B, (r))-semistable measure and there exists a sequence of invertible operators
(Ak) C Aut(E) such that (3.1) and (x*) hold. Then L. € DOSA(r, ).
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Proof. Let N be a natural number determined by rV > ¢ > rN*!. We define
nik =51 Ak =B 1Ay fori =1,2,...,N; k=1,2,.... Then, by virtue
of (3.1) and Lemma 5, forevery i =1, 2, ..., N, there exists a sequence (y; x) CE
such that A; A" % 8(yi x) = w B"_I/Jf*('*l) when k — oco. Meanwhile, from the
(B, r)-semistability of u we see that Bi—1p ™"
i=1,2,..., N.Hence,

= p * §(y;) for some y; € E,

ANk 8(yik —Yi) —w (3.6)

whenk —o0,i=1,2,...,N.

From (xx) we have LIM(ng/ng+1) C [c, 1]. If ¢t € LIM(ng/ng41) then by an
argument analogous to that used for the proof of Proposition 3, we see that
1 is (By, t)-semistable for some operator B; € Aut(E). Hence, by the (B, (r))-
semistability of u , we get t =" for some m € {1,2, ..., N}, and

LIM(ng/ngs1) = {rhM,rhM—l, e, rh‘} C {rN,rN*I, corfcle 11 37

for certain natural number M < N.
Let the sets of indices K,,, m =1,2, ..., N, be determined by

Ki={k:r'"™ <np/mpyy <13,

K, = {k:rh3_1 <ng/ngs1 < rhz_l},

Ky—1= {kirhM_l <np/ngy1 < VhM"_l},

Ky ={k:c <ni/niq1 < phm—l 1.
Then, in view of (3.7) and (), it is clear that {K1, K7, ..., K)s} forms a disjoint
partition of natural numbers, each K, is a countable infinite set and

lim ng/n = phm
k»oo,kel(m( k/Mk+1)

form=1,2,..., M. Consequently,

li hm=J =r/ 3.8
k»oé,rl?eKm([nk/r V/nis1)=r (3.8)
for m =1,2,..., M and every natural j. We extend the subsequence (ny) to a

new subsequence (n;) by adding suitable natural numbers between ny and (n441)
to make the segment (ng, [ng/r], ..., [nk/(rhm_l)], ni41) for k € K, Then (3.8)
implies limy—, o0 (1} /1 1) = .

The sequences (Ay) and (x) are also extended to new sequences (Aj) and (x)
by merging suitably the segments in the form of

(Ak,BAk, ...,Bh’”_lAk,Ak_H), keKy;m=1,2,.... M
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and the segments in the form of
(Xk, (V2.6 = ¥2)s - s (Vi ok — Vi) s Xkt1), ke Ky;m=1,2,..., M.
Then (3.6) and (3.8) lead to
AN 5 8(X) = 1

and (nj/nj ) — r as k — oo, that is, A € DOSA(r, ). The proposition is
proved. U

Under some conditions set for the operator B and the operator Ay in (3.1),
Krakowiak (1979) has shown that a full measure is B-stable if and only if its DOA
is not empty. The next theorem characterizes the domains of operator attraction.

Theorem 1. Let u, A € P(E), B € B(E). Suppose that p is B-stable and there
exists a sequences (Ak), (Xx) and (ny) such that (3.1) and (xx) hold. Then A €
DOA(n).

Proof. For all t € (0, 1], the B-stability of g implies the existence of an element
y: € E such that

wo=rBp 8y
Let the sequences (A} ) and (x!)) be defined by:
A, = (nj/m)PA;.
X, = (m/nj).(n; /m)PX; + Y, m
fornj <m<mnjy1, j=1,2,.... We infer that
AL s 8(xL) = (3.9)

as m — oo. Namely, let (") be any subsequence of natural numbers, then for each
m’ € (m’) one can find a natural number j,,/ such that

nj,<m' <nj ..
Hence, from (x*) we have
1> njm//m’ > nfm//”jm/‘f'l > c.
Then one can pick from (m) another subsequence (m’) such that
nj ./m"—uele1l.
Now, taking into account the fact that

B8, Yi— Y, ast—> o,
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for ¢, 1o € (0, 1], and applying Theorem 3.1 of Linde and Siegel (1990), we get
AL s s(x! )

1

B
nj., . " m
= ( ]W/l/ ) (Ajm//xn]m/’ *5(ij//))m /l’l./m// *8(—yjm///m“>

m T

— o B 5((1/w)ya) = @B x8v)"" = .

Thus, (3.9) is true by virtue of Theorem 2.3 in Billingsley (1968), that means
A € DOA(n), which concludes the theorem. ]

By definitions, it seems DOSA’s would be broader than DOA’s. However,
DOSA’s and DOA of a given stable measure in fact are equal. Namely the above
theorem implies the following.

Corollary 1. If n is a B-stable measure, B € B(E), then
DOA () = DOSA(r, )

for every number r such that 0 <r < 1.

4 Normal domains of operator semi-attraction and normal domains
of operator attraction

Let u, A € P(E), B € B(E). If there are an operator B, a number r € (0, 1) and a
sequence (xi) of elements from E such that g is B-semistable and

B s 5(x0) = (4.1)

then we say that A belongs to the normal domain of operator semi-attraction of p
(A € NDOSA(p)).

Here, the term “normal” is used to emphasize the fact that in (3.1) the norm-
ing operators Ay, in the form of B¥, and the natural numbers in the subsequence
(ng), in the form of [r—*], are closely related to the (B, r)-semistability of the
measure .

While normal domains of operator semi-attraction were studied by Jurek (1981,
1980) and Hudson et al. (1983) in finite dimensional spaces, this section of the
paper examine the problem of infinite dimensional spaces.

Theorem 2. Let r € (0,1), M € L(E) and p = e(M) be (B, r)-semistable with
invertible B € Aut(E) and

IB|| < r'/2. (4.2)
Then (4.1) fulfils when and only when the following two conditions hold:
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(a) Foreveryu e C(w),
[Fﬁk](Bkl)lE; —>u M|Ec. 4.3)

(b) There exist u > 0, g > 0 and a sequence (F,) of finite dimensional sub-
spaces of E such that

lim sup f d9(x, F,)B (1A 2)" Nax) =0, (4.4)
k JE,
where d refers to the distance in the Banach space E.

Proof. Let (4.1) hold. Then Theorems 3.4 and 3.11 of Acosta et al. (1978) imply
the existence of a sequence (X,i) C E, such that

Pois ([r *]B1) % 8(x}) =, e(M)

which yields (4.3) by virtue of Theorems 1.6 and 1.10 of Acosta et al. (1978). On
the other hand, from (4.1) we have

—k
BE(A2)Y T =, 1wl

This together with Theorem 2.3 of Acosta (1970) implies (4.4).

Conversely, suppose that (4.3) and (4.4) are true. Let b > 0 be any number from
C(p) and U, = B"E, N (B"T'E,)¢ for n =0, 1,2, .... Then from (4.2) we see
that B"E,, | {0} as n — oo and ;2 , U, = E, N {0}°.

Let a = ||B|| < r'/2. Then for any x € B¥E;, we have x = BXy with y € E;, and
x|l < IBX[||ly||*. Hence,

2r.,.—k k 2k12. —k _ (.2 ky2
OS/BkEb Ix17[r ] (B*A)(dx) < a™*b"r ™ = (a”/r)"b" — 0 4.5)

as k — oo.
Let (b,) be a sequence of positive numbers such that b, | 0. Since B~! € B(E),
for every n there exists a natural number m,, such that

E;, CB™E,;  Ep N(B™TE, ) £ 2.
Because m,, — oo as n — oo and M(dUg) =0, (4.3) leads to
/ Ix)1?[r %] (B*X) (dx) — f x> M (dx).
Uy Up
Hence, one can find a number D > 0 such that

o= [ ISP B )@ < D
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for all kK > 0. Then for n < k we have

2r..—k k _ non2r —k ken
0= [ INPE BN @0 = [ BB )@y
< [ Iy E ) @)
0

< (a?/r)" /U IylI*[r=*=](B*"1)(dy) < (a*/r)"D.
0
Therefore, in view of (4.5), for fixed ¢ > 0 and k > m,, such that
21—k 1k
X B L) (dx) <¢/2
fog, P B ) @0 </
we have
0= [ IPEHIB @ < [ IxP B ) @
Eyp, B"nE,

k—1

< [, P HIB ) @0+ X ([ 1B @)

Jj=my /
k—1
<&/2+ Z (az/r)jD <&/2+ (az/r)m”D/(l — (a2/r)) <¢

J=nmy
for n sufficiently large.
Consequently,

. . 2r..—k k _
h’I‘nll/?l/I:]bn Ix[1“[r~*](B*A)(dx) = 0. (4.6)

Besides, due to (4.3) we have
[r 1B A P) g = Mg (4.7)

for every b € C(u). Therefore, repeating the above reasoning we get
limlimf Ix)1*[r ] (B¥|11?) (dx) = 0 (4.8)
"k JEy,

for each sequence b, | 0.

Using the same technique as in Theorem 2.14 of Acosta et al. (1978), by virtue
of (4.4), (4.7) and (4.8), we can infer that the sequence (BKA]?) _k) is rela-
tively compact. Hence, taking into account of the conditions (4.3), (4.6) and The-
orem 2.10 of Acosta et al. (1978), by the same argument in the proof of Theo-
rem 2.14 given by Acosta et al. (1978), we can conclude that (4.1) is true. U

Remark. Inthe above theorem, the condition (b) can be replaced by the following
one:
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(b') There existu > 0, g > 0, a sequence (x;) C E and a sequence (F,,) of finite
dimensional subspaces of E such that

lim sup / d9(x, F, —x)BA " ax) = 0.
« JE,

Lemma 6. Let B € B(E) be invertible and ||B|| < 1. For t > 0 let denote
U, ={xeE: x| > |Bx| <t}.
Then

(a) B"U, NB*U, = & for all integers n £ k;
(b) EN{0} =U;2_..B"Us;

(c) An inf. div. measure p = e(M), M € L(E), is (B, r)-semistable, 0 <r < 1,
if and only if there exists a finite measure y, on U; such that

M) = Z r_”/U Ir (B"x)y, (dx), 4.9)

n=—0oo

where Iy denotes the indicator of a Borel subset ¥ of E N {0}€.

Proof. (a) Assume that B¥x = B"x for certain x € U, and for certain integers k <
n. Then x = B™*B"x = B"¥x and because |B|| < 1 and n — k > 0, we get

t< x|l < [B" . Bx| <1,

showing an obvious contradiction.

(b) Let x € EN {0} If ||x|| = ¢ then x € BYU,. In the case when ||x|| > ¢, we
see that B"x — 0 as m — oo. Hence, if n is the smallest natural number such that
|B"x|| > t, then x € B"U;. Finally, if ||x|| < ¢ then from ||B¥|| — 0 as k — oo,
resulting in IB—*x| > ||X||/||Bk|| — 00 and x € B7"U,, where n is the smallest
natural number such that ||[B™"*!x|| < r. Consequently, we always have x € B"U,
for certain integer m, which means (b) is true.

For the final assertion of the lemma, it is clear that (c) follows directly from
(a) and (b), by repeating the main argument of Theorem 3 in Krakowiak (1980).
Hence, the lemma is proved. 0

Proposition S. Let0 <r < 1,M € L(E) and B € B(E) be invertible. Suppose that
(4.2) fulfils, p. = e(M) is (B, r)-semistable and t is a positive number such that U,
is an M-continuity subset. Then (4.1) is confirmed if and only if (4.4) is true and

lim[r " ]B"A(G) = ¥,(G) (4.32)

Sfor all y ;-continuity subset G of U;, where y, is defined by Lemma 6.
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Proof. The number ¢, such that U, is an M-continuity set, always exists. There-
fore, by Theorem 2, we need only to prove that (4.3) and (4.3a) are equivalent.

From the equation y, = M|y,, (4.3) directly implies (4.3a). Conversely, as-
suming (4.3a) is true, then for every M-continuity subset G of BXU;, k =
0,£1,42,..., theset B *Gisa v ;-continuity subset of U;. Therefore, in view of
Lemma 6, we have

[r"B"A(G) = [r"|B"A(B*B7*G) = ([r "]/[r " *]).[r " ]B"*L(B7*G)
— r*y,(B7G) = r *"M(B7*G) = M(G),
ie.
[r"]B"A(G) - M(G)

for every M-continuity subset G of BkUt, k=0,=%1,£2,....On the other hand,
because U; is an M-continuity set and B is an invertible continuous operator, BfU,
is an M-continuity set for every integer k. This certifies the fact that (4.9) holds for
every M-continuity subset G of E N {0}¢ such that

ko
GCUBkUI, —o0 < ki <kp < 00.
k=k;

Hence, based on Theorem 1.2.2, Billingsley (1968), we get (4.3), the proposition
is proved. g

Proposition 6. With the assumption of Proposition 5, the condition (4.1) fulfils if
and only if (4.4) is true and

lim{r A ({B*x:x € G,k = n}) =y, (G)/(1 — 1) (4.3b)
for every y ,-continuity subset G of U, where y, is as in Lemma 6.

Proof. In view of Theorem 2, it is sufficient to verify that (4.3) and (4.3b) are
equivalent. Let (4.3) hold and G be a y,-continuity subset of U;. Then

e8]
F={B*x:xeG,k=0,1,2,..}=JB*G
k=0

is an M-continuity set. Moreover F is separated from 0. Then (4.3) together with
Lemma 6 yields

lim[r~"](B"A)(F) = M(F) = Y _r “p,(G) =y, (G)/(1 —1).
k=0

Consequently we have (4.3b).
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Now, let us suppose that (4.3b) is true. Then for a y,-continuity set G of U, we
have

[r"IA({B*x:x € G, k>n+1})
=" D IN({BR ) x € Gk = n 4+ 1)) = ry, (G)/(1 —r).
Therefore,
[ ]B"A(G)
=[r "B *x:xe G,k >n}\ {B*x:xe€ G, k>n+1})
=[r"AM({B*x:xe G,k >n}) - [r "]A({B*x:x € G,k >n +1})
= 2:(G)/A=r)—ry,(G)/0—-r)=y,(G),

that is, (4.3a) holds, which implies (4.3) by virtue of Proposition 5. The proof is
complete. U

When B is of the form cI, ¢ # 0, and u is a non-Gaussian (c, r)-semistable
measure, that is, the exponent p of p satisfies 0 < p < 2, then u is of the form
pw=eM),Me L(E) and |B| =|c| < r1/2, Further, (4.1) is reduced to

TaAl ™ T 5 8(x0) = 1.

In this case, we say that A belongs to the normal domain of semi-attraction of
(A € NDSA(u)). Meantime, (4.4) is reduced to

(4.4b) There exist u > 0, g > 0 and a sequence (F,,) of finite dimensional sub-
spaces of E such that

—k
limsup/ A9, F) T (A2 (dx) =0.
"k JEy

Moreover, the set U; in Lemma 6 is reduced to
Vi={xeE:t <|x| <t/|c|}.

Hence, we have the following characterizations of normal domains of semi-
attraction of non-Gaussian semistable measures.

Corollary 2. Let u be (c, r)-semistable with exponent p € (0,2),0 <r < 1. Then
A € NDSA(uw) if and only if (4.4b) holds and

[r"]T4A(G) — M(G)

as n — oo for all M-continuity subset G of V¢, where M is the Lévy measure of i
and t is a positive number such that M(0V;) = 0.
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Corollary 3. With the assumption as in Corollary 2, A € NDSA(n) if and only if
(4.4b) is true and

[r A ({c*x:x € G, k > n}) - M(G)/(1 —r)
as n — oo for every M-continuity subset G of V;, where M(dV;) = 0.
In the following part, we examine the concept of normal domains of operator
attraction of operator stable measures. Let u,A € P(E), B € B(E) and p be B-

stable. Then we say that A belongs to the normal domain of operator attraction of
M (in symbols A € NDOA(p)) if

nBA % 8(yn) > w (4.10)

as n — oo for some sequence (y,) of elements from E.

Lemma 7. Let p be a B-stable measure. Then the condition (4.10) holds if and
only if there exist a number r € (0, 1) and sequence (x;) C B(E) such that

PR g s (xp) = @.11)

as k — oo.

Proof. It is obvious that (4.11) comes from (4.10), taking » = 1/2 for example.
Conversely, by an argument analogous to that used for proving Theorem 1, (4.11)
implies (4.10). The lemma is proved. O

Combining Lemma 7 and Theorem 2, we conclude the following proposition.

Proposition 7. Let M € L(E) and p = e(M) be B-stable for some B € B(E).
Suppose that there exists a number r € (0, 1) such that 7Bl < r1/2. Then (4.10)
holds if and only if the following two conditions are true:

(a) Foreveryu e C(w),
[r*]r*BAlge —w Mg . (4.12)

(b) There exist u > 0, g > 0 and a sequence (F,,) of finite dimensional sub-
spaces of E such that

lim sup / d7(x, F)rB(a)" Ndx) =0, (4.13)
k JE,
where d refers to the distance in the Banach space E.

Given an operator B, we denote

V.t)={xeE: x| >1; er|| <t}

Then Proposition 5 together with Lemma 6 yields the following proposition.
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Proposition 8. Letr, ., B be as in Proposition 7 and t be a positive number such
that

M3V, (1)) =0. (4.14)
Then (4.10) fulfils if and only if (4.13) holds and
[r"]r"BA(G) = ¥,(G)
as n — oo for every y,-continuity subset G of V,.(t), where y, = M|y, ().

As a corollary of Theorems 3.2 and 4.2 in Krakowiak (1979), we have the fol-
lowing lemma.

Lemma 8. Let i be a full p.m.on E, p = e(M), M € L(E) and B € B(E) satisfy
B0 (4.15)

as t — 0. Then p is B-stable if only if there exist a finite measure y on the unit
sphere S of E such that

o0
M(F) = / / Ip(:Px)i 2 diy (dx), (4.16)
SJO
where Ig denotes the indicator of a Borel subset F of E \ {0}.

The measure y defined in Lemma 8 is called a spectral measure of . In view of
the lemma we see that if (4.15) fulfils and & = ¢(M) is a full B-stable measure then
(4.14) is always true. Moreover, the following Proposition 9 is the generalization
of Theorem 1.1 of Jurek (1980).

Proposition 9. Let r € (0, 1) and B € B(E) satisfy
[P <2

Assume that g = e(M), M € L(E), is full B-stable on E. Then (4.10) is true if and
only if (4.13) holds and

Jim ar({uPx:x e Guza}) =y(G) (4.12b)
for every y-continuity subset G of the unit sphere S.

Proof. We infer that (4.15) holds and consequently (4.16) is true. Namely, let (z,)
be any sequence of positive numbers tending to 0. Then there exists a sequence
(k) of natural numbers such that k, — oo as n — oo and

tn:rk".sn, r<s,<1l.
Therefore

0 <] <lsyll-I~**] —o.
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due to
|2 < (12 0

and of the inequalities ||s,lf|| <A /sn)IIBH <@/ r)IBIl are obtained straightfor-
wardly from the power series expansion. Thus, (4.15) is satisfied.

When (4.10) holds, (4.13) comes from Proposition 7. Besides, arguing as in
Theorem 2, by virtue of Theorems 1.6, 1.10, 3.4 and 3.11 in Acosta et al. (1978),
we can infer that

n(n PA) g —w Mg (4.17)

for every u € C(u).
Let G C S be a y-continuity set. Then in view of Lemma 6, it is easy to see that
= {uBX :x € G, u > 1} is an M-continuity set. Moreover, F is separated from 0.
Hence, (4.16) together with (4.17) implies

n(n"BA)(F) - M(F) = y(G) /loo 172dt = y(G).
In addition,
n(n BA)F) = nA({(nu)Bx:x € G, u > 1}) = nd ({uBx:x € G, u > n}).
Consequently,
nk({u x:Xx€G,u>n})— y(G) (4.18)
as n — oo for every y-continuity subset G of S. Meanwhile,
[a]k({u x:x€G,u>[a]+1}) <ak({u x:x€G,u >al)
< ([a] + Dr({uPx:x € G, u > [a]}).

This, together with (4.18), implies aA({uPx:x € G, u > a}) - y(G) as a — oco.
Then (4.12b) is proved.

Conversely, if (4.12b) and (4.13) hold, then for each y-continuity subset G of S
and for every positive number b, by virtue of (4.16) we have

nA({uPx:x e G, u > nb})
= (l/b).nb.k({u x:x € G,u >nb}) — (1/b)y(G)
as n — oo and
(1/b)y(G) = (G)/ t72dt =M({u®x:x € G, u > b}).
Hence, for 0 < b < ¢ < oo we get
n.(n B ([uPx:x e G, b <u <c))

=nA(juBx:xe G, nb <u <nc})) > M({uPx:xe G, b <u <c})
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asn — oo, and
-B
n(n""A)|gs —w Mg

for every u € C(u), because the sets of the form {qu:X € G,b <u < c}, where
y(0G) =0, 0 < b < ¢ < o0, satisfy the condition of Theorem 1.2.2, Billingsley
(1968). In particular, we get

[P 17 g = Mg

for every u € C (). This implies (4.12), therefore Proposition 7 yields (4.10). The
proof is obtained. 0

Let us consider a B-stable measure p, where B is of the form (1/p).Iand pisa
positive number. Then p is a stable measure on E and 0 < p < 2. Besides, (4.10)
is reduced to

T,-1p ()»n) *3(Yn) = w M.

In this case, A is said to belong to the normal domain of attraction of . Besides,
(4.13) is reduced to

(4.13a) There exist s > 0, g > 0 and a sequence (F,,) of finite dimensional
subspaces of E such that

—k
lim sup / d?(x, F)Tasp (M) Ndx) = 0.
k ELI

Thus, Proposition 9 gives the following characterization of normal domain of at-
traction of full stable measure with exponent p € (0, 2):

Corollary 4. Let  be a full stable with exponent p € (0,2). Then a p.m. A belongs
to the normal domain of attraction of p if and only if there exists a number r €
(0, 1) such that (4.13a) holds and

tPA({x:x/|x]| € G, |x]| = t}) — ¥ (G)

as t — oo for all y -continuity subset G of S, where y is the spectral measure of i.
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