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Remarks on convergence of types theorems
on finite dimensional vector spaces

By WILFRIED HAZOD (Dortmund)

Abstract. The Convergence-of-Types theorem for finite dimensional vector
spaces turned out to be a most powerful tool for investigations of limit theorems in
probability theory. A convenient formulation is the following: Let B be a group of affine
or linear transformations (“admissible normalizations”) acting on the vector space E
and let 7 C M'(E) be a suitable set of probabilities (“full or non-degenerate w.r.t.
B 7). Let further (un),pu,v C F and (an) C B. Then pn — p and onpn — v imply
that (an) is relatively compact. And then v = au for any accumulation point o of
(an).

In the language of transformation groups this means that the group of normaliza-
tions B acts properly or perfectly on the set of full measures F.

Unifying previous investigations we present a method to construct suitable classes
of full measures F for a given group B. And in the sequel we apply this method to
concrete examples of groups. As a by-product a new proof of the convergence-of-types
theorem for nilpotent simly connected Lie-groups is obtained, based on linear algebra
and avoiding any deeper knowledge of Lie-group theory.

The history of convergence-of-types theorems started with KHINT-
CHINE’s investigations [K] on the behaviour of the distributions of normal-
ized real random variables, see also e.g. [L] or [GK]. Since then the ideas
and techniques developed there found various applications and were gen-
eralized in different directions. See e.g. [LS], [Ba], [JM] for recent surveys
on the literature.

A new branch of investigations started with [F], independently [Bi],
[Sh]: Now the limit behaviour of distributions of vector valued random
variables normalized by linear operators resp. affine transformations is
considered with applications to operator-stability (see e.g. [Sh], [HMV],
[M]), operator-semi-stability (e.g. [Ja], [Lu], [S]), self-decomposability (e.g.
[U], [J]), operator- self-similar processes ([HM], see also [W], [W1]). For
generalizations to infinite dimensional spaces and applications see e.g. [LS],
[JM], [Si] and the literature mentioned there, for applications to the theory
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of extreme values see e.g. [P1], [P2]. For similar concepts in the frame-
work of probabilities on groups see e.g. [B], [HN], [N], [Hal-3], for nilpo-
tent groups and compact extensions, and see [D] for general connected Lie
groups. For applications to stability and semi-stability on locally compact
groups see e.g. [B], [DG], [Hal], [Ha4-6], [N], [Sch1-2], for totally discon-
nected groups, e.g. for p-adic-vector spaces see [Sha] or [T].

Convergence of types theorems are usually formulated as follows: Let
E be a vector space (or a group), let B be a group of linear or affine trans-
formations (or automorphisms) acting on E. Then B acts canonically on
the probabilities M (E). (Call B the group of admissible normalizations).
Let F C MY(E) be a subset of measures (in the sequel called full with
respect to B, in short: B-full). Then F and B fulfil the convergence of
types condition (C-T)

(C-T) if (un),p,v € F,(an) C B, up — p and app, — v imply
that () is relatively compact in B.

And then ap = v for any accumulation point a of ().

In most investigations mentioned above B is the whole group of linear
operators GI(E), resp. the corresponding group of affine transformations
AG(E). Then the corresponding class of full measures F = Fp are those
which are not concentrated on a proper subspace resp. on a proper hy-
perplane ([Sh]). And if the group B is the group of homothetical trans-
formations resp. the corresponding affine group then (C-T) holds with
F = MY (E)\{eo} resp. M}(E)\{e., = € E}. But already the investiga-
tions for nilpotent groups ([N], [HN]) — the first examples of non-abelian
groups — lead in a natural way to the more general concept: Given a group
B acting on E, try to construct a suitable large class of “full” measures
F such that (F,B) fulfil condition (C-T). And it is natural to expect that
the size of F depends on the size of B : F increases if 5 decreases.

In investigations of limit distributions on finite dimensional vector
spaces usually the limit measure is supposed to fulfil the strong fullness
condition of SHARPE [Sh], whereas the proofs often only depend on the
validity of the convergence of types theorem, see e.g. [HM], [W], [W1], [JM].
Hence it is possible to obtain analogous results in more general situations
without changing the proofs. This remark is essential for investigations of
the behaviour of group-valued random variables: Here it turns out that
problems on groups often can be solved by studying equivalent problems on
vector spaces (and vice versa). Only the group of admissible normalizations
and the corresponding fullness concept have to be changed in a proper
way. So, the following may be considered as an attempt to unify previous
investigations and may serve as a tool box for further applications.
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The investigations in [D] and [Ha3] lead into different directions: For
a general connected Lie group G we fix F to be the set of probabilities not
concentrated on a proper connected subgroup. Then it is shown that under
restrictions on B, e.g. B being contained in the connected component of
the group of automorphisms Aut(G), F and B fulfil the convergence of
types condition (C-T).

We start (§1) with a general formulation of (C-T) conditions within
the framework of topological transformation groups. It is pointed out that
(C-T) means exactly that the transformation group acts properly (in the
sense of Bourbaki [Bou]) resp. perfectly ([E]) on a suitable set of “full
measures” F C M!(E). Hence various properties of full measures follow
directly from well known results in the theory of transformation groups.
We collect some of these results in Theorem 1.4.

In the following (§2. ff) we restrict our considerations to groups of
linear or affine transformations acting on a finite dimensional (hence locally
compact) vector space. It turns out that — from the point of view of
transformation groups — it is not necessary to distinguish between linear
and affine transformations (§2). We show then that (C-T) may be replaced
by weaker boundedness conditions (W-C-T) (§2) resp. (W-C-T*) (§3), and
we present a method to construct full measures F = Fp fulfilling these
boundedness conditions for a given group B (§3).

Then, in §4, we show for concrete examples that this method solves
the problem of finding a suitable class of full measures Fp for a given
group of normalizations B, unifying previous investigations. Moreover, we
show that in most examples the so constructed class Fi of full measures is
maximal. Indeed, in these cases we obtain the following characterization :
w is full iff the invariance group Jg(u) is compact.

As a special application of t the methods we tain finally — in The-
orem 4.8. — a new proof for the convergence of types theorem for sim-
ply connected nilpotent Lie groups ([HN], [N]); a proof which applies the
above-mentioned vector space methods to the tangent space of the group,
hence a finite-dimensional vector space, thus avoiding any deeper methods
from Lie group theory.
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81 Types and transformation groups

We start with some general considerations concerning types of proba-
bilities and convergence of types within the context of topological transfor-
mation groups. The idea to consider convergence of types and type-spaces
of probabilities from a topological point of view appears already in [Doe].
See also [Ba] for a survey on the history. To avoid difficulties with non-
Hausdorff topologies on quotient spaces we restrict the considerations to
suitable subsets F = Fp of probabilities called “full w.r.t. B” or in short
“B-full”.

Let E be a topological space, let B be a topological group acting con-
tinuously on E, ie. 0 : Bx E — E x E,(«a,x) — (x,ax) is continuous.
In order to simplify notations and to avoid more or less trivial problems
we always assume E and B to be Polish. (In fact, in the sequel (§2—8§4)
we shall restrict our considerations to matrix groups acting on finite di-
mensional vector spaces.) Let M!(E) be the set of probabilities on E,
endowed with the topology of weak convergence. So, B acts continuously
on M!(E) in a canonical way: For f € C*(E),u € MY(E),a € B, we put
(ap, f) == [ fdaw := {(u, foa). Define 6 : Bx MY (E) — M'(E)x M(E)
by (o, 1) — (p, ap), then 6 is continuous. I.e. B acts as transformation
group on M!(E).

Definition 1.1. The action of B on M!(E) defines an equivalence
relation ~5 (in short: ~) on MY(E) : p ~ v iff By = By, i.e. iff p = av
for some a € B. Following the usual notations in probability theory we
define B-type of u (in short: type) to be the orbit Bu. Furthermore, the
quotient space 7 := M!(E)/ ~, endowed with the quotient topology
is called type space. m : M'(E) — T denotes the canonical projection
w— B

Let F C M!(E) be B-invariant, considered as topological space w.r.t.
the induced topology. Then ~ restricted to F defines an equivalence re-
lation on F. Let 7(F) := F/ ~ be the quotient space, endowed with
the quotient topology, the type space of F, let nr : F — T(F) be the
canonical projection and let finally i : F — MY(E) resp. j : T(F) — T
be the inclusion maps.

For p € MY (E) put J(p) := Tp(p) = {a € B:ap = p}. J(u) is
usually called invariance group resp. symmetry group (linear resp. affine
normalizations) in probabilistic language, isotropy group or stabilisator in
the language of transformation groups.

Proposition 1.2. a) The map 0 : (a,pu) — (p,ap), B x MY (E) —
MY(E) x MY(E) and the inclusions ¢ : F — MY(E) and j : T(F) — T

are continuous.
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b) The quotient maps 7 and wx : F — T (F) are continuous and open.

c) If F is closed or open in M*(E) then on T (F) the quotient topology
of F/ ~ and the induced topology of T coincide, i.e. j is a homeo-
morphism j : T(F) «—— j(7(F)) C 7. Hence in this situation we
may use the abbreviation m instead of mr.

d) The quotient topology on T (F) is T1 iff the orbits Bu are closed in
F. T(F) is a Hausdorff space iff the relation ~ has a closed graph
A={(p,v): Bu=DBr}inF xF.

PROOF. a) See e.g. [Bou] I §3 N°6. b), c¢) see [Bou] I §5 N°2, Proposi-
ton 3, 4; resp. III §2 N°4, Lemma 2, or [RD] Ch. 4, Lemma 4.4, 4.5, resp.
[E] Ch. 2, 2.4. d) See [Bou] III §8 N°3, Propositon 8, resp. [E] Ch. 2, 2.4.

O

Recall that a continuous map f : X — Y between topological spaces is
called proper if for any topological space Z the map f®idy : X xXZ — Y xZ

is closed Hcf. [Bou] §10 Nolﬂ . A transformation group G acts properly on
a topological space X iff the map 0 : (g,z) — (z,92),G x X — X x X, is
proper [{cf. [Bou]| IIT §4 Nolﬂ.

Remark. Continuous proper maps resp. actions on a Hausdorff-space
are “perfect” in the sense of [E] Ch. 3, 3.7. See also [RD]. Especially, proper
maps ¢ : X — Y are closed and ¢~ !(K) is compact for any compact

K CY. [[Cf. [Bou] I §10 N°2, Th. 1 or [E] Ch. 3, Th. 3.7.2]

For our purposes we prefer equivalent formulations (G := B, X :=
F Cc MY(E)):
Proposition 1.3. B acts properly (or perfectly) on F iff
a) 0: (a,pu) — (u,ap) is a closed map and if the invariance group J ()
(cf. Definition 1.1) is compact for p € F, equivalently, iff
b) for any sequence (au,, pi,) in B x F such that (pn, anpn) — (1,v) €
F x F the sequence («,,) is relatively compact in B.
And then for any accumulation point « of (c,) we have au = v.

PROOF. a) See e.g. [Bou] I §10 N°2, Théoreme 1: Note that B and F
are supposed to be Hausdorff spaces, hence quasi-compact sets are com-
pact, and furthermore that 0= (u,v) = {(B, 1) : Bu = v} = BoT (1) x {u}
for some By € B with Gopu = v.

b) See [Bou] IIT §4 N°1, N°2, Proposition 4. See also [E] Ch. 3, Theo-
rem 3.7.13 O

For further use we collect some facts concerning properly acting trans-
formation groups:
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Theorem 1.4. Assume B to act properly on F. Then

a) T (F) is Hausdorfl, especially the orbits Bu are closed in F for any
uweF

b) for any u € F the map « — au : B — F is proper

¢) moreover we have B/Jz(n) = Bu, where

d) Js(p) is a compact group

e) for any compact set K C F and any u € F the set {a € B: au € K}
is compact in B.

f) for any compact K,L C F the set {(a,u) € Bx F : p € L and
ap € K} is compact.

g) for any compact K C F and closed F' C B the set F.K is closed in F.

h) If B is locally compact we have: B acts properly on F iff for any
w,v € F there exist neighbourhoods V (u), W (v) such that {o € B :
aV(w) N W(v) # 0} is relatively compact.

PROOF. a)-d) See e.g. [Bou] III §4 N°2, Proposition 3,4. e¢) is a
consequence of b) and the remark below 1.2.
f) By assumption 6 : (o, ) — (p, ap) is proper hence ~1(L x K) is
compact.
g) See [Bou] III §4 N°5, Corrollaire. h) See [Bou] III §4 N°4, Prop. 4.
O

For further properties of proper (perfect) maps see also [E] Ch. 3, 3.7.

Following again the usual notations in probability theory we are led to

Definition 1.5. (B,F) fulfil the convergence of types condition if for
any sequence (i) C F, (ay) C B such that p, — p and apu, — v

with p,v € F the sequence («,,) is relatively compact in
(C-T) B. Then, for any accumulation point « of («,) we have
ap=v

Remark 1.6. In most applications F will be an open subset. Then
(C-T) is equivalently formulated as follows:

Let (pn) € MY E), () C B, i — fy Vn = Qi — v. If

(C-T7) pand v € F then (o) is relatively compact in B.

In view of Proposition 1.3.b) we obtain the following translation from the
language of transformation groups into probabilistic language:

Remark 1.7. B acts properly respectively perfectly on F iff (B,F)
fulfil the condition (C-T). Hence e.g. the assertions of Theorem 1.4 hold if
(C-T) is fulfilled.
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Let (pn),p,v € F,(an) C B and app, — v. Then, mx being con-
tinuous, the types mz(u,) converge to mx(u) in the topology of the type
space 7 (F), and conversely. Indeed, the following observation will help to
understand better the notion “convergence of types”:

Theorem 1.8. Let F C MY(E). Assume mr(u,) — mr(u) in the
type space T (F).
a) Then there exist (o) C B such that o, — f.

b) If T(F) is a Hausdorfl space then for any sequence (3,) C B such
that Bhpu, — v € F we obtain v = [Bu for some 3 € B, i.e. v and p
belong to the same type.

¢) If moreover (B,F) fulfil (C-T) then app,, — p € F and Bpp,, — v €
F imply that wz(u) = nx(v) and that (B, ') is relatively compact,
the accumulation points belonging to {y € B: yu =v} = vJ (u), for
some 7y € B.

[Note that obviously we have wz (i) — Tx (1) and wz(Bnpn) — 77 (V)
in a), b) and c).]

PROOF. a) mr is continuous and open (Proposition 1.2. b)). There-
fore we can choose neighbourhood bases W of p in F and V := {mzW :
W e W} of w(u) in 7(F). We write in short 7 := 7. Given W € W
there exists n = ny € IN, such that for n > ny we have Ty, € V =7W.
Hence Bu,, € BW, therefore we have a,u, € W for some «, € B and
for sufficiently large n > ny . Considering a sequence of neighbourhoods
Wi\ {ie}, hence 7Wy,, N\, {mu}, we can find a suitable sequence (a,) in
B such that a,u, — p.

b) Assume moreover (3, — v, then wu,, — wv. If T(F) is Hausdorff
then 7p = 7y, i.e. By = Br. Hence v = Gu for some G € B.

¢) We have anu, — p and (8o, Y)anp, — v, whence by (C-T)
relative compactness of (3,a,,!) follows. The rest assertions of ¢) follow
immediately. O

Finally, we note the following consequence of the (C-T') condition resp.
of Theorem 1.4. The proof is left to the reader.

Corollary 1.9. Assume (B,F) to fulfil (C-T). Then, for a compact
set K C F the set U,ueK Js(w) is compact in B. [Cf. Theorem 1.4.f)].
Therefore, if p, — p in F, then Jg(un) — Jp(p). (Convergence in C(B),
the set of compact subsets of B).
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82 Affine and linear normalizations

Let E = R? be a finite dimensional real vector space, let End(E) re-
spectively Aff(E) denote the semigroups of linear respectively affine trans-
formations on E, furthermore let G1(E) respectively AG(FE) be the linear
group of E respectively the group of invertible affine transformations en-

dowed with the natural topology. Let B be a closed subgroup of G1(F)
[respectively of AG(E)], hence acting in canonical way as transformation
group on FE.

In probability theory it is usual to distinguish between linear and affine
normalizations. (See e.g. the definitions of stability and strict stability in
[Sh], [JM], [HMV], [Lu], [S], [Ja].) We show that from the point of view of

convergence-of-types theorems this distinction is not essential:

Definition 2.1. Let E= R? A := E®R = R%!. Let U be the affine
embedding E — A,z — (x,1), defining a canonical affine embedding

¢ : Aff(E) —End(A) [AG(E) — Gl(A)] via (v)(Vz) = ¥(yz), v €
Afi(E), z € E [respectively v € AG(E), z € E.|

The embedding ¥ of E in into A induces a topological isomorphism
between M'(E) and ¥(MY(E)) = {p € M*(A) : supp(p) C ¥(E) =
E @ {1}} endowed with the induced topology of M!(A).

Definition 2.2. Let F C MY(E), let C be a subset C End(E) [resp.
C CAfi(E)).

(C, F) fulfil the weak convergence of types condition (W-C-T) if for
i, 11, yv € MY(E) the conditions

(an) € C, iy, — y Qppty, — v and p € F imply that (o)
(W-C-T) is relatively compact (i.e. bounded) in End(E) [resp. in
Aff(E)].
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If C = B is a group we have

Lemma 2.3. Let B be a closed subgroup of G1(E) respectively AG(E),
let F be B — invariant in M*(E). Then (B, F) fulfil (C-T) iff (W-C-T) is
fulfilled.

PROOF. Assume (W-C-T) to hold. Let p,, — p, appbry — v, fin, ft, v €
F. Apply (W-C-T) to “pn, — p, apptn, — v, p € F” then boundedness
of (a,) follows. On the other hand apply (W-C-T) to “v,, := anpin — v,
o, i= i t(vn) — p, v € F7 then boundedness of (a;,!) follows.

Conversely, (C-T) implies (W-C-T), as easily seen. O

The simple Lemma 2.3 turns out to be extremly useful. E.g. with the
notations above (2.1-2.3) we obtain immediately:

Proposition 2.4. Let B C AG(E) be a closed subgroup, let F C
MY(E) be B-invariant. Put B* := ®(B) C Gl(A) and F* := ¥(F) C
MI(A), where A, ®, ¥ are defined as in 2.1. Then (B, F) fu]ﬁ] (C-T) iff
(B*, F*) do.

ProOOF. By Lemma 2.3 it suffices to check only the weak condition
(W-C-T) for (B, F) resp. for (B*, F*). Whence the assertion immediately
follows. O

Therefore, in the following we will restrict our considerations to closed
subgroups B of the linear group GI(E) acting on E = R?

Proposition 2.5. Let B be a non-compact closed subgroup of G1(E)
[resp. AG(E)]. Then there exists a unique maximal open subset Fp =
F C MY(E), such that (B,F) fulfil the convergence of types condition
(C-T).

PROOF. Let V := {F C MY(E) : F is open and (B, F) fulfil (W-C-
T)}. Then obviously, V is stable w.r.t. finite unions and for any directed
chain (F,) C V we have | JF, € V. Hence, by Zorn’s lemma, there exists
a unique maximal element F° in V. Now Lemma 2.3 yields that (B, F°)

fulfil (C-T). O

Indeed, the assertion of Proposition 2.5. is valid in more general situa-
tions considered in §1. But here we are mainly interested to obtain explicite
constructions and descriptions of classes of B-full measures Fp. This will
be done in the following §3 and 4. In most examples the constructed Fp
will turn out to be maximal for the given group B.
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63 A method to construct full measures, given B

Let E = RY F =~ R® be finite dimensional vector spaces. Put
Fo(E) :== MY E)\{eo} and F;1(E) := {u : s not concentrated on a proper
linear subspace}, furthermore let F§ := {p : u* it € Fo} and define F;
analogously.

Note that Sharpe’s “full measures” (cf. [Sh]) — called non-degenerate
in [B] — are defined to be not concentrated on proper hyperplanes, hence
are just the measures belonging to F;(E).

Let H(E) := {x +— tz : t > 0} be the group of homothetical trans-
formations on E. It is well known that (GL(E),Fi(FE)) resp. (AG(E),

F(E)) as well as (H(E), Fo(E)) fulfil (C-T). ﬂSee e.g. [Sh], resp. [K],
[L], [GK]. Note that a proof for homothetical transformations on R? is
identical with a proof for probabilities on the real line. See also 4.4.a)

below.ﬂ

Remark that obviously
FE) = [ ¢ " (Fo(R)= [ {neME): op)#eo}.

pEE\{0} pEE\{0}
Therefore we define in an analogous way for an auxiliary space F = R*®:
Definition 3.1. Let H CLin(E, F)\(0), H # (. Then we define:
Fr =F(E) ={n€ MYE): p(n) #eco,p € H} =\ e ¢ (Fo(F)).
For latter use we define further:

Fiyp = Fy(E) = {pe M (E): p*jic Fu}.

For a subset A CLin(E, F)\{0} put I'4 := {mg) NS A} and K4 :=
{tp:t>0,p € A}. Obviously we have Fgg = Fr,;, = Fipy-
The subsequent conditions (3.1) and (3.2) are always supposed to be
fulfilled:
(3.1) I'gr is assumed to be closed, hence compact
(3.2) and Kg to be B-invariant Ky = Kgp (hence 'y = T'yp)
(where B CEnd(FE) acts in canonical way on Lin(E, F') from the right).
According to the notations introduced in previous investigations, esp.
in [Sh], we call probabilities belonging to Fgr [resp. .7-";[] B-full [resp. B-
shift-full, in short B—S—full]. Note that in the definition of full measures
above Fy(E) and B CEnd(FE) are connected by H and F' via the con-

ditions (3.1) and (3.2). Hence we frequently use the notation Fg =: Fp
and call the measures in short B-full, or full w.r.t. B.



Remarks on convergence of types theorems ... 207

Remark. Obviously, Fo(E) = Fu(E), where F := E, H := {id},
and F1(E) = Fu(E), where F := R, H := E’\{0}. Furthermore, as
easily seen F§(E) = MYE)\{e, : * € E} and F{(E) = {p : p not
concentrated on a hyperplane}. Therefore we obtain

Proposition 3.2. a) F§;(FE) is an open ideal in the convolution semi-
group M (E) and Fg(E) is an open subset containing Fi;(E).

b) Furthermore, the inclusion F§; O {u € Fg : 0 € supp (u)} holds
true.

c¢) Let p € Fg [resp. Fg|. Then {v € M'(E) : supp v 2 supp u} C
Fu [resp. C ]:j?{]

d) Fg(E) ={p:p(p) #e, forallz e F, p e H} = ﬂHcp_l(fg(F)) =

o€

{p:Y(p) # o for all affine : x — px+a, p € H, a € E}.

PROOF. a) As easily seen, F§(F) = M (E)\{e, : x € E} is an open
ideal in M1(F) and Fo(F) is open, Fo(F) 2 F§(F). Hence ¢~ (Fo(F))
and ¢ Y(F3(F)) are open in MY (E) for any ¢ € H, furthermore
@~ (FS(F)) is an ideal. Hence () g ¢~ (F5(F)) is an ideal.

Further, the representations Fu(E) = (\ cg 0o Y Fo(F)) and
FS(F) ={p: pxfi € Fo(F)} show that Fp(E) = N,ep ¢~ (F5(F)).

Hence we have to show that Fg(E) and F§;(E) are open. Since we

may assume H = 'y to be compact, assertion a) is a consequence of the
following simple

Lemma. Let K, F,G be Hausdorff spaces, let K be compact and ¢ :
K x F — G continuous. Then for any open W C G the set [\,cp{f € F':
¢(k, f) € W} is open in F.

b) Obviously, F3(F) 2 {u € Fo(F') : 0 € supp(u)}. Let u € Fu(E)
and assume 0 € supp (u). Then by definition, for ¢ € H we have p(u) €
Fo(F) and 0 = ¢(0) € supp (¢(u)). Hence p(u) € F5(F') and therefore
U= ﬂweHSDil(]'—g(F)) =Fhu-

The assertions c) and d) are proved in a similar way. O

The next — nearly obvious — result is, together with Proposition 2.4
and 4.4, the key to our construction of suitable classes of full measures
fulfilling the convergence-of-types condition (C-T) for a given group B:

Proposition 3.3. Let B CEnd(E),E = R?, let F = R¥ be an aux-
iliary space. Furthermore, let H C Lin(E, F)\{0} such that Fg and B
fulfil (3.1) and (3.2).
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Then p, — W, anptn — v, u € Fgyg imply the boundedness property
(W-C-T%) sup sup H<panH < 00.
n pely

(And hence, if for given B the set H is suitably chosen (W-C-T*) implies
(W-C-T). Cf. the examples in §4.)

PROOF. Let fin, p,v € MYE), y — i, appin — v, where (o) C B.
Assume p € Fp, and suppose w.l.o.g. H = Kg and hence 'y = I'gp
according to (3.1) and (3.2). 'y being compact, there exist ¢, € I'g
such that ||pay,|| attains the maximum at ¢,. Assume ngnanH — 00, and
assume w.l.o.g. ¢, — @ € T'gy. Then ¢, = T——@nan, has an

lione | n>1
accumulation point ¢~ € I'y. But wnanp, — v, and 1/ || ppan ||\ 0,
therefore 1)~ (u) = £¢ in contradiction to the assumption p € Fg. We
have proved that {HcpanH} is bounded for ¢ € H. The assertion follows.
O

Note that in case F = R, H = E’'\{0} this is just the usual proof of
the convergence of types theorem.

The role of the classes Fg of S-full measures is illustrated by the
following

Proposition 3.4. Let E,B,H as above. Define B,g := {f : © —
ar +c:«a € B,c € E} the semidirect product of B and E. Let pi,, pu,v €
MY (E), let further p,v € Fiy, and let (B, : © — anx + ¢) C Bag-

Assume p, — W, Bnptn, — v. Then
(a) sup,, sup,cr,, |[¢om| and  (b) sup, sup,cr,, ||o(cn)||  (S-W-C-T%)
are finite.

PrOOF. (a) Apply 3.3 to the sequence py, * fi,,. Then we have
Mo * fln — % fi, and (ﬁnﬂn) * (ﬁnﬂn) = an(ﬂn * /]n) — v x U . Hence
assertion (a) follows.

(b) To prove (b), observe according to (a) that{pa,pu, : n € N,p €
g} is relatively compact. On the other hand, 'y being compact and
Bnlin = Qnpin * €c, — v, hence {panfin * €4(c,) :n € N,p € Ty} is
relatively compact. Therefore, boundedness of the norms {’ gp(cn)H NS
N,p €Ty} follows. O

Remark 3.5. With the notations introduced in §2 we obtain : Let ¥ be
the affine embedding of E into A and let Byg :={z+— ax +c:a € B,c €
E} be the corresponding affine group. Then ®(B,g) =: C C Gl(A). Let
H C Lin(E,F), put K := {(z,t) — ¢(x) : 9o € H,t € R} C Lin(A, F).
Then ¥(F§(E)) = Fx(A) N U (MU(E)).

This again justifies our restriction to linear groups.
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84 Examples

In the following we show for concrete examples of groups of admissi-
ble norming automorphisms B that the methods above enable us to find
suitable classes of full measures such that the “convergence of types theo-
rem” (in short: C-T-T) holds. The examples appear to be quite natural in
connection with investigations of operator stability and semistability and
related problems. Again E = RY is a fixed finite dimensional vector space
and B CEnd(E).

4.1. C-T-T for endomorphisms.

Let B CEnd(E) be closed, e.g. B=End (E). B need not to be a group
here.) Put F := R, H := E'\{0}, hence Fg(E) = F(E) = {p :
i not concentrated on a proper linear subspace}. Then, according to
Proposition 3.2, Fz is open in M*(E) and (Prop. 3.3) the weak condition
(W-C-T*) — and hence by the choice of H also (W-C-T) — is fulfilled. And
F3(FE) fulfils the (W-C-T) condition for the corresponding set of affine
transformations B,g := {z — fr +c: € B, c € E} (Prop. 3.4).

HCf. e.g. [U], [JM] Ch. 2 for the case of affine normalizations B = AH'(E)]

4.2. C-T-T for the linear group.

Let B = GI(E). Put again F := R, H := E’\(0), hence Fg = F1(E).
According to 4.1 (W-C-T) holds and, B being a group, (C-T) follows
(Lemma 2.3). Therefore the open set F (E)[resp. F; (E)] is a suitable class
of measures fulfilling the convergence of types condition for B = GI1(FE)

[ resp. for the affine group B = AG(E)]. [[Cf. B], [F], [Sh],[JM]ﬂ.

4.3. Homothetical transformations.

Put B := {z — tx : t > 0}. B is a closed subgroup of GI(E). Put F :=
E,H := {idg}. Hence in this case Fgr (E) = MY (E)\{eo} = Fo(E). Fois
an open subset in M!(E) fulfilling (C-T), and 5 = MY(E)\{e, : z € E}
fulfils (C-T) for the corresponding affine transformations Bag = {z +—
tr+c:t>0,ce E}. [[See e.g. [K], [GK], [L]. The proof for homothetical
transformations is identical to the proof for the one-dimensional case. A

simple proof is given below in 4.4.a).

4.4. Quasi-contracting groups.
Let B be a closed subgroup of GL(E). We call B quasi- contracting if for
any sequence ((3,,) C B we have: HﬁnH — oo iff ||3;1|| — 0. (Hence BU{0}
and B U {oo} are topological semigroups and B* = BU {0} U {o0} defines
a 2-point compactification of B.)
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Proposition. Put again H := {id} and Fp := Fu(FE) := Fo(E) =
MY (E)\{eo}. Then (B, Fo(E)) fulfil the (C-T) condition.

PRrROOF. Let pp — p, anpin, — v, p,v € Fo. It suffices to show that

{||an|[} and {|le;!||} are bounded. For then the accumulation points of
{a,} in End(E) belong to B. Assume {||a,||} to be unbounded. Suppose
HO‘”H — 00, hence by assumption Ha;lH — 0. Therefore anpu, — v

implies o, Yanpin) = pn — €0, i-e. g = €g, a contradiction. Conversely,
||on|| — 0 implies v = £y. Hence (C-T) holds for (B, Fo(E)). O

The following examples 4.4.a)—e) may be subsumed in 4.4:

4.4.a) Homothetical transformations are quasi-contracting.
Hence, as mentioned in 4.3. above, a new proof of 4.3 follows. More
generally:

4.4.b) Contracting one-parameter groups are quasi-contracting:
Let A € GI(E) and assume Spec(A) C {\ € C : ReX > 0}. Then B :=

{t4 := exp(logt)A}¢~o and Fo(E) := M (E)\{eo} fulfil the convergence
of types condition (C-T). | Indeed, as well knownt li? HtAH = ocoresp.= 0

iff Spec(A) C {Re A > o}ﬂ.

4.4.c) Discrete contracting groups are quasi-contracting:
Let o € GI(E) such that Spec(a) C {| A |< 1}. Then B:= {a* : k € Z}
and Fo(E) = MY(E)\g fulfil (C-T).

[[As well known, klirin |a®|| = oo resp.= 0 iff Spec(a) C {| A |< 1}]]

4.4.d) Compact extensions of quasi-contracting groups are quasi-con-
tracting:

Let £ C GI(E) be a compact subgroup, and let 7 be quasi-contracting,
eg. T := (t* : t > 0) as in 4.4.b), resp. = {a* : k € Z} as in 4.4.c)
such that 7 is contained in the normalizer of K. Then the (semidirect)
product B := 7 - K is quasi-contracting and hence B and Fy(E) fulfil
(C-T). [Indeed, if 7 = {t*} then, as well known B =T - K is isomorphic
to a direct product.]

PrOOF. W.lo.g. we choose a norm on E such that £ C O(FE), the
orthogonal group, see e.g. [HR] V' §22, (22.23). Hence for k € K,t €
T,z € E\{0} we have |tr| < ||t|| and |[tkz|/|z| = ||tkx| /| kz|. Hence
ltr|| = ||t]| for all ¢k, i.e. B herits the quasi-contracting property from 7.

O
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4.4.e) Remark. The examples mentioned in 4.4.a)—4.4.d) appear in a nat-
ural way as admissible normalizing operators, e.g. in connection with in-
vestigations of domains of normal attraction: Let p be (strictly) operator-
stable resp. -semistable on E, let (u:) be the corresponding c.c.s. such that
i = p1. Then the decomposability group Z(u) := {a € GU(E) : apr = piet
for all t > 0 and some ¢ = c(a) > 0} is of the form (t4)J(u) resp.
(™) T (p). Hence, if p is a full measure (i.e. p € Fi(E)), then J(p)

is compact and hence Z(u) is of the form 4.4.d). [[Cf. [S], [Lu], [Hal],
[Ha2] ]]

Thus we have proved: Let p be a full strictly operator-stable law
on E ([Sh]) and let 7 := {t* : t > 0}, a corresponding one-parameter
automorphism group. Then for the group of admissible normalizations
7T — more generally for the decomposability group Z = J(u) - 7 — the
corresponding class of full measures is just Fo(E) = MY (E)\{eo}, i.e.
(Z, Fo) fulfil (C-T). If we allow affine normalizations  +— t*z +a, we have
to replace Fy by F;. An analogous result holds for operator semistable
laws.

4.4.f) Motion groups.

Special examples of compact extensions of (quasi-)contracting groups B

are motion groups. We start with the following almost obvious example:
Let C = R? the complex plane, and let B := C* := C\{0} operate

on C = R? canonically. Then ¢ = |c|.(¢/|c|) defines a decomposition

B =R;®T with T := {c: |¢] = 1}. Hence (4.4.d) C* acts quasi-

contracting on C = R?, and thus Fy is a suitable class of full measures.

More generally: Let E = RY, let O be the (compact) group of or-
thogonal transformations and put B := {tU : U € O,t > 0}. Then the
corresponding affine group Bug := {z —tUx+b:t > 0,U € O,b € E} is
the group of Euclidean motions (semidirectly extended). Obviously B ful-
fils the conditions described in 4.4.d), hence (B, Fo(E) := M(E)\{eo})
and (Bag, Fj) fulfil (C-T).

Analogously motion groups of stratified Lie groups resp. Lie algebras
are treated: E.g.let E := H := (R‘@R®R, [, ]) be the 2d+1-dimensional
Heisenberg Lie-algebra, let 7 := {(5t = (t) t%
dilations and let & be the group of symplectic orthogonal transformations

of R ® R?. Finally, let &* := { <S 0> , S GS}. Then B :={§;U : U €

it > O} be the group of

01
S*,t > 0} is quasi-contracting, hence (B, Fy) fulfil (C-T).
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4.5. Diagonal operators.

Let B C GI(E) be a closed subgroup. Let E; be B-invariant subspaces,
1 <i<mn,suchthat E =) @®F,;. Let B; := B|g, be the restrictions to E;
such that B C > @®B;. Assume that for all i there exist auxiliary spaces
F; and H; CLin(E;, F;) such that (Fg,, B;) fulfil (W-C-T).

Define F := > @F;. Let p; : F — F; the canonical projections and
ji + F; — F the injections, j; = pf. Furthermore, H := |JH;(—H,;
embedded as subspaces of Lin(E, F')). Then (Fg, B) fulfil (W-C-T'), and
hence also (C-T) according to 2.3 and 3.3.

PRrROOF. Let 7; : E — E; be the natural projections. Then by def-
inition p € Fg it mp € Fu, for all 7,1 < i < n. Hence the assertion

follows. O
4.5.a) Example: Let A; € GI(E;) with Spec(4;) € {ReX > 0},
1<i<n. LetFE := Z@Ei,B::{<% o 59) 1 S = tf‘i,

t; > 0, 1 = 1,...,n}. Put H := {m : 1 < i < n}, and hence

Fu = Fg = {p: m(p) # e for 1 <i <n} =CpUn; Heo} = {
not concentrated on E;,1 <i < n}. (Cp denoting the complement).
Then by 4.5, B and Fp fulfil (C-T).

For examples and applications of diagonal norming operators cf. [Sch3]
and the literature mentioned there.

4.6. Non-quasi-contracting one-parameter groups.
Let N € End(E) be step—r + 1- nilpotent, i.e. N” # 0, N"*! = 0. Define
B:={t"N :t>0}. Then put F:= E, H := {N"} and hence Fgr := {u :
N”(u) # eo} is a suitable class of B-full measures, i.e. (B, Fg) fulfil (C-T).
PRrROOF. Since tV = 3" _,(logt)* N* is representable as (logt)"-C(t),
with C(t) := S7_4 (log t)*~"N* 4 N, we obtain that |C(®)]| is uniformly
O] < K-, say.
Assume pi,, — p,tN (pn) — v, ie. [(logt,)” id - C(t,)](1n) — v. Assume

bounded outside any neighbourhood (1 —¢,1+¢) of 1,

t, — oo|— 0] for some subsequence. Then C(t,) — N" and |(logt,)"| —
00, and w.l.o.g. t,, < 1—gor > 1+e. Hence k,, := C(t,)(tn) — N1 := R,
and ((logt,)"I)(kn) = tY 1, — v. And we obtain therefore x = &g (cf. the
proof of 4.4), hence N"v = ¢ in contradiction to the assumption u € Fg.



Remarks on convergence of types theorems ... 213

Hence we have proved that {¢,} is bounded away from 0 and oo, i.e. (C-T)
is fulfilled. O

4.7. Automorphisms of nilpotent Lie Algebras.
Let E = R? be endowed with a Lie algebra structure [, | such that (E, [, ])
is nilpotent of step r. Define Aut(E) to be the group of Lie algebra
automorphisms, Aut(FE) := {a € GI(E) : afz,y] = [az, ay] for x,y € E}.
We consider B = Aut(E) as a closed subgroup of GL(E).

EW .= [E,E] is a characteristic ideal in the Lie algebra E. Let
™ E — E/E(l) := M be the canonical projection. Put H := {pom :
o € MUP\{0} = {¢ € B[O} : kerp O BV},

Proposition. Fg = Fg = {g € MYE) : m(p) € F1(My)} is
a suitable class of full measures for the whole group B := Aut(E), i.e.
(B, Fg) fulfil (C-T).

[Note that by definition of My we have F = {u: not concentrated
on a proper idea]}.]

PROOF. We need some preparations:

The descending central series E(®) := E, ECtD .= [E,EW],... | Bt =
{0} is a sequence of characteristic ideals. Let E(;y := E/E®". For i > 1
let M; be a vector space complement of E¢tY) in E®) hence E® =
Z;:i ®M;, E; = Z;;é ®M;. Let m : E — E; be the canonical
projection. E) being characteristic, we obtain a representation ma =
oW, for @ € Aut(E), 1 < i < r, with o € Aut(E(;)). (Note that
E) and E are nilpotent Lie algebras). Let (1), pu,v € MY(E), let
(an) € B=Aut(E), such that u, — p, iy, — v and p,v € Fp.

1) i=1. 7mip, = ug) — pM = m1(p) and m oy, = ag)m,un =

ag)ug) — v =7y (v). Since m (1) € F1(Eq)) = F1(My) we obtain by
4.2. boundedness of (ag)).

2.) © = 2. As before we have mpu, := /M(f) — u? = my(p) and

oh(f) u,(f) — 1/(2), where a%z) has a matrix representation of the form

(1)
ag) = <0‘n 0 > with ¢, € Aut(M;) and b,, € Lin(M,, M;).

b, c¢p
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We have M; C [E,E]. Hence to show that (c,) is bounded it is
sufficient to show the boundedness of (a,[X,Y]) for X, Y € E. Indeed,
M, being central in E(y), it is sufficient to consider X,Y € Mjy. But then
the sequence (v, [X,Y] = [agll)X, a%l)Y])nzl is bounded since (Hag) [)n>1
is.

Assume (Hag)H) to be unbounded. Then accumulation points a* of

0 0

(0422)/“047(12)“) are of the form o* = <b 0

) with b € Lin(M,, M:1)\{0}.

As in the proof of Proposition 3.3 we obtain a*1u(2) = &, hence b(m (1)) =
€0, a contradiction. Hence the boundedness of (ag))nzl is proved.

3.) 2 < ¢ < r. Now continue by induction. Assume that (a,(f))nzl is

bounded.  Then, as above, agH) has a representation aq(fﬂ)

0 ,
(an C? 0> with ¢, € GI(M;,) and d,, €Lin(Yb @M;, Miy,),

bn Cn
b, € Lin(Mo, Mi+1).
As in step ¢ = 2 boundedness of (an )) implies boundedness of (d,,) and of

(cp). If (aff Jr1)) were unbounded there exist non-zero accumulation points

o« = <2 8> of {aﬁf“) / HO‘SH)H} hence a*m (1) = €o, a contradic-

tion. O
So we obtain a new proof of the convergence-of-types theorem for nilpo-
tent Lie groups (Cf. [HN], [N]):

Theorem 4.8. Let G be a simply connected nilpotent Lie group with
Lie Algebra (G,[,]) and let Aut(G) be the group of topological auto-
morphisms of G. Then G/|G,G]| = G/[G,G] := G() (topologically and
algebraically). Let m : G — Gy be the canonical homomorphism. Let
“full measures on the group G” be defined as F := {u € MY(G) : n(p) €
F1(Gy)} = {n € MYG): For any continuous surjective homomorphism
¢ : G — R we have o(u) # €o}.

Then (Aut(G), F) fulfil the convergence-of-types condition (C-T).

PROOF. Being a homeomorphism, exp : G — G defines bijections
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fe— fo= foexp,C*G) «— C*(G), p+— p°, MY(G) «— MY(G),
T+ 7%, Aut(G) <« Aut(G). [[Cf. e. g. [Hal], [HN]. ﬂ

Let F° := {u°: p € F}. So it is sufficient to show: (Aut(G),F° =
{p° : p € F}) fulfil (C-T) on the vector space G. But obviously F° =
{p° € MYG) : m(u°) € F1(G(1))}, hence by 4.7 (C-T) is fulfilled. 4.8 is
proved. O

Remark 4.9. In most of the concrete examples above we can show
that the constructed class of full measures Fy is mazimal w.r.t. B (cf.
Proposition 2.5). E.g. we can show that for u ¢ Fg the invariance group
Jp(p) is non-compact. (To exclude trivial situations we always assume B
to be non-compact):

Maximality is obvious for the examples 4.2-4.4, i.e. for Fy(E) =
M (E)\{eo} since we have p & Fo(E) iff u = €¢ and since Jg(e0) = B is
non-compact.

On the other hand, since p ¢ Fp iff p(ker ) = 1 for some ¢ € H,
Fu is maximal for B if for any ¢ € H the set {a € B : &ker, = id|ker o}
is non-compact.

Hence maximality of Fp also follows in the case of the examples
4.5-4.6, — and for the corresponding groups of affine transformations if F
is replaced by F* — and also for automorphism groups of nilpotent Lie
algebras resp. groups. Indeed, maximality can be proved for the group
of automorphisms of nilpotent Lie algebras B = Aut(FE) (Example 4.7)
along the lines mentioned above. This is just the way Proposition 3.3 and
Theorem 3.4 in [HN] are proved.

See also the general discussion in [Hal], [Ha2], where we suggested for
more general convolution structures to define fullness of ;1 by compactness
of the invariance group J(u).

Note that in the situation of 4.9 we gain the following characterization:

Proposition 4.10. Let Fy be maximal w.r.t. B. Then yu is B-full iff
the invariance group Jp(p) is compact. [{Cf. also [Sh], [U], [IM], [HN],

[Ha1], [Ha2], [T] |

85 Infinite dimensional spaces. Concluding remarks.

If E is an (infinite dimensional) Banach space and if End(E) is en-
dowed with the (natural) strong operator topology, then the results of §3
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and §4 are no longer true: The action of GI(E) on FE resp. on the prob-
abilities M!(E) is not simultaneously continuous. Only the restriction to
bounded subsets of End(E) of the map 6 (defined in §1) is continuous,
and (cf. [LS]) on these sets the weak condition (W-C-T) is fulfilled, if the
set of full measures is defined to be F;. Hence (C-T) is fulfilled for all
(Kap, F1(E)), where K,p := {a € GI(E) : |la| < a and |a™!|| < b}.
But in general (C-T) does not hold, see e.g. [LS] or [JM]. This is one of
the reasons why in the infinite dimensional setup the relations between
limit theorems and stability concepts are less satisfactory than in finite
dimensional spaces.

On the other hand, for homothetical transformations (cf. e.g. [CR])
or for ||.|[|-contracting one-parameter groups (7%), continuous w.r.t. the
strong operator topology (cf. e.g. [Jal] “V-decomposability”, [JM]) the
C-T-theorem is valid. Indeed, quasi-contracting groups (cf. 4.4) may be
defined in a more general setup:

Definition 5.1. A subgroup B C GI(E), endowed with the strong
operator topology is called quasi-contracting if the following conditions
(5.1) and (5.2) are fulfilled:

(5.1) lan] = 0o iff [lag '] — 0

By :={a € B: |« =1} is compact.

Proposition 5.2. Let B be quasi-contracting. Then B and Fy :=
MY(E)\{eo} fulfil (C-T), hence B acts properly on Fy.

[[The proof is identical with the proof of 4.4.}]

Proposition 5.3. Let B be a subgroup of G1(E) endowed with the
strong operator topology. Assume B to be either a) locally compact or b)
metrizable. Then B acts as a transformation group on M (E).

ProOOF. If a) or b) holds it is sufficient to consider the restrictions
of 6 to relatively compact subsets of B. But these sets are uniformly

||.|[-bounded and on norm-bounded sets the action is simultaneously con-
tinuous. (Cf. [LS].) O

Proposition 5.4. Let B be a subgroup of G1(E) endowed with the
strong operator topology and assume condition (5.1) to be fulfilled. Then

B and F1(E) := {u: not concentrated on a proper closed subspace} fulfil
(C-T).

PROOF. Let (un,) € MY E),pu,v € Fy, let (a,) C By, — p and
anp, — v. Let ||a,|| — 0. Then, {p,} being uniformly tight, v = ¢g
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follows. A contradiction. Conversely, assume ||, || — oo, hence by as-
sumption [|a;, || — 0, therefore p = g follows. So {||a,||} and {]|a; |}
are uniformly bounded and the assertion follows from [LS]. O
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