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In the present paper explicit sharp estimations are provided for the rate of con-
vergence of basically all known representation formulae for operator semigroups
which in an earlier paper have been shown to arise from a single general
probabilistic representation theorem based on a special version of the weak law of
large numbers. As a main tool, sharp estimations for moments and moment-
generating functions of suitable random variables are used. Some of the results are
applied to exponential operators as well as to a class of Poisson approximation
theorems in probability theory.  « 1985 Academic Press, Inc.

1. INTRODUCTION

In a preceding paper [23] we have shown how basically all known
representation formulae for (Cy)-semigroups of operators such as those of
Hille and Phillips [12], Kendall [15], Widder and Chung [6], Shaw [27]
and others can be subsumed under a single general probabilistic represen-
tation theorem derived from a weak law of large numbers for a random
number of summands. Conversely, for a very large class of representation
theorems, it can be shown that only such probabilistic representations are
possible [22]. This emphasizes the importance of probabilistic methods
also for an approximation-theoretic analysis in this field. In fact, early
approaches to the estimation of rates of convergence for some of these
theorems given by Hsu [13] and Ditzian [7-9] use hidden probabilistic
arguments such as Markov-type inequalities and moment calculations,
while in the recent paper [4] by Butzer and Hahn probability calculus is
extensively applied. However, the latter approach deals only with the
second modulus of continuity, and, due to its special setting, does not
provide the best possible results. In the present paper, we shall therefore
establish explicit sharp estimations for the rates of convergence, both
generally and individually, involving different kinds of moduli of continuity
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and various direct theorems. This is possible by thorough estimations of
moments and moment-generating functions of the underlying random
variables and a more general Taylor expansion of the semigroup. The
probabilistic approach chosen in this paper also permits an improvement
of the order of convergence in the spirit of Bernstein [1] and
Voronovskaja [28]; their ideas carry over to semigroup theory almost
literally. Finally, the results obtained can be applied to classical operators
of approximation theory, among them Bernstein polynomials and the
operators of Szasz, Baskakov, Meyer and Konig and Zeller and others
which are also referred to as exponential operators in May [17], and
which in fact share many properties of operator semigroups due to their
common probabilistic background (cf. also Ismail and May [14],
Ramanujan [25] and Lindvall [16]). To demonstrate the broadness of
possible applications, we shall conclude with investigations of the rates of
convergence for a class of Poisson approximation theorems in probability
theory, being initiated by Le Cam [5] and Serfling [26] (cf. also [20] for
a corresponding semigroup setting).

Due to lack of space, proofs will not always be given in full detail. These,
however, can easily be completed by Ref. [24], of which the present paper
is an extended part.

2. PRELIMINARIES

Although our notation will closely follow [23] it will be necessary to
give a short account of basic definitions and theorems from semigroup
theory and probability. For further details, we refer to the monographs of
Butzer and Berens [3] and Billingsley [2].

In what follows we are concerned with a Banach space & with norm |.|
(which will also denote the operator norm) and the Banach algebra £(%')
of bounded endomorphisms on 2. #(%) denotes the Borel o-field
generated by the strong topology over 2. We consider a (C,)-semigroup of
operators {T(t) | t>0} < &(Z), for which finite constants M >1 and 0 >0
exist such that

IT()l < Me*,  t=0. (2.1

For the infinitesimal generator A let A", r > 1, denote the rth power of 4
with domain D(A4"), and R(A) = & e~ *T(r) dt, A> w, denote the resolvent
of the semigroup which is to be understood as an extended Pettis integral
(see [23] for definitions and properties).

For a real-valued random variable X defined on some probability space
(2, o, P) let E(X) denote its expectation. If &= E(X) exists then o=
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o%(X) = E(X — &)? is also called the variance of X. Let further  ,(¢) = E(t¥),
t=0, and ¥ %(t) = E(e'¥), 1 R, denote the probability generating function
and the moment-generating function of X, resp. If N>0 is an integer-
valued random variable, then also Y, (2) =32, P(N=k) t*, >0 (which
explains the name), and if {¥,; ke N} is a sequence of independent, iden-
tically (as Y, say) distributed random variables, independent of N, then for
the random sum X=3%_, Y, we have

YR =yny3), teR (22)

For convenience, the symbol E(.) will also be used for the extended Pettis
expectation introduced in [23]. The following important theorems of
probability theory will be of essential interest in the sequel.

THEOREM 2.1 (Jensen’s Inequality). Let X be a real-valued random
variable with values in some interval K and with finite expectation . Then
e K, and for any convex function, continuous on K, we have

E(g(X)) 2 g(¢) (23)

provided g(X) is integrable, ie., E(g(X)) is finite.

THeEOREM 2.2 (Markov’s Inequality). Letr X be a real-valued random
variable with E(|X|*) < oo for some o> 0. Then for every x>0,

P(1X] > x) < x*E(|X]*). (2.4)

THEOREM 2.3 (Extended Central Limit Theorem). Let X be a real-valued
random variable with E(X)=0 and ¢*>=6*(X)>0. Then for any sequence
{X,;ne N} of independent, identically (as X) distributed random variables,

LZ X,—%Y  (n->ow) (2.5)

\/;k=l

where Y is a normally distributed random variable with mean 0 and variance
0%, and -9 denotes convergence in distribution. If further the moment-

generating function ¥ exists in some neighbourhood of the origin, then also

1 n
\/?; k=1
While the first part of Theorem 2.3 is well known it should be mentioned
that relation (2.6) is a consequence of the uniform integrability of the

sequence {(1/\/;)22:1 X;neN}, due to the existence of y¥* (cf. also
Billingsley [2]).

) LE(YY) (o) (26)
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3. ESTIMATIONS OF MOMENTS AND GENERATING FUNCTIONS

The usefulness of estimations of the above kind is due to the fact that in
probabilistic representation theorems the extended Pettis expectation
E[T(X)] plays a central role where X is a suitable non-negative real ran-
dom variable; in fact, we have

IELT(X) ]Il < My 3 () (3.1)

where M and w are the characteristic constants of the semigroup according
to (2.1) (cf. [23]).

Further, if X is, in some probabilistic sense, close to its expectation &,
then

ELT(0] /= T(&) f~ T(&) A (32)

for fe D(4?) as will—among other results—be shown in Section 4. In par-
ticular, if X =(1/n) X7 _, X, is the arithmetic mean of non-trivial, indepen-
dent and identically distributed (i.i.d.) random variables, relation (3.2)
provides a large class of representation theorems due to the classical law of
large numbers (see Butzer and Hahn [4] and [19, 21]). In this case, the
rate of convergence is exactly ((1/n) for n— oo since then 2=
n 2¥r_,d*(X,)=n"'c*X,), and the remainder terms are of order
O(n~3?); this is typical for approximation by operators of probabilistic
type (see also Hahn [10]). Further, by the Extended Central Limit
Theorem 2.3, E(|(1/n)3r_, X, —E|*)=0(n**) for n»> o and >0
which allows for explicit estimations of the remainder terms using moments
and generating functions (cf also Hall [11] and the references given
therein for related problems of moment estimations). For a thorough
treatise of the latter kind of approximations the following results will be
needed.

LEMMA 3.1. Let X be a non-negative real random variable with
W E(6) < oo for some 6 >0. Then all positive moments E(X*) exist, and

E(X“)S(%)a e WS  (x>0) (33)
Further, for ¢ = E(X), we have
YE1) =14 &+ R*(1), 1 <6, (3.4)
where
0< R¥(1) < (28%/*(n —111)?) Y ¥(n) (3.5)

Jfor |t <n, and 0 <n < 4.
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Proof. For a, >0, x>0 we have

x*< (a/B)* e ~%e?* (3.6)

with equality for x =o/B, from which (3.3) follows by integration, letting
f=9. To prove (3.4) and (3.5), note that for all real x,

0<e™—1—x<(x%2) e, (3.7)

hence 0 < R*(1)

=y ¥(t)—1—Er<(132) E(X%'"¥). The statement now
follows from (3.6) by

integration with a =2, f=n—1t|. |

THEOREM 3.1. Let X be a non-negative real random variable with expec-
tation E(X) = ¢ and with i x(6) < oo for some 6 > 0. Let further {X,;ne N}
be an i.id. sequence of random variables, identically distributed with X. Then,
if X,=(1/n) X7 _, X, denotes the arithmetic mean of X,,..., X,,, we have

2y
e <Yk (1)< e exp {ﬁ?} (3.8)

for |t| <nn, and 0 <n <. Further,
E(1X, = &1*) < 2n (o ¥(n)/en®)? (39)
Jor n= 150/ %(n) (x> 0).

Proof. Since X,,.., X, are i.i.d., we have
. AL ! "

UE0=Jut (=)t ={1+-c+R*(=

n n n
<exp {té +nR* (é)},

from which the r.hs. of (3.8) follows by Lemma 3.1. The Lh.s. of (3.8) is a
consequence of Jensen’s inequality, Theorem 2.1. By the inequalities ¢/ <
e*+e *, xeR, and (3.6), we can deduce from (3.8)

(3.10)
Len,
n

7 - _ 25%y %(n)
E(1X,—&")<2n~"(a/B)* e * {———} 3.11
n o e “exp ez(n——ﬂ/\/;)z ( )

for a, >0, n> (B/n)>. Choosing n at least as large as 15(8/n)?, (3.11) sim-
plifies into

(3.12)

2
BT, —&7) <2 *(aipy e exp { byl
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But the function g(f)=p ““* with some positive constant ¢ is minimal
for f=./a/2c. Letting ¢ =y ¥(n)/2n>, this gives (3.9). |
Note that the inequalities (3.8) and (3.9) are sharp in that they imply

{p}n(t)=e’f+0(t2) (t— 0, nfixed) (3.13)
and

YyE(1)=e“+0 <%) (n— oo, t fixed) (3.14)

which are in fact the exact orders of convergence, and that by the Extended
Central Limit Theorem, ¢(n ~*?) is the exact order of convergence for the
central mean of order a.

It should be pointed out that the estimations given by (3.8) and (3.9) are
especially well suited for our purposes (compared with classical ones such
as in Hall [11]) since they essentially use the moment-generating function
of the underlying random variable X which in the most interesting cases
(see [19, 21, 22]) is closely connected with the semigroup representation
via (2.2). It will thus be possible to give estimations of the rate of con-
vergence mainly by means of the different “representation functions” used
in the representation theorems themselves, avoiding the probabilistic ter-
minology which is necessary for the proof of the corresponding results.

4. SOME DIRECT PROBABILISTIC APPROXIMATION THEOREMS

In this section we will establish a collection of various direct theorems
connected with relation (3.2) and others, both for several general cases as
well as for the individual representation theorems mentioned in the
Introduction. In contrast to the recent paper by Butzer and Hahn [4], one
of the main tools here will be the general Taylor expansion of the
semigroup as stated in the following result.

LemMa 4.1. For fe D(A"), r= 1, and arbitrary s, t 20 we have

r—1

T(t) f~T(s) f = z X 1(5) ¥y + |

(t—u)y—!

T T(uw) A" f du

4.1)
where for s>t

(e —u) ! N (k)
L—(r—_—l-)—!—T(u)Afdu- j oo T AT (42)

by definition.
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Proof. Apply linear functionals and proceed by induction, using partial
integration. |

THEOREM 4.1. Let X be a non-negative reai-valued random variable with
Y ¥(0) < oo for some & > 0. Let further £ = E(X) denote the expectation of X
and o* = 6*(X) its variance. Then the following relations hold:

IELT(X)1f—TE) f]

<M JAf|{e”* E(|1 X — &) + o{ E(X — &)*} 2 {y }(2w) } 7}

<M | Af |[{oe” + w{E(X — &)*} 2 {Y $(2w) } '}

for feD(A), if 622w, (4.3)
IE[T(X)1f—TE) S

<A {6 + o {E(X &)1y $4)} )

for feD(4%), if &> 4w; (4.4)

2
BLTU0 = T(6) 15 T(E) 4

< AT {BX — &)+ 0 (B~ )} (Y 3Go) )
for feD(A®), if 63 3w. (4.5)

Here M and w denote the characteristic constants of the semigroup given by
(2.1).

Proof. By Lemma 4.1, for fe D(A"),

,(t_u)r—l ,
L-———(r_l)! T(u) A'f du

is a strongly continuous function of the variables s and ¢, hence also #(%)-
measurable, implying

E[T(X)]f—T(é)f=EU:T(u)Afdu], feD(A).  (46)

Let 15 denote the indicator function for the event Be o/, ie., 14(x)=1 iff
x € B, and 0 otherwise. Then
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H E [ LX T(u) Af du]

= H E[l{x>¢} LX T(u) Af du—1, 5 ﬁ T(u) Afdu]

+1ix<g

f T(u) Af du

]

<E[1{x>c;

jx T(u) Af du
S

X 4
<M|1Af||E[1{X>5}L e du+1 ey | e“’“du]
X

SMAS | E[Lxs (X — &) ¥ + 1y y(E— X) ]

=M|Af| E[1X =&l e 41 x. (X = E)(e“  —e¥9)]

SM | Af | ECIX — &l e + ol s (X —&)? ]

SM A EIX — &) e** + o(X — £)? e¥]

SM | Af [ {e”E(1X = &) + o{ E(X = &)*} 2 {E(e**)}' 2} (4.7)

by Holder’s inequality. This proves (4.3), since by Jensen’s inequality,
Theorem 2.1, {E(|X—¢])}?<E(X—¢&)° =0 Relations (4.4) and (4.5)
follow similarly, using Lemma 4.1 with r=2 and r=3, resp. |

Of course, other conjugate indices for Holder’s inequality could also be
used in the preceding proof; however, the choice made above turns out to
be of special importance since the fourth and sixth central moments are
more easy to calculate than moments of non-integer order.

It should be pointed out that for equi-bounded semigroups, ie., @ =0
(which cover also contraction semigroups), the existence of the moment-
generating function ¥ is not necessary; instead, only the existence of the
second and third moment of X, resp., has to be imposed.

As a first important consequence of Theorem 4.1, we shall for simplicity
reformulate the general probabilistic representation theorem for equi-boun-
ded operator semigroups, endowed with estimations for the rate of con-
vergence (cf. [23, Theorem 21]).

THEOREM 4.2. Let {N(1)| >0} be a family of non-negative integer-
valued random variables with E(N(t))=1t{ for some (>0 such that
a*(N(1)) = o(1?) for 1 = . Then (1/1) N(t) converges in probability to { for
T — 00. Let further Y be a non-negative random variable with E(Y)=1y such
that 6*(Y) exists. Then for any equi-bounded operator semigroup, we have

7€) = lim wa(£] 7(7) ]) (48)
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in the strong sense where & ={y. Moreover, for fe D(A), we have

107 -vuo ([ 7(2)]) 701401 o+ Lot o)

while for fe D(A?),

[rers=eno (2] 7(5) )]

M 72
SV {-ﬁ- 02(Y)+£562(N(r))}, >0, (4.10)

Proof. Obvious from a modified version of the general Theorem 2 in
[23], Theorem 4.1 and Lemma 3 of Chung [6]. 1

The most important specialisations of (4.8) are given by Y =1y, leading to
so-called first main theorems, and Y being exponentially distributed with
mean 7, leading to so-called second main theorems since then E[T(Y/t)] =
(/) R(t/y).

Choosing {N(t) | t>0} as a Poisson process in Theorem 4.2, Hille and
Phillips’ representation theorems are reobtained, with rates of convergence
even for the general case of arbitrary operator semigroups (cf. Corollary 6
in [23]).

THEOREM 4.3. Let {T(t)|t=0} be an arbitrary strongly continuous
operator semigroup, and let A,= (1/h)(T(h)—1I) for h>0. Then

IT(E) f—etef |

< Me®“* | Af | {\/§+2w§exp {%2—6— ez“’/’}}

for feD(A) and ‘c?%; (4.11)
IT(E) f— e o |
s%ea"f 1A% || {§+2w %;exp {%aﬁe“‘"/’}}
T T T
for feD(A*) and 12%; (4.12)
) S —ef = = 10) 47 +0 ()
2t ‘[\/;

for feD(A%) and 1 0, (4.13)
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and

IT(Z) f —exp{&?R(z) — &l f |

: 3 ¢ 2
< Me® || Af | {\/g+ 4o e? exp {Tzﬁ’zi}}

for feD(A) and 1>max(4;2w); (4.14)
1T(¢) f —exp{&*R(z) — il ) ]
M ¢ 40p?
et nAan{ +60 i/;exp {:42}}

for feD(A?) and t>max(16;4w); (4.15)

T(&) f—exp{ét?R(x)— &} [ = —-f- T(g)A?-f+(y( \1/_)
T T

for feD(A?) and t- 0. (4.16)

Moreover, a possible estimation of the remainder terms R,(f) and R,(f),
say, in (4.13) and (4.16), resp. is given by

M, 3 E s
RN < e 1471 {- \/-exp<§e/ )

2
2 exp(g wry 28 M)}, >0, “17)
M 3 38 3w?
IR (N Sze‘“é 141 {———\/— 92§/3+"Tweé CXP( o< )}
T/t 1 1—30
for 1>max(9;3w). (4.18)

Proof. Let {N(1)|1>0} be a Poisson process with parameter ¢, ie,
E(N(1))=¢, and let {Y, | ne N} be an i.id. sequence of random variables
with unit mean, independent of the Poisson process, distributed as Y >0,
say. Define

N(1)

X@)=2Y Y. >0 (4.19)

In order to prove (4.11) to (4.13) and (4.17), choose Y=1. Then
E(X(7))=¢, o¥(X(1))=¢/1, and

for 1=-, (4.20)

2
E((X(r)—=¢) )—36—2*’% é—z

e —

T
Yoty =exp{&t(e” — 1)}, t=0. 4.21)
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Further, for >0,

E(1X(r) — 1) < 2t~ *(a/e)* eV Yy (/7)
¢ (4.22)
<2t~ Y?(a/e)* exp <5 e”ﬁ), >0,

which can be proven by methods parallel to those of the proof of
Theorem 3.1. Combining (4.20) to (4.22) with Theorem 4.1, the first part of
the theorem follows. For the remainder part, let Y be exponentially dis-
tributed. Then again E(X(t))=¢, 6*(X(t)) = 2¢/t, and for o >0,

E(|X(r)—€l"‘)<2r“/2(a/e)°‘exp< 3 ) t>1. (423)

=t

Also,
¥ () =exp (%) >120, (4.24)
since Y ¥)() =¥ noy (¥ ¥(#/7)) and
M(t)=T1j—t, 0<r<1. (4.25)

Using again Theorem4.1 and the monotonicity of the mapping
T-1/(T —\/;), 7> 1, the proof is completed. ||

It is no surprise that the rate of convergence in (4.13) and (4.16) is
exactly 0(1/t) with remainder terms of order O(t ~*?) since the Poisson
process is an independent increments process, hence in a certain sense
behaves like a sum of ii.d. random variables (cf. also (3.2) and the sub-
sequent remarks). A corresponding direct theorem for this important case
is given in the following result (cf. also Corollary 4 in [23], and [21]).

THEOREM 4.4. Let N be a non-negative integer-valued random variable
with E(N)={, and Y>0 be a real-valued random variable with E(Y)=7
such that Y ,(y ¥(8)) < oo for some & > 0. Then for an arbitrary strongly con-
tinuous operator semigroup,

o Q)
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in the strong sense where & = (y. Moreover, for fe D(A),

[revr={uu (e[ 7GD}

< Me* | 4f | {ﬁ S0 7N

por wmax (2 s

and for e DA
ros={us(e[7(3)])} /]
Moy {1 (o*(1)+ 72 (N))

” 202 (U (1))
vy ‘”‘p{ n(n — don)? }}

4
42 (U3 exp {

) and O0<n<d, (427)

nnf

4 60
Jor n>max ( @

RSN (ﬂ))) and 0<n<d, (4.28)

while for fe D(A?),

re) f~{us(e| () |)} 1 (429)

o \ , 1 .
= M) TO AT +0 () o)

a possible estimation for the remainder term R(f), say, being

31
1RO Sﬂ—:e‘"é LA 1 {n—ﬁ? {Uny3m)}?

8w N )
+E§ {Un(W¥m)}® exp {

3w 45

Jor ”>m‘”‘< OIS

) and O0<n<é. (4.30)
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Proof. Let {Y,|neN} be an iid. sequence distributed as Y, indepen-
dent of N, and let

= f Y,. (4.31)

Let further {X,|neN} be another iid. sequence, distributed as X. The
assertions now follow from (2.2), Theorem 3.1 and Theorem 4.1, where in
the latter X is to be replaced by X,. [

Again first and second main theorems are reobtained from Theorem 4.4
if Y=y or Y is exponentially distributed with mean y; in the first case,
Y ¥(r)=¢", while in the second case, Yy ¥(¢t)=1/(1 —7y1), t < 1/y.

Specialising the distribution of N as binomial, geometric, etc., the
individual representation theorems mentioned in the Introduction now are
also reobtained from Theorem 4.4, all having a rate of convergence of

O(1/n) for fe D(A*) with a remainder term of order O(1/n \/1_1) for
fe D(A°) (n— o). Of course, using the individual moments and generating
functions here, improved estimations compared with those of Theorem 4.4
are possible. To shorten matters, we will present some results of this kind
for fe D(A4?), the most important case also for estimations using the second
modulus of continuity; for details, see [24].

COROLLARY 4.1. For fe D(A?), and &> 0, we have

HT(é)f {( )I+€T< )} f”
<g e | L2y \/W exp {2‘*”;5 eonl]

for

n>ﬁ—6 and 0< &< 1 (Kendall), (4.32)
ITE) f—{(1=&) I+ EnR(n)}" [
<M ot 471 [“_219+25w (1+¢) exp{ 4ot }]
2 n n

3 n—4w

for n>max <4w, _1%-0—5) and 0<¢<1(Chung), (4.33)
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LGV +¢)1—5T<1)}"f

M 1 2 1 3 4 2 1 4w/n
e ”Azf“[ A+8 [ jé) exp{ a;i;:élfxn }]

n
1
for n>max <4w(1 + &), Wit + 6) (Shaw), (4.34)

IIT(C)f—{(l +81—¢nR(m)} =" f

oty 20 S+ (A+8) o [0+
’*‘HAfll[ +42+8’0 [ “"p{n_4(1+c)w}]

for n>max|4w(l +¢& ’1—+—é> (Chung), (4.35)

[reos— =)y s

(
2 3 212 4wé/n
< e 1| 2 2 e 2 ]

60
)
\/ﬁ R 4pEetosln
for n>max(7, 6w&) (Shaw), (4.36)

[ {eR ()} 7

<M llAzfll[ 3 3{/{3 p{rf:f:fﬂ

for n>4wé (Post and Widder), (4.37)

4 0 n
” T(¢) f - {% L £ e T(e)(.) dt}

M 4%
wé 2
<—2e ||Af||[ +3. /3w 3e p{ —4w}]

for n>max (4w é) (Butzer and Hahn). (4.38)
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5. OTHER PROBABILISTIC APPROXIMATION THEOREMS

In this section, we shall present some rate of convergence results involv-
ing the first and second modulus of continuity. In particular, let

W@, )= sup IT()f—T(s)fl, 6>0,120,feZ, (51)

ls—rfl<d
s=0

denote the first modulus of continuity, and

(8, f):=sup{|T(t)—T(s) fI| | O<s,1<h, |s—1] <6},
b>0,6>0, feZ, (5.2)

denote the rectified modulus of continuity in [0, #]. In this section we will
only deal with (5.1) since by the inequality

w}(d,f)= sup of ¢t f) (53)

Osr=b-4

(cf. Ditzian [7]) corresponding results can be formulated also in terms of
the rectified modulus of continuity. Finally, let

)& f)= sup (T()—D7>f, ¢>0,fed, (5.4)

Ot

denote the second modulus of continuity. For simplicity, general results
will be given only in the setting of Theorem 4.4 which covers all interesting
cases except for the continuous versions of Hille and Phillips’ theorems
(Theorem 4.3), for which corresponding results will be stated separately.
However, for contraction semigroups a general result in the setting of
Theorem 4.2 involving the second modulus of continuity will be available,
improving corresponding results of Butzer and Hahn [4].

THEOREM 5.1. Let X be a non-negative real-valued random variable with
Y¥(d) < oo for some &>2w. Further denote & = E(X). Then for arbitrary
£>0, t<0, feX there holds the inequality

IELT(X)] /=T f] (5.5)
<of(ed f)
+e "M | fli{e” * Y20 + Y X(—20)} 2 { /Y 2(2w) + e},
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Proof. We have
IELT(X)] f=T() fl

SLH,Q IT(X) f = T(E) £ dP+ | IT(X) f = T(¢) /|| dP

[X—¢l>¢
<of(e & )+ {PUX =& > e} {E(ITX) f = TQ) £}
SofE & )+ {P(e* > ) JE(ITX) 1)+ 1T(6) £}
<o & f)+e JELexp(2 X —EN{M | f1| /¥ 32w)
+M|f] e}

by Hoélder’s inequality and Markov’s inequality (Theorem 2.2), applied to
the random variables exp(27 | X — &|). Relation (5.5) now follows by means
of the inequality e <e*+e~ % xeR. |

Theorem 5.1 provides an improved estimation of a formula due to
Chung [6, Lemma 1].

The following theorem will give the analogue of the general Theorem 4.4
in terms of the first modulus of continuity, from which the individual
estimations can be derived by specialisation as in Section 4.

THEOREM 5.2. Let N be a non-negative integer-valued random variable
with E(N)={, and Y =0 be a real-valued random variable with E(Y)=1v
such that Y (Y $(6)) < 0o for some 6 >0. Then with E=1{y, for e>0, fe X,

nar=ju (e[ 7))/
RN

<06 & 1)+ Me* | fl e /Texp <m_—2/771)_

oY y(Y $(n)) >}
1 LAY
* { exp (n(n — 2(1)/\/;)2

4 2
for n>max(;—2-,7w) and 0<n<o. (5.6)

Proof. By imitation of the proof of Theorem 4.4 using Theorem 5.1 with
t= \/;; ]

It should be pointed out that the exponential convergence in (5.6) is
essentially due to the existence of the moment-generating function, which
implies exponential convergence of the deviation probabilities
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P(|X,— £ > &) to zero (cf. also Petrov [ 18]). Of course, again the choice of
Holder’s and other constants in (5.6) and (5.5), resp., is free to a certain
degree, hence also other explicit estimations could easily be formulated.

We shall now state a corresponding result for the continuous versions of
Hille and Phillips’ Theorem 4.3.

THEOREM 5.3. With the notation of Theorem 4.3, we have for all fe X,
0<y<s,

I1T&) f— e |
<ot e /)
be et | 71 Fenp(ce ) {1-+exp (LE e )
>0,  (57)
7€) f—explexR(z) ~ &1} f |

25\/E>

<ot L E ) +e T Me | [ 2ex<
! i) /1l v/2exp N

x {1 +exp < 207 )} > max(4, 20). (5.8)

T—2w

Proof. By imitation of the proof of Theorem 4.3 using Theorem 5.1 with
¢=1 " and t=\/;. |

In [7-9] Ditzian has stated similar rates of convergence for (5.7), (5.8)
and Widder’s inversion formula (Theorem 5.2 with N=1, Y being
exponentially distributed with mean ¢), including the case y =1 which he
proved to be the best possible choice for y (with a factor larger than 1 for
w¥). His methods of proof also use Markov-type inequalities
(Theorem 2.2), without, however, stating the probabilistic background of
these. Also, his results are due to complicated estimations for the concrete
cases treated there, while our general result emerges from a single
estimation of this type (Theorem 5.1), giving additionally simple explicit
expressions for the constants involved.

A probabilistic argument for y = 4 being the best possible choice could be
given as follows. By the Central Limit Theorem 2.3, the sequence
n'*(X,—¢&) tends to a normally distributed random variable in dis-
tribution, hence for ¢ being of order O(n~7) with y>1, P(|X,—¢&| >¢)
would tend to 1 for n— o0, ie., the second summand in (5.5) and (5.6),
resp., would not tend to zero in this case. Note that for y=1, a strictly
positive limit less than one is attained for the sequence P(|X,— ¢ >¢) in

640/43/3-6
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the non-trivial case, hence stronger estimations than used in the proof of
Theorem 5.1 are necessary to obtain a corresponding result for this case.

For the remainder of this section, we shall deal with rates of convergence
results for contraction semigroups in terms of the second modulus of con-
tinuity.

THEOREM 5.4. Under the conditions of Theorem 4.2, we have for fe &

[revs=vm (£ 7(3) )}

1 2 1/2
<Kw2<\/2_I{C62(Y)+XT—02(N(r))} ,f), t>0. (59)

Alternatively, if N is a non-negative integer-valued random variable with
E(N)={, and Y 20 is a real-valued random variable with E(Y) =y such that
0(N) and o*(Y) exist, then for fe ¥

ros={eu (= 7(5) D} 7
\/l.z_n.{Caz(Y)+y202(N)}1/2, f), neN.  (5.10)

Here {T(t) | t =0} is a contraction semigroup of class (C,), and K denotes a
generic constant.

sKw2<

Proof. Obvious from the Jackson-type inequalities (4.10) and (4.28) (cf.
Butzer and Hahn [4]); note that for equi-bounded semigroups the
assumptions of Theorem4.4 can be weakened similar to those of
Theorem 4.2. |

Theorem 5.4 covers all first and second main theorems treated in Butzer
and Hahn [4]; moreover, due to the improved estimations (4.10) and
(4.28) the variances of the composed random variables now play the essen-
tial role as claimed in [4] only for groups of isometric operators.

It should be pointed out that the corresponding expressions for the
individual representation formulas (4.32) to (4.38) as well as (4.12) and
(4.15) are immediately available from the estimations given there since the
individual variance term always is the leading term in brackets.

6. IMPROVEMENTS OF THE RATE OF CONVERGENCE

As was pointed out in the foregoing sections, the variance of the underly-
ing random variables plays a central role in estimating the rate of con-
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vergence in the different representation formulas, giving the rate ¢(1/n) for
n— oo in representations covered by Theorem 4.4, e.g. It should thus be
possible to improve the rate of convergence by suitable elimination of the
variance terms in the spirit of Bernstein [1] and Voronovskaja [28], who
introduced this approach in the analysis of the convergence behavior of
Bernstein polynomials. As will be shown in the following result, their ideas
carry over to semigroup theory almost literally.

THEOREM 6.1. Let N be a non-negative integer-valued random variable
with E(N)={, and Y20 be a real-valued random variable with E(Y)=7y

such that Y (Y $(8)) < oo for some 6 > 0. Then for an arbitrary strongly con-
tinuous operator semigroup, with & ={_y,

o= {o (e[ 7))} 7
+3- @+ fuw (B[ 7(3) )} 47

< ) for n— o0, (6.1)

provided that fe D(A*). The order O(1/n*) for n— oo can in general not be
improved.

Proof. According to the proof of Theorem 4.4, it is enough to prove
relation (6.1) when N=1, ie, Yy(E[T(Y/n)])"=E[T(X,)] where
{X,|neN} is an iid. sequence identically distributed with Y. A further
Taylor expansion in Theorem 4.1 yields

E[T(X,)]f-TE&) S (6.2)
_a'(¥)
2n

which implies that the Lh.s. of (6.1) can be estimated by

1
T 47+ B TO 47 +0(5)  (no20)

SIBCE, — &l Me* | 4771+ (ni) (63)

Now as a consequence of the Extended Central Limit Theorem 2.3,
E(X,— &)= o(l/n \/r—l) for n—-oo; but also E(X,—¢&)>=(1/n)x
EXi_ Xe— né)®, which is a rational function of », implying that, in fact,
EX,-¢&)>P=001 /nz) for n— oo. This gives the desired estimation (6.1). The
rate of convergence cannot be improved except for trivial cases since the
remainder term in (6.2) originates from the moment estimation for
E(X, — £)* which in this case is exactly ©(1/n°) by (2.6) and (3.9). 1|
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As in the concluding remark of Section 5, for the individual represen-
tation formulas (4.32) to (4.38) the Lhs. of (6.1) can again immediately be
derived from the estimations given there. Of course, relations analogous to
(6.1) can also be formulated in the setting of Theorem 4.2 or Theorem 4.3
which, due to the great similarity, will be omitted here. Further
improvements of the rate of convergence could be achieved by successive
elimination of remainder terms as indicated in Theorem 6.1. However,
things will get quite complicated for orders higher than ©(1/n?).

7. EXAMPLES

To demonstrate the broadness of possible applications of the results
obtained in the preceding sections, we shall deduce some approximation
theorems for a class of exponential operators by specialisation on the
semigroup of translations, as well as some rate of convergence results for a
class of Poisson approximations in probability theory.

For approximation by Bernstein polynomials, we have the following
result.

THeoReM 7.1, For ge C[0, 1] and 0 <& <1 we have

w03 ({)eu-orre(5)

k=0
E-5_ gl
<lgl /=< , N,
<igl <L e
i geCro 1], (1)
X (n k
EGEMNWEEIRE
1_ #
BRIL LSS DT
i g eCro1), (12)
L (n k
— kl__ n—k (_)
2= % (7)ea-orvs;
S8 (O .
G ret ) S

if g"eC[0,1], (7.3)
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e ()10, (k
0= 3 () ea-or+{s ()-S5 2 (5]

e (4)
I s gy oz £ 2180

£1-¢y

4)
”zi Lo —g)6e2—6e+1)
lg”l 3 1g™l gl
< , N,
6o T 128n? Tagon "€
if g®ec[o,1]. (14)

Proof. Let ¥ =UCB(R), the space of all uniformly continuous and
bounded functions on R, and {7(r)| >0} the (contraction) semigroup of
left translations. Then A is the differential operator. For ge C[0, 1] let
g* € UCB(R) denote a suitable extension of g to R such that g* fulfills the
same smoothness conditions as g. Then (7.1) to (7.4) follow from
Theorem 4.4, (4.32) and a corresponding extension of Theorem 6.1 (with
N=1 and Y being binomially distributed) when T(¢)g*(0) is con-
sidered. ||

Due to similarity of proof, we shall only state the following theorems
derived from Hille’s and Shaw’s representations (4.11) to (4.13) and (4.34),
involving Favard (or Szasz) and Baskakov operators.

THeOREM 7.2. For ge UCB(R™) and & >0 we have

e (0 (K f
g9-e v § Ehe () <1en 5,

if geUCB(R"), (7.5)
N N
s0-e £ & g(;) <Ig'ls, >0,
if ¢ eUCBR"), (7.6)
oE G ke i
g(&)=e ékgng(?)—g(f)Z‘L@(r\/%)’ > o0,
if g"eUCBR"), (1.7)
* k k k 1
so=e £ G (D)5 (O)fro(z) e
if ¢¥eUCBR™), (1.8)

all estimates holding uniformly in & in every bounded interval.



292 DIETMAR PFEIFER

THEOREM 7.3. For ge UCB(R*) and & >0 we have

0= L0 )

1
<lgl AR e,

if g eUCBR"), (7.9)

Q3 (ntk—1 Ek E)
’g(é) ,Eo( k )(1+£)”+"g<n

S E(L+E
<l S en,

if g"eUCB(R™"), (7.10)

& (k=1 ¥ k
w0-5 (" e )

k=0

SO
oSG ro(e) e,

if ¢ €UCBR"), (7.11)

g(é)=k§0<n+:—l>(_1+—€€’(W{g<§>

0 (eez) o
2n n n

if g¥9eUCBR™Y), (7.12)

all estimates holding uniformly in & in every bounded interval.

We shall conclude with an analysis of some Poisson convergence
theorems in probability theory via the Poisson convolution semigroup (cf.
[207]) as was first studied by Le Cam [5]. For this purpose, let Z =/> be
the Banach space of all bounded sequences f = (f(0), f(1)...), and the
linear contraction B on 4 be defined by

Bf=e,+f fed, (7.13)

where ¢, denotes the unit mass in ke Z*, and * means convolution. Then
A=B—1I is the generator of the Poisson convolution semigroup
{e"| 120}, ie,

X

k
ef e S %gk*f:P(t)*f, >0, (7.14)
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where P(t) denotes the Poisson distribution over Z* with expectation ¢.
Since Poisson limit theorems usually are expressed in terms of convergence
in distribution, we have to provide an adequate metric p on the set .# of
all probability measures over Z *; one such is given by

p(P, Q)= sup |P(S)— Q(S)] = f P({(k}) -0k}, P.Qe

Scz+

(7.15)

(cf. also Serfling [26]). In fact, convergence in distribution and p-con-
vergence as well as norm-convergence (if measures are interpreted as
operators) are then equivalent, but only the latter provide useful statements
on the rate of convergence. In order to be able to formulate the various
Poisson limit theorems we shall need binomial and negative binomial dis-
tributions B(n, p) and B(n, p), resp., with ne N, pe (0, 1), defined by

B, p)S)= ¥ (Z) pH(1—p) =k

keSn {01

ktn—1 (7.16)
Bn, p)(S)= ¥ ( )p"(l—p)", Scz+,

keS

Note that the negative binomial distribution B(n, p) can also be extended
to a (non-integer) non-negative real parameter » in the same way.

We shall now demonstrate that the known Poisson convergence
theorems can be considered as special cases of (an analogue of) Kendall’s
and Widder’s representation theorems (4.32) and (4.37), resp. (cf. also
[21]), whereas the Butzer-Hahn representation (4.38) gives a new Poisson
convergence theorem. Of course, all of these are given with the exact rates
of convergence in the setting of Section 4.

THEOREM 7.4 (Classical Poisson Convergence Theorem). For n=¢>0
we have

p<3< 5) P(g))<f_2 (7.17)

with

H ( é) * [ P(E) s f”<‘”A2f”, fel=, (1.18)
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and

H ( i) /- Pi)*fH ”eé”Asz+f9<i2) (ns ) fel”.
(1.19)

Proof. For (7.16) and (7.17), see [20]; (7.18) follows similarly from an
extended Taylor expansion.

Note that B(n, ¢/n) » f={(1—-E)I+E(I+ A/n)}" + f, fel”, hence
(7.17) and (7.18) are analogues to Kendall’s representation (4.32) in that
the semigroup T7T(1/n) is replaced by the first two terms of the
corresponding Taylor expansion.

THEOREM 7.5. For (>0 and all ne N, we have
= n 62
p<8<”’n+5> P(5)><— (7.20)
with
HE< >*f P(¢ *f” <— 141,  fel™, (7.21)
n+¢

and for n —» «

”E< n+ é)*f P f” ||‘—’“A2fll+(9(1), fel*. (122)

Proof. We only need to show that for the resolvent, AR(4)f=
B(1, 2/(1 + 4)) * f for arbitrary 4>0, fel™; everything will then follow
from Widder’s representation (4.37). But

R(A) =AM —A) " '=A(1+4)I—B)~
i 1 - g
-5 (1‘—m 3) g (1+1)~% B5  (7.23)

hence for fel*
AR(A) * f * i(1+i)"k£ *f E(l A )*f 1
| —=—r = _— R
( 1+1,%2, g 142

Using the Butzer—Hahn representation (4.38) in the same way as Widder’s
representation in Theorem 7.5, we obtain a third type of Poisson con-
vergence.
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THEOREM 7.6. For ¢ >0 and ne N, we have
_ n &
<— 2
p(B(ntr i ip@) < (124

é?.
}<-—H ’h, Sfel=, (7.25)

with

_ n
”B(’if,m> xf—P)*f
and for n —

Blti)os-mres|-Srcsanne(3) s
(7.26)

Proof. As in Theorem 7.5; note that

E( ) S)= jr—(é—)zé—' e MP(1)(S)d, S<Z*, (127)

ie., a negative binomial distribution is obtained by randomization of the
Poisson parameter according to a gamma distribution. ||
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