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Let p(x)= 2 p** be a power series with p,(k =0,1, --+)
complex numbers and 0 < p, = co its radius of convergence,
and assume that P(x)#=0 for 0= a, =2 < p,. The power
method of limitation, P, is defined by

lim, s = lim g}pkskx"/P(x) (x real)
2—=0,,— k=0

?

(provided the series converges in [«,, o,) and the limit exists
and is finite). Abel and Borel methods are the best known
power methods. In this article inclusion relations between
two power methods are investigated. Several theorems are
proved, which lead to necessary and sufficient conditions, for
inclusion, that are correct under some fairly moderate
restrictions.

1. Introduction. Let P(x) = 3, p.x* be a power series with
ok = 0,1, ---) complex numbers and 0 < p, < o its radius of con-
vergence, and assume that P(z) =0 for 0 <, <z < 0,. The power
method of limitation, P (see Wlodarski [19] and Birkhole [2]), is
defined by

o

lim, s = lim kZO 8,2 [ P(2) (z real)
TP p— k=

(provided the series convergences in [«,, 0,) and the limit exists and
is finite).

The power method @ is defined analogously by Q{z) = >, ¢,x* and
parameters &, O,.

The best known power methods are the Abel method and the
Borel exponential method. Other power methods which appear in the
literature are A4,, L and (B, a, b) (for more details see next section).

We are concerned here with inclusion relations of the form

P < Q. There are several results in the literature in this diree-
tion. Thus, Borwein proved (see [4], [5] and [8]) that A4,< A4,
A, Z A, provided —1 < pt <\, that A, C L, L £ A, provided » > —1
and that (B, a, 8) S (B, a, b) provided ¢ > 0, —c0o < L =Zb < + oo,

Other results, obtained by Borwein [4], [8] and Hoischen [12],
are of a more general nature. Both authors investigated inclusion
relations between power methods whose coefficients, {p.}, {¢:}, are as-
sumed, a priori, to be related by some particular cases of the relation
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qk:pksrfk_idq/r(f), 0<r<oo,ic{0,l, -}, k=mn+1 -,
0
| ldv@] < =

Assuming some more restrictive conditions (like », = 0 or p, = 0 or
others) Borwein gets sufficient conditions and Hoischen necessary and
sufficient conditions for inclusion.

In this article we are able to discuss the problem in greater
generality. The single essential restriction which still remains
necessary is:

(1.1) S 1k = oo .

kpp70

The main tools which make this discussion possible are taken from
[21].

It seems that the problem is not simple enough to be solved by
one or two theorems. A broader kind of investigation is needed.
Actually it comes out that the case of power methods with finite
radius of convergence should be separated from the case of infinite
radius of convergence. The discussion of the first case provides
results which are simpler to formulate and are more satisfactory.

The forthcoming results include, in particulr, necessary condi-
tions, for inclusion, some combinations of which turn out to be also
sufficient. So, necessary and sufficient conditions can be formulated,
with (1.1) being the only pre-assumed restriction. Those conditions
seem to be slightly complicated if o, = o; so they are simplified
for some restricted cases, where all the additional restrictions are
sufficiently general to be automatically satisfied if P and @ are both
regular power methods.

Few of the theorems are applied later to the above mentioned
examples of power methods (all of which are regular) yielding some
results of interest. Necessary and sufficient conditions for each of
the inclusions PC 4, A Q, P B, B @ (where A, B are the
Abel and Borel methods and P, @ are some other power methods)
are obtained as corollaries.

2. Definitions and statement of results.
2.1. A definition and a convention.

2.1.1. Power methods of limitation. Let P(x) = 3 pa*, with
complex coefficients, p,(k=0,1,---), and radius of convergence
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0 < p, £ oo, be some power series such that P(x) = 0, for a, < « < 0,
where 0 < «, < p, is some real constant. A sequence of complex
numbers s = {s,} is said to be P-convergent to ¢ if > v.s,2* is con-
vergent for all x €[«,, p,) and

lim T,(s, z) = o, T.(s, ) = i pi8,xt/P(x) (% real) .
20 p— k=0

T, (s, x) is called the P-transform of s and o its P-limit. o is denoted
also by lim,s. By ¢, we denote the field of the method P, i.e. the
set of all complex sequences which are P-convergent to a finite
limit. ¢\” denotes the set of complex sequences which are P-limitable
to zero, and m, the set of all complex sequences whose P-transform
exists and is bounded in [«,, p,).

In analogy with P the power method @ is defined by the series
Q(x) = >, q,#" and parameters «,, p,. The Q-transform of a sequence
s and its Q-limit are denoted by T.(s, x), lim,s. The field of @ and
the other related sets are denoted by ¢, ¢, m,.

We say that PC Q (i.e. P is included in Q) if ¢, S ¢, and P, Q
are consistent (i.e. lim,s = lim, s for all see¢,).

In many of the results of this paper, P is required to satisfy
the additional condition
(2.1.1) S 1k = oo .

kpp70

The following are examples of well known power methods:

A-Abel’s method: P(x) =1/1 —x), @, =0, p,=1.

B-Borel’s exponential method: P(x)=c¢", @, =0, 0, = oo.

A,-Abel-type methods: Px)y=(1 —2)""* x> -1, a,=0,0,=1
(see Jakimovski [1] and Borwein [5]).

L or A_-Logarithmic wmethod: P(x) = log[l/(1 — x)], «, >0,
0, =1 (see Borwein [6]).

(B, a, b)-Borel-type methods: P(x) = Sy a*/I(ak-+b)~a a0 %"
(x— +), >0, —c0c <b< +o, aN+b>0, a,>0, p, = c (see
Borwein [8]).

2.1.2. A convention about functions of bounded wvariation.
Every complex valued function whose variation is bounded in some
finite or infinite interval is assumed throughout to be continuous to
the right at all points of this interval, with the possible exception
of the interval’s ends.

2.2. Theory which is restricted only by condition (2.1.1).
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REMARK 2.2.1. It should be observed that if P(x) is a poly-
nomial then every sequence is P-convergent. This is, then, a trivial
case. For this reason it is assumed throughout that both P(x) and
Q(x) are not polynomials.

ReEMARk 2.2.2. If ¢ & m, then the set J = {k|p, =0, q, # 0}
is finite.

2.2.3. DEFINITION OF 7,. We define
Yoy = g_IEIQk/pk Il/k ’
where k is considered, in the limiting process, only if p, = 0.

THEOREM 2.2.4. Let (2.1.1) be satisfied. If ¢\ < m, then each
of the following must be satisfied:
(1) 0< 7y < oo
(ii) 0475 = Py
(iii) The limit
I;HE q:/(pert,) (K is considered only if p, = 0)

exists and is finite.

COROLLARY 2.2.5. Let (2.1.1) be satisfied. If ¢ < m, then
either 0, < co and p, < o or P, = 0, = co.

THEOREM 2.2.6. Let (2.1.1) be satisfied and assume that p, < .
If ¢ S m, then o function ¢ of bounded variation and constants
0<o<1, mel0,1, ---} exist, which satisfy:

2.2.1) g, = p,,r';q(S: () + O(@")) (k—co, k= m,m +1, )
(2.2.2) S: | P(xr,7) || dé(z)| = O(Q(®)) (x— o7, = real) .

THEOREM 2.2.7. Let (2.1.1) be satisfied and assume that o, < co.
If ¢, S ¢, then the limit 1/Q(0o, — 0) must exist and be finite, unless
Q(x) = kP(xr,,), £ # 0 (in which case P and @ are trivially equivalent).
If, further, P < Q (and Q(x) = £P(xr,,)) then the said limit must be
zero.

REMARK 2.2.8. Theorem 2.2.7 cannot be extended to the case
0, = . In fact an example is given in Section 3.1.15 of two
essentially different power methods, P, @, with o, = p, = « which
satisfy P < @, while the limit 1/Q(+ =) does not exist.
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THEOREM 2.2.9. Let (2.1.1) be satisfied and assume that 0, = oo.
If ¢ S m, then there exist: a function ¢, whose variation is bounded
in [g, 1], for every ¢ > 0, constants 0 = R < + o0, w(a, < u < + oo,
o > ), me{0,1, -} and a matriz (e,,) (W << +o0,k=0,1, --.)
such that

(1) qo= s | 749(e) + QEen/a*,
=< +oo,b=0,1,.-.).

(i) | 1P@r.)]1d6)| = 0@Q@), (@— -+, @ real.

(iii) (le| S R|pp|ufrhy, W=ax< +oo,k=mm+1,--+)
UexkléR, (W< < +oo, k=01, --).
If, further, ¢, < ¢, and we denote

€ = ey — [ DU 7",/ P(ur,,)] ﬁ, 6., W=w<too, k=01, )

then, in addition,
(iv) The limits
e, = lim e, (x real, 5=0,1, --+)
Z—stoo

all exist and are finite.
(v) The limit

A(T) = lim Sll P(wr,,0) T(x7)dg(c)/Q@) (= real)
exists and is finite, for every function T(t), which ts continuous in
the interval [u, + ), vanishes at its left end and has a finite limit
T(+ =o).

If, further, P < Q then, in addition,

(iv) e=0 (k=0,1.--)

(v) ATy = T(+ o).

REmMARK 2.2.10. It is of interest to note that ¢ is not constant
in [L — 9, 1] for any 6 > 0. This is true in Theorem 2.2.6 as well as
in Theorem 2.2.9. In Theorem 2.2.6 ¢ is uniquely determined (up
to an additive constant) in [f, 1] and in Theorem 2.2.9 it is uniquely
determined in (0, 1].

THEOREM 2.2.11. Assume that p, < o=. If 0 <1, < 0, Op =
On 1/Q(0, —0) =0 and (2.2.1), (2.2.2) are satisfied, with ¢ of
bounded variation and some constants 0 < 8 <1, me{0,1, ---} then
PC Q.

COROLLARY 2.2.12. Assume that (2.1.1) is satisfied, p, < « and
1/Q(p, — 0) = 0. If ¢ < m, then P Z Q.
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THEOREM 2.2.13. Assume that p, = oco. If 0 <17, < o and
conditions (i), (iii), (iv), (v) of Theorem 2.2.9 are satisfied, then
¢, S ¢.. If conditions (iv), (v) of Theorem 2.2.9 are satisfied also
then P < Q.

REMARK 2.2.14. In Theorems 2.2.11 and 2.2.13 it need not be
pre-assumed that 7, satisfies Definition 2.2.8. The rest of the
requirements mentioned in the theorems suffice.

2.8. Restricted results. Power methods P with p, =0 (k =0,
1, --+) were investigated more than others in the past. Therefore
they are of special interest, and an attempt to speciallize some
theorems for them is worthwhile. It happens that the results of
this attempt gave rise to theorems which are applicable to conserva-
tive and regular power methods in general, and therefore we begin
with the characterization of these kinds of methods:

2.3.1. DEFINITION OF P(z). Given P(z) = 3, p.z*, we define
Pe) =S inlet, (@ =w<p,).
Obviously | P(x)| = P(2), @, <z < p,.

THEOREM 2.3.2. P s comservative if and only if
(1) A constant L > 0 extsts such that

(2.3.1) LP@) < |P@)| < Pl@) (@, Z2<p,)

and

(ii) The limit 1/P(p, — 0) exists and is finite.
P is regular if and only if, in addition

(i) 1/P(p, — 0) =0 and

(iii) P(x) is mot e polymomial.

REMARK 2.3.3. It should be observed that (iii) of Theorem 2.3.2
is automatically satisfied if p, < - and that (i) = (ii)’ in case p, = <
(unless P(x) = const.).

THEOREM 2.3.4. Let P be conservative and satisfy (2.1.1). If
e & m, then the limait

lim Q(x)/P(xr,,) (x real)

o0, —

q

exists and is finite. If, further, P is regular and p,= « then in
addition
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Foo, 0<r <1y,

, (2 real).
0 y Tpg <r< 4o

lim | Q@)/P(er) | =

THEOREM 2.3.5. Let (2.1.1) be satisfied and assume that p, < oo
and that the limit 1/P(o, — 0) exists and is finite. If 0 < 1,y < oo,
OdTps = Pp the limit 1/Q(0, — 0) exists and is finite and (2.2.1), (2.2.2)
are satisfied, with some ¢ of bounded variation, 0<0<1 and some
me{0,1, ---} then ¢, < c,.

2.3.6. DEFINITION OF ¢, ¢, U. We denote e =(1,1,1, ---) and
e =(0,---,0,1,0, ---), where the single 1 is at the Ilth place.
Also U={gU{e"|1=0,1, ---}.

Conditions under which U forms a fundamental set in ¢, are to
be found in [21] (see also Wlodarski [19] and Birkhole [2], [3]). In
particular U is foundamental in the fields of the Abel and Borel
methods (see Zeller [20] and Ryll-Nardzewski [15]).

THEOREM 2.3.7. Assume that 0, = c and that either U 1is
Jundamental in ¢, or Q(ex)/Q(x)—0 (x— +oo, x real) for every
sufficiently small € > 0. If 0 <7, < o and conditions (i), (ii), (iii)
of Theorem 2.2.9 are satisfied then P < Q.

REMARK 2.3.8. Theorem 2.3.7 is applicable to the case that Q is
regular for in this case Q(cx)/Q(x) — 0 for every 0 < e < 1.

COROLLARY 2.3.9. Let (2.1.1) be satisfied and assume that p, = o
and that either U is fundamental in ¢, or Qex) /Q(x) —0 (x — + oo,
x real) for every sufficiently small € > 0. If ¢ & m, then PZ Q.

The following theorem provides an easy means of producing
examples of inclusions between non-regular power methods, with

0p = 0.

THEOREM 2.3.10. Assume that p, = o and that the limit P(+ )
exists and is finite. If

(2.3.2) 0 = pr* | Ps©) (6=0,1,--),

where 0 < r < o and ¢ s of bounded variation, them 0, = c and
the limit Q(+ o) exists and is finite. If, further, Q(+ ) = 0 then
¢, € ¢,. If, in addition, P(0)[¢(0+) — #(0)] = 0 then P < Q.

2.4. Examples. In this section we present some results of
applying the general theorems of the previous sections to particular
power methods.
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2.4.1. A simple test of imclusion. Let us investigate among
the particular power methods defined at the end of §2.1.1, which
pairs may satisfy an inclusion relation. An easy preliminary check
can be performed by application of Theorem 2.2.4 and its Corollaries
2.2.5 and 2.3.4.

Thus, calculation of r,, for the relevant pairs of methods im-
mediately exeludes, by (i) of Theorem 2.2.4, the possibility of inclusion
between A4, or L and (B, @, b). It also proves the impossibility of
inclusion between (B, a,b) and (B, @, 8) in case a # «. (In fact no
direct calculation of 7,, is needed. One can use Corollary 2.2.5 and
Theorem 2.3.4 instead.)

No further conclusions can be drawn by (i) of Theorem 2.2.4.
However (iii) of this theorem or, its corollary, the first part of
Theorem 2.3.4, provides a finer test and its application shows that
LZA LA, if x>pg>—1 and that (B, a,b) £ (B, a,B) if a >0,
—oo < B < b < Joo, Soafter a complete check with Theorem 2.2.4
it seems that the only possible inclusions are 4, S A, S L (VW= ¢t >
—1) and (B,a,B8) S (B,a,b) (>0, —c0c <B=b< +). Those
inclusions are, in fact, known to be valid and were proved by D.
Borwein (see [4] and [8]) using methods which could be interpreted
as applications of Theorems 2.2.11 and 2.3.7.

The results of the previous sections make it possible to solve
completely certain inclusion problems. As examples we formulate
necessary and sufficient conditions for the inclusions A £ Q, PSS A,
BC Q, PZ B where A, B are Abel and Borel methods and P, @
are any power methods (not restricted in any sense).

In the following c,, ¢\, m, denote, respectively, the field of the
Abel method and the appropriate sets which are related to Borel
method.

COROLLARY 2.4.2. In order that ¢, = c, it s mecessary and
sufficient that the following 1is satisfied: 0, < oo, the limit
1/Q(o, — 0) exists and is finite and

0.0 = | #d9(e) + 00" (k— )
where
Lle@i< =, o<o<t, oo, —0)ldsE)] = 0Q@)
(x — o7, = real).

The same, with the additional condition 1/Q(p, — 0) = 0, is mecessary
and sufficient for A < Q.
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COROLLARY 2.4.3. In order that ¢, & c, it is mecessary and
sufficient that the following is satisfied: 0, < o, P, # 0, for all
sufficiently large k, and

Lpuof) = | o) + 00" (k)
where
Llas@i <o, 0<o<1, [ |P@oe)lldse)] = O - o),
(x—1—, @« real).
The same s necessary and sufficient for P < A.

COROLLARY 2.4.4. In order that ¢ & m, it 1s mecessary and
sufficient that

0 < 7y = I_IE] qik! |V < + oo
oo

and that

0= (i) || 09(e) + Qlen/s*, WS < oo, k=0,1, -0

1
ul
where

S;x|d¢(f)[< o, (4= @<+ o)

|, e 1d9(2) | = 0Q(@)) , (@— +o2, @ real)
|| < Rriutlkl w=ao< +co, bk=m,m-+1,---)
lea| =R, W<+, k=0,1,.-+)
a<u< t+o, 0=R< 4+, mef0,1,---}.
The same is necessary and sufficient for B < Q.

COROLLARY 2.4.56. In order that ¢\ S m, it is necessary and
suffictent that the following is satisfied: v, #= 0 for all sufficiently
large k,

0< 7, = Iim | p kel |7/* < oo
k—oco
and
1/k! = ka;b SI/ de¢(2') + exexk/xk ) (u sSx < Foo, k= Oy 1’ °* ')

where
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LGRS
lea| S Rlplubrl,, W< +oo,k=mm+1,--)
leg| SR, W< +4+o,k=0,1,---)
S;IZIP(xrpbr)lldqﬁ(r)l=O(e") (x — 4+ o, x real)
0<u< 40, 0ER< +o, me{0,1, --}.
The same is necessary and sufficient for P < B.
3. Proofs.

3.1. Proofs of the results in §2.2.

3.1.1. Proof of Remark 2.2.2. Define

0 , ked

— y C(< < ) k:(),l,"'
Ygat), keg’ 05050

Sk

Obviously sec. However, >, ¢;s.a* would not converge if J is
infinite. Hence s¢m,, in such a case, which means that ¢ & m,
cannot hold.

In the forthcoming proofs we use several results, which are
cited below. The first is a generalization, due to R. Trautner [16]
of a well known theorem of J. G. Mikusinski [14]:

TRAUTNER’S THEOREM 3.1.2 (R. Trautner [16]). Let
m= 2@, |la@i<e k=01
be Hausdorfl moments. If
t, = O(*) (i— o, 0 <r <1,k e,k natural numbers)
then either y = const. in [r, 1] or >, 1/k, < oo.
An immediate corollary of Trautner’s theorem is:

LEmmA 38.1.3. Let (2.1.1) be satisfied and assume that g is @
Sfunction of bounded variation in [a,, 0,), which ts constant in [v', 0,),
for some ' < p,. If

2 POl S Riplrt, @ <r <o,
P (k:m,m-{-l,...)
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then g = const. in [r, 0,).
The rest of the cited results are taken from A. Ziv [21]:

LEmMA 3.1.4 (A. Ziv [21]). Let (2.1.1) be satisfied and let
nef0,1,:-:}, e>0, @, <r<p, S, S, ::S,_. be given. Assume
that T(x) is any function, continuous in [r, p,), having a finite
limit T(o, — 0) and satisfying

T(r) = 5 p.Ser*/P(r)

and let 0(x) > 0 be continuous in [r, 0,). There exists a sequence
s €c¢, which satisfies

gLy (7% @=0L-n—1); S ps| <o

j T,,(S, 96) - T(QC)] < 6(96) (1" =r< ‘Op) ’ limps = T((O:o - 0) .

THEOREM 3.1.5 (A. Ziv [21]). Let (2.1.1) be satisfied. If > Bis;
converges for all s€c” then

(8.1.2) Bl ZR|pl?, 7<p, k=mm+1,---,mef0,1,---}.

3.1.6. Matrix methods of limitation (see Lazi¢ [13] and Ziv [21]).
Let W={w,eecl,k=0,1,---) be an infinite matrix of complex
numbers with I a subset of some topological space. Let x,¢1I be
a point of accumulation of I, which has a denumerable basis of
neighborhoods. A sequence s = {s,} of complex numbers is said to
be W-ocnvergent to o if its W-transform,

Tw(87 w) - ﬁ wmksk ’
k=0
exists for all xeI and lim,.,, (s, ®) = ¢ (x€I). We denote by m,
the set of all sequences whose W-transforms exist and are bounded
in 1.

THEOREM 3.1.7 (A. Ziv [21]). Let (2.1.1) be satisfied. If
¢’ S m, then the matric W may be decomposed in the form
W = C + D, where the matrices C = (¢,,), D = (d,,) (xel, k=0,1, --.)
satisfy

(1) cu=nl /POWG0), |7 1do0)] S B < o, @, < 7. < p,
(@el k=01, --2). ’

(i) ldul=Rip|r*, a,<r<p,, (@elLk=mm+1,--.,
mef{0,1, -} |du| ER< o (xec,k=0,1,-.-).
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v, 0, are independent of k and R, r, m are independent of both k
and x.

3.1.8. Proof of (i) and (ii) of Theorem 2.2.4. If ¢ & m, then
3 qi8.2* converges for all secl”. Therefore it follows, from Theorem
3.1.5, that

(3.1.3) Xr, < P, for all zela, o)
which implies that
(3.1.4) Tpg < 5 P¥ps = Op -

Considering only values of k such that p, # 0 we get
0775 = (Iim | p [")(m |g./p. /") = Tim | g, ["* ;

so by Remark 2.2.2

(3.1.5) Tpo/ 05 = 1/04

Now we divide the discussion into two cases. First the case p, < co:
In this case (8.1.5) implies—since »,, < «-that 0, < o and that
7, > 0. This by (3.1.4) and (3.1.5) completes the proof.

Next assume that p, = <. Had we shown that r,, >0 we
would get from (8.1.8) that p, = - which completes the proof. So
let us try to reach a contradiction while assuming that r,, = 0.

The method @ is a matrix method (see §3.1.6) with w,, =
0,2"/Q(x), (x eay, +0),k=0,1,..--). The assumption r,, = 0 means
that

lim |w,./p,|"* = 0 (k is considered only if p, + 0) .

f—co

Hence from Theorem 3.1.7 we get

p. | [P0 = p.OG") . (6= )

which implies, by Lemma 3.1.3, that #», need not exceed r». Esti-
mating w,, by Theorem 3.1.7, we get, therefore,

(3.1.6) lg,2* Q@) < M|pelr*, r<p,,
(@, Le< +oo,b=m,m+1,---)

where, M and r are independent of both 2 and k. Let 1€{0,1, ---}
be larger than both m and k and such that q;, = 0 (see Remark 2.2.1).
We get

[2* Q)] = g% g2 Q)| < lgu'* |7 M | p,] 7 — 0, (x — + )
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which leads to the following absurdity:
1= lim 31 ¢:0*/Q(@) = 3} lim ¢:2*/Q(x) = 0 .
z—>+co k=0 =0 2—>-toc0

The summation-limitation exchange is permitted because the series
is majorized by X, M|p,| r* (see (8.1.6)).

REMARK 8.1.9. In view of (i), (ii) of Theorem 2.2.4, it is clear
that the variable x of @Q(x) may, in cases of inclusion, be scaled to
yield r,, =1, o, = p, = p. We may also increase either «, or «, to
get a, = a, = a. It enables us to simplify later proofs by assuming
those “normalizing conditions”.

THE FUNDAMENTAL LEMMA 3.1.10. Let (2.1.1) be satisfied and
assume that v,, =1, p,=p0,=p, a,=a,=«a. If ¢ & m, then
there exist a function Y(t), a matrix e, and constants R < oo,
a<u<p me{0,1,- .-} such that:

(3.L.7) | @<=, @=ss<p)

(3.1.8) ¢, = m S, A7) + Q@)en)s’, (=<0, k=01,
619 Q@[ [PE0lla@) SR, wsx<p)

B DA S

Proof. Using Theorem 8.1.7 we see that
(3.1.11) 2 Qx) = ¢ +dy, (@=2x<p, k=0,1,--+)

where ¢, d.. satisfy (i), (ii) of that theorem.
Define u = » (hence a < u < p). Since 7,, =1 we have from
(3.1.11), for all r =u <2 < p, ¢ > 0 and for k— o,

e =0 | T IHIPONG.(0) = 02°/Q) — d = pOIL + 2]

Hence, defining g, = const. in [r,, 0), we get, from Lemma 3.1.3,
that g, = const. in [z, o), so

e = oo | [/POMg.(t), (w=a< 0, k=01, ).

And if we define
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20 = —Q@ || [V/POMe®), (@rscslLusz<p)
we get from (3.1.11)

3.112) g, =p, S g (0) + Q@dufa*, W=z <, k=0,1,---).

al
Let u <o <y <p. From (3.1.12) we get
Q= D Sa/yf"dxy(f) + QW) yu/y* .

Comparing this with (3.1.12) and using (ii) of Theorem 3.1.7 we get
for k—

p. | PAlE) - 1)) = pOWH), (w=a<y<p).

From Trautner’s theorem (see 3.1.2), and because %.(1) = x,(1) =0,
we deduce that y,(z) = %.(c) Wwhenever wu=zx=y<p and
u/x <7 < 1. This enables us to, uniquely, define a function ¥(7) in

(u/p, 1] by:
1) = 1), Telu, 1, (wse<p).
(8.1.7) follows now immediately from the definition of %,. Obviously
Q@ 1PE)1d2) = 1Q@I™ | [P@o)]1d7.6)]
- [lldg.01 = &

So (3.1.9) is satisfied.
¢.; i1s defined now by (3.1.8). From (3.1.11) and (3.1.8) we get

lexh| =

0.04/Q() — plQ@I || (@) (7)]

Ao + 22 | [¢/P@1dg.(0)] = 1l + |pel 'R sup | PO,
which implies (8.1.10), by (ii) of Theorem 3.1.7.

3.1.11. Proof of (iii) of Theorem 2.2.4. By Remark 3.1.9 we
may restrict the discussion to the case 7,, = 1. In this case (iii)
follows immediately from Lemma 3.1.10. In fact we get lim,_..q./p, =

x(1) — x(1 —0).

3.1.12. Proof of Theorem 2.2.6. We insert in Lemma 3.1.10
u <y < p, in place of x and define
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X(T), u/yéfél

T) =
#(7) const., 0=7< uly.

Then (2.2.1), with 6 = u/y, follows immediately from (3.1.8) and
3.1.10). (2.2.2) follows from (3.1.9).

LEMMma 3.1.13.
(a) If in Lemma 3.1.10 we add the assumption ¢, = c,, then
the limit

Y(T) = lim [Q@)]™ S P(aet)T(@r)dy(t), (¢ real)
T—0— ulx
must exist and be finite for every function T(t) which 1is continuous
i [u, p), vanishes at its left end and has a finite limit T(o — 0).
(b) If in addition P < Q then Y(T) = T(p — 0) for every such

a function.

Proof. Substituting » = u in Lemma 38.1.4 we infer the existence

of a sequence of sequences s c¢,(I =1, 2, ---) which satisfy lim, s® =
T(p — 0) and
(3.1.13) {Sél) =g =... =35 =0, g lpksl(cl) | wk < l/l

| Ty(s®, 2) = T@)| <l, w=se<p,l=12---).
By (3.1.8)

T(s?, o) = [@)]™ S, P(a0)T (s, 22)dy(z) -+ g; o5 .

We denote lim, s* = T(s?, o — 0) = B, (the limit exists since s% e
¢, & ¢,). From (3.1.9) and (3.1.10) we have, then,

I (@) | P@o)T@)dw) ~ 6,
< m Q@)™ | |P@e) 1 1dx@)] + m 3 least|
<Rl + ;Rmswuk < 2R/l .

From this it is easily deduced that {8;} is a Cauchy sequence-hence
convergent. Denoting its limit by B8 we have

I [[Q@) || PeoT@0dre) - 5 < 2B+ |8 — 8]

TP

which yields, with [ — o, Y(T) = 8.
This completes the proof of part (a). Part (b) is proved in a
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very similar way. Only this time, since s“ e¢,, P Z Q, we have

B =1lim,s® =1lim, s = T(p — 0); so Y(T)=8B= T —0).

3.1.14. Proof of Theorem 2.2.7. By Remark 3.1.9 we may
consider the case 7,, =1, p, = 0, = p, &, = @, = a only. Assume,
first, that ¢, Z ¢, and that the limit 1/Q(o, — 0) does not exist. We
have to show that Q(x) = £P(x):

Let u < t, < t, < p and let A(t) be some continuous function in
[u, 0), which vanishes in [u, ¢,] and in [¢,, p). Denote T(t) = h(t)/P(t).
From Lemma 3.1.13 (a) we infer the existence and finiteness of the
limit

A7) = lim [@@)]™ || POTOGE) = lm Q@1 | wtan)
Denoting
Xz(t) = X(t/x) ’ (to st=nt,<a K P)
we get
(3.1.14) HT) = lim [Q@I™ | kO -

[t,, t.]. This is because denoting up/t, =y we have v < y < p and

The functions y,(t) (¢, =< « < p) have uniformly bounded variation in

| 1azol =" jaxe = | ja@ = lae)< e,
t=2<p).

Therefore the following limit exists (see Widder [17] Theorem 16.4
Ch. I):

lim ["aarm = | woallim .01 = | wodeo)
Since 1/Q(x) does not converge to a finite limit, as « — o=, we infer
from the existence and finiteness of Y(T) (see (3.1.14)) that

S: H(t)dy(t/o) = 0 .

The argument which led to this result is correct for every function
nt), which is continuous in [¢, t,] and vanishes at both its ends.
Hence %(t/0) = const. for te (¢, t). Since ¢, and ¢, may be taken as
close as one wishes to % and p, respectively, we actually have
%(7) = const. for e (u/p,1). Hence, by (3.1.8)
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g, = kP, + Q@)e/a*, £ =x1) — (1 —0)
(u:<=x<(0rk:0;17 "')

which proves that Q(x)e../x* is independent of x. We may therefore
write

qk:’Cpk+QI,c: (IG:O,]., "')
(3.1.15) where by (3.1.10),
g2t /Qx)| S Rlpulut, w=ax<p,k=mm+1,---).

From this it follows immediately that x == 0 (otherwise we would
have r,, < 1).
We complete the proof by showing that ¢, =0 (k=0,1, ---):
Let 7€{0,1, ---} and choose r = u,

prip(r), x=7r
T(x) = {linear , rZax=7r; r<nrn<p
0 , m=r<p

in Lemma 3.1.4. We infer the existence of a sequence of sequences,
shee (1=1,2,-..), such that

s =0,(j #1,J <max{i,m}), sP=1

(3'1-16) k;:‘kasl(c” l wk < 1/Z , }Tp(s‘”, CB)I < B(x)/l (’)"1 =< 10) .

From (3.1.15) we have
T (s", ¥) = [ P@/Q@IT,(", ) + ¢2/Q@) + 3 aisi’a"/Q(x)
so, for r, <2 < p we get from (3.1.15) and (3.1.16)
lg:2/Q(x) — To(s™, )| = |£[P(x)/Q@)]T (s, )| + ki aisi? | 2%/ Q(z) |
= [k P(x)/Q(x)| o(x)/T + RJT .
Choosing properly d(x) > 0 (e.g. d(x) = |Q(x)/P(x)|) we may then get,
¥ Q) — To(s™, )| < M/l, M<o, (m2x<pl=12---).

Since sV eel < ¢, the limits B, = lim,_,_ T(s¥,2) ({ =1,2, --.) all
exist and we get

lim |¢a*/Q(x) — 6] = ML (1=1,2 ---).

This implies that B, is a Cauchy sequence, thus having a limit g.
Obviously
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g_r;x_ |qi?/Q(x) — B8] < M/l + |8, — B,

80 letting ! tend to o« we infer the existence of the limit
lim,_,. qix’/Q(x) = B, which is impossible, since 1/Q(0 — 0) does not
exist, unless ¢; = 0. This completes the proof for the case ¢, C ¢,.

The proof for the case P Z @ is similar. We just have to use
Lemma 8.1.13 (b) instead of (a) to infer that ¥(7T) = 0, and then
remember that sV ec” S ¢, so B8,=0 (1 =1,2, ---), which means
that 8 = 0 and therefore ¢; = 0, unless 1/Q(0 — 0) = 0.

3.1.15. Proof of Remark 2.2.8. First let us show the existence
of two entire functions P(x) = 3, p.2*, Q(x) = >, ¢,«* which satisfy

(a) Q@) = (| Pwat) o = Seopatie + 1), 0 <o < +)
(b) Plx)=1, 02 < +o0)
(¢c) The limit 1/Q(+ <) does not exist.

In order to prove this, notice that the function

fx) = S”[(l — e ildt = w/1-11 — 2%/2+21] + 2°/3:3] — -
is entire and satisfies f(+ ) = + . Hence the function Q(x) =3 +
sin [0f(x)] (where 0 < # <1 is a constant to be specified later) is also
entire and clearly satisfies (¢). The relation (a), then, defines P(x)
to be:

P(x) = [#Q(x)] = 3 + sin [0f(x)] + 8(1 — e77) cos [0f(x)] ,

which is obviously an entire function that satisfies (b). Inserting
the power series expansion of f(x) into the expansion of the sin, in
order to obtain the expansion of @Q(x), we see that each of the
coefficients ¢, is a polynomial in # which is not the null polynomial.
One may choose § to differ from all of the roots of these polynomials
and get ¢, =0 (k=0,1, ---). It follows, then, from (a), that (2.1.1)
is satisfied also.
Now, from (a) it follows that

T (s, @) = [S:P(t)Tp(s, t)dt:l /B:P(t)dt] L (0<z< o),

Hence, by (b), P < Q. This is so although (c) is satisfied.

It should be noticed that, by (a) and Theorem 2.2.4 (iii), @ £ P
s0 P and @ are essentially different power methods.

Examples of pairs of power methods, P < @ for which
1/Q(+ ) = 0, can be easily constructed by Theorem 2.3.10.
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Lemma 3.1.16.
(a) If in Lemma 3.1.10 we add the assumption c, = ¢, and
denote

(3.1.17) ¢ = o — [P P@)] S0, (WS2<0,k=0,1,--")

then the limits

(3.1.18) e, = lim e, (¢ real, £ =0,1, ---)

T—e—

all exist and are finite. (b) If, in addition, P < Q then for all
ke{0,1,---} ¢, = 0.

Proof. First, we notice that by (3.1.10) and (3.1.17)

(3.1.19) {I@:ckl SR plu, =< o0, k=m,m+1, )

e S R , =<0, k=0,1,..).
Next, we see from (3.1.8) that

Q@) = | Py + Q@) 3 e

so,
ﬁ e, = 1 — [Q@)]"" S/ P(er)dy(7) -

Substituting this into (3.1.17) and using (3.1.8) we get for every
S Ec,

Ts, x) = Tys, w) + [Q(@)] S P(at)[ T, @)
(3.1.20) v
— T(s, wld(e) + 3 s

Let now 2€{0, 1, ---} and choose in Lemma 3.1.4 » = % and T(z) =
2,4/ P(u). From Lemma 3.1.4 we infer the existence of a sequence
of sequences s¥ec¢, (I =1,2, --.), that satisfy

s =0 (J#1,7 <max{i,m}), sP =1, S Imesi? |t < 1L
k=1+1

Since sV ec¢, S ¢, we infer, from (3.1.20) with the aid of Lemma
3.1.13(a), the existence and finiteness of the limits

©0

B, = lim 3 el,s =12 -.--).

T—0" k=0

By (3.1.19)
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oo oo
leee — 2 eusi| = | =3, eusi’| < R'Jl.
k=0 k=141

Therefore

lim [el, — 8| < R'/L.
r—0—

From this it follows that B, is a Cauchy sequence. Denoting its
limit by 8 we get then,
Frgx_}e;i —BIZERIL+|8—-28],
which yields, with [ — o, that actually ¢, = 5.
Thus (a) is proved. The proof of (b) is similar. We just have

to notice that in case P S @ we get from (3.1.20) and from Lemma
3.1.13(b) that 8,=0 (1 =1,2, ---). Hence ¢, = 8 = 0.

3.1.17. Proof of Theorem 2.2.9. This is an immediate conse-
quence of Lemmas 3.1.10, 3.1.13, and 3.1.16.

3.1.18. Proof of Remark 2.2.10. The fact that ¢ is not constant
in [1 —4,1] follows immediately from the definition of 7, (see
§2.2.3). The uniqueness of ¢ in certain intervals follows from
Trautner’s theorem (see § 3.1.2).

3.1.19. Proof of Theorem 2.2.11. It is sufficient to consider the

case 1, =1, p,=p,=p, @, =a, =« and to show that ¢ C ¢{".
By (2.2.1) we may write

1
0= | Pds@) +0.) + i, (IS RFE =01,
where ¢; = 0 for &k = m. Hence for every secld

Ts, 3) = [Q@)I™ || Pao) (s, 22)ds(z) + [N 3 bupesas’
+ [Q@)] gl g5’ = 0,(x) + 0)(x) + oix) .

It easily follows that o,(x) —0, o x)—0, o(x)—0 (x— p—) for
every secl; so T(s, ) — 0, which completes the proof.

3.1.20. Proof of Theorem 2.2.13. It is sufficient to consider the
case O, = 0, = oo, 7,y =1, @ = a, = @. The proof is based on (3.1.19)
and (3.1.20), which are deduced here as in section 3.1.16.

It should be observed that (3.1.19) implies:
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lim 3 els, = >, (lim el,)s, = k;) ersy .

g—+oo k=0 k=0 g—-+o0

3.1.21. Proof of Remark 2.2.14. Follows immediately from the
proofs of Theorems 2.2.11 and 2.2.13.

3.2. Proofs of the results in Section 2.3.

3.2.1. Proof of Theorem 2.3.2. This follows in a straightfor-
ward way from Theorem IIT of Wiodarski [19].

LemMA 3.2.2. If Pis a regular power method with p, = oo then
P(ex)/P(x) — 0 (x — + oo, x real) for every 0 <e <1,

Proof. If 0 <e <1 then ¢*—0 (k- ). Hence the regularity
of P yields

lim P(ex)/P(x) = lim 3 peta*/P(x) = lim, {¢"} = 0 .
x>0 oo k=0

3.2.3. Proof of Theorem 2.3.4. Assume first that P is conserva-
tive. We define s; = 0 if jeJ (see Remark 2.2.2), s; = q;/(p;ri,) if
p; # 0 and s; = lim q,/(p,r%,) if p; =0, 7¢J. From Theorem 2.2.4
(iii) we see that the sequence s = {s,} is well defined and convergent.
Now,

Q@) P(xry,) = [Plar,)]™ 3 quo” = [P(er)]™ 3, masil@r50)"
P 3t = Tils, 2750) + 0(2) -
By Theorem 2.3.2 lim, ., _ o(x) exists, and from Theorem 2.2.4, and
since P is conservative, lim, ., _ T\(s, 7,,) also exists. This establishes

the existence of lim Q(x)/P(x7,,).
Now assume that o, = « and P is regular. We may write

Qx)/P(rx) = [Q(@)/P(r )] [P(7,,%)/ P(r)]
and this, by Lemma 3.2.2, tends to zero in case 7 > 7,,.
If 0 <r <r, we may choose 7, € (#/r,, 1) and have, by Theorems
2.2.9 and 2.3.2, for x — + oo,
0 = 14@)| ™| 1P@re)1d50)] = L1Q@)|™ | Plar,e)|ds(o)]
= L[ Plar,c)/Q@)] | 1d5()] -

From Remark 2.2.10 Sl [dé(T)| # 0; 80 P(xr,,7,)/Q(x) = O(1) (x — 4+ o0).
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From Lemma 3.2.2 we have then,
P(rx)/Q(x) = [P(27,,70)/Q@)]- [ P(rx)/ P(21,7)] = 0 (2 — +<0)

which completes the proof.

LEMMA 3.2.4. Let E be an FK space and let {f,} be a sequence
of continuous linear functionals on K. If lim,.. f.(s) exists for all
terms s of some fundamental set in E and if the sequence {f.(s)} is
bounded for every seFE then the limit f(s) = lim, . f.(s) exists for
every se K and is a continuous linear functional in E.

Proof. TFor a proof of a more general theorem, see Dunford &
Schwartz [9] II 1.18.

3.2.5. Proof of Theorem 2.3.5 It is known that ¢, is an FK
space (see [2] and [21]), and it was proved in [21] that under the
conditions of Theorem 2.3.5 U (see §2.3.6) is fundamental in e¢,.
From Lemma 38.2.4, it is sufficient then to show that ¢, & m, and
that lim, s exists for every se U. But the existence of these limits
follows from the existence of 1/Q(o, — 0). The inclusion ¢, € m,
follows from (2.2.2) and from the boundedness of 1/Q(x), after expres-
sing Tys, z) in terms of T,(s, x), via (2.2.1), as it was done at the
beginning of §3.1.19.

3.2.6. Proof of Theorem 2.3.7. If U is fundamental in ¢,, then
the proof is based on Lemma 3.2.4 in the same way as Theorem 2.3.5
(see §3.2.5). This is possible because (i), (ii), (iii) imply ¢, & m,, as
is easily seen from the identity

Ti(s, ) = [Q@I™ | P@r@)Ty(s, @rac)ds(@) + 3, ease

which follows from (i). Also, the boundedness of
T (e, 1) = q; @™ Q) (@, £ @ < +o0)

implies, when taking ! = 1, such that ¢;., % 0 (see Remark 2.2.1),
that 2//Q(x) — 0 (x — + o) for all 5. Solim,e¢? =0for j=0,1, .-
(in a similar way lim,e? = 0).

Thus U < ¢, and Lemma 3.2.4 yields ¢, & ¢,. The consistency
of P and @ follows now because the continuous linear functionals
lim,, lim, coincide on the fundamental set U, hence all over c,.

Consider now the case that Q(ex)/Q(x) — 0 and assume, for the

sake of simplicity, that »,, = 1. We define e, (v) by

(i) 0= 0| o) + Qeleatv)iat
ws=v=a0< +eo,k=01,--+).
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From (ii) we infer the existence of an M, independent of both v and
z, such that

(i) Q@[ 1Pellds@l =M @sv=e< ).

Comparing (i) and (i)* and assuming v/x = u/y we get
Q@)e(v)/7* = Q(Y)ey/y* — |e.(v)| = |Qux/v)/Q(@)| (v/w)*| eyl ,
which implies, by (iii), for every sufficiently large v,

lea(v)| < M,|p,|v* W<+, b=mm+1,---)

(iii)*
le.(v)| = M, (W<a< +oo,k=0,1,--+)
where M, is independent of x. Also, for sufficiently large v

(iv)* lim e, (v) =0 (x real, k=10,1, ---).
r—too
Now, from (i)* we have
T,(s,2) = Q@)™ | P@oIT,(s, 20)dp(c) + 3, ealo)s,
= 0,(v, x) + o,(v, 2) .
From (ii)* we have

sup |o,(v, )| < Msup | Tys, ¥)]|
=X y=v

for all X = v, and from (iii)*, (iv)*, for every sufficiently large v
we have

lim |oy(v, 2)| = 0.
z->+4-oc0

Hence for each v sufficiently large,

im |T,(s, )| < Msup|Tys, v)| .
L—>+o00 yzv

Thus, if s€¢, it follows immediately that lim,s = 0. Therefore,
e C el which implies P < Q.

3.2.7. Proof of Remark 2.3.8. This follows immediately from
Lemma 3.2.2.

3.2.8. Proof of Theorem 2.3.10. The proof is immediate if we
use the identities
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Q@) = || P@r)ds(o)
T (s, ) = [@@)]™ S P(art)Tys, zro)de(), (see,),

which follow from (2.3.2). Actually we infer that

Q(+ ) = P0)[¢(0+) — ¢(0)] + [6(1) — #(0+)]P(+ )
lim, s = [Q(+ )] "P(0)[$(0+) — ¢(0)]s,
+ [Q(+ ) [(1) — $(0+)1P(+ o) lim, 5
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