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The principle result is a general Tauberian theorem that
can be applied to any regular real matrix summability method.
The Tauberian condition is determined by the lengths of the
blocks of consecutive terms that dominate the rows of the
matrix. This theorem and its variants are then used to give
a unified method of proving seme of the classical Tauberian
theorems for the methods of Abel, Borel, and Euler-Knopp.
The general technique is also used to prove new Tauberian
theorems for Norlund and Taylor matrices.

1. Introduction. Let A be the matrix summability method that
maps the sequence z into the sequence Az, whose nth term is given
by (Az), = X7, aux,. Let 4dxr denote the sequence of differences:
(4%), = %, — T4+, In this paper we shall study order-type Tauberian
theorems in which the convergence of Ax together with a hypothesis
such as (4x), = o(d,) implies the convergence of x.

From each row of A that is in I', we can choose a block of
consecutive terms whose total dominates the row sum. In order to
state this precisely, let us introduce some notation and terminology.
For each n, let B, = {k: t(n) < k < v(n)}, where ¢ and v are nonnega-
tive integer sequences satisfying p(n + 1) < v(n). Note that every
integer greater than «(0) belongs to at least one block B,. Let L,
denote the length of B,, i.e., L, =vn) — #(n). We shall say that
the matrix 4 is {B,}-dominated if

2: (4293

keB,

(1) lim inf, {

- Z 1anki}>0-
KeB,

The main result of this paper asserts that if A is {B,}-dominated,
then max;.;, | (4%),| = o(L,") is a Tauberian condition for A over the
bounded sequences; if A is rowfinite, then a similar assertion holds
without the assumption that x is bounded. The strength of this result
lies not in its precision, but rather in its generality. It is easy to
see that if lim inf, | 3'7-, a.. | > 0 and each row is in ', then 4 admits
a block sequence that satisfies (1). In case A is regular, the sequence
{B,} can be chosen satisfying (1) and lim, p(n) = . This helps us
to define {B,} so that L, does not increase too rapidly, thus obtaining
a larger order estimate in the Tauberian condition. In §3 the dominant
blocks concept is used as a unified approach to proving some classical
Tauberian theorems for the methods of Abel, Borel, and Euler-Knopp.
In the final section, new Tauberian theorems are proved for Norlund
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and Taylor matrices.

2. General Tauberian theorems. The method of proof to be
used here is suggested by an argument employed by Agnew [1] and
Rado [8]. These authors considered matrices A in which each row
was dominated by a single term, and their conclusions were that A
is Mercerian, i.e., A is equivalent to ordinary convergence. In case
A is {B,}-dominated, we can use the slow oscillation of x to make the
terms of these dominant blocks coincide with x,’s whose values are
all nearly equal to some limit point @. Then Y7, a,.x, Will approxi-
mate a multiple of «, and in this way the convergence of Ax prevents
x from oscillating between two or more limit points.

THEOREM 1. Suppose that A is a regular real matrix that is
{B.}-dominated; if x is a bounded sequence such that Ax is convergent
and

(2) max | (4o), | = o(Ly")
then x s convergent.

Proof. We may assume that 2 is a real number sequence. We
suppose that = is nonconvergent, and we shall show that no real
number 7 can be the limit of Ax. Let R denote the positive number
limsup, |z, — 7|. Using the well-known Silverman-Toplitz conditions,
we can write

(Ax), — r = o(Q) + i WX, — 7).

Suppose 0 < ¢ < R, and choose K such that t = K implies |z, — | <
R +e. Then

| (Aw), — 7| = o(1) + kzﬁ ey — T)| — Z ||l — 7]

5y,

= o) + | > @ — 1) — 3 (@] iz — 7|
KB, Py
2K

>o0l) +| 3 au@. — )| — (B +2e) 3 |aul

L€ B, kg B,

2 0(1) + /Z a’m’c(xk - T) ——Rk&:ZL" Ia/nk[ - SHAH ’

o € 13,

Where H A H = Supn 2?::0 ] a’nk l'
Next we assert that for infinitely many =,

(3) keB, implies |z, —7|> R —¢.
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This is established by first choosing N so that L, max,., |(dx),] < ¢/2
whenever n > N; then select some n greater than N for which B,
contains an integer j satisfying |z; — | > R — ¢/2. For any k in B,,
we have |2, — ;| < L, max,., | (4d2),| <¢/2, so by the triangle in-
equality it follows that |z, — | > R — e. Also, we note that all the
numbers {x, — 7},.,, have the same sign.

For any of the infinitely many # as established in the preceding
paragraph, we have

(o), — [ Z o) + (B —9)| 3 an

— B3 lan —cllA]

= o)~ e{llall +| % aul} + B 5 au| - 3 law]
o) ~ 2[4 ] + B{| 5} au| - 3} Jaul].

Since ¢ is an arbitrarily small positive number, it follows from (1)
that liminf,|(4z), — #| > 0. Therefore, Ax cannot have limit 7,
whence Ax is nonconvergent.

The proof of Theorem 1 can be applied to sequences that satisfy
a gap condition, say (4z), =0, if &k -+ k(m) where m =0,1,2, ---,
instead of an order type Tauberian condition. In order to ensure that
(8) holds we must assume that the block B, is contained in a single
gap, i.e., k(m) < pun) < vn) < £(m + 1), for some m. The remainder
of the proof can be used verbatim to yield the following general gap
theorem. (Cf. [6, Theorem 1].)

COROLLARY 1. Let A be a regular real matriz that is {B,}-
dominated and let x be a bounded gap sequence such that (dx), =0
ifk=g(m),m=0,1,---. If{B,} and k satisfy £(m) < p(n) < vn) <
£(m + 1) for imfinitely many n, then Ax and x either both converge
or both diverge.

Although the assumption that x is bounded places a considerable
restriction on Theorem 1, we see by the following example that it is
a necessary hypothesis. Let A be the matrix given by

f 3/2, ifk=mn,
ank:'Hl/z, if b=n°,
0o , otherwise .

It is clear that a dominant block sequence is {B,} = {n}; thus p(n) =
n — 1, v(n) =n, and L, = 1. Therefore, the Tauberian condition (2)
reduces to (4%2), = o(1). Consider the unbounded sequence z: z, = log n,
if # > 0. Then lim, (4x), = 0, and (4x), = 0, if = > 0, but obviously
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% is not convergent.

In order to prove a result similar to Theorem 1 in which the
hypothesis that x is bounded is not necessary, we shall assume that
A is row finite and terms to the right of the dominant blocks are
zero. The argument is an adaptation of the idea used by Agnew in

1, §2].

THEOREM 2. Suppose A is a regular real matriz that is {B,}-
dominated and a,, = 0 whenever k> v(n); if x is a sequence such
that Ax is convergent and max,. , | (4x), | = o(L,"), then x is convergent.

Proof. Again, we assume that x is real, and we suppose that x
is nonconvergent; by virtue of Theorem 1, we need to consider only
the case where z is unbounded. Let H and ¢ be arbitrary positive
numbers, and choose N such that »>> N implies that L, max,,.,, |(4x),|<
e. Since z is unbounded, we can select n greater than N for which
B, containg an integer p such that |z,| > max,., {|=,|, H}. We also
have max,.,, |z, —«,| <&, which implies that for all kin B,, [2,| >

'z, — ¢ and all {x,},.,, have the same sign. For such an n we have
_1 (Ax)ﬂ [ 2 Z QA Xy — Z l A 72 1‘
ke B, k=pin)
> (5 xp[ - 6) 2 @y | — Z ;a’nkxpi
ke By, k<pin)
={| 3 a3 lenlfH -4
keB, | k=pin)

Since H and ¢ are arbitrary, it follows from (1) that lim sup, | (Az), | =
Hence, Ax is nonconvergent.
As above, this theorem gives rise to a gap theorem, which we
state next.

COROLLARY 2. Let A be a regular real matriz that is {B,}-
dominated so that a,, = 0 whenever k > v(n), and let © be a gap
sequence such that (dx), =0 if k + &£(m), m =0,1, ---. If {B,} and
£ satisfy £(m) < pn) < vn) £ k(m + 1) for infinitely many n, then
Ax and x either both converge or both diverge.

In order to apply Theorems 1 and 2 to particular classes of
matrices, it will be helpful if we first make some observations and
remarks establishing some relationships between the Tauberian con-
dition (2) and the more customary order estimates (dx), = o(d,) or
0(d;). Suppose that (4z), = o(d,), where d is a nonincreasing sequence.
Define r, = max,., | (4x),/d, !, so lim,», = 0 and
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(4) L, YknaBX | (d)y | & L@ ein -

For a particular matrix, if we can construct the blocks {B,} so that
L,d.., = OQ1), then we can infer from (4) that (2) holds. These
remarks and similar observations based on (4x), = O(d,) can be sum-
marized formally as follows:

Lemma 1. If (4z), = o(d,), where d is nonincreasing, and A 1is
{B,}-dominated so that lim, pt(n) = = and L,d.., = OQ), then (2) holds.

LeMMA 2. If (4x), = O(d,), where d is nonincreasing, and A is
{B,}-dominated so that lim, pt(n) = o and L,d..,, = o), then (2) holds.

These lemmas provide some insight into the relationship between
o- and O-Tauberian conditions as well as the relative difficulty of
working with the weaker O-condition. For example, if d, = k™, as

in Tauber’s original theorem [9], then L,d.., = {¥(n) — pn)}/ un),
which yields the implications

(5) (do), = o(k™) and u(n) = O(e(n)) imply (2)

and

(6) (dx), = O(k™") and v(n) ~ p(n) imply (2).

For a given matrix, it is obviously easier to construct {B,} so that
v(n) = O(p(n)) rather than y(n) ~ p(n). Indeed, for the Cesiro matrix
of order 1, it is impossible for {B,} to satisfy both (1) and v(n) ~
p(n); but if we choose p(n) = [%/3] and ¥(n) = n, then {B,} satisfies
(1) and v(n) = O(¢e(n)). The resulting o-Tauberian theorem will be
proved in the next section for Cesiaro matrices C; of all positive orders;
our purpose in citing the C, case at this time is to demonstrate the
fact that the general dominant block theory does not yield O-theorems.
We must conclude, as did Lorentz [5, p. 228], that “these O-Tauberian
theorems are connected with much more delicate properties of the
matrix” than those made use of in Theorems 1 and 2.

3. Applications to known Tauberian theorems. In this section
we demonstrate how the block Tauberian results can be applied to
some classical summability methods to derive well-known o-Tauberian
theorems. (See e.g., [2] and [7].) First we consider the Cesaro matrix
of order j, where j is a positive integer, which is the lower triangular
matrix given by

k<n).

Gin o= (*7EF I )

Jj—1 J
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THEOREM 3. If the sequence x is C;-summable for some J > 0 and
(dz), = o(k™), then x is comvergent.

Proof. In order to apply Theorem 2, we must determine yx and
v so that (1) holds. First define v(n) ==n. If 1/2 < B8 <1, we wish
to define ¢ = p(n) so that >5_.,, C;(n, k) = 8. By manipulating bi-
nomial coefficients, we find that

2,0 = (1 45)0 - ) - (- i)

> <1 ~ é‘i—l-f )

- n+ 1
Therefore, we want to have g < —1 + (»n + 1)(1 — 5*7), which is
achieved by defining pu(n) = [ — £8Y79)], where [t] denotes the greatest
integer not exceeding t. Since v(n) = O(u(n)), property (5) guarantees
that (2) holds. Hence, by Theorem 2, (4x), = o(k™*) is a Tauberian
condition for C,.

We remark that the preceding theorem applies to nonintegral j
as well, because C; includes C, whenever 0 < r < j.

Next we turn our attention to Abel summability, which assigns
to a sequence x the limit value lim, - {(1 — ¢) 3.7, z,t*}. Since the
dominant blocks technique is designed for matrix methods, we replace
the continuous parameter ¢ with a sequence {t,} such that 0 < ¢, <1
and lim, ¢, = 1. Thus the Abel limit of z is equal to lim, (Ax),, where
A is the matrix given by a,, = 1 — t,)tE. It is clear that this Abel
matrix method includes the continuous Abel method, so it also includes
C; for every j > —1. The constraint is that A is not row finite, and
therefore, the Tauberian theorem that we can prove by using Theorem
1 will not apply to unbounded sequences.

THEOREM 4. If x is a bounded sequence that is summable by a
regular Abel matriz and (4xz), = o(k™), then x 18 convergent.

Proof. Suppose ¢ > 0. Since i, = t5* — L™, we first
choose #(n) as large as possible while still satisfying ¢, ™ = 1/2 + 2,
say u(n) = [log (1/2 + 2¢)/logt,]. Then choose v(n) to be the least
integer that is not less than loge/logt,. This yields

Zankzé—+e,

ke,

g0 (1) holds. Also

y(n) log e
(n) 1
log <—§ + 2€>

b
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so v(n) = O(¢(n)), and by property (5), we see that (2) holds. Hence,
the assertion follows from Theorem 1.

As another application of Theorem 1, we shall give new proofs
of the classical Tauberian theorems for the summability methods of
Borel and Euler-Knopp. (See [2] and [3].) As above, we replace the
continuous variable with a discrete one and work with the Borel
matrix B [7, p. 56], which is given by b,, = e ™n*/k!. The matrix B
includes the Borel exponential method, so the next result also applies
to the latter method.

THEOREM 5. If x is a bounded sequence that is summable by the
Borel matrix and (dx), = o(k™''?), then x is convergent.

Proof. It is sufficient to determine g and v satisfying (1) and
pn) — pr)Hpm)}** = 0Q1); from this, Lemma 1 will imply that (2)
holds, and Theorem 1 then yields the conclusion. To simplify nota-
tion, let w, = »*/k!. By a simple induction argument, one verifies
that if 0 <4 < ¢ <, then u,_; < (¢/n)u,. Thus

ﬁ“ u, < i <ﬁ>luﬂ < e
=} im0 \ n— M

and therefore,

" -
b, e "N, n .
p "<n~/z<(n——p)1/27m

It follows that >}i_,b,. = @ < 1/4, if p is defined by

== ()]

The selection of v is made from a similar calculation: if % > 0 and
v > n, then w,.; < (n/v)'u,, which yields

k>v Yy —mn
and
PN 2

&0 < v —n)n2mn

As before, we want the sum to be no greater than «, so we define
y(n) to be the least integer that is not exceeded by

1/2
+< n ) .
2ret
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It is now easy to see that {v(n) — p(n)H{p)} "> = O1), and Sy.p, b, =
1 — 2a > 1/2, for every m, so the proof is complete.

Since the matrix B includes the Borel exponential method, which
in turn includes the Euler-Knopp means [2, p. 183], the next result
follows immediately from Theorem 5.

THEOREM 6. If x is a bounded sequence that is summable by «a
regular Euler-Knopp matrixz and (4x), = o(k™"?), then x 15 convergent.

4, Tauberian theorems for NOrlund and Taylor means. In
the final section we shall apply the dominant block technique to prove
some new Tauberian theorems for several well-known matrix methods.
We first obtain a simple theorem for the Norlund means N,, which
are given by

’pn—k/Pny if ké%,

N,(n, k) =
o F) 0 , ifk>n,

where p is a nonnegative sequence such that p, > 0, and P, = >*, »..

THEOREM T. If the sequence x is summable by N,, where p is in
I*, and (4x), = o(l), then x is comvergent.

Proof. For such p, N, is regular since lim, p,/P, =0. Let M
be the least positive integer such that P, = (2/3) 3.2, p.. If v(n) = n
and p(n) = max {0, » — M — 1}, then N, is {B,}-dominated and L, <
M + 1 for every n. Thus (dx), = o(1) implies (2); so by Theorem 2,
(4z), = o(1) is a Tauberian condition for N,.

We remark that (4x), = o(1) is a Tauberian condition for any
matrix that can be block dominated with L, bounded. In particular,
if all the nonzero entries of A lie on a finite number of diagonals,
then (4z), = o(1) is a Tauberian condition for A.

In [4] Iyengar stated the following theorem, which was first
proved by Varshney [10].

THEOREM 8. Let p be a positive sequence such that {D,../D.} in-
creases to 1L and P, — . Ifx is summable by N, and (dx), = O(M™),
where M = M(n) is a positive integer defined by P, < B8P, < P,.,, for
some B in (0,1), then x is convergent.

The next result that we shall prove is similar to Iyengar’s
theorem. Although we must assume a stronger Tauberian condition,

the theorem covers a larger class of Norlund means.

THEOREM 9. Let p be a nonincreasing sequence and suppose 1/2 <
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B < 1. If x is summable by N, and (4x), = o(M ™), where M = M(n)
18 the least integer such that P, = BP,, then x is convergent.

Proof. Define v(n) =n and g(n) =n — M — 1. Then
> Ny k) =P Sp. 2 8,

and L, = M + 1. It is not difficult to verify that M is nonincreasing
and lim, p(n) = 0. Therefore, we shall be able to apply Lemma 1
using d, = M(k)™*, provided that L, M(z¢)™* = O(1). To prove that this
boundedness holds, we first note that because p is nonincreasing,
M(k)/k is also nonincreasing. Therefore,

iy~ s =~ 02 )

for sufficiently large n. The fact that M(n)/n is nonincreasing implies
that lim sup, {M(n)/n} <1, which establishes the boundedness of L,/M().
Therefore, Lemma 1 guarantees that (2) holds, so Theorem 2 may be
applied to complete the proof.

Finally we shall apply Theorem 1 to the Taylor means to get a
Tauberian theorem of the usual order type. Recall that the Taylor
matrix [7, p. 60] of order » is given by

<k >7"“”(1 — )t if k=n,
n

tnk =
0 , ifk<mn.
Note that if |»| < 1, then the row sums of T, are identically equal

to 1 because 1 — 7)™ ' = Siizn <,'Iz>'r’°‘”.

THEOREM 10. If 0 <7 <1/2 and x is a bounded sequence such
that T,x 1s convergent and (dx), = o(k™), then x is convergent.

Proof. Since T, is an upper triangular matrix, we define p(n) ==
and wish to define v = y(n) so that
(1) lim sup, D\t < a <1/2.
kE>v

In order to get a convenient estimate for >...%.., We consider the
MacLaurin series for the function

L o
fry =1 —r)y*t = ,é::, < ),rk—n - Z <

n

Thus >, b, is (1 — 7)*** times the remainder term R, ,(») of the
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last series. By straightforward calculation the Lagrange form of this
remainder is found to be

Y
van(’r) = ( >(1 — fu_n)_“*l,rufn ,
n
where 0 <&, <r. Since (1 — )" < (L — )", we have
Y
R»—n("') < < >(1 — ’)')ﬂbl?'”"”' R
n

which yields
Z t‘nk = (1 - 1')%+1Ru—n(,r)
E>v

Y
(8) << )a_—rvﬂww
n

s
— pvn’
n

where p = »(1 — r)™*. Note that p < 1 because» < 1/2. Suppose that
y(n) = en, where ¢ is a positive integer to be specified below. Using
Stirling’s formula, we find that

vy _ (em)! - (em)™ { ¢ }1/2
n (en — m)!n! (en — )" "n" 20 — 1))

S0
Y v ‘Occ/(c~1) }cn—n ¢ 1/2
9 ~ .
(9) (n% {c—l tm@~b}
Combining (8) and (9), we see that (7) will hold if
(10) e <,
c—1

which is equivalent to
(11) o< oA . ee/a—e)

It is an elementary exercise to show that the right-hand member of
(11) approaches 1 as ¢-— co. Since p < 1, we can choose ¢ sufficiently
large to guarantee that (10) holds. Hence, (7) is satisfied by the
definition y(n) = en. Also, (4x), = o(k™) by hypothesis, so we infer
from (5) that (2) holds. Therefore, the hypotheses of Theorem 1 are
satisfied, so we conclude that x is convergent.
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