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A FOUR-DIMENSIONAL TAUBERIAN THEOREM
FOR BLOCK-STRETCHED SEQUENCES

SAMI M. HAMID* AND RICHARD F. PATTERSON

Abstract. This paper presents a Tauberian theorem for four-dimensional RH-regular summabil-
ity methods applied to double sequences and their block stretchings. The work extends Dawson’s
lemma and Maddox’s theorem from single sequence theory to the double sequence setting, es-
tablishing necessary conditions for matrices that sum every block stretching. The main result
characterizes block-finite matrices and provides a complete Tauberian-type theorem for block-
stretched double sequences.

1. Introduction

In this paper, we present a Tauberian theorem for four-dimensional RH-regular
summability methods applied to double sequences and their block stretchings. The
study of convergence properties of double sequences and their transformations has been
an active area of research since Pringsheim’s seminal work [7] in 1900. In single se-
quence theory, Buck [1] showed that if a regular matrix sums every subsequence of a
sequence, then that sequence must be convergent. Maddox [6] improved this by proving
that if a non-Schur matrix sums every subsequence of a sequence, then that sequence is
convergent.

We extend two key theorems from single sequence theory to the double sequence
setting: Dawson’s 1976 theorem [2] on stretching transformations, which showed that
for divergent sequences, certain matrix properties must hold when summing all possible
stretchings, and Maddox’s theorem [6], which characterized matrices that sum every
subsequence of a sequence.

Block stretching of double sequences was introduced and studied in [3, 4], estab-
lishing fundamental properties and initial convergence results. Building on this foun-
dation, our paper extends classical Tauberian theory to handle block-stretched double
sequences.

The structure of this paper is as follows: We begin with essential definitions and
preliminary results, including Pringsheim’s notion of convergence for double sequences
and the concept of RH-regular four-dimensional matrices as characterized by Robison
and Hamilton [5, 8]. Using the established framework of block stretching, we then
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develop our theoretical tools through two-level block stretching processes and corre-
sponding index mapping functions. The core of the paper presents and proves our main
Tauberian theorem characterizing the behavior of RH-regular matrices that sum block-
stretched double sequences.

2. Preliminaries and definitions

In this section, we begin by recalling some fundamental concepts about double
sequences and their convergence properties.

DEFINITION 1. ([7]) A double sequence x = (x;) has Pringsheim limit L (de-
noted by P-limx = L) provided that given & > 0 there exists N € N such that |x;; —L|
< € whenever k,l > N. We shall describe such an x more briefly as “P-convergent”.

DEFINITION 2. A double sequence x is divergent in the Pringsheim sense
(P-divergent) provided that x does not converge in the Pringsheim sense.

REMARK 1. For a double sequence x = (ka) , P-divergence means it does not
P-converge to any finite limit L. More precisely, this means

VLER,Je>0 suchthat VN €N, 3k,[ >N with |x;—L|>e.

A key consequence is that if x is P-divergent, then in particular it cannot converge to
zero. Thus, there exists some € > 0 such that

YN EeN, kI >N with |x,|>e.

This condition ensures the existence of infinitely many terms satisfying |xk,z| > €.
Moreover, these terms can be arranged into a subsequence {x;, j, }:7’;:171 where both
indices i, and j, form strictly increasing sequences. Such a subsequence can be con-
structed inductively:

(i) First, choose (i, i) such that |x; j | > €.

(ii) Given (ix, ji), choose (ix11,Jjkt1) With ix1 > ix, i1 > ji and |xi e, | >

The existence of such terms at each step is guaranteed by the P-divergence prop-
erty.

Having defined the basic sequence properties, we now introduce matrix methods.

DEFINITION 3. Let A denote a four dimensional summability method that maps
the complex double sequences x into the double sequence Ax where the mn-th term of
Ax is as follows

0,00

(Ax)m,n: 2 A ke, 1Xk,] -
ki=1.1
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DEFINITION 4. ([8]) The four-dimensional matrix A is said to be RH-regular if
it maps every bounded P-convergent sequence into a P-convergent sequence with the
same P-limit.

THEOREM 1. ([5, 8]) The four-dimensional matrix A is RH-regular if and only if

RH, : P-limay, 11 =0 for each k and I;

RH2 : P-lim 2 Amn k] = 1;
mhgi—11

RH3 : P-lim 2 |amnii| =0 foreachl;
mhesr

RHy : P-1im Y |ay, 41| =0 for each k;
mn i '

RH; : 2 |@mn 1| is P-convergent; and
kI=1,1

RHyg : there exist finite positive integers A and B such that 2 lamn | <A.
kl>B

3. Block stretching and index mappings

In this section, we develop the essential tools for our main results. We first re-
call the concept of stretching by blocks for double sequences and then introduce the
corresponding index mapping functions that allow us to track how elements transform
under block stretching operations. This machinery will be crucial for establishing our
Tauberian theorem in the subsequent sections.

3.1. Stretching by blocks

We begin with the fundamental concept of stretching a double sequence by blocks,
which was introduced and studied in [3, 4].

DEFINITION 5. (Block stretching) Let x = (x; ;) be adouble sequence and {a;}7 ,,
{b j}j“zl be sequences of positive integers. Define the cumulative indices:

Ri=a+a+ ---+a; (R():O)
Sj=by+by+---+b; (So=0).
The stretched double sequence y = (y,x) induced by {a;};>, and {b;}7_, is de-

fined as:
Ynk=xij if R <n<R; and §;_; <k<S§;.

In other words, each entry x;; is expanded into a block of size a; x b; in the
stretched sequence, with all entries in this block having the value x; ;.



110 S. M. HAMID AND R. F. PATTERSON

3.2. Two-level block stretching process

Building on the basic stretching operation, we now define a two-level stretching
process. Let x = (x; j) be a double sequence. We define two sequential levels of block
stretching:

First-level stretching: The first transformation produces an intermediate double
sequence z = (zx;) using two sequences of positive integers {a;};2; and {b;}7_
Define cumulative indices

j
R_Zak (Ro=0) and S;= Y b (So=0).
k=1

The stretched sequence z = (zx;) is defined by
k] = Xij if Ri_1<k<R; and Sj,1 <Il< Sj

Second-level stretching: The second transformation maps z = (zz;) to the final
double sequence y = (y,4) using sequences {u;}7* | and {v;}7_,. Define cumulative
indices

d j
= Zuk (Up=0) and V;= ka (Vo =0).
k=1

The resulting sequence y = (y,,4) is defined by

ypq—Zkllka1<p Uy and Vi1 <q< V.

3.3. Index mapping functions

To track the transformation of indices from y = (y,4) back to x = (x; ;) , we define
two mapping functions:

DEFINITION 6. (Row mapping) The function ¢ : N — N maps a row index p in
y to its corresponding row index in x:

¢(p) =i where JEN:U;_ 1 <p<U; and Ry_; <i<Ry.

DEFINITION 7. (Column mapping) The function v : N — N maps a column in-
dex g in y to its corresponding column index in x:

v(g) =/ where 3jeN:V; | <q<V; and S;_; <j<S$;.
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3.4. Block correspondence sets
For analyzing the structure of stretched blocks, we define sets that collect indices

mapping to specific entries in x:

DEFINITION 8. (Row index set) For each i € N, define

K(i/)z U {pENZUl;l <p<Ui}.

{i:Ry_ <i<Ry}
This set contains all row indices in y corresponding to row i’ in x.

DEFINITION 9. (Column index set) For each j' € N, define

L(j") = U {geN:Vi1 <g<V;}
{j:Sj/,1<j§Sj/}

This set contains all column indices in y corresponding to column ' in x.

4. Extensions of Dawson’s lemma to four-dimensional matrices
and stretching by blocks

Our main results extend Dawson’s classical lemma on matrix summability of
stretched sequences to the setting of four-dimensional matrices and block stretching
of double sequences. After establishing some preliminary definitions about block-finite
matrices, we prove a key lemma about block stretching transformations that leads to
our main theorem.

DEFINITION 10. (Block-finite matrix) A four-dimensional matrix B = (bm7n7k7l)
is said to be block-finite if, for each pair of indices (m,n), there exist finite positive
integers K, , and L, , such that

bunky =0 forall k>K,, and [>Ly,.

In other words, for each (m,n), there are only finitely many non-zero entries b, x; -

LEMMA 2. (Extended Dawson) Let x = (x; ;) be a double sequence and A =
(am7n7k71) be an RH-regular four-dimensional matrix. Then there exists a block stretch-
ing z of x and a four-dimensional block-finite matrix B such that if y is any block
stretching of z, then Ay and By either both P-converge or both P-diverge.

Proof. Foreach i,j € N, define M; ; as

i J

Mij= Y ¥ bl +1.

k=1Il=1
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This definition ensures M;; > |x; ;| for all i, j. Construct two sequences of positive
integers {n;}7 and {m;}7_, inductively. Let no = mo = 1, and define

i J
Ri=Y n with Rgy=0 and S;= Y m with Sp=0.
k=0 k=0
For i = j=1, by condition RH 5, there exists Ni € N such that for all ril),s(ll),rél),sgl)
€ N with rgl),sgl),rél),sgl) > N such that

(1

51 52 1
< =
21) 21 221\42_2
k=ry" = r ’

Define ny = m; = Ny. Thus, Ry = S; = N;. Assume that for some p > 1, we
have defined ny,...,n, and my,...,mp, and consequently Ry,...,R, and Si,...,S,.
For the (p+ 1)™ step, by condition RH's, there exists N,+; € N such that for all
(p+1) (p+1) (p+1) (17+1)

r 81 NG ) € N satisfying
+1) +1)
Ry <" <P <R, 4N, 4,
1 1
Sp<r§er ) <s(p+ ) <Sp+Npyi,

and for each m,n =1,2,...,p+ 1, we have

(p+1) (PH)

1
a < —.
2 2 | m,n kl| p+1)Mp+2,p+2

h— r(p+l)l 5’)+1)

Define n, 1 =mpy1 =Npy1. Thus, R, 1 =R, +Npyy and S, =8, +Npy 1. This

construction ensures that for all i,j > 1, and for all r() sg),ré) 0 e N satisfying

R,-,1<r§) () <R; and S; 1<r()< ()\Sj,andforeachm,ngmax(u]),

§ ng) !

|amn kil < 57—
) ) 7his 2i+iM: Lit1
kzr(l') l=r§") i+1,j+

N

For each p > 1, by condition RH 5, choose N, such that for all m,n < p:
Rp—1+Np Sp—1+Np 1
) I A [ —
k=R, 1 +11=S,_1+1 2P Mp+1,p+1

Set n, =m, = N,, and update

Ry =Rp-1+np, Sp=>5,-1+mp.
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Construct z = (z;) by block stretching of x induced by {n;}iZ and {m;}7_y:
g =xi; if Ry <k<R; and §; | <I<S;.
We define the block-finite matrix B = (by,,,4;) to match A strictly within the indices
k<R, and [ < S,,, and zero elsewhere,
by = Ampkl, i k<R, and [<S,;
S 0, otherwise.

To establish the relationship between A and the block-finite matrix B, we examine the
difference between their corresponding elements. Consider

oo

2 2 Amn k] — 2 me,n,k,l

=1/=1

k=1 [=S, k=R, =1 k=R, [=Sy

(by definition of by, , )

|
(ii 33

Ri_y+11=S;_;+1

n—1 R; Sj

AT YOS dnw

i=m j=1 |k=R; 1 +11=S; 1+1

o o R; Sj
XX XY

i=m j=n|k=R;_1+11=8; 1+

Recall from the construction of the sequences {R;} and {S;} that for all i > m and
j=n:

i . 1
Z Z ‘am,n,k7l| < -
k=Ri_1+11=S;-1+1 2 IMity j
Therefore,
ol R; 5 w n—1| R S;
Z 2 Z z Akl + Z 2 2 2 Ak
i=1 j=n|k=R;_1+11=S; 1+l i=m j=1 |k=R;_+11=S; 1 +1

Ri S

+ (i i D Y amags

i=m j=n|k=R;_+11=S; |+

(5 57)+ (23 ) (352 )

i=m j=1 i=m j=n

1 1 1 1 1 1 1 1
= =1 m+n-2 + om—1 " pmt+n—2 + om+n—2 = n—1 + om—1 " pm+n—-2"
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This bound approaches 0 as m,n — oo, establishing the relationship between A and B.
Let y be any block stretching of z induced by the two sequences of positive inte-
gers {u;}77 ) and {v;}7_,. Define

i J
Ui=Yu with Uy=0 and V;= Y v with Vj=0.
=1 t=1

Entries of y satisfy

Yp.q = %i,j = X¢(p),w(q)>
where ¢(p) and y(q) map indices of y to x through intermediate blocks in z. Now

|Ay — By| = ZZ mnklykl_zzbmnklykl

=1l=1

2 vl + D X amagvid + Y, D [amnkiyeil-
S,

k R 1< k=R [=Sy k<R [=Sy

I I 1

Term I: First, we establish the index mapping: when k > R,,, this implies i’ >
O(Ry), and when [ < S, this implies j* < y(S,). Using the summability condition

from RH 5, which ensures 2 ’am7n7k7;’ is P-convergent and thus allows us to bound
ki=1.1
partial sums over blocks K (i) x L(j'), together with the uniform boundedness from
RH ¢, which provides that 2 |am7n7k7l| < K for some finite Kj,K, > 0, ensuring
kI>Ky
our bounds remain valid as indices increase, we can conclude that for indices satisfying
i > ¢(Ry) and j' < y(S,), our inductive construction guarantees
1

2 2 2i,+j,Mi’+1.,j’+l .

keK(i")leL(j

Moreover, since [yr| = [x; j| < M,-/7 j#» we can bound Term I:

W(Sp)—1 M -
1< ¥ e
P20k jo1 2 Migr g
. My L
Observing that : < 1, we can simplify
741,741
- 1 1

<y ¥ S b
i'> ¢(Rm /:12 ,>¢(Rm) 21 2¢<Rm) 1

Term II: The index mapping shows that k > R, implies i’ > ¢(R,,), and [ > S,
implies j/ > w(S,). Using these bounds and applying geometric series summation

1 1
I< Z Z LA .
7> 0Rn) 5050 2 +/ T DORn)+(Sn) 2
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Term III: Here, k < R,, implies i/ < ¢(Ry,), and [ > S, implies j' > y(S,). Ap-
plying geometric series summation again

-1
1 1 1
< 2 2 i+ = 2w (Sn)—1 (1 o 2¢(Rm)—1> ’

=1 j'>y(Sy)

Combining all three terms

1 1
2¢(Rm)*l + 2‘”(&!)71

|Ay — By| <

As m,n — oo, we have ¢(R,,) — = and y/(S,) — oo, which implies |Ay — By| — 0.

Since we have established |Ay — By| — 0, this ensures that Ay and By must share
the same P-convergence behavior. Moreover, the block-finite property of matrix B
guarantees that By convergence depends only on finite sums, which A preserves due
to its RH-regularity. Therefore, we can conclude that Ay P-converges if and only if By
does. U

5. Analogous to Maddox’s theorem

Having established our extension of Dawson’s lemma, we now present the main
theorem of this paper, which provides a double sequence analogue of Maddox’s clas-
sical theorem on summing subsequences. This characterization identifies necessary
conditions for four-dimensional matrices that sum every block stretching of a double
sequence.

THEOREM 3. (Maddox-type theorem for block stretching) Let x = (x;;) be a
P-divergent double sequence and A = (am.,n,kJ) be a four-dimensional matrix which
sums every block stretching of x. Then there exist positive integers N and M such that:

i) P-limay,, ;= cx; foreach k>N and | > M,
m,n

i1) th 2 2 ‘amnkl Ckl|_

" k=N+11=M+1

iii) Y Y |cxil is P-convergent.
k=N+11=M+1

Proof. Assume condition (i) fails. Then for any choice of finite positive integers
N,M, there exists k > N, [ > M such that the double sequence (a,, . x1)m,» does not
P-converge to c;. Then there exists § > 0 and increasing sequences {m,}}_; and
{nq};"=1 of positive integers such that

|Gy ng ks —Cra| =6 forall p,gq.
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Since x is P-divergent, there exists € > 0 and sequences {i,}> , and { s}, of posi-
tive integers where |x;, ;| > € for all r,s. We construct a fixed block stretchmg y of x
using sequences of positive integers {u;} and {v;} as follows:

(1) Choose u;, and v, so x;, ;, maps to position (k,[) in y.

(2) For all other indices i and j, set u; =v; = 1.

(3) The stretched sequence y at position (k,) equals x;, j, and equals O at all other
positions.

Then for all p,q, we have

| AV = [ty gt - [yis| > G

Therefore (Ay)m cannot P-converge, contradicting that A sums every block stretching
of x.

Assume condition (ii) fails. Then there exists &€ > 0 and sequences {mp}"p"= 1
{nq};"=1 of positive integers where

2 2 }amwnq7k7l—ck7; > ¢ forall p.q.
k=N+11=M+1

Since x is P-divergent, there exists 6 > 0 and sequences {i,};7;, {Jjs}5, of positive
integers where |x;, ;.| > 6 forall r,s. We construct a block stretching y of x as follows:
(1) Choose u;, and v;; so x;, j, maps to positions (k,!) where k>N and [ > M.
(2) For all other indices i and j, set u; =v; = 1.
(3) The stretched sequence y equals x;, j, at these chosen positions and equals 0
elsewhere.

Then for all p,q, we have

|(AY)myny| = 2 Z |am,,nq7kl x| | =
k=N+11=M+1

This shows (Ay)m,,, does not P-converge, contradicting our assumption that A sums
every block stretching of x.

Suppose, contrary to our assertion in (iii), that Y, Y |cx,] is not P-conver-
k=N+11=M+1
gent. Since x is P-divergent, there exists € > 0 and sequences {i,};> , and {j;}; , of

positive integers such that |x,h j,| = € forall r,s € N. We construct a block stretching y
of x that produces a contradiction to the hypothesis that A sums every block stretching
of x. Let {u;};7; and {v;}7_ be sequences of positive integers defined as follows:

For each pair (i, js), choose u;, and v;, such that x;, ;, maps to position (k.s, )
in y where ks > N and [,; > M. For all other indices i and j, set u; =v; = 1. This
construction ensures:

(1) Vg lrs = Xir.js with ’ykhhll’.s > ¢ forall r,s € N.

(2) yx; =0 for all (k,I) not corresponding to any (ky.s,ls).

By condition (ii) of the theorem

= oo

P-lim| Y Y (ampps — cri)yia| =0.
k=N 1I=M+1
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Therefore, (Ay)m, converges in Pringsheim’s sense if and only if 2 2 Ch 1Yk,
k=N+11=M+1
converges. However, by our construction

2 2 CkiVkil| = 2 Chyg s Xir, js

k=N+11=M+1 rs=1

2 € 2 ‘Ckr,.r:lr,.r"

rs=1

Since {(k s lrs)} forms a subsequence of indices with k. > N and [, > M, and we

must also di-

assumed 2 2 |ckl} is not P-convergent, the series 2 |ck” lrs
k=N+11=M+1 rs=1

verge. Consequently, 2 2 CkYk,; cannot converge, implying (Ay)mn diverges.

k=N+11=M+1
This contradicts our hypothesis that A sums every block stretching of x. Therefore,

Z ’ck7;| must be P-convergent. []
k=N+11=M+1

Our result in Theorem 3 can be reformulated as a classical Tauberian theorem:

COROLLARY 4. Let 9 be the set of all four-dimensional matrices A = (am7n7k7l)
for which there exist positive integers N and M such that:

i) P-limay,, ;= cx; exists for each k>N and | > M,
m,n ’ ’

oo =

i) P-lim Z 2 ‘am7n7k71 —Ck7l| =0
M k=N+11=M+1

iii) 2 2 k| is P-convergent.
k=N+11=M+1

If A¢ 9 sums every block stretching of a double sequence x = (x; ), then x is
P-convergent.

Proof. We proceed by contradiction. Suppose x is P-divergent. Then by Theorem
3, any matrix that sums every block stretching of x must satisfy conditions (i)—(iii), and
therefore must belong to Z. But we are given that A sums every block stretching of
x and A ¢ 2. This is a contradiction. Therefore, our assumption that x is P-divergent
must be false. Since every double sequence is either P-convergent or P-divergent, we
conclude that x must be P-convergent. [J
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