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1. Introduction

Let p and d be two positive numbers. We shall be concerned in this paper
with two classes of entire functions, namely:

(i) theclass C(p, d) of all entire functions of order p and type not exceeding
d — we note that this class includes all entire functions of order less than p;
and

(ii) the class C(p) of all entire functions of order not greater than p.

A metric topology ior C(p, d) has been introduced by Ganapathy Iyer in
(10, Part II]. The topological space thus obtained will be called I'(p, d).
The relevant results of his are catalogued in § 2 below. In Part I of this
paper we consider the question of proper bases in I'(p, d). The idea of a
proper basis was first proposed by Ganapathy Iyer [8, p. 880] in his study
of the space of all entire functions. Arsove ([1, p. 266]; [2, p. 45]) has
modified the definition of a proper basis so as to make it possess more
characteristic properties of the ‘natural” basis {e,}, where e, = 2",
n=20,1, 2---. Using a theorem of Ganapathy Iyer [8, Theorem 6] he
has obtained a characterisation [1, Theorem 4] of the linearly homeomorphic
images of the space (of all entire functions) into itself as those closed sub-
spaces admitting proper bases. In [2] he obtains further important informa-
tion on proper bases and in [3] he extends the basis theory to the space of
functions analytic at the origin. The aim of Part I of this paper is to obtain
analogous results for I'(p, d). We adapt, throughout, Arsove’s definition of
proper bases and his terminology for linear combinations interpreted in the
infinite series sense [2], [3] as explained in § 4 below.

Theorem 1 below is the analogue of [8, Theorem 6]. We obtain therein a
necessary and sufficient condition in order that there may exist a continuous
linear mapping of the space into itself carrying the fundamental basis {e,}
into a given sequence {a,} of entire functions belonging to the space. This
enables us to establish as in [2, p. 45], a characterisation of proper bases in
terms of conditions on their growth and, also, the same interrelationship
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between automorphisms and proper bases as in [2, Theorem 3]. In § 6,
we take up the question of determining sufficient conditions under which
functions of the form «, = 2°(1 4 4,(z)), where 1,(0) = 0 and the 1,’s
belong to the space, constitute proper bases. Such bases have been called
Pincherle bases by Arsove [2]. Ganapathy Iyer’s answer [7, Theorem 8]
to this question for his space of all entire functions has been improved by
Arsove [2, Theorem 4]. The same problem for I'(p, ) is answered by Theo-
rerr. -~ of this paper. We also set up, as an immediate corollary to Theorem 4,
a general method of constructing proper Pincherle bases from certain entire
functions belonging to the space.

In Part II, we first introduce a topology for C(p) and make it into a
metric space I'(p) on the lines of Ganapathy-Iyer’s work [10, Part II] for
C(p, d). The proofs being exactly similar, only the results are detailed.
We then discuss the question of proper bases in I'(p) and obtain results
analogous to those already obtained in Part 1.

In Part III, we consider two algebraic structures on I'(p): namely,
I'y(p), where multiplication is the natural multiplication «f and I'¢{p),
under termwise multiplication of the coefficient sequences. We note that
both these are topological algebras and we obtain characterisations of the
general automorphisms — linearly homeomorphic mappings of the space
onto itself with preservation of multiplication — in these algebras.

The author acknowledges with pleasure the time and assistance spared by
Prof. V. Ganapathy Iyer in the course of the preparation of this paper:
The author’s thanks are also due to the Referee for many useful suggestions.

PART I: PROPER BASES IN I'(o, d)
2. The Space I'(o, d)

In this section we detail Ganapathy Iyer’s results pertaining to the
topology of I'(p, d). The proofs are contained in his paper [10, Part II].

Let « = a(2) = Za,e,, where ¢, =2", n=20, 1, 2, ---, be in C(p, d).
For each 6 > 0, the convergent series !

3 { (7?'”6_)6; },,/ p

defines a norm on C(p, d). Denote the corresponding normed space by
I'(p,d, 8). As & decreases, the norm increases and the topology becomes
weaker (in the sense of Alexandroff-Hopf). The lattice product of these
normed topologies on C(p, 4) for all § > 0 is denoted by I'(p, 4). It is metri-

lle; 4 + 6 = lao] + 2 14,

1 It may be more specific to use the notation ||a; p; d + 8||, instead of ||a; 4 + J||, but we
shall stick to the latter for brevity. See Footnote 3.
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sable with the metric ||« — f|| where

© 1 |lgd+ 1l
502 1t [l d + 1p]

Under this metric, I'(p, d) becomes a complete linear metric space. The
sequence of partial sums of the series for «, converges to « in I'(p, d). Con-
vergence in I'(p, d) is equivalent to uniform convergence relative to the
function exp {(d + 8)|z|*}, for each 6 > 0. In other words, the statement
a, = a in I'(p, d) implies and is implied by the following property in the
language of classical analysis: for every é > 0, given a positive ¢, it is
possible to choose an integer N(¢), independent of 2, such that

|leef| =

la, (2) — a(2)] < eexp{(d + d)|z|?}, for n = N(e).

3. Continuous linear transformations of I'(g, d) into itself

Let T (6, > d,) stand for a continuous linear transformation from
I'(p, d, ¢,) into I'(p, d, 6,). The family of all such transformations for a fixed
pair é, and ¢, may be denoted by F(d, — d,). Naturally we denote a con-
tinuous linear transformation of I'(p, d) into itself by 7°(0 — 0) and the
family of such transformations by F(0 — 0). The main result of this section
can now be stated as

THEOREM 1. A mnecessary and sufficient condition that there exists a
T=T(0—0) with T(e,)=0a,, n=20,1,2,---, where a, € I'(p, d), is that,
for each 6 > 0,

; d + S| 1
(3.1) lim sup lloa; @ + O .
ST (dep)ie

In order to prove this, we first establish two lemmas on linear operators
— which are also of independent interest — corresponding to the analogous
results of Ganapathy Iyer [7, Lemma 1] and [8, Theorem 5].

LEMMA 1. If ||a]] = & > 0, then we must have,

le; 4 + 8]| = &/(2 — &), .

for some & = §,, where 0 < 0 = 1, and therefore for all values of 6 =< 9,.
Proor. The sequence of norms ||«; d -+ 1/p|| increases for increasing
values of p. Choose p, such that

* 1 la;d + 1/p]| -
—_ < k/2.
,.,z+12’°1+||a;d+ i =¥ |

Then we have,
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ll; @ + 1/pol| {1 . 1} k
1+ [la; d + 1/pol| gTet T Tm Ty
lle; @ 4+ 1/p,] + k
T 14 lasd 4+ Lpol| - 2

which gives the required result.

el | =

REMARK. A consequence of this lemma is that, if a series converges in
I'(p, d, 8) for each 8 > 0, then it converges in I'(p, d). We know that the
converse is true, because I'(p, d) is weaker than all the I'(p, d, §)’s. Thus
convergence in I'(p, d) is equivalent to convergence in all of the I'(p, d, d)’s.
This property will often be used in the sequel without further mention.

LEMMA 2.

F(0—>0) = H{ZFO — 6,)}.

8,>0 8,>0

In other words, if T be a linear transformation of I'(p, d) into itself, in order that
1t may also be continuous, it is necessary and sufficient that, to each 6, > 0,
there exists some &; > O such that T e F (6, — Jy).

The proof is parallel to that of the corresponding theorem of Ganapathy
Iyer [8, p. 879]. We only note that we make use of Lemma 1, a theorem of
Banach [4, p. 54, Theorem 1] and the definition of the metric for I'(p, d).

REMARK. This Lemma is contained in a general result on locally convex
linear topological spaces by Bourbaki [5, Chapter II, Prop. 9, Cor.]. But in
conformity with the general trend of this paper we note the above proof
based on the particular metric introduced.

ProoF oF THEOREM 1. T € F(0 — 0) with T (e,) = «,. It follows therefore
from Lemma 2 that there exists a 8, = 6,(8) > 0 such that T ¢ F(d, — J)
for each 6 > 0. A theorem of Banach [4, p. 54, Theorem 1] now shows that
there exists a K = K(6) such that

T (en); @ + 0|l = Klle,; d + 4y]l,

which implies

n /P
sarosx{n )

So
llan; @ + 8]*/" 1
nilp < (dep)i°
Conversely, let (a«,) satisfy (3.1). Let « = Za,e, € I'(p, d). This implies
lim sup |a,|/" nt/P < (dep)l/®.

n—roo

for all large =.
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So, given n > 0, we have, for n = n, = ny(n)
a1 nlle = {(d + n)ep}t/?;
and, taking n’ > %, we can find #, = 7y(n’) from (3.1) such that, for n = n,,
||0‘n2d-{-5||1/"S 1 '
e =@t M

So, if n = max (n,, 1),

(@ + n)ep }"”’.
@+ n)ep)

and, since %’ > #, the series of norms X|a,| ||«,; 4 + 6}| is convergent, for
each 6 > 0. Therefore, 24, a,(2) converges to an element in I'(p, d). Define
T'(a) = Za,a,, for a € I'(p, d). Then T'(e,) = «,. We have only to prove the
continuity of 7. Given § > 0, 8’ > 0, we have, for all large » depending on é

@]l 4 + | g{

and &',
i d 481 _ 1
wie (@4 0)ep)le
and so
. n n/p )
[lotn; @ + 8] éK{m} , with K = K(0)

and the inequality is true for all » > 0. Now

1T (x); @ + 0l = Z|a,! ||ay; 4 + O]

<KZla,| {mn_a)z, "

=K |la; d + &'|.

Hence, by the theorem of Banach already referred to, T € F (6’ — J) for all
é > 0 and ¢’ > 0 and this proves, in virtue of Lemma 2 that T ¢ F(0 — 0).

4. Proper bases and their characterisation

Let {a,}, n=10,1,2,--- be a sequence of entire functions in I'(p, d).
If % ,c 2, = 0 implies ¢, =0 for all sequences {c,} of complex numbers
for which Xc, a, converges in I'(p, d), the sequence {a,} will be called linearly
independent. We shall say that {«,} spans a subspace I'y of I'(p, ) provided
that I'y consists of all linear combinations o>, c,a«, for which Zc,«,
converges in I'(p, d). A sequence {«,} which is linearly independent and
spans a closed subspace I'y of I'(p, ) will be said to be a basis in I',. Clearly
{e.} is a basis in I'(p, d). We now define a proper basis as a basis {«,} in a
subspace I'y of I'(p, d), which possesses, in addition, the property:
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For all sequences {c,} of complex numbers, ¢, «, converges in I'(p, d) if
and only if XZc,e, converges in I'(p, d). ,

We know that “Xc,e, converges in I'(p, d)” is equivalent to saying
(4.1) lim sup |c, [V n1/P < (dep)t/?.
We shall now characterize proper bases in terms of growth conditions on
{,} and for that purpose we first prove two lemmas, usmg arguments
parallel to those of Arsove ([2], [3]).

LEMMA 3. The following three properiies- are equivalent:

lota; 4 O] 1/

nii/e

(A) lim sup < 1/(dep')>1/P, for each 6 > 0.
n-»00 , ) :

(B) For all sequenées {c,,} of comﬁleﬁnuh@bers. »‘A‘Zc,v, ¢, converges in I'(p, d)”

implies “2c,a, converges in I'(p, d)”.

(C) For all sequences {c,} of complex numbers' ‘ E’c converges i I'(p, d)”
implies “‘c o, tends to zero in I'(p,d)"”. | ‘

PROOF. Tt i is clear that (B) -(C). We have already proved, in the course
of the suff1c1ency part of the proof of Theorem 1, that’ (A) (B) We have
therefore only ‘to show- that -(C) = (A). :

To prove this; we assume that (C) is true and (A) is not. The latter means
that, for a particular 4, sa.y &, there exists a sequence {nk} of positive integers,
such that "

nm4+mw>*'-1

(4.’2) nl[p T {@d+ l/k)ep}l“’

for a_ll n = ;.

We shall define a sequence {c.} by -

(4.3) c __{lllloc,,;d+au when 7 = n,,
o SRR S when n # n,.

So we have,

nile
|lotn,; @ + 6| |1/
in virtue of (4.2). Therefore,

< {(d + Yk)ep)e

a7l —

lim sup |c, [V™ny/P < (dep)*/*.

k—»00

But ¢, = 0 when » # »n, and, consequently,

lim sup |c, ]””nlll’ < (dep)lllD

ﬂ"‘)&

Thus {c,,} defmed by (4.3) satlsﬁes (4. 1) So by the hypothesis (C), ¢,
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should tend to zero in I'(p, d). On the contrary, we have, for all » = n,,
|Cattn; d + &'l] = [c0| llan,; & + &'|] = 1.
So ¢,a, does not tend to zero in I'(p, 4, §’) and this contradiction establishes
that (C) = (A).
LEMMA 4. The following three properties are equivalent:

Wﬁd+ﬂwq>> 1
nllp = (dep)l/p'

(B) [For all sequences {c,} of complex numbers, “Zc,a, converges in I'(p, d)”’

implies “2c,e, converges in I'(p, d)”.

(o) 2 lim { lim inf

8—00 n—-00

LR

(y) For all sequences {c,} of complex numbers, ‘“c,a, tends to zero in I'(p, d)
implies “Lc,e, converges in I'(p, d).

ProoF. It is clear that (y) = (8). We shall prove that (8) = («) and

(@) = (¥). - .

- First, we suppose that () is true and («) is not. The latter means that
SR ||a,.;d+an1/"} 1

R S e

Since ||e,; @ + 8|] increases as ¢ decreases, it follows that, for each § > 0,

| e d e 1
) ST S e

If now 7 be a fixed small positive number, we can find, for each » > 0,
in virtue of (4.4) and (4.5), a positive number #, such that, we have for all 7,
n.., > n,, and,

[oas A4 Yt 1
nyle = {(@ + n)ep}l?

We choose a positive number #; << # and define a sequence {c,} by

{ {(d + 71)ep\™”

(4.6)

(4.7) ¢, = . } when # = #,.,
' 0 when #n # n,.
Then, for any'é > 0, | |

S leal s d + Ol = Sley | llan,; @ + 8l

Given 6 > 0, omit from the -above series those terms (finite in number)
which correspond to those n for-which 1/r is greater than 6. The remainder

1 Note that the symbol «, without parentheses, stands for a(z) a member of the class of
entire functwns in question. ‘
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of the series is dominated by X|c, | ||, ; 4+ 1/r||. Now, in virtue of (4.6)
and (4.7), we see that

2 l¢n | llag,; @ + 1/r[| is dominated by

@+ n1)ep }"'lp . { n, :""P N
> { T @ nel This is

d+7n n/p
=Z{d+1} ’
i

which is a convergent series, since %, < 5. Thus {c,} as defined by (4.7), isa
sequence for which Xc, a, converges in I'(p, 4, é) for each § > 0, and there-
fore converges in I'(p, d). So, by our hypothesis (8), we must have (4.1) for
{c,}. On the contrary, we have,

lim sup [c,|Y/" nl/?

n—00
d eo Y1/°
J— ]_im Sup {_(_—*.:_21_)__8} X n}./P
r—>00 nr

= {(d + m)ep}ie > (dep)Vie.

This contradiction proves that (8) = («).

To prove («) = (y) we assume that («) is true and consider sequences
{c,} of complex numbers for which ¢, «, — 0 in I'(p, d). We must now show
that every such sequence {c,} satisfies (4.1). If one such sequence {c,} does
not satisfy (4.1), we shall then obtain a contradiction, using the hypothesis

(a)I;et there be a sequence {c,} for which

(4.8) chay, —>0  in I'(p, d);
and

(4.9) lim sup |[c, Y™ nl/? > (dep)Vr.

n—00

The latter means that there exists a sequence (n,) of positive integers and a
number A > 0 such that,

(4.10) e, |inntle = {(d + A)ep}t/e  for all n = n,.

Choose a positive number 7 such that A > (3%)/2. The validity of («) now
implies that, we can find a § = 4(y), so that

. 1/n 1
nsoo nie {(d + n)ep}H?

This means that there exists an N = N(») such that
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llaw; &+ S|P _ 1

1 w2 @ e

for all » = N.

Therefore,
max ||cjoy; d + |
= max [}] |l,; 4 + 9]
= max |c, | [l«,; & + 8]

S  ame)

in virtue of (4.10) and (4.11). This last expression is greater than 1, since
A > 3n/2. c,a, does not therefore tend to zero in I'(p, d, 8) at least for this é
and this contradicts (4.8). We have thus proved that () = (¥).

Our definition of proper basis is that (B) and (f) are the conditions to be
satisfied by a basis {«,} to be proper. So we have, combining Lemmas 3 and
4, a characterisation of proper bases in the form of

THEOREM 2. 4 basis {«,} in a closed subspace I'y of I'(p, d) is proper if and
only if conditions (A) and (a) hold.

5. Proper bases and Linear homeomorphisms in I'(g, d)

One aspect of the importance of proper bases in the study of I'(p, d) is that
it enables us to characterize linear homeomorphisms in I'(p, 4) in terms of
proper bases as in

THEOREM 3. If T is a linear homeomorphic mapping of I'(p, d) into itself,
then T (e,) is a proper basis in some closed subspace I'yof I'(p, d). Conversely, if
{oe,} ts @ proper basis in a closed subspace I'y of I'(p, d), then there exists a linear
homeomorphic mapping T of I'(p, d) onto I'y such that T (e,) = a,, n = 0, 1,
2, -,

The argument is essentially the same as in [3, p. 241, Theorem 2] of
Arsove, except for the fact that our condition (A) plays the role of the
condition («) [3, p. 237] of his paper. We note also that a suitable combina-
tion of mappings leads to the following interrelationship between proper
bases and automorphisms — linear homeomorphic mappings of I'(p, d)
onto itself: If {«}} and {«2} are proper bases in I'(p, d), there exists an auto-
morphism 7 of I'(p, d) such that T(a},) =a2,#=0,1,2,---and, conversely,
if T is an automorphism of I'(p, d) and {al} is a proper basis in I'(p, d),
then {«2}, where o> = Tal, n =0, 1, 2, --- is also a proper basis in
I(p, d).
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6. Proper Pincherle bases in I'(g, d)
A Pincherle basis in I'(p, d) is a basis {«,} in I'(p, d) of the form
(6.1) ay(2) = {1 + A4,(2)},
where 4,(0) = 0. Obviously 4,(z) is also in I'(p, d). So we may write

(6'2) 1,,.(2) = z hnkzk: n = O: 1) 2’ e,
k=0

with each 4, = 0, where, for each #,

lim sup |A,,| Y5 R1P < (dep)l/e.
k—»00

It is easy to see that, since

llt,; @ + 6]] = for each 6 > 0,

(@)
@+ d0)ep)
{o,,} satisfies the condition («) without any further hypothesis, and so, from
Theorem 2, for a Pincherle basis to be proper, it is necessary and sufficient
that it satisfies condition (A). Given functions of the Pincerle form, we shall
now obtain sufficient conditions on the growth of 4,(z) in order that {«,}
form a proper basis. This result is contained in

THEOREM 4. If {a,} as defined in (6.1) and (6.2} satisfies,

(8.3) lim sup VsV (1 k)Y < (dep) V7,
{(n+k)—>oc0
then it constitutes a proper basis in I'(p, d).
Proor. First we note that {«,} satisfies (A) and therefore, if it is a basis in
I'(p, d), it is also a proper basis. To see this, we have, for each ¢’ > 0, in
virtue of the hypothesis (6.3),

(@ + &)ep }<n+k">/p
6.4 Bl = {—————— =
(6.4) Pl = > for all (n 4+ k) = N,
where N = N(¢’) is independent of » and k. So, for each d > 0, and for a
fixed »,
n n/p 00 n + E (ntk)/p n n/p
sevn=ml Sl ™ <)
e 40l = | gy, + 2l \ o e R
n -+ E (n+k)/p (d + (5')8p (n+k)/ p
b3 ona( 2R (R
2 PG o) T 2 @t de
(ntk)<N (n+k) =N

for some positive ¢’ < 4.
The last sum on the right being the sum of a convergent series, we have,
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for all n = N,

llen; @ + 6]| = + &,

{ n }"/P
(@ + d)ep

for each § > 0, u being a finite constant depending only on d, &', 4, p.
It follows that

;d -+ 6|V 1
i s 12 @ 81

for each 8 > 0.
nvoo nl/e (dep)t/® ~

This completes the proof that {«,} satisfies condition (A). So to complete
the proof, it remains to show that {«,} is a basis in I'(p, d). But the «,’s are
clearly linearly independent and so it is enough to show that {«,} spans
I'(p, d).

Let f(z) = 2a,e, € I'(p, d). Form the equations

n
(6'5) aO = co; Ap = Cy + kzlcn—-k h‘n—k,k'

These equations determine ¢, uniquely in terms of the a,’s and yield

f(Z) = Zanen = zcn“u»
provided we can justify the step by showing that X|c,| ||«,; @ + d|| is conver-
gent for each é > 0. This will be the purpose of the following argument.

Fix 8 > 0 and write ||[f]|| to denote ||f; @ + é||. Putting 8,(z) = 2"4,(2),
n=1,2,---, it is clear that the convergence of X2, |c,| |||«,||]| Will follow

from that of

3 ol 21+ 3 el 1A
Since
(6.6 ol < 1ea] + 3 leasl Tracs o

we see that the series X3, |c,| |||2"]]| is dominated by

2 laal W22+ 2 112"l 3, 1en-al 1Bn_s,al},
n=1 n=1 k=l
which is equal to

S laad 1M+ 3 {leal S Vo acal 122001}

n=] ne=] k=n+1
] oo

=2 laal lllz"ll + 2 leal H1IBalll-
n=] ﬂ=1

Since Za,z" e I'(p, d), the above shows that, for the required convergence of
Zlcal llleqlll, we need only prove the convergence of 2 |c,| |||8alll-
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Now choose a ¢’ < 6 and two positive numbers N’ and N’ such that

&)ep \M1P
(6.7) la,| < {(—din—)—"ﬁ} for all n =N’ = N'(&)
and
(6.8) n>20(d + &)ep for all w = N" = N"(&).

We note that (6.7) is possible since Xa,e,eI'(p, d). Choose N, =
max {N, N’, N"'}, where N = N(§’) is as defined in (6.4). So Ny = N,(¢').
The inequalities (6.6), (6.7) and (6.4) now give, for n = N,,

d -+ &)ep\™° d+9d)ep P 2
e R

k=1

ol = {
Now define positive numbers (d,) as

do=|ag); d,=14+Yd, ,, n=1.

Jemel

This gives us
Ay — Gy =dp,y, n=22;
from which we get
dy = 2"7dy| = 2"7Y(1 + |a,]).
So

el m o114 ja)), m=N
= =~ a n .
{(d + 6’)8p}”/p = "n l 01/ = n

(6.9)

Now
o0

2. leal 1Bl

n=]1

o0 E\(ntk)/p
=Sl Sl g

n=} k=1
We shall split this double summation as

No—l No“‘l No—]. [ ]

SS+33+3 3.

n=l k=1 n=1 k=N, n=N, k=l

The first series is clearly finite. The second series is dominated, because of
(6.4), by the convergent series

NolCl x 3 (d + 6')‘"”"" here C
X -_— , wihere = max Cul-
oI 2 \T s temet

The third series is dominated by
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{ (@ 4 &)ep }"/P S (d + a')ww/p

”n k=N, \d + ¢
in virtue of (6.9) and (6.4). This latter series is now equivalent to

K-S { 20(d + &) ep }"/P (d + 6')‘“+N°>"’

S 21(1 + [a))

”-N 0

n=N, n d + 6
where K = K (8, 8'), since 8’ < 4. This again, for the same reason, is domi-
nated by
® (2°(d 4 &')ep \™?
kS { (@ + )ep}
n=N, n

and this is a convergent series, because of (6.8). This completes the proof of
the Theorem.

7. Construction of Proper Pincherle bases in I'(o, d).

A direct application of Theorem 4 gives a general method of construction
of proper Pincherle bases from certain entire functions belonging to C(p, 4).
We express it in the form of :

CorOLLARY 7.1. Let ¢(z) = Dogtsz* € C(p, d). Further, let, for each
>0 and for k # 0,

1/(n+k)

‘ (n + RYYP < (dep)Ie.

: x
lim sup | 2*

(n+k) —>00

n

Then the sequence {a,} defined by

n—1

0= ) — 2 tut)

constistutes a proper Pincherle basis in I'(p, d).

Proor. It suffices to note that, in the notation of Theorem 4,
hoy =ty afty, for al w=0,1,2,---and 2=1,2,---.

This Corollary is the analogue, for I'(p, d), of Arsove’s theorem [2, p. 49,
Theorem 6] for the space I' of all entire functions. Following Arsove, we make
use of the interrelationship between proper bases and automorphisms in
I'(p, d) (cf. remark at the end of § 5) and obtain the following corollary,
thereby constructing another proper Pincherle basis in I'(p, d). Since the
arguments are precisely the same as those of Arsove [2, pp. 50, 51], we omit
them.

CoROLLARY 7.2. Under the hypothesis of Corollary 7.1, the sequence {B,}
defined by

Ba(2) = 2" { 1— t';“z}

1s a proper Pincherle basis in I'(p, d).
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We give below two examples of proper Pincherle bases in I'(p, d), where
p = 1, illustrative of Corollaries 7.1 and 7.2.
EXAMPLE 1. The sequence {«,} defined by

a, = (n!)" [20 {(n —:(;k!)}‘"*"’] |

ExampLE 2. The sequence {8,} defined by

z
=z"{1 — .
P z{ (n+1)"~(n+1)!}

The second example follows from the first and Corollary 7.2. To see the
truth of the first, we need only verify, in virtue of Corollary 7.1, the hy-
pothesis on £,.,/t,, where ¢, = 1/(n!)". It is no loss of generality to assume
n = 3; for the other particular cases may be directly verified. If n = 3, then,

butk (n!)"
(R
1 1
T m R {0+ RO

So we have,

1/(n+k)

bnik (n -+ E)P

4

n

1 n/(n+k) 1
o) = ;

{ mn+1)n+2)---(n+k—1) X (n + k)r/intr)=1/p
1
RIS

Now Stirling’s expression for (n 4+ k)!, when (n + k) is large, gives

Using this in (7.1), we see that, when (» -+ %) is large, the right side of (7.1)
is asymptotically equivalent to

{ 1 }n/(n+k) 1
nF D) mrE—1)) " Emprem
e 1+ gpyny | /D
X@+mewmwwwxb+ﬁa4m} ’

where ¢, tends to zero as # + k tends to infinity.
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4

This expression is less than or equal to

1 1 1 e \*1/r
nn(k—l)/(n+k) X (27t)k/2(”+k’ X pun/ (nHk)+k/2(n+k) X (7)

—k/(n+k)3
14 8(”+k))(n+k); /(n+k)

x b x {(1 t Bt B

~vhich tends to

1 e \ e el/s 1/12\—k/(n+k)?
p(2n+ie) j2(n+k) X 7 X (2n)k/2(n+k) X (8 ) .

This last expression tends to zero as £ — oo forany #» = 3 and as # - o
for any 2 = 1/p. Since p = 1, the hypothesis of Corollary 7.1 is easily satis-
ded.

PART II: THE SPACE I'(p)

8. Topology for the class C(p)
A function & = Za,e, e C(p), e,=2",n =0, 1, 2, - - - is characterised by

n logn
li —_— < p.
e T0g (1fla,) = °

This is equivalent to the condition
(8.1) |a,|t/Pnt/tP+8) — 0 for each § > 0.

S0 the expression 3

llos p + Oll = |agl + 2, |a,|nn/tp+®)
n=1
s convergent for each 6 > 0 and defines a norm on C(p). We call the normed
inear space thus obtained as I'(p, 6). As d decreases, I'(p, 6) becomes
weaker. The lattice product of these topologies for § > 0 is denoted by
['(p). It is therefore weaker than each of the I'(p, 8)’s. It is metrisable with

the metric
“a - ﬁ”s ox = zanen: ﬂ = anen»
wvhere
* 1 lle; p + 1/
8.2) el =3 — -

2?14 |lasp+ 1pll

3 The scrupulous use of the letters p for order and d for type will help to distinguish between
|a; p + 4|| defined here and ||a; d + 4| defined in § 2. When « is considered as a member of
Z(p, d), we write the corresponding sequence of norms as ||«; d + J}|, where, though the order p
s not mentioned, the use of the letter d is sufficiently decisive. (See Footnote 1). When we
write ||la; p + &]|, we shall think of a only as a member of C(p).
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Now Ganapathy Iyer’s arguments in [10, Part II] lead to the following
theorems pertaining to the space I'(p) analogous to his results for the space
I'(p, d) — some of which were referred to in § 2 above — and also to his |
earlier results for the space I" of all entire functions:

THEOREM 5. The space I'(p) is a complete linear metric space.

We omit the proot as it is similar to that of the corresponding theorem of
Ganapathy Iyer [10, Theorem 6].

We denote the dual space of continuous linear functionals on I'(p) as
I'*(p) and of those on I'(p, 8) as I'*(p, 8). Since a functional continuous in any
topology is also continuous in a weaker topology, I'*(p, ) C I'*(p) for each
é > 0. So we have,

(8.3) S I'*(p, 8) C I'*(p).

>0

That the reverse inclusion is also true is shown by the following Lemma.
LEMMA 6. Let I'y be a subspace of I'(p). Let f(a) be a linear functional defined
and continuous on Iy in the topology of I'(p). Then f(«) will be continuous on I'
regarded as a subspace of I'(p, 8) for some & > 0.
PROOF. Suppose that f(«) is not continuous on Iy regarded as a subspace of
I'(p, 8) for any & > 0. Then, by Banach’s theorem [4, p. 54, Theorem 1],
we can, for each positive integer p, find an element «, e I'y such that

llag; p + 1/p]l = 1/p and  |f(x,)l = 1.
Now, we have, for all n < §,
lagip+1mll  _ _Yp 1
L+ llagip+1nll ~1+1p 1+p
When ¢ is sufficiently large, the above gives
21 llmipt+Unll 1
n=12" 1+ lag;p+ 1/n|| — 1+ p

Hence ||a,|| - 0 as p — oo, whereas we already have [f(«,)| = 1 for all .
This means that f(«x) is not continuous on I, in the topology of I'(p). This
contradiction proves the Lemma.

Combining Lemma ‘5 and (8.3) we have

el =

+ e.

THEOREM 6. The set I'*(p) of continuous linear functionals on I'(p) is the
union of the sets I'*(p, 8) for all 6 > 0.

I'(p) being a locally convex space, the Hahn-Banach theorem on the
extension of linear functionals is valid in I'(p), but it may also be directly
proved as in [7, p. 89, Theorems 3 and 4]. We state it as

THEOREM 7. (i) Let f be a continuous linear functional defined on I'yC I'(p).
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Then there exists a continuous linear functional g over the whole of I'(p) and
equal to f on Iy. (ii) Let I'yC (p) and let a € I'(p) such that « ¢ I'y. Then there
exists a continuous linear functional f € I'* (p) such that f(o) = 1 and f(f) = 0
for all BeT,.

The general form of continuous linear functionals is given by

THEOREM 8. (i) A functional f e I'*(p, 6) ts of the form

fla) = Zc,a,, o= Za,e,el(p,d),
where
(8.4) [cq|[nmP+) z's‘ bounded;
and conversely. (ii) Every fe I'*(p) is of the form

fl@) = Zc,a,, «=Za,e,el(p),
where
[cal/n"? — 0.

Proor. The second part follows from the first, in virtue of Theorem 6.
To prove (i), suppose that feI™(p,8) with f=ZXc,a, and « = Za,e,.
Then there is a K such that

[f«)l = K |la; p + 4]l.

Taking « = ¢, here, we get (8.4). Conversely if (8.4) be true, then there
exists a K such that |f(«)] < K||«; p + J|| and so f is continuous in I'(p, 8).

9. Convergence in I'(p)

It is well-known [6] that convergence in the space I" of all entire functions
topologised according to the metric

lle — Bl = max [|ag — bol; |a, — b,Y", n = 1]

is equivalent to uniform convergence on compact sets. Convergence in
I'(p, d) is equivalent to uniform convergence relative to exp {(« + ) |2/}
for all 4 > 0, as explained in § 2. We shall presently obtain a similar inter-
pretation of convergence in I'(p). |

As a preliminary, the following properties of convergence in I'(p) may be
noted:

(i) The tapology induced on C(p) by I'is stronger than I'(p); because, if a
sequence of elements in I'(p) converges in I'(p), then it also converges in I

(ii) Convergence in I'(p) is equivalent to convergence in I'(p, ) for each
é > 0; because, we can prove the analogue of Lemma 1, (Part I) for I'(p).

(i) The sequence of partial sums of « = Za,e, converges to « in I'(p);
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because, the proof by Ganapathy Iyer [10, Theorem 10] of the corresponding
result for I'(p, d) holds here with obvious modifications.

To obtain a classical interpretation of convergence in I'(p), we first intro-
duce a new set of norms in C(p). For each positive 4, the expression

max {exp (— [21%+) (2]}

defines a norm on C(p) and, since
max |a,| 7" exp {— rrt%}
7
n n/(p+4)
]
e(p + 9)
< |a,| w9 if p = 1/e, for each § > 0;
and > [a,|n™/(P+® if p << 1fe, for each 6% in 0 <8 < 1/e — p,

the topology introduced by the above norm is comparable with I'(p, §) for
each p. The lattice product, for all positive 8's, (sufficiently small, if p < 1/e),
of these normed topologies, which grow weaker as § decreases, can be shown
to be a complete linear metric space, whose topology is therefore stronger
than I'(p) if p = 1/e and weaker than I'(p) if p << 1/e. It now follows from a
theorem of Banach, [4, p. 41, Theorem 6] that the two metrics are equivalent
and the interpretation of convergence in I'(p) may therefore be given by

THEOREM 9. Let {a,} be a sequence of elements in I'(p). The statement
o, —> o 1S equivalent to the statement that, for every 8 > 0, the sequence {a,(z)}
converges to o(z) uniformly over the whole finite complex plane relative 10 the
funcrion {exp (|z]P+5))}.

We have, finally, by arguments similar to those of Ganapathy Iyer in
[7, p. 89],

THEOREM 10. Weak and strong convergence in I'(p) are equivalent.

10. Continuous Linear transformations of I'(¢) into itself

Denoting, as in § 3, by 7(0 — 0) a continuous linear transformation of
I'(p) into itself, we obtain the following theorem giving the equivalent
growth condition on a given {a,} in order that T'(¢,) = «,,# =0,1,2, -+ .
Since the proof is parallel to that of the analogous theorem for I'(p, 4)
(Theorem 1, Part I), we merely give the statement.

THEOREM 11. A necessary and sufficient condition thal there exists a
T =T(0—>0) with T(e,) =a,, n=20, 1, 2, -+ is that, for each é > 0,

1 .
lm sup 8 1%: 2 + 4l

< 1/p.
n—+00 nlogn le

¢ This restriction of  from above does not matter because we are concerned only with the
lattice product of I'(p, §)’s as § tends to zero.
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11. Proper bases in I'(g)

A proper basis in I'(p) is defined as in § 4, namely:

A proper basis is a basis {«,} in a subspace I'y of I'(p), which possesses, in
addition, the property:

For all sequences {c,} of complex numbers, Zc,«, converges in I'(p), if and
only if, Xc,e, converges in I'(p).

We note that the statement ‘“Xc,e, converges in I'(p)”’ is equivalent to
saying
(11.1) lim |c, | /*nl/tP+® —= O for each 6 > 0.

n—o0
We are now in a position to obtain the characterisation of proper bases in
I'(p) in terms of growth conditions on {«,} as in § 4, the methods being quite
similar. We therefore state, without proof, the following two Lemmas and
Theorem 12 which are respectively the analogues of Lemma 3, Lemma 4 and
Theorem 2 of Part I.
LEMMA 6. The following three properties are equivalent:

1 ; i)
00 n log n

(B") For all sequences {c,} of complex numbers, ‘“Xc,e, converges in I'(p)
implies “Zc,a, converges in I'(p)”.

< 1/p for each 6 > 0.

”

(C') For all sequences {c,} of complex numbers, “‘Zc,e, converges in I'(p)”
implies “c,a, — 0 in I'(p)".
LEMMA 7. The following three properties are equivalent:
1 ; é
(@) lim{lim inf 8l1%a P T ”} > 1/p.
850 \ noco nlogn

('Y For all sequences {c,} of complex numbers, ‘“‘c,a, converges in I'(p)”
wmplies ‘e, e, converges in I'(p)”.

(y') For all sequences {c,} of complex numbers, “c,a, — 0 in I'(p)”’ 1mplies
“Zcpe, converges in I'(p)”.

THEOREM 12. A4 basis {«,} in a subspace I'y of I'(p) ts proper if and only if
conditions (A') and (a') hold.

It may be remarked that the comments about the interrelationship
between proper bases and linear homeomorphisms made in § 5 are valid in
I'(p) in analogous fashion.

12. Proper Pincherle bases in I'(g)

A Pincherle basis in I'(p) is a basis {«,} in I'(p) of the form
(12.1) a,(2) = 2*{1 + 1,(2)},
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where 4,(0) = 0. Obviously 1,(z) € I'(p). So we may write
(12.2) A(2) = D hy 2k, n=20,1,2---,
k=0

with each A, = 0, where, for all »,
lim |A,,,|1/*kY/(P+8) = 0, for each § > 0.

k—>00

It is easy to see that, since
lleta; p + 6]] = nn/tP+®  for each 6 > 0,

{«,} satisfies condition («') without any further hypothesis. So, from Theorem
12, in order that a Pincherle basis may be proper, a necessary and sufficient
condition is that it satisfies (A’). As in the case of I'(p, d), we obtain the
following theorem, giving sufficient conditions on the growth of 4,, for a
given {a,} to be a proper Pincherle basis. We omit the proot, because of its
similarity with that of Theorem 4.

THEOREM 13."If {a,} as defined in (12.1) and (12.2) satisfies, for each
0 > 0 the condition
lim (A, Y™ (5 + k)P0 = ¢,
(n+k)—o0
then, it constitutes a proper Pincherle basis in I'(p).

Moreover, we obtain the following two corollaries, which set up a general
method, as in the earlier case, of constructing proper Pincherle bases from
certain functions belonging to I'(p).

COROLLARY 12.1. Let ¢(2) = Dpoptrz* e I'(p). If

«, = 71: [¢(z) —-:gt,,z"]

and if
1/(n+k)

t,.+k (,n + k)l/(p+8) = 0

i

n

for each & > 0, then {a,} is a proper Pincherle basis in I'(p).
CoroLLARY 12.2. Under the hypothesis of the previous corollary, if

t
po= 1 - 222),

then {B,} s a proper Pincherle basis in I'(p).

EXAMPLE. A scrutiny of examples 1 and 2 of § 7 will show that we have
actually proved, for the sequences considered there, the conditions of
Corollaries 12.1 and 12.2 respectively, so that we may state: {«,} and {8,}
as defined in Examples 1 and 2 of § 7 are proper Pincherle bases in I'(p),
provided p = 1.

Lim

(n+k)—>00
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PART III: ALGEBRAS IN I'(p)

13. The Algebra I'n(@)

We know that if « € I'(p) and B € I'(p), then af = «(z)f(2) is also in I'(p).
I'(p) is thus closed under natural multiplication. Since convergence in I'(p)
is equivalent to uniform convergence relative to {exp(|z|?*+?%)}, for each
é > 0, it follows that the natural multiplication is continuous in the topology
of I'(p). So we get a topological algebra, which we may call I'y(p). This is a
commutative algebra with ¢, as unit element. Repeating the arguments that
Ganapathy Iyer [9, p. 646] uses for his algebra I'(N) of all entire functions,
we now obtain

THEOREM 14. The general automorphism of I'y(p) — a linearly homeomorphic
mapping of the algebra omto itself with preservation of multiplication — is
precisely of the form T (x) = a(az + b), where a e I'y(p) and a and b are
complex numbers, with a +# 0.

It is an immediate consequence of this theorem that the group of auto-
morphisms of I'y(p) is isomorphic to the group of one-to-one conformal
transformations of the complex plane onto itself, leaving the point at oo
invariant.

14. The Algebra I'c(o)

We define multiplication in I'(p) by using Hadamard composition,
namely, if « = Za,e, e I'(p) and B = Xbd,e, € ['(p), we write
aofi=Ya,b.e,.
From
|a, | /*nt/tP+8) . 0 for each 6 > 0
and
|b, |1/ niP+8) . 0 for each 6 > O,

it follows that « o 8 is also in I'(p). I'(p) thus becomes an algebra under the

multiplication defined. That the multiplication is continuous in I'(p, ) for

each 6 > 0 and therefore continuous in I'(p) is shown by the inequality
lleoB;p+ 68ll = lla; p + dlI 1IB; p + 4ll

seen to be true by writing out the norms in full. I'(p) is therefore a topological
algebra, which we denote by I'¢(p). It is a commutative algebra without any
unit element. The characterisation of automorphisms in this algebra may
now be stated in the form of

THEOREM 15. The general automorphism of I'c(p) is precisely of the form
T(x) =3a,T(e,) for all a = a,e,elclp),
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where
T'(e,) = eo(n)

and 6 : n — N = 0(n) denotes a permutation of the set I of non-negative integers,
satisfying the conditions

(13.1) N log N = 0(n logn); nlogn = O(N log N).
These conditions may also be combined in the form
(13.2) [log » — log N| = 0(1).

ReMARK. It follows at once from this theorem that the group of auto-
morphisms of I'¢(p) is isomorphic to the group G(I) of all permutations 6 of I
with the property (13.1).

ProoF oF THEOREM 15. (i) Taking T to be an automorphism we shall
prove that T(e,) = ey. The formula for T(«) will then follow from the
linearity of 7.

Since T is an atomorphism, 7 (e,) # 0. So T'(e,) = Xa,,e,, where, for a
fixed n not all a,,,’s are zero. Since T preserves multiplication, T (e,,) o T (e,)=
= T (e,, * ¢,). This latter is equal to 7(0) = 0 when m = n, and is equal to
T (e,,) when m = n. So

Appn, =0 for all p =0 and m £ n

and
at = a,, for all p =0 and m = 0.

mp
The second of these two equations shows that, for a fixed m,
@mp, =0 or 1 for all p = 0.

But T'(e,,) being an entire function, only a finite number of a,,,’s are equal
to 1, for each fixed m. The other equation now shows that, if Ay, = 1 for a
fixed p = p,, then a,, = 0 for all » 5 m. Thus the matrix (a,,) has the
following properties: (i) each row contains at least one 1; (ii) each row
contains at most a finite number of 1’s; (iii) the remaining elements in each
row are 0’s; and (iv) no column contains more than one 1. So we can write

T(en) =N2H eN»
€y

where H,, n = 0, 1, 2, - - - are nonempty disjoint finite subsets of the set I.
We note the following properties about H,:

No H, can contain more than one integer of /. For if some H,,, say H,,,
contained m,, m,, « - - m,, then, an element of I'¢(p) of the form

bilm, + byl + - + byt

with no two of the &’s equal, cannot be the transform of any element of
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I'c(p). Thus H, is made up of a single integer, which we may call 6(») or N.
Also, every N e I must be in some H,, for, if an integer N’ € I is not in any
H,, then T(I'¢(p)) cannot contain an entire function having a Taylor
expansion with a nonzero term in z¥’.

Hence the correspondence # —~ N = 0(n) is one-one and so defines a
permutation of I. We have now only to prove (13.1).

From T(e,) = ey and Theorem 11, we have

: log |lew; p 44l
lim sup n log 7

< 1/p for each 4 > 0.

This gives, for all large #, the inequality
N/(p + 8) log N = n[p logn for each é > 0.

Therefore,
N log N = 0(n log n).

The same argument applied to the inverse of T shows that
n log n = O(N log N).

(ii) Defining T'(«) = Za,T (e,), where T (e,) = €4y With N = 0(n) satis-
fying (13.1), we shall prove that T is an automorphism.

That T is linear, follows from 1ts definition. That it is continuous is a
consequence of the hypothesis N log N = 0(n log ), from which we may
deduce the condition of Theorem 11. We now assert that T is one-one; for, if
T(a)=T(B) for « = Xa,e, and f = 2Xb,e,, then, 2a,T(e,) = 2b,7T (e,),
which implies X a, eg,) = 2 b, €4(,), SO that a, = b, for all n. This shows that
a = f. Further, the image of I'¢(p) by T is the whole of I'¢(p). This is because
every o = Xa,e, € I'c(p) can be written as « = T («’), where o’ = XZa, ey
and N’ €I such that n log n=0(N'log N’). Thus T is a linear continuous
map of I'¢(p) onto T(I'¢(p)) in a one-to-one manner. It follows then from a
theorem of Banach [4, p. 41, Theorem 5] that the inverse of 7, which is
linear, is also continuous.

To complete the proof it only remains to demonstrate the preservation of
multiplication. For this, we note,

T(x) = X a,T(e;) = 2 aneom>

T(B) = 2b.T(e,) = 2 bneoin;
and

T(x) o T(B) = X anbneon

= > a0, T(e,)

=T(Xa,b,e,) = T(xo§p).

So T is multiplicative and this completes the proof of the theorem.
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