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ON TAUBER’S SECOND TAUBERIAN THEOREM
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Abstract. We study Tauberian conditions for the existence of Cesaro limits in terms of
the Laplace transform. We also analyze Tauberian theorems for the existence of distributional
point values in terms of analytic representations. The development of these theorems is parallel
to Tauber’s second theorem on the converse of Abel’s theorem. For Schwartz distributions, we
obtain extensions of many classical Tauberians for Cesaro and Abel summability of functions
and measures. We give general Tauberian conditions in order to guarantee (C, ) summability
for a given order B. The results are directly applicable to series and Stieltjes integrals, and we
therefore recover the classical cases and provide new Tauberians for the converse of Abel’s
theorem where the conclusion is Cesaro summability rather than convergence. We also apply
our results to give new quick proofs of some theorems of Hardy-Littlewood and Szisz for
Dirichlet series.

1. Introduction. Tauberian Theory was initiated in 1897 by two simple theorems of
Tauber for the converse of Abel’s theorem [36] (see also [19, p. 11]). The present article is
dedicated to providing extensions of Tauber’s second theorem, in several directions.

Let us state Tauber’s original theorems. Let us recall from [12, 19] that a sequence of
complex numbers {c, }Zio is said to be Abel summable to the number y if F(r) = Z;’lio cpr”
converges for |[r| < 1 and lim,_, ;- F(r) = y. In such a case one writes

D=y (4.
n=0

THEOREM 1.1 (Tauber’s first theorem). Ifzzozo cn =y (A) and

(1) c,,:o(l), n— oo,
n

then Y02y ¢, converges to y.

THEOREM 1.2 (Tauber’s second theorem). If Zflio cn =y (A) and

N
) > nep=o0(N), N — oo,
=1
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then Yoy ¢, converges to y.

Tauber’s theorems are very simple to prove [36, 12]. In 1910, Littlewood [20] gave his
celebrated extension of Tauber’s first theorem, where he substituted the Tauberian condition
(1) by the weaker one ¢, = O (n_l) and obtained the same conclusion of convergence as in
Theorem 1.1. Actually, it can be shown that the hypotheses imply the (C, 8) summability for
any f > —1 [13]. It turns out that Littlewood’s theorem is much deeper and difficult to prove
than Theorem 1.1. Two years later, Hardy and Littlewood [13] conjectured that the condition
nc, > —K would be enough to ensure the convergence; indeed, they provided a proof later
in [14].

A version of Tauber’s second theorem for Stieltjes integrals appeared in [47] (see [19, p.
28]).

Extensions of Theorem 1.2 are also known. It is natural to ask whether the replacement
of (2) by a big O condition would lead to convergence; unfortunately, it does not suffice (see
[30] for example). Nevertheless, one gets (C, 1) summability as shown in the next theorem of
Szasz [34] (see also [29, 30, 35]), where even less is assumed.

THEOREM 1.3 (Szasz, [34]). Suppose that Z;’;O ¢n = vy (A). Then the Tauberian
condition

N
3) chn > —KN,
n=1

for some K > 0, implies that Y o>y c, =y (C, 1).

We will actually show (see Corollary 4.17 below) that if a two-sided condition is assumed
instead of (3), then the series is summable (C, 8) for all 8 > 0. It should be noticed that
Theorem 1.3 includes Hardy-Littlewood’s theorem quoted above (just apply Hardy’s theorem
for (C, 1) summability [12, p. 121]). Versions of Theorem 1.3 for Dirichlet series can be
found in [34] and [3, Sec. 3.8].

Tauberian theorems for power series have stimulated the creation of many interesting
methods and theories in order to obtain extensions and easier proofs of them. Among the
classical ones, one could mention those of Wiener [48] and Karamata [17, 18]. Other im-
portant ones come from the theory of generalized functions. In [44], Vladimirov obtained a
multidimensional extension of Hardy-Littlewood type theorems for positive measures. Later
on, the results from [44] were generalized to include tempered distributions, resulting in a
powerful multidimensional Tauberian theory for the Laplace transform [5, 46] (see also [6]).
Distributional Abelian and Tauberian theorems for other integral transforms are investigated
in [22, 25, 26]. Other related results are found in [23, 24, 27]. Some Tauberian results for
distributions have interesting consequences in the theory of Fourier series [11].

Recently, the authors were able to deduce Littlewood’s Tauberian theorem [20] from a
Tauberian theorem for distributional point values [41]; actually, the method recovered the
more general version for Dirichlet series proved first by Ananda Rau [1]. A similar approach,
but with a more comprehensive character, will be taken in this paper. In Section 2, we collect
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some known results and explain the notation to be used in the course of the article. Section 3 is
devoted to the study of Cesaro limits and summability in the context of Schwartz distributions;
we extend the known definitions in order to consider fractional orders of summability, then
we provide several technical Tauberian theorems which will establish the link between results
for generalized functions and Stieltjes integrals. The main part of the article is Section 4.
There, we first show a theorem for distributional point values which generalizes Theorem
1.3. Moreover, our theorem is capable to recover Theorem 1.3, and it is applicable to much
more situations. Finally, Section 5 is dedicated to applications of the distributional method,
we generalize [35, Thm. B] from series to Stieltjes integrals, and we also give quick proofs
of some classical Tauberians of Hardy-Littlewood [15] and Szész [32, 33, 34] for Dirichlet
series.

2. Preliminaries and notation. We will assume the reader is familiar with the basic
notions from the theory of summability of numerical series and Stieltjes integrals, specifically
with the summability methods by Cesaro, Riesz and Abel means. There is a very rich and
extensive literature on the subject; for instance, we refer to [3, 12, 19].

The spaces of test functions and distributions D(R), S(R), D'(R), and S'(R) are well
known for most analysts. The space of all C°°-functions over the real line with its canonical
topology is denoted by £(R); hence, its dual, £’ (R), is the space of distributions with compact
support. We refer to [31, 45] for properties of these spaces.

A distribution f € D’'(R) is said to have a distributional point value (in the sense of
Lojasiewicz [21]) at x = xg € R if limge—¢ f(xo + €x) = y in the weak topology of D’'(R);
that is, for each ¢ € D(R),

) hm1<f<x>,¢(x_x")>=y/°° $(x)dx .
e—=>0¢& & —00

In this case we write f(xo) = y, distributionally. Suppose that f € S’(R), it is then natural
to ask whether (4) would hold for ¢ € S(R); the answer is positive, as shown in [9, 43].
More generally, one can consider asymptotic relations

(5) f(xo+ex)~e%g(x) as e — 0,

in the weak topology of D’'(R) or S’(R). These relations are then particular cases of the so
called quasiasymptotic behavior of distributions at finite points [10, 27, 43, 46]. The distri-
bution ¢ in (5) must necessarily be homogeneous of degree « [26, 27]. We also have that
for tempered distributions the asymptotic relation (5) in D’(R) implies the same asymptotic
behavior in S’(R) [9, 43]. The same is true for the relations f(xg +ex) = O(e%) ase — 0
[9, 39]. Observe also that (5) is a local property, thus, it still makes sense if the distribution f
is only defined in a neighborhood of x = x.

We say that f € D' (R) is distributionally bounded at x = x¢ € R if f(xo+¢&x) = O(1)
as e — 07 in D'(R).

These notions have their obvious analogs at infinity [10, 27, 37, 39, 46]; indeed, one
considers the behavior of f(lx) as A — oo in the weak topology of a distribution space.
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Let f € D'(R). A function U (z), harmonic for Sm z > 0, is said to be a harmonic
representation of f if limy_, g+ U(x +iy) = f(x) in D' (R) (see [2]). In such a case we write
fx)=Ux+i0). If f(x) =U(x +i0) and f(x9) = y, distributionally, then U (z) — y as
z — Xp, in an angular (or nontangential) fashion [4, 9, 27, 39]; however, the converse is not
true in general [8]. In the case of boundary values of analytic functions, we have the following
Tauberian theorem [41].

THEOREM 2.1. Let F be analytic in a rectangular region of the form (a, b) x (0, R).
Suppose f(x) = F(x+i0)inD'(a, b). Let xo € (a, b) such that F(xo+iy) — y asy — 0T
The Tauberian condition “ f is distributionally bounded at x = x¢” implies that f(xo) = vy,
distributionally.

We shall employ several special distributions in this article. We will follow the notation
from [10]. The Dirac delta distribution is denoted by 8, as usual. H is the Heaviside function,
i.e., the characteristic function of (0, co). Let I" be the Euler gamma function. The analytic
family of distributions x” ' /I"(8) is given by

<t£_l ¢<r)>— L / g
rep’ S ’

whenever fe B > 0, and they are obtained by analytic continuation of the last equation in
the other cases [10, p. 65]. In particular, we have (x_’i_1 /T (B)) |g=o = 8(x), the Dirac delta
distribution.

We will work with the Fourier transform

p(x) = / h P (t)e ' dr,

defined for ¢ € S(R), and by duality on S’'(R).

Let s be a function of local bounded variation. Furthermore, suppose that s has support
in [0, co). We shall always assume that s is normalized at x = 0, in the sense that s(0) = 0,
so that the distributional derivative, s’ € D'(R), of s is given by the Stieltjes integral

(1), (1)) = /O ()ds (1)

Let © be a Radon measure, that is, a continuous linear functional over the space of
continuous functions with compact support. We can always associate to it a function of lo-
cal bounded variation, which we shall denote by s,, so that u = dsy, i.e., (u(t), (1)) =
ffooo ¢ (t)ds,, (1). If || is the variation measure associated to 1, we also denote it by |dsu |

3. Tauberian theorems for (C) summability. In this section we show Tauberian the-
orems for (C) summability of distributions and measures related to Theorems 1.2 and 1.3. We
first study Cesaro limits and boundedness, of fractional orders, for distributions; then these
notions are extended to distributional evaluations, which include as particular cases those of
series and Stieltjes integrals. Next, a convexity theorem is shown. Finally, we present the
Tauberian theorems.
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3.1. Cesaro limits and boundedness. Suppose that s is locally bounded on [0, c0).
Recall [12, 19] that we write limy .0 s(x) = ¥ (C, B), 8 > 0, if

X B—1
) lim é/ 5(1) (1—1) di =1y .
x—=00 x Jo X

When s is of local bounded variation, we may also denote this relation by fooo ds(t) = y
(C, B), and the limit in the above equation might be replaced by the limit of /Ox (1= (t/x)P
ds(z), as integration by parts shows (here we use the assumption s(0) = 0). If 1 < g, the
notion (6) makes also sense for s being merely locally integrable.

The Cesaro behavior can also be defined for distributions [7, 10]. It includes the case of
classical functions and Stieltjes integrals. We adopt in this paper new definitions, our purpose
is to include fractional orders for Cesaro limits and boundedness of distributions at infinity;
a similar approach has been followed in [42]. In the case of integral orders, it coincides with
the definition from [7]. We will also define one-sided boundedness.

Given f € D'(R), with support bounded at the left, its B-primitive is given by the
convolution [45, p. 72]

(—B) X!
P =l ey

DEFINITION 3.1. Let f € D'(R), and 8 > 0. We say that f is bounded at infinity in

the Cesaro sense of order 8 (in the (C, B) sense), and write
fx)y=01) (Cp), asx— o0,

if for a decomposition f = f_ + f4 as sum of two distributions with the supports bounded
on the right and left, respectively, one has that the S-primitive of f is an ordinary function
(locally integrable) for large arguments and satisfies the ordinary order relation

P =00, x— oco.
A similar definition applies for the little o-symbol. We denote

lim f() =y (C.p)

if
f@)y=y+o) (CB), asx— o0,
that is, ffr_ﬂ ) is locally integral for large arguments and
-8 vl
x I — 9
S ST

in the ordinary sense.

Naturally, there is some consistency to be checked in Definition 3.1. We show in the next
proposition that Definition 3.1 is independent of the choice of f .

PROPOSITION 3.2. Suppose that f has compact support. If B > 0 and @ > —1, then
FEP(x) = 0(xPTY), x — oo. In particular,

xli)rrolof(x)zo (C,B), foreachf >0.
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PROOF. If B is a non-negative integer, the conclusion is obvious. Assume > 0 is not
a positive integer. We show that f(=#) is locally integrable for large arguments and f ~#(x) =
o(xP+*), x — o0o. Let k be a positive integer such that f9 is continuous over the whole
real line. Then f0 = P + F, where P(x) = ZJ 0“1 (x+/]') for some constants, and F
is continuous on a certain compact interval [a, b], and F (x) = O for x ¢ (a, b). We have that
f = P® 4+ F® Note first that

- (k . ) (ﬁ 1) k—1 (ﬁ+/ k)
—J T
F(ﬂ) Z F(ﬂ) Z jF(ﬂ+1+J—k)

0( ) (xﬂ‘m), X — 00.

So, it is enough to show that
FO 5 (P rB) = Fx (xP*71/r g — k)

is locally integrable for large arguments and satisfies an order estimate o(x#1%) as x — oo.
Indeed, we show it is locally integrable on (b + 1, 00). If ¢ € D(R) is so that supp¢ C
(b + 1, 00), then supp ¢ * F(—t) < [1, c0), hence,

(F = xPh=1 P (x)) = (x’g_k_l, (F(=1) % ¢) (x))

- /Ooxﬂ—k—l </OO F(t — x)¢(t)dt> dx
1 —00

- /oo (/oo PR — t)dt) d(x)dx .
—00 1

On the other hand if x > b + 1, we obtain, as x — o0,

00 b
/ tﬂ—k—lF(x —)dt = / (x — t)ﬁ—k—lF(t)dt — o(xﬁ—l—k) — o(xﬂ+a) )
1 a
O

We now define one-sided boundedness. Recall that a positive distribution is nothing but
a positive Radon measure.

DEFINITION 3.3. Let f € D'(R), B8 > 0, and @ > —1. We say that f is bounded
from below (or left bounded) near infinity by Op (x®) in the Cesaro sense of order 8, and
write

f(x)=0L(x*) (C.B), asx— oo,

if there exist a decomposition f = f_ + f4, as sum of two distributions with the supports
bounded on the right and left, respectively, a constant K > 0, and an interval (a, co) such that
Re ffr_ﬂ )+ K xf”g and Jm ffr_ﬂ )+ K xf”g are positive distributions on (a, 00). A similar
definition applies for right boundedness, in such a case we employ the symbol Og (x%).

In case f is one-sided bounded by Oy (1) or Og(1), we simply say that f is one-sided
bounded. Our definitions of Cesaro behavior have the following expected property.
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PROPOSITION 3.4. If f is Cesaro bounded (resp. has Cesaro limit, or is one-sided
bounded) at infinity of order B, then it is Cesaro bounded (resp. has Cesaro limit, or is one-
sided bounded) at infinity of order B > B.

PROOF. It follows immediately from Proposition 3.2. a

Observe that, because of Proposition 3.2, we can always assume in Definitions 3.1 and
3.3 that f = f4, if needed. When we do not want to make reference to the order g in (C, B),
we write (C). Most statements below are about complex-valued distributions. We will often
drop x — oo from the notation. Note that if f(x) = O(1), x — o0, then f1 € S'(R) (here
f = f- + f+ as in Definitions 3.1 and 3.3). In addition, it should be noticed that if both
conditions f(x) = Op(1) and f(x) = Og(1) hold in the (C, B) sense, then f(x) = O(1)
(SR

3.2. Cesaro summability of distributional evaluations and the connection with se-
ries and Stieltjes integrals. It is convenient for future purposes to use the notion of Cesaro
summability of distributional evaluations [7, 10]. It will provide the link between our theo-
rems for distributions and results for series and Stieltjes integrals. Let g be a distribution with
the support bounded at the left and let ¢ € E(R); we say that the distributional evaluation
(g(x), @ (x)) exists and is equal to a number y in the Cesaro sense (of order § > 0), and write

(9x), o) =y (C.B),

if the primitive G of ¢g with the support bounded at the left, i.e., G = (¢g) "D, satisfies
limy_, o G(x) = y (C, B). Note that when s is of local bounded variation with s(x) = 0 for
x < 0, we have

/0 ¢()ds(t) =y (C,B)
if and only if
('@, 00) =y (C, B);

and it explicitly means that

x N
lim/ ¢(t)<l——) ds(t) = y .
x—>00 [o X

A similar consideration applies for Cesaro boundedness. In particular, when s (x) =3, _. cx,
where A, /' oo, we have

o
Y=y R (), B)
n=0

if and only if

<ch5(x—)»n)sl>=7/ (C,ﬁ),

n=0
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where here (R) stands for the Riesz method by typical means [3, 10, 12].
Using the well-known equivalence between summability by (R, {rn}) means and Cesaro
means [12, 16], we have that if 8 > 0, then Z,C;O:O cn =y (C, B) if and only if

<ch5(x—n),1>=)/ <G B).
n=0

Finally, we will need the following observation in the future. Given a sequence {b,}"
and 8 > 0, write
by =O(N) (C,B),
if the Cesaro means of order § of the sequence (not to be confused with the Cesaro means of
a series) are O (N), that is,

N
§:<N_n+ﬂ_1ym=cuN“h.

N-—n
n=0

Likewise, we define the symbols Og and Oy, in the Cesaro sense for sequences. Following
Ingham’s method [16], we obtain the following useful equivalence.

LEMMA 3.5. Let B > 0. The conditions

N
@ Y e=0W) (C,B)
n=0
and
8) cha(x—n)=0(1) (C,B+1), asx — oo,
n=0

are equivalent. The same holds for the symbols Og and Op.

PROOF. Repeating the arguments from [16], with the obvious modifications, one is led
to the equivalence between (7) and the relation
Z (x — n)’6 = O(xﬁH), (resp. Or and Op),
n<x
which turns out to be the meaning of (8). o

3.3. A convexity (Tauberian) theorem. We now show a convexity theorem for the
Cesaro limits of distributions. It generalizes [12, Thm. 70].

THEOREM 3.6. Let f € D'(R). Suppose that limy,_.o f(x) = y (C, B2), for some
B2 > 0. If f(x) = OL(1) (C, B1), then limy_. f(x) = y (C,B) forany B > B1 + 1.
The same conclusion holds if we replace Op (1) by Or(1). If now f(x) = O(1) (C, B1), as
X — 00, thenlimy_, f(x) =y (C, B) forany 8 > .

Theorem 3.6 follows immediately from the next proposition. For the first part we give a
proof based on the distributional ideas of Drozhzhinov and Zavialov [5, Lem. 3]; it may also
be deduced from the classical results on asymptotics of derivatives (see [19, pp. 34-37], [12,
Thm. 112]). We give a direct proof of the second part.
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PROPOSITION 3.7. Let u be a (real-valued) Radon measure supported in [0, 00) and
o > —1. Suppose that for some B > 1,

YL@+ D) gip,
g +a+1)

, X — 00.

) / - 0P s, (1) ~
0

If the one-sided condition © = O (x%) is satisfied, i.e., in a neighborhood of infinity
fo’fr + u  is a positive measure,

for some constant C, then for any > 1,

X B—1
(10) / (1 — i) dsy (1) ~ wx“Jrl , X — 00.
0 X r+a+1

If in addition | is absolutely continuous with respect to the Lebesgue measure, and the two-
sided condition

Fu(x) = O(x“) , X — 00,

is satisfied, where F,, € Llloc(R) is such that ds, (1) = F,(t)dt, then (10) holds whenever
B > max {—«a, 0}.

PROOF. Let us show the first part of the theorem. By adding Cx§ to 1, we may assume
C = 0, and so we are assuming that p is a positive measure. Next (9) directly implies that
has the quasiasymptotic behavior

(11) pnx) = yr“x$¢ +0(2*) as A — oo in D'(R),

[5, 37, 46], that is, for each test function ¢ € D(R),

1 [ /x Y N
(u(Ax), p(x)) = x/o ¢<X) dsy (x) ~yA /0 ¢ (x)x“dx.

But it is well known that for positive measures the quasiasymptotic behavior (11) is equivalent
to the asymptotics of the primitive, i.e., (10) for 8 = 1,

a+1

A
)\.= d t) ~ —— )\- I
50 (1) /0 )~y a0

from which (10) follows for any 8 > 1. This completes the proof of the first part.

For the second part, write F' := F, and s(x) := s, (x) = f(f F(t)dt. We assume that
|F(x)] < Mx“ for some constant M and x large enough. Moreover, by Proposition 3.2, it is
clear that we can assume this condition to hold for all x. We obtain from the first part that
s(x) ~ yx*T1/(@ 4+ 1), x — oco. We also have that if 0 < r < 1,

(1 —r)etixett,

X
s(rx) —s(x)| <M t%dr =
I5(rx) — 5(0)] < / 2

Hence, if max {—«, 0} < 8 < 1,
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X t B-1 rx f p—1
/ F(1) <1 — —) dr = lim F(1) (1 — —) dr
0 X r—1=Jo X
_ rx B2
= lim <s(rx)(1 -4 M/ s(t) <1 — i) dt)
r—1- X 0 X

rx B2
~ lim Q1 potp LD =50 - wﬂ—1+-f411t/ sa>(1—-5> d§
)a X 0 X

r—1- Q!

_ rx B2
=s(x) + lim u/ (s(t) —s(x)) (1 — i) dr
X 0 X

r—1-

a+1
+ 0(x0l+1)

1
— (B — _ _ph2 *
=(B 1)/ (s(xt) s(x))(l HF=dr + )/a 1

Lot s(xt) — S(X) = Y )
<(ﬂ 1)/ T (1 1) dt+—a+l+0(1)

_ p-1 a+1/ atl B2 1 )
—y—a+1x (0(1‘ DA —1) +—,3_1+0(1)

_ B—1 atl F(,B—I)F(a—i—2)_ 1 1
“Var1t ( FrB+a+1) ,3—1+,3—1+0(1)>
_ PP+ D a1 et

T F@rarnt TOWT). e

d

3.4. Tauberian theorems for (C) summability. We now analyze Tauberian condi-
tions of Tauber’s second type. For that, we need the following formula. Given g € S'(R), with
the support bounded at the left, its Laplace transform is denoted by L {g; z} := (g(t), e~ %),
for e z > 0.

LEMMA 3.8. Suppose that f € D'(R) has the support bounded at the left. Then
(12) (xf)(_ﬁ) — xf(—ﬂ) _ IBf(—ﬁ—l) )

PROOF. We first assume that f € S’(R). We make use of the injectivity of the Laplace
transform. Set F(z) = L{f(¢); z}. Then,

(B=1
ll{tf(_ﬂ)(t);z}=—d%(£{f("3)(t);z})= d( L {’ })

r (ﬂ)
F@) F'@) _ (—-1) .
Z'BW_ o L{Bf + (@f) z},
which shows (12). In the general case we take a sequence { f,},~,, with each f,, being tem-
pered and having support on some fixed interval [a, 00), such that f, — f in D’(R); then
(12) is satisfied for each f;,. Thus, the continuity of the fractional integration operator [45],
on D'[a, o0), shows (12) for f, after passing to the limit. O

We now connect Tauber’s second type conditions with Cesaro boundedness.
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LEMMA 3.9. Let f € D'(R). Suppose that f(x) = O(1) (C, B2), as x — oo, for
some By > 0. Then, the condition
(i) xf'(x) =0Q) (C, B1 + 1) holds if and only if f(x) = O(1) (C, p1),
(i) xf'(x) = 0r(1) (C, B1 + 1) holds if and only if f(x) = Op(1) (C, B1). The same
is true if O (1) is replaced by Og(1).
PROOF. We show (i). Assume that f has the support bounded on the left. We can
assume that 8, has the form 8, = 81 + k, for some k € N. Let ¢ = xf’, then, by Lemma 3.8,

xf(—ﬁl—k-i-l)(x) — ﬁzf(_ﬂl_k)(x) + g(—ﬂl—k)(x) — g(—ﬂl—k)(x) + 0(xﬂ1+k)’ X — 00
then f(x) = O(1) (C,B1 +k—1)ifandonly if g(x) = O(1) (C, 81 + k), asx — o0. A

recursive argument shows that f(x) = O(1) (C, B1) ifand only if g(x) = O(1) (C, 81 + 1).
The same proof applies for one-sided boundedness. O

So, we immediately obtain the following result from Theorem 3.6.

THEOREM 3.10. Let f € D'(R). Suppose that lim;_ f(x) = y (C, B2) for some
B2 > 0. The Tauberian condition xf'(x) = O(1) (C, B1 + 1), for some B > 0, implies that
limy .00 f(x) =y (C, B) forall B > pi.

PROOF. Indeed, we obtain, by Lemma 3.9, f(x) = O(1) (C, B1), as x — 00; hence,
an application of Theorem 3.6 gives the result. O

THEOREM 3.11. Let f € D'(R). Suppose that lim,_.o f(x) = v (C, B2) for some
B2 > 0. The Tauberian condition xf'(x) = Op(1) (C, B1 + 1), for some B > 0, implies that
limy_, f(x) =y (C, B) forall B > B1 + 1. The same holds if we replace O (1) by Og(1).

PROOF. From Lemma 3.9, we have f(x) = Or(1) (C, B1), as x — o0; hence, again,
we can an apply Theorem 3.6. a

We also analyze a little o condition. It generalizes [12, Thm. 65] to distributions.

THEOREM 3.12. Let f € D'(R). Suppose that limy_. f(x) = v (C, B2). If B2 >
B1 > 0, a necessary and sufficient condition for the limit to hold (C, By) is xf'(x) = o(1)
(C, B1 + D).

PROOF. We retain the notation from the proof of Lemma 3.9. If limy_, o f(x) = ¥
(C, k + B1), for some k > 0, then the relation

xf(—ﬂl—k-‘rl)(x) — g(—ﬂl—k)(x) + (B + k)f(—ﬂl—k)(x)

B1+k
) yx Btk
=g (x) + tolx
I'(Br+k) ( )
shows the equivalence at level kK — 1. A recursive argument proves that the equivalence should
hold for k = 1. O

We may state our results in terms of (C) summability of distributional evaluations. We
obtain the next series of corollaries directly from Theorems 3.10, 3.11, and 3.12.



550 R. ESTRADA AND J. VINDAS

COROLLARY 3.13. Let g € D'(R) and ¢ € E(R). Suppose that supp g is bounded at
the left and

(13) (), p(x)) =y (O).
1) Ifxpx)gx)=01) (C,B1+1), asx — oo, for B1 = 0, then
(9(x),0)) =y (C,B), forallp> pi.
() Ifx¢(x)gx) =0r() (C, 1 + 1), as x — oo, for f1 = 0, then
(), o)) =y (C,B), forallp=p+1.
(iii)) Given B > 0, a necessary and sufficient condition for (13) to hold (C, B) is
xp(x)gx) =0(1) (C,B+ 1), asx — oo.

4. Tauber’s second type theorems for distributional point values and (A) summa-
bility.

4.1. Tauberian theorem for distributional point values. We are ready to show the
main theorem of this article.

THEOREM 4.1. Let F be analytic in a rectangular region of the form (a, b) x (0, R).
Suppose f(x) = F(x +i0) in D'(a,b). Let xo € (a,b) such that F(xo + iy) — y as
y — 0. The Tauberian condition f’'(xo+¢ex) = O(e~Y) ase — 0 inD'(a, b) implies that
f(x0) = y, distributionally.

PROOF. Clearly, by a translation, we can assume that xo = 0. We first show that it may
be assumed f € S’(R) and F is the standard Fourier-Laplace representation [2, 45]. Let C be
a smooth simple curve contained in (a, ) x [0, R) such that C N (a, b) = [x0 — 0, x0 + 0],
for some small o, and which is symmetric with respect to the imaginary axis. Let t be a
conformal bijection [28] between the upper half-plane and the region enclosed by C such
that the image of the imaginary axis is contained on the imaginary axis and tr extends to a
C®°-diffeomorphism from R to C \ (CNiRy). Then, F o t(iy) — y asy — 0T, and
f (t(ex)) = O(s~ ") as e — 0% in D/(R) if and only if F(iy) — y and f(ex) = O(s™ ")
in D'(R). Moreover, f o 7(0) = y if and only if f(0) = y, distributionally [21]. In addition
F ot is bounded away from an open half-disk about the origin, hence it is the Fourier-Laplace
analytic representation of f o T. We can therefore assume that f € S’(R) and

1 ; izt
F(z) = EUO)’ e,
Our aim is to show that f is distributionally bounded at x = 0. Indeed, if one established
this fact then f(0) = y, distributionally, by Theorem 2.1. The condition f/(ex) = O
still holds in S'(R) [9, 38]. If we integrate this condition [43], we obtain from the definition
of primitive in S’ (R) that there exists a function ¢, continuous on (0, 00), such that
flex)=c(e)+0(),
as ¢ — 07 in S’(R), in the sense that for each ¢ € S(R),

(fex), p(x)) = 6(8)/ ¢(x)dx + O(1),

as ¢ — 0. Fourier transforming the last relation, we have that
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A
as A — oo in S’(R). BEvaluating at e, we obtain, as y — 0T, F(iy) = O(1) and

fox) = 2nc(r1)8()\—x) +0 <l> ,

. | N _ | _
F(iy) = 5= {f@0),e7) = —(f(y "', e7) =cy) + O).
2 2wy
Hence, c is bounded near the origin, and thus f(ex) = c(¢) + O(1) = O(1) as e — 07 in
S’'(R), as required. ]

So, we obtain the following Tauberian theorem in terms of the Laplace transform.

THEOREM 4.2. Let G € D'(R) have the support bounded at the left. Necessary and
sufficient conditions for

(14) lim Gx) =y in D'(R),

A—00
are
15 li L{G:y})= lim L{G;yl =y,
(15) Jim yL{G:y}= lim L£{G"y}=y
and
(16) AxG'(Ax) = O(1) as A — ocoinD'(R).

PROOF. Either (14) or (16) implies that G is a tempered distribution and hence its
Laplace transform is well defined for fte z > 0. The necessity is clear. Now, the condi-
tion (16) translates into f'(ex) = O(¢~") in S'(R), where f = 27 G’. Relation (25) gives
F@y) =L {G’ ; y} — y as y — 0T, for the Fourier-Laplace representation of f, hence by
Theorem 4.1, f(0) = y in S’(R). Hence, taking Fourier inverse transform, we conclude that
G'(Ax) ~ A7 1y8(x) as A — oo in S’ (R), which implies (14) [40]. O

4.2. Tauberian results for Abel limits. Let us define Abel limits for distributions.
Let g € D'(R), it is called Laplace transformable on the stripa < fte z < b if e ¥ g(r) is a
tempered distribution for a < & < b (see [31]); in such a case its Laplace transform is well
defined on that strip.

DEFINITION 4.3. Let f € D'(R). We say that f has a limit y at infinity in the Abel
sense, and write

lim f(x)=y (A),

X—> 00
if there exists a distribution fi with support bounded at the left such that f coincides with
f on an open interval (a, c0), f is Laplace transformable for e z > 0, and

17 lim yL{fy:iy)=v.
y—07t

Notice that Definition 4.3 is independent of the choice of f, because every compactly
supported distribution satisfies (17) with y = 0. The case of locally integrable functions is of
interest; it is analyzed in the next example.
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EXAMPLE 4.4. If f € L}OC[O, 00) is such that the improper integral

o0
(18) LA{f; v} :/ f(®e dr convergesforeach y > 0,
0
and
(19) lim yL{f;y}=1y,
y—07t

then f has y as an Abel limit in the sense of Definition 4.3. However, the Abel limit of f, in
the sense of Definition 4.3, exists under weaker assumptions, namely, under the existence of
the Laplace transform as integrals in the Cesaro sense, i.e.,

(20) L{f;y)= /oo f()e dt (C) exists foreach y >0,
0

and (19). Observe that the order of (C) summability might change in (20) with each y. Con-
versely, the reader may verify that the existence of the Abel limit, interpreted as in Definition
4.3, of a locally integrable function is equivalent to (20) and (19).

Observe that (17) coincides with (15). Therefore, using the well-known equivalence
between Cesaro behavior and parametric (quasiasymptotic) behavior [10, 37, 39], we may
reformulate Theorem 4.2.

COROLLARY 4.5. Let f € D'(R). A necessary and sufficient condition for
(21) lim f(x)=y (C)
X—>00
is
lim f(x)=y (A) and xf'(x)=0(1) (C), as x — c0.
X—>0Q

We now combine Corollary 4.5 with the results from Section 3.4 to obtain more precise
information about the Cesaro order in (21).

THEOREM 4.6. Let f € D'(R). Suppose that limy_, o f(x) = y (A). The Tauberian
condition xf'(x) = O(1) (C, B1 + 1), as x — 00, implies limy_.» f(x) = y (C, B) for all
B > Bi.

PROOF. It follows directly from Corollary 4.5 and Theorem 3.10. a
We can also consider a one-sided Tauberian condition.

THEOREM 4.7. Let f € D'(R). Suppose that limy oo f(x) = y (A). Let B; > 1.
The one-sided Tauberian condition xf'(x) = Or(1) (C,B1), as x — oo, implies
limy_ 00 f(x) =y (C, B) forall B > Bi.

PROOF. We may assume that f is real-valued and supp f C [1, 00). If xf/(x) = O(1)
(C) is established, we could apply first Corollary 4.5 and then Theorem 3.11 to obtain the de-
sired conclusion. By assumption, there exist K > 0 and k € N such that ¢*® € L (R) and
g (x) = —Kx¥ forall x > 1, where g(x) = xf’(x). We consider T'(x) = ¢"® (x)/x. If
we show that T'(x) = O (xF~1) (C, 1), then it would immediately follow g(x) = O(1) (C, k+
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1), as required. By Lemma 3.8, we have the equality 7(x) = f*D(x) — kf P (x)/x ;
therefore, going to the Laplace transforms,

_ < Y 14 1 1
LAT:y}=y kyﬁ{f;y}—k/y u kﬁ{f;u}du=F—kk—yk +0<F>:O<F>’

y — 0. Using now the inequality 0 < Kx*~! + T'(x), we have
X X
TV () =/ (T(t) + KtF"YHdr + 0(x%) < e/ e XN(T (1) + K Hdr + 0 (x5)
1 0
1
<el {T; —} + 0G5 =o(x") + 0" = 0(h);
X

hence T'(x) = O (x*~1) (C, 1). The proof is complete. O

We obtain from Theorem 4.7 an extension of a classical important result of Szadsz [34,
Thm.1].

THEOREM 4.8. Let f € L [0, 00). Suppose thatlim, o f(x) =y (A) in the sense

loc
that it satisfies (20) and (19). Then, the one-sided Tauberian condition

xNef(x) — /x Nef(t)dt > —Kx and

(22) O

x3Imf(x) —/ Smf()dt > —Kx, x>a,
0

for some positive constants K and a, implies that

X
(23) FED () =/ FfOdt ~yx, x— 00.
0
PROOF. Note that the relations (22) and (23) exactly mean that x f'(x) = O (1) (C, 1)
and limy_, o f(x) = y (C, 1), respectively. So, Theorem 4.7 yields (23). O
In particular, we have the ensuing corollary.

COROLLARY 4.9 (Szasz [34]). Let f € LIIOC[O, oo) satisfy (18) and (19). The one-
sided Tauberian condition (22) implies (23).

REMARK 4.10. If 8 > 0, we might replace (22) in Theorem 4.8 and Corollary 4.9 by

xf(x)—/xf(t)dt=0L(x) (C.B), asx— o0,
0

then the same arguments apply to conclude lim, . f(x) =y (C, 8 + 1).

We can use Theorem 3.12 to obtain a Tauber type characterization of (C, 8) limits; the
next result follows easily from Corollary 4.5 and Theorem 3.12.

THEOREM 4.11. Let f € D'(R) and B > 0. A necessary and sufficient condition for
limy 00 f(x) =y (C, B) islimy00 f(x) =y (A) and xf'(x) = 0o(1) (C, B+ 1).
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4.3. Tauberians for Abel summability of distributional evaluations. In order to
give applications to the classical cases, let us give sense to Abel summability of distributional
evaluations [10]. Let ¢ € D'(R) with the support bounded at the left and ¢ € E(R). We
say that the distributional evaluation (g(x), ¢ (x)) exists and equals y in the Abel sense if
e P (x)g(x) € S'(R) forevery y > 0 and

lim (¢p()g(t),e™) =y.
y—>0t
In such a case we write

(24) (9. ¢(x)) =y (A).

Notice that (24) holds if and only if limy_,oc G(x) = y (A), where G is the first order
primitive of ¢ ¢ with the support bounded at the left, that is, G = (¢9) ™" = (¢g) * H (here
H is the Heaviside function). So, our theorems from Section 4.2 give at once the following
results.

THEOREM 4.12. Let g € D'(R) with the support bounded at the left and ¢ € E(R).
Suppose that

(25) (gx), o)) =y A).
The Tauberian condition x g(x)¢ (x) = O (1) (C, B1 + 1), as x — oo, for B1 > 0, implies
(26) (gx), o)) =y (C,B)

forall B > B1+1. Moreover, the stronger Tauberian condition x g(x)¢ (x) = O(1) (C, B1+1)
implies that (26) holds for all B > B;.

THEOREM 4.13. Let g € D'(R) with the support bounded at the left and ¢ € E(R).
A necessary and sufficient condition for (26) is (g(x), ¢ (x)) =y (A) and xg(x)¢p(x) = o(1)
C,B+1)asx — oc.

The case when g = f and ¢ (x) = e*0* is interesting, since it provides the order of
summability in the pointwise Fourier inversion formula for Lojasewicz point values [40].
This is the content of the next corollary.

COROLLARY 4.14. Let f € 8'(R) be such that supp f is bounded at the left and
| BN :
2_(f(X), ey =y (A).
b4

Then xeix()xf(x) = 0r(1) (C, B1 + 1), for some B1 > 0, implies that f(xo) = y, distribu-
tionally. Moreover, the pointwise Fourier inversion formula holds in the (C, B) sense for any
B = B1 + 1, that is,

1 N ,
27 f(x0) = y, distributionally, and 2—(f(x), ey =y (C,B).
T

Furthermore, the stronger Tauberian condition xe'*0* f(x) = 0(1) (C, B1 + 1) implies that
(27) holds for all B > By.
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4.4. Tauberians for series and Stieltjes integrals. The cases of Stieltjes integrals
and series are also of importance. We obtain directly from Theorem 4.12 the following corol-
lary.

COROLLARY 4.15. Let s be a function of local bounded variation such that s(x) = 0
for x < 0. Suppose that the Cesaro integral

o0
(28) L{ds; y} :/ e ds(x) (C) exists foreach y > 0,
0

and that
lim L{ds;y}=1y.
y—07t
Let B1 = 0. Then, the Tauberian condition

(29) /0 tds() = Op(x) (C, B1)
implies that for all B > B1 + 1,
(30) xli)ngo s(xy=y (C,8).

Moreover, if we replace O (x) by O(x) in (29), we conclude that (30) holds for all 8 > Bi.

Observe that in particular Corollary 4.15 holds if we replace (28) by the stronger as-
sumption of the existence of the improper integrals fooo e Mds(x) = limy_ o0 /Ot e M*ds(x)
for each y > 0.

Let A, ' oo be an increasing sequence of non-negative real numbers. Recall that we
write Zflio cn = y (A, {\,}) if the Dirichlet series F(z) = Zflio cpe” converges on
Ne z > 0 and limy_, o+ F(y) = y (see [12]).

COROLLARY 4.16. Supposethaty oo cn=y (A, {A,}). The condition D iy <xhnCn=
OL(x) (C, B1), for B > 0, implies that y oo qcn = v (R, {An}, B) forall B > Bi + 1. The
stronger Tauberian condition an < Ancn = O(x) (C, By) implies the (R, {A,}, B) summa-
bility of the series to y for all B > B1.

Furthermore, we may formulate a much stronger version of Corollary 4.16 if we assume

o
F(y) = che_y“ (R, {An}) existsforeachy > 0,
n=0
and limy_, o+ F(y) = y, instead of the more restrictive hypothesis of (A, {4,}) summability.
On the other hand, if we specialize Corollary 4.16 to power series, we now obtain a general
form of the Theorem 1.3 stated at the introduction.

COROLLARY 4.17. Suppose that Y ooocn = y (A). The Tauberian condition
ijzlncn = OL(N) (C,B1), for i > 0, implies that Y - ycan = v (C,B) for all
B = B1 + 1. The stronger Tauberian condition Z,]lvzl nc, = O(N) (C, B1) implies the
(C, B) summability of the series to y for all B > Bi.
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5. Applications: Tauberian conditions for convergence. This section is devoted
to applications of the distributional method in classical Tauberians for Dirichlet series. Let
f € D'(R) have support bounded at the left. As follows from the results of [10, 40], we have
limy_, o f(x) =y (C) if and only if its derivative has the quasiasymptotic behavior

, 8(x) 1 oy
(31) f(kx):yT—i-o(X) as L > ocoinD'(R).

Let 1 < o < 2. Throughout this section ¢, € D(R) is a fixed test function with the following
properties: 0 < ¢5 < 1, ¢ps(x) = 1 forx € [0, 1], and supp s S [—1, 0].
We first extend a Theorem of Szdsz [35] (see also [30]) from series to Stieltjes integrals.

THEOREM 5.1. Let s be a function of local bounded variation such that s(x) = 0 for
x < 0. Suppose that limy_, 5 s(x) = y (A). Then, the Tauberian conditions

X
(32) / tds(t) = OL(x) (C,B),
0
for some > 0, and
1 ox
(33) lim limsup — / tlds| () =0
o—=1t yso00 X X
imply that limy_, » s(x) = y.

PROOF. Corollary 4.15 and (32) imply that limy_ o s(x) = y (C). Then s’ has the
quasiasymptotic behavior (31), evaluating the quasiasymptotics at ¢, we obtain

oA t
limsup [s(A) — y| < lim sup/ bo <X) |ds| (1)
A

A—00 A—00

1 oA
< limsupX/ t|ds|(2).
A

A—00

Since o is arbitrary, we obtain the convergence from (33). a
We recover the result of Szdsz mentioned above.

COROLLARY 5.2 (Szész, [35]). Suppose that Zf,o:o ¢cn =y (A). Then the Tauberian
conditions

N
1
(34) V=52 nlal=0q),
n=0
and
m
35) V=V, =0, as —— 1" and n »> o0,
n

imply the convergence of the series to y.

PROOF. We show that (35) implies (33). Indeed, by (34),
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1 _ [ox] — [x] m _
; Z nley| = 4)6 Viex1 + X Mox1 = Vix)

xX<n=<ox
ox —x—1
<— O(D) + (Viox1 — Vix) »
and the last expression tends to 0 as x — oo ando — 17T, O

The next Tauberian theorem for Dirichlet series belongs to Hardy and Littlewood [14]
(see also [33] and [34, Thm. 6]).

THEOREM 5.3 (Hardy-Littlewood). Suppose that

D=y (A,

n=0
Then the Tauberian condition
o] A p—1
(36) (——i—) lenl? < 00,
’; )\n - )\n—l "

where 1 < p < oo, implies the convergence of the series to y.

PROOF. Since the case p = 1 is trivial, we assume 1 < p < oo. Letg = p/(p — 1).
Holder’s inequality implies (32), with 8 = 0, for s(x) = }_, _, ca. So, Corollary 4.16 im-
plies the (R, {A,}), 1) summability. Then Z,C;O:O cnd(x —Xy) has the quasiasymptotic behavior
(31), evaluating at ¢, and using Holder’s inequality, we obtain

N
. A
ch —vy| < limsup Z ¢(,<ﬁ>|cn|

n=0 N—o0 AN <ApZOAN

lim sup
N—o0

< lim sup Z |cnl

N=00 5\ dn<oin

An — An—1 ta
< limsup< Z )»7) o(l)
n

N—=00 N\ o an<oin
<@ -DYo(),
and by taking o — 17, we obtain the result. m

We end this article by proving another theorem of Szdsz [32, 33, 34] (the case for power
series was discovered first by Hardy and Littlewood).

THEOREM 5.4 (Szisz, [34]). Suppose that ZZio cn =y (A, {Ay}). Then the Taube-
rian condition

N
37) D M O =) TP leal? = 00

n=1

for some 1 < p < oo, implies the convergence of the series to y.
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PROOF. Letg = p/(p — 1). Again, Holder’s inequality implies (32), with 8 = 0, for
s(x) =Y, < ¢ So, Corollary 4.16 implies that Y2 ) ¢, 8 (x — A,) has the quasiasymptotic
behavior (31), and by evaluating at ¢, and using Holder’s inequality, we obtain

N
. A
ch — y| < limsup Z ¢g<ﬁ)|cn|

n=0 N—00 ) o <am<oin

lim sup
N—o00

1/ An — Ap—1 Va
< limsupANp< Z T) o)
n

N—o00 AN <An<GAN

1 1/q
< lim sup (— Z (An — )\n—l)) o(1)

N—oo \AN o 4 <oin

=@ -D"Y%0q).
Since o is arbitrary, we obtain the convergence. O

REMARK 5.5. We have chosen to give direct proofs of Theorems 5.3 and 5.4 to ex-
emplify the distributional method. However, they are easy consequences of Theorem 5.1.
Namely, by applying Holder’s inequality to Y _; _ An Ical, one deduces that (33) is satis-
fied. Indeed, any of the Tauberian hypotheses (36) or (37) yield

1
= Y Mlel < /Pe-D00).
X

x<Ap<ox
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