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Preface

These are lecture notes of a series of lectures I gave at the Institute of Mathematics of Aalto
University and at the School of Mathematics of the University of Costa Rica, in the summer of
2011. The main aim of the lectures was to provide a modern introduction to Tauberian theory via
distributional methods and some of its applications.

The central topic is Tauberian theorems for the Laplace transform of Schwartz distributions
with applications to prime number theory and PDE with constant coefficients. It is also shown
how to recover the classical Tauberian theorems from their distributional versions.

These notes consist of four chapters:

Chapter 1 is of introductory character. We state there a number of classical examples of
Tauberian theorems. Their generalizations to the setting of generalization functions is the core
of this text. We then explain a general scheme to attack problems in Tauberian theory from a
distributional perspective. Basics from distribution theory are also recalled in this chapter.

In Chapter 2, we study one-dimensional Hardy-Littlewood type Tauberian theorems. We begin
our incursion into Tauberian theorems for Laplace transforms by giving a simple proof of the
celebrated Littlewood’s Tauberian theorem for the converse of Abel’s theorem on power series
[29, 18, 27, 43]. We then proceed to show a general version of the Hardy-Littlewood Tauberian
theorem for the distributional Laplace transform, such a version is due to Drozhzhinov and Zavialov
[11]. We use the distributional version to easily recover several classical Tauberians of Hardy and
Littlewood for power series and Stieltjes integrals.

Tauberian theorems in which complex-analytic or boundary properties of the transform play an
important role are usually referred as complexr Tauberians. Many of these complex Tauberians have
been inspired by number theoretic questions; for example, the classical Ikehara [26] theorem was
motivated by the search for a simple proof of the prime number theory. They have also important
implications in PDE theory [2, 37]. We will study in Chapter 3 a generalization of the Wiener-
Ikehara theorem, due to Korevaar [27], which relax the boundary requirements on the Laplace
transform to a minimum [27, 36]. We shall also discuss applications to the theory of (Beurling)
generalized primes [3, 36, 44].

Chapter 4 is devoted to multidimensional theory. We essential discuss generalizations of the
Hardy-Littlewood theorem [48] for the multidimensional Laplace transform of distributions and
measures supported by cones. As an illustration, we apply the results to obtain asymptotic proper-
ties of fundamental solutions to convolution equations, in particular, to hyperbolic operators with
constant coefficients. This last chapter is based on results of Vladimirov, Drozhzhinov and Zavialov;
we point out that they are explained in more detail in the beautiful monograph [48].
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Chapter 1

Introduction

Tauberian theory deals with the problem of obtaining asymptotic information about a function,
classical or generalized one, from a priori knowledge of the asymptotic behavior of certain “averages”
of the function. Such averages are usually given by an integral transform.

Tauberian theory provides striking methods to attack hard problems in analysis. The study of
Tauberian type theorems has been historically stimulated by their potential applications in diverse
fields of mathematics such as number theory, combinatorics, complex analysis, probability theory,
and the analysis of differential operators [2, 5, 18, 26, 48, 51]. Even mathematical physics has
pushed forward developments of the subject. Indeed, many of the theorems that we will discuss in
future chapters had their origins in theoretical questions from quantum field theory [48]. Therefore,
we may say that mathematical physics motivated the incorporation of generalized functions into
the scope of Tauberian theory.

The nature of Tauberian theory is better self-explained through explicit examples. We state
in this chapter a number of classical Tauberians. The core of the next chapters will be their gen-
eralizations to the context of Schwartz distributions. This chapter contains also some background
material on distribution theory and Laplace transform (Section 1.5).

1.1 Littlewood’s Theorem

Let us start by recalling Abel’s theorem on power series (1826, [1]). It states that if the series
> o2 o Cn is convergent to the number 3 then

lim chr” = 0. (1.1)
n=0

r—1-

The proof of this well known theorem is very easy (cf. Subsection 1.2 below).

The theorem of Abel may be restated in terms of Abel summability, defined as follows. A
(possible divergent) series Y .~ ¢y is said to be Abel summable to (3 if the power series Y 7 cpr"
has radius of convergence at least 1 and (1.1) is satisfied. In such a case one writes

e}

Se=8 (A),

n=0

the Abel sum of the series. Thus, Abel’s theorem tells us that ordinary convergence implies Abel
summability. Naturally, the converse is not true, in general, as shown by the divergent series
>0 o(—1)™, which is Abel summable to 1/2.



The genesis of Tauberian theory goes back to Tauber [39]. He showed in 1897 the following
theorem that gives a sufficient condition for the converse of Abel’s theorem.

Theorem 1.1 (Tauber’s theorem, 1897). If > > j¢, =3 (A) and

w=o(r). no (12)

n
then > o, ¢, converges to [3.

Tauber’s theorem is elementary and very simple to show. In 1910, Littlewood [29] gave his
celebrated extension of Tauber’s theorem, where he substituted the Tauberian condition (1.2) by
the weaker one ¢, = O (1/n) and obtained the same conclusion of convergence as in Theorem 1.1.

Theorem 1.2 (Littlewood’s theorem, 1910). If Y > ¢, = 5 (A) and

w=0(1) n-o, (13)

then ZZOZO cn, converges to 3.

Despite the simplicity of its statement, it turns out that Littlewood’s theorem is much deeper
and difficult to prove than Theorem 1.1. Two years later [19], Hardy and Littlewood conjectured
that the condition nc, > —K would be enough to ensure convergence; indeed, they provided a
proof later in [20]. We will obtain proofs of these Hardy-Littlewood theorems in Section 2.2 as part
of a more general Tauberian program for Laplace transforms of distributions.

Exercise 1.3. Show Tauber’s theorem.

1.2 Other Summability Methods

We can define other summability methods in the same spirit as that of Abel summability. Let ¢ be
a function such that ¢(0) = 1, lim, .~ ¢(z) = 0, and its derivative ¢’ is integrable on the interval
[0,00). We say that the series ) ° ¢y is (¢) summable to 3 if there is \g > 0 such that

Z Cnp (%) converges for all A > A, (1.4)
n=0
and
n

Let us verify that this summability method is regular [18], in the sense that it sums convergent
series to their actual values of convergence. We employ Stieltjes integrals for the proof of this fact.
Write s(z) = >, _. ¢n so that lim, . s(x) = (. Integration by parts then shows that

n<x

oo o0

lim i Cnp (%) = lim ; ® (%) ds(u) = — lim s () ¢’ (u) du = Bp(0) = 3.

A—00 A—oo Jo

Different choices of the kernel ¢ lead to many familiar methods of summability. If p(u) = e

for u > 0, one then recovers the Abel method just discussed in Subsection 1.1. The choice p(u) =



(1 —u)®, where k > 0, gives the kernel of Cesaro-Riesz summability of order ; one writes in this

case
00

Y en=8 (C,r). (1.6)
n=0
Cesaro summability is often introduced in a different but equivalent way. A non-trivial theorem of
M. Riesz [34] (cf. [22]) shows that (1.6) holds if and only if

i L +1) f: (j j ”) cos = B, (1.7)

n— o0 nr
=0

where T" is the Euler gamma function. See [18] for the approach using the Cesaro means (1.7).
However, the Riesz summability means given by ¢(u) = (1 — u)" are more convenient from the
distributional point of view [14]. An detailed study of Riesz means can be found in [8].

Another instance is provided by ¢(u) = u/(e* — 1), u > 0, the kernel of Lambert summability
which is so important in number theory [26, 51]. Remarkably, in 1928 Wiener used a Tauberian
theorem for Lambert summability to deduce the prime number theorem [50].

It can be shown that Littlewood’s Tauberian condition (1.3) is also a Tauberian condition for
Cesaro and Lambert summability, namely, the conditions (1.4) and (1.5) along with (1.3) imply
the convergence of the series. A deep analysis of Tauberian theorems for quite general kernels ¢
is given in the outstanding work of Wiener [26, 51] (see also [30, 32]). We will not pursue such
a general study in these notes, we will rather focus in generalizations of Abel summability in the
context of Schwartz distributions.

1.3 The Ikehara Theorem

In 1931 Ikehara showed the following Tauberian theorem for Dirichlet series [21]. His aim was to
find a proof of the prime number theorem (PNT) in the form

i
m(x) = E 1~1 as r — 00.
og T
p<zx g
p prime

He succeeded in giving a proof of the PNT based solely on the non-vanishing of the Riemann
zeta function on the line Re s = 1.

Theorem 1.4 (Ikehara, 1931). Let F' be given by the Dirichlet series

F(s) = Z %, convergent for fe s > 1,

n=1
where the coefficients satisfy the Tauberian condition ¢, > 0. If there exists a constant 3 such that

g

z—1

F(z) -

admits a continuous extension to the line Re z = 1, then

N
chrvﬂN as N — oo.

n=1



Theorem 1.4 extends an early result of Landau [28]. Landau had also used his Tauberian theorem
to deduce the prime number theorem, however, in his proof he needed additional information on
the growth of the Riemann zeta function on $tes = 1. Such growth properties are avoided when one
derives the prime number theorem from Ikehara’s theorem. The derivation of the prime number
theorem will be done in Section 3.4, where actually a more general result due to Beurling [3, 4] is
shown.

Ikehara’s theorem has also shown to be very valuable in the study of (pseudo)differential op-
erators. See [2] for its use in semigroup theory and [37] for its applications to spectral theory of
pseudodifferential operators.

We will consider a more general version of Theorem 1.4 in Chapter 3 and its applications to
prime number theory in the context of Beurling’s generalized numbers.

1.4 A Functional Analysis Scheme for Tauberian Problems

We describe in this subsection our general philosophy to attack Tauberian problems.

Let us start with some comments about the relationship between Littlewood’s Tauberian con-
dition (1.3) and convergence of series. We shall consider the Dirac delta measure d,, concentrated
at a € R. It is the linear functional defined on continuous functions ¢ as

(0a; 0) = (a). (1.8)

To a numerical series ) ° ¢, we associate the formal delta series

[e.e]

f)\:ZCn(S%, AE [1,00),

n=0

acting on a suitable vector space of continuous functions E as

(fn o) = icns@ (%) : (1.9)
n=0

If (1.9) converges for all ¢ € E, then, clearly, f) automatically becomes a linear functional on E.
The connection between (1.3) and the convergence of > > ¢, is given by the following lemma,
essentially contained in [42]. We use the notation D[0, co) for the space of C'*°-functions on [0, co)
which vanish off compact sets. Furthermore, C[0,00) denotes the space of continuous functions on
[0, 00).

Lemma 1.5. Let E be a vector space such that D[0,00) C E C C[0,00) and (1.9) converges for
each ¢ and X € [1,00). Assume that limy_, fr = B0y pointwise on E, i.e.,

Jm (fy, @) = Bp(0),  for cach ¢ € E, (1.10)

Then, the Tauberian condition ¢, = O(1/n) implies Y .~ cn = [.

Proof. Let M > 0 be such that n|c,| < M. Given o > 1 arbitrary, find ¢, € D[0,00) such that
0< ¢, <1, ps(x) =1 for x € [0,1], and supp ¢, C [0,0), then, (1.10) with ¢ = ¢, gives

lim sup Z cn — B < limsup Z %¢U(ﬁ> :M/USO‘Tu(u)du<M(U—1),
1

A
A=00 0<p<a A0 icncy

and so, taking o — 17, we conclude Y 7 ¢, = f. O
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Therefore, Lemma 1.5 tells that if > ° ¢, is (¢) summable to 3 for every kernel ¢ € FE,
then the Tauberian condition (1.3) is sufficient to obtain convergence. Now, the typical Tauberian
problem may be rephrased as follows: to pass from (¢) summability for one specific kernel ¢ to (¢)
summability for all kernels in a function space E satisfying D[0,00) C E C C0, 00).

So far, we have not spoken about any topological structure on E. However, as any student
in a very first course of functional analysis learns, the main tool to deduce (1.10) is the Banach-
Steinhaus theorem together with weak convergence over a dense subset. The following theorem will
be therefore very important in the sequel, it is nothing but a consequence of the Banach-Steinhaus
theorem.

Given a topological vector space F, the set E' is as usual the space of continuous linear functional
over E. We assume that the reader is familiar with the notion of Fréchet spaces [35, 40]. In our
context E will be a Schwartz space of test functions and E’ a distribution space (cf. Sections 1.5
and 4.1).

Theorem 1.6. Let E be a Fréchet space (or more generally a barreled space [40]). Denote by E’
its dual space. Let {f)\})\e[l,oo) be a net in E'. Necessary and sufficient conditions for the existence
of the limits

Jim (£, ). (111)

for each ¢ € E, are:
(i) The ezistence of a dense subset B C E such that the limit (1.11) exists for all ¢ € B.

(it) {fx}rep o) @8 weakly bounded in E': For each ¢ € E, (fx,¢) = O(1), namely, there is M,
such that (fx,¢) < My, for A € [1,00).

In such a case, there is a g € E' such that limy_.o. f\ = g weakly, i.e.,
m (@) = (9,) for cach ¢ € E.
— 00

Proof. That the conditions are necessary is obvious. Let us show the sufficiency. Condition (ii)
is equivalent, by the Banach-Steinhaus theorem, to the equicontinuity of {fy} Ae[1,00)" Thus, there
exists a open neighborhood of the origin V' C F and a constant M (independent on 1) below) such
that

[{fa, )| <M forally eV. (1.12)

Fix an arbitrary ¢g € E. We show that (fy, ¢o) is a Cauchy sequence. Let € > 0 be arbitrary. Then,
by the density of 9B, we can find ¢ € B such that ¢g — ¢ € eV. Moreover, (i) ensures the existence
of Ao > 0 such that [{(fy, — fa,, )| < € for all A1, A2 € (Ao, 00). Hence, since 1) = e (pg — ¢) € V,
it follows from (1.12) that

|<f)\1>800> - <f)\27(100>| < |<f)\17900 - (70>| + ‘<f/\27§00 - SO>| + |<f>\1 - f/\2790>| < 2€M+57

this shows the existence of (g, o) := limy_o (fx, po) for each ¢y € E. It is clear that g is a linear
functional; however, we still need to show that it is continuous. For it, it is enough to take limit in
(1.12) for fixed ¢ € V, so that we conclude

(g, )| <M forally € V.

This yields g € E'. O



Let us say some further words about our strategy to show Tauberian theorems. We exemplify it
with the case of Littlewood’s theorem. Let © be the linear span of functions of the form e=7%, ¢ > 0.
Consider the linear functionals {fx},¢}; o) given by (1.9). What Abel summability of 377 ; ¢, tells
is that (1.10) holds precisely for all ¢ € ©. Thus, by Lemma 1.5 and Theorem 1.6, Littlewood’s
theorem would follow at once if we are able to find a suitable Fréchet space E such that {f\} AE[1,00)
is weakly bounded in E’ and ® is dense in E. We could go on and prove Littlewood’s theorem
right now; however, we choose to postpone the details until Section 2.2 after recalling some basics
from distribution theory.

Finally, it should be mentioned that the functional analysis scheme just described above is also
present in the methods developed by Karamata [24, 25] and Wiener [51] (cf. [26]).

1.5 Preliminaries on Distribution Theory

We briefly introduce in this section some concepts from distribution theory. We refer to [38, 47] for
the theory of distributions.

The test function space S(R) is the Schwartz space of rapidly decreasing smooth test functions,
that is, those C°°-functions over the real such that for each m,k € N

sup |2 p*) (3:)‘ < 00.
zeR

It is a Fréchet space, topologized by means of the countable family of norms

, meN. (1.13)

[l = s (1+]a)™ [¢D(a)
0<j<m, zeR

We shall use the following Fourier transform

@@zf@mmﬂszawfmw,¢e&m.

The Fourier inverse transform is given by

F et = 52 [ et o e SE)

The Fourier transform is one to one and onto. It is also continuous in the topology of S(R), as may
be easily deduced from the formulas

(@)(t) = (i) p(t) and  (uFg)(t) = Fo®)(2).

Its dual, the space of tempered distributions, is denoted by S’(R). The evaluation of f € S'(R)
at ¢ € S(R) is denoted by (f, ). Thus, f € §'(R) if:

o (frap+¢) =a(f @)+ (f,¢¥) forallaeCand ¢, € S(R).

o lim, oo (f, n) = (f,limy .00 ) whenever {p} 7 is convergent in S(R).

It is sometimes convenient to write a “dummy variable” in the evaluation and think of (f(u), p(u))
as some kind of integral so that we view f as a generalized function. Indeed, any locally integrable
function f of at most polynomial growth can be regarded as tempered distribution f € S’(R) via
the identification

W@ww»zléﬂMMWm
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Distributions determined in these manner are called regular distributions.
We can define many useful operations on §’(R) by duality, as long as they are continuous
operations on the test function space S(R). Given a generic f € S'(R), we define

e Tts derivative f*) € S'(R) as
(FB ), o)) = (=1 (£, e P w).
e Its Fourier transform f € S'(R) as
(). o) = (£, ().

e For numbers a,b € R, the linear change of variables f(au+b) € S'(R) as

Hlaut 0 o) = o (50,0 (22) ).

a

e If ) € S(R), the distribution ¢ f € §'(R) is defined as

These four operations on distributions are in accordance with those for ordinary functions. For
instance, the definition of the distributional derivative is nothing but integration by parts, while
that of Fourier transform coincides with Parseval’s identity when f € L?(R).

Convergence of nets f), — f in &’(R) is interpreted in the weak sense, namely,

fr— fin 8’ (R) ifand only if (fy,¢) — (f,¢) for each ¢ € S(R).

The operations defined above become automatically continuous on S’(R), thus if fy — f in S'(R)
then f\ — f and fik) — f®) in S'(R).

We denote by D(R) C S(R) the subspace of compactly supported test functions.

A distribution f € S’(R) is said to vanish on the interval (a,b) if (f,») = 0 for all ¢ € D(R)
supported in (a,b). One can then defined supp f as the complement of the biggest open set where
f vanishes.

Let us discuss some examples of particular distributions. These examples will be used in the
future.

Example 1.7. Dirac delta. We defined the Dirac deltas in Section 1.4 through (1.8). From now
on, we shall use the notation § = dg, so that d, is simply given by translation of §, that is,

da(u) = 0(u — a). Observe also that § transforms under linear change of variables as d(au — b) =
la| "t 0(u — a~b).

Example 1.8. Heaviside function. The Heaviside function H is the characteristic function of the
interval [0,00). Its evaluation at test functions is then given by (H(u),¢(u)) = [;° ¢(u)du, and
since — [;° ¢'(u)du = ¢(0), we obtain H' = 4.



Example 1.9. The distributions ug. If Re o > —1, the distribution u% is a regular distribution
given by u§ = u®H (u). Its action on test functions is simply given by the integral

(ug, p(u)) = /000 u®@(u)du ; (1.14)

when e o < =1, a ¢ Z_, then ug is defined as

« a+n\(n)
MNa+1) TI'(a+n+1)
where n = [—a]. Therefore, uS is well defined for a € C\ Z_. The expression (1.15) is meaningful
for « = —k € Z_; indeed, since u(}r =H,
us
= 6= D(u). 1.16
Mat1)|,_, (u) (1.16)

Example 1.10. Functions of local bounded variation. Assume that S is a function of local bounded
variation (i.e., of bounded variation on each compact interval) which has at most polynomial growth.
Then integration by parts yields S’ = dS, in the sense

<S'(u),g@(u)> = /_OO o(u)dS(u). (1.17)

The Stieltjes integral (1.17) may not be absolutely convergent, it is rather an improper integral
(e.g., consider S(x) = €'"). The case S(z) = > 0<\, <z Cn 18 of particular interest for us; in this
case we obtain

S'(u) =) end(u— An).
n=0

Exercise 1.11. A distribution f € S'(R) is said to be homogeneous of degree « € R if f(au) =
a®f(u) for all @ > 0, namely, for each test function

1 U

(flaw), o) = ~ (fw). ¢ (%)) = a® (Fw), (), foralla>0. (1.18)
Show that if o ¢ Z_, then u$ homogeneous of degree «, while 6* =1 (4) is homogeneous of degree
—k € Z_, that is,

5(k71)(u)

(au)§ = a®uf and 51 (qu) =

> 0. 1.19
= a (1.19)

Exercise 1.12. Show that if g € S(R) is homogeneous of degree «, then it satisfies the differential
equation
ug'(u) = ag(u) (1.20)

(Hint: Differentiate (1.18) with respect to a and then set a = 1).

Exercise 1.13. Show that D(R) is dense in S(R).



1.5.1 Laplace Transforms

We follow [47] and define the Laplace transform for tempered distributions with supports in [0, 00).

The spaces D0, 00) and S0, 00) consist of restrictions of elements of D(R) and S(R) to [0, c0),
respectively. The space S[0,00) has a canonical topology, given by the norms (1.13) where only
x > 0 is taken into account.

Analogously, 8’'[0,00) € S§’(R) denotes the subspace of distributions supported in [0,00). It
is canonically isomorphic to the dual of S§[0,00). The identification is as follows. Let f € S'(R)
be such that supp f C [0,00) and ¢ € S[0,00), find any » € S(R) so that ¢¥(z) = ¢(z) for all
x € [0,00); one then defines (f, ¢) := (f, 1), such a definition does not depend on the extension ).

The definition of the Laplace transform on §'[0, o) is now easy. Observe that if e s > 0, then
the function e=** € S§[0,00). Given f € §’[0,00), its Laplace transform is defined as

L{f;s}=(f(u),e™), Res>0. (1.21)

It is analytic in s on the half-plane e s > 0. We write s = o + it for complex variables.
The relation between the Laplace and Fourier transforms [47, 7] is given by the following two
propositions.

Proposition 1.14. Let f € §'[0,00). Then,

LA{f;o+it}=F {f(u)e_"“;t} , foro>0. (1.22)

Moreover,

f(t) = lim £{f;o+it} inS'(R). (1.23)
o—0
In particular, the Laplace transform is injective.

Proof. The equality (1.22) means that if ¢ € S(R)

) (f(u), p(t)e 7 e ") dt = ( f(u),e "
/ (1]

—c0 —00

oo

go(t)e_it“dt> . (1.24)

The fact that one can interchange the integral and the dual paring is left as an exercise for the
reader (cf. Exercise 1.21).

Next, we clearly have lim,_,o+ e 7" f(u) = f(u) in 8’[0,00); therefore, 1.23 follows by taking
limit in (1.22) and using that the Fourier transform is continuous on S'(R).

That the Laplace transform is injective follows now from (1.23) and the fact that the Fourier
transform is one to one. O

Thus, f is the distributional boundary value, in the sense of (1.23), of £{f;s} on the line
Re s = 0. This fact yields the following corollary (a consequence of the Hanh-Banach theorem
[35, 40]).

Corollary 1.15. Let ® be the linear span of the set {e”**: s > 0}. Then, ® is dense in S[0,c0).

Proof. By the Hahn-Banach theorem, the assertion is equivalent to show that if f € S’[0,00) and
(f,) = 0 for all ¢ € ©, then f must necessarily be the zero functional. Thus assume that the
functional f vanishes identically on ®. This gives in particular that £{f;s} = 0 for all (0,00),
but since it is analytic, it must identically vanish on e s > 0. Proposition 1.14 now implies that
f=0. O

Observe that (1.22) yields an inversion formula for the Laplace transform.



Corollary 1.16. Let f € §’[0,00). Then, for any fix o > 0,
flu) = e FHL{f;o +it};u}, (1.25)
where the inverse Fourier transform is taken with respect to the variable t.

We end this subsection by estimating the growth properties of the Laplace transform.

Proposition 1.17. Given f € 8|0, 00), there exist m,l € N and C > 0 such that

(L+ 1)

O-m

|L{f;s} <C , foro>0(Res=o). (1.26)
Proof. Since f is a continuous linear functional on S[0, c0), there exists m € N and M > 0 such
that A
[(flu), o)l <M sup  (1+u)" ‘w(])(U) , for all p € §[0,00).
0<j<m, u€l0,00)

Setting ¢(u) = e~*" in the above inequality, we obtain

|L{f;s} <M sup (1 4+u)™ |5je_5“’ <M1+ |s|)™ sup (1+u)"e 7"

0<j<m, u€[0,00) u€[0,00)
1 m 1 k
:Mi( +J:) sup (o +u)"e 307( +7LS|) ,
9 u€[0,00) o
where k = 2m and C' = M sup,¢[,oc)(1 +u)"e™". O

Remark 1.18. The converse of Proposition 1.17 also holds [47]: If a function F(s), analytic on
Re s > 0, satisfies a estimate (1.26), then there corresponds a unique f € S’[0,00) such that

F(s)=L{f;s}.
Exercise 1.19. Show the formulas

(a+1)

ciugisy = 2ot and £{50w;s} =

Exercise 1.20. (Homogeneous distributions) Let g € §’[0,00) be homogeneous of degree a. Show
that g must be of the form

Cuf, if a ¢ Z_,
_ 1.27
g(w) {Ca<kl>(u), ifa=-keZ_, (1.27)

for some constant C' (Hint: Apply Laplace transform to (1.20) in Exercise 1.12, solve the differential
equation, and then use Exercise 1.19 and the injectivity of the Laplace transform).

Exercise 1.21. Show (1.24) (Hint: Define the sequence ¥ € S[0,00) by

and show that limy_.oc ¥n(u) = e~ [T @(t)e~""dt in the topology of S[0,c0)).

10



Exercise 1.22. Show that if ¢ € D(R), then
o
F(s) = £{pis) = [ plupe"du

is an entire function in s € C. In addition, show that if supp¢ C [—a,al, then for all m, k € N,
there are constants My, ; > 0 such that

ea|§Re s|

‘F“")(s)‘ < Moy

11



Chapter 2

Hardy-Littlewood Type Theorems

Hardy and Littlewood provided in [20] an extension of Theorem 1.2 to asymptotic behavior. We
see that the one-sided version of Theorem 1.2 is the case a = 0 of the following theorem. A more
general version of Theorem 2.1 for Stieltjes integrals holds (cf. Subsections 2.3.2).

Theorem 2.1 (Hardy and Littlewood). Let Y > c,r™ be convergent for |r| < 1. Suppose that for
some number o > 0
S C
F(r)= chr” ~ = asr— 17 (2.1)
n=0
(i.e., lim, - (1 —7r)*F(r)=C). If
ne, > —Mn®,  for alln > 1, (2.2)

then,
C

n
Sn:chNC’na as n — 0o, whereC’:m.

(2.3)

The corresponding Abelian counterpart to Theorem 2.1 is not difficult to show:
Proposition 2.2. Suppose S, = > }_,ci ~ C'n®. Then (2.1) holds with C = C'T'(ac + 1).

Proof. Write S(x) =", _, ¢n so that S(z) ~ C" as x — o0. Set r =e ¥, then y — 0T asr — 1.
By applying first integration by parts and then the dominated convergence theorem, we have

S [Temasto = [ (2)

N/ gy — CTl@+1)  CT(at1)
~ (~logr)e (L—=r)

asr— 17,

O

The aim of this chapter is to study analogs to Theorem 2.1 that are applicable to tempered
distributions. Such distributional versions are originally due to Drozhzhinov and Zavialov [11]. We
shall show that they include Theorem 2.1 as a particular instance. Multidimensional version will
be considered in Chapter 4. Let us mention that all the results of this chapter can be extended to
include comparison with Karamata regularly varying functions (cf. see [5, 26] for Stieltjes integrals
and [48] for generalized functions). We also refer to [15, 16, 43] for distributional methods in
Tauberian theorems for Abel summability.

12



2.1 Distributional Asymptotics

Let f € L{ [0,00) (a locally integrable function). Assume that f(z) ~ Cax® as ¥ — oo, where

a > —1. Then, for each ¢ € S(R)

/ FOw)p(u)du ~ C)\O‘/ u“o(u)du = CA* (ug, p(u)) as A — oo. (2.4)
0 0

The idea of the distributional asymptotics is simple and natural. We use an analog to (2.4) as the
definition for the asymptotic behavior of a distribution.

Definition 2.3. Let f € §'[0,00). We say that f has (distributional) asymptotic behavior with
respect to A* if there exists g € S’[0, 00) such that

(f(Au),o(u)) ~ X* (g(u), p(u)) as X — oo, for each ¢ € S(R). (2.5)

In such a case, we write

fu) ~ A%(u) as A — oo. (2.6)
The distribution g in (2.6) is forced to be homogeneous, as stated in the following proposition.
Proposition 2.4. If (2.6) is satisfied and g # 0, then g has the form (1.27).
Proof. Take ¢ € S(R), then, by (2.5), for each a > 0,

(a0 = (st 5 (%) ) = Jim SO, 0()) _ oy, (F(@M0). ow))

A—00 e A—00 (a/\)o‘

O]

We have seen that the ordinary asymptotic behavior of functions implies the distributional one.
The converse is not true in general.

Example 2.5. The function f(u) = (1 + sinu)H (u) has the following distributional limit

)\li_)ngo f(u) = H(u).

However, it is clear that limy, . (1+sinz) does not exist. Let us verify that f has the distributional
limit; indeed, if p € S(R),

[T asmmpan= [ Bt e [ oo (1),

It is therefore of vital importance to find conditions that allow us to come back from distribu-
tional asymptotics to classical ones. The following proposition goes in that direction. It can be
interpreted as a Tauberian theorem, where the Tauberian hypothesis is given by monotonicity.

Proposition 2.6. Let S be a non-decreasing function that vanishes for x < 0 and has distributional
asymptotic behavior
S(Au) ~ CX*uf  as A — o0, (2.7)

for some o« > 0. Then, it has the ordinary asymptotic behavior

S(z) ~Cz* asz — oo. (2.8)

13



Proof. We only give the proof when o > 0, the case a = 0 is easy and it is left to the reader (cf.
Exercise 2.9). Differentiating (2.7), cf. Exercise 2.8, we have

S' (M) ~ Cad* tze™ ! as A — oo;

the above asymptotic relation means that

(S"(Mu), p(u)) = ;\/OOO ® (%) dS(u) ~ Car> ! /000 o(u)u®tdu as A — oo,

for each test function. We now select suitable test functions. Let 0 < o < 1 be arbitrary. Pick
¢ = 1 € D[0,00) with the properties 0 < 1 < 1, suppy1 C [0,1+ o] and ¢i(x) = 1 on [0, 1].
Then,

lim sup w —C =lim SUp / dS(u

A—00 A )\—>oo

Similarly, choosing the test function ¢ = @9 with the properties 0 < w2 < 1, supp s C [0,1] and
p2(x) =1 on [0,1 — o], we come to the conclusion

1
lim inf S _ C > —C/ w* .
A—oo A l—0o

Since o is arbitrary, we obtain (2.8). O

The asymptotic behavior f(Au) ~ BA716(u) is related to problems involving numerical series.
Actually, Lemma 1.5 can be extended to the following one-sided proposition.

Proposition 2.7. Let f(u) =Y o2 cnd(u—n) € §'[0,00) have the asymptotic behavior
.- 6(u)
Au) = Z cnd(Au —n) ~ BT as A — oo. (2.9)

If ne,, > =M for some M, then Y 2 ¢, = .

Proof. We can assume that cg = 0. Set S(z) = >, _, cn. Choose as before ¢ = ¢1 € D[0, 00) with
the properties 0 < ¢1 <1, supp¢1 C [0,1 + o] and ¢1(z) =1 on [0, 1]. Then,

limsup S(\) — 8 = limsup Z ( >—B_MZ;L

A—00 A=00 g n<

< S () S )—Mz%
n<\
=M lim Y —(,01 M/ (v

A—00
1<2<o

< Mo.
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Similarly, choosing the test function ¢ = @9 with properties 0 < 9 < 1, suppps C [0,1] and
w2(z) =1 on [0,1 — o], we obtain
L du

Iiminf S\ — 3> —-M
inf S =f=-M | -

Since o is arbitrary, we obtain ) >, ¢, =0 . O

In the future, we shall also make use of the big O landau symbol in the distributional sense, so
we write

f(Au) = O(\Y) as A — oo,
if it holds after evaluation at each test function, i.e., for each test function ¢ € S(R)
(Fu), p(w)) = OX%)  as A — oo.

We refer to [14, 32, 41, 48] for a more complete account about properties of the distributional
asymptotics.

Exercise 2.8. Use the definition of distributional derivative to show that (2.6) can be differentiated
with respect to u, namely, if (2.6) holds and k € N, then,

FE () ~ A2 FgR) (1) as A — oo. (2.10)

Observe that this property does not hold in general for asymptotics in the ordinary sense (e.g.,
f(x) =22 +¢ ~ 22, but f/(x) is not asymptotic to 2z in the classical sense). Show that the same
differentiation property holds for the O landau symbol.

Exercise 2.9. Show Proposition 2.6 for « = 0 (Hint: Select a positive and non-increasing ¢ €
S[0, 00) such that ¢(0) = 1, then apply the monotone convergence theorem to exchange limit and
integral in limy_,oc f;~ ¢(u/A)dS(w)).

Exercise 2.10. Show if S € L\ [0,00) is so that S(z) = O(z®) as z — oo for some a > —1, then

loc

S(Au) = O(AY) as A — oo in the distributional sense.

2.2 A First Example: Littlewood’s Theorem

In this section we complete the argument that was started in Section 1.4 and prove Littlewood’s
theorem, Theorem 1.2. We need the following lemma, whose proof can be tracked down to that of
Tauber’s original theorem [18, p. 149], [39].

Lemma 2.11. Let {¢,},—, be a sequence of complex numbers. If ¢, = O (1/n), then,

f: cpe” Y — Z c,=0(1), y>0. (2.11)
n=0

n<lit
vy
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Proof. Choose M such that n |c,| < M, for every n. Then,

icnefny—20n<2|cn] 1—e™™) Z|c|e ”y<My21+MyZ
n=0 n<i n<s L 7<n n<y ; 7<n

Y

< M+My/ e Y'du = 2M.
1
Y

O]

Lemma 2.11 is the last ingredient we need for the proof of Littlewood’s theorem. So, assume
that ¢, = O(1/n) and

o0

lim ) " cpe ™ = 3. (2.12)

+
y—=0 n=0

Define f(u) :=>," ;¢cnd(u —n). Then, as we already observed in Section 1.4,

lim (Af(Au),o(u)) = B (0(u), p(u)) for each p € D,

A—00

where ¢ € D is the linear span of functions of the form e™** € §[0,00), s > 0. Such a set is
dense in S0, 00) (cf. Corollary 1.15). We want to apply Theorem 1.6 to fy(u) = Af(Au) in order
to conclude (2.9), the rest would follow at once from Proposition 2.7. So, all we have to verify
that Afy(u) = O(1) in §’[0,00). Define S(z) = >, _, o, by Lemma 2.11, we have S(z) = O(1),
but this ordinary order relation implies the distributional one S(Au) = O(1) (cf. Exercise 2.10).
Differentiating (cf. Exercise 2.8), we get AS'(Au) = Af(Au) = O(1), and Littlewood’s theorem has
been fully established.

2.3 Tauberian Theorems for Laplace Transforms

2.3.1 Distributional Tauberian Theorem. First version

We now give a Tauberian theorem for Laplace transforms of distributions. The proof goes in the
same lines as that given in Section 2.2 for Littlewood’s theorem.

Theorem 2.12. Let f € §'[0,00). Suppose that

E{f;a}w% as o — 0%, (2.13)
Then, the Taubertan condition
fQu) =0(\Y) as A — oo, (2.14)
implies that
fu) ~ C)\O‘F(;gil) as A — 00. (2.15)

Recall that when o = —k is a negative integer then the distribution in the right hand side of
(2.15) is interpreted as CA~*§* =D (u) (cf. (1.16) in Example 1.9). Observe that the converse of
Theorem 2.12 is trivial: (2.15) always implies (2.13) and (2.14).
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Proof. Consider the net fy(u) = A\™*f(Au). It is enough to verify that conditions (i) and (ii) of
Theorem 1.6 are satisfied for this net (here E = §[0,00)). In this case, condition (ii) is actually the
same as (2.14). Condition (i) is satisfied with the dense set (cf. Corollary) © given by the linear
span of functions of the form e~™, 7 > 0; indeed, because of (2.13),

Jim 5o (£ = Jim sy (70,75 = i (3" (. 75)

Tt T A\T(a+1)¢ /°

2.3.2 Hardy-Littlewood Theorems for Stieltjes Integrals

Theorem 2.12 easy yields the following generalization of Theorem 2.1 to Stieltjes integrals.

Theorem 2.13. Let S be a non-decreasing function such that S(x) = 0 for all x < 0. Assume that
a > 0. Then,

L{dS;o} = / e 7"dS(u) ~ % as o — 0" (2.16)
0 g
if and only if
C
e g —
S(x) ~C'z* asx — o0, whereC' = Tatl) (2.17)

Proof. We only need to show that (2.16) implies (2.17). Notice first that integration by parts in

(2.16) yields

1 oo
L{S;U}:U/O e‘”“dS(u)w% as o — 0"

Next, we show that S(x) = O(z),

S(z) = /0 dS(u) < e/ox e~ 2dS(u) < e/ooo e~ £dS(u) = O(z°).

It follows then that S(Au) = O(A®) (cf. Exercise 2.10). Thus, the hypotheses of Theorem 2.12 are
satisfied and we conclude S(Au) = C'A*ug. Since for decreasing functions distributional asymp-
totics are equivalent to ordinary ones (cf. Proposition 2.6), we obtain (2.17) at once. O

Let us now deduce Theorem 2.1 from Theorem 2.13. The case o > 0 is very easy. Indeed, write
S(z) = >, .,(cn + Mn®"1), the Tauberian condition (2.2) ensures that S is non-decreasing. On
the other hand, (2.1) gives

0—0{

% s > C+ MT
/ e 7"dS(u) = che_m - Mzna_le_”“ ~ O+ MT(a) as o — 0T,
0 n=0 n=0

Theorem 2.13 now yields S(z) ~ (C' + M/a)z®, but since > _ no!

E cn ~ C'z?,

n<x

o .
. ~ z%/a, we obtain

as required. Observe that the remaining case corresponds to the one-sided version of Theorem 1.2.
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The proof of the case a = 0 may be obtained by reducing it to the case a = 2 and using
Proposition 2.7. Let us give a proof. We may assume that cg = 0. Write S(z) = >, cn,
our assumptions are fooo e 7%dS(u) — B as 0 — 0" and that nc, > —M. Furthermore, we set

() = [y Suw)du =302 en(z —n) and S (2) = [ SED(w)du =271 5% (e (z —n)?, so
that (S(-2(x))” = S(x). Since 1 —t < e~*, we have that

(=1)(

limsupsi—hmsupZ(l——) ( Aj)—M%(l-Z)i

T— 00 T—00
[o¢]
n M n 1
< i - =) - _ )=
_111_{101026 <cn+ n) MZ(l 1‘>n
n=0 n<x
1 n 1 n
:5+Mhm—2(675—1+2)£+— e 32
T—00 I =1 xr/ n x n

—5+M/ _H“d +M/ du.

So for some K > 0, T(x) := Kz? — S(-?)(z) has positive derivative T"(x) = 2Kz — SV (z). Tt
follows that T is increasing, and we also have

_ 2K 1 (2K — B)

. _ . 1 . _ .

L{T (w0} = 2K L {usioh = L{STV )0} = 5 — S £{dS o} ~ 2o

Hence, by applying Theorem 2.13 to T, we conclude T'(z) ~ (K — (3/2)x?, or which is the same,

S(=2) (z) ~ (8/2)x?. In particular, S(_2)()\u) ~ (ﬂ/2)z\2u+, differentiating three times, we obtain
6(u)

ch Au —n) ﬁT as A — oo.

Finally, the convergence "7 ¢, = 3 follows from Proposition 2.7.

2.4 Second Version of the Distributional Tauberian Theorem

In 1977 [11], Drozhzhinov and Zavialov showed the following Tauberian theorem for the Laplace
transform of distributions. It is essentially equivalent to Theorem 2.12. Interestingly, it describes
the distributional asymptotics by pure Laplace transform information. While Theorem 2.12 makes
only use of real values of the Laplace transform, in Drozhzhinov-Zavialov theorem the Taube-
rian hypothesis (2.14) is replaced by a condition on the complex angular behavior of the Laplace
transform. A multidimensional version will be discussed in Section 4.2.

Theorem 2.14 (Drozhzhinov and Zavialov, 1977). Necessary and sufficient conditions for f €
§'0,00) to have the distributional asymptotic behavior

«

a Uy

are:
as o — 0T, (2.19)

C
‘C{f;o'} ~ gatl

and the existence of constants k € N and M,rg > 0 such that

T,a+1 ‘ﬁ {f;rem}‘ < (Co]fﬁ‘)k fOT’ r <ro and 9 € (-7['/2,7T/2) . (220)
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The condition (2.20) tells that |s|*™" £ {f; s} remains bounded as s — 0% over cones in Res > 0.
As the angle of the cone becomes wider |s|*™ £ {f; s} may be rather large, but we keep control of
it through a bound which is proportional to a negative power of the angle between the cone and
the imaginary axis, i.e., 7/2 — || ~ cos ¥} (as ¥ — £7/2).

Theorem 2.14 follows at once on combining Theorem 2.14 with the ensuing proposition.

Proposition 2.15. Let f € §'[0,00), then the following properties are equivalent:
(i) [ satisfies (2.14), namely, the net {A™f(Au)} e o) @s weakly bounded in §'[0,00).

(ii) There exist constants d,v € N and K > 0 such that

retHL{firs < K

UEBT o o e 0.1] (e s = o). (2.21)

(i1i) For each ¢ € D(R), (f(Au),p(u)) = O(A*) as A — oo.
(iv) The estimate (2.20) holds for some M,rog > 0 and k € N.

Proof. Clearly, (ii) = (iv); it is then enough to show (i) = (ii) = (iii) = (i) and (iv) = (ii).
(i) = (ii). By the Banach-Steinhaus theorem, there is ¥ € N and M > 0 such that

v [ Gl = s e

Setting A = 1/r and ¢(u) = e™*" in the above inequality, we obtain (2.21) with d = 2v and
K = M sup,cjo,o0)(1 +u)”e™™ (see the estimates in the proof of Proposition 1.17).

(ii) = (iii). Let ¢ € D(R). Set F(s) = L{f;s} and G(s) = L{y;s}. By Exercise 1.22, G(s)
is an entire function and G(o + it) belongs to S(R) for each fixed o € R. We use Proposition 1.14
and the formula (h(u),¥(u)) = (27)~ <ﬁ(t),@@(—t)> in the following calculation,

(j)(u)’ , for all ¢ € §[0,00) and X € [1,00).

(fQu), p(u)) = (e7" f(Mu), e p(u)) = <7"{€ fFOw);t}, F{e"o(u); —t})
_ % <f{e_"/’\f(u);t/)\} G(-1-it))

LT {f,1+m}G(—1—it)dt.

2w
Thus, (2.21) implies, for A € [0, oo),

K [ .
[(f(Au), o(u))] < /\O‘%/ 2+ [t)?G(~1 —it)|dt.
(iv) = (ii). Assume (2.20). By Proposition 1.17, there exist [, m, and C' > 0 such that (1.26)
holds. We may assume that £ > o+ 1 and m > o+ 1. We keep always r,o € (0,1]. Write
s = |s| e, if |s| 7 < 7o, we obtain from (2.20)
M (1+ s

a+1 . — —a—1 a+1 . 9 < k—a—1 <
L (st =17 sl e { sl | < Jslt T o < M

Suppose now that |s|r > r¢. Then, by (1.26),
O+ ) O+ )+

m — mal
g ’r’O

Toﬁ—l |£ {f, 7'8}‘ — Ta+1_m
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Therefore, (2.21) is satisfied with K = max { M, 7"8‘“"”0} and the exponents v = max {k, m} and
d=max{k—a—-1,l+m—a—1}.

(iii) = (i). Let D[—1,1] € S(R) be the closed subspace consisting of test functions which vanish
off [-1,1]. Then, {A\"*f(Au)},cp1 o) can be seen as a net of functional in D'[—1,1] which is weakly
bounded. By the Banach Steinhaus theorem, there exists m such that

[(f (M), p(u)] < MA* [[ell,y, Ve € D[-1,1], (2.22)
where the norm is given by (1.13). We assume that m + « +1 > 0. Let
D"[=1L1] ={p € C"™(R) : suppyp C [-1,1]},

then D™ [—1,1] is a Banach space with norm || ||, and D[—1,1] C D™[-1,1] is a dense subspace.
Thus, (2.22) remains valid for all ¢ € D™[—1,1]. If we now take ¢(u) = n(u)(1—u)7 € D™[-1,1],
where n € C*°(R) such that n(u) = 0 for v < —1 and n(u) =1 for u > 0, then

FEm (@) =

<f (x —u)m+1> _ :Em-i-l
(m+1 )! +

ez e ()
™2

= m <f(xu)7 ® (u)> = O(xa+2+m) as r — 00,

and f(=™~2) is a continuous function on [0, co) which is defined as 0 on (—oco, 0]. Thus, f(="=2)(\u) =
O(\*t2tm) in S'(R). We now verify that f = (f™=2)("+2) it would then follow that f(Au)
O(\%) in §'(R). Indeed, if ¥ € S(R), then

v = = [T -

<f<u>,n<u>¢<u>>:<f;fl () [~ w2 u)m+1dt>
- o [z

(‘1)m) / °°<f<u>,n<u>w<m+2><t><t W)
FEmA (), pm (1))

Hence,

(m+1)!
= (-1 (
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Chapter 3

Distributional Wiener-Ikehara
Tauberian Theorem

Theorem 1.4 may be formulated in terms of the Laplace transform. The following theorem will be
referred in the sequel as the Wiener-Tkehara theorem.

Theorem 3.1. Let S be a non-decreasing function supported in [0,00). Suppose
o0
L£{dS;s} = / e **dS(u) is convergent for Re s > 1. (3.1)
0

If there exists a constant 3 such that the function

Gls) = £{dS: s} — % (3.2)
has a continuous extension to Re s = 1, then
S(z) ~ pe*, x— oc. (3.3)

In particular, if G(s) admits an analytic continuation beyond the line e s = 1, the hypothesis
of Theorem 3.1 is satisfied.

Ikehara’s theorem follows directly from Theorem 3.1 by considering S(x) = >, .« Cn-

The boundary requirements for the function G may be relaxed. Wiener’s original proof of
Theorem 3.1 also applies to show that if G has locally L' boundary values, then (3.3) remains
true. Such a version seems to be first stated in [3], where that form of the Wiener-Ikehara theorem
was needed in order to deduce Beurling’s prime number theorem (cf. Section 3.4) by Tauberian
arguments. Locally L' boundary values means that there exists g € Li (R) such that for each
a>0

a

lim lg(t) — G(o +it)|dt = 0.

o—1t J_,

A version of Theorem 3.3 with reminder can be found in [17].

Korevaar has recently taken the boundary requirements in the Wiener-Ikehara theorem to a
minimum [27]. His theorem is in terms of local pseudo-function boundary behavior (cf. Section
3.1), which includes the local L' and continuous boundary behaviors. The purpose of this chapter
is to present a proof of Korevaar’s theorem and discuss its applications in the theory of Beurling’s
generalized primes. We present here a new approach to the proof, it is based essentially in the
distributional methods developed in [41, 36, 44].
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3.1 Pseudo-functions

We now proceed to define local pseudofunction boundary behavior, which is the key concept in
Korevaar extension of the Wiener-Ikehara theorem.

A tempered distribution g € S'(R) is called a pseudo-function if § € Co(R), that is, g is a
continuous function such that lim, 4 §(z) = 0.

The distribution g € D'(R) is said to be locally a pseudo-function if it coincides with a pseudo-
function on each finite open interval.

The property of being locally a pseudo-function admits a characterization [27] in terms of a
generalized “Riemann-Lebesgue lemma”; indeed, we have,

Lemma 3.2 (Riemann-Lebesgue lemma for local pseudo-functions). A tempered distribution g €
S(R) is locally a pseudo-function if and only if for each ¢ € D(R)

lim <g(t), eiht¢(t)> = 0. (3.4)
|h|—o0

Proof. Assume that ¢ is locally a pseudo-function. It explicitly means that for any (a,b) there

exists a pseudo-function f such that (g, ) = (f, ¢) for all ¢ € D(R) with support in (a,b). Then,

for any such a ¢, we have

(a(0).e™o(0)) = { £(0), ™ o(0)) = ( Fu), 7~ {eMo(t);u}) = o { Flw), b(—u—1)).

Since, by definition, f is a continuous function that vanishes at +o0o, we have that

o0
lim <g(t),eiht¢(t)> -1 im / Flu—h)d(—u) = 0.
[h|—o0 T |h|—o0 J_o
Since the interval was arbitrary, we conclude that (3.4) holds for all ¢ € D(R).

Conversely, let (—b,b) be an arbitrary interval. Choose ¢ € D(R) such that supp ¢ C (—2b, 2b)
and ¢(t) = 1 for all t € [-b,b]. Set f = ¢g. Then, clearly, g = f on the interval (—b,b). We
show that f is a pseudo-function. Since f is compactly supported (it is supported in [—2b, 2b]), its
Fourier transform is given by the following continuous function (cf. [47]),

Flw) = (f(t),e™) = (g(t),e ™ ¢(1)) .
Hence, by (3.4), f € Co(R) and thus f is a pseudo-function. O

It is then clear that if g € Llloc(]R), then it is locally a pseudo-function, due to the classical
Riemann-Lebesgue lemma. Thus, any continuous function is also locally a pseudo-function.
Let G(s) be analytic on Re s > 1. We shall say that G has local pseudo-function boundary

behavior on the line Re s = 1 if it has distributional boundary values [7] in such a line, namely,

[e.9]

lim [ Glo+it)o(t)dt = (g(0).6(1)), V6 € D),
o= —c0
and the boundary distribution g is locally a pseudo-function. Let us emphasize once again that if G
admits an analytic continuation beyond Re s = 1, or just a continuous extension to Re s = 1, then
G has local pseudo-function boundary behavior on fe s = 1. More generally, local pseudo-function
boundary behavior on e s = 1 is also guaranteed if G has LlloC boundary values on such a line.

Exercise 3.3. Show that if g is locally a pseudo-function and ¥ € C*°(R), then g is also a local
pseudo-function.
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3.2 A Tauberian Theorem for S-limits

In Chapter 2, we studied the asymptotic behavior of distributions by looking at the behavior of
their dilates. We now take a different point of view and study their translates.
Let f € §’'(R), a limit of the form

hlim flu+h)=p3 inS(R), (3.5)

means that for each test function from ¢ € D(R) the following limit holds,

h—oo

lim (f(u+ h),o(u) = 3 / (3.6)

Relation (3.5) is an example of the so called S-asymptotics of generalized functions (it stands for
shift-asymptotics). The notion of S-asymptotics is due to Pilipovi¢ and Stankovié¢ [30, 31, 32]. We
can also study error terms by introducing S—asymptotic boundedness, let p be a positive function,
then we write

fu+h)=0(p(h)) ash— oo in S'(R) (3.7)

if for each ¢ € S(R) we have (f(u+ h),p(u)) = O(p(h)), for large values of h. The little o symbol
and S—asymptotics as h — —oo are defined in a similar way. With this notation we might write
(3.5) as f(u+h)=p+0(1) as h — oo in §'(R).

Example 3.4. Suppose f € Ll [0,00). If lim, . f(z) = 3, then
hlim flu+h)=03 inS'(R).

Indeed, for each test function,

lim (f(u+h),e = hm/ f(u — h)du = hm f(u+h du—ﬁ/

h—o0 h—o0 —h

Recall the Heaviside function H is given by the characteristic function of [0, 00), i.e., (H(u), p(u)) =
fo u)du. We obtain in particular that it has the S-limit

lim Hu+h)=1 inS'(R).
h—o0

We now provide a simple but useful Tauberian theorem for the S-limit (3.5). It is in terms of
the Fourier transform and local pseudo-functions.

Theorem 3.5. Let f € S'(R). Assume that
g=f—BH islocally a pseudo-function. (3.8)

If
flu+h)=0(1) ash— oo inS'(R), (3.9)

then f has the S-limit (3.5).
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Proof. Because of Example 3.3, we may assume that 3 = 0, so that g = f in (3.8). Let ¢ € D(R).
Then, by the Riemann-Lebesgue lemma (Lemma 3.2),

Jim < Flt+1), qB(t)> ~ lim <e“w f(u),¢(u)> —0.

—0Q

So, (3.6) holds with 3 = 0 for each ¢ = ¢ € F(D(R)), the image under Fourier transform of D(R).
But since D(R) is dense in S(R) and the Fourier transform is continuous, we have that F(D(R))
is also dense in S(R). Finally, the Tauberian hypothesis (3.9) allows us to use Theorem 1.6 and
conclude limy, o f(u+h) =0 in S'(R). O

If f is a function and it has the S-limit (3.8), it does not follow in general that f has a limit at
infinity in the ordinary sense.

Example 3.6. The function f(z) = ei@® does not have a limit at infinity, however,

lim f(u+h)=0 inS'(R).

h—o0

Indeed, if ¢ € S(R), observe that ®(z) = ¢(z)e'” belongs to L*(R), then, by the classical Riemann-
Lebesgue lemma, as h — oo

o oo
(f(u+h), p(u) = / e e o (u)du = e / M (u)du = "’ o(1) = o(1).
— 50 —00
The next theorem gives a sufficient condition that allows us to come back from S-limits to
ordinary ones.

Proposition 3.7. Let T be a function such that T(x) =0 for x € (—00,0) and

lim T(u+h) =3 inS'(R). (3.10)

h—o00

Suppose that there is o > 0 such that e**T(z) is non-decreasing. Then,

lim T'(x) = 3, (3.11)

T— 00
in the ordinary sense.

Proof. Let S(x) = e*T(x). Since ¢ € D(R) implies that e**¢ € D(R), the S-limit (3.10) yields

o

/ S(u+ h)p(u)du = eah/ T(u+ h)e*p(u)du ~ ﬂeah/ e p(u)du, VYo e DR). (3.12)
—h —h —00

Let € > 0 be arbitrary. Choose in (3.12) a non-negative test function ¢ such that supp ¢ C [0, €]
and [; ¢(u)du = 1. Using the fact that S is non-decreasing and (3.12), we obtain

3 3 3
limsup 7'(h) = lim sup e_o‘hS(h)/ e(u)du < hlim e_o‘h/ S(u+ h)p(u)du = ﬁ/ e“p(u)du
0 - 0 0

h—o00 h—o0 oo

S /BGOLE’
taking e — 0T, we have shown limsup;,_,., T'(h) < 3. Similarly, choosing in (3.12) a non-negative

¢ such that supp¢ C [—¢,0] and ff)e o(u)du = 1, one obtains liminf, .., T'(h) > (. This shows
that (3.11) is satisfied. O
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3.3 Distributional Wiener-Ikehara Tauberian Theorem

We are ready to state and prove Korevaar’s extension of the Wiener-lIkehara Tauberian theorem.

Theorem 3.8. Let S be a non-decreasing function supported in [0,00). Suppose
o
L£{dS;s} = / e *"dS(u) is convergent for Re s > 1. (3.13)
0

If there exists a constant B such that the function

g

has local pseudo-function boundary behavior on the line Re s = 1, then
S(z) ~ e as x — oo. (3.15)

We first transform the assumptions (3.13) and (3.14). Set T'(x) = e *S(z). We may assume
that S(0) = 0. Then

1 o0
L{T;s} = / UG (y)du = 1+s/0 =578 ()

1+ —— L {dS; S+1}_Jlrs <G(3+)+f)

1 +1
ﬁ+<G(s~|—1)+ﬁ—ﬁ(S )>=
1+ s S
Observe that £L{H;s} = [~ e 5“du = 1/s, here, as usual, H is the Heaviside function. Since

(it + 1)~! is smooth, we immediately see (cf. Exercise 3.4) that

E{T;s}—gzﬁ{T—ﬂH;s} (3.16)

§+G(s+1)+ 3

, Res>0.
s 14+ s s+ 1 s

has local pseudo-function boundary behavior on the line e s = 0.

Proof. Suppose momentaneously that we were able to show that
T(x)=e*S(z) =0(1) asx— oo. (3.17)

Then, T' € §'(R) and by taking boundary values on Re s = 0 in (3.16), cf. Proposition 1.14, we
would obtain that 7' — H is locally a pseudo-function. Thus, Theorem 3.5 and (3.17) would yield
that limy, o, T'(u 4+ h) = 8 in §'(R), and hence, by Proposition 3.7, we would obtain (3.11) which
is exactly the same as (3.15). Therefore, the proof will be complete after establishing (3.17). Let
then g be the boundary local pseudo-function of (3.16). Recall that means that

lim /OO LT - BH:o + it} (t)dt = (g(t), 6()), V¥ € D(R).

o—0t J_

Since LA{T — fH;o0 +it} = F{T(u) — BH(u))e ";t}, we obtain that for each ¢ € D(R)

lm [ T(u)e "¢ (u)du = 3 / h d(u)du + lim Oo(T(u) — BH (u))e™""¢(u)du
c—0t Jo 0 c—0t Jo
—3 / Sudat tmn [ L{T = BH;0 + it} o)
0 o—0" J o0

— 5 /0 S(u)du + (g(t), 6(1))
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By the monotone convergence theorem, we obtain that, for every ¢ € D(R) with $>0,

| rtwian=s [~ dwau+ . 600).

Now, choose one of such a ¢ with ¢(0) > 0 and observe that e?¢(t) is also compactly supported
and has Fourier transform ¢(u — h), a non-negative function. Replacing ¢ by e $(t) in the above
equation, we obtain,

/DOOT(u)é(u—h)du:/ooT(u—i—h)qB du—ﬂ/ Suydut{g(t). e™6(1) ) = O(1) +o(1) = O(1).

—h
Using the fact that S is non-decreasing, we have that for u and h positive e ™“T'(h) = e v"hS(h) <
e " "S(h+ u) = T(u+ h). Finally, setting C = [~ e “¢(u)du > 0,

_ - / T () b(w)du < O / T+ h)(w)du = O(1),

We state a version of Theorem 3.8 for Dirichlet series, it is suitable for several applications.
Corollary 3.9. Let {ny},-, be a non-decreasing sequence of positive real numbers tending to
infinity. Assume that the Dirichlet series

oo
c .
) = Z —]Z is convergent for Re s > 1,

where the coefficients satisfy the Tauberian condition c, > 0. If there exists a constant 3 such that

B
z—1

F(z) -
has local pseudo-function boundary behavior on the line Re z = 1, then

E Ccn ~ Br asx — oo.

nE <z

~Ya- Y a

ng<et log ni<x

then S"(u) = > 72 cid(u — logny), and hence

Proof. Set

o0
c
L£{dS;s} = <ch5u—lognk > che slogny _ 77%
k=0 =1
Thus, we can apply Theorem 3.8 and conclude that S(z) ~ Be®, ie., >, _, ¢k ~ Bz O

Remark 3.10. The converse of Theorem 3.8 is true, that is, if (3.15) is satisfied, then (3.13) holds
and the analytic function G given by (3.14) has local pseudo-function boundary behavior on the
line Re s = 1. Therefore, Theorem 3.8 is optimal in the sense that the boundary requirements in
the Wiener-Ikehara theorem cannot be weaker than local pseudo-function behavior.
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In order to show the converse of Theorem 3.8, set again T'(z) = e *S(z) and assume that
T(r) — B as ¥ — oo. Thus, lim,_(T(z) — BH(z)) = 0. The convergence of (3.13) follows at
once. The same calculation performed in the proof of Theorem 3.8 shows that G given by (3.14)
has local pseudo-function boundary behavior on e s = 1 if and only if (3.16) has such a boundary
behavior on Re s = 0. But the boundary value of (3.16) is precisely T — BH, hence, we must show
that the later distribution is locally a pseudofunction. Let ¢ € D(R). Then, as |h| — oo,

(T(0) — BE@)."0(0) = (T(u) — B, b~ ) = [~ (T +1) — BH(u-+ W)du)du — 0.

—h

3.4 Applications to Prime Number Theory

In this section we discuss applications to prime number theory in the context of generalized number
systems. The main idea is to replace the set of ordinary prime numbers by an arbitrary sequence
of positive real numbers, called below generalized prime numbers. In the same way that the
natural numbers are constructed out of multiplications of ordinary prime numbers, a generalized
number system has the generalized primes as multiplicative building blocks. One then asks up to
which extend some properties of the natural numbers remain true for generalized number systems.
Observe that if one of such properties remains valid in this context, it would then be independent
from the additive structure of the natural numbers. For instance, the prime number theorem is
independent of the additive structure of the natural numbers, as seen below.

Let 1 < p1 < pa,... be a non-decreasing sequence of real numbers tending to infinity. Following
Beurling [4], we shall call such a sequence P = {pi}r-, a set of generalized prime numbers. We
arrange the set of all possible products of generalized primes in a non-decreasing sequence 1 < n; <
ng, ..., where every ny is repeated as many times as it can be represented by pylpp?...pp™ with
vj < vj41. The sequence {ny},-, is called the set of generalized integers.

The function 7 denotes the counting function of the generalized prime numbers,

m(z) =mp(x) = D 1, (3.18)
pp<x
while the function N denotes the counting function of the generalized integers,
N(z) = Np(z) = Y _ 1. (3.19)

nE <

Beurling’s problem is then to find conditions over the function N which ensure the validity of the
prime number theorem (in short: PNT), i.e.,

m(x)

X

~ log as r — o0. (3.20)
In his seminal work [4], Beurling proved that the condition of following theorem suffices for the
PNT to hold.

Theorem 3.11 (Beurling’s PNT, 1937). Suppose there exist constants a > 0 and vy > 3/2 such

that
T

N(z)=az+ O ( ) as & — oo, (3.21)

log™ x

Then the prime number theorem (3.20) holds.
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Observe that Beurling’s prime number theorem naturally includes the classical prime number
theorem, because the counting function of the natural numbers is actually N(z) = [z] =z + O(1)
and thus fulfills Beurling’s condition (3.21) with @ = 1 for any v > 0, and in particular for any
v >3/2.

If v = 3/2, then the PNT need not to hold, as showed by Diamond who exhibited an explicit
example of generalized primes not satisfying the PN'T. The interested reader can find Diamond’s
example in [9)].

We shall use Corollary 3.9 to give a proof of Beurling’s prime number theorem (cf. Section
3.4.3), we follow closely the exposition from [3]. In fact, the PNT holds under milder conditions
than (3.21), we discuss those more general prime number theorems in Section 3.4.4 (without proofs).

Throughout this section, the sequence P = {py},-, stands for a fixed set of generalized prime
numbers with generalized integers {nj};—,. The functions N and 7 are given by (3.19) and (3.18),
respectively. The letter s stands for complex numbers s = o + it.

3.4.1 Functions Related to Generalized Primes
We denote by A = Ap the von Mangoldt function of P, defined on the set of generalized integers

as
logp;, if ng=pm
A(nk) — ng]7 1 nk‘ .p.] 9 (322)
0, otherwise.

The Chebyshev function of P is defined by

Y(z) = = > logpr= > Alm). (3.23)

P <z np<z

It is very well known since the time of Chebyshev that the PNT is equivalent to the statement

P(z) ~ . (3.24)

Indeed, this is a consequence of the following lemma. Notice that we do not need to impose any
condition on the growth of V.

Lemma 3.12. There exists a number M > 0, which depends only on p1, such that
V@) _ m(@)loge _ wlz) <1I<na§ 1/1(10) M (3.25)

T T x u ) logx ’

Proof. We establish first the lower inequality in (3.25). Observe that for given pj there are precisely
[log z/ log pi] integers m which satisfy pj* < x. Thus, the very first expression in (3.23) reads as

Y(x) =3, <. llogz/log pi|log px, and so

P(x) = Z [ }logpk < Z ogpk =logx Z 1 =mn(z)logzx.

Pr<x Dk <:r Pz

log py.

For the upper estimate,

logpr logp  ["di(u)  (z) o(u)
Zl<21+2 _Zl m_/l logu_logx—i_/p 2, du;

lo o
ez ez pi<a g P pr<a g Dp. . ulog®u
1<m
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now,

/ vl g, < <m W))/ u :<max ¢<u>>/ v
m ulog®u 1<usz  u m log=u 1<usz  u m log“u

p1T 4
I Y O R
o log?u  \Jy, /P 1og 0 Togm loge = logta

for some constant depending only on p;. O

and

Corollary 3.13. The PNT (3.20) is equivalent to (3.24).

Proof. Indeed, if either asymptotic relation holds, Lemma 3.12 implies that both z~!¢(x) and

7 tr(x) log x are bounded. Moreover, (3.25) yields, with K = maxj<, u™ 9 (u),

m(z)logz  ¢(x) - KM

T r ~ logx

W(x)log:c:w(x)+0< 1 )

x x log

0<

, forxz>1,

namely,

which proves the equivalence. O

Our approach to the PNT will be to show (3.24). For it, we shall make use the zeta function of
P, defined as the analytic function

C(s) =Cp(s) = Z %, Re s > 1. (3.26)
k=1 k

The convergence of (3.26) on Re s > 1 is easily ensured for example if N(x) = O(z); in such a case

Z = / u ?dN(u) = 0/ (u)u_"du = O(l)/ u %du, converges for o > 1.
k 1 1 1

u

The condition N(z) = O(x) is ensured if for instance (3.21) holds for some v > 0.
Many properties of the zeta function can be derived by its Euler product representation.

Proposition 3.14. Assume that N(z) = O(z). Then
] 1 -1
C(s):H<1—8> , Res>1
k=1 P
In particular ((s) does not vanish on e s > 1.

Proof. Formally,

[e's) —1 o) 00
1 1 1 1
1_7 =[[(1t+5+m++]=> —

[ k=1 P PE Pk
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Recall that if > 77, |ax| < oo, then the product [[pe (1 + ax) converges. Hence, the convergence
of the Euler product for o > 1 (s = o + it)

ﬁ<1-1>_1=ﬁ<p§?1)=ﬁ<l+fss>

k=1 Pk k=1 k=1 Py
follows from that of
00 75 0 0 () 9]
1 1 1 1
> => |3 < < D 7D 5 <00
_0— — o' — g
k=0 1_ k=0 P ool 1_p1 le—o Pk =7

The connection between the Chebyshev function and the zeta function is given by the next
proposition.

Proposition 3.15. Suppose that N(z) = O(z), then
A !/
Z (Z’“) =) st (3.27)
—1 ¢(s)

Proof. The Dirichlet series converges because ¥(z) =, -, A(ng) <logz, ., 1= O(zlogz).
First notice that

Nk

(71k) ZlOng Zlogpk Z ms ilogpk
ny, o jJis Py 1

b
Il

1

The equality (3.27) follows now by logarithmic differentiation of the Euler product,
!/
'(s i 1 >
- —ttogce = (1o [T (1- )| =2 (e (1- 1)) - zlogpk
<(s) k=1 Pk k=1

In view of Corollary 3.9, Corollary 3.13, and the formula (3.27), we have that PNT would follow
at once if we are able to show that the analytic function

¢(s) 1
C(s) s—1

has local pseudo-function boundary behavior on the line Res = 1. We will follow such a strategy to
show Theorem 3.11 in Section 3.4.3, after studying more properties of the zeta function in Section
3.4.2. The key ingredient to show the local pseudo-function boundary behavior of (3.28) is the

non-vanishing property of ((s) on Re s = 1.

O]

(3.28)

Exercise 3.16. Show that if N(z) = O(x), then the following representation for the zeta function
holds:

)= (33 b
k=1 j= 1

(Hint: Use the Euler product and the Taylor series for log(1 — z)).

Exercise 3.17. Show that  N(z)
x
C(s)zs/l o dz

Hint: Integrate by parts ((s x 5dN (z
1
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3.4.2 Properties of the Zeta Function

We shall now study properties of {(s) on e s = 1. We begin by assuming that the counting
function of the generalized integers satisfies

T

N(z) = az + O ( ) as & — 0o, (3.29)

log”
for some a > 0 and v > 1.

Proposition 3.18. Let N satisfy (3.29) for some a >0 and v > 1. Then ((s) —a/(s —1) extends
to a continuous function on Re s > 1. Consequently, t((1 + it) is continuous over the whole real
line and so ((1 +it) is continuous in R\ {0}.

Proof. Let

eu
where H is the Heaviside function. Then T' € L'(R). Recall that the Fourier transforms of L!
functions are always continuous functions. We then have

)=t = [Taman( - o [T

s—1 -1 rs x s—1
oo

:s/ e *“N(e")du —
0

= s/ e~ DUueTU N (e)du —
0

a
s—1

a
s—1
a
s—1
=sL{T;s—1}+a

=sL{T(u) +aH(u);s — 1} —

as a

=sL{T;s—1
sLAT: s }+s—1 s—1

Writing s = o + it and taking 0 — 17, we convince ourselves that ((s) — a/(s — 1) has boundary
distribution itT'(t) + a, a continuous function. O

The ensuing lemma is the first step toward the non-vanishing property of ¢ on e s = 1, in the
case v > 3/2.

Lemma 3.19. Let N satisfy (3.29) with a > 0 and 1 < v < 2. For each ty # 0 there exists
C = Cyy > 0 such that for 1 <o <2

|C(o +itg) — C(1 +itg)| < C(o —1)77L. (3.30)
Proof. We work with Z(s) = ((s)/s. It is easy to see that (3.30) holds if
|Z (0 +itg) — Z(1 + ity)| < D(o —1)77L. (3.31)

The claim is a simple consequence of

1C(s1) = ((s2)| = [s1Z(s1) — s2Z(s2)| < [s1(Z(s1) — Z(s2))| + (51 — 82)Z(52)].
By Exercise 3.17,

4(51) C(SQ) _ > 51 2 M T = > x5 — T2 7]\7(3}) o x @ ¢
S1 B S9 _/1 ( ) x d /1 ( ) T d+51—1 s9—1
_ > xS 2 N(x) —ar T a(52 - 51)
/1 ( = e e
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Now, set s = 0 + ity and s; = 1 + itg. We clearly have that

:=Dy(oc —1).

a(sy — s2) ‘ < a(oc—1) _alo—1)
(s1=1)(s2 = 1) |~ [to| [Smn (s2 — 1] tg

On the other hand, by (3.29), for some constant K,

o N(z) — o N(z) —
/ (x—sl _ $—32) (l’) a$d$| _ / x—zto(x—cr _ :C_l) (:L') azd:p‘
1 x 1 x
</ (xia—aﬁfl) N(:L‘)—CLI
x
< K/ Nog "z dx
_K/ 1_7(111
0 u?

1y [Tl 1-
=K(o—-1)"7" du := Dy(oc —1)"77
0 uy

dx

Thus, (3.31) holds with D = max{Dj, Da}. O

We are now in the position to show the non-vanishing of {(s) on e s =1, s # 1, for the case
v > 3/2. The proof is in essence the classical argument of Hadamard [27, p. 63].

Theorem 3.20. Let N satisfy (3.29) with a > 0 and v > 3/2. Then, t{(1 + it) # 0, for all

t € R. Consequently, 1/((s — 1)((s)) converges locally and uniformly to a continuous function as
Res — 17T,

Proof. Without lost of generality we assume that 3/2 < v < 2. We shall use that for any m € N
and 0 € R,

—_

3

m+1+ 2(m — j)cos((j + 1)8) > 0. (3.32)
J
The proof of (3.32) is left to the reader (cf. Exercise 3.21). By Exercise 3.16,

Il
o

€0+ ito)] = |exp (ZZ )‘
k=1v=1
= |exp (ZZ —p,, " (cos(vtg log pi) — isin(vtg logpk))>'
k=1v=1
1
= < Z z/pk 7 cos(vty logpk)>
k=1v=1

Thus, for any m € N and tg € R

‘C(U)‘m—H ’C(U + it0)|2m H |C(U + Z(] + 1)t0)|2m—2j
j=1

= exp ZZ p_”a m—i—l—i-z ) cos(v(j + 1)to log pr) >el =1.
k=1v= 1
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If we now fix tg # 0 and m, Proposition 3.18 and the above inequality imply the existence of
A= A, > 0such that for 1 <o <2

Al¢(o + ito) "

1<
(o —1)m+L 7

or which is the same
D(g — )Y@ < |¢(g +ity)]

with D = Al/2m,
Suppose we had ((1 + itg) = 0. Choose m such that 1/2 4 1/(2m) < v — 1. By the inequality
(3.30) in Lemma 3.19, we would have

D(o — 1)/2VC™) < |¢(0 +itg)| < C(o — 1)1,

which is certainly absurd. Therefore, we must necessarily have ((1+it) # 0, for all t € R\ {0}. O

2
Exercise 3.21. Show (3.32) (Hint: The left hand side is equal to ‘Z:jnjll eVfl ).

3.4.3 Proof of Beurling’s Prime Number Theorem

We can now show Theorem 3.11. Assume (3.21) with @ > 0 and v > 3/2. Because of Corollary 3.9
and the formula (3.27), it is enough to show that

RYONE

C(s) s—1

has local pseudo-function boundary behavior on the line e s = 1. Now,

(s) 1 _ =Cs)(s— 1)~ C(s)

((s) s—1 (s =1)¢(s)

=~ (¢ 2 1) ~ e (0 759)

=g (- 53) i (0 55)

—C(ls)ag(s) _ Ga(s).
Because of Proposition 3.18 and Theorem 3.20, G2(s) has a continuous extension to e s = 1;
in particular, Ga(s) has local pseudo-function boundary behavior on such a line. On the other
hand, Theorem 3.20 implies that 1/(¢{(s)) has continuous extension to fe s = 1. Thus, if we show
that G’ (s) has local L' boundary values, we would have that G (s)/¢(s) has local pseudo-function
boundary behavior. Let us show the latter. First notice that

yod a _d © _N(x)—az as  a
GI(S)_dS<C(S)_S—1>_dS<S/1 . T dx+s—1 s—l)

d ©  N(z)-
_4d <3 / m—s@«’)awdx>
ds 1 x




Set Ti(u) = e "N(u) — aH(u) = O(u™7) and Tor(u) = (e""N(u) — a)u = O(ut=7). Because of
v > 3/2, Ty, T, € L?>(R). Thus G} has boundary values G’ (1 +it) = T1(t) — (1 + it)Ta(t) €
L% (R) C Li.(R), in particular it has local pseudo-function boundary behavior.

loc

3.4.4 Newest Extensions of the Prime Number Theorem

The PNT holds under weaker assumptions than that of Theorem 3.11. We state two general
theorems without proof, they include Beurling’s theorem as a very particular case. The interested
reader can consult the corresponding references.

The following theorem relax the hypothesis (3.21) to an L? condition. It is due to Kahane [23],
who gave a positive answer to a conjecture of Bateman and Diamond [3].

Theorem 3.22 (Kahane, 1997). Suppose there is a positive constant a such that

r

Then the prime number theorem (3.20) holds.

log z(N(z) — az)|* d
ogz(N(x) —ax)|” dz <.
x x

The next PNT is a recent one and it is due to the author and Schlage-Puchta [36]. It replaces
(3.21) by an average Cesaro estimate. The value of m below is allowed to be arbitrarily large.

Theorem 3.23 (Schlage-Puchta and Vindas, 2010). Suppose there exist constants a > 0, v > 3/2,

and m such that . "
/ M 1-— E dt=0 x as r — 00.
1 t x log" x

Then the prime number theorem (3.20) holds.
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Chapter 4

Multidimensional Theory for the
Laplace Transform

In this chapter we sketch how to extend the one-dimensional theory from Chapter 2 to the multi-
dimensional Laplace transform. We also discuss applications to the study of asymptotic properties
of fundamental solutions to convolution equations, in particular, causal solutions to hyperbolic op-
erators with constant coefficients. The Schwartz space of test functions S(R™) is readily defined,
its topology is provided by the countable family of norms

lely = sup  (1+[z)*|0p(z)], keN.
0<|Im|<k, zeR

Its dual is the space of tempered distributions S’(R™). All the distributional operations introduced
in Section 1.5 can be obviously carried out in the multidimensional case. For instance, the partial
derivative 9™ f is defined as (0" f, o) = (—=1)I"™ (f,8™y), and so on.

The Fourier transform is given on test functions by

p(z) = F{p(u)iz} = / o ),

e
R”l

with inverse )

F pla)iu} = e [ e ola)da,

and it is defined, as usual, by duality on &’(R™). Observe that this definition differs from that used
in the previous chapters by a negative sign in the exponential, we have conveniently switched the
definition for the sake of simplicity through the present chapter.

The reader can consult the monograph [48] for a complete exposition on Tauberian theorems
for the multidimensional Laplace transform (all the material from this chapter has been taken from
there). See also [13, 33] for recent advances in multidimensional Tauberian theory for distributions.

4.1 Multidimensional Laplace Transform

4.1.1 Cones in R"

A set I' C R" is called a cone (with vertex at the origin) if w € I" implies Au € T" for all A > 0. We
set prI' = {u € T": |u] = 1}. We shall always assume that I" is a closed convex cone.

The cone I is said to be acute if it has a supporting hyperplane = C R"™ passing through the
origin such that ZNT" = {0}. The hyperplane = divides into R™ \ £ two connected components, the

35



property of being a supporting hyperplane means I' \ {0} is contained in one of such components.
Equivalently, since hyperplanes can be described by equations w - v = 0, where w is some fixed
vector |w| =1, the cone T is acute if there exists such an w such that

w-u>0, Vuel\{0}. (4.1)
Its conjugate cone is denoted by I'*. It is defined as
I"={yeR": y-u>0,Vuel}.

It is easy to show that I'* is itself a closed convex cone. The property of being acute cone can be
characterized in terms of the conjugate cone.

Lemma 4.1. A closed convex cone I' is acute if and only if I'* has non-empty interior.

Proof. If T is acute, then there exists w with norm 1 such that (4.1) holds. In particular, w € I'* and
(4.1) holds for all u € prI', a compact subset of the unit sphere, then there exists an open subset
of the unit sphere w € V such that e-u > 0 for all e € V and u € prI', by homogeneity of the cones
we conclude that £-u > 0 for all uw € T and £ in the open subset {¢ = Xe: e€ V and A > 0} C T'™*.
Thus, w € int I'*. Conversely, if w € int T, then (4.1) holds. O

From now on, we shall always assume that I' is a closed convex acute cone. We define the open
convex acute cone

C :=Cr =intT",

and the tube domain
T¢ .= R™ +iC c C"™.

Example 4.2. The following are examples of closed convex acute cones and their conjugate cones.

e In dimension n = 1, we have only two possibilities:

I'=1[0,00) and C' = (0,00) or I'=(—00,0] and C = (—00,0).

e Let R = {u€R": u; >0,...,u, >0}, then (R?)* =R".

e The future light cone in R™™! is defined as VI = {(ug,u) € Ry x R": ug > |u[}. Then
(V) =77

4.1.2 Laplace Transform

We denote by S| C S(R™) the subspace consisting of distributions supported by I'. Given f € S,
its Laplace transform is defined as follows.

Observe first that if z = = + iy belongs to the tube domain T, then % = e %e~¥" is not a
test function from S(R™); however, when w is restricted to the cone I is indeed a rapidly decreasing
function since 3 -« > 0 in this case. We multiply e** by a suitable factor in order to obtain a test
function. Let I'® := T+ B(0,¢), where B(0,¢) is the ball with radius € and center at the origin; I'®
is then an e-neighborhood of I'. Let n € C*°(R™) be a functions such that

n(u) =1Vu €T n(u)=0Vu¢T* and |0™n(u)| < K, Yu € R" and m € N"™. (4.2)
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Such an 7 always exists (cf. Exercise 4.4). If 2 € T, then one can show that n(u)e’** € S(R")
(cf. [47, p. 101]). So, we define the Laplace transform as

L{f;2} = (fwn(we™ ), =z=x+iyeTT

it is a holomorphic function in the tube domain T¢. Clearly, the definition of the Laplace transform
does not depend on the choice of 7. Similar properties to those shown in Subsection 1.5.1 hold for
the multidimensional Laplace transform, we refer to [47] for further details.

It should be pointed out that when n = 1 the Laplace transform that we just defined in this
subsection differs from the one that we have been using in the previous chapters; nevertheless, they
are related to each other through the change of variables s = —iz.

The Laplace transform is also given by

LAfiz+iy} =Fu {fwn(u)e ¥z}
so we have the inversion formula
fu) = e F o {L{x + iy} su},

where y is any fixed point in C. In particular, because of this inversion formula, the Laplace
transform is one-to-one.

Exercise 4.3. Show that £{0™d;z} = (—iz)™, m € N". More generally, let P be a polynomial of
degree k and consider the partial differential operator with constant coefficients

PO)= ) amd™.

Im|<k
Show that £L{P(0)d; 2z} = P(—iz).

Exercise 4.4. Show the existence of n satisfying (4.2) (Hint: Consider ¢ € D(R") a non-negative
function such that supp C B(0,1/2) and g, ¢(u)du = 1. Let @ (u) = e "p(u/e). Show that

nw)i= [, ol )¢
2
has the desired properties).

4.1.3 The Convolution Algebra S}

The space S}. is an algebra when provided with the convolution operation [47], which we now define.
Let f,h € 8. Find n € C satisfying (4.2), one can show that n(u)n(§)e(u +§) € S(R™ x R™)
whenever ¢ € S(R™) [47, p. 83]. The convolution f * h is defined as

(f xhyo) = (f(w)h(&),n(u)n(§)e(u+¢&)) .

It can also be shown [47, p. 83] that f * h € S[.. Clearly, this operation is commutative and
associative; furthermore, the definition does not depend on the choice of 7.

Exercise 4.5. (Laplace transform of a convolution). Let f,h € S}.. Show that

LAf xhyzy = L{f;2} L{h; 2}.
Exercise 4.6. Show that 0™ (f « h) = (0™ f) * h = f %« (0™h) and in particular 9"d * f = 9" f.

37



4.2 Multidimensional Tauberian Theorems

We now state two Tauberian theorems for the multidimensional Laplace transform. Their proofs
will be omitted, and we rather refer below to the corresponding literature where the proofs may be
found.

We shall consider the distributional asymptotic behavior

fAu) ~ A%g(u) as A — oo, (4.3)

which should be interpreted in the sense of Section 2.1, i.e., as in (2.5). As in Proposition 2.4, one
shows if g # 0, then it must be homogeneous of degree a.

We begin with a theorem of Drozhzhinov and Zavialov [12]. It is literally the multidimensional
extension of Theorem 2.14.

Theorem 4.7 (Drozhzhinov and Zavialov, 1979). Let I' be a closed convex acute cone and let
[ € 8. Necessary and sufficient conditions for f to have the asymptotic behavior (4.3) are the
ezistence of a solid cone C' C C (i.e., int C" # ) such that

lim+ rotn L friry} = G(iy), for each y € C', (4.4)
r—0
and the existence of k € N, M > 0 and a vector w € C such that
n+ao ; M 2 2
"L fir (x +iow)}| < =, forallr € (0,1) and |z|"+ 0" = 1. (4.5)
o

In such a case, G(z) = L{g; 2}, 2 € T, (4.4) holds for each y € C, and an estimate of type (4.5)
holds for any given w € C.

The original statement [12] of Drozhzhinov and Zavialov theorem imposed additional assump-
tions over the cone I' (see also [47, 48]). Those assumptions have been relaxed in Theorem 4.7. A
proof of Theorem 4.7 can be found in [33, Sec. 8.6].

Let us discuss an example involving convolution.

Example 4.8. Suppose that f; and fo have the asymptotic behaviors
fi(du) ~ A gi(u) and  fo(Au) ~ A% ga(u) as A — oo,

then,
(f1 % f2)(Qu) ~ X T2 (g w o) (u)  as A — oo.

Proof. In fact, set Fj(z) = L{fj, 2} and Gj(z) = L{g;, 2}, j = 1,2. Observe now that, by Exercise
4.5, L{f1 % f2,2z} = F1(2)F2(z) and L {g1 * g2, 2} = G1(2)G2(z). Applying Theorem 4.7 to both f;
and fo, we have

lim r®™"F;(iry) = G;(iy) for each y € C, j = 1,2,

r—0t

and, given any fixed w € C, the bounds

M;
Pt | Fi(r(z +iw))| < =2 forallr € (0,1), and [z* + 0% =1, j =1,2.
oI

Therefore, the hypotheses (4.4) and (4.5) are satisfied with f = f1 % fo, G = G1Ga, @« = a1 + a2 +n,
M = MiMsy and k = ky + ko. Consequently, Theorem 4.7 yields the result. O
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The condition (4.5) in Theorem 4.7 can be dropped for certain classes of distributions. We shall
discuss two of such important results.

The next Tauberian theorem is due to Drozhzhinov, see [10, 48] for the proof. A function F,
holomorphic on a domain 2 C C™, is said to have bounded argument on Q if F\(z) # 0 for all z € Q
and there is a constant M such that

larg F'(z)| < M, for all z € Q.

The function arg F'(z) is assumed to vary continuously on €.

Theorem 4.9 (Drozhzhinov, 1982). Let f € S} be such that its Laplace transform L{f;z} has
bounded argument on TC. Then, f has the asymptotic behavior (4.3) if and only if (4.4) is satisfied.
In such a case G(z) = L{g;2}.

The following theorem is a multidimensional generalization of the Hardy-Littlewood theorem
in the form of Theorem 2.13. It is due to Vladimirov [45, 47, 48]. A distribution is given by a
nonnegative measure f = p concentrated on the cone T', if its action on test functions is given by

() = Jp pw)dp(u).

Theorem 4.10 (Vladimirov, 1976). Let f = p € S be a nonnegative measure. Then, f has the
asymptotic behavior (4.3) if and only if (4.4) is satisfied.

Proof. In view of Theorem 4.7, we only need to show that (4.4) implies (4.5). Indeed, if w € C’,

rOt L fir(z +iow)}| = r&t"

/ eirm-ue—arwudu(u)
r
< 7naJrn/ efo'rw-udu(u)
r
=g " ((ar)a+"£ {f; iarw)})

= gotn’

for all o,r € (0,1),

for some constant M > 0, as follows from (4.4). Theorem 4.10 has been established. O

Remark 4.11. Under the assumptions of Theorem 4.10, it follows from (4.3) that g = v is also a
nonnegative measure. For each x € I'; set

FV () = / oy ) e V) = / d(u),

'N(z-T)

their primitives with respect to the cone. It can be shown that both are continuous functions on
int T, and ¢(~1) is homogeneous of degree a + n. Furthermore,

X

FEV (@) ~ fa] g (

‘ |> as |z|, uniformly for x in compacts of T".
x

The proof of this assertion is similar to that of Proposition 2.6. See [48, p. 60] for details. This
supplementary information justifies our claim that Theorem 4.10 really generalizes the Hardy-
littlewood Tauberian theorem (Theorem 2.13).
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4.3 Convolution Equations

In this subsection, given f € S}, we denote its Laplace transform simply by f (z2) = LA f; =z}
We are interested in convolution equations in the algebra Sf., namely, equations

K+h=f, (4.6)

where K and f are given generalized functions from S and h € §]. is the sought unknown solution.
Observe that (4.6) includes partial differential equations in Sf; indeed, if P is a polynomial,
then P(0)h = f is equivalent to (4.6) with K = P(0)¢ (cf. Exercise 4.6).
We may derive a simple procedure to solve (4.6) if we take Laplace transform. By Exercise 4.5,
(4.6) implies Kh=f,thus h = f/K. Suppose further that we know that there exists £ € Sp. such
that £ = 1/K. Then, we would have » = Ef and the solution would be

h=FExf. (4.7)
Observe also that, since KE=1=$§ , E is itself a solution of the convolution equation
KxFE=). (4.8)

A distribution satisfying (4.8), if it exists, is called the fundamental solution of the convolution
operator K*. When the fundamental solution exists, it is automatically unique, as follows from the
injectivity of the Laplace transform and the fact that we must have E = 1 / K, and furthermore,
(4.7) admits a unique solution given by (4.7). For a partial differential equation, when it exists,
E € 8} is called the tempered causal fundamental solution with respect to the cone I'.

There are several criteria in terms of K for existence of the fundamental solution of (4.8).
Observe that a necessary condition is that K (z) # 0 for all z € T, but the latter is not sufficient.
The following theorem is due to Vladimirov, see [47, p. 174] for the proof.

Theorem 4.12. Let K € Sh. If K(2) = L{K; 2} has bounded argument on TC, then the funda-
mental solution E of (4.8) exists.

Observe that if the hypotheses of Theorem 4.12 are satisfied, then E = 1 / K has also bounded
argument on T¢. From Theorems 4.9 and 4.12, we obtain the following two corollaries on asymp-
totics of solutions to convolution equations.

Corollary 4.13. Let K € S[. be such that K has bounded argument on TC and it has the asymptotic
behavior
K(A\u) ~ A\*Ky(u) as A — oc.

Then, E, the fundamental solution of (4.8) has asymptotics
E(\u) ~ \"*?"Ey(u)  as A — oo,
where Ey is also of bounded argument and it is the fundamental solution of Ko * Ey = 4.

Proof. We have that for z in compacts of TC, lim,_ g+ 7% K (rz) = Ky(z). Since the locally
uniform limit of non-vanishing holomorphic functions is a non-vanishing holomorphic function, we
obtain that Ky(z) # 0, Vz € TC. By the same reason, the argument of Ky remains bounded. Thus,
FEy exists by Theorem 4.12. Next, we already saw that F is of bounded argument, and actually for
yedl

~ 1 1 ~
lim 7~*7?" " E(iry) = lim == = Eo(1y).
r—0+t r—0t retn K (iry)  Ko(iry)
It remains just to apply Theorem 4.9. ]
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Corollary 4.14. Let the hypotheses of Corollary 4.13 hold. Assume further that f € Sf. has the
asymptotic behavior
FOw) ~ M fo(u)  as A — .

If h is the solution of the convolution equation (4.6), then, it has asymptotics
h(Au) ~ NP~ "ho(u)  as A — oo,
where hg is the solution of Ko * hg = fp.

Proof. h is given by (4.8). Corollary 4.7 and Example 4.8 yield h(Au) ~ N~ ""(fo * Eg)(u), and
actually hg = fo * Ey is the solution to Kg % hg = fo. ]

4.4 Applications to Hyperbolic Equations with Constant Coeffi-
cients

We now consider a differential operator of order k with constant coefficients

PO)= ) and™,
Im|<k
that is hyperbolic with respect to the cone C', in the sense that
P(—iz) #0, VzeC. (4.9)

It turns out that under this circumstances P(d) has always a tempered fundamental solution
P(0)E = § that is causal with respect to the cone I', namely, E € Sf.. This result was first
proved by Bogolyubov and Vladimirov [6] and resembles the celebrated Hormander theorem on
the division of tempered distributions by polynomials. It may also be deduced from the following
lemma in combination with Theorem 4.12 (see [48, p. 192] for the proof of the lemma).

Lemma 4.15. If P satisfies (4.9), then it has bounded argument on TC.

We now obtain the asymptotic behavior of the fundamental solution of P(9). We write

M-

P(_7’2> = PJ(_ZZ)7

l

J

where each P; is a homogeneous polynomial and F; # 0.

Theorem 4.16. Let P satisfy (4.9). If E € S} is the solution of P(0), then it has asymptotics
E(w) ~ A""E(u)  as A — oo, (4.10)
where Ey is the fundamental solution of the operator Py(0), i.e., it satisfies P(0)E; = 4.

Proof. We have that, for y € C

k k
P (ry) = 7 Z P; (ry) = Z?”j_lpj(y) — F(y) asr—0".
=l =l

The rest follows from Corollary 4.13. O
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It follows from Theorem 4.16 that P;(9) is hyperbolic (P(—iz) # 0, ¥z € T¢).

In Theorem 4.16 we have exhibited only the first order term of the asymptotics of the fundamen-
tal solution, Wagner has found in [49] a complete asymptotic series for the fundamental solution.
We have the following corollary of Theorem 4.16.

Corollary 4.17. Let the hypotheses of Theorem 4.16 hold. Assume that f € S| has the asymptotic
behavior
fOw) ~ N fo(u) as A — .

If h is the solution to P(O)h = f in S}, then, it has asymptotics
h(Au) ~ Xt ho(u)  as A — oo,
where hy € S[. is the solution of Pi(0)ho = fo.

We end this chapter with some examples. As an illustration, we consider the future light cone
in R?

F:ﬁ: {(uo,u1) ER*: wp > Juwy|}  and  C =V} = {(uo, 1) € R®: ug > |us},

and the hyperbolic operator

P(0) =083 — 07+, P((izo,iz1)) = 23 — 22+ 2, (c>0).

Example 4.18. (The wave equation). When ¢ = 0, we obtain the wave operator 93 — 8%. If
we apply Theorem 4.16 (I = n = 2), we simply obtain that F = FE,, a homogeneous distribution
of order zero. We calculate the causal fundamental solution of the wave equation via Laplace
transform,

(0 — O?)E = 6.

The equation can be rewritten as K+ E = §, where K = P(9)§ with P(ug, u1) = u3—u?. By Exercise
4.3, K(29) = P((—izp, —i21)) = 22—23, then E must have Laplace transform E(z, 21) = (27—23) "
Since the Fourier transform is the boundary value of the Laplace transform, we have that for a
fixed (yo,y1) € V1,

1

E(z0,21) = lim E(zo + ieyo, 1 +ey1) = lim - - )
(0, 1) e—0+ (o Y0, 41 m) e—0+ (21 4+ xo + 1e(y1 + yo))(x1 — 20 + ie(y1 — yo))

in §'(R?). We now choose (yo,y1) = (1,0) € VI, and since the Fourier transform is continuous

E lim — e o) dzodz; in S'(R?
(0, 1) = 0+ (2m)? /Rz (x1 + 20 + te) (21 — 20 — 1€) zodzy i SY(RY).

Observe that “the integral” in the last formula even makes sense as the Fourier transform of an L?
function. Changing variables by t; = x1 + x¢ and tg = xg — x1, we see that

E(ug,u1) = = lim —ftgl {(to + ie)_l; ug + ul}ftzl {(t1 + ie)_l;u[) — ul} ,

1

2 e—0+
where each of the inverse Fourier transforms are one-dimensional. Let H the one-dimensional
Heaviside function, notice that

1

—auH . — o —eu itu —
Fle (u);t} /Oe e"du )
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and hence
lim F~! {t+ ie)_l;u} =4 lim e *H(u) = iH(u).

e—0t e—0t

Therefore, E(ug,u1) = —i*H (ug + u1)H (uo — u1)/2 = H(ug + u1)H(ug — u1)/2. Finally, observe
that H (ug + u1)H (up — u1) = H(up — |u1|) and hence,

B(uo, ) = 5 H(uo — [u),
the characteristic function of the future light cone V.
Example 4.19. (The Klein-Gordon equation). If ¢ > 0, we have the Klein-Gordon operator,
P(0) = 03 — 0% + ¢* = Po(0) + Po(9).
The fundamental solution of Py(d) is simply Eg = ¢ 25. So if we apply Theorem 4.16 (here

[ = 0,n = 2), we conclude that the fundamental solution F of the Klein-Gordon operator has
asymptotics
1)
E(\u) ~ 02(1)@ as A — 00.

E can be explicitly calculated (cf. [46]), and actually

Bw) = (0~ (/i ot

where Jy is the Bessel function and H is again the Heaviside function.
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