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Resum

L’any 1960 Komatsu va introduir certes classes de funcions C* definides
per estimacions del creixement dels successius iterats d'un operador en
derivades parcials quan estudiava propietats de regularitat de certes equa-
cions en derivades parcials. Aquesta linia d’investigaci6 ha estat molt ac-
tiva fins a l'actualitat amb els treballs de molts autors: destaquem, en-
tre altres, Bolley, Camus, Kotake, Langenbruch, Métivier, Narasimhan,
Newberger, Rodino, Zanghirati i Zielezny. Tota aquesta bibliografia esta
relacionada amb 1’anomenat problema dels iterats que consisteix, parlant
sense presicio, en caracteritzar les funcions d’una certa classe mitjangant
el comportament dels iterats d’un operador previament donat.

En la primera part d’aquesta tesi continuem la investigacié descrita an-
teriorment en un context més general: classes no quasi analitiques segons
la teoria de Braun, Meise i Taylor. L'estudi d’aquestes classes és actual-
ment una area d’investigacié molt activa per les seues aplicacions a la teo-
ria d’operadors diferencials en derivades parcials: destaquem entre altres
el treball de Bonet, Braun, Domanski, Fernandez, Frerick, Galbis, Taylor i
Vogt. En el Capitol 1 introduim aquestes classes i enunciem les propietats
que utilitzarem al llarg d’aquesta tesi.

En el Capitol 2 definim les classes no quasi analitiques respecte dels ite-
rats d’un operador en derivades parcials P(D) i estudiem les seues propi-
etats topologiques com la completesa i la nuclearitat. En particular, de-
mostrem que estes classes son un espai localment convex complet si i sols
si P(D) és hipoel-liptic i veiem que en aquest cas s6n també un espai nu-
clear. Tot seguit, provem per aquestes classes un teorema de tipus Paley-
Wiener.

El nostre objectiu en el Capitol 3 és donar resultats sobre el problema
dels iterats en classes no quasi analitiques. Aixi, generalitzem resultats
de Newberger, Zielezny, Métivier i Komatsu i donem caracteritzacions
perque una classe no quasi analitica definida pels iterats d'un operador
coincidesca amb una classe no quasi analitica en el sentit de Braun, Meise
i Taylor.
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Tota la investigacié feta sobre espais de funcions definits per iterats
d’operadors s’havia centrat en classes de tipus Roumieu. Tanmateix, de-
mostrem que els resultats dels capitols 2 i 3 també son certs per a classes
de tipus Beurling.

Enl’any 1990, Langenbruch i Voigt demostraren que tot espai de Fréchet
format per distribucions invariant sota 1’accié d"un operador hipoel-liptic
esta inclos continuament en C*. En el capitol 4 introduim els operadors
ultradiferencials i investiguem extensions del resultat de Langenbruch i
Voigt al context ultradiferenciable. El nou concepte d’espai de Fréchet
(w, P(D))-estable imposa als iterats de I’operador P(D) una condici6 d’equi-
continuitat i ens permet mostrar la relacié d’aquest tipus de resultats amb
el problema dels iterats.

La segona part d’aquesta tesi se centra en 1’estudi de funcions vectori-
als en un espai localment convex. Motivats per les investigacions anteri-
ors de Bonet, Domariski, Komatsu, Kriegl, Michor, Rainer i Schwartz, en
el Capitol 5 donem diverses definicions de funcié ultradiferenciable amb
valors vectorials i demostrem que tota funcié debilment ultradiferenciable
en valors en un espai de Fréchet E és fortament ultradiferenciable si i sols
si E té la propietat (DN) de Vogt. D’aquesta manera, resolem un problema
proposat per Kriegl i Michor en un congrés que va tindre lloc a Paderborn
(Alemanya) en novembre de I’any 2008.



Resumen

En el afio 1960 Komatsu introdujo ciertas clases de funciones C* definidas
mediante estimaciones del crecimiento de los sucesivos iterados de un
operador en derivadas parciales cuando estudiaba propiedades de reg-
ularidad de las soluciones de ciertas ecuaciones en derivadas parciales.
Esta linea de investigacion ha sido muy activa hasta la actualidad a través
de los trabajos de muchos autores. Destacamos, entre otros, Bolley, Ca-
mus, Kotake, Langenbruch, Métivier, Narasimhan, Newberger, Rodino,
Zanghirati y Zielezny. Toda esta bibliografia involucra el llamado prob-
lema de los iterados que consiste, grosso modo, en caracterizar las fun-
ciones de una cierta clase en términos del comportamiento de los iterados
de un operador previamente fijado.

En la primera parte de esta tesis seguimos con la investigacién men-
cionada antes en un contexto mas general: clases no casi analiticas de
funciones ultradiferenciables en el sentido de Braun, Meise y Taylor. El
estudio de estas clases no casi analiticas es una area de investigacién muy
activa debido a sus aplicaciones a la teoria de operadores en derivadas
parciales: destacamos entre otros el trabajo de Bonet, Braun, Domariski,
Ferndndez, Frerick, Galbis, Taylor y Vogt. En el Capitulo 1 introducimos
estas clases y enunciamos las propiedados que utilizaremos a lo largo de
esta tesis.

En el Capitulo 2 definimos las clases no casi analiticas con respecto a
los iterados de un operador en derivadas parciales P(D) y estudiamos sus
propiedades topolégicas como la completitud y la nuclearidad. En par-
ticular, demostramos que estas clases son un espacio localmente convexo
completo si y s6lo si el operador P(D) es hipoeliptico y vemos que en tal
caso son ademds un espacio nuclear. A continuacién, demostramos que
estas clases verifican un teorema de tipo Paley-Wiener.

En el Capitulo 3 tenemos como objetivo obtener resultados sobre el
problema de los iterados en clases no casi analiticas. Generalizamos varios
resultados de Newberger, Zielezny, Métivier y Komatsu y damos caracte-
rizaciones de cudndo una clase no casi analitica definida en términos de
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los iterados de un operador coincide con una clase no casi analitica segiin
Braun, Meise y Taylor.

Toda la investigacion que se habia hecho sobre espacios de funciones
definidos por iterados de operadores se habia centrado en clases de tipo
Roumieu. Sin embargo, demostramos que los resultados dados en los
Capitulos 2 y 3 también son vélidos para clases de tipo Beurling.

En el afio 1990, Langenbruch y Voigt demostraron que todo espacio de
Fréchet formado por distribuciones que sea invariante bajo la accién de un
operador hipoeliptico estd continuamente incluido en C*. En el capitulo 4
introducimos los operadores ultradiferenciales e investigamos extensiones
del resultado de Langenbruch y Voigt al contexto ultradiferenciable. El
nuevo concepto de espacio de Fréchet (w, P(D))-estable involucra a los
iterados de P(D) mediante una condicién de equicontinuidad y nos per-
mite mostrar la relacion de este tipo de resultados con el problema de los
iterados.

La segunda parte de esta tesis se centra en el estudio de funciones con
valores vectoriales en un espacio localmente convexo. Motivados por in-
vestigaciones previas de Bonet, Domanski, Komatsu, Kriegl, Michor, Rai-
ner y Schwartz, en el Capitulo 5 damos varias definiciones de funcién ul-
tradiferenciable con valores vectoriales y demostramos que cada funcién
débilmente ultradiferenciable con valores en un espacio de Fréchet E es
fuertemente ultradiferenciable si y sélo si E tiene la propiedad (DN) de
Vogt. De este modo, resolvemos un problema propuesto por Kriegl y Mi-
chor en un congreso celebrado en Paderborn (Alemania) en noviembre del
ano 2008.



Summary

Classes of smooth functions defined by estimates on the growth of the
successive iterates of a partial differential operator were introduced by
Komatsu in order to study regularity properties of certain partial diffe-
rential equations. This research was continued until recent days by several
authors like Bolley, Camus, Kotake, Langenbruch, Métivier, Narasimhan,
Newberger, Rodino, Zanghirati, Zielezny and others. All this work is rela-
ted to the problem of iterates which consists, roughly speaking, in charac-
terizing the functions in a given class of functions in terms of the behavior
of the iterates of a fixed differential operator.

In the first part of this thesis we continue the research described above
in a more general setting: non quasi analytic classes of ultradifferentiable
functions as defined by Braun, Meise and Taylor. The study of these non
quasianalytic classes of ultradifferentiable functions has received much
attention in recent years due to its applications to the theory of partial di-
fferential operators: we refer to the work of Bonet, Braun, Domarski, Fer-
ndndez, Frerick, Galbis, Taylor and Vogt. In Chapter 1 we introduce these
classes and give the properties that will be used throughout this memoir.

In the second chapter we define non quasianalytic classes with respect
to the iterates of a partial differential operator P(D) and study their locally
convex properties like completeness and nuclearity. In fact, we prove that
theses classes are a complete locally convex space if and only if the ope-
rator P(D) is hypoelliptic and that, in this case, such spaces are nuclear.
After that, it is proved that these classes verify a Paley-Wiener type theo-
rem.

The aim of Chapter 3 is to obtain results concerning the problem of
iterates on non quasianalytic classes. We extend results by Newberger,
Zielezny, Métivier and Komatsu and give characterizations in order that
a non quasianalytic class defined with respect to the iterates of a partial
differential operator coincides with a class of ultradifferentiable functions
in the sense of Braun, Meise and Taylor.

We want to emphasize that the previous literature on iterates of diffe-
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rential operators only deals with Roumieu classes. However, all the results
presented in Chapters 2 and 3 remain true in the Beurling case.

In 1990, Langenbruch and Voigt proved that a Fréchet space of distri-
butions which is stable under a single hypoelliptic differential operator is
continuously included in C*. In Chapter 4 we introduce ultradifferential
operators and give extensions of the result of Langenbruch and Voigt to
the ultradifferential setting. The new notion of (w, P(D))-stable Fréchet
space imposes an equicontinuity condition on the successive iterates of
P(D) and allows us to show the connections of this topic with the pro-
blem of iterates.

In the second part of this thesis we investigate vector valued functions
in a locally convex space. Motivated by previous work by Bonet, Do-
marnski, Komatsu, Kriegl, Michor, Rainer and Schwartz, we introduce in
Chapter 5 several notions of vector valued ultradifferentiable function and
we prove that every weakly non-quasianalytic ultradifferentiable function
with values in a Fréchet space E is topologically (or strongly) ultradiffer-
entiable if and only if the space E satisfies the topological invariant (DN) of
Vogt. Thus, we solve a problem posed by Kriegl and Michor in a meeting
celebrated in Paderborn (Germany) in November 2008.



Introduction and motivation

The aim of this thesis is to investigate some topics related to non quasi-
analytic classes. This research is concerned with the theory of functional
analysis and more particularly, with the area of Fréchet spaces and its ap-
plications to linear partial differential operators. The main purpose of this
dissertation is to present some results on:

= Spaces defined in terms of the successive iterates of a differential
operator

= Fréchet spaces invariant under differential operators
= Vector valued functions

in the setting of non quasianalytic classes.

The study of several non quasianalytic classes of ultradifferentiable
functions, their topological duals (ultradistributions) and convolution op-
erators and linear partial differential operators between these classes has
been a very active area of research since the last century. In 1908 Holm-
gren, when studying regularity properties of solutions of the homoge-
neous heat equation, introduced certain non quasi analytic classes. More
general classes, the so called Gevrey classes, were introduced in 1918 by
Gevrey [30]. In the 1960’s Roumieu extended the Schwartz’s theory of dis-
tributions using non quasianalytic classes of ultradifferentiable functions
as test spaces. Non quasianalytic classes of ultradifferentiable functions
are intermediate classes between real analytic functions and the class of all
C*-functions containing non trivial elements with compact support. There
are essentially two ways to introduce these classes: the theory of Carle-
man and Komatsu, in which one looks at the growth of the derivatives on
compact sets (see the paper by Komatsu [38] published in 1973), and the
theory developed by Bjorck [3] in 1966 following the ideas previously an-
nounced by Beurling in 1961, in which one pays attention to the growth
of the Fourier transform of test functions. The point of view of Braun,
Meise and Taylor [22] permits a unified treatment of both theories: it is
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strictly broader than Bjork’s theory and contains the most relevant cases
of Komatsu’s theory, in particular, the Gevrey classes. In general, classes
defined in one way cannot be defined in another way; see the article of
Bonet, Meise and Melikhov [17] for a complete study of the comparison
of these two approaches. The theorem of Denjoy-Carleman characterizes
non quasianalytic classes versus the quasianalytic case (classes without
functions with compact support) in the sense of Carleman and Komatsu.

The idea of Beurling and Bjork is the following. Let ¢ be a continuous
function with compact support. The function ¢ belongs to D(RY) if and
only if the function

¢(x) exp {klog(1 + [x[)}

is integrable for all k € INp. In Beurling-Bjork’s theory the function { +—
log(1 + |Z|) is replaced by a subadditive weight function w which is big-
ger than { +— log(1 + |Z|) in some sense. In this way, the new test space
defined by w is included in D(RY) and hence its dual (ultradistributions)
contains the space of Schwartz distributions. In 1990, Braun, Meise and
Taylor replace the subadditivity of the weight by a weaker condition. More
precisely, an increasing and continuous function w : [0, 0o[— [0, o] is said
to be a weight function if is satisfies the following conditions

@W)3IK>1: w(2t) < K(1+w(), (B) 1°° “’t(;)dt <,
(7) }Lr?o W =0, (6) ¢:t— w(e') is convex.

Let w be a weight function and let () be a non empty open subset of
RY. The corresponding test spaces are defined as

D) (Q) = {f eD(Q) : /]RN 1f(#) e dt < oo forallk > 0},
and
Dy (Q) == {f eD(Q) : /RN |f(£)]eeWdt < oo for some e > O} ,

and they are called test spaces of Beurling type and Roumieu type, respec-
tively. Condition () is called non quasianalytic condition and guarantees
that D(,)(Q2) and Dy, (Q) are non trivial. Condition (5) allows to de-
scribe the test spaces by controlling the growth of the derivatives with the
Young conjugate as follows,

D) (Q) = {f eD(Q): Vk €N,
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e fon (s () <)

Dy (Q) = {f eD(Q): FkeN,

Sup Sup
xeQ) tXEN(I)\]

and

sup sup
x€Q xeNy

£ exp (o (b)) <o},

where ¢* is the Young conjugate of the convex function ¢. These test
spaces induce non quasianalytic classes of ultradifferentiable functions
E(w)(Q) (Beurling) and &,,} () (Roumieu) in a similar way as C*(Q) is
obtained from D(Q)).

Given 0 < d < 1, the Gevrey class with exponent s = % > 1is denoted
by G°(Q)) and it is defined as the space of all smooth functions f € C®(Q)
such that for each compact subset K CC () there is a constant C > 0
satisfying for each multiindex « € IN)Y the following estimate

sup | £ (x)] < CH (at)”.

xeK

Note that for s = 1, the last estimate characterizes the real analytic func-
tions. If w(t) = t4,0 < d < 1, the space of ultradifferentiable functions
of Roumieu type £y,,3(Q2) coincides with the classical Gevrey class of ex-
ponent s = % > 1. Gevrey classes play an important role in the theory
of partial differential operators. It is well known that the heat operator in
RN, N > 2,
o N=l9?
= Z 32
j=1 ]

has a fundamental solution which is smooth in RN \ {0} but not real ana-
lyticin x5y = 0. However, this fundamental solution belongs to the Gevrey
class when Q = RN \ {0} and 0 < d < 1/2. Thus, it is natural to consider
intermediate classes between C*(Q)) and the real analytic functions (and
their dual spaces) and operators between them.

In this work we consider non quasi analytic classes in the sense of
Braun, Meise and Taylor. This point of view and its applications to par-
tial differential operators has received much attention in recent years in
the following directions: (1) surjectivity of the operator, i.e., solvability of
the underlying equation, (2) existence of a continuous and linear solution
operator, (3) study of the range of the operator in case it is not surjective,
(4) structure of the kernel of the operator and regularity of the solutions
and (5) parameter dependence. We refer [13], [14], [15], [29], [53] and the
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recent paper [11]. The first two volumes of Hormander [33] constitute a
basic reference in these topics.

In the first chapter non quasi analytic classes in the sense of Braun,
Meise and Taylor are introduced. We give some notation and background
which will be necessary in the sequel.

Classes of C*-functions defined in terms of the successive iterates of a
partial differential operator appeared in 1960, when Komatsu [37], using
tools introduced by Hormander [32], characterized when a smooth func-
tion f € C*(Q)) in an open subset ) C RY is real analytic in terms of the
successive iterates of an elliptic partial differential operator P(D). In par-
ticular, given an elliptic differential operator P(D) of order m, a function
f € C®(Q) is real analytic if and only if for each compact subset K CC Q)
there exists a constant C > 0 such that for each j € Ny

IP/(D) fll2x < CHH(H™,

where P/(D) is the j-th iterate of P(D), i.e., P/(D) = P(D)o- . o P(D)
J

and || - ||2,x denotes the £2-norm on the compact K.

Later, Kotake and Narasimhan gave this result using elliptic operators
with analytic coefficients. See [40, Theorem 1].

In 1973, Newberger and Zielezny [57] treated this problem in the set-
ting of the Gevrey classes: let G°(Q)) be the Gevrey class of exponent s > 1
and let G}(Q) be the class of smooth functions in Q2 such that for each

K CC Q) there exists a constant C > 0 such that Vj € Ny,
IP/(D)fllox < CTH(j1)°,

then
g°*(Q) = Gp°(Q)

whenever P is an elliptic polynomial with degree m.

Moreover, in case P and Q are hypoelliptic polynomials, it is proved
the equivalence between the inequality |Q(¢)|?> < C(1 + |P(&)]*)", V¢ €
RY and the inclusion G5(Q)) C géh(Q) for s large enough.

Classes G} (Q)) are called generalized Gevrey classes. Métivier [55]
proved the converse of the result by Newberger and Zielezny, that is, the
equality G°(Q)) = Gp*(Q)) implies the ellipticity of P.

This research is continued by several authors like Bolley, Camus, Rodino
[4, 6] and Zanghirati [65, 66, 67, 68]. We also mention the recent contri-
butions by Bouzar and Chaili [18], Calvo and Hakobyan [23] and Calvo
and Rodino [24] where these authors characterize certain Gelfand-Shilov
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spaces in terms of the iterates of a globally elliptic operator P with poly-
nomial coefficients. Langenbruch utilized generalized Gevrey classes in
connection with different problems, like boundary values of zero solu-
tions of hypoelliptic differential operators [45, 46], diametral dimension of
solution spaces [47] and isomorphic classification [48].

Microlocal versions of the problem of iterates have been given by Bol-
ley, Camus and Mattera [5], Zanghirati [68], Bouzar and Chaili [20] in 2006
and others.

The problem of iterates consists in giving conditions on P in order to
guarantee the equality G¢(Q) = G#“(Q) or more general in characterizing
the functions in a given class of functions in terms of the behavior of the
iterates of a fixed differential operator. See [18], [55], [37], [57] and also
[19], [24], [40] and [67].

Let P be a linear partial differential operator with constant coefficients.
In the second chapter, we introduce classes of smooth functions £p (., (Q2)
and Ep 1., (Q) of Beurling and Romieu type involving the successive iter-
ates of the operator P, that is, satisfying for each j € INj the following type
estimates

IPI(D)f 2 < Cexp (~A0"(}))

where K is a compact subset in Q) and A a positive number. We call £p () (Q2)
and &p 1,1 (Q) generalized non quasianalytic classes. The completeness of
these spaces is characterized in terms of the hypoellipticity of P. For this
class of polynomials the nuclearity of £p (.,)(Q2) and &p 3 (Q) is proved.
After that, we establish a Paley-Wiener type theorem for &p (., (Q2) and
Ep,{w)(Q). As a consequence, we show that the test functions of £p () (Q)
and &p (,,}(Q) are nuclear spaces and give a sufficient condition to ensure
that these test functions are an algebra.

Chapter 3 is devoted to extend results of Komatsu [37] and Newberger-
Zielezny [57] to the ultradifferentiable setting. Moreover, we treat the
problem of iterates on non quasianalytic classes. In fact, for weights w
satisfying a certain growth condition, we show that the non quasianalytic
class of ultradifferentiable functions £,y (Q) (or £, (Q)) coincides with
a generalized non quasianalytic class defined by the polinomial P if and
only if P is elliptic, thus extending a result by Métivier [55]. If the weight
function is a power of the logarithm, we show that the equality between
the corresponding class of ultradifferentiable functions and the general-
ized non quasianalytic class defined by P is characterized by the hypoel-
lipticity of P, thus showing that the growth condition above is needed to
get the ellipticity of P.
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In 2000, Langenbruch and Voigt proved the following result: a Fréchet
space of distributions which is stable under differential operators is con-
tinuously included in C®. These authors proved that in order to guar-
antee this continuous inclusion it is enough to assume that the Fréchet
space is stable under a single hypoelliptic differential operator. In Chap-
ter 4 we give extensions of this result to the ultradifferentiable setting us-
ing strongly (w)-hypoelliptic operators. We also show the connections of
this topic with the problem of iterates of differential operators. For in-
stance, we introduce the notion of Fréchet space (w, P(D))-stable in or-
der to prove that a Fréchet space of ultradistributions invariant under
some class of hypoelliptic, semi-elliptic or elliptic differential operators is
formed by ultradifferentiable functions. The notion of (w, P(D))-stability
involves an equicontinuity condition on the successive iterates of P(D).

Vector valued distributions and vector valued ultradifferentiable func-
tions also have received much attention in recent papers. This research
began in 1957 with the work by Schwartz [60, 61]. Komatsu studied in
1982 [39] classes of ultradifferentiable functions or ultradistributions with
values in a sequentially complete topological vector space, thus extending
the previous work of Schwartz.

In 1990, Kriegl and Michor introduced several notions of real analytic
curves in a locally convex space E, i.e, vector valued maps f : R — E
which are real analytic (see [42]). This research was motivated by applica-
tions to differential and analytic manifolds; see [43]. Real analytic curves
with values in Fréchet or (LB)-spaces were studied by Bonet and Doman-
ski in several papers since 1998 [9, 10, 12]. In particular, these authors clar-
ified the relation between various notions of real analyticity introduced by
Kriegl and Michor [9]. Their main tool is the modern theory of Fréchet and
LB-spaces. Moreover, Bonet and Domanski have applied their results to
investigate surjective linear partial differential operators between spaces
of vector valued real analytic functions and parameter dependence of the
solutions of these operators [9, 10, 11, 12].

Kriegl, Michor and Rainer [44] have studied recently non-quasianalytic
curves f : R — E with values in a locally convex space E in the setting of
non-quasianalytic classes of Denjoy-Carleman type.

Let w be a weight function in the sense of Brau, Meise and Taylor. In
the last chapter, vector valued w-ultradifferentiable functions f : () — E
with values in a locally convex space E are considered. As in the cases of
real analytic or non-quasianalytic curves treated by Kriegl, Michor and
Rainer, three possible notions are given. Solving a problem posed by
Kriegl and Michor in a meeting celebrated in Paderborn (Germany) in
November 2008, it is proved that every weakly non-quasianalytic ultra-
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differentiable function with values in a Fréchet space E is topologically (or
strongly) ultradifferentiable if and only if the space E satisfies the topo-
logical invariant (DN) of Vogt. We also treat the case that E is a complete
LB-space.






Chapter 1

Preliminaries:
non-quasianalytic classes

In this chapter, non quasianalytic classes in the sense of Braun, Meise
and Taylor are introduced. We establish the definitions and the funda-
mental properties that we shall need through this thesis. We follow [22].

Definition 1.0.1. A non-quasi-analytic weight function is an increasing
continuous function w : [0, co[— [0, co[ with the following properties:

(«) there exists L > 0 with w(2t) < L(w(t) +1) forall t > 0,

® / V0 4t < oo

(7) log(t) = o(w(t)) as t tends to oo, that is, hm k)wgég) =0.

(6) pw : t — w(e') is convex.

Normally, we will denote ¢, simply by ¢.

For a weight function w we define @ : CN — [0, +o0[ by @(z) := w(|z|)
and again we denote this function by w.

The condition () is called non-quasianalytic condition and it implies
w(t) = o(t). Moreover, this condition implies the existence of functions
with compact support in the class of ultradifferentiable functions that we
will define later.
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Definition 1.0.2. The Young conjugate ¢* : [0,00[— R of an increasing

and convex function ¢ with ¢(0) = 0 and lim X —0is given by

p(x)
¢*(s) :=sup{st — ¢(t),t > 0}.

Given a weight function w, there exists another weight function ¢ such
thato(t) = w(t) for t > 0large enoughand o(t) = 0if t € [0,1]. Therefore,
there is no loss of generality to assume that w vanishes on [0, 1]. Then ¢*
has only non-negative values, it is convex and ¢*(t)/t is increasing and
tends to co as t — oo and ¢™* = ¢.

Lemma 1.0.3. Given ¢ as above, by condition («) of weight function, there exists
L > 0 such that

¢(x +1) < L1+ ¢(x))
forall x € [0, 00[. Then, there exists yo > 0 such that

forally > yo.

Lemma 1.0.4. Given A > 0 there exists a constant C > 0 (depending on A) such

that
exp <2Aq0*(xz—;1)> < Cexp (Aqo*(%)) Vx > 0.

Proof. From the convexity of ¢* we obtain

x 1 1 x 1 1
*( _ <7 7 - *7.
¢ (5 ta) =597 () +59°(3)

The conclusion follows with C = exp (A¢*()). O

Example 1.0.5. The following functions are, after a change in some inter-
val [0, M], examples of weight functions:

() w(t) =tfor0<d< 1.

(i) w(t) = (log(1+1))°,s > 1.

(iil) w(t) = t(log(e +t))7F, B > 1.

(iv) w(t) = exp(B(log(1+1))*), 0 < a < 1.

Let Ng = INU {0} be the set of non negative integers. Then, let us
denote by IN(I)\] the set of N—tuples. For each « = (ay,...,ayn) € IN(I)\] we
write



f(oc) = (9/0x1)“ -+ - (3/9xN)"N f,

and using the notation Dy, = —i d/0x;, where i is the imaginary unit, we
write
D“f:[)z;...pgx .

In what follows, () denotes an arbitrary subset of RN and K cC Q
means that K is a compact subset in ().

Definition 1.0.6. Let w be a weight function.

(a) For a compact subset K in RN which coincides with the closure of
its interior and A > 0, define the seminorm

pra(f) :=sup sup \f("‘)(x)\ exp (—MO* (T))

xeK peNY

and set
E(K) = {f € C®(K) : pra(f) < o},
which is a Banach space endowed with the p A (-)-topology.

(b) For an open subset ) in RY, the class of w-ultradif ferentiable
functions of Beurling type is defined by:

Ew)(Q) == {f € C%(Q) : pra(f) < oo, forevery K CC Q and every A > 0}.

The topology of this space is

E(w)(Q) = proj proj & (K).
— —
KccO A>0

This topology is also described by the fundamental system of seminorms
given by {pk,n},en Where {K;},cn is @ compact exhaustion of Q). One
can show that & (w) (Q)) is a Fréchet space, that is, a complete and metriz-
able locally convex space. Moreover, £(,,)(Q}) is reflexive and nuclear. We
denote by &) (Q)% the strong dual of £,,)(Q)).

(c) For a compact subset K in RN which coincides with the closure of
its interior and A > 0, set

E (K) = {f € C¥(K) : there exists m € N such that p; 1 (f) < oo},
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This space is the strong dual of a nuclear Fréchet space (i.e, a (DFN)-space)
if it is endowed with its natural inductive limit topology, that is,

1
E(wy(K) = ind &5 (K).

meN

(d) For an open subset Q in RV, the class of w-ultradif ferentiable
functions of Roumieu type is defined by:

5{w} (Q) = {f € COO(Q) : VK CcC Q) 9A > 0 such that pK,A(f) < OO}

Its topology is the following

() = I{ioj Eqwy (K),
KccO

that is, it is endowed with the topology of the projective limit of the spaces
Etwy (K) when K runs the compact subsets of (). This is a complete PLS-
space, that is, a complete space which is a projective limit of LB-spaces
(i.e., a countable inductive limit of Banach spaces) with compact linking
maps in the (LB)-steps. Moreover, £, (Q) is also a nuclear and reflexive
locally convex space. In particular, £, (Q2) is an ultrabornological (hence
barrelled and bornological) space. We denote by &,y (Q)% the strong dual

The elements of &, (Q) (resp. &£, (Q)) are called ultradifferentiable
functions of Beurling type (resp. Roumieu type) in ).

In the case that w(t) := 7 (0 < d < 1), the corresponding Roumieu
class is the Gevrey class with exponent 1/d. In the limit case d = 1, not
included in our setting, the corresponding Roumieu class £} (Q) is the
space of real analytic functions on () whereas the Beurling class £ (RN)
gives the entire functions.

If a statement holds in the Beurling and the Roumieu case then we will
use the notation &, (Q)). It means that in all cases * can be replaced either

by (w) or {w}.

Definition 1.0.7. Two weight functions w and ¢ are said to be equivalent
ifw=0(c) and 0 = O(w).



Remark 1.0.8. Let us consider w and ¢ two equivalent weight functions
and let us denote ¢(x) = w(e*) and P(x) = o(e*). f w < ¢ < Cw for
some constant C > 0, then

Co*(y/C) <™ (y) <¢"(y), y=0.

As a consequence w and ¢ define the same class of ultradifferentiable func-
tions.

The corresponding classes of test functions are defined as follows:

Definition 1.0.9. For a compact set K in RY, define
D, (K) := {f € &(RN) : suppf C K},

endowed with the induced topology. Recall that the condition (f) guaran-
tees that D, (K) # {0}. In fact, in [22, Remark 3.2 (1) and Corollary 3.6 (1)]
it is shown that D.(K) # {0}. D, (K) is a Fréchet space while D (K)
is the strong dual of a nuclear Fréchet space (i.e., it is a (DFN)-space). For
an open set () in RY, define

D.(Q) := ind D,(K).
KccO

According to [22, Proposition 4.7], the following inclusion
D.(Q) — £.(Q)

is continuous with dense range.
Next lemma is well-known, but it is not easy to find a precise reference.

Lemma 1.0.10. The spaces E.(Q) and D, (Q) can be described with L*-norms,
i.e., we can replace px ) by the seminorms

s (4 (7))

Il = ([ 17

Proof. We only need to prove that for each compact subset K CC () and
A > 0, there is other compact subset L CC (), u > 0 and a constant D > 0
(depending only on K and A) such that for all f € £,(Q),

prA(f) < Daru(f)-

qxa(f) == sup | f@

N
a€Ny

where
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We fix K CC Qand A > 0. We take L CC Q) such that K C I(i cC Q,

where L denotes the interior set of L. By the Sobolev Lemma, there exists
a constant C > 0 such that

sup [f(x)| <C sup [ |fP)|VfecC™(Q).
xek |B|<N+17L

Then,

sup |fW(x)| < C sup | [f*TP)|=
xeK |Bl<N+1“L

=C sup |f(a+ﬁ)’exp <_A(P*(’“| j: |:B|)> exp <A(P*(|(x| _)t ’:B|)> <

IB[<N+1

ol FN+1 A, 2NHL
< (e (19" (D ) < e (e e
where we have applied that ¢* is increasing, Lemma 1.0.4 and Holder’s
inequality.
As a consequence,

P (f) < Caqua(f)

oN+1

So, given A > 0 we take u = 2NT1A. O

The elements of the topological dual D, (Q)" (resp. Dy} (Q)’) are
called ultradistributions of Beurling type (resp. Roumieu type). Since
D()(Q) C Dy,,3(Q) is a continuous and dense inclusion, Dy, (Q)" is
a subspace of D) (Q)".

Let T € D,(Q)'. The support of T is defined as

supp, T := {x € Q) | for each neighborhood U of x
thereis ¢ € D,(U) such that < T, ¢ ># 0}.

IfT € D, (Q) then supp,,) T = suppy, T.
Moreover, if w = o(c), then Dy, (Q) C D) (Q) with continuous
and dense inclusion ([22, Proposition 3.9]). As a consequence, D(w) (Q) c

Do (Q). I T € D}, ,(0),

SUpp ) T = suppy,y T = suppy,y T
is fulfilled.



An ultradistribution ¢ € D,(Q)" can be continuously extended to
E.(Q)" if, and only if, u has compact support in Q2. The space of ultra-
distributions, having compact support, of Beurling type (resp. Roumieu
type) is denoted by &£,,)(Q))’ (resp. by £} (Q)').

Now, we introduce the convolution of ultradistributions:

Definition 1.0.11. Let u € £,(IRN)’ be given and suppose j # 0. Define:
Sy : D (RN)Y — D (RN), S,(E):=uxE,

where < u*E, ¢ >=< E,fix ¢ >and fix ¢ : x — u(p(x+-)), x € RN.
Then, S, is a continuous and linear operator.

IfE € &(RN), thenu*E € E,(RN). Let us denote by Ty, : £, (RN) —
E.(RN) the restriction of S, to £,(RN).

The following proposition is used in the next chapter. See [22, Propo-
sition 6.4].

Proposition 1.0.12. D,.(RN) D, (RN ) isa subset of £.(RN). For f € D.(RN)
and E € D, (RN)" we have f « E(x) = (Ey, f(x —y)).

Definition 1.0.13. Let f € D, (Q)’. The singular support of f with respect
to *, denoted by sing.supp f, is the complementary set of the biggest open
set A in Q) where f € £,.(A).

Now, we recall Paley-Wiener type theorems in the ultradifferentiable
setting: the Fourier-Laplace transform establishes an isomorphism between
D(,)(Q) and certain weighted spaces of holomorphic functions. £, (RY)’
also may be interpreted as a space of holomorphic functions.

Definition 1.0.14. The Fourier-Laplace transform of a function ¢ € D(Q})
is defined as ¢ : CN — C, where

P(z) == /Ne_ix'zgo(x)dx, zeCV,
R
andx-z=x1-z1+ -+ XN 2ZN-.

The Fourier-Laplace transform of ¢ is an entire function. In fact, it is
the unique entire function on CN whose restriction to RN coincides with
the Fourier transform of ¢.

Let K C RN be a convex compact subset. Then,

Hg(x) :=supx-y, x<RY,
yeK
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is called supporting function of K.

A Paley-Wiener type theorem in the classic case is proved in [33, I, Theorem
7.3.1]. With respect to test functions on non quasi analytic classes, the fol-
lowing theorem holds.

Theorem 1.0.15. Let K C RY be a convex compact subset. An entire function
h € H(CN) is the Fourier-Laplace transform of ¢ € D()(Q) with supp ¢ C K
if and only if for any n € IN there exists a positive constant C, > 0 such that

|h(z)| < Cpexp (H(|Imz|) — nw(z)), zecCN.

As a consequence, the topology of the space D, (K) introduced in the
definition 1.0.9 is given by the fundamental system of seminorms

£l o= [ 1f@)le™<@de, m e N.
Definition 1.0.16. (1) For each z € CN let us denote
v,(x) = exp(—ix-z), x € RV,
(2) We define the Fourier-Laplace transform 21 of u € &, (RN)" as

i(z) =< wp,v,>.

Theorem 1.0.17. [Paley-Wiener-Schwartz] Let K C RN be a convex compact
subset. For any entire function f and any weight function w, the following state-
ments are equivalent:

(1) There exists an ultradistribution y € &,)(RN)" with supp u C K such
that fi = f.

(2) There exists A > 0 such that for all ¢ > 0 there exists C > 0 in such a way
|f(z)| < Cexp(Hk(Imz) + e|Imz| + Aw(Rez)), z € CN,
is fulfilled.
(3) There exists A > 0 such that for all € > 0 there exists C > 0 in such a way
) [e (%) Hi(y)+ely] N
/H{N]f(x+zy)|e dx < Ce ¥ , yeRY,

is fulfilled.

In this thesis, we consider non quasi analytic classes of ultradifferen-
tiable functions in the sense of Braun, Meise and Taylor but it is convenient
to have in mind classes of ultradifferentiable functions in the sense of Car-
leman and Komatsu [38]. These classes are defined by weight sequences.



Definition 1.0.18. A sequence of positive numbers (M) e, is called weight
sequence if it satisfies the following conditions:

(M) There exists ¢ > 0 such that (c(p+1))" < M,, p e N.
(Ml) M% < Mp—lMp—H for all pE No and My = 1.
(M3)! There are A, H > 1 such that My < AHPM,, p € Np.

A weight sequence is called non quasianalytic if it satisfies
[ Mp,1
DR
p=1 MP

otherwise it is called quasianalytic.

Definition 1.0.19. Let (M,),ecN, be a weight sequence and let () be an
open subset in RN. For each compact subset K in () and each positive
number h > 0, consider the seminorm

f 9 )
1(f) =sup su :
pK (f) XEE ae]I\IT)é\f h‘a‘MDL

The Carlemann class & M,) (Q)) of Beurling type is defined as

Em,)(Q) = {f € C*(Q) : forevery K CC Qand each
h >0, pru(f) < oo},

and the Carlemann class of Roumieu type

Em,y (Q) = {f € C*(Q) : forevery K CC Q) there exists
h > Osuch that pg(f) < co}.

Bonet, Meise and Melikhov characterize in [17] the weight sequences
such that the corresponding class of ultradifferentiable functions coincide
with a class of ultradifferentiable functions in the sense of Braun, Meise
and Taylor. They also characterize those weight functions w for which
there exists a weight sequence (M) ,cn, such that the classes defined by
w and by (M) peN,, respectively, coincide.






Chapter 2

Generalized non-quasianalytic
classes

Let P be a linear partial differential operator with constant coefficients.
In this chapter, we introduce classes of smooth functions &p (., (Q2) and
Ep () (Q) of Beurling and Romieu type involving the successive iterates
of the operator P. This classes have nice topological properties when the
polynomial P is hypoelliptic. In Theorem 2.2.5 we prove that &p () (Q)
and Ep 1,,}(Q) are complete if and only if P is hypoelliptic. Moreover,
if P is hypoelliptic we prove that &p (,,)(Q) and &p(,,}(Q2) are nuclear
and a Paley-Wiener type theorem for these generalized non quasi ana-
lytic classes is established. These are the contents of Theorem 2.1.11 and
Theorem 2.3.10.

2.1. The class Ep,(QY)

We consider smooth functions in an open set (2 such that 3C > 0 veri-
tying for each j € INy

IPHD) s < Cexp (19°())

where K is a compact subset in Q) and P/(D) is the j-th iterate of the partial
differential operator P (D), i.e,

If j = 0, then
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Given a polynomial P € C|zy,...,zy| with degree m,

P(z) = ) a.z",

la|<m
the partial differential operator P(D) is the following:
P(D) = Y a,D*, where D* = 1,8”‘.
o] <m :

The spaces of ultradifferentiable functions with respect to the succes-
sive iterates of P are defined as follows:

Let w be a weight function. Given a polynomial P, an open set () of
RN, a compact subset K CC (Y and A > 0, we define the seminorm

Il = sup [P(D)ffaxcesp (~2g"(])

JENo
and set
Ep(K) = {f € C(K) : [|fllxa < +oo}.
&} ,(K) is a Banach space endowed with the || - ||x-norm.

The space of ultradifferentiable functions of P of Beurling type with respect
to the iterates is:

Ep)(Q) ={f €C®(Q): [[fllxr < +oo foreach K CC Qand A > 0}.
It is endowed with the topology given by

gP,(w)(Q) = I(lol I(iojgl)’\,w(K)'
KccO A>0

If {K, }nen is a compact exhaustion of () we have
gP,(w) (Q) = pI'Oj pI‘Oj gllg,w (Kﬂ) = proj gg,w (Kn)
— — —
n€N kelN nelN
This metrizable locally convex topology is defined by the fundamental

system of seminorms {|| - ||k, }pen-

The space of ultradifferentiable functions of Roumieu type with respect to
the iterates of P is defined by:

Ep (o (Q) ={f €C®(Q): VK CC Q33X > 0such that | f[[gr < +oo}.
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Its topology is defined by

gP,{w} (Q) = I()I'_O] @) 51/},w(K)
Kcca A>0

As in the Gevrey case, we call theses classes generalized non quasi ana-
lytic classes. Inspired by previous papers we have defined the generalized
non quasi analytic classes in terms of £2-norms. Now we show in case
that the polynomial P is hypoelliptic, we can replace the £2-norms by £P-
norms where 1 < p < oco. Previously, we need some preliminaries on
Hormander’s B, x spaces. We follow the chapters X and XI of [33, II].

Definition 2.1.1. A positive function k defined in RY is said to be a tem-
perate weight function if there exist positive constants C > 0O and ¢ > 0
such that

k(4 p) < (1+ClE)°k(u), &neRN.

Let P be a polynomial. Let us denote P(*) = 9(®) P, The basic example
of temperate weight function is the function P defined as

1

P(g) = (2\P<“)<§>|2> ,EERN.

Note that the sum is finite.

Definition 2.1.2. Let k be a temperate weight function. Given 1 < p < oo,
we denote by B, the set of all tempered distributions u € S(RVN) such
that the Fourier transform # is a function and the norm

= <<271r>N Jos !k<¢>ﬁ<¢>|’7d6>;

is finite.

When p = oo, the norm ||u/|,, x shall be interpreted as the supremum of

[k(8)i(Z)] in RN,

The space B,  is a Banach space with the norm | - ||, .

Example 2.1.3. In case the function k is given by P (for some polynomial
P) and p = 2, according to Parseval’s formula we have

il 5= (X IPW (D)ulf o) >

Nl—=

If k(&) = (1+ |&[?)? for some real number s and p = 2 we recover the well
known Sobolev spaces H*.
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Let Q) be an open subset in RN. We denote B;OIC((Q) the space of those
distributions u € D(Q)’ such that for all ¢ € D(Q), pu € B,y Let
{Ky }nen be a compact exhaustion of Q) and take a sequence {¢y } nen in
D(Q)) such that ¢, = 1 on K,, and supp ¢, C K,4+1. Then, B;",C((Q) is a
Fréchet space with the seminorms u — ||ugy ||, -

Take k = 1 and p = 2. Observe that Blz"lc(ﬂ) is the space of the func-
tions locally in £3(Q)), that is, £ (Q)).

The following results are useful to pass results involving spaces Bif/,’i (Q)
to statements in a classical form. See [33, II, Theorem 10.1.25 and Theorem
11.1.8].

Theorem 2.1.4. Let j € INg be given. The space Bif,ﬁ(ﬂ) is included in the space
Ci(Q) of all functions j times differentiable with continuous derivatives if, and
only if,

1+ ey

k(&)

Definition 2.1.5. A polynomial P is called hypoelliptic if the associated
differential operator P(D) has the following regularity property: if u €
D(Q)' verifies that P(D)u € C*(Q) then u € C®(Q)).

A complete study of this class of polynomials is given in the Chapter XI
of [33, II]. The following property is useful: a polynomial P is hypoelliptic
if and only if there exist positive constants ¢, C > 0 such that

|P(“)(€)‘ —|a|c
rol = ¢
if & € RN and |¢| is large enough. We refer this condition as Condition IIb
of [33, II, Theorem 11.1.3].
From now on, we will suppose that the hypoelliptic polynomials in
our results are non constant. Otherwise, the results will be trivial.

/ 1 1
€ LV, where — + — = 1.
p p

Theorem 2.1.6. Let P be a hypoelliptic polynomial and let u € D(Q)’ be given.
IfP(D)u € Byi(Q), then u € B;“%k(ﬂ).

Proposition 2.1.7. Let P be a hypoelliptic polynomial. Then, B;"%/.(Q) =
jeNog ™
C®(Q)) as Fréchet spaces.

Proof. Note that N B;O%j (Q)) is a Fréchet space. In order to prove
jeNo "

N B;‘%(Q) C C*®(Q)) we use Theorem 2.1.4. Let us denote

jeENg ™

NI=

P'(g) = (Z !P<“>(€>\2>

a£0
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It follows from condition IIb of [33, II, Theorem 11.1.3] that there are ¢, C >
0 positive constants such that for all & € RV,

¢ . ~P@©)
(-+1e) < O

Note that P, P’ > 0. In fact, in virtue of Taylor’s Theorem we have P (&o) =
0 for some & € RN (respect. P'(&y) = 0 for some & € RY) if and only if
P = 0 (respect. P is constant). Then for all j € Ny,

1 ; 1
- < 0 =—— -
PEy — PEyQa+I[ghe
As a consequence, given m € INj there is j € INg such that
m
axleph” ‘5'.> et
P(¢)

Therefore, given m € INj there is j € INp such that

I
Bpol%j(ﬂ) C C"(Q)).
To conclude, we apply the Closed Graph Theorem. O

Let P be a polynomial and let () be an open subset of RN. Consider the
space

Lp(Q) = {f € Li,(Q) : ¥j € No, P(D)f € Lj,.()}.
Denote |||f|||; := sup ||[P¥(D)f|1,. and endow Lp(Q) with the fun-
0<k<j

damental system of seminorms {||| - |||r;}rccqjen,- Then Lp(Q) is a
Fréchet space. In fact, let { f, } be a Cauchy sequence in Lp(Q2). Then, for
each j € Ny, there is gj € L], (Q) such that {P/(D)f,} converges to g; in
L} .(Q). Since P(D) is continuous on D’'(Q) it follows that g; = P/(D)go.

Hence, go € Lp(Q)) and { f, } converges to go in Lp(Q).

Lemma 2.1.8. If P is hypoelliptic, then Lp(Q)) = C*(Q)) as Fréchet spaces. As
a consequence, for each m € INg and for each K compact subset in () there are a

constant C > 0, a natural number j € o and a compact subset L in () such
that for all f € C*(Q)),

sup sup |f*)(x)| < C sup ||P(D)f]s.. 1)

|a|<m x€K 0<k<j
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Proof. Let f € Lp(Q) be given and fix j € Ny. Note that the Fourier
Transform of a function in £! in bounded. Then P(D)if € L} (Q) C

loc

B, (Q) and in view of Theorem 2.1.6 we have f € Bgfﬁj(ﬂ). Hence, by

Proposition 2.1.7, f € N Bfgcﬁj(ﬂ) = C*(Q). Using the Closed Graph
JE€No !
Theorem it follows the inclusion Lp(Q)) <— C*®(Q) is continuous. O

Corollary 2.1.9. Suppose P hypoelliptic. On Ep,.(Q)) we can replace the semi-
norms

I fllxx = sup [|[P/(D)fl|2,x exp <_A¢*(;)> )
j€No

by the seminorms

)>/ p>1,

=

LA, = sup [P/(D)fl,x exp (—m
jENo

and also by the seminorms

117 = sup sup [PI(D)f )] exp ~29°()).
jeINp x€K
Proof. Fix 1 < p < oo. We will prove that the fundamental systems of
seminorms given by || - Hf( ) is equivalent to the system of seminorms given
by [[-[I% 1
In view of the previous Lemma, for each K compact subset in () there

are a constant C > 0, a natural number j € INg and L compact subset in (2
such that for all f € C*(Q)),

sup|f(x)| < C sup [[P*(D)f]1..

xekK 0<k<j
Fix | € Np. Applying this inequality to the function P!(D)f we have

sup |P/(D)f(x)| < C sup [[P*"'(D)f]11,

xeK 0<k<j

forall ] € Ny and for all f € C*(Q)). Now, proceeding as in Lemma 1.0.10
we conclude that for each compact subset K in ( and A > 0 there are L
compact subset and a positive constant C' > 0 depending on K and A such
that || f[|R, < C’HinH in view of Lemma 1.0.4. Moreover, the Holder’s
inequality guarantees that || f H}< A< f H1p< ) for some positive constants
c">o.
Obviously, ||f||1p</\ < C"[|f|IX, for some positive constant C"" > 0
holds.
O
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Assume that P is hypoelliptic. Inspired by Lemma 2.1.8 and Corollary
2.1.9 we study the nuclearity of the spaces £p () (Q2) and Ep 1, (Q).

Definition 2.1.10. A locally convex space E is said to be nuclear, if for each
absolutely convex zero neighborhood U in E there exists an absolutely
convex zero neighborhood V and a measure u on the polar ¢*-compact
V°, so that

Ixllu < [ 1v(x)ldn(y), forall x € E.

A projective limit of nuclear spaces is nuclear. The nuclearity is also
an hereditary property under countable inductive limits. In order to see
that an inductive limit ind,, X, is nuclear it is enough to prove that for all
n there exists m > n such that the inclusion X,, — X, is a nuclear map.
The composition of two absolutely summing maps is nuclear. Hence in
order to prove that an inductive limit is ind, X, nuclear it is enough to
prove that for all n there exists m > n such that the inclusion X, — X,, is
absolutely summing.

Let E and F be Banach spaces. Denote by B the unit ball of E. Re-
call that a sufficient condition in order that a linear map T : E — F be
absolutely summing is that there is a positive measure y on By such that

ITx| < /B y(x)|du(y), forall x € E.
E

See the Chapter 28 of [54] and the books [34] and [41, II] for more details.

Theorem 2.1.11. Suppose P is hypoelliptic. Then, the spaces Ep .,y (Q) and
Ep () (Q) are nuclear.

Proof. Beurling case:

First, observe that Lemma 1.0.3 allows replace the seminorms
£l = sup [P1D)penp (<29°(])), 1< p<e,
jENU
by the seminorms
L IP0)f e (~2¢°()).
J€No

In fact, this Lemma and the condition («) of weight function give a natural
number L and yo > 0 such that

S

¢*(y) —y > Le" (%) — L for each y > yp.
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Takey = % For j large enough, the last inequality implies

oxp (~19°(})) < ewp (Lo (N exp (~La9"()) . (2
Thus, fixed K CC Y and A > 0 there is a constant C > 0 such that for all

f € Epw)(Q)
AL, < ¥ ||Pf<D>f||p,Kexp( rg? <]>) < ClfIl i

j€No

We consider &p (., (Q2) endowed with the seminorms

L [IPO) e (<ag"(]))

Fix A > 0 and K compact subset. By the inequality (2.2) we have

L [ PO ldrexe (<297 (h)) <

JISAN

C Y [ IPD)fldrexp (~Lag () exp (-

j€No

for some positive constant C > 0. Define

A]' K — (gP,(w)(Q>//U(gP,(w)(Q),r gP,(w)(Q))>

such that

B,(3)1f) = PUDIf ) exp (~LAg" () )

Then,
18; ()] < I FIR LA

Hence, Aj(x) € Ep(w ( ) and then A; is a well defined and continuous
map. Moreover A; ( ) V° where V is the absolutely convex zero neigh-
borhood defined by

= {f € &) (Q) such that | g, < 1}

Now, consider the following map

ui:C(V°) = R, ui(g) := C/ )) exp (—j)dx.
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Denote m(K) the Lebesgue measure of the compact K. If ¢ : V° — Risa
continuous function on V°, it is clear that

1j(g)| < Cexp (—j)m(K) sup [g(f)]-
feve

This fact implies that u j is a continuous linear map which is positive, i.e,
#ij(g) > 0 whenever ¢ > 0. So, y; defines a measure on (V°,c*). We
consider now
=)
jeNp
which is a measure on (V°,0*). Then,

L [ IPO)eldxes (<1g(])) <

GEQO
i( j i
C E/|P ]dxexp( LAg* (L/\) exp (—j) <
]GEQQ
<C)_ / |A;(x)[f]ldxexp (— 2/ ldu;(y)
j€Np JE€Np

= / Fldp(y

and the nuclearity in the Beurling case follows.

Roumieu case:

To see that
Ep () () := proj ind €, (K)
Kcco >0
is nuclear it is enough to see that
1
ind £5,,(K)

n

is nuclear for each compact subset K. We will see that the map
1
£8,(K) = &5, (K)

is absolutely summing. £} i - (K) and & IE »(K) are Banach spaces endowed
with the norms || - [|? 1 and || - I¥ 1, respectively. Note that the inequality
’Ln ‘n

(2.2) applied to A = - gives, for j large enough,

oxp (9" (Ln) < e (exp (<) esp (— 9 (n) . (23
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Then, for some constant C > 0, we have
AR . < Tien IPI(D) fl|px exp (— 1 ¢* (Lnj))

< Cexp () Eien IP/(D) fllp,x exp (—5¢* (nf)) exp ().

Define

such that

8i3)1) = PO (yexp (=197 (1)

1
Denote by U the unit ball of £ ,(K). Proceeding as in the Beurling case
we can define a measure on U° such that

171 < [, w(Hldu).

2.2. The completeness of £p, ()

In order to extend the results by Newberger-Zielezny [57] we need to
apply the Closed Graph Theorem and the Grothendieck’s Factorization
Theorem. So, it is important to know whether the spaces Ep . ((2) are com-
plete or not. In this section we show that the spaces £p . (Q)) are not neces-
sarily complete spaces. In fact, completeness is characterized in terms of
the hypoellipticity of the polynomial P. Moreover, in case completeness
fails, a finer topology on Ep . (Q) is introduced so that the space becomes
complete. This topology will be considered in Theorem 3.1.2. In spite of
the importance of the completeness when dealing with functional analytic
tools, as far as we know this is the first time that the completeness of these
spaces is discussed.

We start with an example:

Example 2.2.1. The space Ep,(w)(le) is not complete for the polynomial
P(x,y) = x.
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Proof. Let {pm}men be a regularizing sequence on the real line and take a
function g(y) € C(R) \ C*(R). We define f,(x,y) := (om *g)(y), m € N,
a sequence of functions in IR?. It is well known that f,, € C*(R?) and, for
K, = [-n,n]?

0
) = Ful5,9) o, exp (=m0 ()

= (21)2[|(om * ) (¥) 1o, [ u < +00.

Therefore, {fu }men is a sequence in &p (,,) (R?). Moreover, since for each
n € IN we have,

Gk (fmn = fi) < 2n P |(om + &) (y) — (o1 * 8) (W),
—n,n
and {pm * ¢ }men converges uniformly to ¢ on the compact subsets of the
real line, it is clear that { f,, } men is a Cauchy sequence in £p () (R?). How-
ever, { f } men is not convergent. Otherwise, let f denote the correspond-
ing limit. Then { f,(x, y) }men converges to f(x,y) forall (x,y) € R?, from
where it follows that f(x,y) = g(y). This is a contradiction because g is not
a C* function. O

The previous example shows that in order to have completeness for
the space &p () (Q2) it is necessary to obtain C*(Q) functions from Cauchy
sequences in &p () (). According to [33, II, 11.1.5], if the solutions of
P(D)u=0,u€ B;O,,C((Q), are all in C*(Q)) then P(D) has to be hypoellip-
tic. Therefore, if P(D) is not hypoelliptic we can find u € Bé"f{(ﬂ) \ C*(Q)
such that P(D)u = 0. A suitable election of p and k (see Theorem 2.1.4 and
Proposition 2.1.7) allows us to assume that this u belonging to the kernel of
P(D) is a continuous function or even, a C"-function. As a consequence,
we need the hypoellipticity of P in order that £p . (Q2) becomes complete.

Proposition 2.2.2. Let () be an open subset of RN. If the space Ep . (Q) is
complete, then P is hypoelliptic.

Proof. Proceeding by contradiction we assume that P is not hypoelliptic.
We first analyze the case that Q = RRY. Since P is not hypoelliptic, there
exists a continuous function

u € C(RN)\ C*(RY) such that P(D)u = 0.

Beurling case. We take a regularizing sequence {p,, } with suppp, = B(0, %)
and we show that {u * p,,} is a Cauchy sequence in &p (. (RN) which is
not convergent.
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It is clear that u * p, € C®(RYN) for all n € IN. Moreover, P(D)(u *
pn) = P(D)uxp, = 0. As a consequence, P/(D)(u x p,) = 0ifj # 0.
Therefore,

[+ oallkn < (m(K))2 sup [u pn(x)| < +oo,
xeK

forall K CC RN and forall A > 0,i.e, u*p, € Ep (w) (RN) for each n € IN.
In a similar way,

i pu =10 prllka < (m(K))sup fu (o = 1) ()|
xe

which implies that {u % p,} is a Cauchy sequence in Ep () (RN). If {u *
pn} converges to f € Ep () (RY), then {u * p,} converges to f uniformly
on the compact sets, hence f = u. This is a contradiction since u is not
infinitely differentiable.

Roumieu case. The sequence {u * p, } constructed in the Beurling case is a
Cauchy sequence in £p 1} (RY) since the inclusion map

Ep () (RN) = Ep 1) (RY)

is continuous. We see that {u o, } does not have limit in £p ¢,y (RN). We
recall that
L% (RN) = proj {f mesurable: |f|lox < o} .
pi

KCCRN

Then, the inclusion map

Ep fo} (RY) — L7, (RY)

loc

is continuous. If {u * p, } converges to f in Ep (. (RN), then {u * p,, } con-
verges to f in L2 (RN). However, for each K cC RN

loc

|t pn — ullax < (m(K))% sup |u * py(x) —u(x)| - 0asn — +oo.
xeK

Then f = u, which is a contradiction since u is not C*.
In the case that Q) is an arbitrary open subset of RY, we can assume (after
a suitable translation if necessary) that

Ju e C(Q+B(0,1)) \ C*(Q) such that P(D)u = 0.

Then the convolutions u * p,, are defined on () and we can proceed as
above. O
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In order to prove the converse of Proposition 2.2.2, we introduce the
following spaces. Let w be a weight function. Given a polynomial P, an
open set Q) of RN, a compact subset K CC Q) and A > 0, define

ria(F) = sup [PHD) flucexp (~2o" ()

J€No

and

L3, (K) :={f € L'(K): PI(D)f € L'(K) Vj € No, r(f) < +oo}.
Beurling case:

Lp)(Q) ={f € L},.,(Q) : fe Lp,(K)foreach K cC Qand A > 0}.

loc

If {Ky}nen is a compact exhaustion of () this space is endowed with the
topology given by

L) () = proj proj L, (Ku) = proj L, (Kn).
nelN kelN nelN

This metrizable locally convex topology is defined by the fundamental
system of seminorms {7k, »(-)},cpn- Using standard arguments it follows
that Lp () (Q) is a Fréchet space.

Theorem 2.2.3. Let Q) be an open subset of RN. For a weight function w and
a polynomial P, Lp (., (Q) is a Fréchet space if it is endowed with the topology
defined above.

Proof. Let { fy }xew be a Cauchy sequence in Lp () (Q2). We fix n € IN and
¢ > 0, then 3]y € N such that

S ~.

IPI(D)(fi — f) 1.5, exp <_n¢*< >) ceifk >l (24)

for all j € INo.

On the other hand, for each j € Ny there exist (1) and hj € £!'(K,) such
that P/(D)f,, converges to hj a.e and ||[P/(D)(f;) — hj|l1k, exp (—nq)*(%))
converges to 0 if | — +o0. Since P(D) is continuous on D(Q2)" we have

hi = Pi(D)f € LY(K,).
In (2.4) we take I = Iy, k — +o0 and we have
)) <e.

S [~

IPI(D)(fiy — F)llik, exp (—w*(
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In particular, for all j € IN,

|PI(D)F |11k, exp (—ngo*( >> < et Ifiollw

S [~

which shows that

ran”(f) <e+ rKnrn (fl(]) < 00

and f € Lp,)(Q). Moreover, from (2.4) proceeding as above we obtain
rk,n(fx — f) — 0as k — co and the proof is finished. O

Roumieu case:
Lp o (Q) ={f € £, .(Q) : VK CC Q3N > 0suchthat f € L}, (K)}.

This space is endowed with the following locally convex topology:

Lp10)(Q) = proj ind £}, (K).
Kccq A>0

Proposition 2.2.4. The space of Roumieu type Lp (., (Q) is complete.

Proof. We fix a compact subset K of (). If suffices to prove that the count-
able inductive limit of Banach spaces

X = ind £}, (K)
nelN

is complete. According to a Theorem of Mujica [56] (see also [58, Corollary
8.5.22 (ii)]), we only need to check that there is a Hausdorff locally convex
topology s on X such that the unit ball of each L}, ,(K) is compact in (X, s).
To do this it is enough to apply the Banach-Alaoglu Theorem (see [54,
Theorem 23.5]): consider E := HjeNo(El (Ky), tn), where t, denotes the
weak topology, and define s as the topology induced on X by the injective
map

X —E, f— {P/(D)f}jen,-
0

Theorem 2.2.5. The space Ep .. (Q) is complete if and only if P is a hypoelliptic
polynomial.
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Proof. Let us assume that P is hypoelliptic. In order to show that £p . (Q2) is
complete it suffices to prove that the spaces £p . (Q) and Lp . (Q) coincide
algebraically and topologically. Fix )’ a relatively compact open subset
in Q). Let f € Lp.(QY) be given. Since P(D)/f € L] ((Y) C B, (QY), in

view of Theorem 2.1.6 we have f € Bi‘;cﬁj (€Y). Hence, by Proposition 2.1.7,
fe je@\l O Bigfﬁj(ﬂ/ ) = C*(Y). Denote by (K;); a fundamental sequence of

compact sets in () such that each K; is contained in the interior of Kj 1. Our
argument above shows that the restriction maps £}  (Kj.1) into £ I)D\,w (K;)
continuously, from where the conclusion follows. O

In order to construct a complete finer locally convex topology on Ep .. (())
in the general case, we fix a compact exhaustion {K,} of Q) and we con-
sider the following system of seminorms on &p (., (Q2) :

U nen U {Pn}neﬂ\l

where

1l = 1l = sup [P(D) 2, exp (—nqo*( '>) ,

jENQ

S [~

and {p, }nen is a fundamental system of seminorms of £(Q}), i.e,

p(f) := sup sup [f¥(x)].

|¢X|§1’l xeK,

Then, {max(|| - |[n, pn) }nen is a fundamental system of seminorms of a
locally convex topology T(e) e On Ep () (). The proof of the following
result is standard. One can adapt the proof of Theorem 2.2.3.

Proposition 2.2.6. Let Q) be an open subset of RN. For a weight function w and
a polynomial P, the space (Ep () (Q), T(w),c0) 18 @ Fréchet space.

Proof. Let { fy }xe be a Cauchy sequencein Ep () (Q2). In particular, { fi }ren
is a Cauchy sequence in £((Q2), which is complete. Hence there exists
f € £(Q)) such that for each n € N, p,(fy — f) — 0ask — +oo. Now,
we see that { fy }ren — f in Ep () (). We only need to prove that for each
n €N,

Iflln < 40

and
lfk = flln — 0as k — +oo.
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We fix n € N and ¢ > 0, then

Jlp € N such that [|P/(D)(f; — fi)ll2.x, exp (—mp*(] )) <eifk,1 > 1,

n
2.5)
for all j € INo.
On the other hand, for each j € Ny there exist (1) and hj € £*(K,) such

that P/(D)f,, converges to hj a.e and ||P/(D)(f;) — hj|2x, exp (—nq)*(%))
converges to 0 if I — 4o0. Since P(D) is continuous in £(Q)) we have
hj = PI(D)f.

In (2.5) we take I = Iy, k — +o0 and we have

IPI(D)(fiy — )llak, exp (—mp*(i)) <e

In particular, for all j € IN,

|PI(D)F 1o, exp (—nq)*(] >) < e+ [lfilln

n
which shows that
1flln < e+ M filln < 40
and f € &p ) (Q). Moreover, from (2.5) proceeding as above we obtain
Il fx — fll» — 0ask — oo and the proof is finished. O
In the Roumieu case, we consider the following topology: for n € IN

1
and K CC Q, we endow &  (K) with the fundamental system of semi-
norms

{max(|| - HK,%I Pm) fmeN-

It is easy to see that Eélw(K) is a Fréchet space. The topology T} on
Ep () (Q) is defined by

1
(gP,{w}<Q)IT{w},oo) = ILO] ﬂ)gﬁ,w(K)
KccaneN

l . . . . . .
The space ind £ b (K) is an (LF)-space, i.e, a countable inductive limit of

nelN
Fréchet spaces.

Proposition 2.2.7. Let Q) be an open subset of RN. For a weight function w and
a polynomial P, the space (Ep 1.} (Q), T}, ) i complete.

The proof requires the following result for (LF)-spaces.
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Definition 2.2.8. Let X = &1} X, be an (LF)-space. X is called boundedly

nelN
stable if on each set which is bounded in some X, all but finitely many of

the step topologies coincide.

Next theorem, due to Wengenroth, follows from Theorem 6.4 (page
112) and Corollary 6.4 (page 113) of [64]:

Theorem 2.2.9. Let X = ind X, be an (LF)-space and {I - llnm}men a fun-

nelN
damental system of seminorms of X,. If X is boundedly stable and satisfies the

condition (P3*), i.e,
Vndl>nVm>1IAN e NVM e INJKeIN,S >0Vx € X,

[l < SClllmx + 1x1[,n),

then X is complete.

Proof of Proposition 2.2.7: It is enough to show that for each K CC (),
1 . 1
the space X = i&i}gl’;/w(K) is complete. We denote X, = & ,(K) and

nelN
{Il - lamtmen = {max(]| - |1, pm)}men. To see that X is complete, we
show that X verifies the hyponthesis of Theorem 2.2.9, i.e, X is boundedly
stable and satisfies the condition (P3*). We apply Lemma 1.0.3 and the
condition («) of weight function to get a natural number L and yo > 0

such that

' (y)—y = Lq)*(%) — L for each y > yp.

Takey = % The last inequality implies
exp (—Ao* (%)

exp <—AL(p*(%)>

To see that X is boundedly stable it suffices to prove that any bounded set
Bin X, is relatively compact in X,,;.. Since £(Q2) is a Montel space, we only

need to show that if { f; }xen is @ bounded sequence in X, and converges
to 0in £(Q)), then

< exp (LA — jm) — 0if j — +oo0. (2.6)

{fk}ken converges to 0in X,,p, i.e, || fillg 1 —0si k — +oo.
n

Since { fi }xen is @ bounded sequence in X,,, there exists a constant C > 0
such that for all k € IN, || f| k1 < C.Letn >0, in view of (2.6) there exists
jo € INp such that

PO} lsexp (o' (L)) <
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; 1 o
<1 (_8135 1P (D) (fi)ll2x exp <—n¢ (m))> <1 Cifj > jo.
1€lNp

Therefore,
I fellg 1+ < max (17C, ”Pi(D)(fk>HZ,Ke*L%,q)*(iLn)) _
7 Ln 1:0,1,.._,]0

Since { fx }kew converges to 0in £(Q2) we have kaHK%n < yC if k is large enough.
The property (P3*) is satisfied. Indeed, take = n, N = 1, K = M and
S =1, then

VnVm>nVM e N Vx € X,

1 llnm < Nlxllm,1 4 (1],

since

el s < llxllng < llllmas + [l

[l m = max([lxl 1, pm(x)) =
’ o pm(x) < [l < 15 mna + 1% (1

To summarize we give the following corollary.
Corollary 2.2.10. The following statements are equivalent:
1. P is hypoelliptic.

2. The topology T(w)e 01 Ep () (Q) (respec. Ty}, 01 Ep (o} (Q)) consid-
ered in Proposition 2.2.6 (respect in Proposition 2.2.7) coincides with the
natural topology of Ep .,y (Q) (respec. on Ep 1 (Q)).

3. The inclusion Ep . (Q) — E(Q) is continuous.
4. Ep(Q) is complet.
Proof. 1 =2

Beurling case:
Since P is hypoelliptic, Theorem 2.2.5 implies the completeness of £p (., (Q2)
with its natural topology. It is clear that the identity map

1+ (Ep ) (Q), max((| -l pn)) — (Epy (@) I+ )

is continuous and by the Open Mapping Theorem (see [54, Theorem 24.30])
it is a topological homeomorphism.
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Roumieu case: .
The normed space & ,(K) is closed in the Fréchet space &p,)(Q)

1
and hence, £ (K) is a Banach space endowed with the || - || 1-topology.
Again by the Open Mapping Theorem, this topology is the same that
the topology given by the fundamental system of seminorms {max(|| -

HK,%z Pm) }meN-

2 = 3 Obvious.
3=14

Since Ep () () = Ep (0} (Q) is continuous, the inclusion map
Ep () (Q) = £(Q)
is continuous. Hence

15 (€0 Q) - 1) — (€ 0y (@) max([- 1, p)

is also continuous. Therefore, any Cauchy sequence { fi }xen in
(Epl(w)(ﬂ), Il - ||n>,is also a Cauchy sequence in <5p,(w)(()),max(|| N, pn)> ,
which is complete by Theorem 2.2.6. The conclusion in the Beurling case

easily follows. As a consequence, (Theorem 2.2.5) P is hypoelliptic and
Ep () (Q) is also complete.

4 = 1 This is the content of Theorem 2.2.5.

2.3. A Paley-Wiener type theorem and its consequences

Let w be a weight function and m > 1, it is easy to prove that o(t) :=
w(tn) is also a weight function. Moreover, ¢} (x) = @7, (mx).

Suppose P is a hypoelliptic polynomial of order m. Our aim is to es-
tablish a Paley-Wiener type theorem for the generalized non quasi analytic
class EP,* () (Q)). In order to guarantee the existence of test functions in

this space we show that the class of ultradifferentiable functions &, (Q) is
always contained in £, (th) (Q)) where m is the degree of P. As a conse-

quence, D, (Q)) is a subset of SP/*(t%) (Q).

In Theorem 2.3.15 we prove that the test space of £, Q) is nuclear

i)
and in Proposition 2.3.16 we give a sufficient condition to guarantee that
these spaces of test functions are an algebra.
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Theorem 2.3.1. Let Q C RN be an open subset. For a weight function w and
a polynomial P with degree m, the inclusion &, ;)(Q) C SP L) (Q)) holds and
the inclusion map is continuous. ,

Notation. £,;)(Q)) C &, *(t%)(ﬂ) means that both inclusions £,,) () C
5p,(g)(Q> and g{w}(Q) g 513,{(7} (Q) hold.

We need the following technical lemma.

Lemma 2.3.2. Given a constant C > 1 and a weight function w, there exist two
constants A and B (depending on C and w) such that for all j € N and A > 0,

: v/ ] A A B,
j Iy < il Lot (2D ).
Cexp (M) (A>) < exp(Ag) exp (qu (ﬂ))
Proof. From de definition of Young conjugate we get

exp (Ago*(/]\)> = sups/ exp (—Aw(s)). (2.7)

s>1

Choose I € N such that 2! > C. By condition (), there exist A and B such
that

W(t) = w(CL) < w@'L) < A+ Bw(L

c c all (2.8)

Then,

, 1) 27) , , £\ (28)
Clexp | Ap (X) =" sup(sC) exp (—Aw(s)) = sup ¥ exp —/\w(E) <

s>1 t>C

(2.8) , ‘
< supt/exp (/\(12 - w]gt))> = exp (/\g) sup t exp <—A;a)(t)> 27

£>1 t>1
(2.7) A A . B.
= &xp (/\B) exp (B(P (/\])) :

Proof of Theorem 2.3.1: We set P(z) = Y a,z*, P(D) = Y. a,D"and

|| <m || <m
M := max{|a,| : |a|] < m}. Choose F large enough such that for each
j € N, M/(mj)N < Fi and take the constants A and B of Lema 2.3.2 such

that for each j € N,

O]

Flexp <Mo*(i)> <exp <Ag) exp (;go*(ij)) : (2.9)
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To see g(w(t))(Q) - gP (w(t%))(ﬂ)’ take f € g(w(t))(ﬂ) and we fix K CC
0, A > 0and j > 1. We observe that the polynomial of the operator P/(D)
is P/ = P_--- P and its degree is mj. Moreover, there exists C > 0 such

]
that for each & € ]Né\’ ,

179 < Cexp (BAg"(5)). @10

We can choose C = pg ga(f). Hence,

IPD)flac < Mipean(s) X exp (BAg"([2]))

[y|<mj

< par ()M (m)N exp (BA* (3))

< pr.sr(f)F exp (B/\GD*(%))

(29) '
< pen (P exp(ra)exp (Mg (1)

Therefore,

. . mi

PO fllaxcexp (-29°(%)) < pem(exp(ad). @1

This proves g(w(t))<Q) - gP,(w(t%))
ous. This settles the Beurling case.
In the Roumieu case, let f € &) (Q) be given. For each K CC

Q) there exists A > 0 such that f € Sg(t)(K). Proceeding as above f €

A

&k (K) c €&,

Pw(ti)
the inclusion

(Q)) and that this inclusion is continu-

fw(th )}(Q). Now, from (2.11) we get the continuity of

A 5
gw(t) (K) — &

P(tn)

(K)
and the theorem follows. [J

Proposition 2.3.3. £, (Q)) is a dense subspace of £ , O).

(i)
Proof. First, we suppose () = RY.
Beurling case. Applying Lema 1.0.3 there exist L > 1 and yo > 0 such

that

o (y)—y = Lgo*(%) — L for each y > yp.
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Takey = % The last inequality implies
exp (—Ae* (%))
exp (—/\L(p*(%))

Using Theorem 2.3.1

< exp (LA — jm) — 0if j — +oo. (2.12)

D) (RY) = &y (RN) — 5pl(w(t%))(1RN)-
Let f € Epy)(IRN) be given. Proceeding as in [22, Lema 3.8] we take
a regularizing sequence {p,}uen in D, (RN) and prove that f x p, €
S(W)(]RN ). To get this aim we fix a compact subset K of RN and A > 0,

then
* |0“ (04) * |“|

sup (| (f*pa) ™| exp <—M) ( = sup ||fxpu”|| exp(—Ag™ ()] =
weNy 2K A xeNY H ‘2'K A

_ @ (0 o ()Y <

= su fC=ylon (dy| exp(—Ag™ (=] ) <

acNY 11/SUPPpx 2K
ar:
< sup sup ol (y)|exp (—M’ (‘A’» Lo IfC-ylay| <o
xeN) yESUPPpx Suppen 2,K

Now, it is enough to show that for each compact subset K of RN, A >0
andp € N
Hf_f*PnHK,A — 0ifn — oo.

Given 17 > 0, using (2.12) and (2.11) there exists jo € INg such that

mj

IPD)S = f ) lascexp (~29" (3 ) <

; N mi g_)‘(P*(%j)
< (sup [PD)(f = fpn)laxexp (~Lag (1)) | S <

ieNy e~ LAe*(17)

< exp (AAL) (|| fllx Lr + prLa(f *n)) — <nifj>jo.

e_L/\(P*(zl)

As a consequence,

mi

If = £ *pallia < _max (i, IP'(D)(f = £ * pu)laxe 4.
i=0,1,..., jo

Hence
If = f * pullka < 1 if n is large enough.



2.3 A Paley-Wiener type theorem and its consequences 33

Roumieu case. Let f € Epl{w(t%)}(]RN). We take {0, }nen € Dy (RN)
as above and fix a compact subset K of RN. Since f € £, folh )}(]RN ),
there exists A > 0 such that f ¢ EQ,W(K). Proceeding as above f * p, €
51§,W(K) and f * p,, converges to f in ’51? »(K). As a consequence, f * p,, con-

vergesto fin €, 3 (RN).

{w(n
To finish, we suppose that () is an arbitrary open subset of RN. We fix
a compact subset K and A > 0 and we choose a compact subset L such that

KcLcLcQ Let f € Ep(w(t%))(ﬂ) be given. We define f = fon L

and f = 0in other case. Then f € DZ ) (RY) and according to Proposition
1.0.12 p;, * fis an ultradifferentiable function which coincides with f * p,
on K if n is large enough. Then, given ¢ > 0 there exists ny such that
Ilf — Pno * fllka < € From this the conclusion follows. O

As a consequence of the former results we get:

1. D.(Q) is a dense subset of £, Q).

(t%)(

2. The functions in £ b Q) with compact support are a dense sub-

Q).

(t%)(

set of SP/*(t%)(

Let K be a convex compact subset of RN. Recall that the supporting
function of K is the function Hg : RN — R given by Hk(x) := sup x - v.
yeK

Lemma 2.3.4. Let w a weight function, P a polynomial and f € C®(RN). The
following statements hold:

1. If there is A > 0 satisfying

Cim ( o P ew <Aw<|P<c>r>>dc)% <o,

then

. A2 C
(s)sup |PHD)f laawenp (<59 ) < — S
jENO 2

>~
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2. Let K be a compact convex subset of RN and denote by m(K) the Lebesgue
measure of K. If (*) holds and f has compact support contained in K, there
is a constant D > 0 (depending on A and w) such that for all z € CN the

following inequality holds

CD

()%

F@) <m0t =2 exp (He(ima) - (P )

Proof. (1) By Plancherel’s Theorem,

IPI(D) o = — = IP@F@ v <
2}
C ; A
< ~ sup |P(&)/exp | —=w(|P <
< Gt P IP@ e (~5eP@D)

C A
< ~ sup exp|jln|P — —w(|P <
< Gy 2P o (1 1P@)] - JellP@))

(2) Applying Holder inequality,

—

IPD)F(=)| < [ IPI(D)F() exp(—itz)dt < 2.13)

. : A el 1
|f(z)] < m(K) 0¥ exp(Hg(Imz)) exp <2(p (g)> P

Now, we use condition y of weight function in order to find ¢y such that

In(to)

< jw(t) + —5—Vt>0.
2

N =
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Observe that

supjen, I IP(2)| - 497 (1) =§am(fiHnW&ﬂ—w<>>—mwun

j€No 2

N
N[> [~

> 2 sup (xIn|P(z)] — ¢* (x)) ~In|P(2)

x>0

B N> N> >

(97" (In|P(z)|) = In[P(z)]

(¢(In[P(2)])) —In[P(z)]

w(|P(2)[) = In[P(z)]

v

w(|P(2)]) — Into.

Taking the infimum

~ exp(Hi(Imz)oexp(~7w(PE)). 214

(27
In case that |P(z)| < 1, the inequality (2.14) is also true. To show that,
recall that w(|P(z)|) = 0 and ¢*(0) = 0 and take j = 0 in (2.13). O

Given K CC Q) a compact subset and A > 0, recall that

||fHK,A = sup ||P](D)fH2,K exp (—A@*(j\)) .
j€No

We use the following notation:

Dp,(K) = {f € C*(RY): suppf C Kand ||fl|x < oo}

and

Dp () (K) = proj Dp . (K),
A>0

Dp, ) (K) = ind Dp o (K).

Definition 2.3.5. Let () be an open subset of RN and let w be a weight
function. We define the test spaces of ultradifferentiable functions with
respect to the iterates of the operator P as:

Dp()(Q)) = Kglgolzi%l Dp,,(K)
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Dp,0}() = ind ind Dp,(K)

Given A > 0, consider the following seminorm

() = ([, IF@) P expaeo(lp(@) e g

Proposition 2.3.6. Suppose P hypoelliptic. Then, the fundamental systems of
seminorms {|| - ||k fas0 and {tr(+) }as0 0n Dp (., (K) are equivalent.

Proof. Using Lemma 2.3.4 (1) it is clear that

1 fllxa <

L 60(F), YA > Dand Vf € Dy ) (K).
(2m) =

In order to see the other inequality, take z = ¢ € RN in 2.3.4 (2). Then,
~ 1 A
F@)] < mK) DIl g exp (~5wP@D)

Then,

F@)Rexp (GP@D) < mEDAFIE s exp (~5eP@D)

Therefore,

() <m0y ( [ ew (~wlip@)) d@)% .

Now, we only have to check that exp (—4w(|P(&)|) is integrable. Let F >
0 a positive constant. The condition (y) of weight function guarantees

%w(‘p((j)\) > (F+1)In(|P(¢)])

=In(|P(2)[IP(5)")

if |¢| is large enough. Condition IIb of [33, Theorem 11.1.3] asserts that
there exist D, d > 0 such that

|P(&)| > DI|¢|" if || is large enough.
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Then, for a suitable F > 0 we have

Zw(P@)D) > In(P@)][PE)])

> In(|P(¢)|DF[¢|*F)
>In(1+ ().

if |¢| is large enough. As a consequence, there is a constant C > 0 such

that exp <—2w(!P(C)|> < which is integrable. O

(L+[GP)Y
Remark 2.3.7. Since P is hypoelliptic, according to condition IIb of [33,

Theorem 11.1.3], we have P ~ P if |&| is large enough. So, we can replace
Pby Pint,(f),1ie,

neh= ([, rf@)rzexp(w(ﬁ(@))dgf .

The following Paley-Wiener type theorem in a classic version is proved
in [33, I,Theorem 7.3.1].

Theorem 2.3.8. [Paley-Wiener-Schwartz] Let K be a convex compact subset of
RN with supporting function Hy. If u is a distribution of order N with support
contained in K, then

|ii(z)] < C(1 + |z|)Nefxlmz) vz e CN,

Conversely, every entire function in CN satisfying the last inequality is the Fourier-
Laplace transform of a distribution with support contained in K.

If u is a C*-function with compact support contained in K there is for every N a
constant Cy such that

|ii(z)| < Cn(14 |z])~NetkUm2) vz e CN.

Conversely, every entire function in CN satisfying for every N the last inequal-
ity is the Fourier-Laplace transform of a C*-function with compact support con-
tained in K.

The next Paley-Wiener type theorem for £2 is shown in [59, Theorem
19.3] for one variable. A version for several variables is proved in [62,
Theorem 4.9]. Denote B4 := {x € RN: |z| < A}.
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Theorem 2.3.9. Suppose A and C are positive constants and F is an entire func-
tion in CN such that
|F(z)| < CeAFlyz e CN

and
/ IF(x)2dx < co.
]RN

Then, there is a function f € L?(B,) vanishing outside B4 such that
F(z) = | f(x)e ™dx.
Ba

With respect to generalized non quasi analytic classes, this Paley-Wiener
type theorem holds:

Theorem 2.3.10. Let P be a hypoelliptic polynomial and w a weight function.
Then, the Fourier-Laplace transform of a function in Dp () (RN) verifies

1f(z)| < Cetl?l vz e CN

for some constants C, A > 0 and moreover, for every A > 0, the estimate

1
~ 2
([ ) expaco(lp(x) i ) < o0
is fulfilled. Conversely, every entire function satisfying the above conditions is

the Fourier-Laplace transform of a function in Dp () (RN).

Proof. Let f € Dp ) (RY) be given and take A > 0 such that suppf C Ba.

By Theorem 2.3.8 there is a constant C > 0 such that |f(z)| < CeAll vz €
CN. Proposition 2.3.6 gives for each A > 0 the estimate

(/R f <X>|Zexp<Aw<|P<x>>\>dx)% <o

Conversely, suppose F is an entire function in CV verifying the above
estimates. In particular [y |[F(x)[?dx < co. Thus, Theorem 2.3.9 gives a
function f € £?(B4) with suppf C By such that F(z) = fBA f(x)e ¥ dx.
Note that for each A > 0,

</1RN |f(x)|2exp(/\w(]P(x))\)dx>% _

- (/. mx),2expmw(\p<x>>,)dx>% <.
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By Proposition 2.3.6, in order to show that f € Dp () (R") we check that
we can take f in C*(RV).
Fix A > 0 and write

f(x) g f(x)eZ (lP( )|)67%W(‘P(x)‘)

Proceeding as Lemma 2.3.4, we now that the function e™ 20(IPM)) s in L2,
therefore Holder inequality implies f € L! and by Inversion Formula (see
[59, Theorem 9.14])

£ = Gy [ F@ G ae

In order to see that the function

= [ F@eac

is in C it is enough to show that for each « € NY, the function &* f(&)e™*¢
is integrable. Observe

EONAQ < @]+ + [an)IFE)]
< (VNIE) M 7(@)
= VNl el Fg).

Now, condition IIb of [33, II, Theorem 11.1.3] gives two positive constants
C,d > 0 such that

|P(&)| > C|&|*if || is large enough.

In condition IIb we can assume C > 1. Then,

I,

In|g]1*l < In (C~ 7 |P(¢)] 7 )S In (|P(¢)])-

Condition () of weight function guarantees that

w([PE)]) o [« 4
m[P@E)] = d A

Finally, if || is large enough
2@ 1F(@)] < VN"ledwlP@D | F(&)] = VN | F(&) el PO e~ elP@)),

which is integrable by Holder inequality. Then,
(a) _ nary ixg
3W(x) = [ @ F@edz.

if || is large enough.
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Analogously, one can prove the Roumieu case:

Theorem 2.3.11. Let P be a hypoelliptic polynomial and w a weight function.
Then, the Fourier-Laplace transform of a function in Dp ¢,y (RN) verifies

1f(z)| < Cetl?l vz e CN

for some constants C, A > 0 and for some A > 0, the estimate

</]RN ’J?(x)IZeXP()\aJ(\P(x))\)dx>% <o

is fulfilled. Conversely, every entire function satisfying the above conditions is
the Fourier-Laplace transform of a function in Dp g,y (RN).

Our next aim is to prove that the test spaces

Drw)(Q) = ind, proj Dy, (K)

and

Dp 1} (Q?) = ind ind Dp,(K)

are nuclear whenever the polynomial P is hypoelliptic.

Given A > 0, we introduce the following seminorm

~

sa(f) = /]RN [f (&) exp(Aw([P(¢))])dE.

Given a compact subset K of () we define

D1 p,w)(K) ={f € C®(RN): suppf C Kand VA > 0,5, (f) < oo}.

Since f € L1, its Fourier transform is bounded. Then,
~1 N 1
B0 < 1713 (Ji [F@) expeo([P@)]E)

— 17113 (sa ()}

On the other hand, we write

~ ~

f(&)exp(Aw([P(E))]) = () exp(2Aw(|P(Z))]) exp(=Aw(|P(E))])-
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The Holder inequality and the fact that exp(—Aw(|P(¢))]) is in £ imply
the continuous inclusion

(DP,(LU)(K)It/\> — (DI,P,(w)(K)/S/\)~

The inequalities above shows that the identity

(Dl,P,(w) (K)15A> — (DP,((U)(K)/ t/\)

holds algebraically.

Proposition 2.3.12. Suppose P hypoelliptic. The identity map

(DP,(w)(K)/tA> — (DP,(W)(K)/SA>
is an homeomorphism.
Proof. The metrizable space (Dp,(w) (K), t A) is closed in the Fréchet space
Ep (w) (RN). Hence, (Dp,(w) (K), tA> is a Fréchet space.

The space (Dpl(w) (K),s A) is also complete. In fact, proceeding as in
Theorem 2.3.10, each f € Dp (., (K) can be written as

) (x) = oL /]RN EF(E)e™tde for all v € NY.

Moreover,

. 1 I
PO < e supe (= Aw(IP@D) +lalne]) [ F@IX "N

< (2:()1\’ exp (/\q)*(‘i’)) /]RN U?(g)|e)w(|P(g)|)dé

]

= Gy &P (A" (3 ).

As a consequence, the inclusion

(DP,(w)(K)/SA) — D(K)

is continuous. Let {f,} a Cauchy sequence in Dp () (K). There exists
fo € D(K) such that {f,} — fin D(K). Then, f — fyin S(RY). On
the other hand, for each A > 0, i} := f, exp (Aw(|P|)) defines a Cauchy
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sequence in £!. Then, we find hy, € L' such that i} — h, in £! and
moreover a subsequence hﬁk which converges to h) a.e in the pointwise

convergence. Then, iy = fyexp (Aw(|P])), fo € Dp () (K) and {f,} con-
verges to fj in (Dpr(w)(K),sA)

The conclusion follows by the Closed Graph Theorem. O

Definition 2.3.13. A polynomial P(§) = }j4 < @2C" of order m is called
elliptic if its principal part }_|,—, 42" # 0 whenever ¢ # 0.

Equivalently, P is elliptic if there is a positive constant C > 0 such that
I¢I™ < C(1+|P(¢)]). According to [33, II, Theorem 11.1.10], every elliptic
polynomial is hypoelliptic.

Remark 2.3.14. Recall that the seminorms of D, (K) are given by

[ @l exp(Ac(le]z.

If P is elliptic of order m, we have |P(¢)| ~ |¢|™. So, the seminorms of
D(,,)(K) are recovered by the seminomrs

sa(f) :/]RN F(&)l exp(Ae(|P(§))])dg,
if we take the weight o (t) = w (ti). In fact, we will prove in the next chap-
ter (Theorem 3.1.7) that the ellipticity of P implies EP () Q) = &1 (Q).
Theorem 2.3.15. Let Q) be an open subset of RN and K C C Q) a compact subset.
If P is a hypoelliptic polynomial, then the spaces Dp (,,)(Q2) and Dp 1,3 (Q) are
nuclear.

Proof. We fix a compact subset K CC Q) and prove that Dp () (K) is nu-
clear. Then, the space

is also nuclear.
We consider Dp () (K) endowed with the seminorms s,.
Fix A > 0 and define

8RN = (D) (K)',0(Dp ) (K)', D (K)) )

~

A= f(&) exp 2Aw([P(E)]))-
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Note that Lemma 2.3.4 (2) implies for all ¢ € RN, the inequality

|A(G)[f]] < Dtsa(f)

for some constant D > 0. Hence, A() € Dp,,)(K)’ and A is a continu-
ous well defined map. Moreover A(RN) C V° where V is the absolutely
convex zero neighborhood defined by

V.= {f € Dp,(,)(K) such that tg) (f) < Ll)}

Now, we consider the following map

piC(Ve) = R, u(g) 22/ 8(A(8)) exp (=Aw(|P(Z)]))dg.

RN

If g : V° — R is a continuous function on V°, it is clear that

()| < ([, exp (~Aw(IP@D)ME ) sup ls(£)1

feve

This fact implies that u is a continuous linear map which is positive, i.e,
#(g) > 0 whenever ¢ > 0. So, u defines a measure on (V°,0*) and for
each A > 0,

sa(f) :/]RN £(8)l exp (24w (|P(2)]) exp (~Aw(|P(§)]))dg

= [ D)l exp (=Aw([P(E)])dE

RN

< | (H)lan().

That shows that Dp (., (K) and Dp ) (Q) are nuclear. Following the
arguments of Theorem 2.1.11 one can prove that Dp 1,3 (Q) is nuclear. [

Proposition 2.3.16. Let P be a hypoelliptic polynomial and w a weight function
such that w(|P(x +vy)|) < K+ Kw(|P(x)]) + Kw(|P(y)]|) for some constant
K > 0. Then Dp,.(Q) is an algebra.

Proof. We consider the seminorms s (f) = [~ |f(x)] exp(Aw(|P(x))|)dx.
Note that

[ 8@ expAw(P(x)dx = [ 1F+(x)] exp(Aa(|P()) )dx <

< [ L F@)IIRG =l exp(A(IP(x))dydx.
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The hypothesis gives a positive constant C > 0 in such a way

sa(fg) < Cska(f)ska(g)-
O

Example 2.3.17. Consider the hypoelliptic heat polynomial in two vari-
ables, P(t,x) = it + x?, and Gevrey weights w(t) = t* for a €]0, 3], then
Dp,.(Q) is an algebra.

By Theorem 2.3.1, we have Dp. () C Dp . (Q)) and therefore, Dp 4 (Q2)
is non trivial. For w(t) = 2, easily one can check

P ((x,8) + (y,1)) |? < K+K|P(x,1)|2 +K|P(y,u)]|2.

Wecall X = P(x+y,t+u),Y = P(x,t) and Z = P(x,t). For0 < a < 3,
we want to see

X" <K(1+Y"+2Z")
for some K > 0.
By the inequality above, we have X2 < K(1+4 Y2 + Z2) forall X, Y, Z > 0.
Observe that p := 5 > 1. Since on RN all the norms are equivalent we
have || - ||, < D|| - || for some D > 0. Then,

2
@+%Yﬂ%+wzﬂ%>a§lX1+Y”+Z@-

Asa consequence,

Q=

X <KX(14Y? 4+ 22)2 <K*D(1+Y" 4 Z°)

and then
X" < K¥*D"(1+ Y+ Z%).



Chapter 3

The problem of iterates on
non-quasianalytic classes

The aim of this chapter is to extend to the ultradifferentiable setting
the results by Komatsu, Newberger-Zielezny and Métivier mentioned in
the introduction. After that, we obtain some results on the problem of
iterates on non quasi analytic classes. The main result is Theorem 3.2.3.
Under the assumption that the weight function w verifies a growth con-
dition introduced by Bonet, Meise and Melikhov, this theorem asserts that

the equality Ep’* () (Q) = &, (Q) holds if and only if P is elliptic.

3.1. The growth of &p ()

According to a well known result of Héormander (see [32, Theorem
3.2]), if P is a hypoelliptic polynomial and Q any polynomial, there are
constants & > 0 and C > 0 such that

QO < C1+[P@)*), v € RY.
Moreover, the smallest & with this property is a rational number.

In case h < 1, Q is said to be weaker than P. We recall that two hy-
Q(¢) 4 P(&)

and are

P(Z) Q(%)

poelliptic polynomials P and Q are equally strong if

bounded at infinity in RY.

Given P and Q hypoelliptic polynomials we show the equivalence be-
tween the inequality |Q(&)|?> < C(1+ |P(&)|?)" and the inclusion Ep(ty(Q)
EQ b (Q)) for weight functions satisfying the following growth condition

45
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B-M-M:
There exits a constant H > 1 such that forall ¢t > 0

2w(t) < w(Ht) + H. (3.1)

This condition is considered by J.Bonet, R. Meise and S.N.Melikhov in [17]
in order to characterize those weight functions w such that there exists
a sequence {M,} with the property that the class of ultradifferentiable
functions in the sense of Braun-Meise-Taylor associated to the weight w
coincides with the non-quasianalytic class in the sense of Komatsu (see
definition 1.0.19 and [38]) defined by the sequence {M, }. Gevrey weights
verify this condition.

We will prove the following theorems:

Theorem 3.1.1. Let P and Q be hypoelliptic polynomials with h > 0 and C > 0
such that |Q(¢&)1> < C(1+ |P(&)|*)", v& € RN. Let Q C RN be an open subset
and w a weight function, then there exits mq such that if m > my

£ L (Q)CE

Px(tim) (Q)’

1
Q(tmh)
and the inclusion map is continuous.

Theorem 3.1.2. Let QO C RN be an open subset, w a weight function satisfying

the condition B-M-M, cf. (3.1). Let P be an hypoelliptic polynomial and let Q
be an arbitrary polynomial such that Ep , ;) (Q) C SQ (Q)) for some h > 1.

Then

(1)
QP < CA+IPE))", ¥ e RY.
In the proofs we need two technical lemmata.

Lemma 3.1.3. Let w be a weight function, m > 1 and ~y,u > 0 such that
v < um. Then foreachk € N,i=0,1,...,.kand A > 0,

k7 exp (/\go* (W)) < exp (Aw(k)) exp (/\go* (ky/\m)) .

As a consequence, since w(t) = o(t) there exists C > 0 (depending on w) such
that

K exp </\(p* (W)) < Cexp(ACk) exp <Aq>* <"i’”>> :
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Proof.

K7 exp (/\4’* (W)) exp ( (kﬂm>>
= k' exp (—A (GO*(k};:n)_qo* 5 Hm >>

Since ¢* is a convex function, we have ¢*(A) — ¢*(B) > ¢*(A—B) if 0 <
B < A. Therefore,

o o (£022)) e (32))

ki exp (Aot (1) =exp (A (1~ sup,o{ U (@)} ))

< exp (Aw(k))

taking s = In(k) in the last inequality. O

The next lemma is stated in [28, Lemma 1.4] without a proof. We include
a proof here for the sake of completeness.

Lemma 3.1.4. Let h > 0, A > 0 be positive constants, then for all t > 1

(1) sup t exp <—A¢*(};{)> < exp (Aw(t%))

J€No

and

E‘\»—l

(2) sup t exp (—/\(p*(h])> > 1exp </\w(
jENU /\ t

)

Proof. Proof of (1):

sup t/ exp (—/\(p*(h])> = sup fexp | —A sup{% —w(e’)}
j€Ng A jeNo A

We take s = w > (, therefore

sup t/ exp <—)\q)*(};{)) < sup Ht Texp (Aw(ﬁ)) = exp (/\w(tll’f)> .
jENo jENU
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In order to show (2), having inmind j <s <j+41:

pptew (<9 () = pee (13m0 -9 (D)
> supexp (A ) = o (5 =10
— e (107 (4)
~ oxp ((th)).

O]

Proof of Theorem 3.1.1: Using [32, Theorem 3.2] we can suppose i = L,
where u,v € IN. Then, for some constant C > 0,

1QU(&)> < C(1+|P*(2)[*) & e RY. (3.2)

Let ()’ be an open subset relatively compact in (). Given § > 0, we set
Qf = {x € O : d(x,0Q0") > 6§} where 9() is the boundary of (). The
condition (3.2) and [32, Theorem 4.2] imply that there exist ¥ > 0 and C
(which depends of P,Q and the diameter of ()') such that for each s > 0
and t > 0,

sup T7|Q"(D)fll20,, < C{ sup T7[[P*(D)fll2,0y,, + ||f||2,0g} , fec®(Q).

0<t<t O<t<t

Moreover, v = % where 0 < b < 1 is the real number which gives (see [32,
Theorem 3.1]) the inequality

[gradP()I* < C(1+[P(§))""
for the hypoelliptic polynomial P. Hence,

1Q"(D)fll20r,, < C{IP*(D)flloe + £ "I fll2e } s f € C¥(QY).

s+t T

Letk € N, k > 1,5 > 0. Applying repeatedly the last inequality to
s=1-¢),t= % and Q(k*i)"f fori = 0,1,...,k we obtain ( see [57,
Theorem 1])

k iy )
Q¥ (D)l <Y (5) (5) IPH P (D)flear £ € €™(02). 33)

i=0
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For k = 0 this inequality remains true.
On the other hand, fori =0,1,...,v — 1 we have

Q@) <14+1QY(&)% ¢ e RY.

Again, [32, Theorem 4.2] implies Vi = 0,1,...,v —1,

1Q"(D)fllz,04, < C' {HQV(D)fIIz,Q;,. + ||f||2,0;,.}r fec®(Q). (34

where C’ depends of é.
Forj € No,weputj=kv+1,kl € Ny, | <v—1. Applying (3.4)toi =1
and Q" f,

IQ(D)f e, < € {IQU (D) f gy, + Q¥ (D) lncy ) £ € (V).
(3.5)
As a consequence, using (3.3) we obtain

: il k1 (k1) »
||Q](D)f||2/0'z5 < C'ckl Z < ; ) (5> ||P(k+1 l)H(D)sz,Q/—i—
i=0
(3.6)

ey () (5) 1P ) slae, £ < i)

i=0

We set mg := % > 1. Let ) be an open subset of RN and let m > my,
feég, (w(t%))(Q). We fix K cC Q and A > 0. There exist O’ and § > 0

such that K C Q/z s C O cc Q. We call E the constant of Lemma 3.1.3
such that foreachk € N,i=0,1,...,kand A > 0,

op (107 (E7)) < opiaztyons (19 ().

Denote F := 2C(})7e"E. We can suppose F > 1 and % > 1. We take A and
B the constants of Lemma 2.3.2 such that Vk € IN and VA > 0,

Fexp (A9'(5) ) < explig)exp (o' (0.

We apply the inequality (3.6) and f € £, w(th) (Q)) to get

IQ(D) fllak < 1Q (D)l ey, <

o 1\ (k1) (k+1—i)um
< k+1 AL [4 * —Au
<CcC g( ; )( 5 > exp<2 BAg ( 2B >)+
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e £ ()'or (oe (45)

when p is the first entire after ym. Therefore,

1Q/(D)fllok <

" 141\ (k+1\7 (k — i)pm +
k+1 [4 * H P
cenL () (5) oo (zme (Bt )+

el i;O (k) (’;)” exp <B)\(P* ( (k_m)”m))

since ¢* is increasing. Now, using Lemma 1.0.4 and Lemma 3.1.3 we have

IQ'(D)fll2x <D <2C((15)7eB)‘E>kexp <BA¢ <kg)1z1>> —

= DFfexp (BAgo (k‘u)t>>

In view of lemma 2.3.2,

|Q/(D)fll2kx < Dexp (BA?) exp </\(p (kp)l\m)) -

= Dexp(AA) exp (/\(p* (th’”>) < Dexp(AA) exp (Aq)* (”T)) .

As a consequence for each j € IN,

; hm
QD) laxexp (~29" (13) ) < Dexplan),
Then,
€& Q).
f (tmll ))( )
In order to see the inclusmn map
Eo ek 7 Eg ity (Y

is continuous, let f € &£, w(th) (Q2) and we fix K CC ), A > 0. Proceeding

1QI (D) fllax exp (—Aqo* (f’j”)) <
k i
< C Ck+l f (k+ 1) <k—§1> yexp < Aq) (]]X’l’l)) ||P(k+1—i)y(D)f||2,Q/+

as above:
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e () 8) e (o (5)) 01

i=0
Note by Lemma 3.1.3, foreachk € N,i =0,1,..,kand A > 0,

o (-2 (1)) < epiaztyenp (-9 (£ )

So, foreachj € IN,

QD) fllxexp (o (1)) <

Im

k I *

< DF E\IID IPY(D)fIl, o exp <—)‘€0 (A)> '
0

QD) fllaxexp (~5o" (M50) ) <

A ! Im
< = — —Ao* (=) |.
< Dexp“ﬁf;;@ IPY(D)fll, eXP< A* (= )>

Hence,

Proceeding as in Theorem 2.3.1, the Roumieu case is analogous. [

Proof of Theorem 3.1.2:
Roumieu Case. We fix a compact subset Ky CC (). The following
inclusions hold:

1
Q) Cind & Kp).
)}< )—:IZ_H)\I Q,w(t%)( 0)

Epwt)(Q) CEp oy (Q) €&

==

Qfwl(t

From theorem 2.2.5 we get that Ep (1)) (Q)) is a Fréchet space. Now we

consider on £ " 1 (Kp) the topology of Theorem 2.2.7, so that ind £ ” 1 (Ko)
Quw(th) nen Q)

is an (LF)-space. By Closed Graph Theorem and Grothendieck’s Factor-

ization Theorem (see [54, Theorems 24.31 and 24.33]), there exists ng € IN

such that

1

£ Q)ceg K
p,w() () C Q,w(t%)( 0)
with continuous inclusion. So, given any seminorm max <pm, - oo x >,
Ko

1
of E™ | (Kp), there exist C > 0, a compact K CC O, p € Npand A > 0

Quo(th)
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such that, for all f € Ep (1)) (Q),

) 1,
sup [|Q'(D)fll2,k exp (-n ) (hJﬂo)) < max (pm/HfHQ,KO,l) < (37
j€No 0 )

< Csup |P/(D)f|lox exp <—/\(p* (;)) :
jENO
If ¢ € RN, we denote fz(x) = ¢/<~%¢> and observe that
Qj(D)ei<x,§> — Q(C)jei<x,§> and féc(x) —_ guitxei<x,é>‘

Moreover, fz € Ep (,,)(Q) since for a compact subset K CC QY and A > 0

|PI(D)felloxc = m(K)[P@)) < Cexp (W (Q)
by Lemma 2.3.2.

Applying inequality (3.7) to fr we get

sup [Q(&)V/ exp (—nloqv*(hjno)> < Cysup |P(Z)| exp <—M>* <;\>> :

jENo ]EINO
(3.8)

For |Q(&)| and |P(&)| greater or equal than 1 we obtain from (3.8) and
Lemma 3.1.4,

==

exp (5r-w(1Q0)11)) < Cexp ([P

Hence,

W(IQE)IT) < Cs+ Caw(IP(E)]) < Csw(|P(E)])

whenever |P(&)|, |Q(&)| > 1. On the other hand, condition B-M-M implies
that for each k € IN there exists Hy such that 25~ 1w(t) < w(Ht) whenever
t > 1. Then,

w(|Q(&)]") < w(Cs|P(Z)]) whenever |P(8)|, [Q()] > 1.

Having in mind w vanishes on [0, 1] and it is increasing and |P| tends to
+oo0 if |¢] tends to +oco we finally conclude that there is C; > 0 such that,

\Q(C)ﬁ < C7|P(¢)| for every ¢ € RN,

The Beurling case is easier because &p () (Q) is a Fréchet space. [J
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Corollary 3.1.5. Let w be a weight function given. Let P and Q be hypoelliptic
polynomials and let Q) be an open subset of RN.

1. If P and Q are equally strong then there is mq such that m > mq implies

£ Q)=¢

p,*(t%)< Q,*(t%)(m'

2. The converse is true under the additional assumption that w satisfies con-
dition B-M-M.

Proof. (1) There are constants C, D > 0 such that |Q(&)[> < C(1 + |P(¢)]?)
and |P(¢)]*> < C(1+|Q(&)]?), V¢ € RN. By Theorem 3.1.1 there are m
and m» such that

€P,*(t%)(ﬂ) - €Q’*(t%)(ﬂ) if m > m
and
EQ,*(t%)(Q) C 51,,*( 1 (Q)if m > my.
Take my = max(ml’mz).
(2) We apply Theorem 3.1.2. -

Next we show that for any elliptic polynomial P of degree m, the classes
513,* () () and £, (;)(Q)) are the same as sets and as topological vector
spaces. This is an extension of a result of Komatsu (see [37]). The con-
verse in the Gevrey setting is due to Métivier [55]. We need the following

Lemma due to Komatsu (see [37, Lemma 3]).

Lemma 3.1.6. Let Q be an open subset of RN. Suppose that P is an elliptic
operator of order m and let pg > 0 be given. Then, there exists a constant C > 0,
which only depends on N, pg and P, such that for each f € C*®(Q) and for each
w € NoN verifying |a| < m,

1 lal 1

laf
1F“ 20,0 < CIPD)fll20, " [Ifll20, " +lelf||2,oa
forevery 0 < p < pgand o > 0.

Theorem 3.1.7. Let w be a weight function and let C) be an open subset of RN,
For any elliptic polynomial P of degree m we have

and the inclusion map is continuous.
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Proof. Let () be an open subset relatively compact in Q). We first estimate
the derivatives f(*) of order |a| = km, k € INy. We write & = p + g with
lp| = mand |q| = (k—1)m. Using Lemma 3.1.6 with p = ¢ and ¢ =
5(1 — 1), 6 small enough, we get a constant C > 0 such that Vf € C*((Y),

N (p)
1O llz0; = I (F9) um%sc{wm»ﬂmu%ﬂl s mgu}
k k

Applying this Lemma k times as is (3.3) we obtain
@ ey (5 ()™ ptei
IF e <Y (5) (5) PSP D) flher 39
i=0

whenever |a| = km. In the case that « € INg" is an arbitrary multi-index
we write « = B + 7, where |f| = km and |y| < m.

We observe that xy'™* < x+y holds if x,y > 0and 0 < a < 1.
Therefore,

[7]

IP(D)flla.c, ™ Ifllocy "< IP(D) fll2,05 + 1 fll2.0-

Hence it follows from Lemma 3.1.6 that there is a constant C’ such that

120, < CUIPD) flloay, + 1 fllzcy) VF € C(Q5) yViy| < m.
(3.10)
C’ dependes of 5. We apply (3.10) to f#) to obtain

1F 2,05, < CUPD)f P05 + 1P llary). (3.11)

Now the inequality (3.9) implies

k im ]
IPO)f Py =[PPy < L (5) (5) 1P (D)l <

1

i=0
k1 (kAT ,‘
<oy (TN (B ipt 00y
i=0

From this inequality, (3.11) and (3.9) we conclude

M k41N (k+1\™ _
MN%%SUd“E< ><c5>HW“Wmﬂm+

ety (1) (5) 1P 10 e

i=0
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As 7y < um, we can use Lemma 3.1.4, proceeding as in Theorem 3.1.1 with
h= % = Llandy = % = m, to conclude that

m

€y i () S En(Q)

P (tim)

with continuous inclusion. O

Corollary 3.1.8. Let w be a weight function and let Q) be an open subset of RN
and P an elliptic polynomial. Then the equality £ , L) (Q) = &,(»(Q) holds.
Proof. It is a consequence of Theorems 2.3.1 and 3.1.7. O

Corollary 3.1.9. Let w be a weight function and let Q) be an open subset of RN.
If P is a hypoelliptic polynomial, then there exists mg such that m > mq implies

c . . . .
EP,*(W)(Q) C 8*“#)(0) with continuous inclusion.

[

Proof. Condition IIb of [33, Theorem 11.1.3] gives two positive constants
C,h > 0 such that |&| < C(1+ |P(&)|)". Consider the elliptic polynomial
Q&) = |2[2 = & + ...+ & of degree 2. Then, |Q(&)[2 < C'(1+ [P(¢)P)?*
for an other positive constant C’ > 0. Theorem 3.1.1 implies the existence
of mosuchthat £, 1 (Q) C EQ (Q) if m > my. By Theorem 3.1.7,

tin ) «(t7% )
£, o D =E 1 (). O

%

—~

3.2. Results on the problem of iterates

The problem of iterates consists in characterizing the functions in a
given class of functions in terms of the behavior of the iterates of a fixed
differential operator.

Let w be a weight function and let P be a polynomial of order m. In this
section we want to characterize when 513,* () (Q) = &,4(Q) in terms of

the polynomial P. First, we show that the coincidence between 5P s (Q)

and &, ;) (Q) implies the hypoellipticity of P. For weight functions verify-
ing the growth condition B-M-M, we will prove that this equality holds
if and only if the polynomial P is elliptic. The assumption that w verifies
the property B-B-M is needed in order to achieve this result. In fact, in
Corollary 3.2.2 we consider the weight function w(t) = logP (1 +1), > 1,
which does not have this property and see that the equality E,'P § Q) =

E.1(Q) holds if and only if P is hypoelliptic.

()
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Lemma 3.2.1. If €, Q) = &, (Q) algebraically, then P is hypoelliptic

and the previous equality also holds in the topological sense.

(t%>(

Proof. We will present the proof for O = RN. Otherwise, we can proceed
as in Proposition 2.3.3.

Beurling case:
We put o'(t) = w(tn). Since
{f €C®(RY): P(D)f =0} C &p ) (RY),
our hypothesis implies that

{f €C®(RY): P(D)f =0} = {f € £,)(RY) : P(D)f = 0}.

We fix a compact subset K C RN and A > 0. From the Open Mapping
Theorem we deduce that there are a constant C > 0,m € IN and a compact
set Q such that

Pra(f) < C sup sup |f)(x) (3.12)

la<m x€Q

whenever f € C®°(RN) and P(D)f = 0. We now assume that P is not hy-
poelliptic. Then we can apply Theorem 2.1.4 and Proposition 2.1.7 to find
a function f € C"™(RN) \ C*(RYN) such that P(D)f = 0. We take {p,} a
regularizing sequence. Then { f * p,, } is a Cauchy sequence in C" (R") and
from inequality (3.12) we conclude that also { f * p,, } is a Cauchy sequence
in &) (RN). This is a contradiction.

Roumieu case:

We fix a compact subset K C RYN. Now, our hypothesis implies that
the inclusion

{f € C™(RY) : P(D)f = 0} C ind £ (K)

holds. Moreover, the restriction map has closed graph. By Closed Graph
Theorem and Grothendieck’s Factorization Theorem there exists ny € IN
1

such that the map T : {f € C*(RN) : P(D)f = 0} — £ (K) given
by T(f) = f|K is well defined and continuous. This gives an inequality
similar to (3.12) and we can conclude as above. O
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Corollary 3.2.2. Let Q be an open subset of RN. Let w(t) = logP(1+1),
B > 1, be given and P a polynomial. Then Ep () = E.(Q) holds algebraically
if, and only if, P is hypoelliptic. In this case, the equality Ep.(Q)) = E£.(Q) is
also topological.

Proof. If m > 1, observe that the weight o(t) = w(tn) is equivalent to
the weight w(t) = logP(1 +t). Therefore, in view of Remark 1.0.8, the
equalities £,(Q) = &(Q) and Ep, (Q) = Epr(Q) hold in the Beurling
and Roumieu cases.

Suppose Ep . (Q)) = E.(Q), then P is hypoelliptic by Lemma 3.2.1. Con-
versely, if P is hypoelliptic, Corollary 3.1.9 asserts the existence of mg large
enough and & > 0 such that EP 1 (Q) €€ 1 (Q) with continuous

,*(t"’o) *(tmoh)
inclusion, that is, £p . (Q) C &,(Q)) with continuous inclusion. The other
inclusion is a consequence of Theorem 2.3.1. O

For weight functions satisfying the growth condition B-M-M, we can
proceed as in Theorem 3.1.2 and obtain the following result:

Theorem 3.2.3. Let w be a weight function verifying condition B-M-M. Sup-
pose P is a polynomial which degree is m. Then SP,*(t%) (Q) = &,)(Q) holds
algebraically if and only if P is elliptic. In this case the equality SP,* () (Q) =
E.1)(Q) is also topological.

Proof. If P is elliptic then £, () (Q) = &,4)(Q) by theorem 3.1.7. In order

to show the converse, we apply once again Theorem 3.1.7 to the elliptic
polynomial Q(&) = &2 + ... + ¢% of order 2 to get

Q).

C%+...+§§V,*(t%)

Moreover, according to Lemma 3.2.1, P is hypoelliptic and we can proceed
as in Theorem 3.1.2 to deduce

(B 4.+ C%\])% < C|P(§‘)|% if |¢| is large enough.
That is, for some constant C > 0,

G+ + )" < C+[PE)P).






Chapter 4

Fréchet spaces invariant under
differentiation

M. Langenbruch and J. Voigt proved in [50] that a Fréchet space of
distributions which is stable under differential operators is continuously
included in C*. They also showed that to guarantee this continuous inclu-
sion it is enough to assume that the Fréchet space is stable under a single
hypoelliptic differential operator P(D) and that this property in fact char-
acterizes the hypoellipticity of the operator. Our aim in this chapter is to
provide extensions of these results to the ultradifferentiable setting and
show their connection with the problem of iterates of differential opera-
tors.

Observe that the class of ultradistributions of Roumieu type
E = D%w} (RN) is a Fréchet space invariant under differential operators

which is not included in C °°(1RN ). Nevertheless, a result similar to that of
Langenbruch and Voigt can be obtained after imposing the extra assump-
tion that E is stable under suitable differential operators of infinite order,
available in any non quasianalytic class other than C®(RY). These opera-
tors are called ultradifferentiable operators. After some preliminaries on
ultradifferential operators we extend in the second section the result of
Langenbruch and Voigt using strongly (w)-hypoelliptic ultradifferential
operators. The main result is Theorem 4.2.1.

Each hypoelliptic linear partial differential operator with constant co-
efficients is also Gevrey hypoelliptic for some Gevrey class depending on
the operator, hence it makes sense to study whether Fréchet spaces of
distributions invariant under a single hypoelliptic operator and satisfy-
ing some extra assumptions should be contained not only in the space
of all smooth functions but in a smaller class of ultradifferentiable func-

59
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tions. This question is related to the problem of iterates. So, in the last
section of this chapter we address the question whether a Fréchet space
EC DEw) (RN) which is invariant under the action of a single one elliptic
operator P(D) that satisfies some extra assumptions on equicontinuity is
necessarily contained in &, (R"). The cases that P(D) is hypoelliptic or
semielliptic are also considered. As a consequence we obtain several re-
sults related to the problem of iterates for non-quasianalytic classes. Main
results in this section are Theorem 4.3.4 and Corollary 4.3.9.

4.1. Preliminaries: ultradifferential operators

We introduce now the ultradifferential operators with constant coeffi-
cients. We follow [21].

Lemma 4.1.1. Let G € H(CN) be an entire function such that log |G(z)| =
O(w(|z|)) as |z| tends to infinity. Then, there is a constant k > 0 such that

IG@(0)] < ateke " (F),  wa e NY.

Definition 4.1.2. Let G € H(CN) be an entire function such thatlog |G(z)| =
O(w(]z|)) as |z| tends to infinity. Then, the previous Lemma allows to
show that w

u

. 0
To(g) = ¥ ()M g0
a!
ocEINéV

defines an ultradistribution T € & (/w) (RN) whose support reduces to {0}.
The convolution operator

G(D) : Dzw)(IRN) — Dzw)(IRN), G(D)v :=Tg*v
is called an ultradifferential operator of class (w).

If f € &) (RN), then G(D)f € £,)(RN). G(D) has the important
property that its restriction to &, (RN) can be interpreted as a differential
operator of infinite order

G(D) : g(w)(IRN) — g(w) (]RN)
More precisely, for every f € &, (RY) one has,

cD)f(r) = ¥ iSO pw .

w!
aeNY
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Observe that the Fourier transform of T is

To(z) = Tol(e ™)
(a)
= L Oy
aeNY ’
G@(0)
B “E%\%é\, o! (-
= G(—2z2).

The ultradifferential operator G(D) is called elliptic if

G(D)'(A(RN)) c A(RVN), where A(RYN) denotes the class of real ana-
lytic functions on IRN. Itis said to be (w)-hypoellipticif G(D) ™" (€, (RY)) C
E(w)(RN). The ellipticity and the (w)-hypoellipticity of an ultradifferen-
tial operator are characterized in terms of the distribution of zeros and the
growth of the entire function G(z) (see [25] and [14]). We will say that the
(w)-hypoelliptic ultradifferential operator G(D) is strongly (w)-hypoelliptic
if there is a constant C > 0 such that

Cw(|x]) <log|G(x)|, x € RN.

The existence of strongly (w)-hypoelliptic ultradifferential operators fol-
lows from [21, 49].

In order to define ultradifferential (of class {w}) operators on the class
Df{w} (RN) we can proceed as above imposing that log |G(z)| = o(w(|z|))
as |z| tends to infinity.

4.2. Fréchet spaces invariant under ultradifferential
operators

We want to extend the result of Langenbruch and Voigt to the ultra-
differentiable setting. As we already have mentioned before, the space
of ultradistributions of Roumieu type E := D’{ w}(IRN ) is a Fréchet space
which is stable under differential operators but which is not contained in
E(w)(RN).

Moreover, following the arguments of [14, Proposition 2.13], one can
construct an (w)-hypoelliptic ultradifferential operator G(D) such that

G(D) (D) (RY)) € Dl (RY).

That means that a Fréchet space which is invariant under an (w)-hypoelliptic
ultradifferential operator is not necessary formed by ultradifferentiable
functions.
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Note that G(D) strongly (w)-hypoelliptic implies

G(D) ( fo} (R ) )) € Diy (R

Otherwise, G(D) defines a continuous operator G(D) : Df{ }(]RN ) —
Dﬁ{ }(]RN) whose transposed operator G(—D) : D{w}(]RN) — Dy, }(IRN)

is continuous. Then, log|G(z)| = o(w(|z|)) which is a contradiction with
the growth condition of strongly (w)-hypoelliptic operator.

Next result is an extension of [50, Theorem 1] to the ultradifferentiable
setting.

Theorem 4.2.1. Let E be a Fréchet space which is continuously included in
DEW)(IRN ) and such that G(D)E C E for some strongly (w)-hypoelliptic ul-

tradifferential operator G(D) of class (w). Then E C €, (IRN) with continuous
inclusion.

Proof. We need some preparation. Let (K;) denote the closed ball centered
at the origin and with radius j and

Xj = {1 € E{,)(RY); supp pt € Kj, |||} = sup [fi(z)] e VTN Z < oo},

zeCN

where ji denotes the Fourier-Laplace transform of u (see [22] and Theorem
1.0.17). Then X; is a Banach space and

El)(RY) = ind X;.

]—P
For every j € IN, the bilinear form
B: E X D) (Kj+1) — C, B(h, ¢) := (h, ¢),

is separately continuous, hence it is continuous. Consequently, if we fix
a fundamental system of seminorms (p,,) of E then there are constants
C; > 0and m; € N, such that

(1, @)] < Cjpm,(1) @1, Vh € E, ¢ € Dy (K1),

where

¢ (x)| exp ( —mqv*(‘;;’))-

|¢l,, := sup sup

Xx€ERN xeNY

According to property (a) of weight function, there is a constant L € IN
such that

w(et) < L(14w(t)) Vt>0. (4.1)
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By assumption there is a constant C > 0 with Cw(|x|) < log|G(x)| for
every x € RN. Now, for each j we define G;(z) as a suitable power of G(z)
such that

(1+j+2mL) w(|x]) < log|Gj(x)|, x € RN. (4.2)

Then G;(D) is an ultradifferential operator of (w)-class which is strongly

(w)-hypoelliptic. Let now ¢; € D(w)(I%jH) be a test function which is
constant 1; = 1 on a neighborhood of K;. For any u € X; we define

_ 1 ﬁ(t) i<x,t>
flx) = BN Jrs G]-(t)e dt.

Then we can decompose

i =Gj(=D)f = G;(=D)(¥;f) + G;(=D)((1 = ¢)f)-
Moreover, we can apply (4.2) and

|t |e=mw ) < exp (m(p*(‘:;’)) VmeN,acNY,

to conclude that f € C*(RV) and

o lal *
£ ) [exp (~ 2miLe* (5, 1)) < Dyl

Flatm = sup sup
aeNY xeRN

for some constant D; > 0 which does not depend on . Our aim is to
prove that each ultradistribution & € E can be extended to a continuous
and linear map

Ty : €,y (RY) — C.

First we claim that the linear map

1 n .
@ Xj - g(w)(]RN)/.u = (1 — l,U](x)) (27‘C)N - g]-((tt)) A<t gy

is well-defined and continuous. In fact, since G;(—D) is an (w)-hypoelliptic
operator and G;(—D)f = u we have, for every u € X;,

sing,,supp f C sing,, supp p C Kj,

hence

(1—9))f € E)(RN).
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On the other hand, from the convexity of ¢* and (4.1) we get, for every
xe]RNandszIN(I)\],

9w < T (5 ) [Pw| o)

p<a

S |f|2Lmj ’ll]j‘ZLmj exp (IX + ZLm]'qO*(Z‘LaL]'))

la|

< | florm, ‘l/’j‘szj exp (2’”]’(/’*(271].) + mj)
and, consequently

‘lpjf‘ij < e |f|2Lmj ‘lil]j‘ZLmj < Dje™ |¢J"2Lmj [1plj- (4.3)

Moreover, it follows from the previous estimates that & : X; — Dzw) (RN)

is weakly continuous, hence ® : X; — E(w)(]RN ) is continuous by the
closed graph theorem and the claim is proved.

We now fix i € E and consider a regularizing family (7¢)ejo, e €
D) (RN). Define

by
Tj(u) = lim (G;(D)h, (;f) * 1¢) + (b, Gi(=D) (1 = 9;)f) ),

where . 201

— pult i<x,t>
Let us prove that T; is a well-defined linear map. Since G;(D)h € E and
($if) * e € D) (Kjy1) we get

‘<G]'(D)h/ (lP]f) * (7761 - 77€2>>’ < ijmj (Gj(D)h) }(¢]f) * (7761 - 1762)‘7111 .
On the other hand, using (4.3), we have

lim | (9;f) * 11e = (i), = O,

from where it follows that

( <G]-(D)h, (¥if) * ’7€> )eiO
is a Cauchy net. On the other hand,

Gi(=D)((1 —¢)f) = u— G;(~=D)(¢;f)
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is compactly supported, hence

Gi(=D)((1 = ;)f) € Do) (RN).

Consequently Tj is a well-defined linear map. From (4.3) and the continu-
ity of
G](—D) od: X] — D(w)(K]'+1)

we conclude that there is a positive constant M; such that
ITi(1)| - < Cipwy (Gi(D)R) [wf|,, + (B, (G4(D) o @)pu)|
< Mjlull2,

which proves that
Ti: X; —C

is a continuous and linear form. Moreover, for y € X; N D, (RN) we

have
Ti(u) = lim ({h, Gj(~D)(¥;f) *1c)

+ (1, Gi(=D)((1 = 9))f) *7e) )

= ?L% (h,Gj(=D)f *1e)

= lim (b, px ) = (h, p)-

Since the restriction of T}, 1 to X; coincides with T}, we finally conclude that

there is a continuous and linear form T : £ (’w) (RN) — C with the property

that T(u) = (h,u) forall u € D) (RN). That is, as ultradistributions,

h=TE¢ g(w) (]RN)

4.3. Iterates and Fréchet spaces invariant under par-
tial differential operators

In this section we are interested in the following question: let E C
Dzw) (RN) be a Fréchet space and P(D) a differential operator of finite or-
der such that P(D)E C E. We want to look for additional conditions in



66 Fréchet spaces invariant under differentiation

order to ensure that E C &, (R").

This condition consists precisely in involving extra equicontinuity as-
sumptions on the iterates of P acting on the Fréchet space E.

Definition 4.3.1. Let E be a Fréchet space such that E C Dzw)(lRN ) with
continuous inclusion and let P(D) be a differential operator of degree m.
Then E is said to be (w, P(D))—stable if P(D)E C E and, moreover, for

every k € IN, the sequence of operators

P/(D)e " (") . E  E

is equicontinuous, that is, for every k € IN and every continuous semi-
norm 7 on E there is a continuous seminorm s on E with

r(PI(D)f) < "bs(f) VjeN, f € E. (4.4)

Example 4.3.2. We put w,,(t) = w(t ). For every hypoelliptic polynomial
P and for every m € IN the Fréchet space &p (,,,) (RN) is (w, P(D))—stable.

In the limit case w(t) = log(1 + t), (w, P(D))—stability simply means
that P(D)E C E.

Given a differential operator P(D) and an (w, P(D))—stable Fréchet
space E C Dz @) (RN), we want to analyze whether E consists of smooth

functions or even E C &) (RY) for some weight A related to w. We ob-
serve that, for an arbitrary polynomial P(D), the space

E:={SeD,(R"):P(D)S=0},

consisting of the ultradistributions of Roumieu type in the Kernel of P(D),
is an (w, P(D))—stable Fréchet space. Hence in order to have a positive
answer to the previous question the polynomial P has to be hypoelliptic.

As proved in Theorem 3.1.7, for any elliptic polynomial P of degree m the
space Ep/ w(th)) (RN) is contained in &, (R"). This fact and the result by
Langenbruch and Voigt [50, Theorem 1] permit us to prove a similar result
for arbitrary (w, P(D))—stable Fréchet spaces of distributions.

Proposition 4.3.3. Let P(D) be an elliptic differential operator of degree m. If
the Fréchet space E C D'(RN) is (w, P(D))—stable then E C £, (RN) with
continuous inclusion.
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Proof. According to Langenbruch, Voigt [50, Theorem 1], E is continuously
included in C*(IRYN). Hence, for any f € E, k € N and K C RY,

sup || PI(D)f [lox e %" "H) < oo,
jGNo

which means that
N
fe 8P,(w(t%))(IR ).

Since P is an elliptic operator, we can apply Theorem 3.1.7 to conclude that
f € &) (RN). O

This result can be partially extended to Fréchet spaces of ultradistribu-
tions.

Theorem 4.3.4. Let P(D) be an elliptic differential operator of degree m such
that its principal part has real coefficients. If the Fréchet space E C DEw) (RN) is

(w, P(D))-stable then E C &, (RN) with continuous inclusion.

Proof. We will see that E is invariant under the action of a strongly (w)-
hypoelliptic operator and then the conclusion follows applying Theorem
4.2.1. Throughout the proof, in order to simplify the notation, we will put
0= Wy

According to [49, Corollary 1.4] there are an entire function g € H(C)
without zeros on the real line and a conic neighborhood I' of R \ {0}, de-
fined by |Im z| < €|Re z|, such that

1g(2)| < AeP7UZ) vz € Cand |g(z2)| > aet”(F) vz e T. (4.5)

We now put
P=Q+ Py,

where P,, is the principal part of P and Q is a polynomial of degree at most
m — 1. For each ¢ € R" we have, for some d > 0 and for |¢| large enough,

mog)| o)
Re P(¢) = [Pu(O)1-1Q(2)]

19()
< TEE

Hence, there is R > 0 such that P(¢) € T whenever ¢ € RN and |¢]| > R.
We now define G € H(CY) by

G(z) == g(eoP(2)),
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where €y > 0 is such that G(&) # 0 for every & € RN with |¢| < R. Hence
G(¢) # 0 for every & € RN. Then, for some constants C, D > 0, we have

|G(z)] < AeBo(elP()]) < ceDo(lz™)
— CePw(lz])

for every z € CN. On the other hand, there is § > 0 with |P(¢)| > §||™ for
|¢| large enough. Consequently, there is g € IN such that

IG(&)| > aeto(«lP@)])

> aebw(ziﬂa)
for each ¢ € RN with |¢| large enough. Since G does not vanish on RY, we
finally deduce
IG(&)| > a'e?«(eD

for |&] € RN. To conclude that G(D) is a strongly (w)-hypoelliptic ultrad-
ifferential operator of (w)-class it is enough to show that (see [14, Theorem
2.1])

. [Im z|
lim w(2]) = oo.
g(‘z):()

We are going to prove that each z € CN with |Imz| < Aw(|z|) also sat-
isfies ImP(z)| < €|ReP(z)| provided that |z| is big enough, and conse-
quently G(z) = g(P(z)) # 0. Since w(t) = o(t) we may assume |[Imz| <
Aw(|Rez|) for some different constant A. Clearly,

ImQ(2)] < |Q(z)] < Clz["™" < C(1+ A)"[Rez[" .
On the other hand, by Taylor formula

(«)
P, (R
Py(z) = Pu(Rez +ilmz) = Pyy(Rez) + M
a0 w!
Each term in the sum above is estimated as follows

P (Rez) (ilmz)"| < |Rez|"|*/|Imz|l*/.

Therefore, for |z| big enough, the whole sum is not bigger than D|Rez|"~!|Imz|.
Since the principal part of P has real coefficients we finally have

IImP(z)| < D'|Rez|" ! |Imz| < D’ A|Rez|" 'w(|Rez|)
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whereas

|ReP(z)| > |Pu(Rez)| — D'A|Rez|" lw(|Rez|)
> d|Rez|™ — D' A|Rez|"'w(|Rez|)

> L|Rez|™.
Hence, it is clear that
IImP(z)| < ¢|ReP(z)|
provided that |z| is big enough.
We now check that G(D)E C E. Since the entire function

g(z) = Z a]-zj

jG]NO

satisfies (4.5), we can use the convexity of ¢* and Cauchy inequalities to
find k € N and C > 0 such that

ja;] < Ce™*#"(m) vj € Ny,

Moreover,
G(D) = Z a]-P](D).
j €Ny
If r is a continuous seminorm on E then there is another continuous semi-
norm s on E such that, for every f € E,

Y lajlr(PI(D)f) < CD sup e 2¢'("x)r(PI(D)f)
jENo j€eNy

< CDs(f),

where

This proves that the series ) aij (D) f converges in the Fréchet space E
j€Np
and G(D)f € E. O

Remark 4.3.5. If E is invariant under complex conjugation, the assumption
that the principal part of P should be real is redundant. Indeed, (w, P(D))-
stability then implies (w, Q(D))-stability where Q(D) = P(D)P(D) =
P(D)P(—D) and the principal part of Q has real coefficients.
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According to Condition IIb of [33, II, Theorem 11.1.3], for every hypoellip-

tic differential operator P(D) of degree m, therearec > 0and 0 < r < 1

such that |P(&)| > c|¢|"™ and [P (&)| < ¢ 1P(&)||&| " if # € RN and
w(t)

|¢| is large enough. Let us take a weight function w such that lim ——= =
tT

t—o0

0. In the sequel we will consider A(f) := w(t").

Proposition 4.3.6. We assume that the hypoelliptic differential operator P(D)

of degree m satisfies
ImP(x)

lim —<~=
x€RN x| —c0 ReP(x)

If the Fréchet space E C D, (RN) is (w, P(D))—stable then E C &;)(RN)
with continuous inclusion.

Proof. Let (K;) denote the closed ball centered at the origin and with radius
jand

Xj = {p € & (RY); supp u C K, [[p[} := sup [fi(z)| e A=l < o0},

zeCN

Then X; is a Banach space and

£y (RY) = ind X;;.

j—
For every j € IN, the bilinear form
B: Ex D) (Kj1) = C, B(h, 9) := (h, ¢),

is separately continuous, hence it is continuous. Consequently, if we fix
a fundamental system of seminorms (p,) of E there are constants C; > 0
and mj € IN, such that

(1, @) < Cipm;(h) [@l,,, ¥h € E, ¢ € Day(Kjpa),
where

9 (x)| exp ( — mgi( )

m

|¢l,, == sup sup

x€RN xeNY

As in the proof of Theorem 4.3 .4, there are an entire function ¢ € H(C)
without zeros on the real line and a conic neighborhood I of R \ {0}, de-
fined by |Im z| < €|Re z|, such that

1g(z)] < AeB“’”Z'%) Vz € Cand |g(z)| > aeb“’(|z|%) vz e T.
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We now define G € H(CN) by G(z) := g(P(z)) and we check that G(D)
is (w) —hypoelliptic. In fact, for some constants C,D > 0,

IG(2)| < AeBIPEIT) < coDe(lz)

for every z € CN and
‘G(g)’ > aebw(m’) = ggb/\(m)

for some a,b > 0 and every ¢ € RYN. We now check that

. |Im z|
e ()
o w

0.

To this end we observe that G(z) = 0 implies |Im P(z)| > €|Re P(z)]|.
Hence, it suffices to prove that, for any A > 0, the inequality |Im z| <
Aw(|z|) implies |[Im P(z)| < €|Re P(z)| whenever |z| is large enough.
Since w(t) = o(t) we may assume |Imz| < Aw(|Rez|) for some different
constant A. Using Taylor’s formula we have, for z = x + iy, x,y € RN,

P("‘) (x)
ol

P(z) = P(x) + } (iy)®.

a#0

Now, since P is hypoelliptic get, for some positive constant C (which de-
pends on A),

i) (@) la|
i < C|P(x .
‘u;) a! (y) } { ( )‘éa!( |x\’ )
Therefore, using thngo t(rt) = 0 and limy gy 4| —co0 71&211;((23 = 0 we deduce
that

P@(x) .oe 1l
2 5 ) @) < min (5, 1)[Rep(x)
a#0 ’

for |x| large enough (equivalently, for |z| large enough, since |y| < Aw(]x|)
and w(|x|) = o(]x|) as |x| tends to oo). Therefore, for |z| large enough,

|mmm<§mmm

while

p@ (x)

[Re P(z)| > [Re P(x)| — | } —

a0

R
(i) ™| > 3 Re P(x)].
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Hence,
IIm P(z)| < €|Re P(z)|,

as we wanted to check. Consequently, G(D) is (w)—hypoelliptic [14, The-
orem 2.1]. Proceeding as in Theorem 4.3.4 we conclude that G(D)E C E
and G(D) : E — E is continuous and linear map. To finish the proof, let
1 € Xj be given and take [; € IN with

bl] — ﬁ] > ] +1
(where 711; is as large as needed later) and define G;(D) = Gli(D) and

R 1 ﬁ(t) i<x,t>
fi(x) = 20N Jrs Gj(t)e dt.

Since, for every o € NY,

‘f”‘ﬁ(—t)‘ < HV” (=bli+)A(H)+|a| log(t)
G](t) a

HVH] 7A( ) m,q)A(‘W—‘)

-

4

a
then
fj € C*(RY) € D, (RY)

and u

sup sup f].(“)(x)} o TiPG) +00.

x€RN xeN)Y
Moreover

Gi(=D)fj=wu

in DZw) (RN). Let ¢ € Dy, (Io<j+1) be such that i; = 1 on a neighborhood

of K;. As in Theorem 4.3.4 we will prove that each ultradistribution 1 € E
can be extended to a continuous and linear map

Ty 5(’A)(JRN) — C.
Since G;(—D) is (w)—hypoelliptic then
sing . suppf; C conv (sing,,suppf;) C
and the mapping

Xj = EwyRY), p = (1 - (%)) (z;)N /]RN (z((tt)) e <> dt
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is well-defined. Moreover, as in the proof of Theorem 4.2.1, the mapping
Xj — & (RN) is continuous. Hence, by the closed graph theorem, also

is continuous. We now fix h € E and consider a regularizing family (7¢)
of test functions in D (RN). If 777; is big enough, we may guarantee that

tim | (i) * e = (i), = O,
from where it follows that

((Gi(D)h, (i) *7e) ) e

is a Cauchy net. Define
Ti: X; —C

by
Tj(u) = lim (G;(D)h, (;fj)  1e) + (1 Gi(=D)((1 = ) f;)) -

The same argument as in Theorem 4.2.1 gives that T} is a continuous linear
form, the restriction of Tj to X; coincides with T; and Tj(u) = (h, u) for
every it € X;jND,)(RN). That s, there is f € £,)(RY) such that

(frm) = (hmn

for every u € D, (RN). Since Dy, (R") is dense in D,)(RY) then h =
f S g()\) (]RN) [

Now, we introduce a more general class of hypoelliptic operators. Let
m=(my,...,my) € NV, a = (ay,...,an) € N} be given and set

N
la :m| = A
k=1 Mk

Let P(D) = Y, a,D" a partial differential operator. Suppose that |a : m| <
1 for all the terms in P(D), then

P(D)= Y a.D"

la:m| <1

We set PY(D) = Y ja:m|=1 3« D" and we call P°(D) the generalized principal
part of P(D) with respect to m.
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Definition 4.3.7. If P°(¢) # 0 for 0 # & € RN the operator P(D) is called
semi-elliptic.

According to [33, II, Theorem 11.1.11], every semi-elliptic polynomial
is hypoelliptic.

Example 4.3.8. Note that when m; = m for every k, the semi-elliptic oper-
ators are just the elliptic operators of order m. The heat operator and the
p-parabolic operators of Petrowsky are semi-elliptic.

Corollary 4.3.9. We assume that the differential operator P(D) of degree m sat-
isfies
1. P(D) is hypoelliptic and has real coefficients
or

2. P(D) is semi-elliptic with real generalized principal part.

If the Fréchet space E C DEA)(IRN) is (w, P(D))—stable then E C &;)(RN)
with continuous inclusion.

Proof. 1t is straightforward to check that in both cases

ImP(x)

im =0.
x€RN,|x|—00 ReP(x)

Then, Proposition 4.3.6 applies. For the semi-elliptic case use the inequal-

ity
N |oc:m|
g% < (Z |Ck|m"> /
k=1
which is a consequence of |&|"™ < YN | |&|™. =

A weight w is called a strong weight if it satisfies the additional condi-
tion
(€) there exists C > 1 such that for ally > 0,

“w(ty) 5, o
/1 2 dt < Cwly) + C.

Examples of weight functions with and without property (€) can be found
in [52].
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Corollary 4.3.10. Let w be a strong weight and P(D) a (w)—hypoelliptic dif-
ferential operator of degree m such that

im ImP(x)
x€RN, |x|—00 ReP(x)

Then &, (w(th)) (RN) is continuously contained in £ ) (RN ) for some non-quasiana-

lytic weight A.

Proof. According to[26,3.7], thereis 0 < r < 1such that P(D)is {t"} —hypo-

elliptic and tlim wt(rt) = 0. Then Proposition 4.3.6 implies that
E = ¢, (w(t%))(]RN) is continuously contained in &) (IRN) for A(t) :=
w(t"). O

To finish this chapter, we give an alternative proof of Corollary 3.2.2 in
the Beurling case.

Lemma 4.3.11. Let P(D) and Q(D) be partial differential operators of order m;
and my, respectively. Suppose that E is a Fréchet space which is (w, P(D))—stable
and (w, Q(D))—stable, then E is also (w, P(D) o Q(D))—stable.

Proof. Note that the order of (P o Q)(D) is m; + my. Given k € IN and
given r a continuous seminorm on E, the (w, P(D))—stability gives a semi-
norm s on E with

r(PoQ)(D)f) <& (FIs(QI(D)f) V€N, f€E. (46)
Now, since E is (w, Q(D))—stable, take a seminorm ¢ on E such that
maj
k

r(PoQY(D)f) <k ("Feke' "E)p(f) VieN, fEE.  (47)

Since, ¢ is convex we can deduce the inequality

ko (T 1 ko* (M) < ko ( (m + mz)])
k k k
to conclude that E is (w, P(D) o Q(D))—stable. O

Corollary 4.3.12. Let w(t) = logP (1 +t), B > 1, be given and P(D) a differ-
ential operator of degree m. Then Ep () (RN) = &, (RN) if, and only if, P is
hypoelliptic.
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Proof. First, recall that the weight w,,(t) = w(tw), m > 1, is equivalent
to the weight w(t) = logP(1+t). It follows from Corollary 3.2.1 that
the hypoellipticity of P is a necessary condition in order to get the iden-
tity Ep () (RY) = £ (RN). We now assume that P is hypoelliptic and
denote P(&) := P(¢) the conjugate of P. The polynomials P and P are
equally strong, hence we deduce from Corollary 3.1.5 that &p () (RN) =
P, (w) (RN). In particular, using the previous Lemma, we have &p ) (RV)
is an (w, P(D) o P(D))—stable Fréchet space. Since the hypoelliptic poly-
nomial (of degree 2m) PP has real coefficients we can apply Proposition
4.3.6 to finally conclude that £p (., (RV) is contained in £, (RY). The con-
verse inclusion always holds in view of Theorem 2.3.1. O



Chapter 5

Vector valued
ultradifferentiable functions of
Roumieu type in Fréchet
spaces

In this chapter, vector valued w-ultradifferentiable functions f : (O —
E in the setting of non-quasianalytic classes in the sense of Braun, Meise
and Taylor with values in a locally convex space E are introduced. As in
the cases of real analytic or non-quasianalytic curves treated by Kriegl, Mi-
chor and Rainer, three possible notions of vector valued ultradifferentiable
function are given. We will define weakly ultradifferentiable function and
strongly ultradifferentiable function and also the notion of vector valued
ultradifferentiable function in a bornologically sense. Our aim is to charac-
terize when these notions coincide in case E is a Fréchet or an (LB)-space.

Like in the case of real analytic functions [9], the topological invariant
(DN) of Vogt ([54]) plays an important role. More particularly, we prove in
Theorem 5.2.4 that the three definitions above coincide in a Fréchet space
E if and only if E satisfies (DN). However, the case of an (LB)-space E be-
haves different from the real analytic case. This is the content of Theorem
5.2.6.

Our main tools are tensor products [41], the characterizations of the
identity L(E,F) = LB(E,F) [7, 63] and the modern theory of Fréchet
spaces [54].

5.1. Definitions and properties

77
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From now on, E denotes a sequentially complete locally convex space
and w a non-quasianalytic weight function. A treatment of C*-functions
with values in a locally convex space can be seen in Jarchow [34].

Definition 5.1.1. A function f : O — E is weakly w-ultradifferentiable (of
Roumieu type), and we denote f € &,y (Q,E), if forallu € E',uof €
E(wy(Q), ie, Yu € E'and VK CC Q, uo f € C*(Q) and there exists m
such that

sup sup |(u0 £)(®) (x)| exp (—;qo* <ra|m>) < oo,

xeK a€lNy

According to a classical result of Grothendieck [31], a function f : O —
E belongs to C*((), E) in a vector sense if and only if for all u € E’,
uo f € C*(Q). As a consequence, it follows ¢\ (Q, E) C C*(Q, E).

Let w be a non-quasianalytic weight function. Denote

Sw = {0 : 0 is a weight function satisfying ¢ = o(w), i.e., tlim Z;((?) =0}

By [53, Corollary 3.3], the family of seminorms defined by

Il = sup sup |£)(x)|exp (@3 (lal)), f € £y (€Q),

xeK aENUN

where K is compact subset in () and ¢ € S, is a fundamental system of
seminorms of &y} (Q). This result also holds in the quasianalytic case for
an open convex subset () by a result due to Bonet, Galbis and Momm (see
[16, Lemma 13]).

We recall a regularity condition in inductive limits due to Makarov
[51].

Definition 5.1.2. Aninductive limit X = ind, X, is regular if each bounded
subset of the inductive limit is contained and bounded in some step X;,.

A complete LF-space is regular by the Grothendieck Factorization The-
orem.

Proposition 5.1.3. Let E be a sequentially complete locally convex space and let
f:Q — E Then, f € E\(QE) if and only if f € C*(Q, E) and for each
continuous seminorm q of E and K compact subset in () there exists m € IN such
that .

sup sup g <f("‘)(x)> exp (—mgo* (\zxm)) < o0.

xeK peNY
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Proof. Assume f € £,y (Q), E). By the result of Grothendieck, f € C*(Q), E).
On the other hand, for all u € E', uo f € &,;(Q). For every weight
o € Sw, every compact subset K and for all u € E’ we have

sup sup [u(f®(x))]exp (—¢; (|al)) < 0. (5.1)

xeK lXEN(I)\]

Then, the set {f(”‘)(x) exp(—¢s(ja])): x€K, a€ INO} is weakly bounded
and hence bounded in E. As a consequence, given a continuous seminorm
q on E, it is clear that the subset of £} (Q) given by

By:={uof:|ul <queckE}
is bounded in &£y, (Q2). For each compact subset K in (), B, is bounded in

&{wy (K) which is complete and regular, hence there is m € IN such that B,

1
is contained and bounded in £ (K), i.e.,

sup py 1(g) < oo.
8€By

This and Hahn-Banach’s Theorem imply

sup sup q (£(x)) exp (0" (alm) ) = sup iy (5) <

xeK aENSI SEB,
]

We emphasize that in Proposition 5.1.3 the natural number m depends
on the seminorm g and the compact set K. Compare with the definition
below.

Definition 5.1.4. A smooth function f : (3 — E is topologically or strongly
w-ultradifferentiable (of Roumieu type), and we denote f € 5Ew}(Q,E), if
VK CC Q) there exists m such that Vg continuous seminorm of E

sup sup 1 ((5))) exp (07 (nla]) ) < .

xek aeINé\’

Remark 5.1.5. In view of Proposition 5.1.3, Efw} (O E) C &y (U E).

The Definitions 5.1.1 and 5.1.4 should be compared with the notions
of CM-curve or strongly CM-curve in [44, Definition 3.1] given by Kriegl,
Michor and Rainer. These authors consider increasing weight sequences
M = (M,)pen, satisfying (M1) and (M2’) as in Definition 1.0.18 and define
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ultradifferentiable curves with values in a locally convex space, c : R — E,
using the approach of Carleman and Komatsu [38] (see also Definition
1.0.19). A curvec: R — Eis called CM if forallu € E',uoc € Erm,y (R).
The curve c is called strongly CM if for all compact subset K C R there is
h > 0 such that the set

(p)
{C (x): x €K, pE]NO}

is bounded in E.

We introduce now bornologically w-ultradifferentiable functions. First,
we recall the notion of Banach Disk. Let B be an absolutely convex bounded
subset in E. Denote by || - || the Minkowski functional of B, that is, for
each f € E

|fllp =inf{t >0: f € tB}.

We set Ep = spanE = |J;tB. Ep is a normed space endowed with the
Minkowski functional of B. In case E is sequentially complete one can
prove that Ep is a Banach space and the inclusion Eg < E is always con-
tiunuous.

An absolutely convex bounded subset B in a locally convex space E is
called Banach disk if the space Ep is Banach.

Definition 5.1.6. A function f : QO — E is bornologically w-ultradifferentiable
(of Roumieu type), and we denote f € & ?w}(ﬂ, E), if there exists a closed
absolutely convex bounded subset B (a Banach disk since E is sequentially
complete) such that

f S 5{w} (Q, EB).

Our purpose is to study the equalities
Elwy (U E) = £y (L E) and &\ (Q,E) = &, (O, E)

when E is a Fréchet or an (LB)-space, thus answering a question by Kriegl
and Michor. To do this, following an idea of Bonet and Domanski [9], we
must represent £, (), E) as a tensor product. Recall that given locally
convex spaces X and Y, their Schwartz’s e-product is XeY = L.(X.,,Y). It
is endowed with the topology of uniform convergence on equicontinuous
sets in X’. Here X/, is the topological dual of X with the topology of uni-
form convergence on convex compact subsets in X and X;g the topological
dual with the topology of uniform convergence on bounded subsets. See

[41, TI]. Of course, if X is Montel then XeY = Lﬁ(Xk,Y). A linear map
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f X — Yis called bounded if there is a 0-neighborhood U in X such that
f(U) is bounded in Y, or equivalently, there is a bounded disk B in Y such
that f : X — Yp is continuous. In this case, we write f € LB(X,Y).

Lemma 5.1.7. The linear H span of {dy : x € Q} is a sequentially dense subset

Proof. Fixu € &1, (Q). There is a compact subset K such thatu € £, (K)".
The (LB)—space E{W}( ) isreflexive and if f € £y, (K) verifies (dy, f) = 0
for all x € K, then f = 0. A Hahn-Banach argument implies that H is
weak-star dense in the Fréchet space £, (K ) Therefore, there exists a
sequence {u;};en, C H such that u; tends to u in €, (K)g and hence, u;
tends to u in £} (). O

Theorem 5.1.8. Let E be a sequentially complete locally convex space. The spaces
Ew} (L E) and L(E(,1 (Q); B E) are algebraically isomorphic. Moreover, this

isomorphism maps wa} (Q E) onto LB(E,) (Q )ﬁ, E).
Proof. We define A: ) — E{w}(Q)/’S by A(x) = dy. The map
L(g{w}(ﬂ);g, E) — g{w}(ﬂ, E), (D(W) =Wo A,

is well defined and linear. In fact, for every u € E' we have uo W €
&1 ()", hence, by reflexivity, there is ¢ € £, (Q) such that

(x) = 0x(¢) = (w0 W)(dx) = u(®(W))(x),

which proves that u o ®(W) = ¢ € &}(Q). Now we define H :=
span {dy : x € O} and we endow it with the topology induced by £,} (Q2)-
If f € £y (Q, E) we denote by ¥(f) : H — E the linear extension of the
map ‘I’(f)( x) = f(x), x € Q0. We check that ¥(f) is continuous. Fix a
continuous seminorm ¢ on E and consider the bounded set B; in £, (Q2)
defined by By := {uo f: |u| < q,u € E'}.If y € H belongs to B} then

q(¥(f) () = sup [u(¥()(y))] < 1.

lul<q

By Lemma 5.1.7, H is sequentially dense in £, (Q))}; and there is a unique
continuous and linear extension ¥ (f) : £,y (Q ) — E. Thatis, ¥(f) €
L(E{w}(())ﬁ, ) and the map

Y1 €y (U E) — L(Eqy ()3, E)
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is well defined and linear. Since ® o ¥ and ¥ o ® coincide with the iden-
tity, both ® and Y are linear isomorphisms. Finally we see that the iso-
morphism ¥ maps Efw}(() E) onto LB(E{,y(Q), E). Let f € Eb }(Q,E)
be given. There is a Banach disk B such that f € E{W} (Q), Ep) and

Y(f) € L(Egy (Q)f, Ep) € LB(E(y(Q)p, E).

Conversely, if W € LB(E,(Q); B E) there is a Banach disk B such that

W € L(E()(R)j, Ep). Then, (W) € &1,y (R Ep) € £}, (R, E).
L]

Lemma 5.1.9. Let E be a Fréchet space If f € C*(Q), E), then there is a closed
Banach disc B in E such that f € C®(Q), Ep).

Proof. Let {K; },en be a compact exhaustion of Q) and, for each n € IN, we
consider the compact set

By = J{FW(K,) ¢ Ja] < n).

According to a result due to Mackey (see [41, I, 29.1 (5)]) there are A, > 0
such that C := U,cn AnBy is a bounded set in E. We denote by B the
closure of the absolute convex hull of C and prove that f € C®(Q), Ep). It
is easy to see that f € C(Q), Ep). Proceeding by induction, let us assume
that f € C™(Q), Ep) and fix a compact subset K C (), a multi-index « with
] =mand 1 < j < N.Take n € N such that K is contained in the interior
of K, and find p > 0 with f(ﬁ)(Kn) C uB whenever |B| < m + 2. Then,
for every x € K, u € B° and t # 0 small enough we have, after applying
Taylor” Theorem to the real-valued function u o f,

(@) (x + te;) — @) (x 9 9’
<f ( ]t) f ()_axjf(“)(x), u>=;<ax]2f(a)(x+€€j)r ”>

for some ¢ such that |¢| < [t|. Hence

(x+te)) — fW(x) 2

_ 7 <
sup [ ; ax ! Olle, < Hitl
which proves that f € C"1(Q), Ep). O
Theorem 5.1.10. If E is a Fréchet space, then, S{ }( E) = 8{ }(Q E).
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Proof. Let f € Sf w}(Q,E) be given. By the previous lemma there is a

Banach disk B such that f € &1 (Q), Eg). Moreover, according to Propo-
sition 5.1.3, for all compact subset K there is m such that

1 *

sup sup | (5) ey exp (1.9 (1) ) < e,
xeK peNY

Since the inclusion Eg — E is continuous it easily follows that f € Efw} (QLE).

Conversely, let us assume that f € EE w}(Q, E) and fix a compact ex-
haustion {Kj },en of Q. For each n there is m,, € IN such that the set

Bl’l = {f(o‘)(x) exp <_nzll~n€0* (‘oc|mn)> X e Kn, N e N(I)\I}

is bounded in E. From (the proof of) Lemma 5.1.9 there are A,, > 0 such
that the closed absolutely convex hull B of |J,,c A# By is a Banach disc and
f € C*(Q), Eg). Moreover, from the definition of B, we have that

1 . B
sup sup [[£®)||z, exp (—m,ﬂ’ (\a|mn>) <A,

xeKy DéE]N(I]\]

from where we conclude that f € £ fw} (O, E). O

The next theorem is proved in [44, Lemma 5.2] for functions f : RN —
E in the setting of Denjoy-Carlemann classes with a different proof.

Theorem 5.1.11. Let E be a sequentially complete locally convex space such that

Ej is a Baire space. Then, £, (Q), E) = SEW}(Q, E).

Proof. In view of Proposition 5.1.3 it is clear that S;w} (QLE) C &y (U E).
In order to show the other inclusion, let f € S{W} (Q), E) fixed and K com-
pact subset. The map T : E’ﬁ — &y (K) given by T(u) = (uo f)|k has
closed graph and we can apply a Grothendieck’s Factorization Theorem
([58,1.2.20 (i)]) to conclude that thereis m € N such that T : E;j — & é}} (K)
is well defined and continuous. Therefore, the set

{f("‘)(x) exp (—;q)* (|uc|m)> cxeK ae ]Né\]}

is weakly bounded in E, hence it is bounded. ]
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5.2. Main results

Let w be a non-quasianalytic weight function. We characterize when
the three definitions of vector valued {w }-ultradifferentiable function given
in the previous section coincide if E is a Fréchet space or a complete LB-
space. We start with the following example due to Kriegl, Michor and
Rainer [44].

Example 5.2.1. Let E be the countable product of copies of the scalar field,
endowed with the product topology, which is a nuclear Fréchet space. Let
w(t) = t1/%, s := 1/a > 1, be a Gevrey weight. There are curves in
E(w} (R, E) which are not in Eiw} (R, E) by [44, Example 3.2]. This fact is
based on the existence of f € &} (R) such that

{1 (x) exp (—Aq)* ('i')) :a € No, x € K}

is unbounded for any compact subset K C R containing 0 and a suitable
A

We recall the definition of topological invariant (DN) of Vogt [54].

Definition 5.2.2. A Fréchet space E with a fundamental system of semi-
norms (|| - || )nen is said to satisfy the property (DN) of Vogt if

InV¥m >n3 >m,C < ooVx € E: ||x||2, < Cllx|ullx]l;

In fact, || - ||, is a norm which is called dominating norm. Every power
series spaces on infinite type has the property (DN) and a nuclear Fréchet
space has the property (DN) if and only if it is isomorphic to a subspace of
the space s of rapidly decreasing sequences. See [54, Chapter 29] for more
details.

Power series spaces of order one are defined as follows. Let a =
(#j)jen be a monotonically increasing sequence in [0, oo with lim; a; = oo,
we set

A(a) = {x e CV:[|x[y := ) |xj|r < coforall0 <r < 1} :
jeN

Aq(«) is a reflexive Fréchet space equipped with the fundamental system

of norms

{H ' ||r}0<r<1~

In view of [63, Theorem 2.1], for positive increasing sequences & = («;)
verifying sup; “&—tl < 00, a Fréchet space E has (DN) property if and only
if L(A1(a),E) = LB(A1(a),E). The next theorem is a consequence of [22,

Proposition 4.9].
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Theorem 5.2.3. Let w be a non-quasianalytic weight, Q) an open subset in RN
and a(w, N) := {w(j%)}jeN. Then,

Ewy(Q 69 Ar(a

Theorem 5.2.4. Let w be a non-quasianalytic weight and let E be a Fréchet space.
Then £,y (O, E) = wa}((), E) if and only if E has the property (DN).

Proof. We first suppose £,y (O, E) = Efw}(ﬂ, E). In view of Theorems
5.1.8 and 5.1.10 the identity

L(S{w}(Q)/ﬂ,E) = LB(é’{w}(Q)’ﬁ,E) (5.2)

holds and from the fact that A; ({w(j v)} jen) is a complemented subspace
of £(,)(Q)’ it easily follows that also

LA ({w(j%) }jen), E) = LB(A1({w(j¥) }jen), E).

w((iﬂ)%) 3

1
w(jN)
co. Hence we can apply [63, Theorem 2.1] to conclude that E satisfies (DN).

Conversely, suppose that E has the (DN) property. Then,

LA ({w@(j¥)}jen), E) = LB(A1({@(j¥) }jen), E).

Now, it is enough to apply Theorem 5.2.3, [54, Proposition 24.3] and [1,
Proposition 1] to get that also L(Ey,3 (2 ) E) = LB(E{w}( ) , E). Hence,
Theorem 5.1.8 permits to conclude that £ {w}( E)= }(Q E). O

On the other hand, condition («) of weight function implies sup J

Bonet, Meise and Melikhov characterize in [17, Theorem 14] those weight
sequences (M), eN, for which there exits a weight function w such that
the corresponding class of ultradifferentiable functions defined by (M) e,
coincide with the class of ultradifferentiable functions in the sense of Braun,
Meise and Taylor defined by w. To do this, these authors introduced the
following conditions on the weight sequence (M, ) e -

We say that (Mp),enN, verifies (M2) if it has the following property
stronger than (M2)":

there are A, H > 1 such that M, < AH? min M,M, ,, p € No.

0<p<q
We set m, := 37—. We say that (M) e, Verifies B-M-M* if
there exists Q € IN with lim mf > 1.

j—oo ﬂy
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Corollary 5.2.5. Let (Mp)pen, be a sequence of positive numbers satisfying
(M0), (M1), (M2) ,(M3) and condition B-M-M*. A Fréchet space E satisfies
(DN) if and only if every CM curve with values in E is a strong CM curve.

Proof. By [17, Theorem 14], CM curves in E correspond to elements in
Etwy (Ja, b, E) and strong CM curves in E correspond to elements in

ng} (Ja, b], E). The conclusion follows by Theorem 5.2.4. O

Gevrey classes satisfy all the assumptions of Corollary 3.5.

In the real analytic case, the property which characterizes those Fréchet
spaces E for which A(Q), E) = A;(Q, E) holds is the condition (DN) (see
[9, Theorem 18] and [10, Theorem 3]). The property which characterizes

those (LB)-spaces for which A(Q), E) = A,(Q, E) holds is that E;} has the

property (ﬁ) of Vogt (see [9, Theorem 21] and [10, Theorem 5]). However,
in the ultradifferentiable setting we get the following result.

Theorem 5.2.6. Let w be a non-quasianalytic weight and let E = ind,, E,, be a
complete LB-space. Then & (Q, E) = & f o} (Q), E) if and only if E is a Banach
space.

Proof. Let us assume that £,y (Q, E) = & fw} (Q), E) and E is not normable.
From Theorems 5.1.8 and 5.2.3 we get

L(EP A1(a(w,N)), E) = LB(ED A1 (a(w, N)), E). (5.3)
N N

Let ¢ denote the countable direct sum of copies of the scalar field. We
take x € Aq(a(w,N)) and u € Aq(a(w, N))’ such that u(x) = 1, define
: ®dNA(a(w,N)) — pandi: ¢ — &NA1(a(w,N)) by t1({zn}n) =
{u(zn)}n and i({an}n) = {anx}. It is clear that moi = Id,, hence ¢ is
a complemented subspace of @ A1(a(w, N). It follows that L(¢,E) =
LB(¢,E) . This is a contradiction. Indeed, since E is not normable we can
find a subsequence (1), C N and x; € E;,, \ Ex,. We can apply a result
by Bonet ([7, Proposition 11]) to find (Cy)ken C]0.00] such that (Cyxy)ren
is bounded in E. This is impossible because every complete LB-space is
regular and (Cyxy)ken is not included in any step. O
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