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A systematic geometric theory for the ultradifferentiable (nonquasianalytic
and quasianalytic) wavefront set similar to the well-known theory in the
classic smooth and analytic setting is developed. In particular an analogue
of Bony’s theorem and the invariance of the ultradifferentiable wavefront
set under diffeomorphisms of the same regularity is proven using a theorem
of Dynkin about the almost-analytic extension of ultradifferentiable func-
tions. Furthermore, we prove a microlocal elliptic regularity theorem for
operators defined on ultradifferentiable vector bundles. As an application,
we show that Holmgren’s theorem and several generalizations hold for op-
erators with quasianalytic coefficients.

1. Introduction

The aim of this work is to establish a geometric theory for the wavefront set in
ultradifferentiable classes introduced by Hérmander [1971a] analogous to the one
for the classical wavefront set. There are a number of recent works dealing with
this question; see, e.g., [Adwan and Hoepfner 2015; Berhanu and Hailu 2017;
Hoepfner and Medrado 2018]. In this paper we present a unified approach to the
problem, which also allows us to treat quasianalytic classes, which the methods
introduced up to now were not able to cover. We note that the geometric theory
of the ultradifferentiable wavefront set developed here has numerous possible
applications, including for example to problems studied by Baouendi and Métivier
[1982], Berhanu, Cordaro and Hounie [Berhanu et al. 2008] or Castellanos, Cordaro
and Petronilho [Castellanos et al. 2013].

Regarding questions of the regularity of solutions of PDEs, the wavefront set
is a crucial notion introduced by Sato [1970] in the analytic category and by
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Hormander [1971b] in the smooth case. Their refinement of the singular sup-
port simplifies, for example, the proof of the classical elliptic regularity theorem
considerably.

One of the basic features of both the smooth and analytic wavefront sets is
that they are invariant under smooth and real-analytic changes of coordinates,
respectively. Hence it is possible to define the smooth (or analytic) wavefront set
of a distribution given on a smooth (or analytic) manifold. This is mainly due to
the fact the smooth (resp. analytic) wavefront set can either be described by the
Fourier transform (Hérmander’s approach), boundary values of almost analytic
(resp. holomorphic) functions (Sato’s definition) or by the FBI transform (due to
Bros and Iagolnitzer [1975]). The proof of the equivalence of these descriptions in
the analytic category is due to Bony [1977].

Various other notions of wavefront sets associated to microlocalizable structures
have since then been introduced; e.g., for Sobolev spaces, see, e.g., Lerner [2010].
In this paper we are interested in ultradifferentiable classes, that is, spaces of smooth
functions which include strictly all real analytic functions. The most well known
example of such classes are the Gevrey classes; see, e.g., [Rodino 1993].

Generally, spaces of ultradifferentiable functions are defined by putting growth
conditions either on the derivatives or the Fourier transform of its elements. One
family of ultradifferentiable classes, which includes the Gevrey classes, is the
category of Denjoy—Carleman classes. The elements of a Denjoy—Carleman class
satisfy generalized Cauchy estimates of the form

10% £ (x)] < Ch'™ My

on compact sets, where C and h are constants independent of & and M = (M;); is
a sequence of positive real numbers, the weight sequence associated to the Denjoy—
Carleman class. Such classes of smooth functions were first investigated by Borel
and Hadamard, but were named after Denjoy and Carleman who characterized
independently the quasianalyticity of such a class using its weight sequence; see
the survey [Thilliez 2008].

There is a rich literature concerning the Denjoy—Carleman classes and their
properties. It turns out that conditions on the weight sequence translate to stability
conditions of the associated class. For example, if M is a regular weight sequence
in the sense of Dynkin [1976], then it is known that the Denjoy—Carleman class
is closed under composition and solving ordinary differential equations and that
the implicit function theorem holds in the class; see, e.g., [Bierstone and Milman
2004]. Hence it makes sense in this situation to consider manifolds of Denjoy—
Carleman type. In Section 2 we give a brief introduction in the modern theory of
Denjoy—Carleman classes and include a survey of the statements from the literature
that are needed later on for the convenience of the reader. We note also that using
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the theory it is straightforward to generalize Nagano’s theorem [1966] to orbits of
quasianalytic vector fields.

There have been several attempts to define wavefront sets with respect to Denjoy—
Carleman classes; see, e.g., [Komatsu 1991] and [Chung and Kim 1997]. The
definition in the latter uses the FBI transform and also allows us to define WF o u
for ultradistributions # in the nonquasianalytic case; see, e.g., [Adwan and Hoepfner
2010]. But if we restrict ourselves to distributions, the most wide-reaching definition
of an ultradifferentiable wavefront set both with respect to the conditions imposed
on the weight sequence and scope of achieved results was given by Hormander
[1971a] utilizing the Fourier transform. Due to the relatively weak conditions
that he imposed on the weight sequence, Hormander was only able to define
the ultradifferentiable wavefront set WF u of distributions u on real-analytic
manifolds but not distributions defined on general ultradifferentiable manifolds.
Hormander’s results are reviewed in Section 3.

The main result we need in order to proceed is a theorem of Dynkin [1976].
He showed that for regular weight sequences each function in a regular Denjoy—
Carleman class has an almost-analytic extension, whose d-derivative satisfies near
Im z = 0 a certain exponential decrease in terms of the weight sequence. We apply
this result and several statements of Hormander [1983] in Section 4 to prove that the
Denjoy—Carleman wavefront set can be characterized by such M-almost-analytic
extensions. Using this characterization it is possible to modify Hormander’s proof
of the invariance of the wavefront set in the real-analytic case to show that in our
situation the ultradifferentiable wavefront set for distributions on Denjoy—Carleman
manifolds can be well defined.

In Section 5 we show that WF( u can be characterized by the generalized
FBI transform introduced by Berhanu and Hounie [2012]. This shows, in the
case of distributions, the equivalence of the wavefront set introduced by Kim and
Chung with the definition of Hormander and generalizes, in that situation, results
of Berhanu and Hailu [2017] and Hoepfner and Medrado [2018], especially to
quasianalytic classes.

We may note that if we combine our methods with the arguments in [Hoepfner and
Medrado 2018] then it is possible to generalize the above results to ultradistributions,
in particular the invariance of the wavefront set on ultradifferentiable manifolds.
In fact, it should be possible to give variants for ultradistributions of most of
the statements that are proven in this paper. However, in order to give a unified
presentation, especially regarding the assumptions on the weight sequence M, we
consider here only distributions.

As mentioned in the beginning, one of the fundamental results regarding the
classical wavefront set is the elliptic regularity theorem which states in its microlocal
form that we have for all partial differential operators P with smooth coefficients
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that WF 4 € WF Pu UChar P, where Char P is the set of characteristic points of P,
for all distributions u. Similarly Hormander proved that WF », u € WF ,, u UChar P
holds for operators with real-analytic coefficients. However, recently several authors,
e.g., Albanese, Jornet and Oliaro[Albanese et al. 2010] and Pilipovi¢, Teofanov
and Tomi¢ [Pilipovi¢ et al. 2018], have used the pattern of Hormander’s proof
to show this inclusion for ultradifferentiable wavefront sets and operators with
ultradifferentiable coefficients for variously defined ultradifferentiable classes.

Arguing similarly, we prove in Section 6 that, if M is a regular weight sequence
that satisfies an additional condition, which is usually referred to in the literature as
moderate growth, (see, e.g., [Thilliez 2008]), then WF, u € WF, Pu U Char P
for operators P with coefficients in the Denjoy—Carleman class associated to M.
In fact, we show this inclusion for operators with ultradifferentiable coefficients
acting on distributional sections of ultradifferentiable vector bundles.

Following the approach given separately by Kawai [Sato et al. 1973] and Horman-
der [1971a] in the analytic case, we use the elliptic regularity theorem in Section 7
to prove a generalization of Holmgren’s uniqueness theorem to operators with coef-
ficients in quasianalytic Denjoy—Carleman classes. Finally we give quasianalytic
versions of the generalizations of the analytic Holmgren’s theorem due to Bony
[1976], Hormander [1993], Sjostrand [1982] and Zachmanoglou [1972].

2. Denjoy—Carleman classes

Throughout this article, €2 denotes an open subset of R". A weight sequence is a
sequence of positive real numbers (M) jen, such that

My=1,

M% <M;_ 1My, jeN.
Definition 2.1. Let M = (M;); be a weight sequence. We say that a smooth
function f € £(RQ) is ultradifferentiable of class {M} if and only if for every

compact set K € €2 there exist constants C and £ such that for all multi-indices
a € Ng,

2-1) |D* f(x)| < Ch®" M,  xeK.

We denote the space of ultradifferentiable functions of class {M} on Q2 as Eo((£2).
Note that £44(€2) is always a subalgebra of £(€2) [Komatsu 1973].

Example 2.2. For any s > 0 consider the sequence M* = ((k)**t1),. The space of
ultradifferentiable functions associated to M?* is the well-known space of Gevrey
functions G5t! = Enmps of order s + 1; see, e.g., [Rodino 1993]. If s =0 then
G'=E,,0=0 is the space of real-analytic functions.
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Remark 2.3. It is easy to see that £,((£2) is an infinite-dimensional vector space,
since it contains all polynomials. In fact £4(£2) is a complete locally convex space;
see, e.g., [Komatsu 1973]. The topology on E,4(£2) is defined as follows. If K € Q
is a compact set such that K = K° then we define for f € £(K),

D® f(x)
h|“|M|a‘

I£1% = sup

xekK
aeNj

and set
EMK) :={f € EK) | I f 1% < o0}

It is easy to see that 5%(1() is a Banach space. Moreover, 5%(1() - wa(K) for
h < k and the inclusion mapping Lﬁ € 7\4 (K)— 55\/1 (K) is compact. Hence the space

Em(K) = {f € £(K) | there exists & > 0 such that || f]|% < oo} =1lim &} (K)
h

is an (LB)-space. We can now write

Em(L2) =1im Ep(K)
K

as a projective limit. For more details on the topological structure of £,4(2), see
[Komatsu 1973].

We also call E4(£2) the Denjoy—Carleman class on 2 associated to the weight
sequence M.
If M and N are two weight sequences then

M\
M=ZN = sup(—) <00
keNg \ Nk
defines a reflexive and transitive relation on the space of weight sequences. Further-
more it induces an equivalence relation by setting

M=xN = MNand N g M.

It holds that Exq C Ey if and only if M < N and Epq = €y if and only if M ~ N;
see [Mandelbrojt 1952] and also [Rainer and Schindl 2014; Thilliez 2008]. For
example, if < s then "+ C g°F1,
The weight function w,, (see [Mandelbrojt 1952; Komatsu 1973]) associated to
the weight sequence M is defined by
wpm(t) := sup log i, t >0,
JjeNy J

a)M(O) =0.

We note that w, is a continuous increasing function on [0, co) and vanishes on
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the interval [0, 1], and w4 o exp is convex. In particular wa4(¢) increases faster
than log ¢? for any p > 0 as ¢ tends to infinity. It is possible to extract the weight
sequence from the weight function, i.e.,
My = —tk ;
k= Sltlp e’
see [Mandelbrojt 1952; Komatsu 1973].
If f and g are two continuous functions defined on [0, co) then we write f ~ g
if and only if f(#) = O(g(¢)) and g(¢r) = O(f(¢)) for t — oo. It can be shown that
the weight function w; for the Gevrey space G**! satisfies

wy (1) ~ /6D,

Sometimes the classes £ are defined using the sequence my; = My /(k!) instead
of (My)x and (2-1) is replaced by

|DY f(x)| < Ch|a|'m ).

Infrequently the sequences uy = My41/ My or Ly = Mk1 /K are also used, with an

accordingly modified version of (2-1); see also Remark 3.3. The main reason for
the different ways of defining the Denjoy—Carleman classes is the following. In
order to show that these classes satisfy certain properties, like the inverse function
theorem, one has to put certain conditions on the defining data of the spaces, i.e.,
the weight sequence; see, e.g., [Rainer and Schindl 2016]. Often these conditions
are easier to write down in terms of these other sequences instead of using (M) ;.
In the following our point of view is that the sequences (My)k, (mi)k, (k) and
(Ly)x are all associated to the weight sequence M. We are going to use especially
the two sequences (m); and (M) ; indiscriminately.

We may note that sometimes ultradifferentiable functions associated to the weight
sequence M are defined as smooth functions satisfying (2-1) for all 4 > 0 on each
compact K; see, e.g., [Ehrenpreis 1970]. One says then that f is ultradifferentiable
of class (M) and the corresponding space is the Beurling class associated to M.
On the other hand £, is then usually called the Roumieu class associated to M;
see, e.g., [Komatsu 1973; Rainer and Schindl 2016].

From now on we shall put certain conditions on the weight sequences under
consideration.

Definition 2.4. We say that a weight sequence M is regular if and only if it satisfies
the following conditions, with k£ € N:

(Ml) m0=m1:1.

(M2) sup ¥ A1
k mg

< 0
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(M3) My < Mg—1Mgy1.
(M4) lim 4 = oo,
—00

The last condition just means that the space O of all real-analytic functions is
strictly contained in £, whereas the first is a useful normalization condition that
will help simplify certain computations. It is obvious that if we replace in (M1) the
number 1 with some other positive real number we would not change the resulting
space Enq.

If M is a regular weight sequence, then it is well known that the associated
Denjoy—Carleman class satisfies certain stability properties; see, e.g., [Bierstone
and Milman 2004; Rainer and Schindl 2016]. For example € is closed under
differentiation, i.e., if f € Eaq(2) then D f € Ep(2) for all o € Nj.

Remark 2.5. The fact that £44(€2) is closed under differentiation implies immedi-
ately another stability condition, namely closedness under division by a coordinate
(see [Bierstone and Milman 2004]):

Suppose that f € Ep(2) and f(x1,...,Xj—1,a,Xj41,...,X,) = 0 for some
fixed a € R and all xi, k # j, with the property (x1,...,X;_1,a,Xj41,...,X,) € 2.
Then we apply the fundamental theorem of calculus to the function

fitt— fxi,...,xj_1,t(xj —a)+a, Xj41, ..., Xp)
and obtain
1
f;
=[] —(@)dt
S ) /0 at()
laf
=(x;—a) — 1, xjont(xj—a)ta, X, ..., X)) dE
0 8Xj
= (xj —a)g(x).
It is easy to see that g € E¢(£2) using df/0x; € Epq(£2).

For the proof of the properties above, only (M2) was used. If we apply also (M3)
then it is possible to show that E,4(€2) is inverse closed, i.e., if f € E,4(2) does
not vanish at any point of €2 then

1
— e Em(Q);
fEM()

see [Rainer and Schindl 2016].
In fact, if M is a regular weight sequence then the associated Denjoy—Carleman
class satisfies also the following stability properties.

Theorem 2.6. Let M be a regular weight sequence and 21 € R™ and Q; C R”" be
open sets. Then the following holds:
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(1) The class Exq is closed under composition (see [Roumieu 1962] and also
[Bierstone and Milman 2004]), i.e., let F: Q1 — Q2 be an Epq-mapping, that
is, each component F; of F is ultradifferentiable of class {M} in @1, and
g € Epm(S2y). Then also g o F € Epq(821).

(2) The inverse function theorem holds in the Denjoy—Carleman class Epq (see
[Komatsu 1979]): Let F : Q1 — 2, be an Ep-mapping and py € 21 such
that the Jacobian F’(py) is invertible. Then there exist neighborhoods U of po
in Q1 and 'V of go = F(xp) in Q2 and an Exq-mapping G : V — U such that
G(qo) = po and F o G =1idy.

(3) The implicit function theorem is valid in £ (see [Komatsu 1979]): Let F :
R > Q — R? be an Enm-mapping and (xg, yo) € 2 such that F (xg, yo) =0
and dF /3y (xq, yo) is invertible. Then there exist open sets U CR" and V CR?
with (xg, y0)eUXV CQ and an Epq-mapping G : U — V such that G(xo) = yo
and F(x,G(x))=0forallx € V.

Furthermore it is true that E,((2) is closed under solving ODEs; to be more
specific, the following theorem holds.

Theorem 2.7 (Yamanaka [1991]; see also Komatsu [1980]). Let M be a regular
weight sequence, 0 € I C R an open interval, U C R"and V C RY be open and
FeEy(IxUxV).

Then the initial value problem

xX'®)=F(@,x(t),)), tel, A€V,
X(O)=.xo, X()GU,

has locally a unique solution x that is ultradifferentiable near 0.

More precisely, there is an open set Q@ C I x U x V that contains the point
(0, x0, L) and an Epq-mapping x = x(t,y,A) : Q& — U such that the function
t — x(t, yo, Lo) is the solution of the initial value problem

x'(t) = F(t, x(1), Lo),
x(0) = yo.

For any regular weight sequence M we can define the associated weight by

(2-2) ha(t) = illgftkmk if t > 0 and h,(0) = 0.
As above, we have that
i = sup ham(t)
k : tk .

In order to describe the connection between the weight and the weight function
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associated to a regular weight sequence we set
- t)
(1) ;= sup log —,

J€No m;
ha(t) = igftkMk,

for t > 0 and &4 (0) = 1 0((0) =0.
Lemma 2.8. If M is a regular weight sequence then
haq(t) = e_(Z’M(l/t),
(2-3) Y
I () = e~ oMU/

Proof. We prove only the equality for 4. Of course, the verification of the other
equation is completely analogous. If ¢ > 0 is chosen arbitrarily we have by the
monotonicity of the exponential function that

1 1 1 1 1
~ - — 1 _— = = = .
exp<wM<f>) exp(sgp o8 mktk> Sl/ip mit* infy mpth hag(1)

We obtain that &, is continuous with values in [0, 1], equals 1 on [1, co) and
goes more rapidly to O than ¢” for any p > O for t — 0. Although the weight
function is the prevalent concept, the weight has been used, e.g., by Dynkin [1976]
and Thilliez [2003].

Example 2.9. If M = M? is the Gevrey sequence of order s then we know already
that the associated weight function satisfies w;(¢) ~ t1/0+9) Hence (2-3) shows for
s > 0 that if we set

fit)=e "

then there are constants C, C», Q1 and O, > 0 such that

C1fs(Q1t) < hg(t) < Ca f5(Q21)

fort > 0.

It is well known (see, e.g., [Mather 1971] or [Melin and Sjostrand 1975] ) that
a function f is smooth on €2 if and only if there is an almost-analytic extension
F of f, i.e., there exists a smooth function F on some open set & C C" with
QNR"* = Q such that
=" p— l<i+ii)F
/ 821 2 8Xj ayj
is flat on Q2 and F|g = f. The idea is now that if f is ultradifferentiable then one

should find an extension F of f such that the regularity of f is translated in a
certain uniform decrease of d; F near Q2 (see [Dynkin 1993]). Such extensions were
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constructed, e.g., by Petzsche and Vogt [1984] and Adwan and Hoepfner [2010]
under relative restrictive conditions on the weight sequence. The most general result
in this regard though was given by Dynkin [1976].

Theorem 2.10. Let M be a regular weight sequence and K € R" be a compact
convex set with K = K°. Then f € Ex(K) if and only if there exists a test function
F € D(C") with F|x = f and if there are constants C, Q > 0 such that

(2-4) 10 F(2)| < Cham(Qdk (2)),

where 1 < j <n and dg is the distance function with respect to K on C"\ K.

We shall note that Dynkin used the function 4 (¢) = infien myt*~1 instead of
the weight /1 ,(.! But we observe that

= inf k< inf k_1= < inf _k_lz
haq(t) klenNomkt < II:EN myt thi(t) < Ct]:QN my_1t Ctha (1),
where we used (M2). Since /& a4 is rapidly decreasing for + — O we can interchange
these two functions in the formulation of Theorem 2.10. In fact, Dynkin’s proof

gives immediately the following result.

Corollary 2.11. Let M be a regular weight sequence, p € Qand f € D'(Q). If f is
ultradifferentiable of class { M} near p, i.e., there exists a compact neighborhood K
of p such that f|x € Eap(K), then there are an open neighborhood W C Q2 of p, a
constant p > 0 and a function F € E(W +iB(0, p)) such that F|w = f|w and

(2-5) 18, F(x +iy)| < Cha(QIy)
for some positive constants C, Q and all 1 < j <nand x +iy € W +iB(0, p).

One of the main questions in the study of ultradifferentiable functions is if the
class under consideration behaves more like the ring of real-analytic functions
or the ring of smooth functions. E.g., does the class contain flat functions, that
means nonzero elements whose Taylor series at some point vanishes? That leads to
following definition.

Definition 2.12. Let E C £(2) be a subalgebra. We say that E is quasianalytic if
and only if for f € E the fact that D* f(p) = 0 for some p € Q2 and all o € Nj
implies that f = 0 in the connected component of €2 that contains p.

In the case of Denjoy—Carleman classes quasianalyticity is characterized by the
following theorem.

1h1 is in fact the weight associated to the shifted sequence (m441)-
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Theorem 2.13 [Denjoy 1921; Carleman 1923a; 1923b]. The space En(2) is
quasianalytic if and only if

My,
(2-6) > = 0.
T M

(o)
k=

We say that a weight sequence is quasianalytic if and only if it satisfies (2-6) and
nonquasianalytic otherwise.

Example 2.14. Let o > 0 be a parameter. We define a family N° of regular weight
sequences by No = N; =1 and

N{ = k!(log(k + €))°*

for k > 2. The weight sequence N? is quasianalytic if and only if 0 < o < 1; see
[Thilliez 2008].

Remark 2.15. Obviously D (2) = D(2) N Eg(€2) is nontrivial if and only if
Erm(L2) is nonquasianalytic; see, e.g., [Rudin 1966]. It is well known that the
sequences M?* are nonquasianalytic if and only if s > 0. In fact there is a nonquasi-
analytic regular weight sequence M such that M < M? for all s > 0; see [Rainer
and Schindl 2014, page 125]. Hence

Oggﬁ/lgﬂgs—kl

s>0

Using Theorem 2.6 we produce the following definition:

Definition 2.16. Let M be a smooth manifold and M a regular weight sequence.
We say that M is an ultradifferentiable manifold of class { M} if and only if there is
an atlas 4 of M that consists of charts such that

¢ op ! €l
for all ¢, ¢’ € A.

A mapping F: M — N between two manifolds of class { M} is ultradifferentiable
of class {M} if and only if ¥ o F o ¢! € £ for any charts ¢ and ¢ of M and N,
respectively. We can now consider the category of ultradifferentiable manifolds of
class {M}. We denote by

XmM)=Epm(M, TM)

the Lie algebra of ultradifferentiable vector fields on M. Note that, if M is a regular
weight sequence, an integral curve of an ultradifferentiable vector field of class
{M} is an Epq-curve by Theorem 2.7.

These considerations allow us to state a quasianalytic version of Nagano’s theo-
rem [1966].
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Theorem 2.17. Let U be an open neighborhood of py € R" and M a quasianalytic
regular weight sequence. Furthermore let g be a Lie subalgebra of X »((U) that is
also an Exq-module, i.e.,if X e gand f € Epq(U) then fX € g.

There exists an ultradifferentiable submanifold W of class {M} in U, such that

2-7) T,W=g(p) forallpeW.
Moreover, the germ of W at pg is uniquely defined by this property.

The proof of Theorem 2.17 is the same as in the analytic version; see, e.g.,
Baouendi, Ebenfelt and Rothschild [Baouendi et al. 1999]. We call the uniquely
defined germ y), (g) of the manifold constructed in Theorem 2.17 the local Nagano
leaf of g at pg. From now on all Lie algebras of ultradifferentiable vector fields that
are considered are assumed to be also £ ¢-modules.

Following Nagano [1966] (see also [Baouendi et al. 1999]), we can also give a
global version of Theorem 2.17.

Theorem 2.18. Let M be a quasianalytic regular weight sequence. If g is a Lie
subalgebra of X y((2) then g admits a foliation of 2, that is a partition of Q by
maximal integral manifolds.

Before we close this section we need to introduce another condition for weight
sequences. Let M be a weight sequence. We say that M is of moderate growth if
and only if there are constants C and p such that

(M2)) M < Cp* MMy

for all (j, k) € N(z). Both the Gevrey sequences M* and the sequences N/’ from
Example 2.14 satisfy (M2') for all s and o, respectively.

For a discussion of this condition, see, e.g., [Komatsu 1973]. Here we only
mention two facts. First, for any weight sequence M, if (M2) holds then (M2)
is also satisfied. Furthermore, if M satisfies (M2’) then there is some s > 0 such
that x4 € G119 see, e. g., [Thilliez 2003]. On the other hand consider the regular
weight sequence £ givenby Lo=L;=1and L; = k12 for k > 2. Then G'** Cér
for all s > 0 and therefore £ cannot satisfy (M2').

3. The ultradifferentiable wavefront set

In this and the following two sections we always assume that M is a regular weight
sequence.

Hoérmander [1971a] proved the following local characterization of £, via the
Fourier transform:

Proposition 3.1. Let u € D'(Q) and py € Q. Then u is ultradifferentiable of
class { M} near pq if and only if there are an open neighborhood V of pg, a
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bounded sequence (uy)y C E'(U) such that uly = (uy)|y and some constant
0 > 0 50 that
sup HMENG] - oo
EcR" QNM N
NeNy
Hormander then used this characterization to define the ultradifferentiable wave-
front set:

Definition 3.2. Let u € D'(Q2) and (xg, &) € T*Q \ {0}. We say that u is mi-
crolocally ultradifferentiable of class {M} at (xg, &) if and only if there are a
neighborhood V of x¢, a bounded sequence (uy)y € £'(2) with uyjy =u|y and a
conic neighborhood I' of &y such that uy|y = u|y, where V € U(xp), and a conic
neighborhood I' of &y such that for some constant Q > 0

(3-D SUp ————— < 00

The ultradifferentiable wavefront set WF 1, u is then defined as

WFp 1= {(x,§) € T*Q\ {0} |
u is not microlocally ultradifferentiable of class {M} at (x, 5)}.

Remark 3.3. Hormander [1971a] defined WF , for weight sequences that satisfy
weaker conditions than those we imposed in Definition 2.4. He required, as we
have done, (M2) and that O C &£, but (M3) is replaced by the monotonic growth
of the sequence

(3-2) Ly =My,

This condition still implies that £, is an algebra but gives only that £, is closed
under composition with analytic mappings.

More precisely, in terms of the sequence (L )y, the conditions that Hormander
imposed take the following form. First, N < Ly and Ly+; < CLy for all N and a
constant C > 0 independent of N. Furthermore, as mentioned before, the sequence
(Ln)y is also assumed to be increasing.

Note that Hormander’s classes might not even be defined by weight sequences
in the sense of Section 2. Hence Hormander [1983] was able to define WF », u for
distributions u on real analytic manifolds but not on arbitrary ultradifferentiable
manifolds of class {M}; note that the implicit function theorem may not hold
in an arbitrary ultradifferentiable class defined by weight sequences obeying his
conditions. Similarly he proved that

WFn u € WF PuUChar P
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for linear partial differential operators P with analytic coefficients but not for
operators whose coefficients might be only of class {M}.

As mentioned before it is possible to modify the arguments of Hormander in the
case of regular weight sequences to show that the above inclusion holds for partial
differential operators with ultradifferentiable coefficients as long as M is regular
and of moderate growth. Similarly we are able to define WF ( u for distributions
defined on manifolds of class { M} (for regular M), in this instance using Dynkin’s
almost-analytic extension of ultradifferentiable functions (i.e., Corollary 2.11).

However, since regular weight sequences also fulfill the conditions of Hérmander
we can use all of his results on WF . Indeed, in terms of L, we have that (M4)
implies that k < y L, for all k € Ny and a constant ¥ > 0 independent of k by
Sterling’s formula whereas (M2) is equivalent to the existence of a constant A > 0
such that Ly < AL,_;. We note that the last estimate implies Ly < AN for N € Nj
since L{ = 1. On the other hand, it is well known that if (My)y satisfies (M3) then
(L y)n is an increasing sequence; see, e.g., [Mandelbrojt 1952].

The following result shows we may choose the distributions # in Definition 3.2
in a special manner.

Proposition 3.4 [Hérmander 1983, Lemma 8.4.4]. Let u € D'(2) and let K C Q
be compact, let F C R" be a closed cone such that WEy u N (K x F) = @. If
xn € D(K) and for all o

1D P yn| < CohBIMEN 1B < N,

for some constants Cy, hy > 0 then it follows that xyu is bounded in £ if u is of
order § in a neighborhood of K, and further

oMMy
|EN

Ixyu€)| <C NeN, £ €F,

for some constants C, Q > 0.

We summarize the basic properties of WF  according to Hérmander [1983].
Here sing supp u C 2 is defined to be the complement of the largest open subset
V € Qwith uly € Epmq(V).

Theorem 3.5 [Hormander 1983, Theorems 8.4.5-8.4.7]. Let u € D'(2) and M, N
be two weight sequences. Then:

(1) WFq u is a closed conic subset of 2 x R"\{0}.
(2) The projection of WFEp u in Q is

1 (WFu) = sing supp . u.

(3) WFu CWFEnyu CWFEyuif M N.
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4) If P =) paD* is a partial differential operator with ultradifferentiable
coefficients of class { M} then WF Pu € WF yq u.

Additionally we note that WF , u satisfies the following microlocal reflection
property:

(3-3) (x,8) ¢ WEpu <= (x, —§) ¢ WE 1.

In particular, if u is a real-valued distribution, that is, u = u, then WF  u|, :=
{€ e R"| (x, &) € WFu} is symmetric at the origin.

Example 3.6. It is easy to see that WF §, = {p} x R"\{0} for any regular weight
sequence M.

Remark 3.7. The complicated form of Definition 3.2 compared with the definition
of the smooth wavefront set stems from the fact that quasianalytic weight sequences
are allowed. Thus in general there may not be any nontrivial test functions of
class {M}. However if D, # {0} then we can choose in Definition 3.2 the constant
sequence uy = @u for some ¢ € Dy (£2) with ¢(xg) =1, and (3-1) is equivalent to
the existence of constants C, Q > 0 such that

lpu(&)| < CiEfQNMNV;‘l‘N forall £ € T;

thus (2-3) implies

@) < Chp (%) <c exp(—a)M (%’))

We conclude (see, e.g., [Rodino 1993] in the case of Gevrey-classes) that for
nonquasianalytic weight sequences M, (3-1) is equivalent to

sup e”MCED 1G5 (£)| < 0o for some Q > 0.

el
Proposition 3.1 is then only a restatement of the well-known fact that for nonquasi-
analytic weight sequences we have that ¢ € D, if and only if ¢ < Ce™®M(QIED for
some constants C, Q. Therefore it is possible to define ultradifferentiable classes
using appropriately defined weight functions instead of weight sequences; see,
e.g., in a somehow generalized setting, [Bjorck 1966]. However, this approach
leads only to nonquasianalytic spaces. This restriction was removed by Braun,
Meise and Taylor [Braun et al. 1990], who reformulated the defining estimates of
these classes to allow also quasianalytic classes. A wavefront set relative to these
classes was introduced in [Albanese et al. 2010]; see Section 6. The complicated
connection between the classes defined by weight sequences and those given by
weight functions was investigated in Bonet, Meise and Melikhov [Bonet et al.
2007]. Recently a new approach to define spaces of ultradifferentiable functions
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was introduced in [Rainer and Schindl 2014], which encompasses the classes given
by weight sequences and weight functions; see also [Rainer and Schindl 2016].

4. Invariance of the wavefront set under ultradifferentiable mappings

Our aim in this section is to develop, using the almost-analytic extension of functions
in £, given by Dynkin, a geometric description of WF similar to the one that
was presented, e.g., by Liess [1999, Section 4], for the smooth wavefront set.

We need to fix some notation: If ' € R? is a cone and r > 0 then

Loe={yel|lyl<r}

If I'" C T is also a cone we write I € I if and only if (I'" N $4~1) € (I NS4,

Analogous to Liess [Liess 1999, Section 2.1] in the smooth category we say
that, if M is a weight sequence, a function F € E(Q x U xT,), U C R4 open, is
M-almost analytic in the variables (x, y) € U x I, with parameter x” € Q if and
only if for all K € 2, L € U and cones I’ € I there are constants C, Q > 0 such
that for some r’ we have
(4-1) STF(x/,x, | < Chm(Oly), & x.y)eKxLxT,, j=1,....d

Zj

where 0/07; = %(ax ; +1idy;) and hpq is the weight associated to the regular weight
sequence M as defined by (2-2).

We may also say generally that a function g € C(Q2 x U x I'}) is of slow growth
inyel, ifforall K € Q2, L €U and I'" €T there are constants c, k > 0 such that

(4-2) g, x, M <elyl ™, & x,y) e K x LxTy.
The next theorem is a generalization of [Hormander 1983, Theorem 4.4.8]; see

[Adwan and Hoepfner 2015].

Theorem 4.1. Let F € £(Q x U x I',) be M-almost analytic in the variables
(x,y) € U x T, and of slow growth in the variable y € ;.. Then the distributional
limit u of the sequence u, = F(., .,¢) € E(Q2 x U) exists. We say that u =
br(F) € D'(R2 x U) is the boundary value of F. Furthermore, we have

WFEy uC (Q2xU) x (R" xT°),

where T° = {n € R? | (y, n) > 0 for all y € '} is the dual cone of T in R“.
Proof. Let ¢ € D(2 x U) and Yy € I's. Then there are K € 2 and L € U such that
supp¢ € K x L, and constants ¢, k > 0 exist such that (4-2) holds. We set
(iy)*
o!

D (x', x,y)= Y (', x)

|oe| <k

for « > k. Obviously F - @, can be extended to a smooth function on R” x RY x s
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that vanishes outside K x L x I's. We consider the function
ug: R23 (0, 1) —> F(x', ¥ +0Yy, e+ 1Y) D (x', 0¥y, TY0),

where x' € R", ¥ € YoL ={zeR?| (z,Yy) =0}. If a < b are chosen such that
p(x', x+0oYy) =0forallx' eR", X € YOl ando <aoro >bthenuy(o,7)=0
forall T € [0, 1]. If R = [a, b] x [0, 1] then Stokes’ theorem states that

oug -
4-3) / Msd§=/ =—d{ Ndg,
IR R 0C

where we have set { = o +it.
A simple computation gives

iYp)“
al

d
202 (O T4 0o TH0) = e+ DT Y !, Fo¥o)
|or]=r+1

Hence formula (4-3) means in detail that
b
[ Foiovierpw ovodo
a
b
=/ F(x',0Yy, & +Yo) P (x', 0¥y, Yo)do
a

b pl
+2i//(5F(x’,aYo,s+rYo),YO)CIJK(x’,aYo,tYO)drda
a JO

bl
—|—(K+1)// F(x', oYy, e+1Yo) " Z
a JO

la|=k+1

o
X

v
B!

dtdo

and thus integrating over €2 x YOL yields

(4-4) F(x',x, &)o', x)dr(x', x)
QxU
=/ F(x', x,e4+Y0) P (x', x, Yo)dA(x', x)
QxU
1 —_—
—I-Zi/ / (OF (x',x,e+1Y0), Y0) D (x', x, TYy)dTdA(x', X)
QxUJO

dr(x’, x).

(iYp)*
o!

1
+(/<+1)f /F(x/,x,8+tY0)rK > e x)
QxUJO

la|=Kk+1

Since by assumption |t¥ F(x', x, e + t¥y)| < ¢ for some constant ¢ and 5J-F de-
creases rapidly for I', 5 y — 0 (see the remarks after Lemma 2.8) the bounded
convergence theorem implies that the right-hand side converges for ¢ — 0. Hence



320 STEFAN FURDOS
we define

(4-5) (u, )=

/ F(, x, Yo) B, (x', %, Yo) dA(x', x)
QxU

1
—|—2i/ / (OF(x', x, tYp), Yo) @, (x', x, TYo) drdr(x', x)
QxUJ0

1 [ Yo%
+(K+1)/ /F(x/,x,‘(Yo)‘L'K Z wa(x/,x)(l O‘) drdi(x’, x).
QxUJo o

|o|=Kk+1

Since there is a constant C only depending on F and K x L such that

lu. @) <C  sup ( > |af<p<x/,x>|>,

(x',x)eK XL |Bl<k+1

we deduce that the linear form # on D(2 x U) given by (4-5) is a distribution.

Now, let pg € 2 x U and wy x Vo € w1 x V| € Q2 x U be two open neighborhoods
of po. Using [Hormander 1983, Theorem 1.4.2] we can choose a sequence (¢, ), C
D(w; x V1) such that ¢, |y, xv, =1 and for all y € Ng+d we have that

(4-6) D" g < (C i+ )P 18l <k +1,

for a constant C), > 1 independent of «. As before we set for each «

(iy)"‘.

o!

CDK()C/,)C, y) = Z 3)?901(()5/,)5)

lo| <k

We aim to estimate @, u. In order to do so, let (&, n) € R" x R4 and notice that (4-5)
implies for k > k,

i(..(.m)

Geu(E,n) = (u, e Prc)

- / F(x', x, Yo)e {EHOHIOM D, (', x, Yo) dA(x', x)
QxU

1
+2i/ / (AF (X', x, TY), Yo)e ' ¥E+C+TIOM
QxUJO ’ ’
Xx®,(x', x,tYy)drdA(x", x)

1
+ (« + 1)/ / F(x', x, TYy)e tWET(HTYON £k
QxUJO
AT
X Z ngo(x/,x)(l 0)

' drdi(x’, x)
lo|=K+1 o

for some fixed, but arbitrary Yy € I, (note that k depends on u, w; x V; and Yy).
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Condition (4-6) gives the following estimate for 0 < pu <« + 1:

1Y)« Y¢ Y n
> oo 0 R < cpuer it Y =Bl
al ! M'
lorl=pe o =pe
where [Y]1 =3 ;|Y;[ for Y = (Y1,...,Ya) € R“. Hence we have

|b, (', x, TYp)| < CiH

(Z'YO)(X <CK+1
af [TV

K+ D e, x)

loe|=Kk+1
for C; = 2¢%01Ml and 7 € [0, 1]. We obtain
@t (&, n)l

1 1
5Cf+1e"Y°+2Cf+1C/ hM(Qr|Yo|)e”’Y°dr+C’f+1[ ket g
0 0

1
<0} (e”YO +mK_k/ t"_ke”Y")
0
= G204 (™0 + my (k — k) (= Yom) 1)

for some constants Cp, Q1 and Yon < 0. If we set 170 = (0, Yp) € R" x R then
obviously

(Yo, (€, 1) = (Yo, n).

Therefore we have for k > k and ¢ = (&, n) that

G ()] = C305 (% + mei(k — )N~ Tog ) )

and Yp¢ < 0.

Now for any ¢, € R"*? with (Yo, &) < 0 we can choose an open cone V C R*+4
such that {p € V and for some constant ¢ > 0 we have (Yo, ) < —cl¢|ifceV.
Furthermore we set u, = @ri,—1u. Clearly the sequence (u,), is bounded in
E'(Q2x U) and tuy|wyx vy = Ulwyx 1, Also using the inequality e=¢! < x!(c|¢[)~*
we conclude

i, (D) = C307 (kUclE DT +me—1(k —DUclgNTF) < C305mk!|C17¢, ¢ eV,
Hence (po, ¢o) ¢ WF 1 and therefore
WFu C (2 x U) x (R" x T'°)\{(0, 0)}. O

It is clear that the proof would only require F € C'. From now the constants used
in the proofs will be generic, i.e., they may change from line to line.



322 STEFAN FURDOS

Remark 4.2. If F € £(Qx U x V) is M-almost analytic with respect to the variables
(x,y) € U x V we will often write F(x’, x +iy) or F(x', z, ) and consider F as a
smooth function on Q x (U +iV). If 2 = & then we just say that F is M-almost
analytic.

Even though in the remainder of this paper we shall only use the assertion of
Lemma 4.5 in the special case 2 = & (i.e., without parameters), we have decided to
include the general statement because we think it is of independent interest. We also
have an application for the parameter version of the theorem in our paper [Fiirdos
2019].

Example 4.3. Consider the holomorphic function F(z) = % on C\{0}. It is well
known that the boundary values of F onto the real line from above and beneath,
commonly denoted by

1

— =b F = lim —,
x+i0 y—=>0+ X +1y
1 1

- =b+F= lim —,
x—10 y—=>0+ x — iy

satisfy the jump relations (see, e.g., [Duistermaat and Kolk 2010]); in particular,

1 1
x—i0 x+i0’

We have that both 1/(x 4+i0) and 1/(x —i0) are real-analytic outside the origin.
Hence the application of Theorem 4.1 together with the jump relations imply that

2i§ =

1
WE [ —— ) = {0} x Ry.
M(x:i:iO) (O > R

There is a partial converse to the last theorem.

Theorem 4.4. Let ' C R” be an open convex cone and u € D' (2) with WF u C
QxT° IfV EQand T’ is an open convex cone with rr C I' U {0} then there is an
M-almost analytic function F on V +iT,. of slow growth for some r > 0 such that
uly = b/ (F)

Proof. By [Hormander 1983, Theorem 8.4.15] we have that u can be written on a
bounded neighborhood U of V as a sum of a function f € £4((U) and the boundary
value of a holomorphic function of slow growth on U +iI", for some r. To obtain
the assertion use Corollary 2.11 to extend f almost-analytically on V. (]

In order to proceed we need a further refinement of a result of Hormander.

Lemma4.5. LetI'; CR"\{0}, j=1,..., N, be closed cones such that Uij =
R"\{0} and V € 2 is convex. Any u € D'(Q) can be written on V as a linear
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combination uly =Y ;uj of distributions uj € D'(V) that satisfy
WFMMJ' CWFp un(V x FJ')

Proof. Set v = gu where ¢ € D(2) such that ¢ = 1 on V. The existence of
vj € §'(R") such that

WFM Vj - WFM vN (Rn X Fj)
is given in [Hormander 1983, Corollary 8.4.13]. Set u; = (v;)|v. O

Combining Theorem 4.4 with Lemma 4.5 we obtain:

Corollary 4.6. Let u € D'(2) and (xo, &) € Q x R"\{0}. Then (xo, &) ¢ WFu
if and only if there are a neighborhood U of xq, open convex cones I'y, ..., 'y with
the properties §1'; <0, j=1,...Nand'; NI’y = & for j # k, and M-almost
analytic functions hj on U +il;,, r; > 0, of slow growth such that

N
uly = Zbr,(hj)-
j=1

Proof. Without loss of generality, assume that WF v u #£ @. If (xo, &) € WF A u one
can find closed cones Vi, ..., Vy with nonempty interior and V; N V; has measure
zero for j # k such that &y is contained in the interior of V; and ViNWF u = @
whereas &) ¢ V; are acute cones and WFyuNV; # @& for j =2,..., N. By
Lemma 4.5 we can write ¥ on an open neighborhood U of xy as a sum u =
up + Z?’:zu ; with u; being an ultradifferentiable function defined on U and
uj €D (U)suchthat WFyu; CWFyunV;, j=2,..., N. Thecones V5, ..., Vy
are the dual cones of open convex cones I'p, ..., 'y, i.e., F;’ = V;. We can choose
cones F;. € I'j and using Theorem 4.4 we find M-almost analytic functions /; on
U+i F;.’ . of slow growth such that u; = br; (h ;). It remains to note that §py <0
forall yeI”, j=2,...,N. O

Let 2; € R™ and ©; C R” be open. If F : Q) — 2 is a Exq-mapping then we
denote as in [Hormander 1983, page 263] the set of normals by

Np={(F(x),n) € 2 xR": DF(x)n=0},

where D F denotes the transpose of the Jacobian of F. The following is a general-
ization of [Hormander 1983, Theorem 8.5.1].

Theorem 4.7. For any u € D'(2,) with Nr N WF  u = & we obtain that the
pull-back F*u € D' () is well defined and

(4-7) WF o ((F*u) € F*(WF ).

Proof. The first part of the statement is [Hormander 1983, Theorem 8.2.4]. For the
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proof of the second part of the theorem assume first that there is an open convex
cone I" such that u is the boundary value of an M-almost analytic function ¢ on
Q, +il, of slow growth. Hence WF u € Q, x I'°. If xg € 21 and D F (xo)n #0
for n € I'°\{0} then D F(x¢)I"° is a closed convex cone. We claim that

WEAM(F )5, € {(x0, DF (xo)n) : n € I°\ {0}}.

We adapt as usual the argument of Hérmander [1983]. We can write (see [Hormander
1983, page 296])

DF(x)T°={ eR" | (h,&) >0, F'(xo)h €T'}.

If F denotes an M-almost analytic extension of F onto X + iR", where the
neighborhood X of x is convex and relatively compact in €21, which exists due to
Theorem 2.10, then Taylor’s formula implies that

ImF(x+ieh)el, x e Xo,

for F'(xo)h € T if X( and & > 0 are small.
Recalling (4-4) we see that the map

Rso x (TU{0}) 3 (¢, y) —> (e, y) := B(F(. +ieh) +iy) € D'(Xo)

is continuous. If ¢ — 0 then (g, y) — ®(0, y) = ®(F(. +0i)+iy) in D’ and if
now y — 0 we have by definition ®(0, y) — F*u. On the other hand if first y — 0
then

(e, y) > P(e, 0) = D(F(. +ich)).

Hence by continuity
F*u=lim ®(F(. +ich))
e—0

in D'(Xy) and by the proof of Theorem 4.1,
WE v Fruly, € {(x0,§) | (h, &) = 0}.

The claim follows.

Now suppose that (F(xg), no) ¢ WFy u. By Corollary 4.6 we can write a
general distribution # on some neighborhood Uy of F(xp) as Z?]:l u; where
the distributions u;, j =1,..., N, are the boundary values of some M-almost
analytic functions ®; on Uy +iI";, where the I'; are some open convex cones
such that noI'; < O for all j = 1,..., N. By assumption DF(x)n # 0 when
(F(x), n) € WFEu for x € F~'(Uy). Hence we can assume that D F (x)n # 0 for
ne F‘J’. forall j=1,..., N and x € F~!(Up) since in the proof of Corollary 4.6 the
conesI';, j=1,..., N, canbe chosen such that I'° N "~ Vand F;? NWFy uly #9
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for x € Up. By the arguments above we have for a small neighborhood V of x that
N
F*M|V = ZF*MJ'|V
j=1
and WEr((F*u;)|x, € {(xo, DF(x0)n) | n € F;’. \ {0}} for all j. However, since

nol'; < 0 it follows that (xo, D F(x0)n0) € WFEA(F*u ;) and so (xo, DF (x0)no) ¢
WEF o ((F*u). O

Remark 4.8. If F is an £p-diffeomorphism we obtain from Theorem 4.7 that
WF (F*u) = F*(WFp u).

Hence if M is an &£-manifold and u € D' (M) we can define WF , u invariantly
as a subset of 7*M\{0}. More precisely, there is a subset K,, of T*M such that the
diagram

T*o(UNV) D WFp v

> WE v, CT*Yy(UNYV)

commutes for any two charts ¢ and ¢ of M on U € M and V C M, respectively.
We have set p =Y o9~ !, v =¢*ueD (@UNV))and vo =y uecD (Y UNV)).
It follows that K, € T*M\ {0} has to be closed and fiberwise conic. We set
WFy u:=K,.

Analogously we define the wavefront set of a distribution u € D'(M, E) with

values in an ultradifferentiable vector bundle locally by setting
Vv

WEvuly = | Juj,
j=1

1

where V € M is an open subset such that there is a local basis o', ..., ®" of

Em(V, E) and u; € D'(V) are distributions on V such that

%
uly = E ujw’.
j=1

We close this section by observing that Theorem 4.7 allows us to strengthen a
uniqueness result of Boman [1995]:

Theorem 4.9. Let M be a quasianalytic weight sequence and S € R" an Ep-
submanifold. If u is a distribution defined on a neighborhood of S such that

WEyuNN*S =@

and
%uls =0 foralla e Nj,

then u vanishes on some neighborhood of S.
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Indeed, locally § is diffeomorphic to
S ={(,x") e R"™ | x" =0} CR"

and the assumptions of the theorem translate to the corresponding conditions for
the pullback w = F*u where F : R" — R" is the local € 4-diffeomorphism that
maps S’ to S. Then the proof of Theorem 1 in [Boman 1995] gives w = 0 in a
neighborhood of .

5. A generalized version of Bony’s Theorem

We have seen that for a distribution u the wavefront set WF , u can be described
either using the Fourier transform or by its M-almost analytic extensions. A similar
fact is true for the analytic wavefront set using holomorphic extensions. The latter
was the original approach of Sato [1970]. However, Bros and Iagolnitzer [1975] used
the classical FBI transform to describe the set of microlocal analytic singularities.
It was Bony [1977] who proved that all three methods actually describe the same
set. In the ultradifferentiable setting Chung and Kim [1997] (see also Kim, Chung
and Kim [Kim et al. 2001]) used the FBI transform to define an ultradifferentiable
singular spectrum for Fourier hyperfunctions. However, they did not mention how
this singular spectrum in the case of distributions may be related to WF  as defined
by Hormander. Our next aim is to show an ultradifferentiable version of Bony’s
theorem. We will work in the generalized setting of [Berhanu and Hounie 2012].
We shall note that recently Berhanu and Hailu [2017] showed that the Gevrey
classes can be characterized by this generalized FBI transform and Hoepfner and
Medrado [2018] also proved a characterization of the ultradifferentiable wavefront
set of ultradistributions for a certain class of nonquasianalytic weight sequences.

Let p be a real, homogeneous, positive, elliptic polynomial of degree 2k, k € N,
on R" i.e.,

px) =) aux®, a,€R,
a=2k

and let there be constants ¢, C > 0 such that
clx|* < p(x) < Clx|*, xeR"
Let
C;l = / e Py,

As in [Berhanu and Hounie 2012, Section 4] we consider the generalized FBI trans-
form with generating function e~? of a distribution of compact support u € £'(R"),
ie.,

Ju(t, &) = cp(u(x), eiE(t—X)e—IE\p(l—X)%
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The inversion formula is

(5-1) u= lim SO0 el £) 1810 dra,

E=>00 JRr xR
where of course the distributional limit is meant.

Theorem 5.1. Let u € D'(Q2) and
(xo, §0) € T*Q2\ {0}
Then (xo, &0) € WFE A u if and only if there is a test function W € D(Q2) with |y =1

for some neighborhood U of xq such that

(5-2) sup  e“MVED|Z(u) (1, £)| < 0o
(t,§) eV xTI'

for some conic neighborhood V x T of (xg, &) and some constant y > 0.

Proof. We modify the proof of [Berhanu and Hounie 2012, Theorem 4.2]; see also
the proof of [Hoepfner and Medrado 2018, Theorem 5.2].

First, assume that (xg, §&n) ¢ WF( u. By Corollary 4.6 we know that for some
neighborhood U of xy,

N
uly =Y bri(F)),

j=1

where F; are M-almost analytic on U x F{/ for cones T'/ with £I'/ < 0. Hence it

suffices to prove the necessity of (5-2) for u = br (F) being the boundary value of an

M-almost analytic function F on U x I'; where I' is a cone with the property that

&' < 0. Without loss of generality, xo = 0, and let 7 > 0 be such that B, (0) € U

and ¥ € D(B»,(0)) be such that ¥ |p, () = 1. Furthermore we choose v € I'; and set
Q1,8 x)=i&(r —x) = |§|p(t — x).

Then

SWu)(t, &) = lim QST (YVF(x +iTv) dx.
=0+ JB,,(0)

As in the proof of Theorem 4.2 in [Berhanu and Hounie 2012] we put z = x + iy,
¥ (z) =¥ (x) and

D, ={x+iocveC"|x € By =DBy(0), <o <A}
for some A > 0 to be determined later and consider the n-form

eCUEDY(F(2)dzi A+ Adzy.



328 STEFAN FURDOS
Since ¥ € D(B,,(0)), Stokes’ theorem implies

(5-3) LSy (Y F(x +itv) dx
By

:/ eQUEXHI Y () F(x 4 idv) dx
BZr
" )
0§ % F()dzindzi A---ANdz,
+§' 1/re aZj(w(z) (2))dzj ndzy 2

:/ eQUEXHI Y (x) F (x +idv) dx
B,

+Zf

a -y
/ eQ(t,s,xmv)aT(x +iov)F(x +iov)dodx
By Jt

4j
/ f Q(t§X+’U")w(x+zav)—(x+lav)d0'dx.
By, 9z

We need to estimate the integrals on the right-hand side of (5-3). Using the
arguments of [Berhanu and Hounie 2012] we see that there is an open cone I
containing &y and a bounded neighborhood V' of 0 such that the first two integrals
can be estimated by Ce™ "l where C, y > 0 are constants, as long as & € I' and
t € V. Since (M4) implies that wp(t) = O(t) for t — o0; see, e.g., [Komatsu
1973] or [Bonet et al. 2007], we obtain that both integrals can in fact be bounded
by Ce MY ED if (1, &) e V x T.

In order to estimate the third integral in (5-3) we recall from [Berhanu and
Hounie 2012] that for A small enough there is a constant cp > 0 such that

C
Re Q(1, &, x +ilv) < —3°A|v||5|

if £ el’, x € By, and r € V. Hence we have for a generic constant C3 > 0 and all
k € Ny that

* Q(t,&,x+iov) oF .
e\ lp(x)g(x—l—wv)dodx
i

By Jt

o0 o
503/ e~y (po|v]) do 503/ eIl ok sk 1y my, do
0 0

= C3pf Mil&| 5.

Lemma 2.8 gives

<Cshp(p1|E]™N < CaemomPilED

/ f Q“¥x+’<’v>:/f(x)—(x+mv)dodx
By
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In view of (5-3) we have shown that for £ € I" and ¢ in a small enough neighbor-
hood of 0 there are constants C, y > 0 such that

‘/ eCUEXH YV F(x +itv)dx| < Cem®MYIED
By

Note that in the estimate the constants C and y depend on A but not on 7 < A. Thus
(5-2) is proven.

On the other hand, assume that (5-2) holds for a point (xg, &), i.e., that there
are a neighborhood V of xg, an open cone I' € R" containing &y and constants
C, y > 0 such that

(5-4) IS(Wu)(x, &) < Ce ®MVED - x eV, £eT,

for some test function ¢ € D(2) that is 1 near xo. We may assume that xo = 0.
We have to prove that (0, &) ¢ WF A u or, equivalently, (0, &) ¢ WF v where
v = Yu. We invoke the inversion formula (5-1) for the FBI transform

v= lim SO0 el Pz £) (£ ) Grde

E—>OQ R xR"

and split the occurring integral into two parts
(5-5) / oS W Ty (e, )10 drdg = IF () + 15 (x)
R xR

where

= [ et eyl drde
nJt|<a

o= [ e et gy drdg
" Ja<l|t|

for a constant a to be determined. Following Berhanu and Hounie [2012] we see
that for any choice of a the second integral converges to a holomorphic function in
a neighborhood of the origin for ¢ — 0.

It remains to look at /7. Suppose that a is small enough such that B,(0) C V.
LetC;, 1 < j <N, be open, acute cones such that

N
R" = UE,-
j=1

and the intersection C in Ci has measure zero for j # k. Furthermore, let & € C;,
Cp €T and & ¢ Ej for j # 1. In particular that means that (5-4) holds on
B,(0) x Cq, i.e.,

(5-6) IF(Yu)(x, £)| < Ce™MYED  x € B,(0), & €.
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Furthermore, arguing as in [Berhanu and Hounie 2012], we can choose open
cones I'; with the property that §I"; < 0 for j =2, ..., N such that the functions

Fix+iy) = / / A E (1 Y EOD drd
Cj B,(0)

are holomorphic on R™ x iI";.
In the remaining case we have to modify the arguments in [Berhanu and Hounie
2012] a little bit. We set

fro) = / / STy (1, £) £ 0 drdg
Ci Y B, (0)

and

fitr) = / / DTy (1, £)|E MO drd.
Cy 4 B4 (0)

The functions f;, & > 0, extend to entire functions whereas fi is smooth due
to (5-6) since e~ “M is rapidly decreasing (see the remark after the proof of (2-3)).
This decrease also shows that f; converges uniformly to fi in a neighborhood of 0
since

16— FE ()] < / / Fu(t, E)IEP PO — 6P| drde
C1 J B4 (0)

<C |€|”/(2k)e—wM(V|€|)|1 _e—€\§|2|d§;
Ci

and the last integral converges to 0 by the monotone convergence theorem.
In fact f1 € Exq because

|D° f1(x)] < ; &M @0 1 Fu(t, &)| dtdE

<C |§|n/(2k)+|a\e—wm(ylél) dé
Ci
< CV'“‘M|a|,
where in the last step (2-3) and (M2) are used.

So we have showed that on an open neighborhood U of the origin and some
opencones I';, j=2,..., N, which satisfy §yI'; < 0 we can write

N
vl =vo+ Y _br,fj

j=2

with vg € E(U) and f; holomorphic on U +iI'; for j = 2,..., N. Hence
(0, §0) € WEA v. 0
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We summarize our results regarding the description of WF , u in order to obtain
the generalized Bony’s theorem alluded to in the beginning of this section (see
[Hoepfner and Medrado 2018]).

Theorem 5.2. Let u € D' (Q2). For (xq, &) € T*Q\{0} the following statements are
equivalent:

(1) (x0,&0) € WEA  u.

(2) There are U € U(xy), open convex cones T/ C R" with £/ <0 and M-almost
analytic functions F; of slow growth in U x F{)j, pj>0and j=1,...,N
for some N € N such that

N
M|U = Zberj.
j=1

(3) There are ¢ € D(RQ) with ¢ = 1 near xq, with a neighborhood V of xy, and an
open cone I containing &y such that (5-2) holds.

We can also give a local version of Theorem 5.2.
Corollary 5.3. Let u € D'(2) and p € Q2. Then the following are equivalent:
(1) The distribution u is of class { M} near p.

(2) There are a bounded sequence (uy)y C E'(2) and an open neighborhood
V CQof p such that uy|y = uly forall N € Ny and (3-1) holds for ' = R"
and some constant Q > 0.

(3) There exist an open neighborhood W C Q of p, r > 0 and a smooth function F
on W +iB(0,r) such that F|w = ulw and (2-5) holds for some constants
C,0=>0.

(4) There are a test function € D(Q2) with v = 1 near p, a neighborhood V
of p and constants C, y > 0 such that

sup  e“MUENF(u)(t, §)] < oo.
(t,§)eV xR"
Proof. The equivalence of (1) and (2) is just Proposition 3.1, whereas Corollary 2.11
shows that (1) implies (3). For the fact that (4) implies (1) we note that by
Theorem 5.1 we have (p, &) ¢ WF u for all £ € R"\{0}. Therefore u has to
be ultradifferentiable of class { M} near p. Now we show that (4) follows from (3):
Suppose that u € E,¢(V) on a neighborhood of p and let F € £(W +iR") be an
M-almost analytic extension of u on a relatively compact neighborhood W € V
of p. We choose ¢ € D(W), 0 <¢ <1, and ¢ = 1 near p. We consider the map

O0: yr—0(y)=y— isw(y)%
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for some 1 > s > 0 to be determined. Finally let i € D(V) such that v =1 on W.
As in the proof of Theorem 5.1 we set ¥ (z) = ¥ (x) for z=x +iy € C". We put
v = ¥ F and consider the n-form

eQ(t’E’Z)v(Z) dzi AN+ Adz,
on

D, = {x —i—iago(x)% eC"

O<o<s, x esuppv}.
Stokes’ theorem gives us

Fot. &) = cpf eQ1EDy(z, D) dzy A+ - Ndzy
O(R")

n
v _
+c,,2/ Q5D ——(z,2)dZ; Adzy A+ Adzy.
j=1"Ds 9z

The second integral above is estimated in the same way as the last integral in (5-3).
On the other hand the first integral on the right-hand side equals

n

G(t,&):cp/ 25000 (y)) det 6 (y) dy.
We note that

Re Q(t,£,0(3)) < —so(E|(1 + O(s¢(y)) — colt — y|*

and hence

Re Q(LE0() g
R™\Bs (p)° Y

Gl zcf et gy s c
yesupp(vob)

Bs(p)

=1t &)+ I(t,§),

where Bs(p) C {x € R" | ¢(x) = 1}, can be estimated as follows; see [Berhanu et al.
2008]. Set s = §/4. We obtain

I1(t, &) < Ce @

for all § € R" if ¢ is in some bounded neighborhood of p. Furthermore

—|glle—y|* —(8/2)%* €|
L(t,x) < C'/\[R”\Br(p) e dy <Ce
yesupp(uob)
forall & and | — p| < .
Hence we have showed that there are constants ¢, C > 0 such that
|Fu(t, &)| < Ce@m€ED

for all £ € R" and ¢ in a bounded neighborhood of p. U
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6. Elliptic regularity

As mentioned in the introduction, Albanese, Jornet and Oliaro [2010] used the
pattern of the proof of [Hormander 1983, Theorem 8.6.1] (see Remark 3.3) to
prove elliptic regularity for operators with coefficients that are all in the same
ultradifferentiable class defined by a weight function; see Remark 3.7. Similarly
Hormander’s methods were applied by Pilipovié, Teofanov and Tomi¢ [2016; 2018]
for certain classes that are defined by more degenerate sequences.

It should be noted that the assumptions Albanese, Jornet and Oliaro put on the
weight functions guarantee that the associated class is closed under composition and
the inverse function theorem holds. So it would be a reasonable conjecture that the
regularity of the defining weight sequence is necessary for elliptic regularity to hold
in the category of Denjoy—Carleman classes. But there are weight functions obeying
these conditions such that the associated function class cannot be described by
regular weight sequences and on the other hand there are regular Denjoy—Carleman
classes that cannot be defined by such weight functions; see [Bonet et al. 2007]. It
turns out, however, that the regularity of the weight sequence is not enough for the
proof of the elliptic regularity theorem, we also have to assume that (M2’) holds. In
that case the main result of [Bonet et al. 2007] implies that the Denjoy—Carleman
class can be described by a weight function that satisfies the conditions of [Albanese
et al. 2010]. Hence, we could use their elliptic regularity theorem, but we would
have to show that their definition of the ultradifferentiable wavefront set coincides
with the definition of Hérmander. Instead we give here a proof in full detail partially
in preparation for the forthcoming paper by Fiirdos, Nenning, Rainer and Schindl
[Fiirdos et al. 2020], where we deal with the problem in the far more general
setting of the ultradifferentiable classes introduced in [Rainer and Schindl 2014];
see Remark 3.7.

Furthermore, we show here that Hormander’s proof can be modified in a way
to investigate the regularity of solutions of a determined system of linear partial
differential equations

Phuy+---+ Pryuy, = fi

Pouy+---+ Pyu, = f,

where the Pji, 1< j, k <v, are partial differential operators with £-coefficients.
More precisely, using the geometric theory for the ultradifferentiable wavefront
set developed in Section 4, we can work in the following setting (see [Hormander
1983, Chapter 6] or [Chazarain and Piriou 1982]).
Let M be an ultradifferentiable manifold of class {M} and E and F two vector
bundles of class { M} on M with the same fiber dimension v. An ultradifferentiable
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partial differential operator P : Ep(M, E) — Epq(M, F) of class { M} is given
locally by

Py -+ P\ (ur
(6-1) Pu = B

Py - Py uy

where the Pj; are linear partial differential operators with ultradifferentiable coeffi-
cients defined in suitable chart neighborhoods. If

Q(x, D)= Y qu(x)D"
o] <m
is a differential operator of order < m on some open set 2 C R” then the principal
symbol g is defined to be

q(x, &)=Y qu(x)E.
la|=m
Hence the order of P is of order < m if and only if no operator Pj; on any chart
neighborhood is of order higher than m and P is of order m if the operator is not
of order < m — 1. The principal symbol p of P is an ultradifferentiable mapping
defined on 7*M with values in the space of fiber-linear maps from E to F' that is
homogenous of degree m in the fibers of 7*M. It is given locally by

pi(x,8) -+ pr(x,§)
(6-2) p(x,8) = - : ,
pv1(x,8) - pu(x,§)

where pj is the principal symbol of the operator Pj;. See [Chazarain and Piriou
1982] for more details. We say that P is not characteristic (or noncharacteristic) at
a point (x, &) € T*M\{0} if p(x, &) is an invertible linear mapping. We define the
set of all characteristic points

Char P = {(x, &) € T*M\{0} : P is characteristic at (x, §)}.

Theorem 6.1. Suppose that M is a regular weight sequence that satisfies also (M2).
Let M be an & yq-manifold and E, F two ultradifferentiable vector bundles on M of
the same fiber dimension. If P(x, D) is a differential operator between E and F
with Epq-coefficients and p its principal symbol, then

(6-3) WF u C WFEp(Pu)UChar P, ueD'(M,E).

Proof. We write f = Pu. Since the problem is local we work on some chart
neighborhood €2 such that in suitable trivializations of £ and F we may write
u= uy,...,u,) € DERQ,C, f=(1,..., ) €D(E,C", and P and its
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principal symbol p are of the forms (6-1) and (6-2), respectively. In particular, P
is of order m on €.

We have to prove that if (xg, &) ¢ WF f U Char P then (xq, &) ¢ WF  u.
Assuming this we find that there has to be a compact neighborhood K of xy and a
closed conic neighborhood V of &) in R"\{0} satisfying
(6-4) det p(x,&) #0, (x,&)eKxV,

(6-5) (KxV)NWEp(Pu)j =92, j=1,...,v.

We consider the formal adjoint Q = P’ of P with respect to the pairing

(fg) =Y [Fsmdr. figep@.).
=1

If P=(Pji)jrthen Q = (Qji)jk = (P,ij)jk where P}k denotes the formal adjoint
of the scalar operator Pji(x, D) =) p;‘.‘k(x)D“, i.e., for v € £(),

Pl (x,D)v= > (=D)*(p%()v(x)).
lee| <m

Let (An)n S D(K) be a sequence of test functions satisfying Ay |y =1 on a fixed
neighborhood U of x¢ for all N and for all « € N there are constants Cy, hg > 0
such that

(6-6) |D*Pon] < Culha )P 1B < N.

Ifu=@',...,u") e D'(Q, C"), then the sequence uy = Aoyu® is bounded in &’
and each of these distributions is equal to u” in U for all . Hence we have to prove
that (u},)y satisfies (3-1), i.e.,

NiA
1§17 iy
sup AN <
gev OVMy

NEN()

for a constant Q > 0 independent of N.
In order to do so, set A§, = Aye; € D'(2, CV) and observe

iy (&) = (u" e han) = (u, e AT,

Following the argument in the proof of [Hormander 1983, Theorem 8.6.1] we want
to solve the equation Qg? = ¢~*¢ Ajy- We make the ansatz

g =e B, HuT,

where B(x, §) is the inverse matrix of the transpose of p(x, &), which exists if
(x,&) € K x V and is homogeneous of degree —m in &; note that the principal
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symbol of Q = P’ is B~ (x, —£). Using this we conclude that w has to satisfy
(6-7) w' — Rw® = Ajy.

Here R = Ry + --- + R,, with R.,-|$|j being (matrix) differential operators of
order < j with coefficients in £, that are homogeneous of degree O in & if x € K
and & e V.

A formal solution of (6-7) would be

0

T __ kat

w —E RA5 .
k=0

However, this sum may not converge and even if it would converge, in the estimates
we want to obtain we are not allowed to consider derivatives of arbitrary high order.
Hence we set

T . P AT
Wy = 2 : Rj, Rj Aoy
Jitetjg<N—m

and compute
wy — Rwy =Ajy — Z Rj - RjAjy = Ajy — py-
Zf:] js>N—mZZf:2 Js
Equivalently, we have

Qe ™ B(x, £)w}) = e 5 (AL (x) — pk(x, £)).

‘We obtain now

(6-8) Ay (€)= (u, e H ALY
=(u, Qe "I B(., &) wy)) + (u, e pl (L, E))
= (£, e OB HHwy) +(u, eI (L 6)

and continue by estimating the right-hand side of (6-8). For this purpose we need
the following lemma.

Lemma 6.2. There exist constants C and h depending only on R and the constants
appearing in (6-6) such that, if j = j1 +---+ jr and j + |B| < 2N, we have

(6-9) IDP(R, - R A3p)ol < CHNMY TP Mg| ™ g ev,o=1,... v,

Proof. Since both sides of (6-9) are homogeneous of degree —j in £ € V it suffices
to prove the lemma for |£| = 1. Moreover we can write

(Rj, - RjyAl\)o = Ry, o=1,...,v,

with Ié; being a certain linear combination of products of components of the
operators R . Especially the coefficients of R} are all of class { M} on a common
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neighborhood of K and since there are only finitely many of them we may assume
that they all can be considered as elements of 53/[(1( ) for some g > 0. We denote
the set of the coefficients of the operators 155 ~0 by R. Recall that (M4) implies
that there is a constant § > 0 such that N < § /M. Hence (6-6) implies that for
all o € Nj we have

(6-10) ID“Phan| < Cahlf QNP < € (2he) P11
for |B] < 2N.

Considering all these arguments, the proof of the lemma is a consequence of the
following result. (]

Lemma 6.3. Let K C Q2 be compact, (An)y S D(K) be a sequence satisfying
(6-10), ¢ > 1 and ay, ...,aj—1 € RU{1}. Then there are constants C,h > 0
independent of N such that for j <2N we have

(6-11) Dy, (a1 Diy(az - - Dy, (@j—1Dy;han) - D) < ChI MM,

Proof. We begin by noting that (M3) implies that m jm;_; < my forall j <k € N;
see [Komatsu 1973]. Furthermore we can assume that there is a constant C; > 1
such that for all k < j — 1,

|D%y| < C1¢"' My

on K. Obviously the expression Dj,ay D;,az - - - D;;_ a1 D;; Aoy can be written as a
sum of terms of the form (D% ay) --- (D%~'a;_1) D% Aoy where |ty |+ - -+ ;| = j.

We set h > C; max(q, ho). If there are Cy, ... k; terms with |oy|=ky, ..., |aj|=k;
then we have the following estimate on K:
|Djya1Diyaz - - - Di;_aj—1D;i; don|
<C > 7O Cuysymt i kit oyt M
< Ch Y mji,Chyotht! -k 1M

. kil k! KN
=Ch' ) Cy,... k/'(j_—kj.)yMj*ijNj/ :
!

Since j — k; < 2N, we observe that (M2') implies that there are two indices
01,02 < N, o1+ 02 =k —kj, such that Miy—i; < C/oj_kiMUl M,, for some con-
stants C, p that are independent of j and N. Now we have

Mj_ij[;ilj/Nchj,kj M,, M@Mjcvj/zv icpj,kj M}(\?l-‘raz)/NM]]i/j/N:ijfkj M}J\'//N.

since /My isincreasing. As noted in [Albanese et al. 2010] it is possible to estimate
kl!---kj,l!:kl!---kj,l!kj!j!< jkl!n-kj!’
(J—kj! (J—kpk;ljt — Jj!
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and also (see [Hormander 1983, page 308])
chl ..... kkile kil = (2 = DL,

Since (2 — 1)!!/(j!2j) < 1 we obtain
|Diya1Dinaz - - - Dij_yaj-1Di;han| = C(4p h)j(JTl)MJ/N
< Cph) Mi/N. O
In order to estimate i}, we note that due to the boundedness of the sequence

(ujy)n € &' the Banach and Steinhaus theorem implies that there are constants
and ¢ such that

iy | < c(1+EDH
for all N and therefore if |§| < ¥/My then
(6-12) €1V iy | < CMy Y < sV My,

since (M2) implies that there is a constant § > 0 such that /My <8 /My _;.
Hence it suffices to estimate the terms on the right-hand side of (6-8) for & € V,
|€| > Y/My. We begin with the second term.
As in the scalar case there are constants p and C > 0 that only depend on u
and K such that for all ¢ € D(£2, C") with supp ¢ C K,

[{u, ) <C > sup| D],

lor|<p
Note that supp, p}v( .,&)C K forall £ € V and N € N. Thence
[, e F RN =€ D0 D & sup | DY pof (x, £))
lal<p p=<a rek
<C Y IE* sup| DY pf (x, £)]
el <pe vek

for& €V, |&|>1and N € N. There are at most 2" terms of the form Rj - R Ay
in p5, and each term can be estimated by (6-9) by setting N > j > N —m and hence

D% pk(x, £)] < CRN 2V g =N pg (VN HIeD/N
forx € K and £ € V, |§| > 1. Applying (M2) therefore gives

(6-13) [, e85 (80 < CRN2N gt =N oY
< ChVig[" N My.
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The first term in (6-8) is more difficult to estimate. To begin with, observe that

Lemma 6.2 gives
N—m

IDPwh (x, &) < ChV > My TN g
j=0

N—m
N 3 71BI/N (j=/)/N
<Ch¥my"N Ny My
j=0
<N MPN (N —m)
<cnVNmPN

for N>m, |B|<Nand& €V, |§| > {/My. Recall that for N < m we have set
wy = Ajy = Ajye:. Hence by the above and (6-10) it follows that

(6-14) |DPw (x, £) < ChN MY

forall NeN, |B|<Nand& eV, |£|> M.

On the other hand, since the components of B(x, £) are ultradifferentiable of
class { M} and homogeneous in £ € V of degree —m we note that it is possible to
show, as above, using an analogue to Lemma 6.2, the estimate

(6-15) |DP (w5, (x,&)|E|"B(x,£))| <ChVMPEVN 1Bl <N. eV, |g]> VMy.

In order to finish the proof of Theorem 6.1 we need an additional lemma.

Lemma 6.4. Let f € D'(2), K be a compact subset of Q2 and V. C R"\{0} be a
closed cone such that
WF fN(K xV)=0.

Furthermore let wy € (£(2 X V) be such that suppwn(.,&) C K forallE €V
and (6-14) holds.
If i denotes the order of f in a neighborhood of K then

6-16)  |wnFE|=wn(., &) f e < ChNEF" N My,

for N>pu+nandé €T, |&| > Y My.

Proof. By Proposition 3.4 we can find a sequence (fy)y that is bounded in £'* and
equal to f in some neighborhood of K and such that

(6-17) vl <CO¥My/ Y, new,

where W is a conic neighborhood of I'. Then wy f = wy fy for NN =N — u —n.
If we denote the partial Fourier transform of wy (x, &) by

Wy, &) = f e My (x, ) dx
Q
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then obviously (6-14) is equivalent to
iy (n, &) < CAV MY

for |[B| <N, £€V, |§| > /My and n € R". Since |n| < ﬁmaxlnﬂ we conclude
that

(6-18) Il iy (0, )] < ChV MEY

fort <N, neR"and & €V, |§| > ¥/My. Hence we obtain

N
) N .
6190 (Inl+My")Whn(, 5 =Y (k)Mzkv/NlmN Kby (n, &)
k=0
NN
<chv Y (k)Mj;/NM;N—WN
k=0
< ChV My

ifneR", £eVand|é| > {/My. Like Hormander [1983] and Albanese, Jornet
and Oliaro [2010], we consider

v ©) = [ fvE-ndn
(2m)
1 R
= wn(,8) far(E—n)dn
" Jigicctel N |
b (0, €) v (E—n)d
+ 2y |77|>C|€|wzv(n &) fv(E—mdn

for some 0 < ¢ < 1. The boundedness of the sequence (fy)y in E* implies as
before that

| fv (&) < C(1+ g™

Hence we conclude that

QmY wy FE)] < by (. O S |El|ﬁw(n)|
—n|<c

+C/| T 10+ e+
nl>c

since |n| > c|&| gives
E—nl <A+ Hinl.

On the other hand, there is a constant 0 < ¢ < 1 such that n € W when & € V
and |§ — | <cl|&|. Then |n| > (1 — ¢)|&| and we can replace the supremum above
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by supnewlfN/(n)l. Furthermore, by (6-19),
lon (.. E)ll, =/R (o (. &) dn < ChNMNfR (nl+ V) dn

oo
< ChNMN/ s~V =1 g
N/;MN
N'/N
N N N +
< Ch"My— 57— =Ch My

Thence it follows for & € V, |&| > /My, that

lwy FE)] < 10—V lin (., )l lg ™Y suvpv|fN/<n>||n|N/
ne

+Cz(1+c_])N/+“/ (L+ D [, &)l dn
Inl>clé|

< Cih¥ MU N Mgl N + oY My / |~V dn
[n]>cl&|

< ChN My g7V,

where we have also used (M2), (6-17) and (6-18). O
Due to (6-15) we can replace wy in (6-16) with (wy|§|"B)s, 0 =1,...,v,

and obtain

(6-20) [(f e OB Eywi) < CRMEP TV My

foré eV, |&] > ¥/ My.
We consider now the sequence (vy,)y = (”;v+m+n+u)N- If&EeV, |E|I<(Mpyr)
N” = N + u +n + m, then by (6-12)

1/N"
9

1EINV10K ] < C8N Myr < CSN My for some 8; > 0.
On the other hand (6-8), (6-13) and (6-20) give
1EIN10K )] < CLhY Myqm 17" + C2hY Myt yem4n 1§17 < ChN My

foré e V, |&] > (Myn)Y/N".
Thus we have shown for all t =1, ..., v that the bounded sequence (vf\,) N C
E'(Q) satisfies
&1 v (6)]
- <0

sup
gy ONVMy
NeN

for some Q > 0. Clearly u* |y = (vy)|y and hence

(x0, &0) ¢ WE  u”
forallt=1,...,v. [l
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For elliptic operators, i.e., operators P with Char P = &, the following holds
obviously.

Corollary 6.5. If P is an elliptic operator with ultradifferentiable coefficients of
class {M} and u € D' then

WFr Pu=WF u.

7. Uniqueness theorems

Hormander [1971a] and Kawai (see [Sato et al. 1973]) independently noticed that
results like Theorem 6.1 in the analytic category can be used to prove Holgrem’s
uniqueness theorem [1901]. We show here that Theorem 6.1 can also be used to
give a quasianalytic version of Holmgren’s uniqueness theorem. We follow mainly
the presentation of [Hormander 1983].

First recall [Hormander 1993, Theorem 6.1]:

Proposition 7.1. Let I C R be an interval and xo € 0 suppu, then (xg, £1) €
WEF\ u for any quasianalytic regular weight sequence M.

As noted in [Hormander 1993], Proposition 7.1 immediately generalizes to a
result for several variables (see [Hormander 1983, Theorem 8.5.6], and see [Kim
et al. 2001] for a similar result):

Theorem 7.2. Let M be a quasianalytic regular weight sequence, u € D'(Q),
Xxo € suppu and f : Q — R be a function of class { M} with the properties

df (xo) #0, f(x) < f(xo) ifxo#x €suppu.

Then we have
(X(), :i:df(X())) € WFM u.

Proof. If we replace f by f(x) — |x —xo|*> we see that we may assume that
f(x) < f(xp) for xg # x € supp u. Furthermore, since df (xg) # 0 we can assume
that xo =0 and f(x) = x,,. Next we choose a neighborhood U of 0 in R"~! so that
U x {0} € Q2. By assumption suppu N (U x {0}) = {0}. Hence there is an open
interval I C R with O € I such that

(7-1) UxIeQ and suppunN@U x1)=2.

If A is an entire analytic function in the variables x’ = (x, ..., x,_1) then we
consider the distribution Us € D'(I) given by (Ua, ¥) = (ua ® ¥). Note Uy is
well defined due to (7-1). By [Hormander 1983, Theorem 8.5.4’] we have that

WE L (Ua) € {(xn, &) € I x R\{O} | there exists x' € U : (x', x,,, 0, &) € WE u}.

Note that (x’, x,,) above must be close to O for x,, small.
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Assume, e.g., that (0, e¢,) ¢ WE  u, e, =(0,...,0,1). Then I can be chosen
so small that (x, e,) ¢ WFqu for x € U x I. We conclude that (x,, 1) ¢ WF, Ugx
if x, € 1. Proposition 7.1 implies that Uy = 0 on [ since U4 =0 on I N {x, > 0}.
That means actually that

<M|U><17A®¢>=O

for all ¢ € D(I). Since A was chosen arbitrarily from a dense subset of £(R"~!) it
follows that u =0 on U x I. O

For the rest of this section M is going to be a quasianalytic regular weight
sequence that satisfies (M2').

In order to give Theorem 7.2 a more invariant form we need to recall some facts
from [Hormander 1983].

Definition 7.3. Let F be a closed subset of a C> manifold X. The exterior normal
set N.(F) C T*X\{0} is defined as the set of all points (xg, &) such that xo € F and
there exists a real-valued function f € C>(X) with df (xg) =& #0and f(x) < f(xo)
when x € F.

In fact, following the remarks in [Hormander 1983, page 300] we observe that
it would be sufficient for f to be defined locally around xg. Furthermore f could
then also be chosen to be real-analytic in a chart neighborhood near xq. If g is C'
near a point X € F and dg(x) =£ = 0 then (x, £) e N,(F) C T*X\{0}. It is clear
that if (xg, &) € N.(F) then xg € dF. In fact, if 7 : T*Q — Q is the canonical
projection then 7w (N, (F)) is dense in d F; see [Hormander 1983, Proposition 8.5.8.].
The interior normal set N;(F) € T*X\{0} consists of all points (xo, &) with
(x0, —&0) € N.(F). The normal set of F is defined as

N(F)=N.(F)UN;(F) € T*X\{0}.
In this notation Theorem 7.2 takes the following form.
Theorem 7.4. Let u € D'(QQ). Then
N (suppu) € WEn u.
Theorem 7.4 combined with Theorem 6.1 gives:

Theorem 7.5. Let P be a partial differential operator with En-coefficients and
u € D'(2) be a solution of Pu=0. Then

N (suppu) € Char P,

i.e., the principal symbol p,, of P must vanish on N (supp u).

In fact, we can now derive the quasianalytic Holmgren uniqueness theorem. We
recall that a C'-hypersurface M is characteristic at a point x with respect to a partial
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differential operator P, if and only if for a defining function ¢ of M near x we have
that (x, dp(x)) € Char P.

Corollary 7.6. Let P be a partial differential operator with Epq-coefficients. If X is
a C'-hypersurface in Q that is noncharacteristic at xo and u € D'(2) is a solution
of Pu = 0 that vanishes on one side of X near xo then u =0 in a full neighborhood

of xo.
In fact, (see [Zachmanoglou 1969]) it is possible to reformulate Corollary 7.6.

Corollary 7.7. Let P be a differential operator with coefficients in Ex(2). Fur-
thermore let F € Ex(R") be a real-valued function of the form

F(-x)=f(-x/)_-xn9 -x/=(-x1""’-xn—l)’

where f € Exp(R"™) and suppose that the level hypersurfaces of F are nowhere
characteristic with respect to P in Q. Set also Q. ={x e Q| F(x) <c} forc eR.
If u € D' () is a solution of P(x, D)u = 0 and there is ¢ € R such that Q. N supp u
is relatively compact in 2, then u = 0 in Q..

Proof. We set for ¢ € R,
w.={xeQ| F(x)=c}.

Note that for each ¢ € R the set w, is not relatively compact in 2. Therefore €2, is
not relatively compact in Q2 either for any ¢ since 092, = w,.

By assumption there is a ¢ € R such that K = suppu N Q.. is compact in 2. In
particular, K is bounded in 2. Hence there has to be ¢ < ¢ such that

KC{xeQ|c<F(x)<c}

Let ¢; < c be the greatest real number such that the inclusion above holds for
¢ =c1. Since K is compact there is a point p € 0K such that F (p) = c;. It follows
that p € d supp u Nw,,. Thus we can apply Corollary 7.6 because w,, is nowhere
characteristic for P. Hence u vanishes in a full neighborhood of p. This contradicts
the choice of ¢;. We conclude that u has to vanish on 2. O

Note that Hormander [1963] used the analytic version of Corollary 7.7 to prove
Holmgren’s uniqueness theorem.

Remark 7.8. We have formulated our results for scalar operators on open sets of
R”" but they remain of course valid on ultradifferentiable manifolds of class {M}.
Actually, all the conclusions in this section hold even for determined systems of
operators and vector-valued distributions. Indeed, we have only to verify that
Theorem 7.2 holds also for distributions with values in C", but this is trivial: If
f(x) < f(xo) for x € supp u then f(x) < f(xo) forall x esuppu; andany 1 < j <n,
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since supp u = U'j’.zl supp u ;. Hence Theorem 7.2 implies

(x0, £df (x0)) € [ | WFnquj S WEp .
j=1

Following an idea of Bony [1969; 1976], it is possible to generalize the results
above. For the formulation we need some additional notation. Consider a smooth
real-valued function p on T*$2. The Hamiltonian vector field H, of p is defined by

" _Z<8p d ap 8)
P —\35; 0x;  9x; 9§,

An integral curve of H,, i.e., a solution of the Hamilton—Jacobi equations

dx; ap
—L = ——(x,8),
dt afj
d§; dp
ar - ox, (x,8),
j=1,...,n,is called a bicharacteristic if p vanishes on it. If g is another smooth

real-valued function on T*<2 then the Poisson bracket is defined by {p, q} := H,(q)
or, in coordinates,

(r.q) 2":(819 dqg  0p aq)
pay=p \srn 272 )
o 351 8)6]' 8)6]' aéj

See [Grigis and Sjostrand 1994] or [Hormander 1983] for more details.
We continue by recalling a result of Sjostrand [1982] (see also [Hormander
1983)).

Theorem 7.9. Let F be a closed subset of 2 and suppose that p € E(T*Q\ {0}) is
real-valued and vanishes on N,(F). If (xo, &) € N.(F) then the bicharacteristic
t— (x(2), &(t)) with (x(0), £(0)) = (xo, &o) stays for |t| small in N,(F).

The analogous statement is of course also true for N;(F) replacing N, (F).
Corollary 7.10 [Bony 1976]. Let F be a closed subset of Q2 and set
Np:={p e &(T*Q\{0}) | p=0on N(F)}.
Then N is an ideal in £(T*Q\{0}) that is closed under Poisson brackets.
We obtain the quasianalytic version of a result of Bony [1969; 1976].

Theorem 7.11. Let P a differential operator with Eq-coefficients on Q and T1 the
Poisson algebra that is generated by all functions f € E(T*Q\{0}) that vanish on
Char P.
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If u € D'(RQ) is a solution of the homogeneous equation Pu =0 then all functions
in I1 have to vanish on N (supp u).

Corollary 7.12. If the elements of T1 have no common zeros and u vanishes in a
neighborhood of a point pg € 2 then u must vanish in the connected component
of 2 that contains py.

We continue by taking a closer look at Theorem 7.9. Let 7w : T*Q — Q be the
canonical projection and (xg, &) € T*Q\{0}. If ¢ is a smooth function on 7*Q\{0}
that vanishes on N(F), F C Q closed, and A(¢) is the bicharacteristic through
(x0, &) then we conclude that the bicharacteristic curve y (t) = w o A must stay
in 0 F for small 7 in view of the remarks before Theorem 7.4.

Now suppose that Q is a real vector field on €2 and g its symbol. If we denote
by y the integral curve of Q through x¢ and by A the bicharacteristic of g through
(x0, &) where (xg, &) then it is trivial that y = o A.

Definition 7.13. We say that a partial differential operator P on 2 with Exq-
coefficients is M-admissible if and only if there are ultradifferentiable real-valued
vector fields Q1, ..., Q4 with symbols ¢, ..., g4 such that each g; vanishes on
Char P.

Following the approach of Sjostrand [1982] we can generalize results of Zach-
manoglou [1972] (see also [Bony 1976]) to the quasianalytic setting.

Proposition 7.14. Let P be an M-admissible operator. If L = L(Q1, ..., Qq) is
the Lie algebra generated by the vector fields Q;, j=1,...,d, ¢ € C'(Q,R)
near a point xg € Q such that (xg, ¢'(xg)) € Char P and u € D' () is a solution
of Pu = 0 such that near xq we have xg € suppu C {¢ > 0}. Then each Q € L is
tangent to {¢ = 0} at xo and the local Nagano leaf yy,(L) is contained in supp u.

Proof. By assumption all Q1, ..., Q4 are tangent to {¢ = 0} at x¢ and hence also
all Q € L. From the remarks before Definition 7.13 and Theorem 7.4 we see that
all integral curves of the vector fields in £ must be contained in d supp « for a small
neighborhood of x(. Inspecting the construction of the representative of the local
Nagano leaf in the proof of Theorem 2.17 we see that y,,(£) < supp u near xo. U

In fact, we have the following global theorem (for the analytic case see [Zach-
manoglou 1972; Bony 1976, Theorem 2.4.]).

Theorem 7.15. Let P an M-admissable differential operator. If u € D'(Q) is a
solution of Pu = 0 and po ¢ supp u then every integral curve of the vector fields
Q1, ..., Qg through pg stays in Q \ supp u.

Proof. Let I' =T, (L) be the global Nagano leaf of £ = L(Q1, ..., Q) through
po and suppose that d supp uNI" # &. Then there has to be a point gg € ' supp u
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such that for all neighborhoods V C €2 of xy we have
TNV)YN(Q\suppu) # 9.

Let V be small enough such that I' NV is the representative of the local Nagano
leaf of L at gg constructed in the proof of Theorem 2.17. Then

['\suppu NV # @.
Thence there is a vector field X € £ such that if y(#) = exp X is the integral curve
of X through g then y (0) = gp and y (1) = g1 € V\supp u. Possibly shrinking V
and applying an ultradifferentiable coordinate change in V we may assume that
q =0, g1=(,...,0,1) and

0
X = .
Xy

We note that in these new coordinates the assumption on P can be stated in the
following way. Let & € R" with &, # O then p,,(x, &) # 0 for all x € V. There is
also a neighborhood V; C V of g; such that u vanishes on Vj.

We adapt the proof of [Zachmanoglou 1969, Theorem 1]. Letr > 0 and § > 0
be small enough so that

U={xeR"||xX|<r, =6 <x, <1}
is contained in V and
xeR"||x'|<r, x, =1} C V.
We consider the real-analytic function
x'|?

F) =148

-8 —xy,.

The normals of the level hypersurfaces of F are always nonzero in the direction
of the n-th unit vector. It follows that the level hypersurfaces are everywhere
noncharacteristic with respect to P in V. Set

Ulz{er: F(x)<—g}

and note that if x € U; then x, > —§/2. It is easy to see that U; N suppu is
relatively compact in U. We conclude that # = 0 in U; by Corollary 7.7. That is a
contradiction to the assumption gy € 0 supp u. U

If Q1,..., Qg are real-valued vector fields with £ ¢-coefficients, the operators
d
Po=Qi+iQ2  PR=) 0F. keN,
j=1

are M-admissible.
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For our last result we need to recall the notion of finite type which was intro-
duced by Hormander [1967]. We say a collection of smooth real vector fields
X1,..., X4 on Q is of finite type (of length at most ) if at any point p € Q
the tangent space 7,92 is generated by X ;(p) and some iterated commutators
[Xis [ X -+ [XG,y, X, 1. J1(p), where g <.

A straightforward application of Theorem 7.15 gives the following corollary.

Corollary 7.16. Let Q2 be connected and assume the real vector fields X1, ..., Xq
are of class { M} and of finite type and let u € D'(2) be a solution of Pru = 0. If u
vanishes on an open subset of Q2 then u =0 in 2.
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