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Generalized Fourier Integral Operators
on spaces of Colombeau type

Claudia Garetto

Abstract. Generalized Fourier integral operators (FIOs) acting on Colombeau
algebras are defined. This is based on a theory of generalized oscillatory inte-
grals (Ols) whose phase functions as well as amplitudes may be generalized
functions of Colombeau type. The mapping properties of these FIOs are stud-
ied as the composition with a generalized pseudodifferential operator. Finally,
the microlocal Colombeau regularity for OlIs and the influence of the FIO ac-
tion on generalized wave front sets are investigated. This theory of generalized
FIOs is motivated by the need of a general framework for partial differential
operators with non-smooth coefficients and distributional data.

1. Introduction

This work is part of a program that aims to solve linear partial differential equa-
tions with non-smooth coefficients and highly singular data and investigate the
qualitative properties of the solutions. A well established theory with powerful
analytic methods is available in the case of operators with (relatively) smooth co-
efficients [21], but cannot be applied to many models from physics which involve
non-smooth variations of the physical parameters. These models require indeed
partial differential operators where the smoothness assumption on the coefficients
is dropped. Furthermore, in case of nonlinear operations (cf. [25, 29, 35]), the
theory of distribution does not provide a general framework in which solutions
exist.

An alternative framework is provided by the theory of Colombeau algebras of
generalized functions [4, 19, 35]. We recall that the space of distributions D’(Q) is
embedded via convolution with a mollifier in the Colombeau algebra G(2) of gen-
eralized functions on ) and interpreting the non-smooth coefficients and data as
elements of the Colombeau algebra, existence and uniqueness has been established
for many classes of equations by now [1, 2, 3, 5, 23, 27, 30, 33, 35, 36, 37, 39]. In
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order to study the regularity of solutions, microlocal techniques have to be intro-
duced into this setting, in particular, pseudodifferential operators with generalized
amplitudes and generalized wave front sets. This has been done in the papers
[15, 16, 17, 22, 24, 26, 28, 32, 38|, with a special attention for elliptic equations
and hypoellipticity.

The interest for hyperbolic equations, regularity of solutions and inverse
problems (determining the non-smooth coefficients from the data is an impor-
tant problem in geophysics [8]), leads in the case of differential operators with
Colombeau coefficients, to a theory of Fourier integral operators with general-
ized amplitudes and generalized phase functions. This has been initiated in [18]
and has provided some first results on propagation of singularities in the dual
L(G(2), C) of the Colombeau algebra Ge(£2). We recall that within the Colombeau
algebra G(Q), regularity theory is based on the subalgebra G*=(Q2) of regular gen-
eralized functions, whose intersection with D'(€2) coincides with C*°(£2). Since
G®(Q) C G(Q) C L(G.(Q),C), two different regularity theories coexist in the
dual: one based on G(Q2) and one based on G ().

This work can be considered as a compendium of [18], in the sense that col-
lects (without proof) the main results achieved in [18] and studies the composition
between a generalized Fourier integral operator and a generalized pseudodifferen-
tial operator in addition.

We can now describe the contents in more detail. Section 2 provides the
needed background of Colombeau theory. In particular, topological concepts, gen-
eralized symbols and the definition of G- and G°°-wave front set are recalled. In
Subsection 2.5 we elaborate and state in full generality the notion of asymptotic ex-
pansion of a generalized symbol introduced for the first time in [15] and we prove a
new and technically useful characterization. Section 3 develops the foundations for
generalized Fourier integral operators: oscillatory integrals with generalized phase
functions and amplitudes. They are then supplemented by an additional parameter
in Section 4, leading to the notion of a Fourier integral operator with generalized
amplitude and phase function. We study the mapping properties of such opera-
tors on Colombeau algebras, the extension to the dual £(G.(€2), C) and we present
suitable assumptions on phase function and amplitude which lead to G*°-mapping
properties. The core of the work is Section 5, where, by making use of some tech-
nical preliminaries, we study in Theorem 5.10 the composition a(z, D)F,(b) of a
generalized pseudodifferential operator a(x, D) with a generalized Fourier integral
operator of the form

L)) = [ e Db(a, i)

The final Section 6 collects the first results of microlocal analysis for generalized
Fourier integral operators obtained in [18, Section 4]. A deeper investigation of the
microlocal properties of generalized Fourier integral operators is current topic of
research.
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2. Basic notions: Colombeau and duality theory

This section gives some background of Colombeau and duality theory for the
techniques used in the sequel of the current work. As main sources we refer to
[12, 13, 15, 16, 19].

2.1. Nets of complex numbers

Before dealing with the major points of the Colombeau construction we begin by
recalling some definitions concerning elements of C(0-11,

A net (u.). in COU is said to be strictly nonzero if there exist r > 0 and
1 € (0,1] such that |u.| > " for all € € (0, 7).
The regularity issues discussed in Sections 3 and 4 will make use of the following
concept of slow scale net (s.s.n). A slow scale net is a net (r.). € C%! such that

Vg > 03¢y > 0Ve € (0,1] [re|? < cqe™t.

Throughout this paper we will always consider slow scale nets (7. ). of positive real
numbers with inf.c 117 # 0. A net (uc). in €01 i5 said to be slow scale-strictly
nonzero is there exist a slow scale net (sc). and n € (0, 1] such that |u.| > 1/s.
for all € € (0,7).

2.2. C-modules of generalized functions based on a locally convex topological vec-
tor space F
The most common algebras of generalized functions of Colombeau type as well as
the spaces of generalized symbols we deal with are introduced and investigated
under a topological point of view by referring to the following models.
Let E be a locally convex topological vector space topologized through the
family of seminorms {p; };cs. The elements of

Mp :={(u). e ECY:VieIIN eN pi(uc) = O0(eN)ase — 0},
M = {(u.). € EOY: Vie I 3(w)essn. pi(ue) = O(w.)ase — 0},

M ={(u). e EOU: INeNViel pi(u)=0(E"")ase — 0},
Ni i={(us). € EOU: VieIVgeN p;(u.) =0(e?) ase — 0},

are called F-moderate, E-moderate of slow scale type, E-regular and FE-
negligible, respectively. We define the space of generalized functions based on E as
the factor space G := Mpg/NEg.

The ring of complex generalized numbers, denoted by C:= Enr /N, is obtained
by taking £ = C. C is not a field since by Theorem 1.2.38 in [19] only the elements
which are strictly nonzero (i.e. the elements which have a representative strictly
nonzero) are invertible and vice versa. Note that all the representatives of u € C
are strictly nonzero once we know that there exists at least one which is strictly
nonzero. When u has a representative which is slow scale-strictly nonzero we say
that it is slow scale-invertible.
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For any locally convex topological vector space E' the space G has the struc-
ture of a C-module. The C-module G := M55 /N of generalized functions of slow
scale type and the C-module g% = M /NE of regular generalized functions are
subrings of G with more refined assumptions of moderateness at the level of rep-
resentatives. We use the notation u = [(uc)<] for the class u of (ue)e in Gg. This
is the usual way we adopt to denote an equivalence class.

The family of seminorms {p;};c; on E determines a locally convex C-linear
topology on Gg (see [12, Definition 1.6]) by means of the valuations

Vp, ([(ue)e]) == vp, ((ue)e) :=sup{b e R : pi(us) = O() as e — 0}

and the corresponding ultra-pseudo-seminorms {P;}icr, where Pi(u) = e~ Vri(W,
For the sake of brevity we omit to report definitions and properties of valuations
and ultra-pseudo-seminorms in the abstract context of C-modules. Such a theo-
retical presentation can be found in [12, Subsections 1.1, 1.2]. We recall that on
C the valuation and the ultra-pseudo-norm obtained through the absolute value
in C are denoted by vz and |- | respectively. Concerning the space G of regular
generalized functions based on E the moderateness properties of M% allows to
define the valuation

v¥((us)e) :==supfbe R:Viel  pj(u)=0()ase— 0}

which extends to G5 and leads to the ultra-pseudo-norm Pg°(u) := e~ V& (W),

The Colombeau algebra G(Q) = £3(Q2)/N () can be obtained as a C-module
of Gg-type by choosing E = £(Q). Topologized through the family of seminorms
Pr,i(f) = SUPyek |a)<i [0%f(2)| where K € €, the space £(Q2) induces on G() a
metrizable and complete locally convex C-linear topology which is determined by
the ultra-pseudo-seminorms Pk ;(u) = e~ 7K (W From a structural point of view
0 — G(9) is a fine sheaf of differential algebras on R".

The Colombeau algebra G. () of generalized functions with compact support
is topologized by means of a strict inductive limit procedure. More precisely, setting
Gr(Q) :={u € G.(Q) : suppu C K} for K € Q, G.(Q) is the strict inductive
limit of the sequence of locally convex topological C-modules Gk, (Q))nen, where
(K )nen is an exhausting sequence of compact subsets of €2 such that K,, C K, 41.
We endow Gr(€2) with the topology induced by Gp,, o) where K’ is a compact
subset containing K in its interior. For more details concerning the topological
structure of G.(Q) see [13, Example 3.7].

Regularity theory in the Colombeau context as initiated in [35] is based on
the subalgebra G*®°(2) of all elements u of G(Q2) having a representative (uc)e
belonging to the set

En(Q) :={(uc)e € €[] : VK € Q3N € NV € N"

sup |0%u.(z)| = O(e ™) as e — 0}.
reK
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G (£2) can be seen as the intersection NgeaG™(K), where G®(K) is the space
of all u € G(Q) having a representative (uc). satisfying the condition: IN € N
Voo € N, sup, ¢ i [0%uc ()| = O(e ™). The ultra-pseudo-seminorms Pgee () (1) :=
e~ Vo> ) where

Vgeo () = sup{b € R: Ya € N" jg}}:; |0%ue ()| = O(e%)}

equip G*°(£2) with the topological structure of a Fréchet C-module.

Finally, let us consider the algebra G°(2) := G>*(Q) N G.(2). On GF(Q) :={u €
G>() : suppu C K} with K € €2, we define the ultra-pseudo-norm Pgec ) (u) =
e VK () where v (u) := VD (9 (u) and K’ is any compact set containing K in its
interior. At this point, given an exhausting sequence (K, ), of compact subsets of
Q, the strict inductive limit procedure equips G°(2) = UG (€2) with a complete
and separated locally convex C-linear topology (see [13, Example 3.13].

2.3. Topological dual of a Colombeau algebra

A duality theory for C-modules had been developed in [12] in the framework of
topological and locally convex topological C-modules. Starting from an investi-
gation of c(g,@), the C-module of all C-linear and continuous functionals on
G, it provides the theoretical tools for dealing with the topological duals of the
Colombeau algebras G.(©) and G(Q). In the paper £(G(Q2),C and £(G.(2),C)
are endowed with the topology of uniform convergence on bounded subsets. This is
determined by the ultra-pseudo-seminorms

Ppe(T) = sup [T'(u)le,
ueB

where B is varying in the family of all bounded subsets of G(2) and G.(€2) re-
spectively. For general results concerning the relation between boundedness and
ultra-pseudo-seminorms in the context of locally convex topological C-modules
we refer to [13, Section 1]. For the choice of topologies illustrated in this section
Theorem 3.1 in [13] shows the following chains of continuous embeddings:

(2.1) G=(9) C G(Q) C L(G(),C),
(2.2) G2(Q) C Ge(9) € L(9(9),C),
(2.3) L(G(2),C) C L(G.(),C).

In (2.1) and (2.2) the inclusion in the dual is given via integration (v — (v —
Jou(z)v(z)dz)) (for definitions and properties of the integral of a Colombeau
generalized functions see [19]) while the embedding in (2.3) is determined by the
inclusion G (92) C G(2). Since Q — L(G¢(€2), C) is a sheaf we can define the support
of a functional T' (denoted by suppT'). In analogy with distribution theory, from
Theorem 1.2 in [13] we have that £(G(£2),C) can be identified with the set of

functionals in £(G.(2), C) having compact support.
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By (2.1) it is meaningful to measure the regularity of a functional in the
dual £(G.(€2),C) with respect to the algebras G(Q2) and G>(£2). We define the
G-singular support of T' (singsuppg T') as the complement of the set of all points
x € Q) such that the restriction of T' to some open neighborhood V' of x belongs to
G(V). Analogously replacing G with G we introduce the notion of G*°-singular
support of T' denoted by singsuppge. T". This investigation of regularity is connected
with the notions of generalized wave front sets considered in Subsection 2.8 and
will be focused on the functionals in £(G(©2),C) and £(G(2),C) which have a
“basic” structure. In detail, we say that T € £(G.(€2),C) is basic if there exists a
net (T.). € D'(2)(1 fulfilling the following condition: for all K € Q there exist
jeN, ¢>0,NeNandn e (0,1] such that

Vf € Dr(Q)Ve € (0,7] To()l <ee™  sup  [0%f(a)|
TEK, || <j
and Tu = [(Teue)e] for all u € Go(9).
In the same way a functional T' € £(G(Q),C) is said to be basic if there exists
anet (T.). € £(Q)U such that there exist K € Q, j € N, ¢ > 0, N € N and
n € (0, 1] with the property
Vf e C®(Q)Ve € (0,n] T()l <ee™™  sup  [0%f(x)|
TEK, || <g
and Tu = [(T.u.).] for all u € G(Q).
Clearly the sets £, (G(2),C) and Ly (G(2),C) of basic functionals are C-linear
subspaces of £(G¢(),C) and £(G(R),C) respectively. In addition if 7" is a basic
functional in £(Ge(2),C) and u € Ge(€) then uT € L(G(Q),C) is basic. We
recall that nets (7). which define basic maps as above were already considered in
[9, 10] with slightly more general notions of moderateness and different choices of
notations and language.

2.4. Generalized symbols

For the convenience of the reader we recall a few basic notions concerning the
sets of symbols employed in the course of this work. More details can be found
in [15, 16] where a theory of generalized pseudodifferential operators acting on
Colombeau algebras is developed.

DEFINITIONS. Let © be an open subset of R”, m € R and p,é € [0,1]. S75(2xRP)
denotes the set of symbols of order m and type (p, d) as introduced by Hérmander
in [20]. The subscript (p, ) is omitted when p = 1 and 6 = 0. If V is an open
conic set of Q x R? we define S)'5(V) as the set of all a € C>°(V') such that for all
KeV,
sup (&) H0g 0 a(w, €)] < oo,
(z,£)eKe

where K¢ := {(z,t) : (,£) € K t > 1}. We also make use of the space S}, (Q x
RP \ 0) of all a € S1(Q x RP \ 0) homogeneous of degree 1 in £. Note that the
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assumption of homogeneity allows to state the defining conditions above in terms
of the seminorms
sup  [¢]71 90 a(, €
z€K,EERP\0
where K is any compact subset of 2.
The space of generalized symbols S;%(Q x RP) is the C-module of Gg-type
obtained by taking E' = S77;(©2 x RP) equipped with the family of seminorms

a3, = sup  sup [09g0fa(w,€)|(g) Tl KeQjeN
Y zEK,EER™ |a4|<j

The valuation corresponding to |- | 0.6, K j gives the ultra-pseudo-seminorm ’PSZ)K ;e
15 (82 x RP) topologized through the family {Pp 5 KJ}Kcﬂ jen of ultra-pseudo-
seminorms is a Fréchet C-module. In analogy with Sm 5(Q2xRP) we use the notation
Sg}(;( ) for the C-module Gsm (v)-
Sy XR? ) has the structure of a sheaf with respect to 2. So it is meaningful
to talk of the support with respect to x of a generalized symbol a (supp, a).
We define the conic support of a € Sm (2 xRP) (conesupp a) as the complement of
the set of points (zg,&p) € Q x RP such that there exists a relatively compact open
neighborhood U of z, a conic open neighborhood I' of £ and a representative
(ae)e of a satisfying the condition
(2.4)
Va e NPYBeN"YgeN  sup (&) mHlel=0Pl9208a, (2,€)| = O(e?) as e — 0.
zeU, el
By definition cone supp a is a closed conic subset of 2 X RP. The generalized symbol
ais 0 on Q\ 7, (conesuppa).

SLOW SCALE SYMBOLS. In the paper the classes of the factor space g;sné(mm)
P,

are called generalized symbols of slow scale type. For simplicity we introduce the

notation S5 (Q x RP). Substituting S} (€2 x R?) with S7"5(V) we obtain the set

§;?(§SC(V) = QE%S(V) of slow scale symbols on the open set V C Q x (RP \ 0).

GENERALIZED SYMBOLS OF ORDER —oo. Different notions of regularity are re-
lated to the sets S™°°(Q x RP) and §~°°*°(Q) x RP) of generalized symbols of order
—00.

The space S~°° (€2 x RP) of generalized symbols of order —oo is defined as the C-
module Gg-(qxre)- Its elements are equivalence classes a whose representatives
(ae)e have the property |a€|§?3 = O0(e V) as e — 0, where N depends on the order
m of the symbol, on the order j of the derivatives and on the compact set K C (0.
S7o5¢(Q) x RP) is defined by substituting O(e =) with O()\.) in the previous
estimate, where (A:). is a slow scale net depending as above on the order m of
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the symbol, on the order j of the derivatives and on the compact set K C Q. It
follows that (ac)e is G™-regular, in the sense that

acli7) = O™
as € — 0 for all m,j and K € (.

GENERALIZED MICROSUPPORTS. The G- and G*°-regularity of generalized sym-
bols on © x R™ is measured in conical neighborhoods by means of the following
notions of microsupports.

Let a € gé)J(Q x R™) and (zo,&) € T*(2) \ 0. The symbol a is G-smoothing
at (zo,&o) if there exist a representative (ac). of a, a relatively compact open
neighborhood U of xy and a conic neighborhood I' C R™ \ 0 of &y such that

(2.5) Vm eRVa,f€N"IN e NIc>03n € (0,1]V(x,€) € U x I'Ve € (0,7]
|08 07 ac (x, )| < e(€)™e ™.
The symbol a is G*-smoothing at (xo, o) if there exist a representative (a.). of a,

a relatively compact open neighborhood U of xg, a conic neighborhood I' C R™\ 0
of £ and a natural number N € N such that

(2.6) Vm € RVa, B €N"3c> 03y € (0,1]V(x,&) € U x I'Ve € (0,7
00 ac(w,€)| < e(g)me .

We define the G-microsupport of a, denoted by psuppg(a), as the complement
in T*(Q2) \ 0 of the set of points (xg,&)) where a is G-smoothing and the G-
microsupport of a, denoted by psuppge (a), as the complement in 7%(2) \ 0 of the
set of points (zg, &) where a is G>°-smoothing.

CONTINUITY RESULTS. By simple reasoning at the level of representatives one
proves that the usual operations between generalized symbols, as product and
derivation, are continuous. In particular the C-bilinear map

(2.7) Ge(R) x 85(Q x R?) — S5(Q x RP) : (u,a) — aly, §)u(y)

is continuous. If | < —p each b € g’fl)_’(;(Q x RP) can be integrated on K xRP, K &€ (),

by setting
/ by, €) dy dé = [( / b5<y,§>dyds) ]
K XxRP K xRpr 5

Moreover if supp,b € 2 we define the integral of b on © x R? as

/ by, €) dy dé = / b(y, €) dy de,
QxRP

K xRP
where K is any compact set containing supp, b in its interior. Integration defines a

continuous C-linear functional on this space of generalized symbols with compact
support in y as it is proven in [18, Proposition 1.1, Remark 1.2].
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2.5. Asymptotic expansions in g;’?(; (Q x RP) and g;?fc(Q x RP)

In this subsection we elaborate and state in full generality the notion of asymptotic
expansion of a generalized symbol introduced for the first time in [15]. We also
provide a technical result which will be useful in Section 5. We begin by working
on moderate nets of symbols and we recall that a net (C.). € C(%! is said to be
of slow scale type if there exists a slow scale net (w¢). such that |Ce| = O(we).

Definition 2.1. Let {m;} en be sequences of real numbers with m; \, —oo, my =
m.

(i) Let {(aj.)c}jen be a sequence of elements (aj ) € Mg We say

"I (QxRP)"
p,6
that the formal series Z;’;O(aj7e)e is the asymptotic expansion of (a.)e €

E[QXR™], (ac)e ~ > ;(aje)e for short, iff for all 7 > 1

r—1

(ae - aj-,e) € Mgmr(axre)-
j=0 e
(i) Let {(aj.e)e}jen be a sequence of elements (a; ) € J\/lséf;ng (OxRP)’

that the formal series 37 (aj,c)e is the asymptotic expansion of (ac). €
E[Q X R], (ac)e ~sc - (aj,e)e for short, iff for all r > 1

r—1
sc
(ae - Z a:j,e) S S;ng (QxRP)*
i €

We say

<

Theorem 2.2.

(i) Let {(aje)e}jen be a sequence of elements (aje)e € ./\/ls::éj(ngp) with

m; \, —oo and mo = m. Then, there exists (as)e € ./\/ls;né(ngp) such
that (ae)e ~ > ;(aje)e. Moreover, if (ap)e ~ 3 ;(aj.e)e then (ae — al)e €
M- (@xRrr)-
(i) Let {(aj.c)e}jen be a sequence of elements (aje)e € Msscmj(sszp) with
0.5
m; \, —oo and mo = m. Then, there exists (ac): € M%C;né(szxuap) such

that (ae)e ~sc Zj (aj,e)e. Moreover, if (al)e ~sc Ej (aj,e)e then (a:—al). €
5o (QxRP)"

Proof. The proof follows the classical line of arguments, but we will have to keep
track of the e-dependence carefully. We consider a sequence of relatively compact
open sets {V;} contained in Q, such that for all I € N, V; € K; =V, C Vj4; and
Uien Vi = Q. Let ¢ € C(RP), 0 < 9(§) < 1, such that ¢(§) = 0 for |{| < 1 and

P(€) =1 for [¢] > 2.
(7) We introduce

bj-,é(xv g) = 1/’(/\3‘,55)@;',5(17, 5)7
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where ;. will be positive constants with Aj11. < A\j. <1, A\jc — 01if j — oo.
We can define

(2.8) ac(z,€) = bj(x,9).

JEN
This sum is locally finite and therefore (a.). € £[Q x RP]. We observe that

0 ((N26)) = " PN O, supp (9°Y(X;c€)) € €+ 1/Nie < [¢] < 2/N;),
and that 1/X; . < |£] < 2/);. implies A\; . < 2/|¢] <4/(1+ |€]). We first estimate
bje. Fixing K € Q and o € N?, 3 € N we obtain for j € N, ¢ € (0,1], z € K,
§eRP,

@ a— a— mi—
10200b).e(2,8) < Y (7)% MO 1PNy c6)laz el 5, gl€)™ P18

vl

< 3 el gy TIe g ) (gymamehi ol

<o«
< Cjap,i,0 (€)™ PO,

where

Chapice = el 1A May [} o

<o

Since (Cj.a,8,K.)e 1s a moderate net of positive numbers, we have that (b;.). €

M S™ (AxRP)” At this point we choose A; . such that for |a + 8] < j, 1 <j

(2.9) CjapKieNje <277
Our aim is to prove that a.(z,£) defined in (2.8) belongs to Msm (Qxre). Since
there exists N; € N and n; € (0, 1] such that

Cja,B,K,e <€

for I < j and |a+ | < j, we take \j . = 277¢™i on the interval (0, 7;]. We observe
that
(2.10)

VK e, JleN: KcCV,CKj,

Vag € NP, Vo € N, Jjo €N, jo > 1+ |ao| +|Bo| < jo, my, +1 <m,
and we write (ac)e as the sum of the following two terms:

jo—1
> bje(x,€) +ij, (2,6) = fo(2,6) + sc(x, ).

j=0 Jj=Jo
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For x € K, we have that

Jo—1

820020 fo(a,€)| < Z 197,615 o (€)™ P10l #3160l

Jo—1
- 5
(Z |bJ6|S;JI)<aO,BO>< ym—plaol+3|6ol
where

Jo—1
<Z |bJ5|P>5KO¢0>ﬁo) € &m
€

We now turn to s.(z,&). From the estimates on b;. and (2.9), we get for z € K
and € € (0,1],

+oo
000 s (w,€)| < Z s 0. K, (€)™ Pl |+l 50l
J=Jo
< 22 J>‘Ja §>m;+1 plao|+6]Bo| < Z 29— J/\ <§> <§>m pleo|+61Bol
J=Jjo J=jo

Since (&) is identically equal to 0 for |£] < 1, we can assume in our estimates
that (€)' <\, ., and therefore from (2.10), we conclude that

|8O‘°8ﬁ°s€( €)] < 2(g)ym—rlaol+dlfol

forall z € K, £ € RP and € € (0,1].
In order to prove that (ac)e ~ Zj(aj,é)E we fix r > 1 and we write

r—1 r—1
—Zaj,é(x,ﬁ): (¥(Aje&) — Daje(z "’de Aje€)aj.e(,§)
=0 7=0 Jj=r
= ge($7€) + Ife(l',f)-
Recall that ¢ € C*°(RP) was chosen such that ¢ — 1 € C2°(R?) and supp(y — 1) C
{&: |¢] <2}. Thus, for 0 < j <r—1,
supp((N,c€) — 1) C{€: [Ne€l <23 C{€: lgf <2A7% )

As a consequence, for fixed K € 2 and for all € € (0, 1],

|8§ 8695 | < Z Z ( >/\a \ L )<2>\;711)5>mj—7m+p|a ||aj>€|;trgfl)<,a—a’,ﬁ

7=0 o’<«
. <§>mr—9\a|+5\ﬁ|7
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where, from our assumptions on (a;.). and (\j.), the nets (|aj,5|f:§fl)<7a_a,ﬁ)s
and ((2)\;_11)6)’"]'_"““*‘mo‘/‘)8 are both moderate. Repeating the same arguments
used in the construction of (a.). we have that (t.). belongs to Msmr(QXRp) It is
clear that (a.). is uniquely determined by Z (aj.e)e modulo Mg-o(qxrr)-

iy . _ sc
(74) In the slow scale case one easily sees that (bje)e € 57 (xRe)’ Moreover,

since there exists a slow scale net w;(¢) and n; € (0, 1] such that

CjoapK1,e < wj(€)
for | < jand |a+ 0| < j, we can take ;. = 2_jw;1(5) on the interval (0,n;]. It
follows that (ac). € Mf.;c;%(ﬂxw) and that both the nets (g-). and (¢.). belong to
Msscgfg(szxm)- O

Proposition 2.3.
(1) Let {(aje)etjen be a sequence of elements (ajc)e € M S (AxRP) with
m; \, —o0o and mo = m. Let (a.)s € E[Q x RP] such that for all K € Q,
for all a, B there exists p € R and (C¢)e € Epr such that
(2.11) 080 ac (2, )| < C(E)F,

forallxz € K, £ € RP, ¢ € (0,1]. Furthermore, assume that for any r > 1
and K € Q there exists pr = pr(K) and (Cre)e = (Cro(K))e € Enr such
that pi, — —o0 as r — +o0o and

(2.12)

r—1
xo—zwwmﬂa%@w
=0

forallz € K, £ € RP, £ € (0,1]. Then, (ac)e ~ > ;(aj,c)e-

(ii) (¢) holds with (aje)e € Sscmj (QxEP)’ the nets (Ce)e and (Cre)e of slow
p,6

scale type and (ac)e ~sc Y ;(aje)e in the sense of Definition 2.1(ii).
The proof of Proposition 2.3 requires the following lemma.

Lemma 2.4. Let K1 and K5 be two compact sets in RP such that K1 C Int Ks.
Then there exists a constant C > 0 such that for any smooth function f on a
neighborhood of Ko, the following estimate holds:

@waa)<ngMWW|Hwaa)

I€K1\|1 z€K> rc K 2‘|2

Proof of Proposition 2.3. (i) By Theorem 2.2 we know that there exists (b.). €
MS;YZ'B((]X]RP) such that (b.)e ~ Zj(aj7€)€.We consider the difference d. = a. — b..
From (2.11) and the moderateness of (b:). we have that for all , 8 and K € Q
there exist (C!). and p' such that

(2.13) 0292d.(z,€)| < CL{EW
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forallz € K, £ € R? and € € (0, 1]. Combining (be)e ~ 3 ;(ajc)e with (2.12) we
obtain that for all » > 0 and for all K € § there exists (Cc(K)). € En such that

|de (2, )| < Cr (K€, reK, {eR" e€(0,1].

Set d¢ o (x,0) = do(z,£+0). Then, 9502d¢ o (x,0)|9=0 = 8?85d(3:,§), and applying
Lemma 2.4 with K1 = K x0and Ky = K'x{|f| < 1}, where K C IntK’ C K’ € Q,
we obtain

2
(2.14) (sup Z |8§8£d5(x,§)|) <C sup |d.(x,£+0)|

ek | o z€K',|0)<1
< swp |de@mE+O)+ sp Y |a§a£ds<x,§+o>|>
rC€K',|0)<1 r€K',|0)<1

|oa+B|=2

< CCpe(K') sup (£ +6)" <CT,E<K’> sup (€ +6) ™" + CL(K') sup (€ + W’““’)
161<1 161<1 161<1

< Cr(K) &),

where C}/_(K') € £p. By induction one can prove that for all 7 > 0, for all K’ € Q
and for all « € NP, 8 € N”, there exists a moderate net (c.). such that the estimate

0807 de (2, )] < (€)™

is valid for all x € K, £ € R? and € € (0, 1]. This means that (d:). € Mg xrr)
and therefore (az): ~ 3 ;(aj.)-.
(#3) It is clear that when we work with nets of slow scale type then (d.). €

Moo (xrey A0 (@2)e ~se 2 25(aj.0)e- -

Remark 2.5. Proposition 2.3 can be stated for nets of symbols in MS;n5(QxRp\O)
and M%Cm&(ﬂxRP\o)' The proof make use of (2.13) when || < 1 and (2.14) when
Py

€1 > 1.

Definition 2.6. Let {m;} ey with m; \, —oco and my = m.

(1) Let {a;};en be a sequence of symbols a; € gpﬁj (Q x R”).NVVe say that
the formal series 3, a; is the asymptotic expansion of a € §5(Q2 x RP),
an~ >y, ; a; for short, iff there exist a representative (ac)e of a and, for
every j, representatives (aj.e)e of a;, such that (ac)e ~ >, (aj,e)e.

(i) Let {a;} en be a sequence of symbols a; € g’:?’sc(Q X RP)N. We say that
the formal series 3, a; is the asymptotic expansion of a € 8,77 (2 x RP),
a ~ »;a; for short, iff there exist a representative (ac)e of a and, for
every j, representatives (a;¢)e of a;, such that (ae)e ~sc Zj (@j,e)e-
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2.6. Generalized pseudodifferential operators

Let © be an open subset of R™ and a € N;’?(; (€ x R™). The generalized oscillatory
integral (see [15])

[ et uty) dyae = ( / em-wfaa(x,f:)ua(y)dyc-rg) LN©),
QxR"™ QxR"™ £

defines the action of the pseudodifferential operator a(z, D) with generalized sym-
bol a € S5 (2 xR™) on u € Ge(€2). The operator a(x, D) maps G(£2) continuously
into G(2) and can be extended to a continuous C-linear map from £(G(f2),C) to

L(Ge(€),C). If a is of slow scale type then a(z, D) maps G () continuously into
G (). Pseudodifferential operators with generalized symbol of order —co are reg-
ularizing, in the sense that a(z, D) maps Ly, (G(€2),C) to G(Q) if a € S~>°(Q x R™)
and £,(G(2),C) to G®(Q) if a € S—°(Q x R™). Clearly, all the previous results
can be stated for pseudodifferential operators given by a generalized amplitude
a(z,y,§) € gg% (2 x 2 xR™). For a complete overview on generalized pseudodiffer-
ential operators acting on spaces of Colombeau type we advise the reader to refer

to [14, 15, 16]

2.7. Generalized elliptic symbols

One of the main issues in developing a theory of generalized symbols has been the
search for a notion of generalized elliptic symbol. This is obviously related to the
construction of a generalized pseudodifferential parametrix by means of which to
investigate problems of G- and G*°-regularity. In the sequel we recall some of the
results obtain in this direction in [15, 16], which will be employed in Section 5.
We work at the level of representatives and we set p = 1, 6 = 0. We leave to the
reader the proof of the next proposition which is based on [15, Section 6].

Proposition 2.7. Let (a.). € Mgmxrn\0) such that

(el) for all K € Q) there exists s € R, (Re)e € En strictly nonzero andn € (0,1]
such that

|ac(z, )] = £%(€)™,
forallx € K, €] > R. and € € (0,7).
Then,
(i) for all K € Q, for all o, 8 € N™ there exist N € N, (R.). € En strictly
nonzero and n € (0, 1] such that
|08 0 ac(x,€)] < e V(€)1 ac(z, )]

forallz e K, |{] > R. and € € (0,n];
(ii) (i) holds for the net (aZ')c;
(ili) i (a2)e € Mgm (yrn\0) withm' < m then (el) holds for the net (a-+al)..

Let (ac)e € ./\/lsscm(ﬂan\o) such that
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(€2) for all K € Q) there exists (sc)e with (s71)e s.s.n., (Re)e s.8.m. and n €
(0,1] such that

|G/€(.’I],§)| 2 85<5>m7
forallx € K, €] > R. and € € (0,7).
Then,

(iv) for all K € Q, for all o, 8 € N™ there exist (¢c)e, (Re)e s.s.n and n € (0,1]
such that

10807 ac(x,6)| < ee(€) ™1 ac(, €)]

forallz € K, €] > R. and € € (0,n)];
(v) (i) holds for the net (aZ')e;
(vi) if (al)c € MSSCm’(QX]Rn\O) with m/ < m then (e2) holds for the net (a.+a’)..
Proposition 2.8. Let (a.). be a net of elliptic symbols of S™(2 x R™\ 0).

(i) If (ac)e € Mgmxrn\0) fulfills condition (el) then there exists (pc)- €
Mg—m(axrr\0) such that for all e € (0,1]

Pete = 1+ e,

where (re)e € Mg—se(xrm\0)-
(i) If (ac)e € MG qyrn\o) Julfills condition (€2) then there exists (pe)e €
M%Cfm(ﬂxw\o) such that for all € € (0,1]

Pete = 1+ 1g,
where (r¢)e € MZ‘C*OO(QxR"\o)'

Proof. As in [15, Proposition 6.4] we define p. as

Za?(x,f)w(%)wx

j
where ); is a partition of unity subordinated to a covering of relatively compact
subsets Q; of Q, (Rj:): is the radius corresponding to Q; and ¢ is a smooth
function on R™ such that ¢(§) = 0 for |§] < 1 and ¢(§) = 1 for |¢] > 2. From
Proposition 2.7 we have that (el) yields (p:)e € Mg-m@xrn\0) and (e2) yields
(pe)- € MG (axrn\0)- Let K € Q. By construction, for all z € K,

e 0. = 1+ (Sl 1) =1+ Z(w( )= 1) 560

=0
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and the following estimates hold for all [ > 0 and o € N™ \ 0:

sup(e)! o (5-) ~ 11 < sup (©)'l(7) 1] < ep2R;),
§#0 J»€ [€|<2R; e Jr€
laa 5 . —|a| laa 5 . —|a|
Sgl;lg(@ | Up(RJ—,E)'(RJ’ )7 < Rj,ssS|1£1|22Rj,e<£> |0¢ SD(RJ-_E)KRJ’ )

< C«ﬂ<2Rj-,s>l(Rj,s)7|a‘-
We deduce that (pea. — 1) belongs to Mg-o(qxrn\0) under the hypothesis (el)
on (ag). and that (p.a. — 1), belongs to MG (axrn\o) under the hypothesis (e2)
on (ag)e. O

2.8. Microlocal analysis in the Colombeau context: generalized wave front sets in
£(G:(2),C)

In this subsection we recall the basic notions of microlocal analysis which involve
the duals of the Colombeau algebras G.(£2) and G(£2) and have been developed in
[14]. In this generalized context the role which is classically played by .7 (R™) is
given to the Colombeau algebra G (R") := Gy (gn). G,(R") is topologized as in
Subsection 2.2 and its dual £(gG,,(R"), (E) is endowed with the topology of uniform
convergence on bounded subsets. In the sequel G,(R™) denotes the Colombeau
algebra of tempered generalized functions defined as the quotient &, (R™)/N;(R™),
where &, (R™) is the algebra of all T-moderate nets (uc). € & [R"] := Opr(R™)(0:1]
such that

Yo e N*IAN € N sup (14 |z)) "N |0%ue(z)| = O(e™N) ase—0
ESIING

and N (R™) is the ideal of all T-negligible nets (u.). € £;[R"] such that

Va € N"IN € NVg e N sup (1 + |z|) N |0%e(2)] = O(g?) as € — 0.
zER™

Theorem 3.8 in [12] shows that we have the chain of continuous embeddings
G,(R") € G(R") C £(G,(R"),C).

Moreover, since for any u € G.(Q2) with suppu C K € Q and any K/ € Q with
K C Int K’ one can find a representative (u.). with suppu. C K’ for alle € (0,1],
we have that Gc(§2) is continuously embedded into G (R™).

THE FOURIER TRANSFORM ON G _(R"), E(gy(R"),@) AND £(G(Q),C). The
Fourier transform on gy(R") is defined by the corresponding transformation at
the level of representatives, as follows:

F1G,[®") = G,[R") : u— [(@).).

F is a C-linear continuous map from g, (R™) into itself which extends to the dual

in a natural way. In detail, we define the Fourier transform of 7" € £L(G,(R"), C)
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as the functional in £(G,(R"), C) given by

F(T)(u) = T(Fu).
As shown in [14, Remark 1.5] £(G(R),C) is embedded in E(%,(R"),(E) by means
of the map

£(G(9),€) — £(G,(R"),E) : T — (1 — T((ueyy)- + N(9).
In particular, when T is a basic functional in £(G(€2), C) we have from [14, Propo-
sition 1.6, Remark 1.7] that the Fourier transform of T is the tempered gener-
alized function obtained as the action of T'(y) on e™™%, ie., F(T) = T(e™"¢) =
(Te(e7%))e + N (R™).

GENERALIZED WAVE FRONT SETS OF A FUNCTIONAL IN £(Ge(€2),C). The notions
of G-wave front set and G™-wave front set of a functional in £(G(Q),C) have
been introduced in [14] as direct analogues of the distributional wave front set
in [20]. They employ a subset of the space ggcm(ﬂw) of generalized symbols of

slow scale type denoted by STC(Q x R™) (see [16, Definition 1.1]) and a suitable
notion of slow scale micro-ellipticity [16, Definition 1.2]. In detail, (zq, &) & WFg T
(resp. (x0,&) &€ WFge T) if there exists a(x, D) properly supported with a €

§2C(Q x R™) such that a is slow scale micro-elliptic at (xo, &) and a(z, D)T € G(Q)
(resp. a(z, D)T € G=(Q)). N
When T is a basic functional of £(G.(£2),C), Proposition 3.14 in [14] proves that

one can limit to classical properly supported pseudodifferential operators in the
definition of WFg T and WFg T'. More precisely,

(2.15) Wag(T):= [ Char(4)
ATeG(Q)

and

(2.16) Wag~(T):= () Char(A)
ATEG>(Q)

where the intersections are taken over all the classical properly supported operators
A € ¥°(Q) such that AT € G(Q) in (2.15) and AT € G=() in (2.16). WFgT
and WFgeT are both closed conic subsets of T*(2) \ 0 and, as proved in [14,
Proposition 3.5],

1Q(WFgT') = sing suppg T’
and

TQ(WFgT') = sing suppge. T
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CHARACTERIZATION OF WFgT AND WFgeT WHEN T IS A BASIC FUNCTIONAL.

We will employ a useful characterization of the G-wave front set and the G*°-wave
front set valid for functionals which are basic. It involves the sets of generalized
functions G.# o(I") and G (I"), defined on the conic subset I' of R™ \ 0, as follows:

Grol) :={ue g, (R"): Jus)e cuViecRIN €N
22¥<§>l|u5(§)| =0(s)as e — 0},

Go(T) :=={ue G- (R"): I(us). €u3IN eNVI€R
§2?<€>l|ua(§)| =0(eM)as e — 0}.

Let T € L(G.(92),C). Theorem 3.13 in [14] shows that:

(i) (z0,&) € WEGT if and only if there exists a conic neighborhood T of &
and a cut-off function ¢ € CX(Q) with ¢(xg) = 1 such that F(eT) €
G o(T).

(i1) (wo,&) &€ WFgeT if and only if there exists a conic neighborhood T of
&o and a cut-off function ¢ € C°(£2) with ¢(x¢) = 1 such that F(¢T) €

G20 (0)-

3. Generalized oscillatory integrals: definition

This section is devoted to a notion of oscillatory integral where both the amplitude
and the phase function are generalized objects of Colombeau type.

In the sequel 2 is an arbitrary open subset of R™. We recall that ¢(y, &) is
a phase function on Q x RP if it is a smooth function on 2 x R? \ 0, real valued,
positively homogeneous of degree 1 in € with V,, ¢é(y,§) # 0 forally € Qand £ €
RP\ 0. We denote the set of all phase functions on Q xR? by & (£2xRP) and the set of
all nets in ®(Q x RP)(1 by ®[Q x RP]. The notations concerning classes of symbols
have been introduced in Subsection 2.4. The proofs of the statements collected in
this section can be found in [18]. In the paper [18] the authors deal with generalized
symbols in Ngfé(Q x RP) as well as with regular generalized symbols. This last class
of symbols is modelled on the subalgebra G=(Q) of regular generalized functions
and contains the generalized symbols of slow scale type as a submodule. Even
though many statements of Section 3, 4 and 6 hold for regular symbols as well,
for the sake of simplicity and in order to have uniformity of assumptions between

phase functions and symbols, we limit in this work to consider S5(€2 x RP) and
the smaller class §?5SC(Q x RP) of generalized symbols of slow scale type.
Definition 3.1. An element of Mg (2 X R?) is a net (¢.). € P[Q2 x RP] satisfying

the conditions:
(i) (¢e)e € Ms;g(QxRp\o),
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2
7o (v7)|)

On Mg (€2 x RP) we introduce the equivalence relation ~ as follows: (¢¢)e ~ (we)e
if and only if (¢ —we) € ./\/'Sﬁ (@xrr\0)- The elements of the factor space

(ii) for all K € 2 the net

( inf
yEK,EERP\0

is strictly nonzero.

B(Q x RY) = Mo (2 x B/~
will be called generalized phase functions.

We shall employ the equivalence class notation [(¢¢).] for ¢ € ®(Q x RP).
When (¢.). is a net of phase functions, i.e. (¢:). € ®[Q2 x RP], Lemma 1.2.1 in [20]
shows that there exists a family of partial differential operators (L, ). such that

tLy.e'%e = ei?s for all ¢ € (0, 1]. L, is of the form

(3-1) Zaj, y§ . +Zbkay§ +Ca(y 5)

where the coefficients (a; ). belong to S°[Q x RP] and (bxc)e, (cc)e are elements
of S7LQ x RP]. The following technical lemma is crucial in proving Proposition
3.3.

Lemma 3.2.
(i) Let o, (y,€) = [V (y,&/IENI72. If (¢2): € Ma(Q x RP) then
(¥0.)c € Msp (@xrr\0)-
(i) I (62)e, (we)e € Ma(Q X RP) and (.. ~ (w.). then
((3Ej Pe)pp. — (8&%)%)5)5 € ngg(szxm\o)
forallj=1,...p and
((ayk¢a)|f|_290¢s - (aykwa)|§|_290ws) € Ng- e (2XRP\0)
forallk=1,...n

Proposition 3.3.

(i) If (¢c)e € Ma(2 x RP) then (aj,s)s € MSO(QXRP) for all j =1,...p, (bke)e €
Mg-1(axrey for all k =1,....n, and (c.)e € Mg-1(qxre)-
(ii) If ((ba)a, (wg) € M@(Q X RP) and (¢€)E ~ (we)e then

¢ _st Za’sz§ +Zb +C/5(y7§)a

where (a;)s)a S NSO(QxRP); (bk75)€ S Ns—l(ngRp) and ( ) S NS L(QXRP) for all
j=1,.,pandk=1,...n
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As a consequence of Propositions 3.3 we can claim that any generalized phase
function ¢ € (2 x RP) defines a generalized partial differential operator
o 0 < )
Lo (4,60, 0¢) = D a;(4,€) 5~ + D br(y,€) 5— + ()
j=1 (3] k=1 Yk
whose coefficients {a;};_; and {bx}}_,, c are generalized symbols in S°(Q x RP)
and éi ~1(QxRP), respectively. By construction, L, maps N;’?(; (QAxRP) contiiluously
into S;’ES(Q x RP), where s = min{p,1—4d}. Hence L’; is continuous from 7% (€2 x
RP) to ST°7F5(Q x RP).
Before stating the next proposition we recall a classical lemma valid any
symbol ¢ € SY(Q x RP\ 0).
Lemma 3.4. For all o € NP and 3 € N”,

0g0e' ) = ST CoranBrnns 08100 Sy, ). 08 O (y, €).

k<|a+8|,
aytaz+...fap=a
Br1+B2+...+BrL=0

It follows that ‘ .
5gagel¢(y7€) — ez¢(y’5)aa7g(y, £),

where ay 5 € SIP1(Q x RP\ 0) and

(3.2) laasW0) < sup sup (&) M908y, €],
YEK,EA0 |y+6|<|a+B|+j

where the constant ¢ depends only on o, 3, and j.
From (3.2) we have that
((bs)s € MSI(QXRP\O) = (aa,ﬁ,s)s S MS\B\(QXRP\O)
or more in general that the net (aq,g.)e has the “e-scale properties” of (¢.)e.
Proposition 3.5. Let ¢ € ;Iv)(Q x RP). The exponential
IRLACRS)
is a well-defined element of g&ﬁl(Q x R?\ 0).

Proof. From Lemma 3.4 we have that if (¢.). € Mg (€ x RP) then (e=¥:9)_ ¢
Mg (@xre\0)- When (¢c)e ~ (we)e, the equality

ein(y,g) _ ei¢5(y;£) = ein(y,ﬁ) (1 — ei(¢5—w5)(y,£))

p
= o8 N 709 (6 — we)(y, 6€)i;,

j=1
with 6 € (0,1), implies that

(3.3) sup |§|71‘eiws(y15) _ ei¢s(y15)| = 0(c?)
yeK,EERP\0
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for all ¢ € N. At this point writing 8?85(6“5 W:8) _ ¢ite(v:8)) ag

8?85&“’5(7”5) (1 _ ei(%*we)(y,g))_i_

« B\ aa’ 45’ iwe (y, a—a’ aB—p3" Li(pe—we)(y,
+ Z (a’> <6’) 0 35 eiwe(y 6)( — 0§ 35 B gi(de—we)(y 5))

o' <a,f'<B
we obtain the characterizing estimate of a net in Nsé L(QxRr\0); USING (3.3) the

moderateness of (e*=(¥%))_ and Lemma 3.4. O

By construction of the operator L, the equality ‘Lge’® = e'® holds in

g‘(})l(Q x RP \ 0). In addition, Proposition 3.5 and the properties of L’; allow to
conclude that

WS LE (a(y, £)uly))

is a generalized symbol in ngl Fs+1(Q x RP) which is integrable on Q x R? in the
sense of Section 2 when m —ks+1 < —p. From now on we assume that p > 0 and
0 <1

Definition 3.6. Let ¢ € P(QxRP), a € g;’?(;(QxRp) and u € G¢(Q). The generalized

oscillatory integral
/ WS aly, E)uly) dy a¢
QxRP
is defined as

/ 900 L (aly, O)uly)) dy dc
QXRP

where k is chosen such that m — ks +1 < —p.

The functional

Ij(a) : G (Q) — C:u— ei‘b(y’g)a(y,{)u(y) dy d¢
QxRP

belongs to the dual £(Ge(€2),C). Indeed, by (2.7), the continuity of Lk and of the
product between generalized symbols we have that the map

Ge() — SFT TN X RP) 1w — WO LE(a(y, u(y))

is continuous and thus, by an application of the integral on €2 x RP, the resulting
functional I4(a) is continuous.

4. Generalized Fourier integral operators

Definition and mapping properties

We now study oscillatory integrals where an additional parameter z, varying in
an open subset ' of R"l, appears in the phase function ¢ and in the symbol a.
The dependence on z is investigated in the Colombeau context. We denote by
O[5 Q x RP] the set of all nets (¢:).c(0,1) of continuous functions on ' x £ x R?
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which are smooth on €’ x Q x RP\ {0} and such that (¢.(x,-,)). € [Q x RP] for
all z € Q.

Definition 4.1. An element of Mg (2;Q x RP) is a net (¢.). € P[Q;Q x RP]
satisfying the conditions:

(i) () € MS}llg(Q’xQx]RP\O)v
(ii) for all K/ € ' and K € Q the net

2
V.00 (wy é—|) )

On Mg (€;Q x RP) we introduce the equivalence relation ~ as follows: (¢:). ~
(we)e if and only if (¢ —we): € NSﬁg(lengp\o). The elements of the factor space

(4.1) ( inf

z€K' y€K,6ERP\0

is strictly nonzero.

Q0 X RP) := Mg(V;Q X RP)/ ~ .
are called generalized phase functions with respect to the variables in £ x RP.

Lemma 3.2 as well as Proposition 3.3 can be adapted to nets in Mg (';Q x
RP). More precisely, the operator

(4.2) Ly (239, 0y,0¢) = Zagsxyﬁ V+Zbk5xyf -+ ee(2,9:¢)

defined for any value of by (3.1), has the property tL%(z’_’_)ei‘bf(m”) = eie(@)
for all z € Q" and ¢ € (0,1] and its coefficients depend smoothly on z € Q'.

Lemma 4.2.
(i) Let
(4.3) 0o (,y,8) 1= |Vyede(z,y,8/[€])] >

If (¢e)e € Ma(V;Q X RP) then (pg,)e € MSEg(Q’XQx]RP\O)'
(i) If (Pe)e, (we)e € Ma(V;Q x RP) and (¢e)e ~ (we)e then

((851‘ (ba)@cba - (anWs)<Pw5)a € NS“ (' xQxRP\0)
hg
forallj=1,....p and
((ayk¢a)|§|_290¢s - (aykwa)|§|_290ws) € N L (X QxRP\0)
forallk=1,...n

Proposition 4.3.

(1) If (¢e)e € Ma(Q;Q x RP) then the coefficients occurring in (4.2) satisfy the
following: (ajc)e € Msgoxaxrey for all j = 1,...,p, (bre)e € Mg-1(a/xaxrr)
forallk =1,...,n, and (c.): € Mg-1(q xaxrr)-
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(i) If (Pe)e, (we)e € Ma(V;Q x RP) and (¢e)e ~ (we)e then

(4.4) Za], (z,9.€) _+Zb (2,9, €) 5 + cl(@,1,€),

yk

where (a’; ) € Nsﬂ(sz/xsszr’); (0h o )e € Ns—1(xaxrey and (cL)e € Ns—1 (o xaxrr)
forallj=1,...,pand k=1,...,n.

Proposition 4.3 yields that any generalized phase function ¢ in E)(Q’ ; QX RP)
defines a partial differential operator

n

p
0 3}
(45)  Lo(x:y.6.0,,00) = D _a;(x,9.6) 5+ be(w,9,6) 5~ + (1.6
j=1 9] k=1 yk
with coefficients a; € SO(Q/ x QX RP), by, ¢ € S~ x 2 x RP) such that 'Lyei® =
e'® holds in §; (' x Q x R? \ 0). Arguing as in Proposition 3.5 we obtain that

e ?(@¥:8) is a well-defined element of 5’671 (2 x Q@ x RP\ 0). The usual composition
argument implies that the map

Ge(Q) — gg};’csﬂ(g’ X QX RP) 1w — @Y LE (a(z,y, €)uly))

is continuous.
The oscillatory integral

ummmm:/’ 0 a(z,y, E)uly) dy dt

QxRP

;:/ VO LE (a(x,y, €)uly)) dy g,
QxRpP

where ¢ € ®(V;Q x RP) and a € gg%(Q’ x 0 x RP) is an element of C for fixed
x € . In particular, I (a)(u) is the integral on € x RP of a generalized amplitude
in g‘éﬁl(Q’ x € x RP) having compact support in y. The order ! can be chosen
arbitrarily low.

Theorem 4.4. Let ¢ € ®(Q;Q x RP), a € g;’?(;(ﬂ’ X Q x RP) and u € G.(2). The
generalized oscillatory integral

(46) B@)w(a) = [ e aay. uly) dye
defines a generalized function in G(QV') and the map

(4.7) A:G(Q) = G(Q) :u— Is(a)(u)

18 continuous.

The operator A defined in (4.7) is called generalized Fourier integral operator
with amplitude a € Sm (€ x Q0 x RP) and phase function ¢ € (0 x RP).
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Ezample. Our outline of a basic theory of Fourier integral operators with Colom-
beau generalized amplitudes and phase functions is motivated to a large extent by
potential applications in regularity theory for generalized solutions to hyperbolic
partial (or pseudo-) differential equations with distributional or Colombeau-type
coefficients (or symbols) and data (cf. [25, 30, 34]). To illustrate the typical situa-
tion we consider here the following simple model: let u € G(R?) be the solution of
the generalized Cauchy-problem

(4.8) ou+cOyu+bu=0
(4.9) U =0 = g,

where g belongs to G.(R) and the coefficients b, ¢ € G(R?). Furthermore, b, c,
as well as 0,c are assumed to be of local L*-log-type (concerning growth with
respect to the regularization parameter, cf. [34]), ¢ being generalized real-valued
and globally bounded in addition. Let v € G(R?) be the unique (global) solution
of the corresponding generalized characteristic ordinary differential equation

x,t;8) = c(y(z, t;8), 5)
v(z, ;1) = =

Then w is given in terms of v by u(z,t) = g(vy(z,t;0)) exp(— fo (x,t;r),r)dr).
Writing ¢ as the inverse of its Fourier transform we obtain the Fourler 1ntegra1
representation

(4.10) w(e ) = / / TN DE (a1, y. €) gly) dy d,

where a(x,t,y,£) := exp(— fo (z,t;7),7)dr) is a generalized amplitude of order
0. The phase function ¢(z,t,y, 5) ( (a:, t;0) — y)¢& has (full) gradient

(Ozy(, t;0), Oy (, t;0), =&, y(x, £;0) — y)

and thus defines a generalized phase function ¢. Therefore (4.10) reads u = Ag
where A : G.(R) — G(R?) is a generalized Fourier integral operator.

Regularity properties

We now investigate the regularity properties of the generalized Fourier integral
operator A. We will prove that for appropriate generalized phase functions and
generalized amplitudes, A maps G°(€2) into G*°(€'). The following example shows
that a G*°-kind of regularity assumption for the net (¢.). with respect to the
parameter € does not entail the desired mapping property.

Ezample. Let n=n"=p=1and Q@ = Q' =R and ¢.(z,y,£) = (x — ey)&. Then
(¢e)e € Mo(R;R x R) and in particular we have N = 0 in all moderateness esti-
mates (see Definition 4.1(z))) and |V ¢ ¢ (2, y, £/[€])|? > 2. Choose the amplitude
a identically equal to 1. The corresponding generalized operator A does not map
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G (R) into G*°(R). Indeed, for 0 # f € C°(R) we have that

Al(f)]) = [( | ey ay dg)j — (e f(a/<))e] € G(R) \ G=(R).

This example suggests that a stronger notion of regularity on generalized
phase functions has to be designed. Such is provided by the concept of slow scale
net.

Definition 4.5. We say that ¢ € E)(Q’;Q x RP) is a slow scale generalized phase
function in the variables of Q x RP if it has a representative (¢.). fulfilling the
conditions

(i) (¢e)e € Msscﬁg(srxszxm\o)v
(ii) for all K’ € ' and K € Q the net (4.1) is slow scale-strictly nonzero.

In the sequel the set of all (¢:). € ®[Q;Q x RP] fulfilling (¢) and (i7) in

Definition 4.5 will be denoted by M3 (Q'; Q x RP) while we use ®%°(Q'; Q2 x RP)
for the set of slow scale generalized functions as above. Similarly, using V¢ in

place of V¢ in (ii) we define the space ®5(’ x € x RP) of slow scale generalized
phase functions on ' x Q x RP. We refer to [18, Section 3] for the proof of the
following theorem.

Theorem 4.6. Let ¢ € 5°(Q';Q x RP).

(i) Ifa € SZ&SC(Q’ x Q x RP) the corresponding generalized Fourier integral
operator

Aiu— @Y a(z,y, Euly) dy ¢
QxRP
maps G (Q) continuously into G=(Q).
(i) Ifa € S7°5(QY x Q x RP) then A maps G.(Q) continuously into G ().

Extension to the dual

Finally, we prove that under suitable hypotheses on the generalized phase function
¢ € (Y x Q x RP), the definition of the generalized Fourier integral operator A
can be extended to the dual L(G(2),C).

Definition 4.7. We say that ¢ € E)(Q’ x Q0 x RP) is a generalized operator phase
function if it has a representative (¢¢). of operator phase functions satisfying the
conditions (i) and (ii) of Definition 4.1 and such that
)
€

(iii) for all K’ € € and K € {2 the net

vm,£¢£ (xu Y, é_|>

inf
TEK' yEK EERP\O

is strictly nonzero.
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It is clear that when ¢ is a generalized operator phase function then by
Theorem 4.4 the oscillatory integral

(4.11) | e aay o) dede,
Q' xRP

where a € gg% (' x QxRP) and v € G.(), defines a generalized function in G(2)

and a continuous C-linear operator from G.(€2') to G(Q). More precisely, we have
the following result.

Proposition 4.8. Let ¢ be a generalized operator phase function on ' x Q x RP,

a € S(V x Qx RP) and A : Go(Q) — G(Q') the generalized Fourier integral
operator given by (4.6)-(4.7). Then,
(i) the transposed 'A of A is the generalized Fourier integral operator given
by (4.11);
ii) the operator A can be extended to a continuous C-linear map acting from
g

L(G(Q),C) to L(G.(V),C).

Proof. Working at the level of representatives, the proof of the first assertion is a
simple application of the corresponding classical result. It follows that A can be

extended to a C-linear map from £(G(2),C) to £(G.(2'),C) by setting

A(T)(u) = T("Au),
for all T € £(G(Q),C) and u € Go(). Finally, let B a bounded subset of G ().
From the continuity of *A and T' we have that

sup [A(T)(u)le = sup [T(*Au)| = sup |T(v)],

u€B ueB ve tA(B)
where TA(B) is a bounded subset of G(€2). This shows that A : £(G(Q),C) —
L(G:(£Y),C) is continuous. O

5. Composition of a generalized Fourier integral operator with a
generalized pseudodifferential operator

Generalized Fourier integral operators of the type F,(b)

Let © and Q' be open subsets of R™ and R™ respectively. We now focus on oper-
ators of the form

(1) B0 w(e) = [ e Db(a, i) do,

where w € gﬁg(Q’ x R™\ 0), b € S™(Q x R") and u € G(Q).

Note that ¢(z,y,n) := w(z,n) — yn is a well-defined generalized phase function
belonging to ®(€; Q x R"). Indeed, for any (w. ). representative of w we have that
(we(zym)—yn)e € M (@ xaxrn)s if (we —wl)e € Nsﬁg(Q/an) then (we —yn—wi+
yn)e € Nsi (o xaxrn) and [Vy (. y,m)| = (=1, Vow —y)| > |n|. In particular it
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follows that for any representative ¢. := w.(z,n) — yn and any K’ € ', K € Q,

. n . .
the net inf v z,y, — )| is slow scale-strictly non-zero.
z€K’,yeK,n€R™\0 | ym(bs( Y Ul )| Y

We recall that by Lemma 3.4, the estimate (3.2) and Proposition 3.5
-ifwe gﬁg(Q’ x R™\ 0) then e™(®m) ¢ g&)l(ﬂ’ x R™) and
83‘85&“’(””) — em(z’")aaﬁ(x,n),

where aq g € SI81(€Y xR™\0) and the equality is intended in the space So1 1+‘ﬁ| (@ x
R™\ 0);
- if w € §(Q x R\ 0) then aq 5 € S19l5¢(Q x R™\ 0).
An immediate application of Theorem 4.4 and Proposition 4.8 yields the
following mapping properties.

Proposition 5.1.
(i) Ifw € gﬁg(Q’ x R"\ 0) and b € S™(Q x R™) then F,(b) maps Ge(Q)
continuously into G(§Y').
(il) Ifw € Sﬁg(Q’ x R™\ 0) has a representative (we)e € [V x R"] such that
for all K" € OV

Vo (0. %)I)E

is strictly non-zero, then F,(b) can be extended to a continuous C-linear
map from L(G(Q2),C) to L(Ge(),C).

(iii) IfweSh SV xR\ 0) and b € Smse(Q) x R™) then F,,(b) maps G2°(R)
contmuously into G= ().

(iv) Ifsupp,yb € Q' then F,(b) maps G.(2) into Go(Q') and under the assump-
tions of (ii) maps L(G(Q),C) into L(G(Y),C).

(zGK/ nER™\0

Proof. The first assertion is clear from Theorem 4.4 and the second one from
Proposition 4.8(ii).
(iii) Lemma 3.4 and the considerations which precede this proposition entail

6 iw(x -3’ -~

o = X () [ e ey o sta i), an
/8,<ﬁ n

where ag € SIFl5(Q x R™ \ 0). Hence, if b € S™(Q x R") and u € G°(Q)

then F,(b) € G>(Q). Moreover, since for all § € N* and K’ € ' there exists

h € N and ¢ > 0 such that for all g € C2(2) and € € (0,1] the estimate

sup |0°F, (b z)| < cmax |ag ‘@‘b , su o7 ,
s 197 () @)@ < eppaslas NIy s 1790

holds, we conclude that when [(ag )] and [(bc)<] are symbols of slow scale type
then the map F,(b) : G°(Q2) — G>=(§') is continuous.
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(iv) If supp,b € Q' from the first assertion we have that F,(b) € G.(€'). Un-
der the assumptions of (i7) for the phase function w we have that 'F,(b) maps
G(€) continuously into G(€2) and therefore F,,(b) can be extended to a map from

L(G(Q),C) to LIG(Y),T).
O

Remark 5.2. Taking 2 = R™ and noting that G.(€') C G.(R™), it is clear that F,,(b)
maps G.(R™) into G.(R") when supp,b € Q. In addition, *F,(b) : G(R") — G(R")
and F,(b) : L(G(R™),C) — L(G(R™),C).

In the sequel we assume = @ C R™. Our main purpose is to investigate
the composition a(z, D) o F,,(b), where a(x, D) is a generalized pseudodifferential
operator and F,, (b) a generalized Fourier integral operator as in (5.1). This requires
some technical preliminaries.

Technical preliminaries
The proof of the following lemma can be found in [6, Lemmas A.11, A.12].

Lemma 5.3. Let a € C*°(2 x R™\ 0) and w € C*(2 x R™\ 0). Then,

0y 0y (a(z, Vyw(w,n)) = Z (;) Z Z 8%9’”" a(z, Vaw(z,m))-

o'<o |B+~1<lal [/ <o
’ Pr?,a” ({E, 77)3370 maﬁv(xv 77),
where
Py on (z,n) =1 if o’ =0,
P,‘;la// = Z cgi: 7’5" 86189651(.«)( ,n)...agqazsqw(:zr, 1) otherwise,
810
S1yeeny Sq
with ¢ = |o”|, 23:1 10;] = |o'| and
maﬁv =1 Zf7 = 07
By = Z 3t 001 O, w(@, )0 Op, w(,m)  otherwise,
517"'767‘
S1yeeey Spr

with |y| =7 and 375_, |0;] + 6] = |al.
Proposition 5.4.
(h1) Let (we)e € Msig (Q x R™\ 0) such that Vywe # 0 for all e € (0,1] and
< inf
€ K,neR™M\0

for dl K € Q
n
Vaewe(x, — D
“e ) .
is strictly non-zero.

(1) If (ac)e € Mgmaxrn\0) then (ac(z, Viwe(z,1)))e € Mgm@xrm\0)5
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(ii) if (ac)e € Ngm@xrm\0) then (az(z, Viowe(x,1)))e € Ngm(axrr\0)-

(h2) Let (we)e € ./\/lsscég (Q x R™\ 0) such that Vyw. # 0 for all € € (0,1] and
for all K € Q

( inf V zwe (;C, i) D
reK,neR™\0 Inl") .

18 slow scale strictly non-zero.
(ili) If (ac)e € Mg qxrm\0) then (as(z, Vowe(@,m)))e € Mg qxrm0)-
(h3) Finally, let (we —wl)e € Nsﬁg (Q x R™\ 0) with (we)e and (wl)e satisfying
the hypothesis (hl) above.
(iv) If (a:): € Mgm(xrn\0) then
(ac(z, Vowe(z,m)) — ac(w, Vzw;(:z, n))e € NS’"(QXR"\O)-

Proof. From Lemma 5.3 it follows that 030y (ac(z, Viwe(z,7)) is a finite sum of
terms of the type
55,6;7/% ($7 Vawe (LL', n))ga’,a’,a ($7 77)7

where (gor.07.c)e is a net of symbols in S17'17171(Q x R \ 0). Note that (gar.o.c)e
depends on (w¢). and is actually a finite sum of products of derivatives of (we)e.
One can easily prove that

(we)e € Msgg(ﬂ x R™\ 0)
(we)e € ?Scﬁg (2 x R" \ O)

= (ga’,a’,a)a € MS\U’\*\U\(QxR”\O)u
(5.2) sc
=  (Garore)e € MS\U’\*\U\(QXRH\O)'
and that the following

(5.3) Va',o' e N'VK € Q3(\.). € ROUVz € K¥npe R™\ 0Ve € (0,1]
0505 0 (2, Vowe(2,))] < Ae( Vo)™ 717

holds, with (Ac)e € & if (ac)e € Mgmxrm\0); (Ae)e slow scale net if (a.). €
MG (axrm\o) @nd (Ae)e € N if (ac)e € Ngmxrm\0)- Now, let us consider
(Vawe(z,n))e. We have that

(hl) = VK € Q3r > 03ci,co >03n € (0,1)Ve € KV|n| > 1Ve € (0,7]
(nyere” < [Vawe(z,n)| < c2e™"(n),
(h2) = VK € Q3(pe)es.sndn € (0,1)Ve € KV|n| > 1Ve € (0, 7]
(Mpzt < [Vaows(2,0)| < peln).

Under the hypothesis (h1), combining (5.2) with (5.3) we obtain the assertions (i)
and (i7). Moreover, from the second implications of (5.2) and (5.3) we see that
(h2) yields (7i7). It remains to prove that if (h3) holds and (a. ). is a moderate net
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of symbols then (a.(z, Vowe (x,1)) — ac (z, Vowl(2,7)))e € Ngmxrn\0)- If suffices
to write 9505 (ac (v, Viwe(w,7)) — ac(z, Vowl(2,n))) as the finite sum

(54) > 0207 ac(w, Vawe(2,0))(gor o (we) — gor.ov (w]))

+ ) 0205 ac(w, Vowe (x,1)) — 0507 ac(w, Vowl (1)) gar o (W)

An inspection of Lemma 5.3 shows that the net (go o/ (we) — gar,07 (WL))e belongs
to Ngjor |0 (axkrm\0) and from the hypothesis (h1) on (we ). it follows that the first
summand in (5.4) is an element of Nsmf\g\(ﬂan\O). We use Taylor’s formula on
the second summand of (5.4). Therefore, for  varying in a compact set K and for
€ small enough we can estimate

105 Oy ac(x, Vowe(z,m)) — 05 9y ac(x, Vow(z,m))]
by means of

n

Z 57N<VIW; (Ia 77) + Q(Vzws(x, 77) - Vzw;(x, 77))>m7‘0/‘71|81j (ws - w;)(x, 77)|

j=1
< UV, (2, 1) + 0(Vowe (z,7) — Vo (2,7)))" 17 1= (),

where 0 € [0,1]. Since, taking £ small and || > 1 the following inequalities

r r ET
|Vl (@,m) + 0(Vawe (2,1) = Vawl(@,m))| = €"(n) = ") = o (n),
|Vowl(x,n) + 0(Vawe(x,n) — Vawl(z,n))] < 7" (n)
hold for some r > 0, we conclude that
(02705 ac (@, Vaws (1)) — 0507 a(x, Vawl(2,1))) . € Ngm— 1o (upm\0)-

Thus, from (gar,o'(W7))e € Mgiori-1o1(xrn\0) We have that the second summand
of (5.4) belongs t0 Ngm-ial (@ xrm\0) and the proof is complete. O

Corollary 5.5. If a € S™(Q x R™\ 0) and w € gﬁg(Q x R™\ 0) has a representative
satisfying condition (h1) of Proposition 5.4 then a(x, Vw(x,n)) € S™(QxR™\0).
IfaeS™(Q xR\ 0) and w € gﬁ’gsc (@ x R™\ 0) has a representative satisfying
condition (h2) of Proposition 5.4, then a(x,V,w(z,n)) € S™5(Q x R™\ 0).

Let w € gﬁg(ﬂ x R™\ 0) have a representative satisfying (h1). We want to
investigate the properties of

(5.5) DY (e™=mm)|

where W(z,z,n) = w(z,n) — w(z,n) — (Vew(x,n),z — x). We make use of the
following technical lemma, whose proof can be found in [7, Proposition 15].
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Lemma 5.6. Let w € C°(Q x R™\ 0) and W(z,z,n) as above. Then, for |3 # 0,we
have

DR — o (5 () = Vi)’

n1,5q
+> 6y (Vaw(z,m) = Vaw(@, )P [ 072 w(zn)
J1 jo=1
n2,jq
#306, T1 ot
J1 Jo=1

, ,
where cj,, ¢ are suitable constants, |vj, j,| > 2, 05, 5,| > 2 and

1,51 n2,51

ejl + Z Yi1g2 = Z 5j17j2 = .
Jj2=1 Jj2=1
It follows that
n1,51 n2,51
(5.6) DY(e@FrmM)|_p = "cj [] 07 2w(@m)+ > ) ] 02 w(z,m),
J1 Jj2=1 J1 j2=1
with
n1,j51 n2,51
Z Virgz = Z 0jr.52 = B
j2:1 j2:1

Moreover, from |v;, j,| > 2, |85, ,5,] > 2 we have |3] > 2n4 ;, and |5] > 2na j,.
Since the constants c;, , ¢ do not depend on w, we can use the formula (5.6)

in estimating the net (D (e™= (=) |,_,)..
Proposition 5.7.
(i) Ifw e gﬁg(Q x R™\ 0) then (5.5) is a well-defined element of S1P1/2(Q1 x R™\ 0).
(i) Ifwe gﬁ’;c(QxR"\O) then (5.5) is a well-defined element of SIP1/25¢(QxR™\0).
Proof. From (5.6) we have that
(we)e € Msﬁg (QxR"\0) = (DE (eiw_s(z’w’n)ﬂz:w)a € Mgisi/2(QxRrm\0)
(we)e € S’scgg(ﬂ xR'N\0) = (DI(eFHTM)|,). € MG61/2(Qxrm\0)°

Noting that (we —wi)e € N1 (axrn\0) entails
g
n1,51 n1,51
(H 02 we(zm) — [ 3;“’]2%(17,77)) € Nsioi/2(axrm\0)s
€

J2=1 jo=1

n2 j; n2,51
S Oy .4
QIC R | E A IER) R A—
5

Jj2=1 j2=1
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we conclude that the net (DS (e™=(==m)|._, — D? (eiw_é(z’m’")) |.=2)_ belongs to
Nsis172(@xrm\0)- L

By combining Corollary 5.5 with Proposition 5.7 we obtain the following
statement.

Proposition 5.8. Let o € N™ and

O¢a(z, Vow(z,n))

(5.7) ha(z,m) = = ,

a!

() Ifa € S"(QUxR"\ 0), w € gﬁg(Q x R™\ 0) has a representative satisfying
condition (h1) and b € SL(Q x R™ \ 0), then hy € STHm=1al/2(Q x R™\ 0) for all
a.

(ii) Ifa € S™(Q x R"\0), w € g}}g’SC(Q x R™\ 0) has a representative satisfying
condition (h2) and b € S'¢(Q x R™ \ 0), then hy € Srm=lal/2se(Q 5 R\ 0) for
all o.

D¢ (eiw(z’””’")b(z, 77)) p—

Our next task is to give a closer look to (),

Proposition 5.9. Let w € gﬁg(Q x R™\ 0) have a representative satisfying condition

(h1). Then for any positive integer N there exists py € S 2N(Q x R™ \ 0) such
that

(5.8) ielan) — <pN(x,n>AiV 4 r(x,m)eww

where r € S™°(Q x R™ \ 0).
If w e Sﬁg(ﬂ x R™\ 0) is of slow scale type and has a representative satisfying
condition (h2) then py and r are of slow scale type.

Proof. Let (w:): be a representative of w satisfying (h1). We leave to the reader
to prove by induction that

AN (=) = a (z,n)e (=),
where (ac). € Mg2n (qxrn\0) With principal part given by
2N, = (_1)N|vmw€($un)|2N'
From (h1) we have that Vyw. # 0 for all € € (0,1] and for all K € €2 there exist
r > 0 and g9 € (0,1] such that |Vywe(z,n)| > €"|n| for all x € K, n # 0 and
e € (0,e9]. Hence,

ET
§<77>,

for |n| > 1, z € K and € € (0,g¢]. It follows from Proposition 2.7(iii) that (ac)e
is a net of elliptic symbols of SZV (2 x R™ \ 0) such that for all K € (2 there exist
s € R, (R.)e strictly nonzero and g € (0, 1] such that

>2N

|V1wa(x, 77)| >

lac(x,n)| = €%(n

)
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for x € K, |n| > R. and ¢ € (0,e0]. By Proposition 2.8(i) we find (pnc): €
MS72N(Q><R77.\O) and (Ts)s S MS*w(glan\O) such that
(5'9) PN, = 1—r.

for all e. Therefore,
etel®m) = (pN,s(w,n)AiV + ra(w,n)>e”5(m’”)-

This equality at the representatives’level implies the equality (5.8) between equiv-
alence classes of g&ﬁl(ﬂ x R™\ 0).

Now, let w be a slow scale symbol with a representative (w.). satisfying
condition (h2). From Proposition 2.7(vi) we have that (a.). € MGan xrn\0) 18 2
net of elliptic symbols such that for some (s¢). inverse of a slow scale net, (R.)e
slow scale net and ¢ € (0, 1] the inequality

|ac(z,n)| = s-(n)*"
holds for all x € K, |n| > R. and € € (0,&0]. Proposition 2.8(i¢) shows that (5.9)

is true for some (pME)E S MSSCJN(Qan\O) and (7¢)e € Mfgcfoo(Qan\o)' O]

)

Main theorems

The make use of the previous propositions in proving the main theorems of this
section: Theorems 5.10 and 5.11.

Theorem 5.10. Let w € gﬁg(Q x R™\ 0) have a representative satisfying condition

(h1). Let a € S™(Q x R™) and b € SH(Q x R™ \ 0) with supp, b € Q. Then, the
operator a(x, D)F,(b) has the following properties:

(i) maps Go(Q) into G(Q) and L(G(),C) into L(G.(2),C);
(i) is of the form

/ D (e, () dy + (e, D),

where h € SHm (QAxR™\0) has asymptotic expansion given by the symbols
ha defined in (5.7) and r € S™°(2 x R™\ 0).

Proof. From Proposition 5.1(iv) is clear that F,,(b) maps Ge(Q) and £(G(2),C)
into themselves respectively. We obtain (i) combining this results with the usual
mapping properties of a generalized pseudodifferential operator. We now have to
investigate the composition

a(z, D)F, (byu(x) = /Q . @200 (2. 0)F, (b)u(z) dz d9

= / @20 (2, 0) (/ e =Mp(z, n)a(n) dn) dzdo
QxR n

_ / / el (E=20+w(M) g (1, 0)b(2, ) dz A0 A(n) d,
n JOXR™
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for u € G.(§2). The last integral in dz and @0 is regarded as the oscillatory integral
(5.10) / @204 (2, 0)b(z, n)e™ " dz @0,
QxR"

with b(z,n)e™ M € G.(1,).
In the sequel we will work at the level of representatives and we will follow
the proof of Theorem 4.1.1 in [31].
Step 1. Let(o.): such that oo > ce® for some ¢,s > 0 and for all £ € (0,1]. We
take ¢ € C*(R™) such that ¢(y) =1 for |y| < 1/2 and ¢(y) = 0 for |y| > 1 and
we set
bs(za 77) = b;:(za €L, 77) + b/a/(za €L, 77) = <P(

r—z r—z

)bs(zvn) + (1 - 90(

O¢ O¢

We now write the integral in dz and @9 of (5.10) as

))be(z,m).

/ el@=2)0Fwzm) g (2 )b (2, z,1m) dz d0
QxR™

+ / ei((mf‘z)ejwi(z’"))as(x, O (z,x,m)dzd0 := I (z,n) + Iz.c(z,n)
QxRP

and we begin to investigate the properties of (I3 ). Proposition 5.9 provides the
identity
elve(=m) — (pN,a(Za AT + ra(zm))e“’s(z’")’

where (pnc): € Mg-2nxrn\0) and (re)e € Mg-oo(axrn\0), and allows us to
write (I2¢)e as

/ eiwg(z,n)AiV (ei(zz)epN’E(Z, M. (z, z, 77)> ac(xz,0)dz do
QxRn?

* / ei(m*ZWaa (ZE, G)bg (Z, z, 77)7'5 (27 n)eiWE(zm) dzdt = I21,a (‘T7 77) + 122,5 (‘T7 77)
QxR™

The net (I3 ,)e € Mg—o (QxR™\0). Indeed, I3 (z,n) = [n [gn 9e(x, 1, 2,0) dz @0,
where

ge(w,,2,0) = ' a(a, 00 (z, @, m)re (=, m)e™e ="
and the following holds: for all K € (2, for all & € N™ and d > 0 exist N € N and
o € (0,1] such that

< e No)™ ().

(i@)o‘/ ge(x,m, 2,60)dz

This is due to the fact that supp,b. C Kj € Q for all € and (7). € Mg (Qxrn\0)-
Step 2. By construction b”(z,z,n) = 0if |[t—2z| < 0./2 for alle € (0, 1]. By making
use of the identity

ei(zfz)e — |:E _ Z|72k(_A0)k <ei(mz)0)
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we have
I o (,m)
= /Q eﬂi‘”f(z’")Aiv<|x—z|_2k(—A9)k (ei(m_z)‘g)pjvﬁ(z,n)bé’(z,x,n))aa(:tﬁ) dz do
<R
:/Q Dgiwf(z’")(—Ag)kaa(x,H)Aiv( =20 2| =2k pn (2, ) (2, 77)) dz do.
It folkjws that for x € K € Q) and ¢ small enough
Bolan)] < oMo Mooy 2 ST el [ (g g g2
lv|<2N

< E_N// <9>m—2k+2N do <77>—2N+l'

Hence, given d > 0 and taking N, k such that —2N+[ < —d and m—2k+2N < —n
we obtain that (I3 ). is a moderate net of symbols of order —oo on € x R™\ 0.
Summarizing,

/ (TR0 0 (2 0)b. (2,m) dz d0 = Ty o(2,m) + I3 (2, ) + T2 (z,m),
QxR™

where (I3 ). and (I3 ). belong to Mg—s(qxrn\0)-
Step 3. It remains to study

I (z,n) Z/ el@=2)0Fwem) g (2 0)b. (2, x,m) dz d6.
QxRn™

We expand a.(z, ) with respect to 8 at 6 = V,w.(z,n) and we observe that
(9 — Vwe (I, n))aei(xfz)(efvxwg(x,n)) _ (_1)|a\D?ei(zfz)(()fvst(x,n))'
By integrating by parts we obtain
e e @M (z,n)
— /Q eiws(zwvm)ei(ﬂﬂ—Z)(9—Vmws(ﬂwz))bfs(z7 z,m)ac(z,0) dz do

XR"

= Z 'Bgag x, Vawe(z,m))-

|al<k

, / Do (ez-m(z,mm)b/a (2.1, 77)) oie=) (0= Vowe (@) gy 39
QxRn”

+ Z / D¢ (emi(’z’m’")b’8 (z,, 77)) e M@= (x,7,0)dz A0,
QxR"»

lee|= k<

where @We(z,2,7) := we(2,1) — we(x,n) — (Vowe(x,n))(z — ) and

1
Tae(x,n,0) = / (1- t)k_lﬁg‘ag(:t, Vaiwe(x,n) —t0) dt
0
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Oc

Since, b.(z,z,n) = b-(x,7) if |z — 2| < % we have that

/ pe <ews<z,z,n>b;(zv .. n)> o6 (O owe (@) gy dp
QxR™
= / D¢ (eiwi(‘z’m’”)b;(z, x, 17)) =29 4> a9
QxR™

=D? <eiws(z,rm)b€(z, 77)) loes
This means that
—iwe (T k
€ e ’")11,5(1’,77) = Z ha.,s(%??) + Z JROL-,E(‘Tvn)a
la|<k la|=k
where (hq.c)e is defined in (5.7) and

Rac(z,m) == /Q ) D? (em(’z’m’”)bé(z,x,n)>ei(mz"’m,a(x,n,ﬂ)dﬂf@-
>< n

Step 4. Our next task is to prove moderate symbol estimates for the net (Rq ¢)e.
Let x € C°(R™) such that x(8) =1 for |§] <1 and x(0) = 0 for |#] > 3/2. Let us
take a positive net (7:)c such that 7. > ce” for some ¢ > 0 and r > 0. We define
the sets

wh {0 e R™: |0] < 7c|n|}, w2, =R\W! .

Te,m Te, M

Set now x.(0) := x(6/7.). By construction we have that y.(0/|n|) = 1 on W}

Te,n?

supp X< (-/|nl) € W3, ,, and supp(1 — x(-/|n])) € W2 ,. We write R, c(z,7) as
/ D?(eww")b;(z,x,n>>e-i<w-z>%,5<x,n,0>xs<9/|n|>dzd‘e
QOxR™

+/ DZ (ei“’s(z’m’")bé(z, z, 77)) e 0y (@, m,0)(1 = X (0/In])) dz 2
QxR?
= RL)E(CC, 77) + RZ)E(CC, 77)'
We begin by estimating the net R}lﬁ. We make use of the identity
efi(zfz)e — (1 + |’I7|2|:E _ Z|2)7N(1 _ |77|2A9)Nefi(mfz)0
which yields

R(l)z,a (‘Iv 77) = /Q " D? <eiw5(z,m,n)b; (Z, x, 77)) e*i(mfZ)e.
X n

(L P = 2) N = [ 20) Y (ra.e (@, 1, 0)x=(0/1n])) dz 0.
By the moderateness of the net (w.) and Taylor’s formula we have the inequality
(5.11) Vawe(z,n) = Vawe (2,m)| < ce™ M nl*|z — 2],

valid for z € Ky, |z — 2| < 0. and 0. small enough such that U.c(g1){z+ Az —2) :
z€ Ky, |lt—2| <o., A€[0,1]} C K’ € Q. Clearly M depends on the compact set
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K'. By Lemma 5.6 we have that for all z and z as above, || > 1 and € € (0, £],
the estimate

181

‘Dfei%('z’m’”) < e )z (L4 nPle — 2"

holds for some Lg € N and M’ € N. Hence, recalling that o. > ce® for some
c,s > 0, we are led from the previous considerations to

(5.12) ‘D? (em(zmb;(z’x’”>> ‘ < O ()5 (14 Inf2le — #f2)Ee,

valid for |n| > 1, € small enough and N’ depending on K}, o and the bound ce® of
o-. Before considering (1—|n|*A¢)™ (ra,e(z,n,0)x=(0/|n]) it is useful to investigate
the quantity |V,w.(z,n) —t6] for z € K € Q and 6§ € W,,_ . We recall that there
exists r > 0, ¢, c1 > 0 and &g € (0,1] such that

cog" [ < |Vowe(z,n)| < cre™"[nl,

for all z € K, n # 0 and ¢ € (0,q]. Since, if 6 € Wy, then |] < 27.|n|, we
obtain, for all z € K, 6§ € Wy, and t € [0,1], the following estimates:

Vowe(,n) = t0] < [Vowe(z,n)] +10] < (1 + 27ecq ' e™")[Vawe (2, 1)]
Vawe (@, 1) = t0] > (1 = 27ec5 e ™) Vawe (2, 1)].

E’V‘
4c

It follows that assuming 7. < r the inequality

0

¢ 1 3 3
(5.13) =&"|n| < §|vwwa(xa77)| < |Vawe(x,n) — 0] < QIVmwa(w,n)l <eci=e"|n

2° 5 |
holds for x € K, n # 0, 6 € W2175,777 t € [0,1] and € small enough. We make use
of (5.13) in estimating (1 — [7[2A¢)™ (ra,e(x,1,0)x=(6/|n])) and we conclude that
for all N € N there exists N” such that

(514) (1 1220 (rae (e, O)xe(0/1nD)] < e ()1l

for all z € K, 7 # 0,0 € Wy_, and € € (0,60]. A combination of (5.12) with
(5.14) entails

NN m _lal B
R (z,m)| < e NN gyt /W1 d9/R (L+ [Py F=—" dy.

27e,m

Therefore, choosing N > L,, + "TH we obtain

[

R cln)] < e N Gy Sl [ o) el

m—i—l—%

Ni(n) ,

S 016_
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for x € K and |n| > 1.
The case |n| < 1 requires less precise estimates. More precisely, it is enough to see
that from Lemma 5.6 we have that for all « there exists some d € R such that

‘D? (ewa(z,ss,n)bls(z7 z, 77)> ' < Cs—M’ <77>d

forall z € K, z € Kj, and |z — z| < o.. Thus,

[o]

IRL (2,m)| < ™2 ()5 (TS < g () E

a,e

when || < 1. In conclusion, there exists (Ck.c)e € Epr such that

[

IR} (x,n)] < Cre(n)™ =2

forallz € K, ne R"\ 0 and ¢ € (0,1].
Step 5. Finally, we consider R2 _(z,7). By Lemma 5.6 we can write

D (e ez,

as the finite sum _
ezws(z,m,n) Z baﬁﬁs(z, x, 77);

B
where, by making use of the hypotheses on b. and o, the following holds:
VB e N"3Img € RYVy € N"I(ug,y.e)e € EmVr € QVz € Q¥n € R"\ 0Ve € (0,1]
|6;b0t75,8 (27 €, 77)| < UBiy,e <77>mﬁ7

with by g(2,2,mn) =0 for |x — 2| > o.. Hence, we have
Reo(,m)

- Z/Q @ Ceny, o (2w, m)e @ (2,0, 0)(1 — xe(6/In])) dz 6
8 xR™

= Z/ eiime'r‘a,a (:E7 7, 6‘)(1 - X€(9/|n|))/ eipa(z’mm’e)ba,ﬁ,a(zu z, 77) dz dd,
8 n Q

where p.(z,7,1,0) = We(z,2,n) + 20. Since x:(8/|n]) = 1 for § € W}

Te,n?
limit ourselves to consider § € W2, ie., [6] > 7|n|. We investigate now the

properties of the net (p;).. We have
Vape(z,2,0,0) = 0 4+ Vawe(2,1) = Vawe (@, 1),
and therefore (5.11) yields
16+ Veowe (2,1) = Vowe (2, n)] < |0] + e Mocln| < |01 + e Moer )

for 6 € Wfam, |z — z| < 0e, z € K} and € small enough. We now take 0. so small

that e Mo, < %. From (5.11) and the previous assumptions we obtain

we may

- _ _ 1
0+ Vawe(z,m) = Vawe(z,m)| = |0] = ™ Moeln| > 10] = ™ Mor 0] > S[0].
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In other words, there exists (A1:). € En strictly nonzero and (A2.). € En such
that
)\1,8|9| S |9 + vzwa“(zu 77) - vmws(‘T?n)' S )‘2>8|9|7

for0 e W2 | |z — 2| <o., z€ Ky and ¢ € (0,1].

| Te,
Consider now

pne(z,2,m,0) = efips(zﬁwm-ﬂ)AiVeips(z,zm-ﬂ)_
Noting that 07 pe (2, z,n,0) = 0Jwe(z,n) for |y| > 2, and making use of the previous
estimates on |V, p:(z,x, 7, 8)|, one can prove by induction that

Aiveipg(z,w,nﬁ) = eips(z,w,n,e) ((_1)N|vzp€(27 Z, 1, 0)|2N + SN,S(Z7 Z, 1, 0)) 3

where (sy)e has the following property:
(5.15) 31 €[0,2N)Vy e N*3(s), v .)e € Enr 07 sn.(z,2,m,0)| < 8.,y 10],
for [n] > 1,0 € W2 |, |x — 2| < 0. and z € K. It follows that

1 1 _
(5:16) [p.e (2,7, 0)| 2 o 012 = st cJ01! = 1012 (o = st c[61 )

1 2N
> WW )

for § € W2, |z — 2| < 0c, 2 € Kp and || > Ay = 7';1(22N+156)N)8)2N1*l.

Moreover, we have that for all v € N” there exists (ay,n,)s € Enmr such that
(517) |3;Y|Vzps(za$a7779)|2N| S a’YqN1€|9|2Na

for g > 1,0 € W2, [x—2z| < 0. and z € K. This allows us to prove by induction
that

(5.18)
Vy e N" H(bv,N,s)s €&y El(/\'y,N,s)s €&m |a;p;f715(2733777»9)| < b’y,N,s|9|_2Na
for € W2 ,, |x — 2| < oc, z € Ky and || > Ay ... The assertion (5.18) is clear

for v =0 by (5.16). Assume now that (5.18) holds for |4'| < N and take |y| = N.
From p;,’lspN,g = 1 we obtain

_ ’7 r_ A
aZpN,ls(Z,Iaﬁaa)pN,s(27$7U79) = _Z ( /)82 pN,ls(vavnve)az WPN,E(Z,IJ%G)
v <y
and therefore

|8sz_v,la(zvxv77»9)| < Z b'yﬂN,s|9|72N(a77'y’,N76|9|2N + 5;—7',N,a|9|l)|9|72N
v <y
< by, vel0] 72,

for 0 e W2 ., |x — 2| < 0., 2z € Ky and || > Ay nc := max, <y Ay, v,e. We make

use of the identity

ipe(z,2,m,0) _ AN ipe(z,2,n,0), —1
eire(z,@.m )_Azeps( n )PN,E(%%WQ)
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in the integral
/ eipf(z’””’"’e)baﬁ,a (z,2,7)dz.
Q
Since, supp,bage(z,2,1) C Ky, bage(z,2,m) = 0 for |z — 2| > 0. and 1 —
Xe(0/|n]) =0 for 6 ¢ W2, we can write

/ e_me?‘a,‘g(%n,e)(l—Xa(9/|77|))/eips(z’m’n’e)baﬁﬁf('z’x’n) dz do
n Q

= [ rctrn 00 0/ [ e

AN (p]}}s(z, x,1m,0)ba.p.e(2, T, 77)) dz do,

where

Tae(2,1,0)(1 — x=(0/In])) /g 2 elrs GO AN (il (22,1, 0)ba,p.o(2,2,1)) dz

< clrae(@,m, 0)|11 = xe(0/ 1) b s, .07 ()™,

for |n| > An,. and mg independent of N. We take 2N = N; + Ny such that
—N3 +mg < 0. Hence, from |0] > 7.|n| we have, for some (cy.). € Ep and
Inl > An e, the following estimate:

Tae(z,m,0)(1 —Xa(9/|77|))/Qei”f(z’””’"’e)ﬁiv(pX/,ls(zw,m@)ba,ﬁ,a(z,:cm)) dz

< enelrae(@,n,0)[11 = x=(0/In])I16] ="

By definition of r,, . we easily see that for all K &€ 2 there exists (d¢)e, (d.)e € Em
such that

[ra.e (@1, 0)(1 = Xxe(0/In))] < de(0)™* (Vawe (,n)™* < d(0)"".

Hence for all h > 0 there exists 2N = N; 4+ N large enough such that, for x € K
and || > AN

Tae(z,m,0)(1 —Xa(9/|77|))/Qei”f(z’””’"’e)ﬁiv(pz_v}g(zw,n?@)ba,ﬁ,a(z,:cm)) dz

< v (0) " S wvicer M),
with (Vi )e € Enm. This means that for all h > 0 there exists (A:)e € En such
that

|Ra (@ )| < vieeln)™"
when z € K, |n|] > A and € € (0,1]. A simple investigation of the oscillatory

integral which defines R, _(x,7) shows that there exists some b’ > 0 and some
Vi € Em such that the estimate

h/
|R2 (2,m)| < v (n)
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holds for all x € K, n € R™\ 0 and ¢ € (0, 1]. This yields for |n| < Ac
B2 (@, m)| < Vi (m) ™M) < e LM ()"
In conclusion, we have that for all h > 0 there exists (Ch o(K))e € Epr such that

IR2 (z,m)| < Che(K)(m)™"

forallz € K, ne R"\ 0 and ¢ € (0,1].
Step 6. Finally, we combine all the results of the previous steps. We have that

(519)  a(z, D)y, (be)ue (x) = / Iy (. )az() iy + / I.o (2, m)az(n) .

where (Izc)e € Mg-oc(axrr\0)- From Theorem 2.2(i) and Proposition 5.8 there
exists (he): € Mgmii(oxrn\0) Such that he(x,n) ~ > hac(z,m). We write the
first integral in (5.19) as

/e“a(””’”)ha(w,n)@(n)dnJr/ e“i(””’")(ei“’i(”“’)ll,a(:t,n)—ha(%n))@(n)(i’n

and we concentrate on

n

e e (2,m) = he(x,n).

From the previous computations we have that for all £k > 1 and K & (2 there exists
(Cre(K))e € Enr such that

efmg(z,n)]u(x,n) - Z haﬁ(:c,n)’ < Ck,a(K)<n>m+l*§
|| <k

for all z € K, n € R*\ 0 and € € (0,1]. Moreover, regarding I .(z,n) as the
oscillatory integral

/ e i0ein0tive (=) (. 0V (2, x,n) dz A0,
QxR™

from Theorem 3.1 in [11], we obtain that for all a, 8 € N™ there exists d € R and
for all K € Q there exists (co,5,:(K))e € Enm such that for all n € R™ \ 0 and
e € (0,1],

sup (0508 1 (.1m)| < (K )"
TE

Recalling that
agzafe—iws(ww) — e_iws(m’n)aa,ﬁ,s(ﬂ%n),

with (aa,p,.c)e € Mgisixrr\0), We conclude that the net (e=™e@m [ (2,m))e
satisfies the hypothesis of Proposition 2.3(%). It follows that

(<@L (,m)e ~ Y (hee)e:

[e3

Hence, by Theorem 2.2(i) we conclude

(e_iws(m’n)h,s(xvn) - hs(%??))s € MS’“’(QXRTL\O)'
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Going back to (5.19) we have that there exists (r:). € Mg-o(xrn\0) such that

4c (2, D)F. (be e (x) = / <M (e, )iz (n) dy + re(r, D) (us) ().

n

O

Theorem 5.11. Let w € ghlésc(Q x R™\ 0) have a representative satisfying condition
(h2). Let a € S™(Q x R™) and b € S'*¢(Q x R™ \ 0) with supp, b € Q. Then,
the operator a(x, D)F,,(b) has the following properties:

(i) maps G2 () into G=(82);

(ii) s of the form

/ @D (e, () dy + v, D),

where h € §l+m>S°(Q x R™ \ 0) has asymptotic expansion given by the
symbols ho defined in (5.7) and r € ST°5°(Q x R™\ 0).

Proof. Combining Proposition 5.1(¢i7) with the usual mapping properties of gen-
eralized pseudodifferential operators we have that (i) holds. Concerning assertion
(i1), we argue as in the proof of Theorem 5.10 by taking the nets (o.). and (7:)c
slow scale strictly nonzero. From the assumptions of slows scale type on w, a and
b we have that all the moderate nets involved are of slow scale type. This leads to
the desired conclusion. O

6. Generalized Fourier integral operators and microlocal analysis

Concluding, we present some first results of microlocal analysis for generalized
Fourier integral operators provided in [18, Section 4]. A deeper investigation of
the microlocal properties of

A:Ge(Q) = Ge(V) :u— @V a(z,y, E)u(y) dy d€
QxRpP

is current topic of research.

Generalized singular supports of the functional I (a)
We begin with the functional
Iy(a) : G (Q) — C:u— W8 oy, E)u(y) dy dc
QxRP

Before defining specific regions depending on the generalized phase function ¢, we
observe that any ¢ € ®(2 x RP) can be regarded as an element of Sﬁg (@2 xRP\0)

and consequently |V¢¢|? € ggg(ﬂ x RP\ 0).



Generalized Fourier Integral Operators 43

Let € be an open subset of Q and I' C R?\ 0. We say that b € S°(Q x R”\ 0)
is invertible on 2y x T if for all relatively compact subsets U of {2; there exists a
representative (be). of b, a constant r € R and n € (0, 1] such that

(6.1) ot be(y, )] = €
for all ¢ € (0,7]. In an analogous way we say that b € S°(€ x RP \ 0) is slow
scale-invertible on Qq x T if (6.1) holds with the inverse of some slow scale net
(se)e in place of €”. This kind of bounds from below hold for all representatives of
the symbol b once they are known to hold for one.

In the sequel mq denotes the projection of 2 x RP on (2.

Definition 6.1. Let ¢ € ®(Q x R?). We define C;y C Q x R? \ 0 as the complement
of the set of all (z9,&p) € © x RP\ 0 with the property that there exist a relatively
compact open neighborhood U(zg) of zp and a conic open neighborhood T'(&y) C
RP \ 0 of & such that |[V¢¢|? is invertible on U(zg) x I'(&). We set mo(Cy) = Sy
and R¢ = (S¢)C.

By construction Cy is a closed conic subset of Q@ x RP\ 0 and R, C €2 is open.
It is routine to check that the region Cy coincides with the classical one when ¢
is classical.

Proposition 6.2. The generalized symbol |V¢¢|? is invertible on Ry x RP \ 0.

The more specific assumption of slow scale-invertibility concerning the gen-
eralized symbol |V¢@|? is employed in the definition of the following sets.

Definition 6.3. Let ¢ € ®(€2 x RP). We define 5 CQxRP\ 0 as the complement
of the set of all (z9,&y) € Q x RP\ 0 with the property that there exist a relatively
compact open neighborhood U(zg) of 29 and a conic open neighborhood T'(§y) C
RP \ 0 of & such that [Ve¢|* is on U(zg) x I'(&). We set mq(C5) = S5 and
Ry = (S%)°.

By construction C;C is a conic closed subset of Q x R? \ 0 and RZC CRyCQ

is open. In analogy with Proposition 6.2 we can prove that |V¢e|? is slow scale-
invertible on R’ x RP \ 0.

Theorem 6.4. Let ¢ € B(Q x RP) and a € gﬁ; (Q x RP).
(i) The restriction Ig(a)|r, of the functional I4(a) to the region Ry belongs
to G(Ry). B
(i) If p € D°(Q x RP) and a € SZ}&SC(Q x RP) then I¢(a)|RZC € G2(RY).
Theorem 6.4 means that
sing suppg Is(a) € S
if p € ®(QL x RP) and a € g;%(Q x R?) and that
sing suppge Ig(a) C Sg
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if ¢ € &*(Q x RP) and a € 87'5°(Q x RP).

Ezxample. Returning to the first example in Section 4 we are now in the position
to analyze the regularity properties of the generalized kernel functional I(a) of
the solution operator A corresponding to the hyperbolic Cauchy-problem. For any
v € G.(R?) we have

(6.2) Iy(a)(v) = / V) (e, t,y, €) v, t,y) da dt dy dE,

where a and ¢ are as in Section 4. Note that in the case of partial differential
operators with smooth coefficients and distributional initial values the wave front
set of the distributional kernel of A determines the propagation of singularities
from the initial data. When the coefficients are non-differentiable functions, or
even distributions or generalized functions, matters are not yet understood in
sufficient generality. Nevertheless, the above results allow us to identify regions
where the generalized kernel functional agrees with a generalized function or is
even guaranteed to be a G*°-regular generalized function. To identify the set Cy in
this situation one simply has to study invertibility of d¢¢(z,t,y,§) = v(z,£;0) —y
as a generalized function in a neighborhood of any given point (xg, to, yo)-

Under the assumptions on ¢ of the example in Section 4, the representing
nets (7:(.,.;0))ze(0,1) of v are uniformly bounded on compact sets (e.g., when c is
a bounded generalized constant). For given (zg, to) define the generalized domain
of dependence D(zp,t9) € R to be the set of accumulation points of the net
(7e (0,05 0))ee(0,1]- Then we have that

{(z0,t0,0) € R?: Yo & D(zo,t0)} C Ry.

When ¢ € R this may be proved by showing that if (zo, to, yo) € Cy then there
exists an accumulation point ¢’ of a representative (c. ). of ¢ such that yo = zo—c'to.

Ezxample. As an illustrative example concerning the regions involving the regularity
of the functional I,(a) we consider the generalized phase function on R? x R? given
by b (y1,y2, 61, 82) = —eyr161 — scyaba Where (s ) is bounded and (s;!). is a slow
scale net. Clearly ¢ = [(¢:)c] € ®*¢(R2 x R?). Simple computations show that
Ry =TR?\ (0,0) and R =R*\ {y2 = 0}. We leave it to the reader to check that
the oscillatory integral

/R2 ei¢(y7€)(1 4 5% + 5%)% ac = [(/R2 e—iay1£1—is5y2£2(1 + 5% + gg)% as d“&) ]

g
defines a generalized function in R?\ (0,0) whose restriction to R? \ {y, = 0} is
regular.

The Colombeau-regularity of the functional Iy(a) is easily proved in the case
of generalized symbols of order —oo.

Proposition 6.5. B
(i) If € (2 x RP) and a € S~(Q x RP) then singsuppglg(a) = 0.
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(i) If ¢ € ®¢(Q x R?) and a € S °°(Q x RP) then sing suppgeIg(a) = 0.
Proposition 6.5 leads to the following result.

Proposition 6.6. B
(i) If ¢ € (2 x RP) and a € §"5(2 x RP) then

sing suppg Ig(a) € ma(Cy N conesupp a).
(ii) If ¢ € ©°(Q x RP) and a € S)°(Q x RP) then
sing suppge Ig(a) C mo(CF° N conesuppa).

Generalized wave front sets of the functional I,(a)
The next theorem investigates the G-wave front set and the G*°-wave front set of

the functional I;(a) under suitable assumptions on the generalized symbol a and
the phase function ¢.

Theorem 6.7.

(i) Let ¢ € ®(Q x RP) and a € ggﬁ;(Q x RP). The generalized wave front set
WEFglg(a) is contained in the set Wy o of all points (x9,&) € T*(22) \ 0
with the property that for all relatively compact open neighborhoods U (z)
of g, for all open conic neighborhoods T'(§y) € R™\ 0 of &, for all open
conic neighborhoods V' of cone supp aNCy such that V(U (zo) xRP\0) # ()
the generalized number

o Ve
yeU(z0),£€T(&0) 1€ + 10
(1,0)€ V(U (wo) XRP\0)

is not invertible. _

(ii) If ¢ € (2 x RP) and a € §)';°(Q x RP) then WFgeI4(a) is contained
in the set W5°, of all points (z9,&) € T*(2) \ 0 with the property that for
all relatively compact open neighborhoods U(xg) of xo, for all open conic
neighborhoods T'(§y) C R™\ 0 of &y, for all open conic neighborhoods V
of conesuppa N CF° such that V N (U(zo) x RP \ 0) # O the generalized
number (6.3) is not slow scale-invertible.

Note that when ¢ is a classical phase function the set Wy , as well as the set
Wg<, coincide with

(6.4) {(z,Vz¢(z,0)) : (x,0) € conesuppa N Cy}.
For more details see [18, Remark 4.13].

Example. Theorem 6.7 can be employed for investigating the generalized wave
front sets of the kernel K4 := I4(a) of the Fourier integral operator introduced
in the first example of Section 4. For simplicity we assume that c¢ is a bounded
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generalized constant in R and that a = 1. Let ((xo0,t0,Y0),&0) € WEgK 4. From
the first assertion of Theorem 6.7 we know that the generalized number given by
|€ B (97 _0697 _9)|

n
(@ t)eUeer €7+ 10]
((=,t,y),0)€VN(U xR\0)

(6.5)

is not invertible, for every choice of neighborhoods U of (zo, to, yo), I' of §, and V
of Cy. Note that it is not restrictive to assume that |#] = 1. We fix some sequences
(Un)n, (Tn)n and (V). of neighborhoods shrinking to (xo, to, yo), {{oA : A > 0}
and Cy respectively. By (6.5) we find a sequence ¢, tending to 0 such that for all
n € N there exists &, € Ty, (Tn,tn, Yn,0n) € Vi, with |0, = 1 and (2, tn, yn) € Un
such that

In particular, &, remains bounded. Passing to suitable subsequences we obtain
that there exist 6 such that (zo,t0,y0,6) € Cy, an accumulation point ¢’ of (c¢)e
and a multiple £ of & such that &' = (6, —c'0, —0). It follows that

& ¢ 1

&l "1~ V2T @l

In other words the G-wave front set of the kernel K4 is contained in the

set of points of the form ((zo,t0,Yy0), (B0, —¢'00, —00)) where (zo,to,yo0,00) € Cy

and ¢’ is an accumulation point of a net representing c. Since in the classical case

(when ¢ € R) the distributional wave front set of the corresponding kernel is the

set {((zo, 0, Y0), (6o, —cbo, —00)) : (zo,t0,Y0,00) € Cy}, the result obtained above

for WFgK 4 is a generalization in line with what we deduced about the regions
R¢ and C¢.

,—c0,—0).

Particular case: generalized pseudodifferential operators

Finally, we consider a generalized pseudodifferential operator a(x, D) on  and

its kernel Ky, py € L£(Gc(Q x Q),C). By Remark 4.15 in [18], we have that
WFg(Ky(z,p)) is contained in the normal bundle of the diagonal in € x © when

a € §5(1xR") and that WFge (K4 (2, p)) is a subset of the normal bundle of the
diagonal in Q x € when a is of slow scale type. We define the sets

WFQ(CL(I, D)) = {(xvg) € T*(Q) \O : (xvxvgv _5) € WFQ(Ka(;E,D))}
and
WFge (a(z, D)) = {(2,£) e T*(Q2)\0: (z,2,§,—&) € WFgee (Kqa(z,0))}-
From Theorem 6.7 one deduces the following.

Proposition 6.8. Let a(x, D) be a generalized pseudodifferential operator.

(i) Ifa € ggk(ﬂ x R™) then WFg(a(z, D)) C psuppg(a).

(ii) Ifa € S} (2 x R™) then WFgw (a(x, D)) C psuppge (a).
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