Asterisque

RICHARD B. MELROSE
ANTONIO SA BARRETO

MACIEJ ZWORSKI
Semi-linear diffraction of conormal waves

Astérisque, tome 240 (1996)
<http://www.numdam.org/item?id=AST_1996_ 240 1_0>

© Société mathématique de France, 1996, tous droits réservés.

L’acces aux archives de la collection « Astérisque » (http:/smf4.emath.fr/
Publications/Asterisque/) implique I’accord avec les conditions générales d’uti-
lisation (http://www.numdam.org/conditions). Toute utilisation commerciale ou
impression systématique est constitutive d’une infraction pénale. Toute copie
ou impression de ce fichier doit contenir la présente mention de copyright.

NuMmbDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=AST_1996__240__1_0
http://smf4.emath.fr/Publications/Asterisque/
http://smf4.emath.fr/Publications/Asterisque/
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

240 ASTERISQUE
1996

SEMI-LINEAR DIFFRACTION
OF CONORMAL WAVES

Richard B. MELROSE, Anténio SA BARRETO and Maciej ZWORSKI

SOCIETE MATHEMATIQUE DE FRANCE

Publié avec le concours du CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE






SEMI-LINEAR DIFFRACTION OF
CONORMAL WAVES

Richard B. Melrose?®, Antonio Sa Barreto®, Maciej Zworski®

2Massachusetts Institute of Technology
bPurdue University
¢The University of Toronto



Résumé. — Nous étudions la régularité conormale de solutions bornées d’équations
semi-linéaires strictement hyperboliques dans des domaines & bord diffractif:

Pu = f(z,u) dans X, ulsx=0, u € L (X).
Si X_ C X et X est le domaine d’influence de X_, nous considérons des solutions
u telles que singsupp(u) N X_ N &X = 0 ; de plus nous supposons que u [x_ est
conormale par rapport & une hypersurface caractéristique lisse, le front entrant.

Dans le cas de ’équation linéaire f = 0, le support singulier de u est contenu
dans la réunion du front entrant et du front réfléchi obtenu par les lois de 'optique
géométrique. Ces deux surfaces caractéristiques sont tangentes & l’ensemble des
rayons rasants, le lieu des points ou les bicaractéristiques entrantes sont tangentes
au bord. Dans le cas semi-linéaire, nous démontrons que si de nouvelles singularités
apparaissent alors elles apparaissent sur le demi-cone caractéristique au-dessus de
I’ensemble des rayons rasants. En fait, le théoréme de régularité conormale établi
dans cet article est beaucoup plus précis.

Pour illustrer notre propos, nous choisirons pour P l'opérateur des ondes &
coefficients constants et pour X le produit de R; et de l’extérieur d’'un obstacle
strictement convexe. Alors X_ = X N {¢t < —T'}. Comme donnée initiale, on pourra
prendre une primitive locale de 'onde plane §(t — (z,w)) avec T' suffisamment grand.
La géométrie de ce probléme est figurée sur les schémas 1.1 et 1.2.

Abstract. — We study the conormal regularity of bounded solutions to semi-linear
strictly hyperbolic equations on domains with diffractive boundaries:

Pu= f(z,u)in X, ulox=0, u € Li.(X).

If X_ C X and X is the domain of influence of X_ we consider solutions such that
singsupp(u) N X_ NOX = @ and further suppose that u [ x_ is conormal with respect
to a smooth characteristic hypersurface, the incoming front.

For the linear equation, f = 0, the singular support of u is contained in the
incoming front and the reflected front obtained using the rules of geometrical optics;
these two characteristic surfaces are tangent at the glancing set, the locus of points
at which the incoming bicharactersitics are tangent to the boundary. We prove that
in the semi-linear case the only new singularites which may occur appear on the
characteristic half-cone over the glancing set. The actual conormal regularity result
presented in the paper is considerably more precise.

Our assumptions are best illustrated by taking for P the constant coefficient wave
equation with X the product of R; and the exterior of a strictly convex obstacle.
Then X_ = X N {t < —T} and for the initial data one can take locally an anti-
derivative of the plane wave 6(t — (z,w)) with T appropriately large. The geometry
of this problem in two space dimensions is shown in Figures 1.1 and 1.2.
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1. INTRODUCTION AND
STATEMENT OF RESULTS

The purpose of this paper is to describe the conormal regularity for a class of mixed
problems for the semi-linear hyperbolic equations.

The study of C* regularity of solutions to non-linear wave equations has had two
main directions: finding estimates on the strength of the anomalous singularities, i.e.
those not present in the linear interaction, and obtaining geometric restrictions on the
location of singularities. Our work is of the latter type. The strength of singularities
for non-linear mixed problems has already been investigated with considerable success
in [45, 10, 21, 48]. The estimates on the location of singularities are much finer, so
stronger assumptions are needed on the incoming waves or the initial data. The most
striking example of this was provided by [2] where it is shown that wave-front set
restrictions alone still allow the self-spreading of singularities, making the singular
support propagate essentially in the same way as the support of the solution. Thus, in
full generality, the location of singularities cannot be related to the original geometry
except in a trivial way. A technically more challenging construction of a similar
example for gliding mixed problems was then given in [47].

The appropriate class of distributions to consider for the incoming waves or
the initial data are the conormal distributions, as was first noted in [6]. The
conormal distributions appear naturally in the linear theory and are a subclass of
the Lagrangian distributions motivated by geometrical optics. The interaction of
conormal waves for interior problems has been investigated in [40, 32, 7, 9, 3, 42, 34]
and the formation of non-linear caustics in [18, 19, 11, 27, 43, 44]. For mixed
problems, with only transversal reflections allowed, it was shown in [4, 5] that no
anomalous singularities appear. One should also mention that examples of ‘new’ non-
linear singularities were provided at an early stage in [39]: namely, the interaction
of three plane waves carrying conormal singularities produces a conic surface of
new singularities propagating from the triple interaction point. However, in more
complicated settings such as the propagation of the swallowtail or diffraction, where
the ‘new’ cones are expected, no examples have yet been constructed. For the
interior problems the methods developed in [20] provide a systematic approach to
such constructions. Energy estimates used in the work on the lifespan of solutions to
semi-linear hyperbolic equations [15, 22] are also, in essence, of conormal type.

If ¥ C X is a C* hypersurface in a C* manifold X, let U (X, X) be the Lie algebra
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of C™ vector fields in X tangent to ¥. The space of distributions of finite L?-based
conormal regularity with respect to ¥ is then defined by the stability of regularity
under the applications of the elements of V(X, X):

LI (X, ) ={u€e Li . (X): Vi---Viue L3 (X) for | <kand V; €V(X,Z)}.

This modifies the definition of the Sobolev space H(xy by placing some geometric
restrictions on the differentiations. Nevertheless, as observed in [32], bounded
conormal functions have very good multiplicative properties in view of Gagliardo-
Nirenberg type inequalities.

Let us now consider a mixed hyperbolic problem with a diffractive boundary (see
chapter 2 for a review of definitions). Our object of study is the semi-linear equation:

Pu = f(cv,u) in X’ ulBX = 0’ U|X_ = Ug (11)

where f is a C* function of its arguments, P is a strictly hyperbolic operator, X is a
C* manifold with the boundary X, X_ ={z € X : #(z) < =T} with ¢ € C*°(X)
a time function for P and the time T fixed.

The initial data is assumed to be conormal to the incident front F. The reflection
rule of geometrical optics produces the reflected front R. With the motivation coming
again from the geometrical optics we define the shadow boundary on 0X as

I =8XNcl[RNF\dX].

The front obtained from the nonlinear interaction is the forward half-cone, Sy, of
P—Dbicharacteristics starting on I'. Let us also denote by D, and B, the two
components of the set of glancing characteristics on S;. A more detailed discussion
of the fronts is presented in chapter 2. Fig. 1.1 shows three different time slices and
Fig. 1.2 is a space-time picture. Note that R and F' are hypersurfaces with singular
boundaries.

The crudest form of our result is
Theorem 1.1. — Let u € L*™(X) be a bounded solution of (1.1) with
ug € IoLE (X_; F).
Then
WPFy(u) C °N*RU ®N*FU ®N*S, U °N*B, U °N*D, U *TEX \ 0

We refer the reader to [25] and [14], Sect. 18.3 for the definition of the b-wave front
set, WF;, which reduces to the ordinary WF away from the boundary 0X. We use
the natural map 5 : T*X \ 0 — ®T*X \ 0 (see chapter 4 and the references given

above) to define °N*¥ = j(N*Z).
Theorem 1.1 immediately gives the singular support statement:

Corollary 1.2. — Under the assumptions of Theorem 1.1

sing suppu C FURU S,
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Figure 1.1. The fronts projected to the space variables at fixed times

Since the data ug is conormal, one would like to describe precisely the conormal
regularity of the solution uw. In fact the proof is based on the construction of an
appropriate space with good multiplicative and propagative properties — see chapter 3.
Since the precise definition of this ‘strong’, but not quite conormal, space is rather
involved we shall content ourselves with a weaker statement here, referring the reader
to Definition 3.2 and Theorem 8.2 for the full result.

Theorem 1.3. — Letu € L2 (X) be a bounded solution of (1.1) with

loc
up € I LE (X_; F).
If Q is an open subset of X such that
QN(DyUBy) =0
then
ulo € LLo( F)+ LLbo(@ R) + LB, St).

Already in the transversal case this is slightly stronger than the result in [4] as
conormal singularities with respect to the boundary are excluded.

Our conclusions are concerned purely with the L2-based regularity. The present
existence theory [45] requires higher Sobolev regularity for up to guarantee local
existence of bounded solutions, so one needs to assume ug € Iy L} (X _; F)NH(5)(X_)
for s > n/2. However, the conormal results described above should lead to an
improvement in the style of [41]. It should be noted that our present method does
not treat the fully semi-linear equation Pu = f(z,u,Vu), essentially because the
iteration procedure in k proceeds in steps of 1/2.
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Figure 1.2. The forward half-cone and the glancing boundaries B and D.
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2. DIFFRACTIVE GEOMETRY

First we describe the interaction of a characteristic hypersurface for a second-order
hyperbolic operator with a bicharacteristically concave (diffractive) boundary. In
particular the reflected front is shown to have a cusp singularity when continued
across the boundary.

Let X be a manifold with boundary equipped with a pseudo-Riemannian metric
of hyperbolic signature, +, —, —, — . ... The metric symbol p € S?(T*X) is therefore
a polynomial of degree two on each fibre and it can be reduced, in linear coordinates
in each fibre, to

22— €2 dmX=n+1.

The boundary of X is said to be time-like if p is negative-definite on N*0X; this is
always assumed below. It will be convenient to assume that X is time oriented; this
amounts to the continuous selection of one of the solid cones, p > 0, in the fibres. A
function t € C*°(X) is a time-function if p(dt) > 0.

The assumption that X is time-like means that it carries an induced pseudo-
Riemannian metric of hyperbolic signature. If g is the dual quadratic form to p, on
TX, then gs = glrgx fixes the induced structure. Let ps denote the metric symbol

on T*0X. Set
H = {ps>0}=34UIH_

9 = {ps = 0} in T*8X\0
& = {ps < 0},

respectively the hyperbolic, glancing and elliptic regions of T*0X\0. The time-
orientation of X induces a time-orientation of X, giving the decomposition of the
hyperbolic region.

The restriction to the boundary of the characteristic variety

S={p=0} CT*X\0
projects onto H UG = I :
To=SNTHX > HUS. (2.1)

Here 1* : T5x X — T*0X is the pull-back map induced by the inclusion X < X.



R. B. MELROSE, A. SA BARRETO, M. ZWORSKI

The map (2.1) is a fold, 2 — 1 over J( and 1 — 1 over §. To see this, note that
1 Tix X — T*0X is the quotient map with respect to N*0X. The restriction of
p to each fibre of ¢* is of this form

p=1"ps —n? (2.2)

where n : T X — R is the symbol of the inward-pointing vector field, V', satisfying
g(V,) =0o0on TO0X, g(V,V) = —1. Thus ps > 0 on the range of +* on ¥y and the
involution exchanging the points in ¥5 with the same image satisfies

Ig: Y5 +— 23, Ign = —n, v Iy = P (2.3)

Let ff{i,@ be the preimages of 3+ and § under ¢*, so in particular ¢* : G+ G is
an isomorphism.

The projection ¢* can be expressed symplectically. Let z € C*°(X) be a defining
function for 8X and let ¢ € C*°(T*X) be its lift to 7*X. Then the Hamilton vector
field H, satisfies Hgq = 0, i.e. H, is tangent to the leaves of .* : Tjx X — T*0X.
Since the leaves are tangent to ¥ exactly at g,

9={p=0,¢=0, {p,¢} =0}

where {p,q} = Hpq = —Hgp is the Poisson bracket. The simple tangency of H, to
s, corresponding to the fact that (2.1) is a fold, is expressed by

{a,{a,p}} <O.

This holds throughout T3y X, since 0X is time-like. Applying H, to both sides of
(2.2) and noting that {g,n} is the lift of a function from the base, so {¢q,{q,n}} =0

{a,p} = —2n{g,n}
{g,{a,p}} = —2{q,n}*.

Thus (2.2) can be written in terms of Poisson brackets

SR U ) s
R TFRrESYS

The denominator {q,{q,p}} is also the lift of a function from the base. Thus, if the
involution is extended to T3y X so that the second two conditions in (2.3) hold, then

I3{q,p} = —{a,p}- (2.5)

The points of § are further distinguished by the behaviour of the second Poisson
bracket:

(2.4)

]

\e]

Gg={me @;ng(m) > 0}
Gy ={me§; ng(m) =0} (2.6)
g,={me Q;qu(m) < 0}

t

'g)
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These, and similarly their images in § under *, are respectively the sets of diffractive,
higher-order and gliding points. The boundary of X is said to be diffractive (or
bicharacteristically concave) if § = §4; this is always assumed below.

Consider the differential of the involution Iy on Xy, at §. In particular note that
the type of a glancing point, in the sense of (2.6), is reflected in:

oipAp.at}
o)y = Hy =24 oy @7)
In fact, since t* - Iy = Iy, the projection of (I5).H, under ¢* is equal to the projection
of Hp. The null space of the projection is spanned by Hg, so it is only necessary to
compute the coefficient on the right. Applying both sides to {¢,p} and using (2.5)
gives (2.7).

We will be concerned with the local geometry near a base point zg € 90X, so we
are free to shrink X as necessary. In this sense the assumption that the boundary
is diffractive is really that § N T; 0X C $4. In case X = R x Y carries a product
metric, g = dt? — h, with A a Riemannian metric on Y, the boundary is diffractive
if and only if 8Y is strictly geodesically concave. In case Y = R™\ K where K is an
open, smoothly bounded region and h is the Euclidean metric this is equivalent to
the strict convexity of K (cf. [26]).

It is convenient to consider an extension, )Z' of X to a manifold without boundary.
A corresponding extension of this pseudo-Riemannian structure will be denoted p.
The defining function z € C*(X) extends to # € C*(X) and if X is chosen small
enough, 0X = {Z = 0} is an embedded hypersurface. The freedom to shrink X will
be used to choose X to be bicharacteristically convex.

In X we consider a closed characteristic hypersurface for p, passing through this
point zo. Thus F' C X satisfies

F={f=0}, feC®(X), df #00n F, ply.5 =0. (2.8)
Since 0X is time-like, N*0X and N *F are linearly independent and hence
Fp =FU8X < 08X

is an embedded hypersurface. Since N*ﬁa =* (Ngxﬁ), with Ngxf' C X5, we have

N *ﬁa C 3 =3I US. For us the most interesting points are the diffractive points for
F:

Lemma2.1. — If F C X is an embedded characteristic hypersurface then
D= (N"Fynss) cFp (2.9)
is an embedded hypersurface.

Proof — Consider the function 4 = {p,q} restricted to N *F. By assumption
N*F C ¥ so H, is tangent to it. At any point of 4 N NaXF {p,q} = 0 and
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{p,{p,q}} > 0, by definition. Thus H,{p,q} # 0 and so dj # 0 on N*F. Since
Hpq = {p,q} = 0 on 94, ¢ and {p,q} have independent differentials on N*F at
84N Njx F. It follows that

is an embedded hypersurface. Since it is homogeneous it projects to the embedded
hypersurface T'. a

The characteristic hypersurface F is to be thought of as the extension through the
boundary of X of the incident front. It is important to separate which parts of F are
intrinsic and which depend on the choice of extension—the latter being necessarily
irrelevant to the final form of the results.

By assumption N *F is closed, so

def
Ar %

N*F\0
is the union of the maximally extended bicharacteristic intervals, i.e. integral curves
of H,, through each of its points. Set

F = {z € FN X; the bicharacteristics through N*F stay in T*X for t < t(2)}.

Here, t is a time function. The submanifold I' C F is the singular locus in F' near
which it is not even a manifold with corners. Indeed the boundary of F' consists of
two smooth manifolds with boundary (each of codimension two in X)

OF =F;UB, FyNB =08Fy =8B =BNdX =TI. (2.10)

Here Fj is half of fa and B, the shadow boundary, is the projection into X of the
forward half-bicharacteristic starting at points of N{F.

The main objective of this section is to consider the reflected front generated by F
and 0X. To do so we need to recall the notion of a hypersurface with cusp singularity.
By definition a cusp hypersurface is one which is diffeomorphic to C = {z3 = z?} in
R”, n>2.

A simple characterization can be obtained in terms of the closure of the conormal
bundle to the regular part of the hypersurface. As is easily checked

Ac = cIN*{z3 = 22; 25 > 0} C T*R™\0

is a smooth, homogeneous Lagrangian. Now a point of the singular locus, L = {z; =
Ty = 0},

m: Ac — R" has differential with (2.11)
two-dimensional null space at Ac NT;'R"™,l € L. ’

Moreover, any vector field V' on T*R™ which is tangent to T;*R", independent of the
radial vector field and takes the value v € T,,Ac N Ty (T'R™) at m is only simply
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tangent to Ac at m. Conversely (see Arnol’d [1]) if these two conditions hold for Ac
near m € T;*R™ N A¢ then the projection of a neighbourhood of m € A¢ is a cusp.
We use this abstract characterization, with R™ replaced by X (as can obviously be
done) to analyze the reflected front.

Set AR = Ia(NaXF) and let Ag be the Hy-flow-out in T*X\O of A0 Thus AR is
just the union of the maximally extended H, integral curves passing through points

of AY,.

Proposition 2.2. — If FcXis a_smooth characteristic hypersurface for which o €
0X is a diffractive point then, for X shrunk to a sufficiently small bicharacteristically
convezr neighbourhood of xg, Ar C T*X \O is a smooth closed conic Lagrangian
submanifold which is the closure of the conormal bundle to a hypersurface with cusp
singularity, R, through xg.

Proof. — To see that Ag is smooth it suffices to observe that H, is not tangent
to the initial surface A%. By definition A% is the image under Ip of N3y F and
Nz F\O C 94, by assumption. Thus H, is tangent to Ngxﬁ’ at N;Uﬁ\o and hence
(Ia)«Hp is tangent to AY, at N, F. Now H, cannot be tangent to Naxﬁ’\O (since
this would mean F was tangent to 0X) and hence cannot be tangent to A at N;Oﬁ.
From (2.7) it follows that H, is not tangent to AR, so Ag C T*X\0 is smooth, closed
and conic if X is chosen small enough. It is also invariant under reflection in the
fibres.

This discussion shows that both (I5).Hp, and H, are tangent to Arat N ;‘Oﬁ, hence so
is Hy. Since Hy is tangent to the fibres of T*X and is non-radial at N ﬁ’\O it follows

that the differential of the projection 7 : Ag — X has null space of dimension
of at least two. In fact m, : T,,Arp — T,,(m)X has rank exactly dim X — 2, since

Tt TmKOR — Tr(m)0X has rank dim0X — 1 at m € N;‘OF\O. Finally note that H,
is only simply tangent to Ag at N F\O0 since it is only simply tangent to X. Thus
AR is the closure of the conormal bundle of a hypersurface with cusp singularity O

Clearly the cusp locus L C R passes through I'. It is important to check that
I\T' C X\X and L is simply tangent to X at T. (2.12)

Since the tangent space to L is just the image of the tangent space to A gr under the
projection, L is certainly tangent to X at I'. The reflected front R N X° is smooth
so the inclusion follows. To see the simple tangency we first choose coordinates so
that X C R3 x R~ and

R={(z,9):23=a}}nX, I'={(z,y):y=0}NX.
As in Proposition 2.1 of [34] it then follows that

= a(4€5 — 92263 + &ip1 + (1, B)), a # 0. (2.13)
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The cusp locus is given by L = {23 = 23 = 0}NX and if 8X = {p = 0}, X = {p > 0}
then the tangency of L to X at I' implies
0z, p(0,y) = 0. (2.14)
The points m = (0,; (0,0,1),0) € T*X \ 0 are diffractive:
p(m) = p(m) = {p, p}(m) =0, {p,{p,p}}(m)>0.
Hence (2.13) and (2.14) show that
02,0(0,y) > 0, (2.15)
and consequently
ple,y) = z2 — g(21,3,y), 02,9(0,9) = g(0,y) = 0.
Since L\ T C {p < 0} we also see that g(z1,0,y) > 0 and thus we can write
9(z1,23,9) = 91(21,y)2] + z392(21, 23, Y)- (2.16)
The restriction of R to X is given by
Ad(OXNR\F)U(BXNF)=RNX ={(z,y) € X : g(x1,x3,9)> = 23},
and using (2.16) we see that

Fnox = {(z,y):2s=G(z1,25,9)91(21,9)* + F(z1,23,9)g1(1,9)",
z2 = g(z1,23,9)}, G(0,y) #0,

{(z,y) : 23 = =G(z1,73,9)91(1,y)* + F (21, 23,9)g1(21,7)*
T2 = g(x1,73,9)}-

A(R\F)no

The Lagrangian N*(F N 60X ) is simply tangent to & C T*0X \ 0 and since
N *(cl(ﬁ\ F)NOX) is related to it by the billiard ball map (see (2.19)) below the two
Lagrangians are simply tangent at N* (f NOX)NS (see the equivalent model case in
chapter 7). Hence 9;,91(0,y) # 0 and thus in view of (2.16), L is simply tangent to
0X = {z2 = g(z1,73,9)}.

In the case of the wave equation in the exterior of a convex obstacle Proposition
2.1 was given in [49]. In that case the cusp locus L projected to the space variables
is the envelope of the reflected rays, see Fig. 2.1.

In the remainder of this section we review the geometry of the fronts. With the
possible exception of Proposition 2.4 b) (see [34]) all the facts are essentially well
known and are implicit in the proofs in chapter 3 and chapter 7 below.

The intersection properties of F and R are described in

Proposition 2.3. — Let B be the shadow boundary defined by (2.10). Then

10



SEMI-LINEAR DIFFRACTION OF CONORMAL WAVES

F R

Figure 2.1. The extended reflected front projected to the space variables at a fixed
time.

1. FNR=(FN&X)UB
2. Ag and Ap intersect cleanly and AN Ap =TEX \ONAr =T5X \0NAf.

It is important to remark that although the extension p was used in the definition
of AR, the part of R corresponding to the true reflection is determined by p and F'
alone. It will be denoted by R and is defined as follows. Proposition 2.3 implies that
R\ F has four components, two of which are disjoint from L. We now take as R the
closure of the one for which RNAX = FNOX. An alternative definition is provided
by taking

R={z€ RNX: (B NT;xX \0) C 1*(N}xF), where B is the bicharacteristic
through N R with ¢ < t(z2)}.

The bicharacteristic cone over the shadow boundary in 0X, I' is now defined in
the standard way, as the union of the maximally extended bicharacteristic intervals
over N*I' N X. We denote it by Ags and its projection by S. We note however that
S|x depends on the extension p. Thus we need

Proposition2.4. — The set D = cl[m,(exp Hp(N*I'NS))\B] is a smooth codimension
two submanifold of X, tangent to 0X at I' and intersecting B cleanly, BN D =T.
The components Sy and S— of S\ (BUD) such that S+ N(X\ X) = 0 are determined
by T’ and p.

11
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We can separate the forward and retarded components, S4, respectively, and similarly

denote by S; the full forward cone over I'. " We also denote by B, and D, the
intersections of B and D with cl S respectively, see Fig. 3.1

In the non-linear interaction more geometry is present. In addition to the cone
over I' we will also have to include, in a very residual way, smooth characteristic
surfaces tangent to S at D — see chapter 3. Thus we define

R = {H C X smooth hypersurface : p|y-g = 0, Np\rH = NI)\Fg}, (2.17)

with the first easy observation that (5.4 H = D. By the analogy with the previous

notation we also write Ay & N*H \ 0.
The intersection properties of Ag and Ag, Ar, Ay are given in

Proposition 2.5. — The following Lagrangian submanifolds

1. As and Ar intersect cleanly at AN As = As N N*B,
2. As and Ag are simply tangent along AN Ar = AsN N*B,
3. Ags and Ay intersect cleanly at As " N*D.

The restrictions of the characteristic (singular) surfaces R and S to the boundary

can be related to Fy = FNOX andT" C 8X respectively. Thus we define the following
smooth Lagrangian submanifolds of T*9X \ 0:

Ago = N*T, Ay; = N*(FN6X), As; = N*(cI(R\ F) N 6X), A3 = N*(H N 8X),
(2.18)

and
A21UA23=N*(§O¢9X), AiNAx =0, AiznNAxy =0

Using the time function restricted to the boundary, t [ 80X, we then obtain
Lagrangians with boundaries:

Af=Ayn{£t>0}, j=1,3,i=1,23.

The relations between these Lagrangians in then given by the billiard ball map
0%t 1 1*(Zp) — 1*(Zp) (see [35, 36]) which is two valued (+) and has a square root
singularity over §. To recall the definition of § we introduce the natural map

Yp: Xo — X/Hp

which, same as 2* above, has a simple fold. Thus we can associate to it an involution
I, exchanging the points with the same image (as I5 did for +*). The two valued map
6% is then defined by

§tor* = I,.

12
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The relation between the Lagrangians with boundaries is then given by
AE =A%, AL UAE =% A,. (2.19)

Finally, we relate the geometry described above to the differential equation. We
assume that the principal symbol of a strictly hyperbolic operator P in X, p, satisfies
the glancing assumptions with respect to the boundary 60X defined by g. On the
extension X, we introduce a strictly hyperbolic extension of P with the symbol p.
We will also denote it by P keeping in mind, however, the freedom we have in its
choice. The past X_ C X is defined so that X is its domain of influence, and

FnX_.=FnX_.cXnX_.®¥x  FnX_nox=0.

13






3. RESOLUTION OF SINGULARITIES AND
THE CONORMAL SPACES

As described in chapter 2 the interaction geometry is quite complicated as it involves
cusp and conic singularities. To define a conormal space with reasonable propagation
of regularity for P, one follows the method originating from [32] and subsequently
applied in [27, 34, 42, 43, 44]. Its essence is the resolution of singularities and
the use of the vector fields tangent to the lifted geometry in the resolved space.
The insistence on conormality is motivated by the good multiplicative properties of
bounded conormal functions, as already indicated in chapter 1 and the conviction
that conormal regularity excludes any hidden singularities that could produce self-
spreading.

For our problem the method of resolution is similar to that used in [34, 44] and it
involves a non-homogeneous blow-up. To describe it let us consider

R* =R3*xR"™3, 2= (z,y), 2ze R",z € R} yecR"3
on which we define an R, —action T61—2—3:
T51_2_3(z,y) = (6x1,0%z,8%23,y), 6 €Ry (3.1)

We start with a definition of spaces of functions with given non-homogeneous orders
of vanishing:

M7P(X) cC®(X), ue M}TPHX) = Tju=0(5), 650 (32)

This allows us to the define a filtration of the differential operators in terms of
homogeneity. Thus

Qe Diff;(l_z_:s)()ﬁf) = Q:M"3X) — Mrl__g_:;()?) for r > p.

The homogeneous differential operator important in our discussion is Friedlander’s
operator in R3:

Po=4D2 —9z2D2, — 6D;,D,,.

15
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Proposition3.1. —  There exist coordinates (z,y) € R", z € R3,y € R" 3 in X such
that
P=P+Q, QeDiff}; , 4(X), (3.3)
1,
0X = {(z,y) : 22 — a1 =0}, (3.4)

and with the notation of chapter 2 and any H € R given by (2.17)

{0,y) :yeR2}NX
y):zi—23=0, z € R yeR"3}
,Y) : 223 — 3xaxy + 23 4+ f4 =0, z € R3 y € R"3}, fy € M2 3(R")

,Y) ¢ Tt + 8z1x3 — 62222 — 322 + 55 = 0, z € R3y € R 3},
(R

,y) :xy + ho = O}, ho € M21_2_3(R").

—~
(=]

I
—~—

1
2
3.
4

m |
g

ooe W o= e
Il Il

) : —~~
’5? o2 8 8

5.

Proof. — By Proposition 2.1, Risa surface with a cusp singularity and thus we
can find coordinates (z,y) such that R is given by b). The cusp locus is then
L = {z; = 23 = 0} and as noted in (2.12) it is simply tangent to 0X at T,
L\T c X\ X. If X is given by p(z,y) > 0 near (0,0) then by (2.15) p/,(0,0) > 0.
We conclude that

p(z,y) = 22 — g(z1,23,9), 02,9(0,y) =0,

near (0,0). We expand g into go(z3,y) +z191(23,y) +23g2(21, 23, y) where go(0,y) =
91(0,9) =0 and g2 > 0. (since L\T' C X \ X). Completing the square we write g as

1 (g1(3,9)) 1 giz3,y) )"‘
16 g2 (a1, 73,) 4 (g2(e1, 23,y))}

We then change variables by replacing x; by the term in the second bracket and
observe that the term in the first bracket, say g, vanishes for all z; when z3 = 0.
We can now apply Theorem 4.1 of [1] to obtain a cusp preserving change of variables
(z2,z3) depending smoothly on the parameters (z1,y) and putting zo — §(z1,3,%)
to 5. Thus in the new coordinates p(z,y) = zo — z%/4 as desired.

W=

+

(go(ifs,y) ) . <2$1(92($17w37y))

If R = {z2 — 23 = 0} is characteristic for a strictly hyperbolic operator P then
one easily sees that P = Py + Q, Q € Diffj ; , 3 — see Proposition 2.1, [34]. We
observe also that neglecting @ produces errors of higher homogeneity (see the proof
of Proposition 2.1 [34].). Since the right hand side of ¢) is the reflection of R with
respect to X obtained using the symbol of Py, we conclude that

ﬁ = {(a:,y) : f(way) = 0}7 f(xay) = 2zx3 — 31"2]71 +x? + f4(:1:1,:c2,y), f4 S MA}_2_:;'
(3.5

16
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The same conclusion can be made about S:

S ={(z,y) : q(z,y) = 0}, q(z,y) = 2} + 8z123 — 623z2 — 323 + g5, g5 € Mé_?_s-)
3.6

The surface B is given by SN F N R which up to terms of higher homogeneity
is parametrized by (t,t2,#3,y). The codimension two surface D consists of
characteristics of P tangent to 0X and not contained in B. Neglecting @ in P, D one
would obtain D = {(0,0,t,y)} (which would lie in X). Since that describes D up
to terms of higher homogeneity we conclude that D = {(/f; (t y), f2(t,v), t, y) t] < €}
and it easily follows from (3.6) that Vq [p= t[(8, fl(t Y), fz(t y) + O(t)], fi € C.
Since H is smooth and tangent to S at D, it follows that its normal at D is
given by (8, f1, f2) + O(t). The implicit function theorem immediately gives e) with
h = h(z,3,y) satisfying h(0,0,y) = 0, that is h € My~ 273(R"). O

We will consider the surfaces on the right-hand side as the model geometry. The
sense in which they are models can be explained as follows. The model surface for F'
in ¢) is characteristic for Friedlander’s operator Py and the cusp R is obtained from
that model surface by reflection (according to the rules of geometric optics given
in Proposition 2.1) through the boundary z; — }1 2 = 0. Note that this surface,
although microlocally diffractive near N *E, is not globally diffractive for Py : it
contains the characteristic {z; = 3 = 0}. Thus we see that @ # 0 and essentially
it has to contain a term of the form —cxzD?Bl which destroys the degeneracy of the
characteristic {z; = z2 = 0}. The surface defined by the right hand side of d) is the
cone over 0 € R® with respect to the characteristic flow-out by Py.

In view of Proposition 3.1 it is natural to resolve the geometry using the 1-2-3
blow-up given by the R;—action (3.1). Thus we define the space

X1 = (X\D)U(Sios x R"*) =Ry xS}, 5 x R (3.7)

12/i

where S7_,_5 is a non-round sphere {w € R®: }", <i<3W; =1} and where the C*

structure on X; is given by the second identification (see [28]). We now have the
blow-down map

o~ ﬁ o~
X1 5 X, (rw,y) — (rwr, 2w, rws, y)

which is a diffeomorphism on X; \ 8X;. Thus following [28] we define the pull-back
of Y to be

BY =g (Y \T)], YCX.

Propositions 3.1 imply that ﬁlF Bls and ﬂl 0X are smooth hypersurfaces in X,
intersecting the boundary 80X, cleanly, and G5 Rhasa cusp singularity transversal to
8X,. Also,

BiFN8X, = Bi{2xs — 3xam; + 20 = 0} N DX,
ﬂIS NoxX; = ﬂik{ib% + 8x1x3 — 61:%:1,‘2 - 31‘% = 0} N 85('1,
,BIH N 3521 = ,3;{:171 = 0} 085('1.

17
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The boundary of the resolved space dX, and the above intersections are shown in
Fig. 3.1.

8BSy

BrS_

Figure 3.1. The geometry on 8X, as seen from the positive zo direction.

The lift of the operator P is of the form:
B, PBF = P, € Difi3(X,), Yoa(Py) Fors %,= o (1461, PoBY) lors %,
1 1

where we refer the reader to [25] (and also [14], Sect. 18.3) for the definition of the
totally characteristic operators, the compressed cotangent bundle and the b-symbol
map.

As the blow-ups described above depend on the particular choice of coordinates,
or alternatively the R —actions, it is important to note certain invariance properties.
To state them, let ¥ : X — X be a local diffeomorphism such that x(I') ¢ T'. For
simplicity we shall consider the 1-2-3 action given by T5 = T(51'2_3 only and require
that

[Id— (Tsox) ™ o(xoTs)] : M}=27% — M}777%, forall r € N. (3.8)

This almost homogeneity condition is now present in

Proposition 3.2. — Any diffeomorphism x satisfying (3.8) lifts to a boundary
preserving diffeomorphism

X125§:1 ——)Xl

18
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Also, if a diffeomorphism preserves R and S in coordinates gwen by Proposition 3.1,
then it satisfies (3.8).

For the proof and further geometric results needed in the study of interior propagation
we refer the reader to [34]. In chapter 6 we will however need the following result:

Proposition 3.3. — If p is a defining function of 0X then each of the following can
be obtained with a diffeomorphism satisfying (3.8):
Z) H= {l‘l = 0}, g = {.’L’% - 41‘1.273 = 0}, B= {.733 =g = 0}, dp fp= d:L’z,
i) F = {223 — 3z129 + 23 = 0}, R = {z? — 3 =0}, dp|r= dzs + adzs.
Proof. — A diffeomorphism leading to i) is already essentially obtained in Proposi-
tion 3.3 of [34] with the almost homogeneity (3.8) guaranteed by construction. This
implies that

dp|r= adzy + Bdzr3, o#0.
If 8 # 0, then D = SNH = {z2 = 1 = 0} would be transversal to the boundary
which contradicts the glancing assumption. Thus, # = 0 and by rescaling o = 1.

For 4i) we first recall from Proposition 3.1 b) that Fis given by 2x3 — 3z172 + 75 +
hy(xy,22,y) = 0, hg € M}7273. Also, B = cl(RN F \ X) is up to terms of higher
homogeneity given by the normal form (t,t?,¢3,y), that is, for small t:

B = {(t, (1 +tg(t,9))*, * (1 + te(t, 9))*, )},

where we used the exact form of R. Thus changing z; to z1(1 + z16(z1,y)) puts B
into its normal form. Since the defining function of E has to vanish there and its
gradient has to coincide with the normal of R (R and F' are simply tangent along B)
we conclude that

h4(tat2ay) = O) 8x1h4(t,t2ay) = 822h4(tat2,y) = Oa
and thus hy(z1,Z2,y) = (z2 — 22)%h4(z1,22,y). A simple applications of the

homotopy method concludes the proof. In fact, let us put f, = 2x3—3z2z; + 3 + shy.

We want to find a cusp (R) preserving family of diffeomorphisms such that
X:fs:fo, OSSS]-

If V; is the family of vector fields generating x, the required conditions are equivalent
to

Vshs = —hyg, Vs tangent to R.
This is obtained near I' with
_ (1:2 - .’L‘%)im i
3+ 4szhy + s(z2 — 22)(ha)),, 01’

8

Since the diffeomorphism constructed above clearly satisfies (3.8) we conclude that
p = x2 — 27 /4(mod M, 273). a
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Remark 3.4. — In case i) considered in the proposition
p(e,y) = T2 + c1(y)a] + ca(y)z5 + ca(y)z3 + Z ai; (y)ziz; + O (|z)?),
i<j
and the assumption that {x1 = z2 = 0} and {z2 = z3 = 0} are glancing easily implies

that c1,c3 > 0.

The map ¥(zy,22,23) = (23 + 2§ — 3z221,22 — 2%, 521,y) transforms Q to
{4z3x1 — z3 = 0}, thus the cone on the right hand side of d) in Proposition 3.1 is
essentially symmetric with respect to the interchange of x; and x3. Roughly speaking,
an additional blow-up near 37 (Q NG)NIX; is needed to undo the asymmetry of the
1-2-3 blow-up.

To introduce it we first change coordinates (using a diffeomorphism satisfying (3.8))
so that 3) of Proposition 3.3 holds. Using the lift of these coordinates, we blow-up
with the 2-1-1 homogeneity the codimension three submanifold 0xX 1NBH{z1 =22 =
0,23 >0} = 8X, N B D,

22&X1ﬂ>5€, B2 = P10 Br2

X, = X1\ (8X1NB;Dy)U (Sg—l—1+ x R*79),
where S3_;_;, is a half non-round sphere {v € R® : v{ +v5 + v3 = 1,13 > 0} and
Br2(p, v,y) = (*v1, pra, pvs, y),
with the coordinates in X 1 near 0X 1 N B D4 chosen so that
B(X1, X, m,y) = (1 Xy, r* Xa,7%,y) € X.

The manifold )?2 has a codimension two corner and 6‘)?2 is shown in Fig. 3.2.

<2
R

— K s X
Figure 3.2. The hierarchy of blow-ups
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Since S and H are simply tangent at D another blow-up is still needed:

X 25 %, 25 X, 25 X, By = Brofrzofas
Here, the line 85 D is blown-up with the 2-1-0 homogeneity in the coordinates where
BHNN = {X; =0}NN and 835NN = {4X; — X3 = 0} N N where N is a
neighbourhood of 83D — see [43].
There are additional tangencies and singularities that have not yet been resolved:
the tangencies described in Proposition 2.5 persist in X; at 8B as does the cusp

singularity of ﬁfﬁ at #7 L. The former is resolved using a succession of normal blow-
ups [33] (see Fig. 3.3) and the latter using the 3-2 blow up [43], only at 87 B4 and
0% L, respectively (8 L+ = Bf(L N{x1 > 0}. This leads to the space Xj:

X4&X'3ﬁ>5(:, B = B4 = P30 P34

see Fig. 3.2.
For future reference we also define X35, analogously to X4 but obtained by applying
the same blow-ups at the lifts of Dy, Ly, By rather than of D, L., B, only:

Xs @)Xsﬁh’?, Bs = B3 © B35.

We shall now define the C*-algebra JkLz(X' ,H) associated to the geometry in
the open manifold X. In the notation we stress the dependence on the ‘artificial’
characteristic hypersurface H € Q.

Let us first consider the surfaces in )24 obtained from the geometry in X:
B*F, B*R, 8*S,., B*(FNR\ B), 8*(SNR\ B), 8*H

where we note that the lifts of By, D4 and L4 are included in the boundary of X
Let & be the variety obtained by taking a disjoint union of the five submanifolds
above with 8X4:

S=B"FUB*RUBS,UB(FNR\B)UB (S, NR\B)UB*HUIX,. (3.9

Ideally, we would want to define Jka()Z' ,H) as the g-pushforward of the conormal
spaces associated to & which is in fact done for the interior problem. Here, however,
this would be disastrous.

In chapter 5 we shall define K; = K;(e) C X; (see Fig. 5.1) which in some sense
constitutes a ‘non-homogeneous’ past. We can take ¢ small enough so that

BiH(FNR\B)C X1\ Ki(e) & B (FNoX) C X1\ Ki(e). (3.10)

Since the all the higher generation blow-ups occur away from K; we can think of it
as a subset of X4 (or 87,K1 = K1).
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*ﬁ S+ ﬁf*R
1
51 S+
ﬁi* §+ ﬁ'*F
N
1
* ~
8 §+ B’*R 64 S+
1 ~
g*F Ei BF
1
64 S+
*R

Figure 3.3. The three normal blow-ups of 51 B

Definition 3.5. — For k € Ny, we define

TeL2(X, H) = B{U € LLY(X40(X4,8)) © Ul € Ly (Xa, °F U0Xa) 11, },
where the variety S is given by (3.9) and K1 = K(¢€) is given by Definition 5.1 with
€ such that (3.10) is satisfied. The norm is defined using the norm of the lift:

||“||JkL2(X,H) = ||ﬂ*“||1@3(;@,?»(;@,5)) + ||5*“|K1||1kL§()?4,ﬁ*ﬁua)?4)rK1-

We also define J,%Lz()?, H) by demanding that u, Du € JyL3(X, H), with the obvious

norm.
For non-integral values of the order of regularity we use complex interpolation and

define:
Jeys L2(X, H) = [JhL*(X, H), Jys1 LA(X,H)]s, 0<s<1, (3.11)
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and similarly for J,:+8L2()A(:, H).

This is a pseudo-conormal space as it involves an additional condition in K;. The
corresponding pseudo-conormal space for the manifold with boundary X is essentially
obtained by restriction with an additional singular support condition:

Definition 3.6. — For s > 0, s € R we define

JL*3(X) = {fue L*(X): for every H € R there exists @ € J,L*(X,H)
with @ x=u and sing supp®un (F\FUR\RU S, \S;) =0 }.

We recall that using the regularity function s,(z) (cf. [14], Sect. 18.1), we define
sing supp®u = {z : su(z) < s} which by lower semi-continuity of s, is closed. The
space JsL%(X) is not a normed space and although it can be made into a Fréchet
space we shall not need this fact here. The L2 based spaces are defined in the

obvious way: u € J;L2 (X) if and only if for any x € C$*(X), xu € JsL?(X).

loc

Remark 3.7. —  Although the definition of the blow-up involves the choice of H, it
can in fact be made independent of it. It is also true that away from I' the spaces
JsL?(X) is the same as the space defined without including the lift of H in the defining
variety. That statement is non-trivial only near D.

The complications of the definitions are now compensated by the simplicity of the
proof of the following
Theorem 3.8. —  The spaces J,L2, (X, H)N L2, (X) and J,L2 (X)NL2.(X) given

loc loc

by Definitions 8.5 and 8.6 respectively are C* -modules and C* -algebras.

In fact, we use the identification of the conormal spaces on the ‘blown-up’ side with
b-Sobolev spaces (see Appendix B) and then apply the well known algebra properties
of those spaces.

As in the earlier work on conormal regularity the difficult part is the propagation
theorem. For the interior problem it is proved in Theorem 7, page 1026 of [34]:

Theorem 3.9. — If the variety S5 in X5 is given by (3.9) with B8 replaced by Bs, and
Pu=f in X, ulg =0, f € (B)a(IL%(X5,55)),
then

U, Du € (B5)u(Tk L2, 100(Xs5, S5)).

vs,,loc

The main result of this paper is the propagation theorem for the Dirichlet problem
and the space JeL%(X) - see chapter 8. A simpler refinement of Theorem 3.9 to
JxL?(X, H) will be given in chapter 5.

23






4. MICROLOCALLY CHARACTERIZED
SPACES OF DISTRIBUTIONS

4.1. The important notion of solutions to linear real principal type equations
associated to Lagrangian submanifolds was introduced in [13]. That followed a
rich tradition in geometric optics and semi-classical analysis already exploited in
[17, 23] and generalized the notion of oscillatory solutions by recasting it in terms
of propagation of singularities. The control of multiplicative properties required in
the study of non-linear problems made it necessary to introduce a larger class of
geometrically defined marked Lagrangian distributions [27, 30]. Additional motivation
came also from the study of operators with double characteristics and of singular
Radon transforms [12, 38]. For the basic material needed in this paper we refer the
reader to the presentation in [34], chapter 9, while a proper development of the theory
will appear in [30].

The purpose of this section is to extend the notion of marked Lagrangian
distributions in two directions: to sub- and super-marked Lagrangian spaces, the
closely related spaces associated with Lagrangian manifolds with boundaries, and to
marked Lagrangian spaces on a manifold with boundary, M. In the last case we
allow, unlike in [34], certain Lagrangians which are not smooth in *7*M\0. These
two directions are rather independent at this point, with a rather special connection,
however, which will be exploited in chapter 7.

To make this section self-contained we start with the general discussion of marked
spaces, conducted for simplicity in the case of infinite regularity. We shall then
proceed with the more detailed theory of %- and 2-marked spaces. For our purposes
it will be sufficient to consider only markings by a single submanifold.

Let M be a C*° n-manifold without boundary and let Ao, Ay C T*M\0 be conic
Lagrangian C'*° submanifolds, intersecting cleanly. Then K = Ag N A; is a C*®
embedded conic submanifold of Ay, and any such K can be obtained locally as a
clean intersection with a Lagrangian submanifold A;. We define the following marked
Lagrangian varieties associated to this geometry:

Lo=Ag, £ ={A0,K}, Lo =AgUA; ={A0UA1\A0ﬂA1, AoﬂAl} (4.1)
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0

and the corresponding ¥y,

(M)-modules of first order pseudodifferential operators:

Ul (M;84) ={A € ¥, (M): 01(A)|, =0, Hy,(A)

) (4.2)
is tangent to L for all L € £;}, t=0,1,00.

The H(,)(M)-based spaces of (marked) Lagrangian distributions associated to the
varieties (4.1) are defined as
IH(S)(M;Qt) ={u € H(s)(M) AL Au € H(s)(M)

for A; € U} (M; &) andl €N},  t=0,1,00.

(4.3)

The space on which the iterated regularity is based, H(y) can clearly be replaced
by H (C;’)mp or H %‘;)C Suppose now that K = Ag N A; is assumed to be an embedded
hypersurface in Ag. Locally, we can use the following model for the geometry (which

is a special case of a more general extension of Darboux’s theorem [38]): M C R”
open, 0 € M and

Ao = Tan\O, Al = N*{x L = =Tp—1 = 0} (44)
In this case one easily sees that W}, (M;£;) is the D, (M)-span of
z; Dy, ,j=1,...,n t=0 (4.5)
x,-ij,anzn,a:fLij i=1,....n—1,7=1,...,n t=1 .
2;Dg;,2nDy, 4,5 =1,...,n,i%#n, t = oco. (4.7)
Thus
u € IH(s)(M;é?t) — e SL2(m3,g(1+t)—x) (4.8)

where m, = (1 + [£]?)%,

|d¢'|? de
Yo = z Tt 2)a 1 2
L+ A+ P +&+1
and SL? are the L?(R™) based symbols (replacing L> by L? in Sect. 18.4 of [14]).
Since we have

TH o) (M;80) C IH5)(M,81) C IH)(M, L)

one expects that changing of @ = (1 + ¢t)~! in (4.8) will lead to new classes of
distributions which we will call sub-marked Lagrangian for 0 < t < 1 and super-
marked Lagrangian distributions for 1 < ¢ < oo. Since, unlike (4.2) and (4.3), the
definitions using the model metrics g, are not a priori invariant we might have to
allow for more geometric information. This will indeed be the case for the super
marked distributions.

To start we need to review the definition of the k-jet bundle of a manifold Y. Using
the identification of Y with the diagonalin Y x Y,

Y>~Ay ={(y,y): yeY}CY XY
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we define for k£ > 0 the following vector bundle over Y :

JEY) =d(¥)4¥)H, g(Y)cC®(Y xY) (4.9)
JY)={f e C=({¥ xY): flay =0} (4.10)

Then J*(Y) = (J¥(Y)*)* — Y is the k-jet bundle. If Y C X is an embedded
submanifold of a C* manifold X, then using the pull back of ¢+: Y XY — X x X we
obtain a natural mapping J*¥(X)* — J*¥(Y)* and consequently J*(Y) — J¥(X).
Restricting J*¥(X) to Y we obtain J§(X) the jet of X at Y, with the natural inclusion
J*(Y) C JE(X). The inclusion map can be replaced by a more general f : X; — X
which then induces

JEf o TR(X) — JR(XR).

If X =X, =Xoand Yy CY C X are embedded submanifolds, we say that f
preserves the k-th jet of Y at Y7 if

TR, (V) € 3, (Y),

where J§ (V) is naturally included in J§ (X).
We now extend the notion of marked Lagrangian varieties of the type shown in
(4.1) to the jet Lagrangian varieties:

€9 = {Ao, JiVAL 1) (4.11)

where we include the index t,0 < t < oo in the variety and allow the convention
JO(Y) ~Y.

Definition 4.1. — For 0 < t < oo and Ag, A1 given by (4) we define the t-marked
Lagrangian spaces associated to the jet Lagrangian varieties é?? given by (8) as

IH (M, £7) = {u € H (M) : (¢u)" € SLA(ms, g114)-1) for ¢ € C3°(M)}.

For the harder finite regularity case and t = 271, 1,2, the invariance properties
will be given in Proposition 4.1. In Proposition 4.3 we shall give, for the same t’s and
finite regularity, the proof of the following identity, quite easy in the case considered
now

TH()(M, £c0) = TH(5) (M, £;) + TH()(M, £3), 0 < ¢ < 0. (4.12)

where £} is the variety obtained from £ in (8) by exchanging Ag and A;. This reflects
the main role of the sub- and super-marked Lagrangian spaces, which is in providing
decompositions of spaces associated to pairs of intersecting Lagrangians into terms
which can be treated individually.

We conclude this introductory discussion by defining (marked) Lagrangian
distributions associated to Lagrangians with boundaries, again only in the model
case and with infinite order of regularity.
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Thus, in addition to the models given by (4.4) we consider
AF =AoN{%£, >0}, AT ={6,=0}NAg=AgNA;. (4.13)

The marking will now indicate the microlocalization on one side of the boundary: the
lower the marking the more localized the singularities are to AB*L. As we shall see in
Proposition 4.2, for the case t = 2, the invariance requires an additional marking in the
transversal direction as can be seen from the uncertainty principle. As before, super-
marking requires additional geometric information and we introduce the following jet
Lagrangian varieties:

ef = {AF, 1), t>1; eF = (A7, 0T AL ), 0<t<l (414)
0

For t = 0 we could consider Ag: LI A; obtaining a slightly larger space than the one
considered [38].

Definition 4.2. —  For AT given by (4.13) and the jet varieties in (4.14) we define
for0<t< oo

TH( (M, €F) ={u € IH((M, £,-1) : x(J€1))x(~ |21 ™ €a) (12| ™7 €0) N ()"
€ SLz(ms,g(lLH)), for N >0 and ¢ € C3°(M)}

(4.15)
and where £;,m;, g, are given by (4.14) and (4.8), x € C*°(R),
0, t<1
t) = ’ 4.16
x(®) {l, t> 2. ( )
The decomposition (4.10) can now be refined to
TH(;)(M, £0) = TH(o)(M, ;) + Y TH() (M, £5),0 < t < 0. (4.17)
+

4.2. We shall now develop carefully the ideas presented in the first part of this section
for the cases t = %, 1,2 and finite regularity. We recall that the marked Lagrangian
distributions of [30] constitute the case t = 1.

For the applications in chapter 7 it is convenient to state the definitions for a
slightly different model:

Ag = N*{l‘l =Ty = O} C T*R”\O, A= N*{l‘l = 0} C T*R"\O, (4.18)

with the coordinates z € R written as (r1,z2,2'), 2’ € R""2. For M C R", open,
0 € M, we give
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Definition 4.3. — Let Ay and Ay be given by (4.18). Then
Lok H(y (M; Ao, Ao, 3) = {u € Hiy)(M); D (21D5,)" (21 Da,)"* (22Dz,) a5

2
€ Hgpgr) (M), |0/ + k1 + ke ks + 3ha < 2’6},

12k+1H(s)(M; Ao, AoNAy, %) =
[ 2041 Hio) (M3 Ao, Ao 0 A, 3), Toi Hi (M5 Ao, Ao 1 A, )

19
2

and
IkH(s)(M;AO,J}\OnAlAlyz) =
{ue Hy(M): DE(@1Dz,)" (@1D4,)" (22Ds,) bt

€ Higy 1p) (M), |0/ | + by + ko + ks + §k4 <k}

One should observe that for k = oo these definitions coincide with Definition 4.1.
In this case, as before, we could use the variety notation £, t = 2,2 In both sub-
and super-marked cases above, it is crucial that the operators appear w1th varlable
weights in the stability conditions. Thus we say that (D,) %z, has weight 2 £, (Dq Y3y,
weight % The correct filtration is based on operators of order 1 and that explains the
need for fractional weights for operators of different orders.

We now want to verify the invariance of the t-marked spaces. Thus, let ' C T*R™\0
be a connected open conic neighbourhood of mg = (0; (1,0, ...,0)) and let us consider

a canonical transformation
x: I'— T*R™0, x(mo) = mo (4.19)
preserving the model geometry (4.18):
X(Ao NT) C Ao, J'x(Jh,nn, A1 N IR(T*R™\0)) C Jh, 4, At (4.20)
For such x we have

Proposition 4.4. — Let F be a Fourier Integral Operator of order 0 associated to a
canonical transformation x satisfying (4.20) with | = —([—t] 4+ 1). Then, ift = %, 1,2

F: LHy(M, Ao, IR VAL ) — LiH o) (M, Ao, Ty oiF AL 1),

Proof. — We will give the proof in the case ¢ = 2. When t = 1, the invariance is
clear from the symplectically invariant definitions (4.2), (4.3) and the case t = 3 is
similar and simpler, as in particular it does not involve the jet bundle. It can also be
derived by the methods of [30] or by using the calculus of Lagrangian distributions
of class I3 in [14], Sect. 25.1.
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For t = 2, the argument is easier in the model given by (4.4) and it is clear that by
composition of Fourier Integral Operators we will obtain the invariance in the general
case and in particular in the model given by (4.18). This means that, by Egorov’s
theorem, we change the operators in Definition 4.3 to

(') DI N(21 D5, )** (21 Da,)*2 (22 Day ) F2 2kt u € Higy1p,) (M), (
1 4.21)
lo/| + Ky + kg + k3 + Sk <k, WF®+) (y) c T

Without the loss of generality, we can also assume that s = 0. As in chapter 9 of [30]
we first observe that if x~!(y,n) = (X (y,7),E(y,n)) then

1
(2m)"

Fu(y) = / SO by, ma(E(y, n))dn, b e SOR™R™)

=/

and we start by specifying the properties of Z = (Z1,Z,,Z’'), ' € R*2, implied by
the jet condition (4.20):
=1(y,m) = mhi(y,n), hi(mo) # 0, h; homogeneous of degree 0

Ea(y,m) = n2ha(y,m) + y191(y,n) + y392(y, M) + (¥, 9(y, M),
ha(y,n) = hao(n) + y2haa(n,y), ha(mo) # 0, (4.22)
h; homogeneous of degree 0, g;,g homogeneous of degree 1,

2 (y,n)| < Clm| for (y,n) €T,

where T' C T is another conic neighbourhood of mg, suppb C L.

To illustrate the simple idea of the proof, let us consider the following integral:

1 ,
I(yr,v2) = /e’<y”’)a(?71,nz +ysm)dn, a€ SL*(1,g3).

By taking the Fourier transform in the y; variable and making a substitution
1 1
A=n1, Yy=A3yz, n= A3

(that is, introducing a nonhomogeneous blow-up on the Fourier transform side, see
chapter 7), we obtain

1 ,
L(\y) = %/e’y”al()un+)\1-%(k+1)yk)/\§dn’

with a; stable under ADy, nD,,, D,, with weights 1,1, % respectively. If 1—(k+1)/3 <
0, that is k > 2, one easily checks the stability of I; under the same operators and
with the same weights.

Returning to the actual situation, we observe that in view of (4.21) it suffices to check
that

[T @:Dy,)*¥ (y2Dy,) 45 Fuly) € Hyyy(M) (4.23)
i#2

30



SEMI-LINEAR DIFFRACTION OF CONORMAL WAVES

if

T1mDn)¥ (n2D1)¥2 (nf Doy )x(m)Dit(n) € L*(R™), we &' (M) (4.24)
i#2

where in both cases Xk; + %l < k and « is arbitrary. Using (4.22) we write

Fuly) = g [ €470
a(mhi, n2hao + Moy2hoz + y191 + Y392 + (', 9), E (y,m))dn, (4.25)

where h; # 0 and hgg # 0 in L. Thus, we can replace @ by a(n1,72 + nay2hog +
g1 + 292 + (', 3),Z (y,n)), with a(n) satisfying (4.24). We denote the integral
obtained this way by F(a,b) and we show that the application of the operators in
(4.23) changes F(a,b) to F(,b) with b € S°(R",R"), or S~3 (R", R") suppb C I and
a satlsfymg (4.24) with k decreased depending on the weight of the operator applied
(1 or 1). We start with

Yy2F(a,b)(y) = (2717)" /eiy"(—Dm)(ba)dn =

-1 ; - - _ .
/ e (1 + yohoo + Maye(hoz ), + y1(T1)n, + Y3 (T2)n, + &', (3)h,)) (Dy@)b dn,

(2n)?

where we omitted the terms F(a,b;),b; € SO The term in brackets can be absorbed

mto b, while a can be replaced by a = 77 Dnza Thus we obtain F(a,b) with b €
S~3(R"™,R") and @ satisfying (4.24) with k replaced by k— % Boundedness properties
on Sobolev spaces for Fourier Integral Operators show that F'(a,b) € H,,1)(M) if
F(a,b) € Hi,)(M).

‘We now consider

1 .
(Y2Dy,) Fu = G / e¥y, - na(ba)

(2711_)11 /eiy"yz X
[(nzyz(hzz) T oo + wa(ar),, + gy2>)<Dma)+<~y2, albdy (4.26)

Since the needed estimate is local near y; = yo = 0, we can,~without the loss of
generality, shrink the support of b, T, so that [y2h22(n)| < in I. Thus by changing
b to (14 y2ha22(n)) b, we can introduce the factor (1 + yghzz(n)) in the integrand on
the right hand side of (4.26). Neglecting the terms of the form F(a,b), b; € S, the
first term in the right hand side of (4.26) can then be written as

1
(2m)"

/ e (y1y>g1 + 392 + (', 9))ab dn. (427)

/ez’(y,n) (’172 + 7]22/2}_7/22 + 4161 + ygg2 + <y/ag>)(Dﬂza) ~bdn

2m)™
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The first integral is of the form F(a,b) with @ = n2D,,a (2 becomes the first term
in brackets), which satisfies (4.24) with & decreased by 1.

In the second term we integrate by parts using the stability under 1, D,,, m D;°’72 and
mDy:, || = 1 in (4.24) for y1(y291), y5(g2) and (y',g) respectively. In fact, let us
verify this for n; Dy, :

(mDy,) [a(n,m2 + m2y2haz + 191 + Y392 + (v, 9),E)] = (4.28)
[y2m2 (m (ha2)n,) + my1 (@), +my3(@2)n, + (' Gy,)] Dysa

where we omitted the terms 11Dy, a and 71 D,ya as then we can use the operators
in (4.24). Since we have the stability under 71D, with weight 1 in (4.24), the goal
is to bring the number of 7 derivatives falling on a to three. For the first term in
(4.28) we use (4.27) again, with b in the first term replaced by ya(n1(h22);, )b € S°(T)
and @ in the second term by yDp,a. For the remaining terms in (4.28), we use
yi exp(i(y,n)) = D, exp(i(y,n)) and integration by parts. In each case there is a
gain in the number of 7y derivatives, so after at most three applications we obtain
nlD;o;za.

Since 0y 'g:,m7*g € S°(T), the second integral is again of the form F(a,b), with
b € S° and a satisfying (4.24) with k decreased by 1. The analysis of the second
term on the right hand side of (4.26) and the verification of the stability under the
remaining operators in (4.23) are similar and are left to the reader. O

We shall now present the finite regularity analogue of Definition 4.2. In that we
restrict ourselves to the case relevant in our applications, t = 2.

Definition 4.5. — Let Ao and A1 be given by (4.18) and let M C R™ be a bounded
open set, 0 € M. If AT = Aoy N {£¢&, > 0}, then

L Hs) (M, A%,2) = {u € H(M) : DY (21 Dy, )" (21 Dy, )2 (22 Dy ) 2 2k
(x(l& Dx(FE |3 &) (16|73 &) (gu)")Y € Hyy2p,(M)

2
for ¢ € C§°(M), |a'| + k1 + k2 + k3 + 3

with x € C*(R) satisfying (4.16) and (e)V denoting the inverse Fourier transform.
For odd orders of regularity 2k + 1, Iagy1H(s)(M, A§,2) is defined by complex
interpolation as in Definition 4.3.

1
kg + gko < 2k}

To study the invariance properties, let I and x be as in (4.19) with (4.20) replaced
by

x(AFnT) c AL (4.29)
The analogue of Proposition 4.1 is:

Proposition 4.6. — Let F be a Fourier Integral Operator of order 0 associated to the
canonical transformation x which satisfies (4.29). Then

F: IH (M, AF,2) — L H) (M, AF, 2).
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Proof. — We can consider only AaL and assume that k is even as the odd order
case will follow by complex interpolation. We shall use the same model (4.4) as in
the proof of Proposition 4.1 with AF given by (4.13) As in (4.21), Egorov’s theorem
provides the defining operators (see (4.34) below) and we can assume that

WF® (y) cT, WF® (Fu) T,

where T C I is a small conic neighbourhood of mg. It is convenient however to use the
representation of F' involving the generating function of the canonical transformation:

(y,n) = x(x,€) = (y,m;2,€) = (y, Py; B> €)s

Fuy) = o= [ €#09b(u,)ale) de, (430

1
(2m)"
The assumption (4.29) implies that

(y,€) = y1&1h1(y, &) + y2&aha(y,€) + (v, 9(, ), (4.31)

where hi, he are homogeneous of degree 0 and positive in I', g is homogeneous of
degree 1 with g;, of rank n —2in T

We shall, as in the proof of Proposition 4.1, consider more general integrals, starting
with the Fourier transform of (4.30):

1
(2m)"

G(a,b)(n) = / W= ey, )b(y; €, m)a(€) dE dy (4.32)

where b € S glo(]R", R?"), supp b C I'; with I'; a small conic neighbourhood of

3
(0;(1,0,...,0),(1,0,...0)) (with respect to the R -action in the last 2n coordinates).
In fact b is assumed to satisfy a stronger estimate:

|DEDE| < Cop(l+ &1 + )~ (1 1416”1+ (aa+2)) 1
I= l(b)’ a” = (0[1,&3, L) ,Otn), " = (ﬁlaﬂl’n e ,/Bn)

The cut-off ¢ € C§°(R\0), is chosen so that 1(t) =1 for & <t < C for some C. We
assume also that a satisfies

X(—€1 $ &)(€7 3€2) (61D¢, )€1 DE (€2D¢, )*2 (€8 D, )a
€ (1 + |&|)mex@=P) L2(R™), (4.34)

2
sko + ki + ko + §k3 +|o| < max(0,p), p=p(a)E€ iZ

(4.33)

We observe that the boundedness of Fourier Integral Operators in the class I;l,
implies that ’

G(a,b) € Hyb)+max(0,~p(a))) (M) (4.35)

33



R. B. MELROSE, A. SA BARRETO, M. ZWORSKI

The cut-off (£, 1) in (4.32) can be inserted, at the expense of smooth error terms,
in the integrand on the right hand side of

—~ 1 ) )
Fu(n) = G5 / ey, £)a(€)dg dy (4.36)
since

[emosunby, 1 - per )y = O+ +mD ) @37

for any N > 0. In fact since hy(y,€) > 0 in T, hy(0,(1,0,...,0)) = 1, we have

(6(y, &) — (y,n>);,1 > ¢(1 + |&1| + |m|) in the support of (1 — w)(fl'lm) if C and ¢
are appropriately chosen. Thus, standard oscillatory integral estimates (see Theorem

7.7.1 of [14], as applied in Sect. 25.1 there) give (4.22). We conclude that Fu is
essentially of the form (4.32) with p(a) = k, and we want to show that it also satisfies
the estimate (4.34) with p = k.

If we apply the first operator in (4.34) to (4.32) we obtain

_z2 _z2

x(=n1 *m2)(ny *12)G(a,b) = [ + I, (4.38)
where the decomposition was obtained by inserting 1 = x(&; %52) + (1 -x)(& %52)
in the integrand:

1 ; ; _z -1 -1
h = G / W= WM B nab(y; € mx(—my m2)x(€r * €2)a(€)dE dy.  (4.39)

We shall now integrate by parts to put I; in the form (4.32) with new a and b.
Strictly speaking, we should also introduce a cutoff in £’ /£; similar to v, reducing the
integration in £’/; to a compact set. For this we observe that since g;, in (4.31) has
rank n —2, y' can be expressed in terms of (y', g;,) € R™ 2 and there exist differential
operators Q1(y, €, De/) and Q2(y, &, Der) of order 1 with coefficients homogeneous of
degree 1 in £ such that
W6 —i(ym) — (n2 — Ea(hg + yz(hz);:,))_l
[(=Dy, + Q2(y, & Der)) — (ha)y, (1 — (&2/€1)€3 (ha)g, (ha)g,) ™ x
(€1D¢, — &(ha)i, E2De, + Qu(y, &, De))] 2@~ (4.40)

The last term is obtained by writing

1@~ — (D, — y2ba(ho), — (y',gél))ei"’(y*ﬁ)‘i(y’") =

[De, — &2(ha)g, (De, — 191 (hr)e, — (¥, 8e,)) — (', 3,)] €495

and observing that if I is small enough then |(£2/§1)§f(h2)’61 (h1)g,| < :.

(4.41)

2
Since |nz — &2(he +y2(h2);,)| > cmax{£7, [€2] + |n2|} in the support of the integrand,
we obtain I; = G(ay,b1) where by € S;l(; (R™;R?"), Iy = I(b) + 2 (with the stronger
3
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estimate (4.33) valid) and a, satisfies (4.34) with p(a1) = p(a) — 1. Note that the gain
of regularity in b;, compensates the decrease of p, so that the weight of the operator

_z2 _2
on a is 1, same as that of x(—7; >n2)n; °n2 — see (4.34) and (4.35).

The analysis of I5 is similar but we now invoke the assumption that a is stable under

(1-x)(E 30 e (4.42)

with weight %. To do that we again use (4.40) to write

I = (2;) /(51/711 5 [ealhs + y2(h2),,) — Dy, + Qa(y, €, Der)—
(h1)y, (1 = (52/51) 2(h2)/§1 (h)g,) "' (€1Dg, — &x(ha)g, €2De, +
Q1(y, &, De))] W= b(y: € m)(1 = X) (€7 *&2)x(—ndm2)a(€) d€ dy,

and then integrate by parts. Thus Ir = G(az, b2) + G(as, bs), where a, satisfies (4.34)
with p(az) = p(a) — %, b satisfies (4.33) with I(bz) = I(b) and ag satisfies (4.34) with
p(as) = p(a) — 1, bs satlsﬁes (4.33) with I(bs) = I(b) + 3. In both cases the effective
weights of operators are preserved.

The action of the remaining operators is similar and simpler. Thus we obtain

—2 —2 o 2
x(=1y *m2)(=ny “n2)* (m De, )1y ' Dy (2D, ¥ (1 Dy, )*G(a, b)
N 1 (4.43)
=Y Glai,bi), ko +ky + ks + ng + || < p(a)
=1
with a; satisfying (4.34) with p(a;) < p(a) and b; € S;O(]Rn;R%)’ I = max(0, —p(a)).
Using (4.35) we conclude that Fu satisfies (4.34) with p = k. O

Having established the invariance we can now give the general definition. Let
M be a C* manifold of dimension n and let A,A C T*M\0 be conic Lagrangian
submanifolds intersecting cleanly at A N K, a hypersurface in A. For t = %, 1,2 we
define the jet Lagrangian variety

= {A, 7 VK 1 (4.44)

We also corisider AT C A C T*M\0, a Lagrangian submanifold with boundary,
OAT = AN A and the variety

t={AT,2}. (4.45)

We should remark that subsequently we may use either the notation £; or the explicit
description of the variety as given by the right hand side of (4.44).
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Definition 4.7. — For A, K,Qt above and t = %, 1,2 we define the space
IkH(s)(M;S?t)

as consisting of u € 9" (M) such that there exists ug € IxH(s)(M; A\Aﬂ]\), a countable
covering of AN A by parametrizations

xj: I — T'R™0,  AnAc|JTy, (4.46)
J
Xi(T3 N A) C Ao, J=UH Dy, o g DRy R0,
where Ao and Ay are given by (4.18),
Fj e PR, M;(x;Y))  and  vj € LHo(R™ Ao, JR VAL L),

where the last space was given in Definition 4.3. The distributions Fjv; are assumed
to have locally finite supports such that

U — ug — ZF]"U]' € H(k)(M).
J
If 8% is given by (4.45), the space
IkH(s) (M; £+)
is defined in a similar way using Iy H s (R™; A, 2) given in Definition 4.5.

We now proceed with the finite regularity case of the decompositions (4.12) and
(4.17). For the marked Lagrangian distributions (¢ = 1) the proposition below
was already established in [30]. Its proof here illustrates, in a computationally
simple case, the general philosophy of relating microlocal and conormal spaces (see
[25, 34, 42]), on which we shall rely heavily in chapter 6 and 7. For the variety

AUA = {AUA\ANA,ANA} we define I.H o (M,AU A) by (4.3) with the obvious
finite order modification.

Proposition 4.8. — Let A and A be as in Definition 4.7. Then fort = %—,1,2 we
have

I L2 (M5 AUR) = I L2 (M5 £4) + I L3, (M; £1), (4.47)

where £, is given by (4.24) and §t is obtainfd by exchanging A and A there. In
addition, if A =UA+, Ay NA_ = 0A* = AN A, then

I L2 (M, AUR) = L,L (M; £5) + Z I L2 (M; %), (4.48)

with 8% given by (4.45).
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In the proof we shall only consider the case t = % as t = 2 is symmetric to it, while
t = 1 is discussed in Remark 4.12. The proof is based on a lifting of the right hand
side of (4.47) to a conormal space. As the result is local and in view of the invariance,
we take M to be a neighbourhood of 0 in R™ and A = A, A = Ao given by (4.18).
With M = R™ we consider the following successive blow-ups of {1 = 22 = 0}

M, = M, fory M, B = Bi1—2 0 B3-1, (4.49)

where M, is a manifold with boundary and M5 a manifold with corners:
My = M\{0}U(S]_3 xR"7%) =Ry x S{_g x R"2,§]_3 = {w € R* : wi +wp” = 1},
with the C'™ structure given by the second identification. The blow-down map
B3-1 : My — M is given by
Ba_1: (ryw,z') — (r3wy,Twa, 2). (4.50)
The second resolution M, is obtained by the blow-up of 35_,{z2 = 0} NOM :
Mo = Mi\(B5_1{z2 = 0} NOM1) U (S]_ _, x R* )L (S], 5 x R*7?),

where now S}, _, = {(61,62) : 61 > 0,01 + 63 = 1} (see Fig. 4.1) with the usual
C®> structure (see [28]). The intermediate blow-down map Bi_z : My — M; is
given by ﬁl—?(p797x,) = (ipehpze%wl)’ where (pa 97 wl) € R+ X S%+—2 X Rn—21
with coordinates near 85_;{z2 = 0,%£z1 > 0} N OMi, (r, X2,2’) chosen so that
Ba—1(r, Xa,2') = (£r3,rXs,2').

Using the definition (4.3) we easily see that u € Iy L% (M; Ao LU Aq) if and only if

loc
(€1D2,)" (22Da,)" (21D, ) D w € LYoo (M), Shi+ || < k.

This condition, Definition 4.3 of I L .(M; Ao, JX 4, 2) and the lifting of the vector
fields in projective coordinates, give

Lemma4.9. — For Ag, A1 and My, M above

LL2 (M3 Ag U Ay) 5 L2, (M3, 0(0M; U 8% {z, = 0})),
Ikleoc(M; AO’ Jllior‘u\l Al’ 2) (’B_*) Ikazz,loc(M%T) (6M2))a (4'51)

where B,v = dz.

Proof. — We only need to check that the left hand side of (4.51) is defined by
stability under vector fields — that is clear for the space in the preceding line and the
remaining portion of the proof is a straightforward computation. In view of Definition
4.5 we first need to show that

1 m
zyu € H(y (M), sk (z3Dg,) " u € L*(M), m < k. (4.52)
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The right hand side is equivalent to (z3(D;))™ u € L2(M) and the left hand side to

!
(:v%(Dw)E) u € L3(M). Since [z2,(Dy)3] € =% (M), the left to right implication
follows. For the opposite direction we observe that if u € C§°(M) then

leaDa bl = [ 3D Pounds+ [ (D)D) unds
M M

IN

23 (D)3l L2(any llull L2cary + Il 2(ar)
and similarly

2 1 1
|23(Da) S ull22ar) < l123(Da)ull Lz anllz2(Dz) 3 ull L2(ary + llull L2any llz2(Da) 5 ull L2(ar) -

Hence using 2ab < ea? + ¢71b? we conclude that for u € C§° (M)

(xz(Dxﬁ)lu

<C H z3(D)u m'
L2(M) mzsjk (2< >) L2(M)

b

if [ < 3k. A density argument and commutation with the remaining vector fields in
the definition of Iy L?(M; Ao, Jx 4, A1,2) conclude the proof. O

We should remark that the last space on the right hand side is equal to H (bk)(Mg)
with the measure v and thus the supermarked space on the left is an interpolation
space in k. For every order k = 2l the space I} LZ .(M; A1, A1 N Ao, %) is easily seen
to be characterized by the condition

(21Dg,)* (22Ds,)** (21 Ds,)" DE: DYu € H_14,)(M), (4.53)

Z4ki + 2ky + || < k = 2L. For I L% (M,AT,2), AT = Ay N {*z, > 0}, we need
1<

to add the stability under the operator x(|Da, |)X(F|Dz, |3 22)|Dx, |3 22 with weight
%. The following Lemma constitutes the harder part of the proof of Proposition 4.3
and it will be crucial in chapter 7:

Lemma 4.10. — If
v E IkLiloc(Mg,T)(ﬁ*{:cl =0,+z2 > 0} LU OM?))

then
6*1) € Ikleoc(M; Alia2) + ﬂ*HE’k)(M2)

Proof. — We observe first that the two conormal spaces in the Lemma are
interpolation spaces in k. As the Lagrangian space, Iy L (M ;Ali,2), was defined
by complex interpolation for k£ odd, we only need to prove the lemma for £ = 21,
l € Z,. It is also sufficient to consider the + case alone.

We can assume that suppv C B*{|z1] < ez3}, as on the remaining part of the
support the function is in H(bk)(Mz), see Fig. 4.1. Thus we can consider suppv C
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Mz 51—2 M1 63-1 M

Figure 4.1. The manifold M> and the support of v

M N B5_1{|z1] < ex}} and use coordinates (X,7), B3-1(X,r) = (r3X,r), where we
drop the insignificant coordinate z’. We also have

sttlpp'uM2 = {(X,’I‘;E, )‘) : X? Ea)‘ ER,re R+}’

and we can assume that
WF(@) c{(X,r;E,X): |Al <|E|}. (4.54)

In fact, using a ¥Q-partition of unity, we obtain v = v1+vs, WF(v1) C {|A| < |E|} and
WF(v2) C {|A| > 3|E}. Since (rD,)Pv; € LE(Ma), p < k we obtain vy € Hf’k)(Mz),
so it can be neglected.

Using the ellipticity of Dx in W F(v) we can then write

v=DRi+v¥*, § € LH, (M, V(8" {x1 = 0,22 >0} UOM)), v* € Hpyy(Mp).
(4.55)

Replacing v by v — v#, we now claim that B,v € It L} (M; AT ,2). Since all the other

loc
operators in (4.53) lift we only need to investigate D?  and

X(1Ds, )X (F|Ds, |3 22)| D, S 2.
Thus, we start with p = 3m < 2] = k and

D280 = Bu({+(rD, ~ 3X Dx)}*" DE3) =
= Drj, (r3m{%(rDr — 3XD,)}*™5)
+ ﬂ*([TSm{%(rDr - 3XDx)}*™, r3™DR]?), (4.56)

where we used Dy, 3. = B« 3Dx. Since [r~}(rD, —3XDx),Dx] = r~13iDx, the
expansion of the commutator gives

D37 B.v = D Buvr, 1 € Dok—2m L 10c(M2,0(8* {21 = 0,22 > 0} U Mz)),

2
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so that Dg’;‘ﬂ*v € H(_pm)(M) if 2m < 2l = k, that is %p < k, p = 3m. Thus the

weight of DZ_ is in agreement with the weights in I L (M, AT, 2). For p not divisible
by 3 we use

1 2
”-szu”%I(_%)(M) < _“Dgzu“i](_l)(M) + §||u||2L2(M)

212 203 12 L, 2 ) (4.57)
“szU”H(_%)(M) < g”Dzzu”H(_l)(M) + §||U'”L2(M)7 u € Cg°(M).

In (4.53), D, is the only operator with a fractional weight (%), so that if D2, occurs
we can use the stability under D3 . If V D, A occurs, where A is a product of operators
and V is an operator different from D,,, then we can use (4.57), integration by parts
and stability under V2A, D3 A, (D3 A € H_)(M)). This proves (4.53) for 8*v and
we still need to consider the remaining multiplier. That however is easy, since for v,
after all the reductions above (mod H, f’k)(Mg)),

X(IDz, )X (=| Dz, |5 22)| Dg, |3 2280 = 0.

In fact, let us consider H € L>®°(M>) defined by

H|mpnom, = (Blar\ons ) ((22)2).

Then B3.H = (22)° and (22)° Buv = B.Hv = 0, if as assumed, suppv C *{|z1| <

€x3}. We then observe that

1 1 1 1
X(u):hI)X(—ll)itl|3372)|'DI1|3w2($2)(i = X(|D;,;1|)X(—ID$1|3II)2)|D11|3.’32

concluding the proof. a

Remark 4.11. — A converse of Lemma 4.2 is also true:

B*I L3 (M; Af,2) € I L2, (M, 0 (8" {21 = 0, +z5 > 0} U OMy)),

v,loc

and although we do not need it, this fact is implicitly present in the Dirichlet estimates.
Its failure (see Remark 7.8) in one case considered in chapter 7 explains to some
extent the complications of the space Ji L*(X).

Proof. — Proof of Proposition 4.3 It is easy to see that the right hand sides in (4.47)
and (4.48) are contained in I L2 (M;A UA). Since I, L2(M; %) C IL*(M,8y), it

loc
remains to verify (4.48) and that easily follows from Lemmas 4.1 and 4.2 as

Iklez,loc(M27¢0(aM2 u ﬁ*{wl = O})) =
H?k) (M) + Z Ikle,,loc(MQ,'\@(aMz U B*{z1 =0,%z2 > 0})),
+

which concludes the proof. O
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Remark 4.12. — The same proof can be used for t = 1, with the 3 —1 and 1 — 2
blow-up replaced by a 2 — 1 and 1 — 1 blow-ups of the same submanifolds (with the
obvious modification in the latter case). The last (1—1) blow-up is not strictly speaking
necessary but it is useful in characterizing 8*I,(M; Ao U A1) as a b-Sobolev space.

4.3. Let M be a C° manifold with a C*° boundary OM. The b-Lagrangian
distributions in Sect. 7 of [34] were defined for C°>° homogeneous Lagrangian
submanifolds A C T*M\0 such that JA C ®T*M\0 is smooth,

7:T*M\0 — °T*M\0.

They were defined using (4.2) and (4.3) with totally characteristic operators, U} (M)
employed in place of ¥!. We need to generalize this notion to allow cases when
gA C ®T*M\0 is singular in a controlled way. A C* submanifold of *T*M\0, ®A, is
called a homogeneous (b-)Lagrangian if and only if dim ®A = dim M, A N °T},, M is
a homogeneous C*® Lagrangian submanifold of T*0M,

%wlp oA =0  YmelAntTh.M\O,

and ’A is homogeneous with respect to the natural R, -action on ®T*M\0. The
last two conditions simply state that ®A N *Ty,, M\0 C T*M°\0 is a homogeneous
Lagrangian submanifold of T*M°\0. Locally °A is given by the zeros of n = dim M
functions in C*°(*T*M\0) :

P’ANT={meTl: fi(m)=---= fo(m) =0},

fi € Coo(bT*M\O)a b{fi’fj} :0,
where T' C ®T*M\0 is a conic neighbourhood of m € ®A. To pass to the global
situation we consider the ideal

Jopn = {f € CZ("T*M\0) : flsr=o}

which is locally finitely generated. Since ?A is homogeneous we introduce for every
keZ
P9k (°A) = 9 po N SEL(PT*M\0)

and observe that
PA={m: f(m)=0,V f €M (°A)}.

Example 4.1. If Ay C T*OM\0 is a homogeneous Lagrangian submanifold and
M ~90M x[0,1), then A = {(z,y;£,71) : (y,n) € Ao, € =0} C T*M\0 is a Lagrangian
submanifold and jA C ®T*M\0 is a C™ b-Lagrangian submanifold.
Example 4.2 Let us define A ¢ T*R2\0 by A = N*{z + 3> =0}. If M = R2 =
{r>0}and A = A]T*M\O then ®T*M\0 D gA = {(z,y; \,n) : z+y? =nz—2y\ =0,
(n,A) # (0,0)} is not smooth.

We wish to consider Lagrangian submanifolds similar to those in Example 4.2 in
the sense of having defining functions which are polynomials in £ at the boundary in
a way which is invariant under b-canonical transformations — see [26], part III.

41



R. B. MELROSE, A. SA BARRETO, M. ZWORSKI

We use z as the defining function of the boundary and A = %oy (zD,) as its b-dual
variable in ®7*M\0. Then we consider

m * )\p m— *
SpFCT*M\0) = ¢ S ap € SpP(CTM\0) (4.58)
0<p<k

where Sflg(bT*M \0) are homogeneous symbols a € C®(®*T*M\0). These are the
!

symbols satisfying a(T,m) = r‘a(m), where T, is the R, action generated by
pam + A0, pan the radial vector field on T*OM\0.

The right-hand side of (4.58) involves a choice of coordinates but the space S{:;’k
is nevertheless invariantly defined. In fact, for k£ = 0, Sfl';’k = Sﬁ’é and S{:;’l can be
characterized by demanding that 7 - S}T;’l C Si and that Z - S}’)'é_llegM M vanishes

at A = %01(ZD3z) = 0, for any defining function of M. Since ) is well defined on
ngMM this gives an invariant definition. We then see that

S}Tgk = Z bi, .. ‘blp b by € S;';,l

0<p<k

is also invariantly defined. We should also remark that

S (OT* M\O) |+ proro = { > eita,

0<o<k

T*MO\O : ap E S}";V;*P(bT*M\O)} 9y (4.59)

where £ = 01(D;). This characterizes Sy . * as well. Clearly, the homogeneous
symbols (Shg) could be replaced by the polyhomogeneous ones (Sphg), or by the
usual symbols.

Definition 4.13. — A homogeneous C™ Lagrangian submanifold A C T*M\O is

called b-polynomially defined if and only if there exists an ideal 9 C |J nglf(bT *M\0)
m,k
such that
A={meT*M\0: y*f(m)=0, V fed}.
Putting
b (A) = 9 n | SEk (T M\0) (4.60)
k>0

and using elliptic elements of Sghg(bT*M \0) we see that a b-polynomially defined
Lagrangian A is given as

A={meT*M\0:j*a(m) =0, ¥V a € *o¥(A)}. (4.61)
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We can define *9R¥(A) for an arbitrary A C T*M\O as the set of a €
U Sg;lg(bT*M \0) such that y*a|s = 0. Then for b-polynomially defined Lagrangians
k>

(4.61) holds. One easily observes that if JA = ?A is a smooth b-Lagrangian, then
bon# (A) O 9Ny (A) with strict inclusion in general (see for instance Example 4.1
above; equality occurs for A == N*oM).

The property of being b-polynomially defined is local near each fiber of Tj,,M.
Thus if m € Tj;,,M, we say a C*™ Lagrangian A is b-polynomially defined near m if
for an open cone I' C T*M\0, m € T’

ANT={meTl: y*f(m), V f € L£r} (4.62)

where Jr is an ideal in U Sgil (*T*M\0). If T is everywhere locally b-polynomially

defined, a partition of umty argument shows that A is b-polynomially defined. We
could rephrase the local definition by saying that A is defined by bG)]’L#(A) near m (or
inT).

Example 4.3. We give an example of a Lagrangian submanifold which is not b-
polynomially defined and to do that we start with the non-homogeneous case. Thus
we define A C N C T*]Rﬁ,, for a small neighbourhood of (0,0), N, as the set of zeros

of
fo(@,y;€,m) = 2 +n(E+ 1)y + f'(€))

where f € C®(R), f*)(0) = 0 for all k and f(t) # 0 if t # 0. We easily check
that df1(0;0) and df2(0;0) are linearly independent and that {fi1, fo} = 0. Since
Bé‘fl(O;O) = 0 for all k, f1(0,y;£,m) cannot be written as a polynomial in . By
introducing an additional variable z with the dual {, a homogeneous example is
obtained by taking ﬁ(a_:,y,z;f,n,C)_=_fi(m,y;£/(,77/(), 1 = 1,2 and choosing a
homogeneous function f3, so that {f;, fs} = 0, as we may by Darboux’s theorem.
The vanishing of f;’s defines a smooth homogeneous Lagrangian submanifold in a
conic neighbourhood of (0; (0,0,1)) € T*R3\ 0.

If 1% = I'NT*M°\0, where I is the open cone above, we can consider a canonical
transformation

x:I° — T*M°\0, (4.63)
which we assume extends to a b-canonical transformation [25]
b : T — *T*M\0, ) c'r (4.64)
such that
x((m)) = g(m1),  mu € Tgp M\O. (4.65)

The basic invariance property is now given in
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Lemma 4.14. —  Let us assume that A,Ay C T*M\O are homogeneous C™
Lagrangian submanifolds and x with the properties (4.63), (4.64) and (4.65) satisfies
also

x(ANT%) C Ay, N*OM N A =0. (4.66)

If Ay is locally b-polynomially defined near my, then A is locally b-polynomially defined
near m.

Proof. — The second condition in (4.66) shows that A = cl(A N T*M°\0)
which in view of the first condition holds also for A;. Thus A; is defined by

bONY (A1)|7+aro\o near my. Since *IMF (A1)|r-prev0 € SUT*MO\0), A is defined by

x* (*9MF (A1)| 7+ ar0\0) near m. Recalling that ®x*z = az and bx*\ = bA+cz, a,b # 0,
1 \

and that ®x* preserves Sg}]g(bT*M \), we easily see that

X SRt T M\0) — SiF (D).

Thus x* (*9f (A1)
m. O

7+ Mo\0) extends to J S;’}’l’g (°T), and this extension defines A near
k>0

We next consider marked Lagrangians. Let K C A be a homogeneous submanifold
of codimension 1 satisfying the condition

K is tangent to T5x X to a fized finite order. (4.67)
Note that we do not demand that K = {m € A : a(m) =0}, a € Sg;l’gk(bT*M\O)
even though this is the case in all applications. For A and K satisfying (4.67) we
define,
bon# (A, K) = {a € ®F(A) : H(ja|7. poro) 18 tangent to K’ NT*M°\0}.
The b-canonical transformations preserve b-Hamilton vector fields which satisfy
b
Hiler a0y = Hye flreprono:

Thus, because of (4.64), the definition above is invariant and we obtain the following
analogue of Lemma 4.3:

Lemma 4.15. — Let x,A, A, A1 be as in Lemma 4.3 and assume that homogeneous
hypersurfaces K C A, K1 C A satisfy (4.67) and

x(KNT) C K;. (4.68)
Then
f e b (A1, K1), supp f C °x(°T) = bxif € M¥ (A, K).
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To quantize these geometric notions we recall the definition of a class of operators
from [25], Sect.IIL5:

Z PiAi+BiQ;: Ai,B; € ¥)""™ (M), P;,Q; € Diff (M), m; < k}

finite

v = {
By restricting to the interior M°, and using (4.59) one easily obtains a surjective
symbol map
50mp s U (M) — S™FCT*M\0), *0mk(PA) = Gora(p)(P) - *Ormora(p)(4),
if P is a homogeneous differential operator of ord(P) < k. These leads us to define
TR (M, A) = {C € UPR(M) : Y0, 1(C) € PO (A)} (4.69)
and similarly
TR (M A K) = {C e UF (M) : Yok (C) € I (A, K)}.

We can also consider a disjoint union of two cleanly intersecting Lagrangians A, As,
A1 UA; and define ®91% (A} LIA2) and \Il;"’k(M, A1 UA3) with the analogue of Lemma
4.4 easily available. We note that

b (A U Ag) PO (A;), i=1,2

(4.70)

TR (AL UAg) C OPF(A).

Let us consider the following Lagrangian varieties
L=A {A,K} or AjUA; (4.71)

with A, K, A; above. We say that £ is b-polynomially defined if the Lagrangians in
£ are b-polynomially defined and K satisfies (4.67). We then have

Definition 4.16. — For a Lagrangian variety £, | € Ny and s € R, we define the
space of distributions

Ile[(s)(M;f) = {u € H(s)(M) : C1...Cpu € E[(s)(M)

) Lk § ) (4.72)
if C;e ¥ (M,L) for somek, and any 1’ < 1}.

To study the invariance we recall from [25], Sect.IIL.5, that if F' is an elliptic b-Fourier
Integral Operator of order 0 and G its parametrix then

FUH(M)G ¢ vF(M). (4.73)

If F is associated to a b-canonical transformation satisfying (4.63) and (4.64) we
rewrite (4.66) and (4.68) as

x(€NT) c £ (4.74)
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with an obvious modification for £ = A;UA,. Let C € \Il?’k(M) and C; = FoCoG.

By (4.73),C, € \I/Z”’k(M) and we want to compute its symbol. Let F°, G° C° and C?
be restriction of the operators above to M°. Then C° and C{ are pseudodifferential
operators of order m on compact subsets of M°. Egorov’s Theorem (see Theorem
25.3.5 of [14]) shows that x*o.,m(F° o C° 0 G°) = 0,,(C°) on the subsets of I' which
have compact projections to M°. It follows from the definition of o, j that

bam,k(Cl) = bx*bamk(F 0C10G) = bam,k(C) in *T.
Combining this discussion with Lemmas 4.3 and 4.4 we obtain

Proposition 4.17. —  If x satisfies (4.63), (4.64) and (4.74) and F is an elliptic b-
Fourier Integral Operator of order 0 associated to ®x, then for £ locally b-polynomially
defined near T’

u€ IPH)(M,2) and WFy(u) C°T = Fu € IPH ;) (M, 2).

The main application will be to Lagrangians which are actually polynomially defined.
That property does not carry the necessary invariance but it is very useful for
computations (see chapter 6).

Proposition 4.18. —  Suppose that £ is b-polynomially defined and that b?)]lf&(&) is
spanned over ¥)(M) by {A;Q;}jes, Q; € Diff™ (M), A; € \Iltl,_mj(M), A; elliptic
(in the totally characteristic sense). Then

u € Ikﬁ(s)(M7£) = le . 'leu € ﬁ(s—{—.l—; mjp)(M)? <k, jp € J (475)
p<l

Proof. — Definition 4.16 implies that A;, Q;, ... A; Qj,u € H5(M). We recall the
commutation relation:

Q € UVH(M), Ae UL(M) = AQ = QA + @/,

4.76
Ay € Th(m), boy(A) =boy(Ay), Q € THTLE (4.76)

which follows from iterating

AV =V (zAz™Y) + [Vz, Alz~t, V € Diff' (M), [Vz,Alz~* € UL~ 1(M).
We also observe that

OPR (M) - I H ) (M, 0M) C Iy—mikHip—y(M,0M), ¢, g—m +k > 0.

Thus by successive applications of (4.76), we obtain that for an elliptic operator
Ae (M), L=1-3Ymj, AQj,...Qj,u € I_LH(s11)(M,0M). Let B be the
p<l

parametrix of A in \I’;L (E\/I) Applying it to the previous expression we obtain (4.75).
d
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5. REFINED ESTIMATES IN THE PAST

In the space of distributions defined in chapter 3 only the forward cone and part of
the reflected front (the cusp) appear. Since the only data in the past is the incident
front this is natural in the case of forward propagation. However, in principle some
singularities could appear in the past on the boundary of the resolved space X4 and
the purpose of this section is to present some refined conormal estimates which show
the absence of such a behaviour. The essential component here is the use of weighted
L?-estimates ‘in the past’ similar to those in [32].

We will use the coordinates introduced in Propositions 3.1 and 3.2 and define
the non-homogeneous past, K, using the model operator Fy. To start, we define
qo € C*(X1), independent of 7 and y as

go(w) = r_4(ﬂ*q)(r, w), q(z)= z + 8xiry — foxz - 3:c§

Thus 8*Q = {(r,w,y) : go(w) = 0} is the model cone (see Proposition 3.1).
Throughout this section we will write 3 = (3;. We then consider

X\ {(rw,y) : @w) =—€}, €>0 (5.1)

which for small € has three components.

Definition 5.1. — The past in X’l, K3, is defined as the component of (5.1) which
contains B*Q_, where Q_ is the retarded model cone over I'. We then define
K = (.K,, (5.2)

The intersection of K; and 8)~(1 is shown in Fig. 5.1. It is actually convenient to
consider also a 1-2-3 homogeneous change of variables (cf. Proposition 3.3 ) which
allows us to write

q(z) = 4123 — 75, Po =Dy, Dy, — D3, (5.3)

and

P=P+Q, Q €Diffs;_5_3)(X). (5.4)

The surface 0K is smooth and spacelike for P away from I' (if X is sufficiently
small). More precisely:
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Figure 5.1. K1 N 85(:1, 6*1?’08)?1 and 8*Q+ 06)?1

Proposition 5.2. — If r(z,y) = (X,1<ics 22112 s the 1-2-8 radial variable and

S;, z¢€ )A(:, is the retarded solid P-cone over z then

1.S;NXCKNX if ze KNX.
2. inf{r(z): 2’ €S;}>Cr(z) if ze KNX.

Proof. — Since the singular set of 0K is of codimension 2, and thus the smooth
part, 9K \ T, is connected, it suffices for part a) to show that K \ T is space like, i.e.
that for m € 8K \ T and f, a defining function of 0K near m, p(df(m)) > 0. As the
function f we can take B.qo+ € which is smooth in a sufficiently small neighbourhood
of m. Thus we want

p(d(Beqo)) = *ps(dgo) > cr™*, pg = Yo2(r*B*PB.), ¢>0.

From (5.4) we see that 8*PB. = 8*Pofx+rQ1, @1 € Diﬁ%()h). Hence, by shrinking
the domain, it suffices to show that

pos(’dgo) > ¢, pog = ‘o2(r*B* Popi)

for go = —e. Since qo is independent of r and y, the left hand side can computed in
local coordinates on 8X1, yielding ¢ proportional to €.

To establish b) let us consider the retarded cone S;, z € R3, over {(z,y) : y €
R"3} N N where N is a small neighbourhood of I' € R". It is defined as the
projection to N of the union of the maximally extended retarded bicharacteristics

starting at N*({(z,y) : y € R®3} N N)Np~1(0). By the analogy with S; we define
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the solid retarded cone over {(z,y) : y € R®3} N N, S;. We then claim that for N
small enough

S-

@y NN CS; NN (5.5)

for which it is enough to show that the tangent cone of S(_x‘y), T(I,y)S('Ly
in a component of R™ \ T(, S, where T, ,)S, is the tangent cone of S;". Since
S, is characteristic, T(, ,)S, is tangent to T(%y)S(_z ) and the conclusion follows
from the general fact about quadratic forms: let g be a Lorentz quadratic form
(i.e. of indices of inertia 1,n — 1). If C4 are the connected components of the cone

C ={X :g(X) > 0} and Il is a plane tangent to C then II separates Cy and C_.

) is contained

It now follows from part a) that TNS;° = 0 if z € K N X , as otherwise a
neighbourhood of a point in I" would be contained in 87 ° (I' C 0K).

Thus the minimal value of r(2'),2’ € S7, z € K N X is attained on 8S; = S;. We
also note that (5.5) implies

inf _ -
zGS(THy)

AnT(2) 2 infzes;rwr(z)’ (5.6)
so we would like the bound for the right hand side.

We will first obtain it for @, that is, for P = P, the operator with constant
coefficients and homogeneous of degree —4. In that case Q, = {(z/,v’) : ¢(z'—z) = 0}
for a 1-2-3 homogeneous polynomial of degree 4, q. If r(z,y) = 1 we easily see that
0 ¢ Q7. In fact, we would then have (z,y) € QF which contradicts 3*KNB*Q¢ = 0 if
(z,y) € K. Thus, for (z,y) € K, r(z,y) = 1, we have r(z’,y') > C~1if (z/,y') € Q.

For any (z,y) = z € K we obtain (Z,§) = Z = Ty(,)-1z € K with r(Z) = 1. Since ¢
is homogeneous we then have Q; = (T;())Q; and for 2’ € Q,

r(2') > r(z) inf{r(v) :v € Q7 } > C~'r(2).

The general case follows from a perturbation argument based on (5.5) and (5.6).
Let us first observe that

inf, g~ r(z) = inf - infze'y(;yy) r(z),

(z,y) RITE

where 'y(_z,y) runs through all the retarded characteristics starting at (z,y). For
v = 'y(_x Y)? let us define

L, = inf{r(y(t)) : 0 < t < inf{t:r(y(t)) > 2r(z,y)}}

and it is enough to show that for some ¢ > 0 and (z,y) € KNN, I - > cr(z,y).
(z,y)
In fact,

inf {r(y(t)) : 0 <t < too,¥(t) € N} = infy inf{r(y(t)) : th <t < t2} =
infyinf, _ - inf{r(fx(¢)):0<t < ty —ty} > infy, Iy, > cr(z,y),
Y(t1)
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if we choose t§ = 0 and

tp =inf{t > ti : (y(t) > 2r(v(tk)}, thpa =sup{t > § : r(v(1)) > r(v(t}))}.
Part a) of the proposition was used here in asserting that y(t;) € K.

In view of (5.5) we obtain
I‘r(;,y) > inf, mf’r=’7(‘,,y) I5,

where 4 runs through the retarded characteristics lying in S_ . Consequently, we only
need to show that I5 > cr(z) for any such 4.

Let us make a change of variables
t=Ts-22, z2=(z,y), &' =(2,y)
so that
P(',D,) =6 *(Py(z,D;) + 6P1(6, 2, D))

and we introduce the operator Ps(z,D,) = Py + 6 P;. Using its principal symbol ps,
we can define :Y(_z,y), s and Sf, s as we did for p. It follows that

Vo) = L6V y),60 Stse = L6555 (5.7)

To describe ’7(; y),6 We can use the parametrization

:Y(—x,y),a(t) = 7 (exp(tHp, (%, ¥;&,0))), [£]=1,t>0,
with (z,y;£,0) in the retarded component of
p; '(0) N NG,y {(2, ) : § € R*}.

Since Py(z, D) is strictly hyperbolic in R? (or by a direct computation) there exists
T independent of 0 < § < Jp such that for T < ¢t < 2T, r(ﬁ(;,y),é(t)) > 2. This is

obtained by first arranging that d(I',%(¢)) > C, T' < t < 2T where d is the euclidean
distance and then observing that 7(z) > C'min(d(z,T),d(z,T)3). Hence for r(z) = 1,

I_ > infoct<r T(Taﬁ(_z,y),é(t))’

TT5(z,v)

and it is enough to show that there exists do > 0 such that for § < § and r(z) =1,
info<t <77 (V(z,y),5(t)) > c. Since

d(p;1(0)N{n=0}NS*N,p;*(0) N {n=0}NS*N) — 0, § — 0,

the continuous dependence on parameters and initial data for solution of ordinary
differential equations implies that

SuPo<t<T d(:Y(_z,y)’()(t)v’?(—w’y)’,y(t)) — 0, d — 0.
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On the other hand Q; = S, ; and hence
infr(Yz,y),0(t)) = inf,co-r(z) 2 cL
By taking d small enough we get ¢ = 1/2C. g

If ¢(2) is a time function for P (in view of Proposition 3.1, we can take ¢(z,y) =
z1 + z3) once we arrange in Lemma 5.5 below that o2(Q)|n+r = 0 we can assume
that {2 : |¢(2)| < 6} € X C {z: |¢(2)| < 20} for some small 5. We then define

X_ ={z€ X :¢(z) < —46/2} and denoting K N X by K,

L2 (K)={uel?XK): u=0 in KNX_}.

If A is the forward fundamental solution of P we form the operators

. <5<
Bj={ Dz, A 1sj<3 (5.8)

Dy, ;A 4<j<n

which in view of part a) of Proposition 5.2 and the energy estimate, have the mapping
property

B;: L*(K)— L2(K), 1<j<n.
We can now state

Lemma 5.3. — If A is the forward fundamental solution for P and K, X and B;
are defined above then

B, :rPL2(K) — rPL2(K) (5.9)
forallp>1andl1l<j<n.

Proof. — By Proposition 5.2, Af € 9'(K) is well defined for f € L2 (K) and the
energy inequality gives (5.9) for p = 0. If b; is the Schwartz kernel of B;, then, since
supp bj(z,8) C S, part b) of Proposition 5.2 gives

bj(z,2') =0 if r(') <er(z), 2,2/ € K. (5.10)
One can now apply the dyadic decomposition argument as in [32]:

K = UK;, Kf=Kn{z:2777 p<r(z) <277p}, K(y = U K?.
k<j

Let us define

u(z), ze€ K’
“@')(Z)={ &) )

p
0 zGK\K(j).
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It is easy to see that with L?(K) norms and p > 0,

Lo 20
IrPul® < P Yy 2727 ||uf) |12 < s |lrPul?. (5.11)
: (4) 22r _ 1
j
It now follows from (5.10) that (Bu);) = (B(u(;)°)(;) and from (5.11) that
247
D 2 -p P, 12
7 Bull® < 7 2 rou
which proves the lemma. O

We now show that if the only singular data for the free propagation in the past
is the incident front, no new singularities appear in the past on the resolved level as
well (see Fig. 5.1). In particular, the retarded cone is not present at all.

Since, away from I, F and S are simply tangent along B we find that in coordinates
in which (5.3) holds

F={(z,y): 23 = w%a(:cl,xz,y)}, a€C™.

The map

Ni=

(@1, 2, 3,y) — (21, 22(1 — 210) %, 23 — a:%a, Y)

preserves S , B and maps F into
F ={(z,y) : z3 = 0}.

It is also convenient to assume, without any loss of generality, that the coefficient of
D2 in Pis 1.

T2

Proposition 5.4. — If the operators Bj are defined by (5.8) and K, 1is given by
Definition 5.1 in the definition of K, K1 = 8*K, then

Bj : B Iy L2(K1,0X, U B F) N L2 (K) — B.Ix L2 (K1, 80X U B*F).

Before proceeding with the proof we shall establish

Lemma 5.5. — Let us define the following vector fields:

3
‘/00 = ZJZJDIJ7 ‘/OJ = Dyj, 1 S] S TL—3, ‘/11 = Dzl, ‘/21 = sz'
j=1

Then, after a possible change of coordinates satisfying (3.8),

[P, Vix] = —4i0koP + Z Wiki Vi + Zik
gl

where Wij1, Zi, € Diff'(X1) and the coefficients of Wixj, are O (pmax(0,j—d)),
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Proof. — We first want to arrange that 72(Q)|n«r = 0 while preserving the form
of F (with a change of coordinates satisfying (3.8)). That however is quite easy
as the only terms in @ with homogeneous symbols possibly non-zero on N*I' are
aDZ? + bDg, D,,. Thus replace a and b by a(0,y) and 5(0,y) and make the change
of variables

b 1
T +— T — 53:2 + (a— sz)xg, Ti— xy, 1 F£ 1

Since then Dg, — Dg,, Dzz + ble — D,, and D,, — (a — g)Dgg1 — Dg,, the
reduction is complete as D — Dy, Dy, + aD2 +bDy, Dy, — Di, — Dy, Dy,

Since [Py, Vi) can be explicitly calculated and {z3 = 0} is characteristic for P, it
is easy to see that we only need to check this for [@,Vik], Q as in (5.4). Thus
Wok11 V11 contains only terms Dmle,Dml,D sDz,, as the terms Dyj D,, can be

put in Woko;Vo;. Since the symbols of @ and Vo vanish on NI, the coefficients
have at least one factor of z; and thus are O(r).

The term Wok21 Va1 can only have Dy, D,,, as D2 does not occur (D2, has coefficient
lin P and Dy, D,, Dy, D,, can be included in WOkll V11 and Woko; Vo; respectlvely)
Since D,,D,, is homogeneous of degree —5 it has to have a coefficient in O(r?).

Finally we consider Wy121 V21 which has terms of homogeneity —4 or higher. Again,
it has to have coefficients in O(r). O

Proof. — Proof of Proposition 5.4 We start by characterizing the push-forward of
the conormal spaces in the proposition:

9 € B LA(B K, 0X1 UBF)N LA (K) <= [[Vgrg e r2en—on L2 (K), (5.12)

ik

|| < k, which follows easily from the definition of the conormal space in X;. If
u=Af, f € BJRL2(6*K,0X, UB*F) N L2 (K), we want g = Dy, u, Dy, u to satisty
the condition on the right hand side of (5.12). To obtain that we shall use a more
refined version of the usual ‘system’ argument (see [32], chapter 6). For that we will
define

(W)pmi € L*(X;CN), N =N(p,m,0) €N, (5.13)
by an inductive procedure using

(u)g;,m,l = {ka( )p llm’Vk(u)fz,m,l I;V}k( )gm 1,0 ° :
Z=0’1;3=0a172;k=0a"'?n 3} ( )000““7

where the vector fields are applied to each component of (u )., assumed to be 0 if any
of the 1nd1ces is less than 0. Note that we allow repetitions and order the components
of (u ) using the lexicographic ordering of products of vector fields. To define (5.13)
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we start by setting (u)o,0,0 = u and continue with

(@o,0041 = {(w)o,005 (W g 141}
(@o,m+1,0 = {(Wom,i; (W i1,

(W)p+1,m,1 = {(W)p,m,1; (u)f)+1,m,l‘}

where to identify with CN, N = N(p,m, 1) we again use the lexicographic ordering of
products of vector fields. We again adopt a convention that (u)p m; = 0 if any of the
indices is less than 0.

The characterization (5.12) can be rephrased in terms of (g)p,m, as follows:

9 € BIRLE(B K, 80X, UB F) N L2 (K) <= (9)p.my € 7™ 2L2 (K;CNEmD),

(5.14)
p+m+1< k. If Pu= f, we will obtain the following system
Pomt(Wpmt = Wy 1 (Wp-1,mis1 + Vo1 (Wp-1,me11+  (5.15)
U;l)lm 1(W)p,m—1,141 + fp,m 1(f)mlp
where
Pp.my € Dif2(X;CN@mD cNEmDy - Goy(@, ) = 0a(P)ldenwmy,  (5.16)

~(O20 . c DIHI(X (CN(p,m 1) (CN p—1,m, l+1))
"(1)10 y € Dlﬁ-l(X CN(p,m 1) (CN(p-—l m+1, l))
~(011 1 € lefl(X (CN(p,m 1) CN(p,m 1, l+1))

with the coefficients ofﬁ)’J my M O(r), and 5 my € C® (X;CN@mb @ CNPmD), 1f
(5.16) holds then Lemma 5.5 is still available:

[‘Pp m,l Vikldene,m z)] = —4i5k05Pp,m 1+ (5 17)
> WikrsVesldenwmn + 5™, 5™ € Diff! (X, CN@mb, cNEmD),

T8

The operator in the system is defined by successive inductions based on (5.17) and
the inductive definition of (u)p,m.i:

Poor1(@ooirr = {P0,0,:(4)0,0.15P0,01(Vik (w)} 0.0.1) ZWzkrs s ( 001)

~0,0,0 )
2 (u)g,o,l”‘ # 2},

where we identify ij(u)o o, With components of (u )0 0441 but use Poo; on
{0; Vik(u )0 ot €9 "(X;CN©O0D) The terms on the right hand side of the system
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equation are ‘()g 0y =0 and

F0,0,04+1(f)o,0,41 = {F0,0,1(£)0,0,15
VooFh 0.1 (Fo.os — 4i5h o 1 (£o.0.t, Vie(Fb o1 (£)o,0.), 1 > 0},

where 5§, /(f)o,0, =90,04({0, (u0,00)'}).

The next induction will introduce W’ L

SPO,m+1,l(u)O,m+1,l = {‘(PO,m,l(u)O,m,l;*(PO,m,l(V 0 m, l Z ijrs rs )0 m, l)
ERE ]

& 0,m,l .
ijm (“)g,m,z’*(PO,m+lyl~1(Vik( 0,m+1,l— 1) ZWW& s ( 0m+1l )

2y W) 1 13 = 0,150 =0, 1,2; k=0,---,n—3},

with the same convention as before. Thus Pg 41, is constructed from Po ,m,; and
(‘PO,m+1,l—1- Now }(aa?m+1,l =0 but

WY g1, (Womir1 = {08 1 (Wo,m—1,141; Wika1 (Va1 (w)} . 1); 055 # 2},

where we consider Va1 (u )g m,, @ a component of (u )O mi+1- We also have

Fo,m1,1(Foma1, = {Fo,m,1(f)o,mi; Voo(f)o ml 41(*% m(F)omts kafg,m,,(f)o,m,l;
Voo ( 0,m+1,l— 1(f)0,m+1,l—1) - 42( 0,m+1,l— 1(f)0,m+1,l—1),

Vik (ffg,mﬂ,l_l(f)o,m+1,z_1) : i=1,2k=0,---,n—3}

¢ def
where 55 1, y(Fom = F0.m1({0, (w5, 1})
Finally, we define

9jp+1,m,l(u)p-H,m,l = {*(P ,m,l(u)p,m l;gpp,m l(VOk( ) ml WOIcOs ‘/Os( ) m, 1)
Dy P,

& p,m,l
ngm (U)f;mz»’)pﬂm ll(ij( )p+1m 11 Z Wakrs rs )p+1m 11)
8, 7#2

#

p+1,m—1,1
ij ’ ,(u)p-f-lm 1L, Pp+1ml l(Vik( p+1ml 1 E:Wzkm rs p+1ml 1)

zf’jlym’lﬂ(u)gﬂ,m,l—l :j=0,1;i=0,1,2,k=0,--- ,n — 3},
and
WpSt,m (Wpma1,t = {0 pom 1 (Wp-1,m41,0 Worrr (Vi (w)¥ . ); 0,03k =0, -+ ,n — 3},
10p+1 mt(Wpmit1 = {Dp,m (W) p—1.m141; Worar (Var (u )pm Di0;0;k =0, n—3},

®p+1ml(u)p+1,m—-1,1+1 {mpml( )p,m 1,413 05 W3k21(V21( )p+lm 11) 0;
]=0,1;k=0,-" an_3}a
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where again we use the convention that, for instance, Vll(u)f] m.1 18 @ component of
(u);f)’m +1,- The definition of Fp41,m, is analogous to those in the previous cases.

Since the principal symbol of Py, 1 is PIdcn(p,m.1y, Lemma 5.3 can be applied in this
setting and thus

u=Af, (f)o,o, € 7'_2IL2(K, CN(O’O’I)) ==
2l 72 N(0,0,1 (5.18)
(9)0.04 € r~2LA(K,CNOO) 4 = Dg,u, Dy, u.
Using the right hand side of (5.18) and (5.15) we can now prove by induction that
(9)o,my € ™AL (K,CNO™D) g = D, u,Dy,u. (5.19)
In fact, (f)o,m,; € r~™ #L23(K,CNOmV) in view of the characterization (5.14), and
WYL (Wo,m—2,41 € 7 (MTDT2ED 2 = pom=2A T2

7ﬂ(lJ,1m,l(u)0»m—1,l+l € O(r)p~(m=D-20+1) 12 = p=m=2p2

by the induction hypothesis. Thus another application of Lemma 5.3 gives (5.19).
Using that as the starting point of an induction on p concludes the proof. O

The immediate consequence is the following refinement of Theorem 3.9:
Theorem 5.6. — If J,L2(X, H) is given by Definition 3.5 and
Pu=f inX, ulg =0, feJJLXX,H), flz =0,
then
uwe JILE (X, H).

Proof. — Let us first take s = k € Ny. Then clearly

”'U”ka()?,H) < Hﬁgvllj,c[,gs()?s,@s) + 2||ﬂ*v||IkL,2,1(Kl,axuﬁ*F)«

If v = xu or v = Djxu, where x € C§°(X), then by Theorem 3.9 and Proposition
5.4 the right hand side above is bounded by

“'B;f”IkL,’-is()?s,Ss) + 2“ﬁ*f||IkL2(K1,8XUB*F) < 2||f”JkL2()?,H)-
Thus,
Ixull jape .,y < 20815, 2%, 10
for any x € C§° ()Z' ), so that the general case is immediate by interpolation. |

We would now like to have an analogue of Proposition 5.4 for the Dirichlet problem.
It is convenient to find appropriate coordinate functions.
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Lemma 5.7. — There ezists a diffeomorphism satisfying 3.8 such that the coordi-
nates given by Proposition 3.1 to transform to coordinates (z,y) near I' = {z = 0}
in which

P=Py+Q, Py=D?: —z,D? — Dy D,,,

2 (5.20)
Q € Diff3;_, 5, 02(Q) Inr=0.
and
X ={z2 >0}, 0X = {z =0}. (5.21)
Proof. — Starting with the coordinates given by Proposition 3.1 we take an inverse
near 0 of the transformation
T1 — T1 (5.22)
2o — (16)3 (322 — 2?) (5.23)
z3 — 2723 + 97122 + 573 (5.24)

so that the cusp is given by {(27z3 + 9z1z2 + 523)% — 16(3z2 — 22)% = 0}. The
operator for which the conormal bundle of this cusp is characteristic has to be of
the form Py + @, Q € Diffg,l_2_3(]R”) where we rescale z; if necessary — this can
be seen directly or by transforming the statement of the proof in Proposition 3.1
(the motivation for this computation and the ones below is given by the explicit

expressions for Km in chapter 7).

As in the proof of Proposition 3.1 we can preserve the cusp and take the boundary
to be {zz = 0}. Then also

~ 1 —o_
F={(z,y) : 23 — z122 + gx:f + f2 =0}, fieM23(R").

We claim that we can preserve 0X = {X»> = 0} and map F to {zs — z122 + i3 =0}
by a transformation satisfying (3.8). In fact, proceeding as in the proof of i) in
Proposition 3.3 we need a family of vector fields V; tangent to X such that

1
‘/;(.’1:3 — ZToT1 + g.’l):l‘ + Sf4) = —f4.

and for that we can simply take, near (0, y),

I _
V9 - 1+58z3f4623, 6z3f4(0’y) =0.

The resulting diffeomorphism clearly satisfies (3.8). It remains to check that
02(Q) [n+r= 0.

Since {z3 — z122 + %x:{ = 0} is characteristic for P and Py it has to be characteristic
for Q. The only terms with symbols nonvanishing on N*T' are aDZ + bD,, Dy, so
that leads to the condition a(z? — z2) = bz; implying b(0,y) = a(0,y) = 0. This
concludes the proof of the lemma. a
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We shall need a number of preliminary facts and we start by considering the
following problem. Let V be a fixed vector field of the form

V =aDg, +bD,, + (c,Dy), a,be€ C°(X,R), c € C(X,R"3).
If ¢ denotes a time function, let us consider the solution of
Pu=Vf, ulox=g, u=0 for ¢(z) < -0 (5.25)
where f € C§°(X;5), g € C§°(Xs N 0X) with X5, a neighbourhood of 0 in X such

that ¢(z) > —§ in X5. We then define the map
T:(f,9)—u

allowing also the notation Thg = T(0,g9) and Tof = T(f,0) so that T(f,g) =
Ti1g+ Tof. Before proceeding with the analogue of Lemma 5.3 for T3, 7> we need the
following

Lemma 5.8. — If f € C(X;5) and g € C°(Xs N OX) with X5 sufficiently small,
bicharacteristically conver neighbourhood of 0 in X, then the solution of (5.25)
satisfies

lullz2cxs) < C8%(| fllz2(xs) + Cllgll L2oxn%5)- (5.26)
Proof. — By translating 0 € X we shall assume that
XsCXb={2€X:-6<¢(z) <0},

where, as we may, we take ¢(z,y) = x3, (only the tangency of the time function to the
boundary is important). Let us recall the energy inequality, [14], (24.1.4), (compare
also (24.1.6) there):

6‘1/(|h’|2+|h|2)dv 305/ | Ph|?dv +
Q Q

n—3
C [ (P +|Dashl? + Dokl + Y Dy hS,  (5.20)

Qnax im1
where Q = {z: 22 > 0,23 <0} and h € §(R"), h =01if ¢ < —4. Let x € C§°(R")
be supported in a sufficiently large ball around 0, so that x(z)u(z) = wu(z) if
—§ < ¢(z) < 0. The existence of x follows from the finite speed of propagation
(see [8], Sect.VIL.8). Consequently, it suffices to establish (5.26) with u replaced by

XU.
We now follow, in a slightly modified way, the proof of Lemma 24.1.5 in [14] by first
introducing
n—3
By(D')" = ((L+ D3, +_ D))"/ +iDa,)’

i=1
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and then applying (5.27) to h = E_1(D’')*xu. It is important here that h = 0 in
@(2z) < =4, since u = 0 there. We also recall that by Theorem B.2.4 of [14],

||EI(D/)h||L2(Xg) < C(”Dmh”iz(xg) + ”D:cshniz(xg)

n—3
2 2 1
+ Z_; ”Dyih”LZ(Xg) + ”h“Lz(Xg))z
1=

and

n—3
E_y(D')*[P,E{] = Ra,(2,D}) Dz, + Ray(2,D.)Duy + Y | Ri(2,D},)Dy, + Ro(z, D)),

i=1
where Ry, R; € S°(R",R"!), D, = (Di,,Dq,,D,), and Re(2,D,)Dyw =
R (2, D, )w,, if we = Dew for ¢(v) < 0 and we = 0 elsewhere.
Thus,

”X““Lz(xg) = |]E1(D')*h||L2(X§)
052”E—1(D,)*PUHLZ(X§) + C5||E—1(D/)*g”H(l)()‘(gnax),

IN

since xg = g. We conclude the proof by observing that
IE-1(D")" Pull j2(x1) < CllPull g,y xs) < CllFllz2(x5) (5.28)
and
IIE-l(D’)*glle(xgnaX) < 1E-1(D")* gl 0x) < llgllzzox) = 119l L2(x5n0x)-
O

By following the proof of Lemma 24.1.6 in [14] and using (5.28) we also obtain the
mapping property:

T: L*(Xs) x L*(Xs N 0X) — L*(X;5) (5.29)

with small norms ©(42, ), in the first and second factors, respectively.
Let us now modify the previous notation to the boundary value problem case.
Thus we consider

Ks = Kn Xy,
where K was defined by (5.2) and X5 was given in Lemma 5.8. Similarly, we define
K? = K5 NoX,

and L2 (Kj5), L2 (K?), by analogy with L2 (K). With this notation we have

59



R. B. MELROSE, A. SA BARRETO, M. ZWORSKI

Lemma5.9. — Let K5, K¢ be as above. If g € L2 (K§) then

I Taglzas) < Collrellaasy: (5.30)
and if f € L% (K;) then

7P T2 fll 125y < CO°[I7P fllL2(x),s (5.31)
where, T(f,g) = Tof + T1g is the solution operator for (5.25).

Proof. — The support property required in the proof of Lemma 5.3 holds for the
mixed problems as well (see [8], Sect.VIL.8). Since the existence is guaranteed for f
and g in L? we can again proceed using the dyadic decomposition. The details of the
proof are the same. O

As in the free case we shall now consider the resolved space X; = cl(3*X) which
is a manifold with a codimension 2 corner 8X; N 3*0X. Thus we have

B: X, — X, 8X,=p0XnN(0X1NXy).
We also define (compare chapter 7 below)
8% =p

The following estimate will be useful later:

grox, B°:B0X — 0X.

Lemma 5.10. — Let N C X be such that 3*N C X is open with smooth boundary
and let u € C*(X) satisfy Pu=0 in N. Then

Z ||T.3aa+2az+al Dngu”L?(N) < Z ||7.3as+oc1 D;‘jD‘“Dfulle(w),

x3

la|+]8]<! la|+|8]<l
(5.32)
for any 1> 0.
Proof. — Let us define
HE’OJ)(Xl) = {we L3(X1):w=w +ws, suppwe NBiOX =0, wy € Hfl)()?l),

w; supported near §;0X, W™ (T‘DT)WD;}, € Li(Xy),
Iyl <1, W =71'8;Dy By, i = 1,3},

which is simply the mixed b-Sobolev space based on X1 D X; and B*0X. Clearly,
X; can be replaced by 5*N in this definition. Thus (5.32) can be rewritten as

18 ull 23, 8+ 5y < Cl”ﬁ*u”H(boyl)(ﬂ*N)a Pifiu=0 in B*N,

where P, = r*3*PB,.. Since P, is b-noncharacteristic with respect to 3*90X, the
estimate follows from an easy modification of the proof of Theorem B.2.9 of [14]- see
Appendix B. a
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We also need a modification of Lemma 5.5 to help us in this setting:
Lemma 5.11. — Let us define the following vector fields:
Vi :Dzia 1=1,2,3, VE)] =‘Dyj7 .7= 1, ,n—3.

If P and X are of the form (5.20) and (5.21) and the coefficient of D2 in P is 1,
then for i # 2

[P, Voi| = Z Wokjlvjl + (aoxVis + bok Dg, ) Vis + Zok, aox = O(r), box = O(r?),

J#2,3

[P, V1] = Z Wnﬂle + (a11V13 + b11D5,)Viz + Z11, ag = O(r?), box = O(r),
J#2,3

[P, Va1] = Z Wsmle + Zay,
72

where Wikﬂ, Zi € Diffl()?) and the coefficients of Wok11 are in O(r).

Proof. — The argument used in the proof of Lemma 5.5 together with Lemma 5.7
easily yields the desired statement. a

The next lemma provides the crucial a priori estimate:

Lemma 5.12. — Let K5, K2 be as in Lemma 5.9 and let f € C{°(0X) satisfy
flks € L% (K). If u is the solution of

Pu=0 in X ,u]¢(z)<_5 =0, ulox = f,

then, for & sufficiently small

15" ull s, 12 (6 k50 %u g7 Ks) < CllBo Fll, 12 (8- k210%:npmKD): (5.33)

Proof. — To the extent that it is possible we shall follow the proof of Proposition
5.4. Thus, the boundedness of the norm on the right hand side of (5.33) is equivalent
to

H Vit]:ikf c 7.—30:31—4111 LZ_ (K?), |a| < k, (534)
i,k,1#2

The required estimate for the solution now takes the form:

HV;I:“CU’ € r—3a31—2a21—a11L3(K5), |a| < k. (5.35)
i,k

To obtain the system we define (u)p m, as before using Vjk, j # 2 and introduce also

(Wpm1 € LAX;CVE™DY ' (w)y i1 = Dy (w)pomits
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with D, applied to all the components of (4)p,m, and the order preserved, so that,
for instance,

(Wp+1,m,1,1 = {(W)p,m,1,15 Da, (U)f;+1,m,l}-

As in the proof of Proposition 5.4 we obtain the following system, where now Lemma
5.11 is used:

Ppmi(Wpmi = @ [(W)p—1mit1 T Qoo 1 (Wp—1,mt1,0 + Ao (W) pm—1,141
B2 (Wp—tmi11 + Bron (W pmo1,,1

with boundary and initial conditions

(u)p,m,l|¢(z)<—6 =0, (u)p,m,llaX = (f)p,m,la

and where
q)p,ml (S DlﬁQ( CN(p’m b (CN P, l)), 0'2( pym, l) = 0'2( )Id(CN(p,m,l),
and @gml(:v, D,,,D,,), ‘B;’ml(x,Dzl,Dm) € Diff!(X) with coefficients in O(r?).

Since the construction is analogous to that in Proposition 5.4 we will only describe
the last, most involved, inductive definition:

9)p+1,m l(u)p-{—l m,l = {*(P ,m, l(u)p,m,l;*cpp,m,l(VOk (u)g,m,l)
- Z WOkOs ‘/Os( )p m, l)

p,ml
—Zor (W o Portme1a (Ve (W) nr )

E: Wakrs rs )p+1m 11)
$,7#2,3

sp+lm—1,1
ik (u )27+1m 1,05° Ppt+1,m,i— I(Wk(u)fn+1,m,l—l)

- Z Wzkrs rs )p+1ml 1)
8, r#2

S i =0,1i=0,1,8;k=0,--- ,n -3},
with

B 1,mt (Wpt1,m—1,1 =
{Bpim-1,0,1(Wpm-1,,150; bOkV31(u)£,+1,m_1’l‘1, b11 Va1 (W) 1 130},
B2 1, it (Wpm,i1 = {B 1 (W)p1 m,l,l;bOkV13(u)f,,myl,1; 0;0},
@p+lml( Wpm 41 = {@ ,ml’GOkV13(V13( )p,ml) 0;0},
A 1,m 1 (Wpmr1 = {Qp o 1 (Wp—1,m4105 WOkll(Vll(U)f,’m’l);O;O},
@2+1 mt(Wpt+1,m—1,141 =
@2, 1 (w)p,m—1,1+1; 0; aok Va1 (Va1 (u )g,m—u)"111V31(V31(u)f,,m_1,l);0},
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We now use the estimates (5.30) and (5.31) of Lemma 5.9 and proceed by induction
starting with

(u)o,0, € r3 L2 (Ky; CNemD)y,

Since u € C™®(X), we can assume that the norms of ()p,m 1,1 in r~9L% (K5; CN(®mD)
are bounded and consequently we obtain

||r3l+m(u)P,m,l||L2_(Ks) SC(Sz(HT':sHm(U)p—I,m,l,l||L2_(K6) (5:36)
+ ”r31+m(u)p,m1,z,1HL’_(Ks)
+ 1P ™ (u) pym—2,01 [l 22 (k5))

+ C6|lr31+m(f)P,m,l”LZ_(K?)'

Summing (5.36) in p,m,l, p+ 1+ m < k we obtain

E 3as1+a11 a1 pHos: o’
”T‘ Dml Da:;; Dy u”LZ(K,;) <
|e|<k

52 Z ”,r30431+20421+0tu Dngu”Lz_(IQ)
la|+|8I1<k

+C6 Y |[rfesten DI DI DY £l 1 (ico)-
la|<k

If § is small enough we can apply Lemma 5.10 with N = K5 to obtain the desired a
priori estimate. O

For f € L? (0X) we consider the Poisson operator T7,
PTif=0 in X, Tiflox = f, Tiflgz)<-s = 0.

We can use Lemma 5.12 to deduce
Proposition 5.13. — The Poisson operator T1 given above has the mapping property:

Ty : BIILL, (67 K3 0%, 0 B2 KJ) N L2 (KD) — BuIkL3(B"Ks; 0X1 0 5 Ks)
where B,v = dxdy , Bvp = 1*dzdy, 1: 0X — X.
Proof. — By the comment following the proof of Lemma 5.8, the map

Ty : L2 (K2) — 9'(Ks)

is well defined and, since we know the existence in L2, we have obtained u € L2 (Kj;)
such that

uw="Tiflg, if flxo € L2(KY).
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The conormal spaces in the statement of the proposition are complete (as they can be
identified with H é’k) of a manifold with corners — see Appendix B) and 5*C*°(X)|g~n;,

ﬂ?*C‘”(BX)iﬁla:K? are dense in

I L2(B* K5;0X1 N B°Ks) and IL2 (67" K;0X: N 2" KQ) N L2 (KY),

respectively. This can be seen using the density of 3*C§%(X), where Cgo are all
functions vanishing to infinite order at I' = {(0,y) : y € R""3} which follows
from the density of &(R™) in H(y)(R™) (where we again use the b-Sobolev spaces on
manifolds with corners and the identification with the usual Sobolev spaces through
a logarithmic change of variables).

Thus, if F € Ikle,a(,Ba*Kg’;a)?l NB"K2) N L2 (K?), f € B.F, then there exist
Fn € ﬂa*C‘”(BXHK? such that

Fy — F in L% (8% K2;0X,n " K2)n L2 (Kf), N — co.

We then consider uy = T13%, Fi, where using the a priori estimate of Lemma 5.12,
we conclude that u € I L2(3* Ks;0X1 N B*Ks). O

64
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The purpose of this section is to construct an extension map from the
marked Lagrangian spaces in X defined in Section 4 into the conormal space
(Bs)«(Ix L% (X5,85)). Let us first fix our notation (see chapter 2):

Ar=N*R\0, Ap=N*F\0, As=N*S5\0, Ay =N*H\O. (6.1)
The main result is

Theorem 6.1. — There exist linear and continuous maps

Ey: ILLA(X,As U Ag) + IRL2(X, As; As N Ap) — (Bs)«(Ix L2, (X5, 5)),
and (6.2)
Ey: IRLA(X,Ap UAR) — (Bs)« (I L2 (X5, 55))

such that

E(w) =u in X. (6.3)

Before constructing the extension maps E; and E; we need to present a result on
the commutation of blow—ups.

In this section we will modify the notation introduced in chapter 3 and apply the
blow-ups symmetrically as in the construction of X (see Fig. 3.2 and Fig. 6.1):

)?5—)&3—)552—)521—))?.
Thus, X, is a manifold with corners defined by the 1 — 2 — 3 blow-up of I" followed

by the 2 — 1 — 1 blow-up of 7D N 8X1 with (1 o G192 : X2 — Xi a correspondmg
blow—-down map. Recall also that Xg is a manifold with corners obtained from X, by
the 2—1—0 blow-up of D) = = (B10B12)*D and Bo3 : X3 — X2 is the corresponding
blow—down map.

The problem of constructing the extension using 31 0 812 0 B3 is that the boundary
of X does not lift to a smooth hypersurface under this map. Thus we will need an
alternative hierarchy of blow-ups.
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< =4 P 4>

X a % X T % X 2
Figure 6.1. The auxiliary blow-ups: )?a Brg X, 'y X,

Let D(()2) = D@ n 8)?2 and (z1,%2,z3,y) be local coordinates given in i) of

Proposition 3.3. Let (2/,3/,s) be the corresponding projective coordinates near D(()z)
chosen so that (12(2,y',s) — (s%22',sy’,s). Then

D@ = {y =2 =0}, D((,z) ={s=1vy' =2 =0}.
Let
S%_s_li ={weR:wl+w;+wy®=1 £ws>0}
and define the space obtained by blowing up the two components of D(()z):
X, =X\ D U (S 51, x R U(SE_5_;_ x R*™9)

with the C° structure obtained as before. The blow—down map near D((,Z) now takes
form:

Bar: jzr — )‘ZZ
Bar(w, p) = (p°w1, pPw2, pws) = (.Y, 5).
If D® = B3 D®, we define the auxiliary manifold with corners X, as the one

obtained from )A(:r by blowing-up the submanifold D® with homogeneity 2 — 1 — 0
and let 8., denote the corresponding blow—down map. Let

/820,: )za — )’227
B2a = B2r © Bra

be the corresponding blow—down map.

Lemma 6.2. — If Q = {22 — 2123 = 0} and H = {z1 = 0}, then the smooth
hypersurfaces Q® = B3Q and H® = B3H lift under B2, to disjoint smooth
hypersurfaces intersecting 0X, transversally.
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Proof. — 1In the projective coordinates (s, %', 2’) defined in a neighbourhood of D(?)
Q¥ = { = y'2}, H® = {7 =0}. (6.4)

As before we shall define projective coordinates for B2,. Thus let

1" y " z

p=Ss, =3, % 3
p p

s 2!

p=ly3, ==, "= (6.5)

p p

Yy r_ S

p:lz’le’ yllz_ s =-.

P’ p

Each valid in the region |w;| > 0,7 = 1,2, 3. In each of these coordinate systems we
obtain

55.Q® = {" = y"*}, 65, H® ={" =0}.
33.Q% = {z" =1}, B5,H® ={z" =0}.
B3,Q®) = {y" =1}.

Hence in the first coordinate system 33,.Q(? and 8,.H® are simply tangent and
thus lift to smooth hypersurfaces in X’a by the 2 — 1 — 0 blow—up. In the second and
third coordinate systems 33,Q® and 83, H® are clearly smooth. This concludes the
proof of the lemma. a

Proposition 6.3. — Let 0, = 0(835,Q® U B3, H® U 8X,) be the Lie algebra of
smooth vector fields in X, tangent to 35,Q?, B H @) and 8X, and let V3 =
V(B3Q2 U B3, H® LIdX3) be the corresponding Lie algebra in Xs. Let v, be the lift
of the Lebesgue measure in R™ to X.. Then

(B23) I L2, (X3,03) = (Baa) eIk L2, (Xa, V). (6.6)

Proof. — Observe that in coordinates (s,y’,z’) such that (6.4) holds, the map
F(s,y,2') = (s,y,2' —y'*) is a diffeomorphism that preserves D® and maps Q®
into H(®. The homogeneity of the variables s, 3’ and 2’ shows that F lifts respectively
under (23 and B2, to smooth diffeomorphisms mapping the lift of Q(® into the
corresponding lift of H(?). Since the pairs 33;Q® and B3 H® are disjoint, and
S0 are ﬁ;Q(z) and B:H (), we only need to prove (6.6) for the Lie algebras V3 and
0, replaced by V3 i = V(83 H® U6X3) and V, g = V(8 HP UHX,).

The next step is to show that both sides of (6.6) have the same characterization in
terms of singular vector fields.

Lemma 6.4. — Letue L2 (X3). Thenu € (Baz)« I L2, ()?3,’03,;1) if and only if in
the projective coordinates (s,y’,z’) in which (6.4) holds

(885, 2/ 0,1, |2 |28y, y' By )*u € L2, (X2), |a| < k. (6.7)

67



R. B. MELROSE, A. SA BARRETO, M. ZWORSKI

Proof. — Indeed, if u satisfies (6.7), then in projective coordinates
z/ /
t =1yl z"=t—2and t=|2|2, y”=y7 (6.8)

the vector fields in (6.7) lift to
805, 2" 8,1,t0;, |2"|% (885 — 22"8.1), and sds,t0;, Dyn (6.9)

respectively, and these span U3 p. Therefore B53u € I kL,%3()z'3,‘”(‘)3, H)-

Conversely if B33u € IkLgs()?3,T>3, H), then B3;u is stable under the application of
the vector fields in (6.9) and therefore u satisfies (6.7). O

Similarly we obtain

Lemma 6.5. — Letu € L2 (X2). Then u € (B2a)ul L2, (Xa, Vg pr) if and only if u
satisfies (6.7).

The two lemmas complete the proof of Proposition 6.3 O

We also need a corollary of Seeley’s extension theorem, with the proof being
immediate from the arguments of [46]. Let R} = {(z',z,) : z, > 0} and for s € R,
let H(,)(R%) be the space of restrictions to R’} of elements in H,)(R™)

Proposition 6.6. —  There exists a linear and continuous map
§: LA(RY) — L2(R")

such that if u € L2(R%) satisfies

Q1(z', D) ... Qu(z’, Do) (D3 )u € H(—(r-1y;)(R}) (6.10)
for Qi(z', D) € Diff*(R"1),1<i<m,j+I<kandr eN,r>1. Then
Qu(e', Dar) .- Qu(a', Dar) (D5, YIS (u) € H_rnypy®).  (6.11)

We can now start the construction of the extension map and it is convenient to
introduce the following notation:

X;=B'X, 0X;=p0X.

The X;’s are manifolds with corners and in the definition of the extendible (Hf’s))

and partial (H f’s,m)) b-Sobolev spaces (see Appendix B) are taken with respect to the
boundary face given by 0.X;. The first half of the theorem is given by

Proposition 6.7. — There exists a linear and continuous map
Ey: IPL2(X,As UAg) + IRL2(X, As; As N Ap) — (). (Ie L2, (X5,85))  (6.12)
such that
Ei(u)=u1in X. (6.13)
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Proof. — Let us define the following Lagrangian variety
L= {AS UAg,AsnN AF},

where the marking of the union is disjoint from the second component. It easily
follows that if u satisfies the hypothesis of Proposition 6.7, then u € I2L%(X, £). We
shall use this to construct % satisfying (6.13). Let us assume that supp(u) is contained
in a small neighbourhood of I

Proposition 3.3 guarantees the existence of smooth coordinates (z, y) in a neighbour-
hood of I' such that

S={e2=muzs}, B=FNS={zy=a3=0}, H={x, =0} (6.14)
and the defining function p of 8X , i.e X = {p > 0}, X = {p = 0} satisfies

p(x,y) = T2 + 122 + cox? + c3x3 + Zaijzixj +0(|z[®), e1,¢3 >0, (6.15)
i<j
see Remark 3.4.

Direct computations show that ¥, *(X, £) is the ¥)*(X) span of

i = 31’3813 + 2372822 + :Elazly Vo = 2.%1(99“ + m28w23
V3 = (:1:% — 2123)0g,, Vo= (z% — 2123)0z,, (6.16)
Vs = (23 — 2123)0z,, AL,L =02, — 40,,0,,.

where A € ¥; (X)) is elliptic. By Proposition 4.5, if V = (V4,...,Vs), we find that

VeLu= Y (Or,, 00, 02,) up, up € L*(X), la|+a<k. (6.17)
I6I<a

The first step is to analyze the lift of (6.17) by 8. Let X; = {r—28fp > 0},
V! =p{Vi,1 <i<5, L =r*B{L, W; =r3}0,,, 1 < j < 3. We deduce from (6.17)
that if uy = B*u, V' = (V{,... ,¥) then

V/aL/aul — pla Z T—3ﬂ1—2ﬂ2—ﬁswﬁué,
|81<a (6.18)
la| +a <k, ujer LX)

Since u is supported near I' we may assume that » < 1 on supp(ui). As
4a — 361 — 262 — (B3 > 0, we obtain from (6.18) that

V'* L' uy € v HY_,y(X1), (6.19)
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where LZ and H, é’s) are the b-Sobolev spaces defined in Appendix B. Then we analyze
(6.19) in projective coordinates

T
r=losl¥, Y=22, 2=2
r r
1 T3 A
7'=|:Z?2|2, er—s, Z=T (620)
I3 T
r =z, X=r_3’ Y=T—2.

In the third set of coordinates we obtain from (6.19)
(rdr,2X0x + Yoy )*[(8y +2Y0x)0y|*u; € r_3I?I("_a)(X1), la| +a <k (6.21)
and
pr=1"2Bip=Y +c1+O(r). (6.22)

Thus for small 7, Y # 0 near 0X;. The operators in (6.21) span the space of totally
characteristic operators in \Ilé(Xl,béi’) where °€ is the marked Lagrangian variety
formed by ®N*SM L N*H1) marked by *N*S1) nbN*BO),

Near 8X;, p=Y, z’ = X/Y?, give a smooth coordinate system in which (6.21) can
be written as

(r0r,0,)*[2' (1 — 2')02)%ur € r ™3 HY_,)(X1)
and (6.23)
0X1={p+c1+0(r)=0}.

If p’ = 0 defines the boundary then p’ = p + ¢; + O(r) and we can use it as a new
coordinate. Then we deduce from (6.23) that

(rOr,8,)* (2’ (1 — 2')02)*uy € r™>H{_oy(X1), 8X1={p’ =0}. (6.24)

Since 0, is transversal to 0X; we deduce from Proposition 6.6, or rather its easy
modification to the case of a manifold with corners, that there exists & such that

d=uin Xy, (rd,8,)%(@'(1-2)02)a e r > H}_, (X1). (6.25)
Now we proceed by a microlocal partition of unity of bT*X,. In the region where

either 79, or 9, is elliptic it follows from (6.25) that 4 is conormal to 8X;. In the
region where 8,/ is elliptic we obtain from (6.25) that

(rBy,8,)* (&' (1 — )8y )0 € 3 LE(X)). (6.26)

Going back to the original coordinates this provides the condition required in the
extension.
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In the region where the coordinates (r, X, Z) can be used
0X, ={1+c12%+O(r) = 0}.

Thus for small r, Z # 0 near 0X; and therefore the set of projective coordinates
(r,Y, X) can also be used there and the extension is constructed as above.

In the first set of projective coordinates in (6.20) we obtain,

(18,2287 + Yy, r*(Z — Y?*)dy,m*(Z — Y?)0z)*
[(By +2Y07)0y [*us € r2 HY_y)(Xa). (6.27)
and the lift of the boundary of X is given by
0X1 = {Y + a1 Z% 4+ a1o7Y Z + a1372Z + b17Z3 + bor?Y Z2 + f(Y, Z,7)r® = 0},
fec™, £(0,0,0)=0.

Since we are only concerned with the region r ~ 0, we find that if |Y| > 0 near 0X;,
then |Z| > 0 near 0X;. Therefore in this case the extension map is constructed in the

third set of coordinates. Thus we may restrict our analysis to a small neighbourhood
of Y=2=0.

To start we need to analyze the lift of (6.27) under the 2 — 1 — 1 blow—down map.
For that we use projective coordinates

(6.28)

In the third set of coordinates of (6.28)
09X, = {y +O(s%) = 0}. (6.29)
We deduce from (6.27) that uy = Bi,u; satisfies
(rdr,805)*[(1 F y’z)aj,]“uz € r’_ss“%I-_I(b_a)(Xz), la| +a < k. (6.30)

Since r’ and s are small, 3’ ~ 0 near X5 and thus |1 F y’?| > 0 there. Therefore
near 0X,

('O, 505)°0%us € ' °sTRHE_ ) (Xa), o] +a <k (6.31)
Let y"” =y’ + O(s®) be a defining function of dX>. We deduce from (6.31) that

('8 + F1Byr, 505 + fabyn)*0%ug € 7' °sTRHY ) (Xa), lal +a <k,

0% — {4 — 0} (6.32)
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where f; and fy are smooth functions. Thus, completing the squares, we see from
(6.32) that

((r'0,)?, (s05)%,02.,)uz € ' °s™ 3 HY_ , (X2), |a| < k. (6.33)

It follows from Proposition B.1, applied to the noncharacteristic operator 85%, that
((r'00)?, (02)2)* B2up € ' s~ 3 HY_ | (X2), la| +a < k. (6.34)
Proposition 6.6 gives iy € r’_ss'%Lg()?g) such that
((r'0,1)2, (s05)%)) " 0%uup € 7' s HE_ |1 (X2), ol +a < k. (6.35)

Since at any point g € 5T* X, one of the three operators s0,, r'Op or dy~ is elliptic
one deduces from (6.35) that

ug € r’_3s‘%Hf’k)()?2)

Simple computations show that, for 7’ and s’ small, X> does not intersect the region
where the second coordinate system in (6.28) holds.

Next we consider the region where the first coordinate system in (6.28) is used. We
find that in these coordinates

0Xo ={y +c1s® +3f(r',2/,s) =0}, feC®, f£(0,0,00=0 (6.36)
and we obtain from (6.19) that

(805,22'0, + y'0,)*[(By + 2/01)0y ™ up € sTEH_,, (X2), |al +m < k. (6.37)

To analyze )2'3 we need to blow—up D® with homogeneity 1 — 2. However as we
already mentioned 90X, lifts under B3 to a singular hypersurface. This is where we
use the result on the commutation of blow—ups proved in Proposition 6.3. We shall
prove that there exists an extension of 83,uz into the conormal space I L2 (X,,0,).
It follows from Proposition 6.6 that this gives an extension of us to the conormal
space.

In the first set of coordinates (6.5) we obtain that uz = (33,u2 satisfies

(P, 220, + 4" By (B + 240 )Oyp ™ us € p~ HY_py(X,), la| +m <.
and

0X, ={y" +c1 + O(p) = 0}
(6.38)

Thus for small p, ¥’ # 0 near 8X,. Then we blow—up D) = 85, D2 = {yy’ = 2 =
0} with homogeneity 2 — 1 — 0. In projective coordinates

" "

7= ‘Z—z and § = y? t= 2" (6.39)

//|
,

t=|y
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The condition (6.37) gives, for || +m < k

(P95, 100)[2(2 = O™ Bqus € t~3 p~ H(_m) (Xa).

[f i : S (6.40)
(00,,10:)*[G5(F — 1)03]™ Brous € t72p™°  H(_m)(Xa)-

Hence, away from 0X,, we conclude by a simple microlocal partition of unity
argument that 8}, us € IxL,, (X4, Va).

Since y” # 0 near X, the first set of coordinates in (6.39) can be used and
0Xo = {t+c1+O(p) =0}.
We deduce from (6.40) that
(60, B0)[£(2 — DOEI™ B2tz € p™° H(Xa). (6.41)

Since 0; is transversal to 9.X3, one deduces from Proposition 6.6 that there exists an
extension @3 of 87,us to X, such that

(00,,18,)%[2(3 — 1)02) ™3 € p~ % H_my(Xa). (6.42)

Next we proceed by a microlocal partition of unity. In the region where either pd, or

t0; is elliptic 43 is conormal to the boundary of )Afa. In the region where 9; is elliptic
we find that

(p0,, t0:)*[2(2 — 1)3]%@i3 € p~LE(Xa). (6.43)

This shows that @3 is conormal to the lifting of the cone and the plane.

Simple computations show that for p and s’ small, the boundary 8X, does not
intersect the region where the second coordinate system in (6.5) holds. In the third
set of coordinates

(09, 305)*[(L F y"*)0% ] ™us € &'~ 2p~° A,y (X,), m+]al <k
and (6.44)
80X, = {y" + O(p) = 0}
Away from 0X,, a microlocal partition of unity argument gives that us €
I;L, (X,,0.). On the other hand 1 F y” # 0 near dX,. Thus it follows from
Proposition 6.6 that there exists an extension i3 of uz to X, such that

(pBp, 58,)° 82115 € 8/~ 2 p™ Y (X,), m+la| < k. (6.45)

Now a simple microlocal partition of unity argument analogous to the one used above
5
shows that i3 € p~!1s' 2 H (l’k)(Xr). This concludes the proof of Proposition 6.7.

Let us observe that the linearity and continuity of F; follow from its construction
and the linearity and continuity of the Seeley map S in Proposition 6.6. O
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Next we consider the Lagrangians corresponding to the direct and reflected fronts,
that is the second part of Theorem 6.1.

Proposition 6.8. — There exists a linear and continuous map
Ey: RL*(X,Ap UAR) — (B5)«(Ik L}, (X5, 85)) (6.46)
such that
Es(u) =u in X. (6.47)
Proof. — We can assume that supp(u) is contained in a small neighbourhood of

I'. Let (x1,%2,z3,y) be local coordinates in a neighbourhood of I' given by i) of
Proposition 3.3. Hence,

R = {3 =23}, F={2xs3+ 2} - 3z12, = 0}, (6.48)

and the boundary of X is given by

1
0X = {zy = Z:c% +g}, ge M3, (6.49)

In these coordinates the space \I/;"(X ,Ar U AR) is spanned over \I!g’°(X ) by

AP, AL, P =492, — 92202, — 604,0,, L = (20z, + 32102,)0x,,
i= 3m3623 + 2-T28z2 + 551821’ ay .

J

(6.50)

where A € U, '(X) is elliptic. To see that one needs to observe that in coordinates
(.’1,'1, 2,3, y>£1’§2)€37n) in T*R™ \ 0

Ap = {463 — 92263 =0, 3z3s + 2726 =0, & =0, =0, & #0},
Ap = {26+ 32163 = 0, 2& — 3(2? — x2)&3 = 0,323€3 + 22262 + 2161 =0, n =0}

We then notice that
ApUAR C M = {4} — 9z2€} — 66165 =0, 333 + 2x262 + 161 = 0,1 = 0,83 # 0}
Then M is a smooth submanifold of T*R™ \ 0 and in M
Arp={6 =0}, Ar={2&+3z:8{ =0}
Therefore if f € C*°(T*R™\ 0) vanishes on Ap U Ag
f=a1(4€3 — 922€2 — 6£1€3) + ax (333 + 222€2 + 71&1) + a3(282 + 3:162)61 +

Z a;n;, a; € COO(T*]Rn \ 0)
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This shows that if B € \I!;n’k(X, ApUAR) then B is in the span of P, L and V;. Here
and in what follows we should neglect the trivial generators d,,. It will also be useful
for us to observe that

Vo = 3230y, + 22305, + (222 — 23)8,, € U3 (X, Ar U AR).
Therefore if u € I2(X, Ap U Ag) then Proposition 4.5 shows that
(P,L)*(V1,V2)*u € H(—jq))(X), la|+|a| <k, (6.51)

where V5 is used as a generator only for convenience.

To construct the extension map we need to examine the lift of (6.51) under the
blow—down map (1. Thus let

P, =r'B;P, L;=nrp;L,
, 1 =rPLh Li=rGil, (6.52)
V; =IB;‘/Z7 1=1,2, W] =Tjﬁfazj7] =1,2,3.

We deduce from (6.51) that, for u; = Sfu and W = (Wy, Wa, W3)

(Pl,Ll)a(Vll, Vzl)aul — plait+3az Z T—3ﬂ1—2B2—53W5uB’
1B1<lal (6.53)
ug € 7°Li(X1), la| + o] < k.

Since u is supported in a small neighbourhood of I', we may assume that » < 1 on
supp(u). Therefore,

(P, La)* (VY V3)ur € 7 HY_jq)(X2), [l + |a] < k. (6.54)
Since z2 > 0 on ﬁ, we first consider the region where the projective coordinates
1
r=x3, X =x3/r3, Z=1z1/r3 can be used. In terms of these we find that:

Py = (rd, — 3X0x — Z8z)* — 99% — 60x0z, L1 = (rd, +3(Z — X)dx — Z82)dz,
Vi =18, Vo3=r(31-X%0x+(2-2>-X2)0z),
(6.55)

where we neglected the 70, terms in V4. The boundary of X; and the lifted
hypersurfaces are defined by

0X,={Z?=4+r¢.}, ¢1 € Coo()zl)»

- - 6.56
BiF={2X+2%*-3Z=0}, BiR={X?-1=0}. (6.56)

One can write

BiIF={2XF1)+(ZF1)*(ZF2) =0}
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groX
8'R
8/ B

groX

Figure 6.2. Intersections of ,B*Fv and ﬂ*ﬁ

which shows that 8 F and 8} R are simply tangent along B() = {X = Z = +1} and

intersect transversally at K) = {X = +1, Z = 2}, see Fig 6.2.

Since 7 is small in supp(u;) we may write
X1 ={Z=-2+rp2} U{Z=2+71¢3}, ¢2,03 € C®(X1).
Let
P = (3X0x + Z8z)* — 90% — 60x0z, L) = (3(Z - X)0x — Z0z) 0.
Direct computations show that, modulo lower order terms,
P+ ZL| = Q) = 3U20x,
Uy = %VQ’ =3(1-X%)ox +(2- 2% - XZ)03.
Hence we obtain from (6.55),(6.58) and (6.59) that
L3 (0xUn)" (V, Vi) ur € = HY ) (X2), la] + Ja] < k.
We shall prove that in fact
Ly U (W, V3)*ur € T3 HY_, 3(X1), o] +|e| < k.
First we observe that for a; + a1 <k
L3 Us> (V) uy € 773 HY 41 _oy(X1), a1+ 01 <k
From (6.60) and the fact that Vy = rUs,, we deduce for [ + |a| < k
O¢Ly(V], Ua)*ur, (rd,)** Li(V{,Us) us,
(rdz)* LY (V{,U2)*uy € 72 H_j_ 00 (X1).
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In the neighborhood where Z ~ £2 we consider a change of variables
U(r,X,Z)=(r,X,Z —r¢;), t=2,3.

¥ is a diffeomorphism preserving {r = 0} and X7 = ¥(X;) = {Z < 2}. Let
v =u,U,, Vi =,V/, L¥ = ¥, L, and u¥ = ¥,u;. We deduce from (6.63) that
forl+|a| <k

o L¥ UF Vi) uf, (ron)eLt (UF Vi) uf € r 2By, (XT).  (6.64)
We obtain from (6.62) that

L (Vi Uf)up € r 2} J(XF), a1 tar <k (6.65)

—a]1—Q2

It follows, in the notation of Appendix B, that (6.64) is equivalent to
l _

LY (Vi UF)uy € r 3 HY

—l—az,ag)

(xX¥), l+a1+ax <k (6.66)

Let us observe that Lfﬁ is a second order differential operator for which 0X# = {Z =
2} is non—characteristic. It follows from (6.66) and Proposition B.1 that by taking
a1 =1+ ag

L¥ (V# U)ot € r3 B (XF), 1+ ol <k (6.67)

Thus the pull-back of (6.67) by ¥ gives (6.61).
The vector fields r8,., Uy and 9z span all smooth vector fields in X 1 tangent to 53 R,
while r9,, U and 3(Z — X)0x — Z0z span the ones tangent to [3{}7”‘. Therefore we
conclude that the operators in (6.61) span ¥} (X1, N*G;F UPN*B{R).
Another simple computation shows that

(Z — X)Us0z7 — (1 — X?)Ly = —(2X + Z*® - 32)0%,

6.68
(2—XZ —Z?) Ly + ZUx8z = —3(2X + Z3 — 32)070x (6.68)

Since 0z is transversal to 80X, the same method as the one used in the proof of
(6.61) shows that if Uz = (2X + Z3 — 3Z)0z, then

(rdy, Us, Us)*uy € 77 3L (X1), |al < k. (6.69)

The vector fields 79,, U, and Us span all the vector fields tangent to 57 R and ﬂff
We conclude that away from §} F and SR, uy € r~>H,,(X1) and the extension is
trivial. Therefore we may restrict our analysis to a neighbourhood of the intersections
of the hypersurfaces and 6X;.

Let us first consider the case where 37 R intersects 8X; away from ,BIF . Since this

intersection is transversal one can introduce local coordinates
T =XF1,2/=ZFr¢;, i =2,3 in which

BiR={a' =0}, 0X;={z =0}
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Since away from ﬂ{ﬁ the vector fields in (6.69) span all the vector fields tangent to
B R, we find that

(10r, ' 0pr, 0,0) %11y € r3L%(X4), |af < k. (6.70)
Now we deduce from Proposition 6.6 that there exists @; € r~3L2(X;) such that
@y =uy in Xy and (78, 2’8y, 8,) %0y € r3L2(X1), |of < k. (6.71)

Finally we analyze the case where ﬂ;‘ﬁ and ﬂ{‘f? intersect the boundary simultane-
ously. Let us concentrate on the part of the boundary given by Z = 2 + r¢3 as the
other case is analogous. Consider the change of variables

X+1

l=2 /= _
T ——(Z+1)2, 2 =7Z-2,

which is smooth since Z+1 > 0 near the intersection in question. In these coordinates

ﬁle{:L' = —2 }, ﬂIR—‘:{I :O}, and (672)
0Xy = {2 =r¢a}, ¢a € C®(Xy).

From the fact that rd,, Uz and Us span all the vector fields tangent to [3{1?2 and 07 F
we deduce that

(r0y, (z' + 2')0u, &' (O — 8:))* uy € r3LE(Xy), || < k. (6.73)

Then we blow—up the submanifold {z’ = 2z’ = v/ = 0} with homogeneity 1 — 1 — 1.
Homogeneity of the vector fields in (6.73) and the fact that X, is non—characteristic
for 8,/ give that the vector fields in (6.73) lift under the 1 — 1 — 1 blow—up to smooth
vector fields tangent to the lifts of the hypersurfaces 8} R and 64 F and transversal to
the lift of .X;. Now we can use Proposition 6.6 to extend the lift of u; across the lift
of 0X; to be conormal to the lifts of 7R and BlF Then we can show that this in
fact gives an extension of u; across X into the conormal space to the hypersurfaces
BiR and BT F

We still need to construct the extension map in the region where projective
. 1 .
coordinates r = |23|3 Y = z2/r%, Z = x1/r are used. In these coordinates

BrR={Y®—-1=0}, BiF={x2+2%-3YZ =0},

1 B (6.74)
X, ={Y = ZZZ +ré1}, ¢1 € CP(Xy).

Observe that Y > 0 near g7 R and near the intersection of ﬁ'i‘ﬁ and 0X;. Therefore
coordinates (r, X, Z) can be used there and the extension can be constructed as above.
Away from the two hypersurfaces u; € r—3H ?k) (X1) and the extension is trivial.

Similarly in the region where coordinates r = |z1|,Y = z2/r?, X = z3/r® are
valid, the intersections of the boundary and the hypersurfaces are contained in the
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region where |Y| > 0 and the extension is constructed as above. Away from the
hypersurfaces u1 € 73 Hf,y (X1) and the extension is trivial.

Let us remark again that the linearity and continuity of E2 follow from those of the
map S of Proposition 6.6 This concludes the proof of Proposition 6.8. |
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7. ESTIMATES FOR THE DIRICHLET
PROBLEM

7.1. To solve the mixed problem with the Dirichlet boundary condition we proceed
by solving
Pu=0 in X, ulsx=f ulx_=0

where f comes from restricting the solution of the free equation obtained in Theorems
3.9 and 5.6 Thus we first need to characterize f.

Let (z,y) be the coordinates in Proposition 3.3 (i) which were used in the definition
of )?4. Hence

X ={p=0}nX, T=DnNdX, dp|r=dzs,

and (z1,3,y) gives a coordinate system on 0X. In X, defined in the beginning of
chapter 6, the 1-2-3 blow-up followed by the 2-1-1 and 6-3-1 blow-ups induce a 1-3
blow-up followed by 2-1 and 6-1 blow-ups on the boundary 3:0X. Thus, let us write
Y = 90X and define

Vi=(Y\DUSI ;xR 3) =R, xS ; xR*3, Sl , ={weR?:wi?+wi=1}

with the C°°-structure given by the second identification. The blow-down map
B2 Y1 = Y is given by

:316 : (T’wvy) — (Twl”rst’ y)
We then define Y, similarly to )?2 by blowing-up B?*{xl =0, z3 >0} NJY; =Ty
Y, = (Vi \T1)U(S5_,, xR*™®), S5, ={weR?:w]+w; =1,ws >0},

with
82 B? o 7] r.)
Y, Y1 — Y, B° = B7 o P12

where 82, (p,w,y) = (p*w1, pwa, y) and where the coordinates in Y; near I'; are chosen
so that ﬂ?(Xl’ T y) = (r-Xla 7”3, y)

8
Finally, we have Y},@)Yg,
Ys = (Y2 \ (82 {1 = 0,35 > 0} N 8Y)) L (Se_1, x R"~%),
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defined as a C'™° manifold with corners in a similar way.

We recall [28, 30] that a diffeomorphism between manifolds with corners is a
homeomorphism which, together with its inverse, induces C'* maps on all the
boundary faces. The induced blow-up of the boundary is made precise in the following

Lemma 7.1. — There ezists a diffeomorphism f : 370X — Y3 such that B, o1 =
B2 0o f, where 1y : 20X — X,.

Proof. — The boundary blow-up was defined using the coordinates (z1,z3,y) used
also in the definition of XT. Thus it suffices to check that, after normalizations
according to homogeneity, 5z, 8ixs, 85y give coordinates on 3r0X. Since dp [r=
dzxs this is immediately verified in each projective coordinate system for X}. O

Hence we can identify Y3 and 50X so that the diffeomorphism f will be omitted
below.
This suggests the definition

So=p2*(S, NOX)UBM*(FNOX)UB*(R\ F)NdX)UB>*(HNOX)UOX,
(7.1)

where we note that Sg = 1735,(0824)«d, with § defined by (3.7) and appearing in
Definition 3.5 of JyL2(X, H).

Recalling that the conormal spaces with non-integral orders of regularity are
defined by complex interpolation we can state the restriction result:

Proposition 7.2. — Ifue JIL(X,H), 1< j <n, then
ulox € BIkt1/2L5, (Y3, 0(Y3,83))
where

§F = 0Yzup* (S, NndX)up(FNnax)u (7.2)
B2*((R\ F)\ K)NdX)up%*((H\ K)NoX),

B2vs = dxidxsdy, and K in Definition 5.1, with € chosen as in

The geometry of 5(?; is shown in Fig. 7.1. The proof will follow easily from the
following

Lemma?7.3. — If B*u,3*Dju € I L2(X4,0(X4,8)) then, with Sp is given by (7.1),
Brulg:ox € Ik+1/2L,2,3(Y3,T)(Y3,56))-
Proof. — Let us recall the definition (3.9)
§=8"FUB*RUBRUBS, UBHUB(FNR\B)UB (S.NR\B),
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Figure 7.1. The blow-ups on the boundary and 8:9" in Y3

and introduce the notation
Sy =050 (B24)+8, S5 =15,

Since the only surfaces intersecting 5*D are ﬁ*§ and §*H, Proposition 6.4 shows
that

B*v € ILA(X4,0(X4,8)) = Biv € Ik L2, (Xa, 0 (Xa, B5S+)).

Since in a neighbourhood of 50X = (50X, )A(;a and X, are equal, the assumptions
of the lemma imply that

XBru € IkH(bl),,,r (jzm &r),

for some x € C*(X,), x = 1 near BroX.

The surfaces ﬂ*§+,ﬁ*H and ,B*ﬁ ﬁ*ﬁ away from ﬂ*(ﬁ NR \ B), intersect 8r0X
transversally and are separated from each other. Thus, away from 8*(FN R\ B) (see
Fig. 3.1), V € 0(Y3,85) extends to a vector field Ve V(S,), V lgzox=V, so that

Vl(’u, [ﬁ,‘,‘aX) = (V U) [g;axe H(%),Ua(yvg), 1<k
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asYs ~ 370X C X,and Vlu € H (bl),yr()?,). If U is a sufficiently small neighbourhood
of B(FN R\ B) in X, then
Srlu=(B;RUBIFUBIFNR\B)lu .

By Proposition 3.3 (see Fig. 3.1) ﬂ;"ﬁ, ﬂ,’fﬁ and (80X intersect transversally at
BrF N Br0X. We conclude that again V' € V(U N Br0X,8s [u) extends to

Veu ()21‘757»), so that the previous argument is applicable. Thus, it follows by
induction that

ulgrox€ IeH(y, (Y3, 80).
We observe that

I L2, (Y3,0(85)) —  IiL2 (Y3, 0(S5))

T Tld (7.3)

il ,, (Y3, 0(80)) —  LeL2,(¥a,0(50))
and
ue Ikas),ua(Ya,'l“(éa)) < (I+A)Pue L (Y3,0(50)),

if A € ¥}(Y3) is elliptic and A > 0. Hence we have

IkH(b%)(Y&“‘O(Sa)) = [Ingl),ya(YZ’))}o(&a))aIkazza(Yf.%}o(Sa))]% c
[TeaLZ, (Y3, 0(85)), Ik L7, (Y3, V(S 0))]

1
2

Lip 1 L (Y3,0(50)).

To complete the proof of Proposition 7.2 we observe that (see also Fig. 7.1)
SF Tya\gor(knax)= 94 lvs\go-(knax), 8 [gor(knax)= B (F- N 0X) [go-(krnax),

Proceeding as in the proof of Lemma 7.3 shows that if u; [k, € IkH&),ur (er, (ﬂ,’ff’ U
80X, 1x,)), K1 = 82K, then

(ulpxax) [gox(knax)€ Ik-}-%sz/a (8% (K N8X), 5%*(F N 9X) U 8Y;).

Combined with Lemma, 7.3 these observations give u [ax € 821, +1 L? . (Y3, 0(Y3, 5;))
Proposition 7.2 motivates the following definition:

Definition 7.4. —  The conormal space on the boundary, J,L2(0X, H), is defined as
JsL3(0X, H) = 2L L}, (Y3, 0(Y3,55))

where the variety S} is given by (7.2).
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A slightly stronger formulation of the restriction result is now given in

Theorem 7.5. — If u € JILX(X, H) then ulox€ J,, 1 L*(0X, H).

Proof. — The conormal space in the definition of J;L?(0X, H) is an interpolations
space — see Appendix B. Since for non-integral orders J!L?(X, H) is defined by
interpolation between [s] and [s] + 1 the theorem follows from Proposition 7.2. O

The main result of this section is
Theorem 7.6. — Ifu € L% (X) is the solution of
Pu=0 in X, ulox=f€JJLX0X H), ulx_=0, flox) =0 (7.4)

then there exists i € Js L% ()?, H) such that u=1]x.

loc

Theorem 7.1 is proved by finding a microlocally characterized space containing
JxL?(8X, H) (Proposition 7.7) and by using microlocal models for the components
of that space. The propagation estimates obtained in the Friedlander model
(Proposition 7.9) give u in terms of marked Lagrangian spaces on a manifold with
boundary (Proposition 7.19). The extension property for those spaces obtained in
chapter 6 completes the proof.

Let us start by recalling from Section 2 the defintion of the following smooth
Lagrangian submanifolds of T*0.X \ 0:

Ao = N*T, Ay =N*(FNoX), As;=N*((R\F)NdX), Aiz=N*(HnOX),
(7.5)

and
Ay UAgs = N*(SN8X), AnnNAyp=0, AjzNAy =0.
From these we obtain Lagrangians with boundaries:
Af = Ay n{xz; >0}, j=1,3,i=1,23.

in terms of coordinates (z,y) of Proposition 3.1.
The sub- and super-marked Lagrangian spaces introduced in chapter 4 now enter
in

Proposition 7.7. — If JyL%(0X, H) is given by Definition 7.4, then

JL2(0X, H) C Y IL*(0X; Moo, T pyny A2in2) + Y IL2(0X;A5,2) +
i=1,3 i=1,3

2 )
LL*0X;A3,2) + LL2(0X;A%;,2) + Y L L (0X; A8V 2). (7.6)

=1
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Proof. — We need to consider another blow-up 89, : Yy — Y3, 82 = %o B4
obtained by successive 2-1 and 6-1 blow-ups of 3%*({z; = 0,3 < 0}) N Y3 identical
to the blow-ups used in the construction of Y3.

We easily see that
B IR L:, (Yo, 0(B98F UoYs)) D JuL2(0X, H), [2.vos = dz1dzsdy,

and we shall prove that the left hand side is contained in the right hand side of (7.6).
We first prove that

xS
Sy a*_ﬁ

RS
4

R

Y,

Figure 7.2. The geometry in Yy

LL2,, (Yo 0(62" (FnoX) u oY) 2

> LL*(0X; Moo, T ooy A2ir 2) + Ik L2(0X; Avy, 2).
i=1,3

(7.7)

In particular this gives
L2, (Ya;8Ys) 255 > LL*(0X; Moo, JAgong A2in2) + Ik L*(0X;A11,2).  (7.8)
i=1,3

We note that in view of Proposition 4.3 we can replace the second term on the right
hand side by the last term in (7.6). To prove (7.7) we first observe that we can
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change coordinates in X such that F NdX = {z3 = 0}, T = {z; = 23 = 0} and
ThoonnssN23 = Jhoonass (V*{z1 = 0}) and that this change of coordinates lifts to a
smooth diffeomorphism on Y3. To construct such a change of variables we let (z1, z3)
be smooth coordinates near I' in which H N 0X~= {z1 = 0}. Since FNoX is second
order tangent to H N &X at T, it follows that F N 0X = {z3 + f(z,y)x} = 0}, with
f(z,y) # 0. For simplicity we assume that f(0,0) = 1. Now a direct calculation
shows that there exists a smooth function A(s,z1,z3) for s € [0,1] and 1, z3 small,
such that

A(s, 21,23)2105, (23 + 23 + s(f(2,y) = 1)ai) = —(f(z,y) - D)z}

Thus, as in section 3, we obtain, by integrating the vector field Vs = A(s, 1, 23)x30.,,
a one parameter family smooth diffeomorphisms ¢, fixing {z; = 0} and satisfying

¢; (23 + 2} + s(f(x,y) — 1)}) = 23 + 2.

In particular the map ¢, fixes {z; = 0} and ¢} (fﬂ@X) = {z3 + 23 = 0}. We
are going to show below that the vector field x10,, lifts to a smooth vector field in
Y, which is tangent to 0Yy, therefore it follows that ¢; coordinates lifts to a smooth
diffeomorphism on Yy preserving 0Yj.

Proposition 4.3 shows that the right hand side of (7.7) is equal to
IkLz(BX, Ago U A11) + IkLz(aX, Aoo, JA000A23A23’ 2)

Thus Definition 4.5, a microlocal partition of unity and the proof of Lemma 4.2 show
that
u € I L*(0X, Moo U A11) + Tk L*(0X, Moo, Jx s A2s, 2) <=

7.9
(23D4,)* (21D, )2 (23 Dy, ) u € L2(0X), ky + ko + k3 < k. (7.9)

To prove that (7.7) holds one needs to show that for u € I, L2 (Yy;0(82*(FNoX)uU

0Y4)) and v = B4, u one has *
(23D, ) (1 D4, )" (23D, ) v € L2(8X), k1 + ko + k3 < k. (7.10)

Since the operators in (7.10) are smooth vector fields, (7.7) is a consequence of
87 (23029, 01001,030,,) C V(8" (FNOX ) L oYa). (7.11)

In other words one needs to show that the vector fields in (7.9) lift under 3 to smooth

vector filelds in Y, tangent to 82" (F N 0X ). To prove (7.11) we compute the lifts of
these vector fields in twelve projective coordinate systems. Consider the first set of
projective coordinates

(p, X1) = (pX1,£p*) = (z1,23),
(0, X3) = (£p,p°X3) = (21, 3).
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In these coodinates the lift of the vector fields in (7.11) are spanned, over C*° (Y1),
by
papa Xlaxl ) Pgaxl 9

(7.12)
po, X33X3.

The vector fields pd, and X30x, are tangent to 39 "(Fnox ) U 8Y1 which can be
identified with 82" (F N 8X) U 8Yy away from {X; = p = 0}.

Next we blow-up {X; = p = 0} with homogeneity 2 — 1. Consider the second set of
projective coordinates

(R,xll) — (Ra szll) = (p’ Xl)
(R,p") = ('R, £R?) = (p, X1).

The lift of the vector fields in (7.12) are spanned by

R 6
RaRa ) xlaz’17 R aa:’17

7.13
RaR7 p/ap' ( )

Away from {z] = R = 0} Y, can be identified with Y; and one easily sees that
the second set of vector fields clearly span U (Yy). Finally one needs to blow-up the
submanifold {zj = R = 0} with homogeneity 6 — 1. Consider coordinates

(r,T) = (£T°rT) = (2}, R)
(ri,Th) = (Tir, Th) = (2}, R).

It is easy to see that the lift of the vector fields in (7.13) is in the span of

T(’)T, 7‘6,»
a’r‘l ) Tl 8’1"1

Therefore they are in 0(8Y3). This concludes the proof of (7.7).

We now want

L2, (Y 0(82 (R \ F) N X N {z1 > 0}) U aYy)) 225
> LL*(0X; Moo, T gy, M2is 2) + Tk L*(8X, Ago U Av1) + (7.14)
1=1,3

L,L*(0X;AF,2) + It L*(8X, A11,2),

To prove (7.14) we proceed by a partition of unity in Y. Let ¢ € C°(Y4) be such
that ¢ = 1 near 82" ((é \ ﬁ) N BX) N{B2"x, > 0} and ¢ is supported away from the
boundary faces introduced by the 2—1 and 6 — 1 blow-ups of B2* ({xy = 0,23 < 0})N
0Y3. Let u € I L2 (Yy;O(B9*((R\ F)NndX N {z; > 0}) UHYs)). Then by (7.8)

Vo4

ﬁf*(l - ¢)u € Zi:l,:} IkLz(aX; Ago, JllioonA2iA2i’ 2) + IkL2(6X; Aqq, 2)
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From the support properties of ¢ we deduce that
B3 .(¢u) = 5. (¢u).
Now it follows from Lemma 4.2 that
B2 . ($u) € IeLioc(0X, AT, 2) + B3 H{y) (9Y3).
Thus (7.14) follows from (7.8).

The push forward of the other components of ,6”3*453' are handled in a similar way
and the details will be left to the reader. O

Remark 7.8. — The space JyL?(0X,H) is strictly contained in the microlocal
space defined in Proposition 7.7. The extra terms are in IyL?(0X;A%;,2) and
It L?(0X;A};,2). They are explained by the additional blow-ups in Yy needed for
the first term in the right hand side of (7.6) and the singularities on 8Yy \ B3;0Y3
produced by I, L?(0X;A%,2) and I, L?*(0X;Af;,2). Otherwise the push-forward is
sharp.

To solve (7.4) we use the forward Melrose-Taylor diffractive parametrix [35] which we
shall briefly recall:

T=ToL, LelI'R"!x0X,d™ "), T:6R"1) — 9NX), (7.15)

where PTv € C®(X), Tvlaox= Jv, Tvlx_=0, J € I°(8X x R"", ¢’) is an elliptic
(in an appropriate cone) Fourier Integral Operator and L its microlocal inverse.
The space 91(X) used here gives, in an invariant way, the functions ‘smooth in the
direction normal to the boundary’ - see [14, 25, 28].

Let I' ¢ T*R™!\ 0 be a small conic neighbourhood of (0;(0,1,0,---,0)). Then
for f € &'(R*1), WF(f) C T,

flz) = /(g(z,€)A+(C) +h(z,§) AL (O) A+ (Go) e f(€)dg, (7.16)

with the phase functions (,{o = ¢ [sxxrr-1 and € homogeneous of degree 2/3
and 1 respectively. The amplitudes g € S°(X;R"') and h € S~V/3(X,R"!)
are supported in a conic neighbourhood of (2, (0,---,0,1)), zo € 8X and satisfy
appropriate transport equations. Most importantly g(0,(0,1,0,---,0)) = 1 and
hlox xrn-1= 0.

The construction of ¢ and 8 exploits the equivalence of glancing hypersurfaces
which we will now discuss (see [25, 35], for detailed presentation and proofs). Let
T c T*R" \ 0 be an open cone, r lz,=0C I', where we denote the coordinates in R by
(z,y), z € R3, y € R*3 with R*~! = 8]R" = {z2 = 0} N R™ (compare Proposition
3.1) and let m € T‘;X)Z \ 0 be a glancing point for p = 02(P). Then there exists a
canonical transformation

x:T—T*X\0, x(0;(0,1,0,---,0)),
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such that

X{€3 — 2263 — &6 = 0} NT) c p~4(0),

x({zx2 =0} N f) c T(.’;Xjf_ (7.17)

The equivalence ¥ induces a canonical transformation on the boundary
Xo: T — T*0X \ 0,

and the graph of xs, J, gives then the canonical relation of the elliptic Fourier Integral
Operator J. The main geometric property of xg is the intertwining of the billiard
ball maps defined in chapter 2:

X5 0 6% oxa =07, (7.18)

where 5(:)!: corresponds to the model glancing hypersurfaces in the left hand side of
(7.17).

There is a substantial amount of freedom in choosing ¥. Thus, in addition to (7.17)
we can also have

xo(AoNT) C Ago or xo(A1NT) C Ay, =1 or 3, (7.19)

where Ag = N*{z; = z3 = 0} C T*R* !\ 0 and Ay = N*{x3 +23/3 = 0} C
T*R"~1\ 0. In fact, one can apply Theorem 4.2.6 of [36] in the same way as in
Sect. 3 of [37] and Sect. 3 of [51]. We should note that in (7.19) one needs to choose
a different x5 in the case of each Lagrangian Ag, Ay, =1,3.

We recall from chapter 2 that

AL =0FAE, AT UAL =6%A
and
Ai;,ts = 5iA1i3

where As3 is a Lagrangian simply tangent to Asg at Azs N Ajs. It corresponds to the
reflection of the false front H.
Thus, thanks to (7.18) in each case of (7.19) we also obtain

XB(A2 ﬁr) CAy, i=1 or 3,
xo(AsNT) CAg;, i=1 or 3,

where A,,, = N*{z3 + z3/(3m?) = 0},m # 0.
If the phases in (7.16) are considered formally then the expected wave front set

relation for T becomes 5 o ¢y, where €g is the model square root of the billiard ball
map (see [36] and (7.26) below) and

5 = {(z,szs;b;qszt,ﬁ) LT (2, ) =0 F §(—4(z,£))3/2} CT"X\0x T"R"\0
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with § = $t UF ™, a smooth canonical relation generated by ¢(z,&,7) = —&7 273 /3 —
T€7%3¢(2,€) + 6(2,€). We also have §o = §§ UFy for the model case.
The construction of ¢ and 6 in [35] shows that

F={(r,s) e xT)xT CT*X\0x TR\ 0: (X¥(r),s) € Fo}, (7.20)
and we observe that consequently for each choice of xa in (7.19)

xo(AyNT) C Ay = N*FnX(T) CF(AoNT), N*RNX(T) C F(A,NT)
(Aoﬂr‘) C Ao = N*§ﬂx( ) C (Al ﬂl")
xo(AyNT) C Ay => N*HNx(T) C 5(AoNT), N*Hy nX(T) C F(A,NT),
where H, is the reflection! of H by 8X and where in the second case we consider
different choices of ¥ and T giving localization near B and D respectively. We note
that by choosing different conic neighbourhoodsI" and T we can reverse the inclusions

above.
7.2. In this subsection we shall consider the model problem in

R} ={z e R3: 2, >0}
with Py = D%, — D2, — Dg, D,
Pyu=0 inR}, ulprs=1uo € &'(R?), ulg(z)«o=0, (7.21)

where ¢(z) is the time function for Py, near zero chosen to be x; + x3. The 1-2-3
homogeneity of the problem has already been stressed in chapter 3 and here we shall
use it microlocally near mo = (0;(0,0,1)).

The solution operator for (7.21) is given explicitly as

1 AL
@2m)? ) A(Co)

u = Toug, Touo(x)= o (€1, 3)e o1 HEs73) g, dgg, (7.22)

where
¢=—&" (G +226), Co=Clorexre=—& /1.

Let o CT* 3R3 \ 0 be a small connected open conic neighbourhood of (0
let I' ¢ T*R3\ 0 be a connected open conic neighbourhood of (0;(0,0,1)

,(0,1)) and
) such that

WFy(xTuo) C 3.I' if WF(ug) CTo, x € C(R®), suppx near 0,

and where j is the natural inclusion 7 : T*R3 \ 0 — °T*R3 \ 0. The existence of I
follows from propagation of singularities for the diffractive boundary value problem
and in this case can be easily seen directly.

1See chapter 2; we will refer to this artificial surface only once, in the last part of the proof of
Theorem 7.6.
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We also define the microlocal parametrix near I'y:

A+ (¢)

e B0l g dgdes,  (723)

Thuo(z) = (2—;5 / BlEa (&5 "6x)

BeC®(1,:)), B(t)=1 ift>2, € CFR), =1 near 0

and we are interested in its mapping properties.
To exploit the homogeneity in a systematic way, let us now introduce

Z =[1,00) x R, Zy =]1,00) x R x Ry
()\,.’L') € Za ()\,x,y) € Z+

and the isometries
W : L2(R?) — ASL%(Z), W, :L*(R3) — ATL*(Z,)
extending the maps defined for Schwartz function as
ug +— Wup(\z) = \/2_7?/110()\_‘%.1‘,173)6_i>‘13d$3,
u +— Wiu(\z,y) = 27r/u()\—%3:, A5y, z3)e P gy,
This corresponds to a non-homogeneous blow-up on the Fourier transfer side with

()\%,é,n), ¢ dual toz, n dual toy

giving the projective coordinate near the lift of (0,0,1). We observe that because of
the cut-off 8 in (7.23), there exists a unique operator

S:8(Z) — C=(24)

such that SW = W, T*. The formula for T* provides an explicit expression for S:

v(\. — 1 -2 A+(_§ — y)'ﬁ eizg
suha) = ooy [y tosn Hgtagee (2

and since our considerations are local in the original coordinates (z1, z2,x3) we want
to look at

Sty(\ z,y) = w(A_%y)w()\_%x)Sv(/\,z,y). (7.25)

The billiard ball maps for the model problem (7.21) have the following well known

form s s
0 (21,3561, &3) = (1:1 +2 (%) ’ ,Z3 F ; (%) ’ ;éu&s) .
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In the new projective coordinates we obtain
1 1 -1
(2,6 = (2 £262,€), €20, z=¢&m, £=6°6&,

1 _1
that is y* o =T oéét near I'g, where W (21, 3; &1,€3) = (5 21,&5 *&1). Similarly,
the chosen square root of the billiard ball map, €y = G(J{ Uy,

&

63) : . (7.26)

CF = {((z1,23;€1,63), (y1,y33m,m3)) t 01 —y1 = (

&

53) , & =mn; >0}

(x5 —y3) = :F% <
can be rewritten as
8=0%08", 8*={((&,¢),(«,¢):£=¢ >0,z - = +£7},
in the sense that $& o =T o €. We also define (near I'):

1 2 _1 2
Wy (21,2, 73;61,€2,83) = (651,83 T2; €5 °61,&3 °&2)

and 3 such that
H=HTUud", HEoW =W, 0FF

Nl

with .‘93: C T*R3\0xT*R? defined earlier and generated by z1&; +:c3§3:|:§(—4(a:, £))z.
The relations H* also take a very simple form

WE = {((w,y6,m); (@, €) €=, a=a' £ (E+y)7, n=F(E+y)?}. (7.27)

Let AL = N*{z3 + 5272} = 0} N {£z, > 0} C T*R?\ 0, m > 00, be the model
boundary Lagrangians first introduced in (7.19):

AL = (€5)™ Ao, Ao =N"{z; =5 =0}. (7.28)
We then consider = C T*R,

EE =WAL) = {(z,€) : £ =m 22?, £z >0}, m >0, Ho = {(0,€) : £ € R}.

(7.29)
If A = Fo(Am), Am = A} UA;, then (7.27) immediately yields
Zo =W4(Ro) =3 (Z0) = {(z,y:&,m) i n* —y—€=0, z+n=0}, (7.30)
E'm :7ﬂ+(Am) = }((Em) = {(xvyaévn) : 772 —Yy- £ = 0’ m-2($ +77)2 = 5}7

when m # 0. Using this and the observation that, by homogeneity,

(3z3€s + 22282 + 21&1) [ =0
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we obtain explicit expressions for A,, in terms of generators or as conormal bundles:

~ 1

AO = N*({Zg + 51'? —X1T2 = 0})

~ 1 1

A = AdN*({zzz1 + E(mg —z2)% - ga:l(wz +23) =0} \ {z1 = 22 = 23 = 0}))

2 = cl[N*({27z3 + 9z122 + 5331) —16(3z2 — 22)% = 0} \
{3zy — 27 = 2723 + 9120 + 525 = 0})].

The Lagrangians (7.28), m < 3, are grouped in two pairs related by the billiard ball
map:

{Ao, A2}, {A1,As}, AF =6FAg, AF =6FA,,

and we study these separately as they cannot be simultaneous models — see (7.19)
and the discussion following it.

The main result of this subsection is

Proposition7.9. —  The Dirichlet problem parametriz for (7.21), T, g , given by (7.23)
has the following mapping properties for k even:

Ty : I.L2(R?; Ao, JA,na, A2, 2) + I LA(R%; A;, 2) —»
RLY(RY;F0(A1), Fo(A1) N Fo(Ao)),
T} : I L2(R?, A7, 2) + I, LA(R?, A, 2) — IPLE (RS ;50(A2), Fo(Ao) NFo(A2)),

and
T3 : ILZ(R?, AT, 2) — ILLE,(RY;50(Ao) U So(Ag)),
where Ay C T*R?\ 0 is any C™ homogeneous Lagrangian tangent to Ay at A1 N Ao.

We want to reduce the proof to an estimate for S defined by (7.24) and for that we
need a characterization of the spaces above. Thus we define

IkL2(Z, h‘m) = {’U € Lz(Z) : (/\D)\)ko( - m_2x2)k1 '
1
(z(Dy — m™22?))*2 (x(Fx)z)*v € L? ko + k2 + gkl + 3ks < k}

for k even, and by complex interpolation between the even indexed neighbours for k
odd. Similarly (but for all k € Ny),

1
I,L*(Z,5) = {v € L*(Z) : (ADy)*o(zD,)* x*2v € L% ko + k1 + ke < k}.

Definitions 4.3 and 4.5 easily give
Lemma 7.10. — If WF(u) C Ty, u € &' (R?) then
2(R2. AL 2 =t
u € ILL*(R%A5L,2) <= Wue IkL,,l/G(Z =5
u € LL*(R% Ao, Jiyna, A2, 2) <= Wu € I L] (Z,Eo),

where vy = A™2%d\dz.

94



SEMI-LINEAR DIFFRACTION OF CONORMAL WAVES

We proceed similarly for Am by defining
I L*(Z4,Z0) = {u € L*(Z4) : (ADA)¥(D2 — y — D,)* (Dy + 2)*
2 1
((x + Dy)Dy)**u € L*(Zy), ko + skt 3k + ks < k},

L LA(Z4,Ep) = {u € L*(Z1) : (AD))* (D2 — y — Dg)** (Dy — m™2(z + Dy)?)** -
2 2
[(x + Dy)(Dy — m~2(z + Dy)?)|* € L3(Z4), ko + ki + 3he + ks <k},
for k even and by complex interpolation for ¥ odd. The analogue of Lemma 7.10 does
not hold in full generality but the following lemma is precisely what we need. For

the notational convenience it is stated, as the rest of this subsection, for Ri but the
generalization to R7 is easy.

Lemma 7.11. — If for some x € CPR3), x(0) = 1, WEy(xu) C I and
Pyu € C*°(R3), then for k even

Wi (pu) € Ikleﬁ(Z, En) for any ¢ € CP°(RY) =

u € RLY,o(RY, So(Am), Fo(Am) NFo(Ao)), m #0,
Wi(pu) € IkLz+(Z, =o) for any ¢ € C°(RY) =

u € IIIC)L1200( +9¢ fo(Ao) U j-O(Aﬂ))

v = A72%d\dzdy, and where Ay C T*R?\ 0 is any C® homogeneous Lagrangian
tangent to A1 at Ag N A;.

Proof. — We start with the case m # 0. Near .I, b@n‘{ (Fo(Am), Fo(Am) NF(Ap))
is generated by (see (7.29))

3
pO(xvg) = {% - w2€§ - &361» al(l',é-) = Z]x]{?’ (731)
j=1

a2(1',§)2, a3(z,§) = (:L‘1§3 + 52)0'2(1:7 5)

where ax(,£) = &1&3—m~2(z163+€2)%. We shall denote by Py and A; the differential
operators corresponding to po, a;. Since Pyu = 0, it suffices to have

1
AN AL A u € H°% (R3), a1+ Fo2+ag k=2l (7.32)

(——Otz 2(13)

In fact, [Po,A;] = —4id1; P so that PyAT* AS2AS%u = 0. Thus, (7.32) implies

that A$'AS?ASPu € H(lgcl 20 +3as,—a1 —Laz— 503)(Ri) which in turn shows that

BAY A3? AS*u e LE (R3) for B € \If'0‘2—20‘3’0’1+2°‘1'l'sol3 (R%) and gives the defining
condltlon for IPL2 (R, 50(Am), ‘YO(Am) NFo(Ao)):

1
(BlAl)al (.Bg‘/lz)a2 (B3A3)°‘3u (S leoc(Ri)7 oy + 50(2 + a3 S k,
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3
2

where B; € U)(R3), B, € ¥, 2(R3), B; € ¥;*(R%). On the other hand the
definition of IyL?, (Z4,=,,) and the assumptions on u imply that
Vi

2

_ 2
APAFAPu € HE 45, 55 (RY), Bt ot fs<k=2. (73

Let us observe that @z in (7.32) can be assumed to be even and thus we have two
cases

azg=4m+p, p=0 or p=2.
If p = 0 then
AT AT AU = AT AST AT ASPu € HUS J(RY) C H g0, (RY)

(—2m,—4m—2a3 (-3

by (7.33) with 8; = a;,7 = 1,3 and 32 = 3m. Thus it remains to analyse the case
p = 2 which is more involved and which by the above (p = 0) argument reduces to
ag =2, k=21in (7.32). Let us note the following identities:

Ay = Dy, Doy —m™2AF, Az = AgAs, ao(z,8) = 7163 + &2, ao = 01(Ao).  (7.34)
The desired property (7.32) reduces to
AiAfu € HPS 55.0(RY), i=1,3, (7.35)

which for i = 3 follows by writing A3 A2u = ApA3u with Aju € I?I(lg’c_‘l) by (7.33).
Thus in view of the assumption W Fy(u) C 2.I, it remains to establish

— 453 _
I(Da;) " x0 A1 AZul|72(gg ) < C > (Day) 5 2ﬂ3X1Af1Ang§3U||%2(R1)’
B1+2B2+B3<2
(7.36)

where x;(z, D) € ¥9(8R3), supp x;, i = 0,1 is in a neighbourhood of I'g (which is
a conic neighbourhood of (0;(0,0,1)) and x3 = 1 on supp xo. We will denote the
right hand side in (7.36) by M (u). We first obtain an a priori inequality in which we
assume u € C*®(R3) and start by using (7.34) to rewrite the left hand side of (7.36)
as

<D173>_3 <XOA1A%U'? <Dz3>_3X0A1A2D$1DZ3u - ’ITL_2 <D13>—3X0A1A2A3u>

which modulo commutator terms bounded by M(Bu), B € \Ilg’K (R%) for some K
(see the proof of Proposition 4.5), is equal to

) "X0Dy, Dyy A1 A3u, (Dyy) " 3x0A1 Aou) —
(D) "*x0A1 43U, (D) "*x0A1A3A0u) =

3
“2((Day) "> x0A0A3 A1 Az, (Dyy) "3 x0 A1 Agu) —
({Dzs) " *x0A143u, (Dyy) "3 x0A1 43 A0u).
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The integrations by parts without boundary contributions were allowed as we used
only the tangential derivatives and z2D,, in A; which vanishes at the boundary.
Thus the following estimate holds

J
(Do) *xoA1A3ul < Y M(Bju) + ||(Day) ~*xoA3ulll|{Dzs) " *x0AT Azul| +

=1
[{Das) " *x0A0A3A1 Azu| | (Da,) ~x0A1 Agul +
[{Das) ™3 x0A1 A5l {Da,) "> x0A1A3Aqul,

where the norms are in L2(R3). An approximation argument gives

J
[(Dzy) “x0A1 Aful| <2 M(Bju),
=1

for any u satisfying (7.33) with k = 2. As in the proof of sufficiency of (7.32) Pou =0
implies now that M (Bu) < CM(u) for B € \PQ’K(Ri). In fact, commuting B through
gives

Jg
MBu)<C Y N |B AP AT AP,
B1+2B2+PB3<2 7=1

_ag,—
where Bf e v, 32 =305, K51 426274305 (R%) and hence we need to show that for
E e \Il;"k(]Ri) and v such that Pyv € C™ near the boundary,

|Ev]| < Cllvllo,my for m<O0.

This in turn follows from ||Ev|| < C||v|(k,m-k), m — k < 0, and Theorem B.2.9 of
[14]. Thus we obtain (7.35), ¢ = 1, which concludes the proof of (7.32) and of the
lemma for m > 0.

For the case m = 0 we need to describe the generators of b9K§ (Fo(Ao) U Fo(Ay))
near 7,I". The Lagrangian §(Ag) = Ao is given near I', a conic neighbourhood of
(0;(0,0,1)) by the zeros of po, ag, a1 defined in (7.31) and (7.34). Since Ay is tangent
to A1 at Ag N Ay, it follows that Ay = N*{z3 + z3f(21) = 0}, f € C®. Thus, a
computation based on this and the definition of Fo shows that, near T', Fo(Ay) is
given by the zeros of po, a}, a} where

ai(z,€) = a1(z, ) + & 2ao(z, €)*hi (2, €), (7.37)
ab(z, €) = £163 — ao(z, €)?ha(z, £),
with

hi(z,€) = &5 ao(x, &) f (z1 + €5 762) /3
ha(z,8) = f(z1 + & &) + & "ao(z, ) f'(x1 + £ &),
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To obtain the generators of *9n} (Fo(Ay)) near 3,.I' we write

hi(z,€) = h§(z, &1, €3(62/63)%, &3) + (E2/€3)hS (7, €1, E3(E2/63)%, &3),

so that using pg, h; in ag can be replaced by

hg(.’l?, é-) = hf(ilf, gla §3$]_ + {1» £3) + 5253_1111?(3:7 61 3 531:1 + él’ 53)
which near 7,I" are in Sg;;(bT*]Ri), so that the corresponding a! € S}ll’;(bT *R3) and
a} € S (PT*R3).

We observe that we can find operators H; € \I/g’l(]Ri) such that °cq y(H;) = h! in j0
and

\Po, H)] = D2, BY, + B2, D%, + B3D,,, + B, B € W(R%), WFy(B})n i =0,
(7.38)

where W Fy,(B) denotes the essential support of B as a b-pseudo-differential operator.
The wave front set conditions on u and B imply that Bu € @(R3 ). Since u € 9(R?})
it then follows that Bu € C*®(R3) as B : 9(R3) c &'(R%) — @'(R3) and

@'(RY) NARY) = C®(RY) (see the references given above and also Subsection
7.3 below). Hence [Py, H;Ju € C*°(R3) and we can commute Py through as in the
proof of (7.32).

From (7.37) we obtain the generators of *d (F9(Ag) LIFo(Ay)) in a neighbourhood of
2L
53—1170’ a‘]i., agaﬂ-

The assumption W u € IkL?,l (Z4,Z,) implies
2

_ 1
AG AL (Day Ao)*u € H(G 35, g,y 380+ i+ B2 <k (7.39)

Thus, as in the case of (7.32), it suffices to prove that (7.39) implies
(A1 (ABAo)*u € H1*, _soyimys "014(AD) = df, Pon(4f) =af,  (7.40)
for some m. However, (7.37) shows that
AY = (D,,)"2(D2, Ay + A3H:), AbAg=D.,D, Ay — A3H,, H; e Uy (R3).
and thus (7.40) follows from (7.39). O
The proof of Proposition 7.9 reduces to the proof of
Proposition 7.12. — If S* is defined by (7.25) then for k even
8t LY, (Z:E5) — LLls  (Z43Em.,) (7.41)

a+3
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S*:IL2 (Z;80) — L%, (Z4;51) (7.42)

a+-§
where vo = A"22d\dz, 1/;3" = A"2Bd\dzdy.
We start with the second mapping property where we can give a direct proof.

Proof. — Proof of (7.42) Since A does not appear in S other than in the cut-off
function %, the stability under AD) is clear and for simplicity of notation we shall
omit that variable. Thus we consider

-2

35) A-f—(_g - y)

Ay ©

506,0) = [ So(a,v)e=4da, Folg,v) = O
and recalling the definition of T kL,2,+ (Z+, él) we want to apply to it the operators

£—(Dy —D¢)?, (£—(Dy— D¢)*)(Dy — De)

with weights % and 1, respectively, while the stability under DZ —y — £ is clear from
the Airy equation. We claim that

((€ = (Dy — De)*)(Dy — De))*2(€ — (Dy — De)*) 1 S5(E,y) = Sty 1k, (€,9),

where vg, x, € L2(Z) if v € It L%(Z,Eo) and 2k; + k2 < k and where we omitted the
irrelevant terms with differentiation falling on +. In fact, we can proceed by induction,
noting that the order in the iteration does not matter: (é—(Dy—Dg¢)?) STk, —1,0(€,y) =
gﬁklo(é ,¥), where by a simple computation

Uky0(€) = 2(D®4)(—€)Vky —1,0(€) — 2@ 4 (=€) De, —1,0(€) — DFVk,—1,0(€).  (7.43)

Here ®
1A (t

—D;®,(t) =3, (1) +t, D, € SI(R).

Thus, to obtain the boundedness of the second term in (7.43), we need the stability of
Dk, —1,0(€), 2k1 < k under (€)2 D¢ with weight 2. This follows easily from the stability
under { D¢ with weight 1, D¢ with weight 1/3 and an interpolation argument (see the
proof of Lemma 7.13).

We now turn to (Dy — D¢)(§ — (Dy — D5)2)§akl,k2_1(5, y) = S, k, (£, y) where now

Vhiko(§) = —2D?® (=€), ky—1(€) + 4DB (—€) Dy ki, —1(€)
—28 1 (=€) DFk, k,—1(€) = Dk, ky—1(8),

and we use the stability of ¥ under () %Dg with weight 1. The proof is concluded by
observing that $(A~3y)S = O(1) : AsL2(Re) — A L(Re x Ry,). O
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The presence of Lagrangians with boundaries in (7.41) presents difficulties which
seem to prevent a computational proof similar to the one above, and the following
characterization of the partial Fourier transform of I}L?(Z,=%) will allow us to

)y ~m

overcome them. We need yet another two spaces of functions:
1
SpL*(Z) ={a € N*L*(Z) : (AD»)* (£D¢)* Dg2a(), €) € \*L*(Z), ko+kit3ks < k}

and
1

ky <k
gt <k}

SRLA(Z) ={a € A*L*(Z) : (AD))*eM Df?a € A*L*(2), ko + gkl +

with the latter space defined only for even k and then for odd k by complex
interpolation between k — 1 and k + 1.
Using this we now have the crucial

Lemma 7.13. — Let U()\, &) be the Fourier transform of v(\,z) in the second
variable. Then for k even

v e L2 (Z;EE) <= T\, €) = g(\,€) + eF3me? £(2 ¢) (7.44)
where f € S¢L?(Z), supp f C {¢ > 1} and

[ s m=o
I5N ser2z) m>o,

[1]

F=5), va=A"%d)\dz.

Proof. — We observe that the case m = 0 follows immediately from the definition
and we shall first prove that the left hand side in (7.44) implies the right hand side,
that is, we assume that v € IxL2_(Z;E%) for k = 2l and m > 0. To simplify the
notation we will allow m € Z and define Z,, = E;’fln(m), and also put a = ;. Thus

we take v € Iy L2 (Z,E)).
6

)

Let x € C*(R), supp x C [1,00) be such that x =1 for > 2 and let us define

v+(z) = x(sgn(m)z)v(z), v-=v—vy
The term v_ satisfies the estimates (ADy)*oz*1 D¥2v_ € AY/SL2(Z) for ko + 3k1 +
2k, < 21, which immediately implies that o_ € $3I°L2(2).
We can easily construct a canonical transformation x,, : T*R?\ 0 — T*R? \ 0 such

that xm : N*{z1 =0} — A

1 1
Xm : (%1, 22;&1,&2) — (21 — 3—77?333,962;61,52 + W:c%fl) = (y1,y2;m,m2) (7.45)
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which is generated by ¢m = 327y5&1 + y2€2 + y1€1. The definition of Iy L2 (Z;E%)
then shows that (see Lemma 7.10)

v(\ ) = e3"™ T Wuy (A, 3), uy € L LA(R? N*{z, = 0} N {£z, > 0},2).
Consequently, if w(\, z) = e‘#”av.,.()\, z) then since 9_ € 5;{6L2(Z),

2
(ADy)*o (D)% D*2w € ASL3(Z), ko+ ki + gkz < 21, supp w C sgn(m)[1, 00).
(7.46)

Strictly speaking we should now replace w € A/6L2(Z) by a sequence
w; € AY/SL2([1,00);8(R)), w; — w with the estimate (7.46) satisfied uniformly, but
for simplicity we shall write w everywhere. With this understanding we have

(N 6) = / e3im e ~inky (N p)d (7.47)

and we first consider £ > 1 where we define f(), &) = x(&) exp(%imﬁg)i}}()\,f). We
will check the stability under D¢ and £D, (AD) is clear) by induction for more general
f’s of the form

g3zt

. 3
L iGmeT a0y () o) da, (7.48)
37(met + )

100 =x© [

where suppsgn(m) [1,00), w € )\%L2([1,oo),H(_s)(R)), and ¢+ k +2s < r. We can
rewrite this as

Lo 3 Y 3
T e £\ @) = a(, Da)* (67 w(x, )
where § : L2(R) — L?(R) is the Fourier transform and

zkgze

m € (m[{“I% + |1‘|>_T+k5%(q_p)(R; R).

(7.49)

a(z,§) = x(2sgn(m)z)x(£)

To see that f € As L%(Z) if w € As L2([1,00), H(_4)(R)), it suffices to check that

a € (ml¢]? + |z]) 7250 o (R, R) = e“ism;ﬂaa(w,D) : L*(R) — H(5)(R), s> 0.

Since this is clear for s = 0 it is enough to establish the mapping property for s € N
as it will then follow by interpolation. Thus let s = n and we need to verify that
DI (exp(—iz=zz®)u) € L?(R). This however is easy as |z|'a € S;Q*W so that

zta(z, D) : L*(R) = H(n—_y/2)(R).
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We will show, using (7.46), that the applications of D¢ and {D¢ do not change the
form of f. To do that we first need to strengthen (7.46) slightly:

(ADx)* (2D,)¥ DF2w € A8 L*([1, 00); H(—5)(R)), (7.50)
2 2
ko + k1 + §k2 S2l+§8,k1 + kg < 21.

The optimal choice of s is in %No and for s € g, (7.50) is clear. For s € Ny + % it
is derived from the iteration of the following statement

Viu,Diue ASL2(Z), i<2,j <3 = (7.51)
D2Vu € A§L2([1,00); H_1)(R)), V = 2Dy, ADj.

To see this we take the Fourier transform in z and consider (@, 5;5;\1&) An
integration by parts in £ or A depending on V (in the case of A this means taking
an adjoint in of D)) and an application of the Cauchy-Schwartz inequality yields

5%‘7& € )\%L2(Z) which gives the right hand side of (7.52).

We can now start with
1 i(Zmes 41 23 o
Def(r = [(me} - 2)el3metrmar =20t u(, o)de +
) 3.,
[, o3t mm 20w s,

The second term is of the desired form, as D¢a is of the form (7.49). We rewrite the
first one as

m* / (me? + 2)ta(z, €)[(~Dy)e B + T Oy (A 2)de

where we can integrate by parts introducing new a’s of the form (7.49) and D,w. By
an interpolation argument (see for instance the proof of (7.52) above) it suffices to
discuss D7 f, D with weight 2. Repeating the previous computation we see that D7
is a sum of terms of the same form as f with w replaced by D,w or D2w with r in a
(see (7.49)) increased by 1 or 2 respectively. If w € )\%L2([1,oo);H(_s)) then (7.50)
shows that Dw € A8 L([1,00); H(_y)) and D2w € A% L2([1,00); H(_,_1), Where we
increased ko by 1 in agreement with the weight of Dg. Hence, indeed Dg f is a sum
of terms of the form (7.48) and DZf € A5 L2(Z).

We proceed similgrl}lf f03r ¢Dg. Observing that £D¢a € S°(R,R) and {ei(#ﬁ-zg) =
(=Dg +m~222)e" (G2 728 we have

EDef(N,€) = / ¢Dea(z, HHw(A, p)ei3met tgkae® =20 4 |

1 . 3.1
m? /(m{f +z)7? [(—DQB)(—DQc + m_2m2)e’(%m€2+mm3_z§)a(:c, & | w(A z)de.
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and again the first term is harmless. Integration by parts in the second term produces
terms with new a’s satisfying (7.49) and the following terms involving differentiation
of w.

X

mz/ Kﬁwa(A,x) + m(sz)w()\,m)+
1

Dgw()\,x)) a(z, &) + M

¢f sw(h,z) | eGmed+akee® =20 gy
mé2 +x

(mg? +2)
All the terms except for the third one are of the desired form (since we used the gen-
erators in (7.46) with weights < 1). To maintain the order of regularity we use (7.50)
again so that if w € A§L?([1,00), H_4(R)) then D2w € )\%Lz([l,oo),H(_s_%)).
This decreases 2! by 1 in (7.50) so the order in the filtration is preserved. Since r is
increased by 1, (7.48) is preserved and {D¢ f € )\%LQ(Z).

To see that (1 — x(€))04 (), &) € SYL?(Z) we could again analyse the integral (7.47)
but it also follows from the uniform ellipticity of Df —m?¢ for ¢ < 0. In fact, if

2
supp b C (=00, 1), (AD)* (D —m?¢)"b(A,€) € A"L*(Z), ko + Thy < 21
then b € 59, L%(Z) since

((DF = m*€)b, b ram,) 2 | Deblia,y + mllIEI2 bl 32, ) — Cllwlia,)-

Note that using an interpolation argument as in the proof of (7.52) we obtain the
correct weights for the operators defining 89, L?(z).

Thus the desired decomposition follows by taking

96 =T (\E) + (1 — x(O)T: (M 6), F(AE) = edmedy(e)a, (A, €).

We now want to prove the converse, that is, to show that the decomposition on
the right hand side of (7.44) implies that v € IxL? L*(Z,E,,) where as before
6

S & Elsfnnl(m), m # 0. To check the stability under
ADy, D, —m™%z? z(D, — m™%z?)

with weights 1, % and 1 respectively, we move to the Fourier transform side in z and
require that

(ADx)*o(DZ — m*€)* [(DF — m2€) D¢]*(F2 0 W)u(), €) € AYOL2(2), (7.52)
with ko + 2k; + kp < k = 2L.

The functions in 5;{6L2(Z) satisfy (7.52) and we need to look at e~ Jime 3 Sye12(2).
Commutation through the oscillatory factor shows that it suffices to establish the
stability of the elements of Sl/ ®L2(Z) under (¢) %Dg with the weight 2, i.e.,

f € $,{°L}(2) = ((§) 1D} (\DA)* (€De) DI f € \V°L2(2),
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%P+k0+k1+%k’2 < 2l.

From this, one sees that it suffices to have the stability under <§>%D§ with weight
1 which follows from the stability under £D¢ and Dg’ both with weight 1 and the

inequality
/ t|h’(t)|2dt§</ |h”(t)|2dt) (/ t2|h’(t)|2dt) <
0 0 0

% (/OOO R (8)[2dt + /Ooo tzlh(t)lzdt) , heCP(Ry).

We now need to check the essential support property required in the definition of
It L2 (Z,En). 1t is easily satisfied for § "15,1/ ®L? and it remains to consider
s

vy (x) = / x(@€)e=dimed+ice 13 e)de,

and to check the stability under x - x(—sgn(m)z) with weight . The argument is
similar to the analysis of (7.47) and we shall present only the first induction step.
Thus we write

X

- x(—sgn(m)z)uy (z) = / X(28)x(—sgn(m)z) Dect-Himed 60| f(6)ag

T — m{é
where we integrate by parts. If D¢ f € AY/6L?(Z) then so is the left hand side as
a(z,€) = x(26)x(—sgn(m)z) (@ — mE*) 'z € S°(R,R)

. 3
and we apply a(z, D;) to 5 (e~ 37™(*)?% D, f)V(z). The obvious inductive argument
concludes the proof of the lemma. O

To prove (7.41) we decompose S into the elliptic and hyperbolic components:

1 Ar(=€—vy)

§= 5.4 Sk aw) = g [ oo-t00-¢ - aee e,
(7.53)
where ¢ € C*(R, [0, 1])
1 t>2
o) = { 0 t<l.
We start with the elliptic region estimate:
Lemma7.14. — Ifk € 2Ng and ko + 2(k1 + ks) + 3(k2 + k3) <k, m #0, then

(ADx)*Dkra* DEsysS, = 0(1) : kLl (Z;Ey,) — A*L2([1,00)x X Ryy; H(1)(Rz))
(7.54)
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Proof. — We again consider S, defined in the same way as S in the proof of (7.42)
and, using the asymptotic expansions of the Airy functions on R, we write (omitting
A)

~ 3 3

Sed(y, €) = p(A~8¢)e HEOT D, (—g — y)un (-3 (),
where w; € S(—V'/4(R), supp w; C [1,00), (compare chapter 9 of [49]). From Lemma
7.13 we conclude that

9(€) = 6(-26)0(¢) € SYL*(2)

and we want to examine the application of the operators falling on S, in (7.54):
&, D¢, Dy, y with the weights %, %, %, %, respectively. From the definition of &}, the
application of AD),§ and D¢ to g is allowed and thus we only need to examine the
effect of the last three operators in (7.54) on the phase. Thus

oF2 0kt S(y,€) = ((—€)F — (—E—p)B)2(—(6 —y)2)Poyhe x
e 30w hy (e yuy(-6)g(e)

k3
= (_5 - y)2 ka+3ks k2
B ((—s)%+(1+y)%> (1+y)h 2Ry (y, &) x

e 30T -0y e phun(—£)g(),

where v(y, &) = (—€)% — (—£ —y)? and where = means that the expressions differ by
terms which can be treated by the analysis for lower k. In fact, for 0; and y this is
immediate, while for d, falling on the phase we write

(¢-wt (=¢-v)*
(=67 +(1+y)? (=63 + (1+y)?

with (—€)% in the second term absorbed into g (with weight 1) — it is allowed as
g € 8*L?(Z). To proceed we need the following

(~6-9) = +1)* + ~6)*

Lemma 7.15. — Let f € C*°(R4 X [1,00)) satisfy
i) 1£(0,8)] < Gy

i) |18 (y, £)] < Cxt®, for some a >0

iti) supp f C {(y,t) 1y >0, t > 1 +y}.

Then
JPREICE JtaenL ) 4
[ et nay — et (7.55)
0
Proof. — We can obtain asymptotic expansion for the integral (7.55) using

integration by parts:

/°° et -0 5y, pyay =
0

11 * _apadog-nh [ 1 _3 1 1
+tTEf O+ [ e P ) + (- y) TR (v 0) | dy
0
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which continued sufficiently many times gives, in view of (i), a term O(t~%) and a
sum of terms of the form

o 3 3 k
/ e PR (¢ — )= 1R (y, t)dy
0

with k; large. Using ii) and iii) we can estimate this integral by

3 prt—1 3 1t
Ciyte /3% /0 e (¢ — y) R 2dy < Ot /O (t—y)~™/2dy +

Ckztae‘4/3(1‘2_%)t% _ @(t‘%)
if ky > 20+ 3. a

Since (1 +y)/2 < (=€) fory > 0,—¢ > —€ —y > 1, we can apply Lemma 7.15
with f(y, —£) given by

2

1 ks
<(_€§‘5‘y)2 ) (1+y>k4+%kw<y,5)’°2<—s>1/4w1(—£—y>},

a = ks + 3(k2 + k3) to obtain from the above discussion

o0
/ /0 (6)}|(ADx)*o DE ks Drs g 8,5y, €)| A= dydd
<C

) / |(AD» )0k DS g () PdeA—2dA

Ky <ko,k; < L katki k) <ks

=0 > / |(ADA)ko¢% D2 g(€)|*deA =2 d

Kb+ 2k + 1kl <ko+iks+Zki+ike

< C”Q”&ng(Z) < C”””i[,lz,a(z;griny
where the last inequality is a consequence of Lemma 7.13. ]

We factorize the hyperbolic term defined in (7.53) as follows:

Sh =Go é;l
where
Go(Nz,9) = 5 / YOI (r)p(E)eHT TV drdg, (7.56)
1,3 1 )
W (r)e T = / (1= )AL ) (—s)etds, Ty € SO(R),
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~—1
see [49], Sect. 4. The other term @, is the non-homogeneous version of the @;1
operator:

@ )N €2) = SEDB(E ) (A (—6; *&2) 7106 &), u € &'(R?),
@, )€ = A4 (-©)715(e), ve s (R). (7.57)

The more delicate part of the argument involves (“l__,_l. This operator is associated
to a canonical relation with boundary €; (see (7.26)) which can be regarded as a
singular canonical transformation.

The following proposition, which may be of independent interest, quantizes the
Lagrangian mapping properties of €y :

CoAE =A%), m#0, CoAg=A7.

Proposition 7.16. —  Let us define the following marked Lagrangian varieties:
g = 02,
L = {AO’ J11\00A1A1>2}

where AL, Ay are given by (7.28), and C5 £, = £,_1. Then
Q7' IeH)(R% £p) — IiH(_1)(R?, £, 1)

The proof follows from Lemma 7.10 and

~—1
Lemma 7.17. — The multiplier @ defined by (7.57) satisfies
(D)™ YAR, "« L2 (Z,5%) — LL2 (Z,2%_)), m >0,

~—1
(Dy)™Y4@, L L2 (Z,80) — I L2 (Z,E7).

Proof. — This is an easy consequence of Lemma 7.13 and the asymptotic properties
of Av: ATV = G(¢) + 3€¥ F(¢), G e 5(R), F € SYA(R), supp F C [L,00). O

Proof. — Proof of Proposition 7.16 Unless p = 0 or p — 1 = 0 the statement follows
immediately from the interpolation between the even indexed neighbours. In the
special cases, the proposition is equivalent to

Q7H(De) ™ : IkL*(R?, £0) — IxH(,_1)(R*,£_1), p=0 (7.58)
(Dy)*~8Q7" : I H(s)(R?, £1) — L L*(R?, &), p= 1. (7.59)
In fact, Definition 4.5 immediately implies that for s € Z,
u € ItH,)(R?, £0) & D2u € I, LA(R?, &), |a| < s & (D,)*u € I, L*(R?, &),
so that the case of general s follows interpolation. On the other hand Lemma 4.4

shows that H f’k>(Y2) % 1,12 (R?%, £0), so that by Proposition B.2 the right hand side

is an interpolation space in k. Hence (7.58) holds for all k. O
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Lemma 7.18. — Let G be defined by (7.56). Then for k even
Y(A"52)G : L2 (Z,E%) — Ll (Z4+,Em (7.60)
a+-(1;-

and in particular

Y(AT32)G(DL)VY4 L2 (Z,5E) — LiL®  (Z4,Em) (7.61)
a+%
Proof. — By taking the Fourier transform in y and applying Young’s inequality to
eliminate ¢ we only need to consider A=/6¢(A\~3z)¥, (n)e~ 3" v(z + n) and the
operators (see definition of Iy L%(Z1,=,,))

n?*+ D, ~D,, +n, (x+n)Dz, m=0
with multiplicities -g-, %,1 and
1° + Dy = Dz, Do —m™2(z +1)*, (z+n)(Ds —m™*(z +n)?), m#0
with multiplicities %, %, 1.

The corresponding assumptions on v gives stability under the operators (see
definitions of IxL?(Z,EL): z,zDy, m = 0, with weight 1 and 1), and D, — m~2z?,
z(Dy —m™22?), m # 0, with weight 2 and 1. It follows that we need to consider the

norm of .

AV sz)a(nw(z +7),  a€S°(R), we LA(R)
in L?(R2 ) and it is easily seen to be bounded by |lw]|2(x). The mapping property
(7.61) follows from the frequency cut-off (A~ 3¢) in G. O

Combining (7.61) and Lemma 7.17 we obtain that
Y(AT3)Sh L2 (Z,5E) — I L2, (Z4,Emz1),m >0

a+%

Y(A"52)Sh s IiL? (Z,80) — L2, (Z4,E1)
a+%

Thus, using Lemma 7.14 and the definition of IkLz+ (Z4,Zm) we obtain (7.41) of

a+-]ﬁ
Proposition 7.12: ’

1 _2 - =
St = p(AT32)p(A"3Y)(Se + Si) : kL? (Z,E5,) — IkL3a+% (Z+,Ex), m#0.

Finally, Lemmas 7.10 and 7.11 complete the proof of Proposition 7.9. We should
remark that we have not used the full power of Lemma 7.14 which shows precisely
the gain of regularity in the elliptic region. A little more will be used1 in the proof
of Proposition 7.21 but even there it would have sufficed to have A>Ts L%([1,00) x
R, ; L2(R)) in the right hand side of (7.54).
7.3. The extension of the equivalence of glancing hypersurfaces to b—canonical
transformations (see Appendix A and references given there) will now be used to go
beyond the model case considered above. Thus we have the following generalization
of Proposition 7.9:
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Proposition 7.19. —  Let the Lagrangians ém be defined by (7.28) and the relation §
by (7.20). Then the diffractive parametriz T given by (7.2) has the following mapping
properties for k even:

T I L2(R™Y Ao, JA mp, A2, 2) + I L2(R™H AT, 2) —

IRL}, (X, 5 (A1), 5 (A1) N 5(Ao)),
T LLARYLG AT, 2) + LL2RYYG AT, 2) — IPLE (X, 5(Ao) UF(A2)),
T : LLXR"SAF,2) — RLL(X,5(Ao) UF(Ay)).

where Ay C T*R™~1\0 is any C™ homogeneous Lagrangian tangent to Ay at AyNAo.

Proof. — Let X : [ > T*X \ 0 be the equivalence of glancing hypersurfaces used in
the construction of the parametrix. By Proposition 1.1 it can be chosen to extend to
a b—canonical transformation ®x : I' = ®T*X \ 0. The induced boundary canonical
transformation xo : o — T*0X \ 0 coincides with ¢, the canonical transformation
of the elliptic Fourier Integral Operator J such that for v € &'(R"71)

PTy = 0, Tv Ix_=0, Tv lox= Jv.
By Theorem 1.5 (and Remark 1.4), ®x can be chosen so that
Cx)*p = c(&5 — 2385 — &163), ¢ € Spg(Th), (7.62)

where we recall that the pull-back by ®x makes sense as p € Sﬁt’;(bT*X \ 0).

Our first goal is to quantize (7.62) using b—Fourier Integral Operators. Thus we
choose F € I(R? x X;(bx7!)) and G € I)(X x R%;(®x)’) so that FG — I =
Ey, GF — I = E,, with E; € U)(R?), E; € UY(X) satisfying WF,(E1) N T =
0, WEFy(E2) N*x(T) = 0 (WFy(E) denotes the essential support of the full symbol
of E as a b—pseudodifferential operator). By the argument used in the proof of
Proposition 4.4 (see also [25], ITI(4.26) and what follows),

FPG=C(Py+R)+E, ReV*RY), Ec¥,®R"), (7.63)
and where C € \IIS(R’_,‘_) is elliptic in I and can be chosen (by appropriate modification
of F and G) to have the full symbol vanishing outside a neighbourhood of I'. By

absorbing the term D2 R_;,R_; € ¥;*(R?%), in R into Py (by writing D2 R_; =
PoR_1 + (22D2, + Dy, Dy,)R_1) we can assume that R € \II})’I(R’}F).

The following lemma is based on Proposition 1.2 and allows us to eliminate R:

Lemma 7.20. — If C € U)(R%) is elliptic inT and R € \I/ll,’l(Rﬁ_) then there exist
Q1,Q: € \I/g(]l_k’_;), ellipticin T and E € W;w’l(Ri) such that

C(Po+R) = Q:1RQ2 + E.
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Proof. — It is in fact more convenient to look for 71 and 7% in ¥, elliptic in " and
such that

Tyi(Po+ R) = Py + E, Ee ¥, R"),
which can be rewritten as
[Py, T) = TR + PyB (mod ¥, **), (7.64)

where T = T; and B = Ty — T;. Thus we are looking for an elliptic operator
T € U9 and an operator B € ¥; ' such that (7.64) holds. Identifying t° = 0o(T) €
SO*T*R%) and b = bo_1(B) € S7!(*T*R%) with their pull-backs under ; we see
that (7.64) implies

1
EHPOtO = tOT +p0b1, r= balyl(R). (765)

On the other hand if (7.65) holds and we choose T, B! so that bao(T°) = t° and
bg_1 = b then

[Py, T° — T° — PyB* € U)''(RD).

Proposition 1.7 shows that, indeed, we can find such t° and b', by taking t° = expa
and b = (exp a)b, with a, b given there. We then continue inductively, assuming that

EI = [P07T0+"‘+Tj]—(To+"'Tj)R—P0(B1—|—~~+Bj+1) c ‘I’;j’l(RZ_).

If °0_;1(E’) = €’ we again use Proposition 1.7 to solve
1 . , : :
—Hp t7+ = —ed 4+ rt3+h 4 pobi
i

since it is equivalent to
1 . . . . .
EHP‘)q = —(t°)"Yel +ps, 9T =10, BT =1%(gb' + ), g€ STI(), s€ STITHI).

The standard argument adapted to the \I/;’l setting concludes the proof. O

By combining Lemma 7.20 with (7.63) we see that there exist Fy, F, € ID(R% x
X, (bx~')") elliptic in T' and properly supported such that

F\P = ByF, + EF,, Ec ¥, R") (7.66)

where E is also properly supported. We recall from [25], Proposition II1.4.18 that the
restriction of a b—Fourier Integral Operator, F, to the boundary is a Fourier Integral
Operator Fy with the canonical relation given by the restriction of that for F'. Thus,
(F2)o € I°(R™! x X;(x5")"). We conclude that (F)g o J = A € ¥O(R™™!), where
A is properly supported and

PyFyTv = —EFRTv+ Kv, (FTv)lax= Av, K :8&(R" ') — C®(RY). (7.67)
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To continue we need to recall two basic facts. If X and Y are manifolds with
boundaries, €, a b—canonical graph then,

RXxY;¢Y>G : YY) — 9YX)
UM X)) A 0 9UX) — OF(X).

The space 91(X) is defined in [25] (see also Sect. 18.3 of [14]). The first property
is clear from III(4.14) in [25], while the second one follows from 9U(X) N Q(X) C
B(X)NA(X) = C>®(X) (see [25], Proposition I1.8.8 and [14], Theorem 18.3.24) and
the mapping properties \Il,',”c : O — I, \Ilb_°°’k 18" > Q.

Combining this with (7.67) we conclude that
FT =ToA+ Ey, A€ O R"™Y), Ep:&(R™!) — C®(RD).

The proof is now concluded through applications of Propositions 4.1,4.2,4.4, Propo-
sition 7.9 and the use of

x(Fo(A)NT) C F(A),
which follows immediately from (7.20). a

Proof. — Proof of Theorem 7.6 We proceed by showing that the Poisson map
&:CP(0X4) - C(X):

P(Eflx)=0 in X, &flox=f, &6flx_=0, (7.68)
extends for s € 2Ny to a continuous map

& : JoL2(0X,H) — (Bs)+I,L?

vs,loc

L?(X5,55). (7.69)

Since both spaces in (7.69) are interpolation spaces, the map is then continuous for all
values of s, in particular for s € Ng. Once we have (7.69) we apply the ‘vanishing in the

past’ Proposition 5.3 to show that the extension of & f [x to (8s)«Is L2 1. L2(Xs5,S5)

vs,loc

can be modified to lie in JsL2 ()~( , H). In fact, Definition 7.4 shows that for s € Ny

comp

comp

v € JoLZmp(X, H) = v [go€ BOILE (B2 K§;0X: N 37" KY).

Proposition 5.3 and the spacelike property of K5 (K2 = 8X N K5 — see Proposition
5.1) gives the second condition in the definition of JyLZ (X, H) (Definition 3.5; in

loc

fact we get a stronger condition: U [k, € IkL,%()h, 8)2'4) Ik, )

show that the extension of & f [ x can then be modified to lie in J,L2 (X, H) without
affecting (7.68).

To establish (7.69) we will reduce it to a microlocal statement. In fact, it suffices to
prove (7.69) with the left hand side replaced by the right hand side of (7.6) and the
right hand side replaced by the left hand side of (6.2), as we can use Proposition 7.7
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and Theorem 6.1, respectively. In that case we consider the full diffractive parametrix
T given by (7.15) and will see that for k even

T IkLz(aX; Aoo, J/1\000A2¢A2i7 2) + IkLE(BX; A;—z, 2) — (7.70)
IkLloc(X7 AS’ AS n AF)7
T : ILL%0X;A5,2)+ i L2(0X;AS,,2) — IRLE (X, Ar UAR), (7.71)

T : ILL?0X;Af,2) — IRLE .(X,ArUAR), (7.72)
T : LL?0X;A%,2) — IRLE (X, A UAs). (7.73)

Recalling (7), we see that, after a suitable microlocalization, (7.70),(7.71),(7.72) and
(7.73) are a consequence of Proposition 7.19 and the following mapping properties of
L in (7.15):

L : IL2(0X;Ac0, I}, nn,A2ir2) + I L2(0X;AS;,2) —
IkLZ(R™Y5 Ao, JA, A2, 2) + Ik L2Z(R™ Y A, 2), (7.74)
L : I L%0X;AL;,2) + Ik L2(0X;A%;,2) —
LLAR™ AT, 2) + I L2(R™ Y AF, 2), (7.75)
L : ILL?0X;A},2) — LL2R™ AL, 2), (7.76)
L : LL%0X;Af,2) — LL2R™ Y AT, 2). (7.77)

The operator L is chosen differently in each case depending on x and I' used in the
parametrix construction — see the discussion following (7.19). Since L is an elliptic
Fourier Integral Operator associated with xs (see (7.19)) the mapping properties
above follow from Propositions 4.1 and 4.2. We then obtain (7.70),(7.71),(7.72) and
(7.73) from (7.74),(7.75),(7.76) and (7.77), respectively from Proposition 7.6, once we
check, for (7.72), that

ArRNT D> F(AyNT),
and for (7.73), that
AsNT D> F(AyNT)
for some Ay tangent to Ay at A;NA¢ (again, with different choices of x and T in the two

cases (7.72) and (7 73)). For (7.72) we can simply take Ay = Ay = (J, 6= Ao as then

F(A2NT) C AgNT. To construct Au for (7 73) we observe that if § and 5, are defined
using canonical transformations ¥ and X, — see (7.20) — then 51 = § o x5 (x1)s. If
(x1)a is chosen so that (x1)a(Ao NT) C Ago, as it may be by (7.19), then by (7)

F1(A1NT) C As N X(T)

and we can take Ay = x5 (x1)a(A1). Since A, is tangent to As, it remains to check
that Ay is tangent to Ag, and that follows from the tangency of F(Ay) to F(Az), as
can be verified using o or even more easily 3 given by (7.27). By the last part of
(7), 5(A2NT) C Ay, and that tangency follows from the third order tangency of the
cone and the reflected front H, (see chapter 2). This completes the proof of Theorem
7.6. a
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7.4. Because of the restriction to the boundary (see Theorem 7.5) we lose 1/2 of
the order of regularity when applying Theorem 7.6. To avoid this loss in the final
application to conormal regularity of diffracted waves we need

Proposition 7.21. — If (FNX_)NO0X =0 and u € L?(X) satisfies
Pu=0 in X, ulox=0, ulx_=1uo, uo € [LL*(X_;Ar), (7.78)
then

u e ILE (X;Ap UAR).

Proof. — Following the proof of Theorem 7.6 and with the notation of Proposition
7.9, we only need to prove the statement in the model case: P = Py, Ap = Fo(Ao),
Ar =5Fo(A2), X =R}, X_ = {¢(z) < —6,z2 > 0}, where for small |z| we can take
¢(x) = x1 + xz3. The assumption that X_ N F is away from the boundary is replaced
by its microlocal version:

W F(uo) C So(To) N~} (X_) (7.79)

where I'y C T*R™~2 is small conic neighbourhood of (0; (1,0, --,0)).

The lemma below provides the needed characterization of the restriction of the free
solution which is already essentially contained in Corollary 5.10 of [35] (see also
Sect. 25.3 of [14] and Sect. 3 of [49]).

Lemma 7.22. — If ug satisfies (7.79) and if
Pow=0 in R® wlgs) =uo, uo € IkLic((R%)-,Fo(Ao)),

then w € Iy L2 (R3;50(Ao)) and

loc

w[ars = Qiwo + Eug, wo € IxH(_1/6)(R?, Ao),

where Qi is the multiplier defined by Ai as in (7.57) and E : L2 _(R3) — C™(R3).

loc

Proof. — The first property of w is immediate from the propagation properties of
Lagrangian distributions. Condition (7.79) implies that W F(uo) is contained in a
conic neighbourhood of the bicharacteristic for pg through (0; (0,0, 1)):

2
T2 = .’L‘%, T3 = '?‘)J)g, 51 =0, £2 = —I, 53 =1.

Thus by smoothly cutting off of the initial data (which produces C* errors) we can
assume that ug € C®(R,,;&'(R2 \.z3)) and consequently that the same is true for
Yw, where ¥ € C®(Ry,,C§°(Ryy,2,)); ¥ = 1 near 7(Fo(I'y)). We also note that
(1 — ¢¥)w € C*(R3). Taking the Fourier transform § in z; and z3 we obtain

(D2, — &s(&32 +&1))pw(Er, 2, &) = F (= [Po, ¥w) (61,72, 3) € C®(Ray; S(RE, ¢,)),
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and since Yw is tempered in (£1,&3) we conclude that

B(E3)Pw(Er, 22, €3) = B(E3) Ai(—E5 /% (€1 + E322)) o (€1, €3),

where we can neglect the term ¢ in the left hand side (see (7.57)) as ' ((1— qﬁ)zﬂv) €
C*>. If Ty is small enough, then zo > §; > 2 max¢er, |€1/€&3| in (R®)_ Nsing suppuo.
Thus, for (z,£) € 59(To) N7~} (X_ Nsing supp uo)

B(€3) Ai(—&5 /2 (€1 + E322)) = €570 (w2 + £1/€3) 7/ 4(E3) X
[ei%&(x2+gl/§3)3/2a+( 3 (@2 + &185)) + e BT/ g (25, 4 5153))] ;

a+ € Sghg(R), a+(1) # 0. Since the phases are smooth then, we conclude that

__ 2, ~
WF (f ! (exp(igl&a(ﬂcz +§1/€3)3/2)aiwo) f{zz>51,|x|<5z}) -
ffo(WF(’wo)) N {l‘g > 01,12 < 0}.

Hence, up to an error in C*°(R,,; QS(]Rg &)

Uo(&1,22,83) = &5 (552 +£&1/&) 74 (&)e! ieaeatt/e)> (€33 (2 + £163)) W0 (1, &3).-

If up € L} (Ray; LA(RZ, ,,)) we conclude that @y € (£3)'/6L?(R?), that is, wo €
H ~1. The desired conclusion is equivalent to the stability condition

(€3D¢,)** (€3 D¢, )F2 g € (€)Y/CLA(R?), ki + ko <k,
while we know that
(—&Dg, + 222Dq, — &1D¢,)¥°(Dy, — €3D¢, )" o € L, (Ray; L*(RE)).
However,
(Dz, — &3D¢, o =
€510 (w2 + €1/85) TV (s)etBE e+ 60 g (33, + €165)) (—€3 D, ) o,

(—&3D¢, + 222Dy, — €1D¢, )0 = €5 /% (22 + €1/63) M 46(E3) x
¢136(zat61/6)"" o (¢2/3 (2, 4 £163))(~3€3 De, — &1 De, ) o,

which together with the wave-front assumption (in particular, |{;| < £3) concludes
the proof. O

With the notation of Proposition 7.12, we want to show that

Sﬂ(W(@i’UJO)) € Ikle’T (Z+, gO) + IkLiI (Z+, éz),
2

2
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as then Lemma 7.11 will provide the desired conclusion. Again, we consider the
elliptic and hyperbolic components separately and start with the former:
Se(W (Qiwg)) = Se(d(—Dg)AiW (wp)), AioW =W o@i.

Since Ai(—€) = O((€)~N) for all N if € < 0, we easily see that ¢(—&) Ai(—€&)Wwo (), €) €
Si/ 3L2(Z). Thus we can use the proof of Lemma 7.14 to conclude that

Se(@iW (wp)) € IkLiI(ZJ,,Eg).

2
In fact, a much stronger conclusion holds:
(ADx)ke Dkrgh2 Dhayka S (@iW (wo)) € A2L2([1,00) x R; H(y/4)(R)) C ANV2L*(Z).
Turning to the hyperbolic component we observe that by writing Ai = —wA; —@A_,

w = exp(2mi/3), we obtain

Sh(é’i(W’wo)) = —wGWwy — @G <(g—;>Wwo> .

Straightforward analogues of Lemmas 7.17 and 7.18 conclude the proof. a

We should remark that a minimal amount of additional care would remove the
assumption that k is even, but that is irrelevant to us as indicated in the following

Theorem 7.23. — If the assumptions of Proposition 7.21 are satisfied with k € Ny,
then there exists a continuous map

E: L L*(XAp) — JiL3(X,H)
such that E(ug) [x= u.

Proof. — We only need to combine Proposition 7.21 with Proposition 5.3, Theorem
6.1 and an interpolation argument as in the proof of Theorem 7.6. O
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8. PROOF OF THE MAIN THEOREM

To give the proof of the propagation theorem for the pseudo-conormal space given
by Definition 3.6, two preparatory facts are still needed.

Lemma8.1. — If g€ J,L% (X, H) then

WF®)(g) c N*FUN*RUN*S, UTE X \OUN*LUN*B; UN*D, UN*H.
(8.1)

Proof. — The statement follows easily from Definition 3.5 if s € No. We need to see
that it is preserved when the space JyLZ (X, H) is interpolated. For convenience we

shall denote the union on the right hand side of (8.1) by £.

Let Q C T*X \ 0 be an open conic set such that 2 is disjoint from €. The condition
WF(©)(g) C £ is equivalent to saying that for every such , if a € Sp,(T*X \ 0) is
elliptic in  and supp a N € =0, then a(z,D)(D)*g € L2 .(X). Fixing a with that
property and defining

W, (X, Q) = {u € LL,o(X) : a(e, D)(D)*g € L},c(X)}

we see that W, is an interpolation space in s and that WF(®)(g) C € if and only if
for all Q above g € W, (X, Q). Fixing Q we now see that

Jk+1L120c(X',H) — Wit (
L2 (X, H) —— Wi(X,0)

and the complex interpolation finishes the proof. a

To guarantee the singular support condition in Definition 3.6 of J,L2 (X ) we need
the following crude propagation property:

Lemma 8.2. — Let u satisfy

Pu=f in X, ulox=0, ulx_=0 (8.2)
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with f = fx, where WF®)(f) is contained in the right hand side of (8.1) If
sing supp® (f) N (R\RUF\FUS8,\S,) =10
then
sing supp**2)(u) N (R\ RUF\ FU S, \ S;) = 0.
Proof. — We construct the solution u by starting with the interior problem:

Pi=f in X, alg =0,

where we choose any strictly hyperbolic extension of P [x to X \ X (a fixed extension

P was introduced in chapter 2). If we denote the right-hand side of (8.1) by £ and
introduce

e=8¢\n [(R\RUF\FUS;\S,)NnX],
then the assumption on f shows that WFE)(f) c . If €, is the P—flow-out of
£ N {o2(P) = 0}, then the standard propagation result (see [14], Sect. 26.1) gives
WFCH) (@) c e U 8.

By choosing Pin X \ X appropriately, it can be arranged (for instance, by decreasing
the speed of propagation in X \ X) that
@\ &N (E\ ) =0, (8.3)
and this will be crucial later. At the boundary, all the terms in © and £, are disjoint
except over I' where all of T X \ 0 is included. Thus
~d
WFE3) (—afox) C &5,

~8 ~
where £, comes from the projection of each term in £; to 7*0X \ 0. Hence when we
solve

Pv=0 in X, vlgx=—-ulsx, vix_=0,

the propagation of singularities theorem for the diffractive Dirichlet problem (see [37]
and [14], Sect. 24.4) shows that

@ (s+3) >
v €N(X), WF,""% (v) C 2(L1 17+ x\0),

where 7: T*X \ X — °T*X \ 0. Putting u = @ [x +v we obtain the solution to (8.2)
and it is independent of the extension P chosen. Thus we can take either the fixed
extension P (as in chapter 2 and consequently in the definition the extended fronts

and 3.5) or P such that (8.3) holds. This shows that
sing supp(** ¥ (u) C m(®) [x Mm(€1) [xC 7(€) [x

concluding the proof. g
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We can finally give the long promised
Theorem 8.3. — If flx_=0 and u € L}, (X) satisfies
Pu=f in X, ulox=0, ulx_=0,
then
f € JsLA(X) = u € Jop 1 L (X).

Proof. — Definition 3.6 guarantees that for any H € R there exists f €
Js LIOC(X H) such that f = f1x. If we apply Theorem 5.6 to the problem

Pu, = flnX urlg =0,

we conclude that u; € J'L2 (X, H). Theorem 7.5 then implies that
—uy [ax € Js+%(8X,H)
and we solve the Dirichlet problem with that boundary data:
Pu; =0 in X, uz2[x_=0, uzlox=—u1lox .

Theorem 7.6 shows that uy € Js_|_1Lloc(X,H) Ix and u = @ [x, &4 = u; +us €

J +1L10C(X H). Since H varies freely in R we conclude the proof by observing
that the singular support condition required by Definition 3.6 is easily furnished
by Lemmas 8.1 and 8.2. O

The proof of the main theorem on the conormal regularity for semi-linear diffractive
mixed problems is now an equally easy consequence of Theorems 3.8, 7.23 and 8.3.
We recall that F is a C*° characteristic surface satisfying F N X_ N 08X = () and the
pseudo-conormal space Ji L2 (X) is given by Definition 3.6.

Theorem 8.4. — Let u € LS (X) be the solution of the semi-linear mized problem:
Pu=f(z,u) in X, uloax=0, ulx_=wug
where f € C°(C) and uo € Iy L% (X_,F). Then u € JyLZ (X).

Proof. — To apply the standard procedure based on the algebra property (Theorem
3.8) and the propagation property (Theorem 8.3) (see [32, 34] and references given
there) we only need to check that

Puw=0, wlox=0, wlx_=u = wE€ JkLl20c(X)'

That however is easy now as Theorem 7.23 shows that w € JkLloc(X ,H)[x, for any
H € R, and the singular support statement follows from propagation of singularities
for the diffractive mixed problem (cf. [35] and [14], Sect. 24.4). O

The results presented in chapter 1 are easy consequences of Theorem 8.4 and the
definitions.
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A. GLANCING HYPERSURFACES AND
b-GEOMETRY

The purpose of this appendix is to present some refinements of the equivalence
of glancing hypersurfaces (see chapter 2 for definitions and [24, 35] for a detailed
discussion) and of the construction of solutions to the diffractive transport equations.

We will use the notation similar to that in chapter 4: R = {(z,y) : = >
0,y € R"} and denote the coordinates in T:‘]R"“L1 \ 0 and bil:*]R'}r“ \ 0 by (z,y;&,m)
and (z,y; A\, ) respectively, so that j : T*R%™\ 0 — l’T*]R:‘_""1 \ 0 takes the form
)=z, y;6,m) = (z,y; 2€,m).-

Our starting point is the following theorem from [35):

Proposition 1.1. — If P and Q in T*R\ 0 are given by
Q={z=0} P={p=0}, p=¢+2a(z,y,né+b(z,y,m), a € Spy, b€ Sy,

and are glancing at mg = (0;(0,1,0,---,0)), then there exists a conic neighbourhood
of 3(mo), T C *T*R*' \ 0 and a b—canonical transformation

b : T — PR\ 0,  Px(3(mo)) = 5(mo)

such that

bx({)\2 + eavsnf — 2?mn, = 0}NT) C y(P), e=sgn(0;b(0,0)).

We remark that ®x({z = 0} NT") C {z = 0} is immediately satisfied and that a
comparison with the general discussion in chapter 2 shows that e = —1 and e = 1
in the diffractive and gliding cases respectively. It is also important to remember
that ? is essentially obtained by extending an appropriately chosen equivalence of
glancing hypersurfaces (or rather its restriction to the boundary, xs):

x :To — T*R™1'\ 0, To C T*R™\ 0, j(x(m)) = "x(s(m)).
For x we immediately have x*p = a(z,y;&,7)(€% + exn? — mn,), where a is

homogeneous of degree 0 and non-zero in I'y. The corresponding statement for %y
does not however follow immediately from Proposition 1.1. Nevertheless we have
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Proposition 1.2. — Letp € Slzl’gz(bT*R’:fl \ 0) satisfy

I2p|)\2—z3nf—z2nnn1=0? dy*p(mo) 7é 0.

Then, for some conic neighbourhood of mo = (0,(0,1,0,---,0)), T'1 ¢ T*R}\ 0,
there exists a b—canonical transformation

1 : 1 — PT*R%F1\ 0
such that
bxip = (€ —an? — nam), c€ C®(CT*RTIN0), c¢#£0inTy.  (L1)
Proof. — By the Malgrange preparation theorem (see [14], Sect. 7.5) we can write
z%p = ro(z,y,m) + r1(z, y, MA + (A — 281 — 2%mmn)s(z, y, A, n), (1.2)
for (z,y;A,n) in some conic neighbourhood of j(mg). On the other hand, since
pe Sy,
z2p = 2%so(x, y, A\, n) + Azs1(z, ¥, A, n) + N2so(z, Yy, A, 7).

The differentiation of (1.2) in z and putting £ = A = 0 shows that 9,70(0,y,7n) =
70(0,yn) = 0. The comparison of the two expressions for x2p gives 71(0,y,n)A +
A25(0,y,\,n) = A%s0(0,y,m,A) and consequently 71(0,y,m) = 0. Since 19 + r1A
vanishes identically when A\? = z?(zn} + m17m»), it also follows that r¢ and r; vanish
identically when zn; + 7, > 0 (71 > 0 near 3(myp)). The assumption on p implies that
s(mo) # 0 and thus, in view of the above discussion, we can assume that sufficiently
near myg

p=E& —an? — nam + po(z, y,n) + Ep1(z,y,m)

where pg and p; vanish identically in 0, + xm; > 0.

To eliminate the last two terms in p, we construct a b—canonical transformation by
the homotopy method. Thus we define

ps =& —an} — nam + s(po(z,y,m) + Ep1(z,y,m))

and we want to find as and bs homogeneous of degree 0 in (A, 7) and such that

d X
o (exp Hy, )™ (asp)) = 0,

which is the same as

db, d ~
{E’asps} + E;(GSPS) =0.
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By introducing a; = logas (the solution a is required to be strictly positive) this

reduces to
dbg dps dbs doss
{Es—’ps}+ ds < {ds’as} ds)ps' (1.3)

We easily see that, with 17, = 1 for simplicity,

0 0 0 0
]*Hps = 2§ (0—m- + éa) + .'L'a—/\' — 2.’13%

Ry + sp1 <§£ + §5> + H_pynats(potén)

where I~I_ is the tangential Hamilton vector field. From this we compute for g; €
C® (bT*]R1+1 \ O)

9 ) 0 0
—2{gs,ps} = (,\5}- +2(1n = 5p0(0,y,m))z 55 + 5p1(0, 4, 7) (m% - Aéi)) gs

qu e
+psfb‘a + xH—mnn+s(po+£p1)QS + Wsgs,

where W, is a vectorfield with coefficients vanishing to second order at z = A = 0.
With g5 = dbs/ds in mind (see (1.3) we want to solve

dps
_-T{Qs,Ps} = x'(g + Xpsps (14)

for some smooth us = ps(z,y, A, n) so that ¢s and ps vanish in xn; + 7, > 0.

To solve (1.4) we first construct the Taylor series of ¢; and ps at £ = A = 0 and for
that we need the following

Lemma 1.3. — Let H; be the space of real homogeneous polynomials of degree | in
z, A and let A(t) be defined as

3} 3} 0] 3}
A(t) = )\E’E- + t.’l)gx + f(t) (/\ﬁ - .’Eg‘;) 5
with f € C®(R;R), f(t) = O(tN), for all N ast — 0.
Then fort # 0 and k € Ny
i) The linear transformation A(t)|my,,, is invertible, ||(A(t)|Hyr, )t = O(
it) Every u € Hayy, can be written as

t|71).

u = A(t)o(t) + c(t) (A2 — tz? — 2f(t)z\)*, c(t) € R,

(d/dt)™vl = Q(tl=*=™)|lull, (d/dt)"c = O(|t|=*"™)l|ull, for any fized norms
el =1 el on H.
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Proof. — To keep notation simple we will only consider the case t < 0. It is
convenient to introduce the following change of variables

rof3)=()-(5)
so that

(F@)" Y AR F@)* = V]t| [)‘15?5_1 - 6% + f/(% ()\ 8(?\ m15%>] . (L.5)

Let (e, ®); denote the inner product on H; obtained by restricting to z2 + A2 = 1 and
taking the L? inner product. We introduce a t-dependent inner product on H;:

(F(t)"v, F(t)*w)ey = (v, w);.

It depends smoothly on t for ¢t < 0 and satisfies
- d 1-m
(v, w)i/C < (v,w)ey < CIHT W, ()™ (v, 0)e0 = O(IH ™) (v, V)i,

Thus, we only need to consider A, (t) given by (1.5). Ifl = 2k+1, A;(¢)|n, is invertible
with the norm bounded by [t|~1/2(1 + o(1)). Consequently, A(t)|g, is invertible with
the norm bounded by [¢|=1(1 + o(1)). When [ = 2k, A;(t)|n, has a one dimensional
kernel spanned by (A1 + z% — 2£(t)/+/[t{\z1)*. Thus we can take the inverse of
A (t) restricted to the orthogonal complement of the kernel with respect to (e, e);.
Translating back to A(t) that gives ii) with ¢ = (u, (A\? — tz? — 2f(t)z\)*); ;. O

Since sdps/ds = zpo + Ap1 we can solve (1.4) in Taylor series:

gs(@, Nzm) ~ Y aP (@ Xym), ¢P(esy,n) € Hi, ¢V =0inn, >0,  (1.6)
=1

(€, s z,m) ~ Zu Dz, Xy,m), uP(eoy,m)eH, p) =0inn, >0.  (1.7)

In fact, we apply Lemma 1.3 with ¢t = 7, — spo(0,y,n) and f(¢t) = sp1(0,y,7n)/2

(treating 7, as the only variable and the remaining ones as parameters), set q§°) =0
and

¢V (z, X;9,m) = (2A()| H1) ™ (@po(0,0;9,m) + Ap1(0,055,m)), 41 = Brgl)
We then continue solving

24(8)g =) + POV —t2® — 2f (2N,
(YR, (A% — tz? — 2f(t)zM\)*)t2k = O,
2A(t)q§2k+l) _ ,y§2k+1), c§2k+1) =0.
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where 7§l) are obtained from qgm) with m < . The corresponding ugl) are given by

p® = cOz(A2 —ta? — 2f(t)zN) T + OagltD). (1.8)
The crucial observations are that
22— tz? — 2f(t)z) = 2%ps + O (> + |N]?),

and that the last term in the right hand side of (1.8) does not contribute to 75(,°). The
norm estimates in Lemma 1.3 show that qgl), ,ugl) are C™ in (y,n) and the vanishing
in 7, > 0 is immediate. The Borel lemma now gives gs, us, C* in (z,y; A,n) and s,

vanishing identically in 7, + 712 > 0 and such that (1.6) holds. Thus,
d
_x{QS’ps} = 1"711;_8 + ZPspts + Vs,

where vs = vs(z,y; A\, 1) vanishes in 7, + 71z and to infinite order at z = A=0.
But then vy/(z%ps) € C®(*T*R7*! \ 0) and we have solved (1.4) with p replaced
by us + .1?(1/3/(1132[)5)).

Going back to (1.3) we now solve for bs and as

db,

— =qs, bo=0

ds qs 0

da

o~ @} =~ a0 =0.
Putting @ = exp(a;) and ®x; = exp(Hp,) we obtain the desired b—canonical
transformation:

*Xi(ap) = € — anf — nan.

O

Remark 1.4. —  Any b—canonical transformation ®x satisfies

Yz =az, *x*A=br+czx, a,b#0
and thus induces a canonical transformation on T*R™ \ 0 (or a conic subset of it):
xo(y;m) = (¥, 1) == "x(0,4;0,m) = (0,y;0,7).

Since the construction in the proof of Proposition 1.2 gave ¢s(0,y;0,7) = 0 and
consequently b,(0,y;0,m) = 0, ®x1 satisfying (1.1) can be chosen so that

(x1)e = Id|r,, To={(y,n) € T"R™\0:(0,y;0,n) € I'1}.
This observation is very convenient in applications presented in chapter 7.

Combining the two propositions we obtain:
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Theorem 1.5. — The b—canonical transformation ®x in Proposition 1.1 can be
chosen so that

X*p = c(€% — zn} — mmn),
with ¢ € Sp, (*T*RGT\0), ¢ #0 in T.

We now want to consider transport equations and again we start by recalling some
facts already contained, in a slightly different form, in Sect. 4.4 of [35]:

Lemmal.6. — IfTy C RPLIXRY is a conic neighbourhood of mo = (05 (1,0, - ,0))
(with respect to the Ry action on the last n variables) and A, B € S°(T3) then there
ezist a conic neighbourhood of mo, I's C Ty and g, h,e1,e2 € S°(T'y) such that in I'z:

~Oy, = (2407 "0)0y, 1+ 2(z + 10y 0)0s R A W
20, —08y, — (24717 'nn)0y, h B e2

and the solution satisfies

g(mo) =1, hlz=0=0, e, =0inan +7, >0, e, =0(z"), NeN, z = 0.

This lemma allows to solve the transport equations when the operator is the model
one: p = &2 — zn? —in,. Here we are interested in the following slight refinement of
the standard procedure:

Proposition1.7. — Ifp=£2—zn?—mn, andr € ‘Sil’l(bT*]Ri“\O) then there ezist a
conic neighbourhood of (0;(0,1,0,---,0)), T c *T*RT\ 0 and a € SO(*T*R"+*\ 0),
be STIOT*R™\ 0) such that

Hya=r+pb in 37T,
where we identified a,b,r with their pullbacks under j: T*R7+\ 0 — *T*R7H\ 0.

Proof. — Arguing as in the beginning of the proof of Proposition 1.2 (with the
argument applied to 2r), we see that for (z,y,z€,n) € T,

r=ri(z,y,m) + €ro(z, y,m) + pb*(z, y; 7€, 1),

where r; € S%(T'2) with I'y C R**! x R", a conic neighbourhood of (0;(0,1,0,--,0)
and b* € S~1(T).

Let us now apply Lemma 1.6 with A = n 171 and B = 7y to obtain g and h. A
simple computation shows that

H,(g9+ fnflh) =ry+€ro+ 2pn1_1(9zh +e1 + £n1_162.

Since h|,—o = 0 we can take a = g + Ah/z, while b = b* + 20,h + z%[(e; +
i tea/z)/(x%p)], where the last term is smooth as e; vanish identically in 1z +n, >
0 and to infinite order at z = 0. d
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B. »-SOBOLEY SPACES

In this appendix we recall the definition of the b—Sobolev spaces on a manifold with
corners and outline the proof of some of their more useful properties. We start with
the case of a manifold with boundary, for a discussion of the characteristic operators
used, see [25, 28] and also [14], Sect. 18.3.

Let M be a manifold with boundary and let v be a measure on M. Then we define
H{y (M) = {u; Au € L%(M) for all A € U3(M)}. (2.1)
When the measure v is not specified and M is locally described by a subset of

[0,00), x R?!, we take v = dydr/r and denote the corresponding L2 by L} (M).
A logarithmic change of variables ¢ = logr induces an isomorphism

H®(]0,00) x R™™1) «— H(,)(R") (2.2)

and thus we easily conclude that H (bs),V(M ) is an interpolation space for any smooth
measure V.

R

Ro

M, AN M

Figure 2.1. An example of the resolution M; 2 M
More generally if M is a manifold with corners, H(bs),u(M ) can be defined by

(2.1) where ¥; (M) is the space of totally characteristic operators on a manifold with
corners [31] (see also [28]) or, more directly, by (2.2) and a multiple logarithmic
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change of variables — see [29]. As for manifolds with boundaries (see [14], Appendix
B) more options for defining Sobolev spaces are available. To describe them let us
assume that M has a codimension two corner and near it, is described by

Zy = [0,00) x [0,00) x R"2, with coordinates (r,z,y) € Zs.
For that manifold we define

I:Ié’s)(Zg) = {u; there exists @ € H(bs)([O,oo) x R™™1) such that @ [,50= u},
H(bsym)(Zg) ={u:U € H(sm)(R x [0,00) x R™~?) where U(t,z,y) = u(logr, z,y)},

where H, ) is defined in Appendix B of [14]. We easily have the following adaptation
of Theorem B.2.9 to this setting

Proposition 2.1. — If P € Difff ([0,00) x R"!) and {z = 0} C Z2 x R"2 is non-
characteristic for P, i.e. bo,(P) lon={z=0} does not vanish, then

w € Hf, ..\(Z2) and Pu€ H,, .. \(Z2) = u € Hf, ., (Z2)
for s+m < s;+m;, s< ss.

If M is a manifold with corners and

R=RyU---UR, =
{URi\<URiﬁRj),RiﬁRj\<URiﬂRjﬂRk>,-u} (2.3)
i itj k

is a variety of cleanly intersecting smooth submanifolds of M, Ry = M, we define
the conormal space Iy L2(M,R) by (1.1) using all vector fields tangent to R for 0. By
succesively blowing up all intersections (see [28]) and then the submanifolds R;,¢ > 0,
we obtain the resolution Mji:

M, 5 M,

where M is a manifold with corners — see Fig. 2.1 for an example. We then clearly
see that

L2 (M, R) = Hpyy . (M1), Yevy =v,
and thus we obtain

Proposition 2.2. — If M is a manifold with corners and R is given by (2.3) then
I L2(M, Q) are interpolation spaces in k.
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