DIFFRACTION OF SINGULARITIES FOR THE WAVE
EQUATION ON MANIFOLDS WITH CORNERS

RICHARD MELROSE, ANDRAS VASY, AND JARED WUNSCH

ABSTRACT. We consider the fundamental solution to the wave equation
on a manifold with corners of arbitrary codimension. If the initial pole
of the solution is appropriately situated, we show that the singularities
which are diffracted by the corners (i.e., loosely speaking, are not prop-
agated along limits of transversely reflected rays) are smoother than the
main singularities of the solution. More generally, we show that subject
to a hypothesis of nonfocusing, diffracted wavefronts of any solution to
the wave equation are smoother than the incident singularities. These
results extend our previous work on edge manifolds to a situation where
the fibers of the boundary fibration, obtained here by blowup of the
corner in question, are themselves manifolds with corners.
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DIFFRACTION ON MANIFOLDS WITH CORNERS 3

1. INTRODUCTION

1.1. The problem and its history. Let X; be a manifold with corners, of
dimension n, i.e., a manifold locally modeled on (RT)f+! x R"~/~1 endowed
with an incomplete metric, smooth and non-degenerate up to the boundary.
We consider the wave equation

(1.1) Ou = Dfu— Au =0 on My =R x Xy,

where D; = 171(9/0t) and A is the nonnegative Laplace-Beltrami opera-
tor; we will impose either Dirichlet or Neumann conditions at 0Xy. As is
well known by the classic result of Duistermaat-Hérmander! (see [4]), the
wavefront set of a solution u propagates along null-bicharacteristics in the
interior. However, the behavior of singularities striking the boundary and
corners of My is considerably subtler.

Indeed the propagation of singularities for the wave equation on mani-
folds with boundary is already a rather subtle problem owing the the dif-
ficulties posed by “glancing” bicharacteristics, those which are tangent to
the boundary. Chazarain [1] showed that singularities striking the bound-
ary transversely simply reflect according to the usual law of geometric optics
(conservation of energy and tangential momentum, hence “angle of incidence
equals angle of reflection”) for the reflection of bicharacteristics. This result
was extended in [23] and [24] by showing that, at glancing points, singu-
larities may only propagate along certain generalized bicharacteristics. The
continuation of these curves may fail to be unique at (non-analytic) points
of infinite-order tangency as shown by Taylor [31]. Whether all of these
branches of bicharacteristics can carry singularities is still not known.

As was shown initially in several special examples (namely those amenable
to separation of variables) the interaction of wavefront set with a corner
gives rise to new, diffractive phenomena, in which a single bicharacteristic
carrying a singularity into a corner produces singularities departing from
the corner along a whole family of bicharacteristics. For instance, a ray
carrying a singularity transversely into a codimension-two corner will in
general produce singularities on the entire cone of rays reflected in such
a way as to conserve both energy and momentum tangent to the corner
(see Figure 1) The first diffraction problem to be rigorously treated was
that of the exterior of a wedge,? which was analyzed by Sommerfeld [30];
subsequently, many related examples were analyzed by Friedlander [5], and
more generally the case of exact cones was worked out explicitly by Cheeger-
Taylor [2], [3] in terms of the functional calculus for the Laplace operator
on the cross section of the cone. All of these explicit examples reveal that
generically a diffracted wave arises from the interaction of wavefront set
of the solution with singular strata of the boundary of the manifold; this

IThis result, viewed in the context of hyperbolic equations, built on a considerable
body of work prior to the introduction of the wavefront set; see especially [12], [15].
2This is not in fact a manifold with corners, but is quite closely related.
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FIGURE 1. A ray carrying a singularity may strike a corner of
codimension two and give rise to a whole family of diffracted
singularities, conserving both energy and momentum along
the corner.

has long been understood at a heuristic level, with the geometric theory of
diffraction of Keller [11] describing the classes of trajectories that ought to
contribute to the asymptotics of the solution in various regimes.
Subsequent work has been focused primarily on characterizing the bi-
characteristics on which singularities can propagate, and on describing the
strength and form of the singularities that arise. The propagation of sin-
gularities on manifolds with boundary was first understood in the analytic
case by Sjostrand [27, 28, 29], and subsequently generalized to a very wide
class of manifolds, including manifolds with corners, by Lebeau [13, 14]. In
the C* setting employed here, the special case of manifolds with conic sin-
gularities was studied by Melrose-Wunsch [26] and edge manifolds (i.e., cone
bundles) were considered by Melrose-Vasy-Wunsch [25]. Vasy [34] obtained
results analogous to Lebeau’s in the case of manifolds with corners, and it
is the results of this work that directly bear on the situation studied here.
While the foregoing results characterize which bicharacteristics may carry
singularities for solutions to the wave equation, they ignore the question of
the regularity of the diffracted front. In general, a singularity in WF? (which
is to say, measured with respect to H®) must propagate strongly in the sense
that some bicharacteristics through the point in question must also lie in
WF? . The general expectation is that these are certain “geometric” bichar-
acteristics; in simple cases, these are known to be those which are locally
approximable by bicharacteristics that miss the corners and reflect trans-
versely off boundary hypersurfaces. More generally, we can define geometric
bicharacteristics as follows: To begin, we blow up the corner, i.e. introduce
polar coordinates around it; this serves to replace the corner with its inward-
pointing normal bundle, which fibers over the corner with fiber given by one
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FIGURE 2. Geometric optic rays hitting a corner F', emanat-
ing from a point o. The rays labelled G are geometric at F,
while those labelled NG are non-geometric at F'. The left-
most geometric ray is a limit of rays like the unlabelled one
shown on the figure that just miss F'. The blown up version
of the picture, i.e. where (r, ) are introduced as coordinates
at the origin, is shown on the right. The front face (i.e., the
lift of the corner) is denoted ff. The reflecting line indicates
the broken geodesic of length 7 induced on ff given by r = 0,
0 € [0,6p]. The total length of the three segments shown
on ff is 7r; this can be thought of as the sum of three angles
on the picture on the left: namely the angles between the
incident ray and the right boundary (corresponding to the
first segment), the right and left boundaries, finally the left
boundary and the emanating reflected ray.

orthant of a sphere, S¥ N (R*)/+1. We will define geometric broken bicharac-
teristics passing through the corner as those that lift to the blown-up space
to enter and leave the lift of the corner at points connected by generalized
broken geodesics of length m with respect to the naturally defined metric on
Sf N (RT)/*1 undergoing specular reflection at its boundaries and corners.?
Bicharacteristics that enter and leave the corner at points in a fiber that are
not at distance-w in this sense are referred to as “diffractive.” See Figure 2.

It turns out that subject to certain hypotheses of nonfocusing, the singu-
larities propagating along diffractive bicharacteristics emanating from the
corner will be weaker than those on geometric bicharacteristics. In particu-
lar, the fundamental solution satisfies the nonfocusing condition, hence one
consequence of our main theorem is as follows:

Theorem 1.1. Consider the fundamental solution u, to the wave equation,
with pole o sufficiently close to a corner, Y, of codimension k. Assume that
o s sufficiently far from the boundary that every short geodesic from o to'Y
is transverse to all boundary hypersurfaces intersecting at Y.

3The actual definition is considerably complicated by the existence of glancing rays,
and is discussed in detail in §3.4.



6 RICHARD MELROSE, ANDRAS VASY, AND JARED WUNSCH

While u, lies locally in H="/?t1=0 it is less singular by (k —1)/2 deriva-
tives along diffractive bicharacteristics emanating from Y, that is, it lies
microlocally in H("HE+1-0)/2 ypepe 4

A more precise version of this result (with “sufficiently close...” elucidated)
appears in Corollary 9.8.

A more general theorem on regularity of the diffracted wave subject to
the nonfocusing condition is the central result of this paper. See §1.2 for a
rough statement of the nonfocusing condition and §6 for technical details;
the main theorem is stated and proved in §9.

There are a few related results known in special cases. Gérard-Lebeau
[7] explicitly analyzed the problem of an analytic conormal wave incident
on an analytic corner in R?, obtaining a 1/2-derivative improvement of the
diffracted wavefront over the incident one. The first and third authors [26]
obtained corresponding results for manifolds with conic singularities, which
the authors subsequently generalized to the case of edge manifolds [25].

We remark that our definition of geometric broken bicharacteristics in-
cludes those that interact with the boundaries and corners of the front face
of the blow-up, Sf N (RT)f*1, according to the simplest laws of reflection
as described in [34]: we do not distinguish between “diffractive” and “geo-
metric” interactions within S N (RT)fT1. We conjecture that a stronger
theorem than ours should hold in which, instead of simply blowing up the
highest-codimension corner, we might iteratively blow up the corners of
lower codimension as well. This would enable us to (iteratively) distinguish
bicharacteristics that undergo diffractive or geometric interaction inside the
faces of the blown-up space. For instance, in the case of a codimension-3 cor-
ner, such a method would distinguish among rays that are limits of families
of geodesics undergoing simple specular reflection with boundary hypersur-
faces (which we might continue to call geometric rays); limits of families
which undergo a single diffractive interaction with a codimension-2 corner
(partially diffractive rays) and all other generalized broken bicharacteristics
entering and leaving the codimension-3 corner (the completely diffractive
rays). Our Theorem 1.1 only deals with the regularity along the completely
diffractive rays, telling us that the fundamental solution is (3 —1)/2 deriva-
tives smoother along them than overall; the conjectural finer result would
also tell us about the partially diffractive rays, yielding an improvement of
(2 — 1)/2 derivatives there. More generally, such a result ought to yield
a stratification of the rays interacting with a corner of arbitrary codimen-
sion into pieces carrying different levels of differentiability according to the
degree of diffractive interaction.

1.2. The hypothesis. We now describe the nonfocusing hypothesis in more
detail, in the context of the simplest geometric situation to which our results

apply.

4Here and henceforth we emply the notation s — 0 to mean s — € for all € > 0.
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It is easily seen from the explicit form of the fundamental solution that
it is not in general true that diffracted rays are more regular than incident
singularities. For example, take A to be the Dirichlet Laplacian in a sectorial
domain {r € [0,00),0 € [0,60]} in R?, and consider the solution

sin t\/Z
VA

where ¢ € C°((0,00)) is supported close to some value ¢'. This solution is
manifestly locally in H'/279 by energy conservation. On the other hand one
may see from the explicit form of the propagator in [2], [3] after convolution
with ¢(#) that a spherical wave of singularities emanates from the corner at
time ¢ = 7o, with regularity H'/270, hence the same as the overall Sobolev
regularity of the solution. The bicharacteristics along which singularities
propagate are, for short time, just the lifts of the straight lines r = rg + ¢,
0 € supp ¢, hence travelling straight into or out of the vertex. Perturbing
these slightly to make them miss the vertex, we see that in fact there are two
“geometric” continuations® for each bicharacteristic, depending on whether
we approximate it by geodesics passing to the left or to the right of the vertex
(see Figure 2). Thus, the geometric continuations of the rays on which
singularities strike the vertex are close to the two possible continuations
of the single ray # = #’, hence do not include all points on the outgoing
spherical wave. So we have an example in which there are “non-geometric”
singularities of full strength.

The nonfocusing condition serves exactly to rule out such situations. The
above example has the property that applying negative powers of (Id —i—Dg)
does not regularize the short-time solution (or the initial data) as it is already
C® in the 0 direction. In this simple setting, the nonfocusing condition says
precisely that the solution is regularized by negative powers of (Id +D§), or,
equivalently, that it can be written

(1d+D2)Nv, v € H®

for some s exceeding the overall Sobolev regularity. For instance, the fun-
damental solution
sintv/ A 5

VA

looks, after application of a sufficiently negative power of (Id+D3), like a
distribution of the form

(1.2) ¢(0)d(r — 7o),

(r—r"6(0 -9

u =

sint\/Z ,
75@’ — 1) f(0)

with f € CM, M > 0, hence we can write
ue (Id+D2)NH/?>0,

SWhat a geometric continuation of a bicharacteristic is in general will be elucidated in
§3.4.
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for some N > 0, at least locally, away from the boundary. We also observe
that the example (1.2) enjoys a property which is essential dual to the non-
focusing condition, to wit, fixed regularity under repeated application of Dy.
We refer to this property as “coisotropic regularity” (the terminology will
be explained in §6) and it plays an essential role in our proof.

The nonfocusing condition and coisotropic regularity in a more general
setting are subtler owing to their irreducibly microlocal nature: the operator
Dy has to be replaced by a family of operators characteristic along the flow-
out of the corner under consideration.

1.3. Structure of the proof. We now describe the logical structure of the
proof, as it is somewhat involved. The heart of the argument is a series of
results on the propagation of singularities, obtained by positive commutator
methods; these are sketched in detail in §1.4 below. In order to be able
to distinguish between “geometric” and “diffractive” bicharacteristics at a
corner of My, we begin by performing a blow-up of the corner, i.e. introduc-
ing polar coordinates centered at it, to obtain a new manifold with corners
M. The commutants that we employ in our commutator argument almost
lie in a calculus of pseudodifferential operators, the edge-b calculus, that
behaves like Mazzeo’s edge calculus [16] near the new boundary face intro-
duced by the blow-up (henceforth, the edge) and like Melrose’s b calculus
[19, 21, 22] at the remaining boundary faces. The complication, as in the
previous work of Vasy [34] on propagation of singularities, is that in order
to control certain error terms we in fact must employ a hybrid differential-
pseudodifferential calculus, in which we keep track of certain terms involving
differential operators normal to the boundary faces other than W.

Even this propagation result alone is insufficient to obtain our result, as
it does not allow regularity of greater than a certain degree to propagate out
of the edge, with the limitation in fact not exceeding the a priori regularity
of the solution. What it does allow for, however, is the propagation of
coisotropic regularity of arbitrarily high order, suitably microlocalized in
the edge-b sense. This allows us to conclude that given a ray v leaving
the edge, if the solution enjoys coisotropic regularity along all rays incident
upon the edge that are geometrically related to v, then we may conclude
coisotropic regularity along v as well. (If some of these incident rays are
glancing, i.e. tangent to the boundary, we require as our hypothesis actual
differentiability globally at all incoming glancing rays rather than coisotropic
regularity, which no longer makes sense; the version of the commutator
argument that deals with these rays is the most technically difficult aspect
of the argument.) In particular, then, global coisotropic regularity together
with C*° regularity at glancing rays implies global coisotropic regularity
leaving the edge away from glancing. We are then able to dualize this result
to show that the nonfocusing condition propagates as well.

Consequently, we show that subject to the nonfocusing condition, in the
model case of the sector considered above, if « is an outgoing ray such that
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the solution is C*° along all incoming rays geometrically related to it,
u € (Id+Dg)N H* along ~ for some N € N,

where in general s = (—n+k+1)/2 — 0 for the fundamental solution near a
codimension-k corner on an n-manifold, hence s = 1/2—0 for the sector. On
the other hand the microlocal propagation of coisotropic regularity shows
that

Dhu e H* for all k along

where s is the overall regularity of the solution (—n/2 + 1 — 0 for the
fundamental solution). An interpolation argument then yields

uw e H*7° along ~,

proving the theorem.

1.4. Sketch of the propagation results. We now discuss the propa-
gation results in greater detail, focusing on the taxonomy of the various
spaces of operators that we employ. The basic propagation of singulari-
ties result on manifolds with corners My = R; x Xj, as on manifolds with
smooth boundaries, is in the setting of b-, or totally characteristic, opera-
tors. Let us choose local coordinates (21,...,Zf41,¥1,--.,Yn—f—1) on Xo
with {z1 > 0,..., 2441 > 0}; thus, Y = {z; = ... = xy41 = 0} repre-
sents a corner of codimension f + 1. The b-vector fields V,(X() are the
linear combinations of z;0,; and 9,, with C* coefficients—these are exactly
the vector fields tangent to all boundary hypersurfaces. We can define an
associated notion of b-reqularity by iterated regularity under repeated appli-
cation of such vector fields. In particular, for a distribution w, b-regularity
relative to a space, such as H!(Xy), means that (mﬁm)aagu € HY(Xy) for
all multiindices «, 8 (with (20,)* = (210z,)*" ... (xf110x,,,)**"). Thus
u is b-regular if and only if u is a conormal distribution. Replacing X
by My simply adds 0; to the collection of b-vector fields, i.e. ¢ behaves as
one of the y variables. The notion of b-regularity is microlocalized via the
b-pseudodifferential operators, which are roughly speaking operators of the
form a(z,y,t, 2Dy, Dy, D;) where a is a symbol in the last three sets of vari-
ables. The calculus of these operators gives rise to a notion of b-wavefront
set, which is therefore a microlocal measure of conormality.

The wave operator itself is not a b-differential operator, rather a standard
differential operator: it is constructed out of the vector fields d,; rather than
2;0,;. Thus, its principal symbol, hence its bicharacteristics, are curves in
the cotangent bundle T* My, which is equipped with canonical coordinates
(x,y,t,&,nm° 7°%), corresponding to differential operators (z,y,t, Dy, Dy, Dy).
One cannot work with pseudodifferential operators based on these standard
differential operators, for they would usually not act on smooth functions in
x > 0, and would not usually preserve the boundary conditions. Thus, one
works with b-operators, based on (z,y,t,xD,, D, D;), which corresponds to
localizing in conic neighborhoods in the corresponding canonical coordinates
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(z,y,t,&° 1P, 7P) in the cotangent bundle. These coordinates are related to
the original ones via

(,9,t,6°,1°,7°) = (z,y, t, 26, 7°, 7°).

In particular, at = 0, passing to the b-coordinates identifies points with
different values of the normal momentum £°. Continuous propagation in the
b-variables thus allows £° to jump at the boundary, as occurs in specular re-
flection. It is the phenomenon of propagation along appropriate generalized
bicharacteristics in the b-variables that was studied in [34].

In order to have a more precise result, we need to be able to localize
within the fibers of the blow-up of the corner Y, and we also need to be
able to undo the compression of the dynamics implied by working in the b-
picture. It is only through these refinements that we are able to distinguish
microlocal behavior along different bicharacteristics hitting the corner Y
at the same point and with the same tangential momenta n°, e.g. between
different geodesics in the conical spray shown leaving the corner in Figure 1.
Therefore we lift the Laplacian on X to the blow-up X of X at Y, denoted
X = [Xo;Y]. For simplicity of notation, assume that Y is a codimension
2 corner (cf. Figure 2 as well as Figure 3 below). Using polar coordinates
(r,0) in the (x1,22) we see that under this blow-up smooth vector fields on
X lift to vector fields of the form r~'V, where V is tangent to the fibers
of the blow-down map, i.e. is a linear combination of rd,, 9,0, with C*°
coefficients.® The C*™ span of 70y, 0p, 70y are the so-called edge-smooth
vector fields defined below in Section 3. Away from the boundaries, 6 =
0,7/2 in [0,7/2]p, these are exactly the edge vector fields introduced by
Mazzeo [16] on manifolds with smooth boundaries. Here the fibers have
boundaries (in our example, the fibers are just the interval [0,7/2]g), and
smoothness is required up to these boundaries. A key observation is that the
wave operator lifts to an edge-smooth differential operator on M = R; x X.

Propagation phenomena in the edge setting (when the fibers have no
boundaries) have been treated in [25], following [26]. We now recall these
results, as they apply in the setting discussed here, provided we stay away
from the fiber boundaries. We emphasize that in the edge picture both the
operator one studies (the wave operator) and the microlocalizers are edge
pseudodifferential operators, i.e. there is no need to use two different alge-
bras as in the manifolds with corners setting discussed above. In order to
avoid complicating the notation, we simply replace [0,7/2]y by the circle;
edge operators are then formally of the form a(r,0,y,t,7D,, Dy, Dy, 7Dy).
Writing covectors as & Cfnl +(df+n % +7 %, their symbols are thus smooth
functions of (r,0,y,t,£,(,n,7); in the setting of classical operators they are
homogeneous in the last three sets of variables. In particular, the principal
symbol of the wave operator is such a symbol, and its Hamilton vector field

6In Figure 3 as well as in the main exposition, r and 6 are denoted r, z; we preserve
the more usual radial coordinate notation here for purposes of exposition.
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is a smooth homogeneous vector field in these coordinates. Its dynamical
system in the characteristic set governs the analysis of solutions; by ho-
mogeneity, it is convenient to study these dynamics in the corresponding
cosphere bundle. Then there are two (incoming, resp. outgoing) sets of crit-
ical points over r = 0, corresponding to radial points of the Hamilton vector
field. These are both saddle manifolds, with either the stable or the unsta-
ble manifold for each of these contained in the boundary face r = 0, and
the other transversal to it. The Hamilton flow within » = 0 connects the
incoming and outgoing radial sets, and fixes the “slow variables” (y,t,n/7)
(with the last variable projectivized to work on the cosphere bundle); the
projection of its integral curves to the base variables gives the distance w
propagation of the geometric theorem of [25]. One should thus picture sin-
gularities entering the boundary r = 0 along (say) the stable manifold of
one of these critical manifolds, propagating through the critical manifold
and out through its unstable manifold; propagating across the boundary to
the stable manifold of the other critical manifold; and then through it and
back out of the boundary along the corresponding unstable manifold. As
this whole process leaves the slow variables unaffected, we see that they are
preserved under the interaction with the boundary, leading to the law of
specular reflection.

To make sense of the propagation described above, one thus needs to
have a description of propagation at incoming and outgoing radial points,
as well as elsewhere within r» = 0; this was accomplished in [25]. It is the
radial points that cause the most significant subtleties in the propagation
of singularities: at these points the relation generated by the flow becomes
multi-valued, as in general a singularity arriving at a critical point along
its stable manifold may produce singularities leaving along the whole un-
stable manifold. An important part of the analysis is to note that at the
radial points, coisotropy corresponding to the stable/unstable submanifold
transversal to r = 0 implies regularity (absence of edge wave front set) in
the unstable/stable manifold within » = 0, and conversely. In particular, an
incident wave coisotropic for the flow-in becomes edge-regular within r = 0
(away from the radial points) and then emerges to be coisotropic for the
flow-out. A slight complication is that coisotropy is relative to a function
space; there are losses in the background regularity space due to the radial
points.

The added difficulty in our setting relative to that of [25] is that the
fibers have boundaries, and indeed typically corners. We deal with this
by treating the propagation into and out of these corners inside r = 0
analogously to the propagation of b-regularity analyzed in [34]. We thus
compress the edge-smooth cotangent bundle, essentially by replacing the
“smooth” vector field Jy by one tangent to the boundaries of the fibers, i.e.,
using f(0)0p instead, where f() = sinfcosé has simple zeros at § = 0,
§ = 7/2 and is non-zero elsewhere in [0,7/2]. Note that r0,, rd, and r0;
are already tangent to the boundary faces # = 0, 7/2, so they do not require
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any adjustments. The resulting vector fields are thus those tangent to the
fibers of the front face of the blow-up, as well as to all other boundary faces,
and we call these edge-b vector fields. We use a pseudodifferential algebra
U* (M) microlocalizing these vector fields to prove our main results. In
addition to the already discussed results away from the boundaries of the
fibers, we thus need to analyze propagation at incoming and outgoing radial
points at the boundaries of the fibers, as well as the analogue of hyperbolic
and glancing points in the setting of My. This is accomplished in Section 7.

Note that conormal regularity in Xy near a point is equivalent, after
blow-up, to conormal regularity near the corresponding fiber of the front
face. Explicitly, in our example of a codimension 2 corner, regularity with
respect to 10,,,220;, and 0, is equivalent to regularity with respect to
r0r, f(0)0p and 0y, where f(0) = sinfcosf. Thus, away from 6 = 0,7/2,
i.e., in the interior of the front face, one has regularity with respect to rd,,
0p and Jy,—where that this notion of regularity ignores the fibration. Edge
regularity in the same region is with respect to r0,, dp and 79y, i.e., it is
a weaker notion than conormality. However, the ability to microlocalize
within the fibers depends on its use.

1.5. Organization of the paper. We start in Section 2 by describing the
blown-up space on which our analysis takes place. Then, in Section 3, we de-
scribe in detail the connection between both the smooth and b-structures on
My, and between the edge-smooth and edge-b structures on M. In the same
section, we study the bicharacteristics in the edge-b setting, i.e. that of M,
this is in many respects analogous to Lebeau’s work [14] in the blown-down
setting (e.g. on Mj), though radial points are an important new feature.

In Section 4, with the operator algebra construction provided by Appen-
dix B, we describe edge-b pseudodifferential operators, and then in Section 5
the algebra of operators that are both edge-smooth-differential and edge-b-
pseudodifferential; these provide the link between the wave operator (which
is edge-smooth) and the microlocalizers (which are edge-b). The use of
this mixed differential-pseudodifferential calculus is analogous to the use
of (smooth-)differential, tangential-pseudodifferential operators by Melrose-
Sjostrand [23, 24] in the smooth boundary setting, and (smooth-)differential,
b-pseudodifferential operators in [34] in the proof of the standard propaga-
tion result on manifolds with corners. This calculus provides the framework
for the positive commutator estimates proving the edge-b propagation re-
sults. In Section 6 we discuss coisotropic distributional, and their dual, non-
focusing, spaces. Section 7 proves the edge-b propagation of singularities.
In Section 8 we show how coisotropy propagates through the edge. Finally,
in Section 9 we prove the main theorem, Theorem 9.6, and its corollaries,
which in particular imply Theorem 1.1.

To ease the notational burden on the reader, an index of notation is pro-
vided at the end of the paper.
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2. GEOMETRY: METRIC AND LAPLACIAN

Let Xy be a connected n-dimensional manifold with corners. We work
locally, near a given point in the interior of a corner Y of codimension f+ 1.
Thus, we have local coordinates x1,...,Zf11,¥1,...,Yn—f—1 in which Y is
given by x1 = ... = xy11 = 0. Suppose that go is a smooth Riemannian
metric on Xy, non-degenerate up to all boundary faces. We may always
choose local coordinates in which it takes the form

(2.1) go = Z Qg5 d{L'Z' dl‘j + Z bz‘j dyi dyj +2 Z Cij dxz- dyj
with ¢;j]y = 0. This can be arranged by changing the y variables to

i = v+ Y Yir(y)

while keeping the x; unchanged. The cross-terms then become

2 Z cij dx; dy; + 2 Z bij Y dyg dxy,

which can be made to vanish by making the appropriate choice of the Yy,
using the invertibility of {b;;}.

Let X = [Xo;Y], be the real blow-up of Y in X (see [21, 20]) and let Y
denote the front face of the blow-up, which we also refer to as the edge face.
Recall that the blow-up arises by identifying a neigborhood of Y in Xy with
the inward-pointing normal bundle N1tY of Y in X and blowing up the
origin in the fibers of the normal bundle (i.e. introducing polar coordinates
in the fibers). Since the normal bundle is trivialized by the defining functions
of the boundary faces, a neighborhood of Y in X is globally diffeomorphic
to

[0,00) X Y x Z, where Z = S/ N[0,00)/*!.

We use coordinates z1,...,25 in Z; near a corner of Z of codimension k,
these are divided into 21,...,2;, € [0,00) and 2 ,... ,z}/ € R. There is

significant freedom in choosing the identification of a neighborhood of Y
and the coordinates on the fibers of the normal bundle but the naturality
of the smooth structure on the blown up manifold, [Xg; Y], corresponds to
the fact that these are smoothly related.

The metric gg identifies NY as a subbundle of Ty Xy. This corresponds
to coordinates (z;,y;) as above with the dy; orthogonal to dx; at Y. In
the blow-up polar coordinates are introduced in the x; but the y; are left
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FIGURE 3. A manifold Xy with corners of codimension two
(below) and its blow-up X (top). A geodesic hitting the
codimension-two corner is shown, together with its lift to the
blown-up space X, which then strikes the front “edge” face
of the blow-up.

unchanged. It is convenient to think of these as polar coordinates induced
by >, j Qij dx; dz;. In particular, we choose

1/2
x = (Z a;j (0, y)xlx]>
]
as the ‘polar variable’ which is the defining function of the front face. With
this choice, the metric takes the form

(2.2) g = dz® + h(y, dy) + 2%k(z,y, z,d2) + =k (x,y, 2, dz, dy, x dz).

More generally, one can simply consider the wider class of manifolds with
corners with metrics of the form (2.2), we refer to these as ‘edge metrics’ for
brevity. Note, however, that there are no results currently available in this
wider setting that limit propagation of singularities to generalized broken
bicharacteristics. Despite this, the results in §7 remain valid in this more
general context.
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Now, set
M=R,xX, My=RxXog, W=RxY, W=RxY,

where W, resp. W now represent the unresolved, resp. blown-up, version of
the space-time “edge.”

Let Diff (X') denote the filtered algebra of operators on C*°(X') generated
by those vector fields that are tangent to the fibers of the front face Y
produced by the blow up; D, xD,,, D, form a local coordinate basis of
these vector fields. See §3 and §5 for further explanation of this algebra and
of our terminology. The same definition leads to the algebra of operators
Diff5 (M) on C*°(M) with local generating basis Dy, xDy, xD,,, D.;.

Lemma 2.1. The Laplace operator A € =2 Diff2(X) on X is of the form
f

1

1
AeD:+ D, + A7+ Ay + + 1 Diff2 (X)

where Ay is the Laplace operator in Z with respect to the metric h (and
hence depends parametrically on x and y) and Ay is the Laplacian on Y
with respect to the metric k.

In particular, 0 = D? — Ax € 22 Diff2,(M).

3. BUNDLES AND BICHARACTERISTICS

In this section, we discuss several different geometric settings in which
the propagation problem for [J on My may be viewed. Somewhat loosely,
each of these corresponds to a choice of a Lie algebra of vector fields with
different boundary behavior; these then lead to distinct bundles of covectors,
with the corresponding descriptors used as section headings here. The first,
the “b”-bundle, can be considered either on My or M. Indeed, the bundle
of b-covectors on My is the setting for the propagation results of [34]: these
results are, as will be seen below, necessarily global in the corner, and do not
distinguish between general diffractive rays and the subset of geometric rays
(defined below). In order to discuss the improvement in regularity which
can occur for propagation along the geometric rays, two more bundles of
covectors, lying over the blown-up space M, are introduced. These, the
“edge-b” and “edge-smooth” bundles, keep track of local information in
the fibers of the blow-up W of W in My, and allow us to distinguish the
diffractive rays from geometric ones. The distinction between the edge-b and
edge-smooth bundles comes only at the boundary of W, and the relationship
between the two bundles gives rise to reflection of singularities off boundary
faces, uniformly up to the edge W.

In order to alleviate some of the notational burden on the reader, a table
is included in §3.5 in which the various bundles, their coordinates, their
sections, and some of the maps among them are reviewed. The standard
objects for a manifold with corners, ), correspond to uniform smoothness
up to all boundary faces, so V(Q) denotes the Lie algebra of smooth vector
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fields, T'Q, the tangent bundle, of which V(@) forms all the smooth sections,
T*@Q is its dual, etc.

3.1. b-Cotangent bundle. Let V,(Q) C V(Q) denote the Lie subalgebra
of those smooth vector fields on the general manifold with corners @, which
are tangent to each boundary face. If we choose coordinates as in §3, the
local vector fields

xlaa;l,...,:L'f+18$f+1,8y1,...,ayn_f_l;

form a basis over smooth functions. Hence V;,(Q) is the space of C*°-sections
of a vector bundle, denoted

b1Q.
The dual bundle PT*Q therefore has sections spanned by
dry - dwpi

PIRI) adyla"'7dyn—f—1-
1 T f+1

The natural map
(3.1) Tssp : TFQ — PT*Q

is the adjoint of the bundle map ¢ : PTQ — TQ corresponding to the
inclusion of V},(Q) in V(Q).
Canonical local coordinates on T* M, correspond to decomposing a cov-
ector in terms of the basis as

75 dt + an dy; + Zf; dz;,
J J
and elements of PT* My may be written
dz;
Pt 0 dy;+ 3 6
j j !
so defining canonical coordinates. The map (3.1) then takes the form

Toob (2,4, £, €, 0%, 7°%) = (2,4, t, €2, 0", 7°) = (z,y, t,2€, 0", T°),

with 2€% = (215, . .. 7'rf+1§j”+1)'

The setting for the basic theorem on the propagation of singularities in [34]
is PT* M. In particular, generalized broken bicharacteristics, or GBBs, are
curves in PT*Mp. In order to analyze the geometric improvement, spaces that
will keep track of finer singularities are needed. Before introducing these,
we first recall the setup for GBBs. Note that at W, ms_|w maps N*W
onto the zero section over W, and is injective on complementary subspaces
of 173, My, so we may make the identification

Ts—b|w (Tyy Mo) = T™W.

We also recall that it is convenient to work on cosphere bundles. Since it
is linear, ms_,}, intertwines the R™-actions, but it does not induce a map on
the corresponding cosphere bundles since it maps part of 7% Mj \ o into the
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zero section of PT* M. However, on the characteristic set of O this map is
better behaved. Let

po = o2(00) € C*(T" Mo \ 0)
be the standard principal symbol of O € Diff?(Mp); it is of the form

po= ("2 = (D Ap& + Y B + 23 Cun)
with Ajk7 Bjk, Cjk € COO(M()), Ajk = Akj and Bjk = Bkj, Cjk’m:O = 0. Let
(3.2) Yo = py L({0})/RT € S* My

be the spherical image of the characteristic set of [1. This has two connected
components, *X 4, corresponding to 7° 2 0 since {7° = 0} N*%y = ). Now,
N*W C {r° = 0}, so N*W N p~1(0) = (), meaning W is non-characteristic
for OI. Since N*W is the null space of m,_,, there is an induced map on the
sphere bundles 7y, : X — PS*Mp; the range is denoted

(3.3) PY0 = Tosn(pg H(0))/RT € PS* M.

Again, Y has two connected components corresponding to the sign of
75 in 5% and hence the sign of 7. These will be denoted on,i.

We use 7%, resp. 7°, to obtain functions homogeneous of degree zero on
T* My \ o inducing coordinates on S* My near 5% :

2yt & =&/, i =1/ |r).
Note also that these coordinates are global in the fibers of S* MoN*¥g + — My
for each choice of sign =+.
7% =sgn7°

lifts to a constant function £1 on *¥g 4. There are similar coordinates on
bS* My near PX.
In these coordinates,
(3.4)
P%oNPSiy Mo = {(z,y,£,6"7°) : 2=0, &> =0, Y Byibip < 1} C S*W.

We also remark that with H,, denoting the Hamilton vector field of po,
Hs = ‘Tsralo

is a homogeneous degree zero vector field near p; 1({0}), thus can be regarded
as a vector field on S*M,.
Now we define the b-hyperbolic and b-glancing sets by

(3.5) Gwp = {q € PSjy My : |(msn) "1 (g) N 20| = 1}
and

(3.6) Hwp = {q € "Siy Mo : |(ms—b) " (q) N*Xg| > 2},
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These are thus also subsets of S*IW. In local coordinates’ they are given
by

(3.7)

gI/V,b = {(xayatvi—bagbvﬁb) T = Oa 7A-b € {il}v éb = O> ZBJkﬁ?ﬁE = 1}

Huwp = {(2,,8,7%, ) - w=0, 7> € {£1}, & =0, Y Buipig < 1}.

Note that for ¢ € PS};, My, at the unique point go in (ms—p) " (g) N 5Xo, we
have £ = 0, and correspondingly Hs(go) is tangent to W, explaining the
“glancing” terminology.

Now we discuss bicharacteristics.

Definition 3.1. A generalized broken bicharacteristic, or GBB, is a continuous
map v : I — PXg such that for all f € C>®("S* M), real-valued,

(3.8) timing 2N ) = (f 2 7)(50)

5—80 S — S0

(3.9) > inf{Hs(r,/)(a) : ¢ € 75, (7(50)) N *So}-

Remark 3.2. Replacing f by —f, we deduce that the inequality
(f 27)(s) = (f 2 ¥)(s0)

(3.10) lim sup

s—S0 §— 50
(3.11) < sup{H.(m £)(@) : @ € 75 ((s0)) N o).
also holds.

We recall an alternative description of GBBs, which was in fact Lebeau’s
definition [14]. (One could use this lemma as the defining property of GBB;
the equivalence of these two possible definitions is proved in [32, Lemma 7].)

Lemma 3.3. (See [32, Lemma 7].) Suppose v is a GBB. Then

(1) If v(s0) € Gwyp, let qo be the unique point in the preimage of v(so)
under Top = Tssblsx,. Then for all f € C®°(PS*My) real valued,
f o~ is differentiable at sg, and

O
W‘S:SO = Hsm{_1f(q0)-

(2) If v(s0) € Hwp, lying over a corner given in local coordinates by
zj =0,7=1,...,f+1, there exists € > 0 such that z;(v(s)) =0
for s € (sg—¢€,s0+¢€) if and only if s = sg. That is, v does not meet
the corner {x1 = ... = x¢41 = 0} in a punctured neighborhood of s.

Remark 3.4. Tt also follows directly from the definition of GBB (by combin-
ing (3.8) and (3.10)) that, more generally, if the set

(3.12) {Hs(mu.f)(a) = a € 725, (7(s0)) N *Eo}

"The discrete variable 7" is not, of course, part of the coordinate system, but serves to
identify which of two components of the characteristic set we are in.
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consists of a single value (for instance, if 7,1, (7(s0)) Ny is a single point),
then f o~ must be differentiable at sg, with derivative given by this value.
This is indeed how Lemma 3.3 is proved. The first part of the lemma
follows because 7 —>b(7( 0)) N %%y is a single point, giving differentiability.
On the other hand, the second half follows using f = Z b for which the
single value in (3.12) is —(1 — ZBZ]ﬁFn;)) < 0, for 'y(so) € Hwp. Thus,
f is locally strictly decreasing. Since f(¢') = 0 if ¢ € S}, My N PXy, in
particular at y(sg), it is non-zero at y(s) for nearby but distinct values of
s—so in particular for such s, y(s) ¢ PSSy, Mo N PY, showing that v leaves
W instantaneously. In fact, this argument also demonstrates the following
useful lemma.

Lemma 3.5. Let U be a coordinate neighborhood around some p € W,
K a compact subset of U. Let g > 0. Then there exists an 6 > 0 with
the followmg property. Suppose that v is a GBB and ~(so) € PS5 My. If

ST ER((s0)) > 0 and 1 — h(y(v(50)), 7P ((50))) > €0 then V(s 5045 N
bS* Mo = (), while zfzf+1 ( (s0)) <0 and l—h(y(v(so)),ﬁb(y(so))) > €
then ¥|(sg—s,s0] N SWMQ = @

Proof. Let Uy C U be open such that K ¢ Uy, U; C U. GBBs are uniformly
Lipschitz, i.e. with Lipschitz constant independent of the GBB, in compact
sets (thus are equicontinuous in compact sets), so it follows that there is
an 6 > 0 such that y(sg) € S} My implies that v(s) € PSf; My for s €
[so — 61,80 + d1]. Now the uniform Lipschitz nature of the function 1 —
h(y(v(s)), 7P (v(s))) shows that there exists 65 € (0, ;] such that for [s—so| <

02, 1= h(y(¥(s)),M°(7(s))) > €0/2. Now let f =3 £€P. Then

H ( S~>bf s¥o — ZAZ]£Z g] +ijF1] = _(1_2313'&})@))‘1'2 ijQj,

with F;, Fy; € C*(S*My), so there exist d3 > 0 and ¢ > 0 such that if z; <
03 for j =1,..., f + 1, then Hy(ni, f)lss, < —c. Now if z;(v(s0)) > d3/2
for some j, the uniform Lipschitz character of x; o v shows the existence
of 6’ > 0 (independent of 7) such that z;(y(so)) # 0 for |s — so| < &'
On the other hand, if x;(y(so) < d3/2 for all j, then the uniform Lipschitz
character of o~ shows the existence of 6" € (0, d2] such that z;(y(s0)) < d3
for |s — so| < 8", so f(v(s)) is strictly decreasing on [sg — 6”,s9 + &"].
In particular, if f(y(so)) > 0, then f(y(s)) > 0 for s € [sp — ", s0], so
v(s0) ¢ Sty Mo, and if f(y(s0)) < 0, then f(v(s)) < 0 for s € [so, so + "],
so y(so) ¢ bSI’jVMO again. This completes the proof of the lemma. O

We now recall the following statement, due to Lebeau.

Lemma 3.6. (Lebeau, [14, Proposition 1]) If v is a generalized broken
bicharacteristic, so € I, qo = (so), then there exist unique G+,G— € %o
satisfying ms_(G+) = qo and having the property that if f € C=(PS*My)
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then f o~y is differentiable both from the left and from the right at so and
d N .
(55) (0l = Her )

Definition 3.7. A generalized broken bicharacteristic segment -, defined on
[0, 50) or (—s0,0], ¥(0) = q € Hy is said to approach W normally as s — 0
if for all j,

i OO

s—0+ S
this limit always exists by [14, Proposition 1].

Remark 3.8. If ~v approaches W normally then there is s; > 0 such that
v(s) € S*Mg for s € (0,s1) or s € (—s1,0) since z;(y(0)) = 0, and the
one-sided derivative of x; oy is non-zero.

While the actual derivatives depend on the choice of the defining functions
xj for the boundary hypersurfaces, the condition of normal incidence is
independent of these choices.

3.2. Edge-smooth cotangent bundle. We now discuss another bundle,
ultimately in order to discuss the refinement of GBBs that allows us to obtain
a diffractive improvement. Let 5 : M — My be the blow-down map.

Let Ves(M) denote the set of vector fields that are tangent to the fibers
of Bl : W — W (hence to W). This is a C>°(M)-module, with sections
locally spanned by

x0y, x0p, T0y;, (‘32;_, 8,2‘;/.

(In fact, one can always use local coordinate charts without the 2" variables
in this setting.) Under the blow-down map § : M — My, elements of V(M)
lift to certain vector fields of the form 'V, V € Ve (M), where z is a
defining function of the front face, W. Conversely, 77 Wes(M) is spanned
by the lift of elements of V(M) over C>°(M), i.e.

(3.13) ™ Wes (M) = C®(M) ®coo(nry) BV(M).

Let ®T'M denote the “edge-smooth” tangent bundle of M, defined as the
bundle whose smooth sections are elements of Ves(M ); such a bundle exists
by the above description of a local spanning set of sections. Let ®T™*M
denote the dual bundle. Thus in the coordinates of §2, sections of *T™* M
are spanned by

dt  d d
(3.14) T+ gf +7- ?y + ¢ de' + (" d

By (3.13), taking into account that dt? — gg is a Lorentz metric on My, we
deduce that its pull-back g to M is a Lorentzian metric on = 1T*M, i.e.
that £72¢ is a symmetric non-degenerate bilinear form on *TM with sig-
nature (+,—,...,—). Correspondingly, the dual metric G has the property
that 22G is a Lorentzian metric on ®T*M. Note that G is the pull-back of
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Go = 02(0) € C°(T* My \ 0). We thus conclude that oo(0J) € C>°(T* My \ 0)
lifts to an element of 272C>°(*T*M \ 0); let
P = Oes2(x?0) € C(ST*M \ 0)
be such that 2~2p is this lift, so
Plo=o = 7% — (€ + h(y.n) + k(y, 2,)).
Let % C ®S*M denote the characteristic set of 2200, i.e., the set
%) = p 1 ({0)/R* = {002(2°0) = O} /R
Thus, using the coordinates

(3.15) z,y.t, 2, =¢/|7), n=n/lzl, (={/|zl, o=z,

on “T*M, valid where 7 # 0, hence (outside the zero section) near where
p = 0, and dropping ¢ to obtain coordinates on *S*M,

P ~9 . ~
(3.16) “XN*=SE M = {(z = 0,t,y,2,&,1,¢) : § +h(y, 1) +k(y,2,() =1}
The rescaled Hamilton vector field
Hes = |I‘_1Hp

is homogeneous of degree 0, and thus can be regarded as a vector field on
¢5* M which is tangent to ®“X. (Note that while Hes depends on the choice
of x, and the particular homogeneous degree —1 function, |7|~!, used to
re-homogenize H,, these choices only change Hes by a positive factor, so its
direction is independent of the choices—though our choices are in any case
canonical.)

With the notation of [25, Section 7] (where it is explained slightly dif-

ferently, as the underlying manifold is not a blow-up of another space),
corresponding to the edge fibration

B:W —W=Y xRy,
there is a natural map
Wes eST;%/]W — T*W.

In fact, in view of (3.13), the bundle 71T M (whose sections are '
times smooth sections of *“T'M) can be identified with S*T'Mj, so one has
a natural map z'TM — TMy. Dually, 2°T*M can be identified with
B*T* My, so one has a natural map x*T*M — T*M,. Multiplication by
x maps ST*M to zT*M, and mep, : T*My — PT*M, restricts to the
quotient map Ty, Mo — T*W = T*My/N*W over W, so wes is given by the
composite map

CTHM > a = za € 2®TH M — Bi(za) € Ty My
= [za] € T*W C PT* My,
which in local coordinates (3.14) is given by

wes(w - O)y7taz7§7ﬂ717§) = (y7taﬁ7z)'
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The fibers can be identified with Re x 7*Z. In view of the R*-action on ®X,
this gives rise to a map wes : X — S*W, which is a fibration over Hyy,
(where 1 — h(y, ) > 0) with fiber

we_sl(yatvﬁb) = {(ZL‘ = 07y7taz7éaﬁ7§) :

=",
€17+ E(y, 2,¢) = 1= h(y,7")};
the fibers degenerate at Gy . Then Heg is tangent to the fibers of wes. In

fact, as computed in [25, Proof of Lemma 2.3] (which is directly valid in our
setting), using coordinates (3.15) on “T*M,

|3

(3.17)
1
- %Hes = _§QHp
. . in i 1 0K . .
= §(x3x —00s — (- 8§) + K ]giazj + K ]Qz-ﬁjag T2 0z gzgjaﬁk +afl,

with H’ tangent to the boundary, hence as a vector field on ®S* M, restricted
to eSSI}/M, Hes is given by
1 0KY , .
2 9z, glgﬂ 8§k.
It is thus tangent to the fibers given by the constancy of y,t,). Notice also
that Hes is indeed tangent to the characteristic set, given by (3.16), and in
eSS;VM , it vanishes exactly at ¢ = 0. We let

Res = {q €% ﬂeSS;}/M : Hes(q) =0} = {(t,y,z,g,ﬁ,é) €Sy éz 0}

be the es-radial set.

1 R A cea A

3.3. Edge-b cotangent bundle. Finally, we construct a bundle eb N f
over M that behaves like PT* M away from W, and behaves like ®T* M near
the interior of W. Before doing so, we remark that the pullback of PT* M,

to M is PT*M, so 3 : M — My induces a map
By : PT*M — PT* My,
such that
Belors s — ng(w)Moa w e M,
is an isomorphism. It commutes with the RT-action, hence induces a map
By - PS*M — PS* My,
such that
Biloss s = P Shy Mo, w € M,

is an isomorphism.

More precisely, ®®T*M arises from the lift of vector fields on My which are
tangent to all faces of My and vanish at . (The set V of such vector fields
is a C*°(Mp)-module, but is not all sections of a vector bundle over My—
unlike its analogue, V(Mp), in the construction of Ves(M); locally x;0,;,
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Jg=1,.. . f+1, 20, and 0y, i =1,....,. f+1,j=1,....,n— f =1, give
a spanning list.)

Definition 3.9. Let Vep (M) consist of vector fields tangent to all of 9M and
to the fibers of W.
This is again a C>°(M)-module, and locally x0,, x0;, x0y,, Zé‘az;» and 84
give a spanning set; in fact
Voo (M) = C (M) @ (aty) 57V

Thus, there is a vector bundle, called the “edge-b” tangent bundle of M,
denoted T M, whose sections are exactly elements of Ve, (M). Let PT*M
denote the dual bundle. Thus in the coordinates of §2, sections of ®T* M
are spanned by

T €t +Zcﬁ+c” dz"

In particular, we point out that the lift of ) z;D z; from My to M by
is Dy, up to xVep(M), hence considering their principal symbols gives

Zﬁ*f}jzﬁa‘cx:&
J

Dividing by 8*|7°| = = 1|7| yields
(3.19) > Bl =2+ 0(2?), E=¢/l7].
J

There exists a natural bundle map
Tesseb : ST*M — ®T* M,

analogous to the bundle map 7s_1, : T* My — PT* M of (3.1). In canonical
coordinates, this maps

(Z7§7ﬂ7£la§”) — (T =7, 5: §7 n=rn, CZI - gizé7 C” = gll)'

This map commutes with the RT-action of dilations in the fibers, and maps
p~1({0}) C ST*M \ o into the complement of the zero section of **T* M, so
it gives rise to a map
Tesmob : &8 — PS* M
Let
ebz — @(esz) C ebS*M.

In coordinates

z.y.t, 2.6 = Ef|rl, i =n/lrl, (= ¢/,

n °®S* M, and analogously defined coordinates on ®S* M

N ~ ~

— Y, .2 Al 2 A
7Tes~>eb<m7y7t7zvéuﬁ g g ) (xay7tvz7€ 5 ﬂ ’Zzglz:7 C” = C )7



24 RICHARD MELROSE, ANDRAS VASY, AND JARED WUNSCH

so forw € W, 2j(w) = ... = zp(w) =0, z, 1 (w) #0,..., z.(w) # 0, with
p=1,
Y NPSEM = {(£7,0) €ePSEM: {{=...={ =0
7
L3 & i) + K (0,20, 22 Sy g,
“p+1 Zk

We again also obtain a map wep, : °X N ebS;VM — S*W analogously to
wes Which is a fibration over Hyyp; in local coordinates (on S*W near the
projection of ®Y, (y,t,7) are local coordinates, 77 = n/||)

(3.20) @en(0,,,2,£,1,C) = (y,t,1 =1).

More invariantly we can see this as follows. As discussed in [25, Section 7]
in the setting where the fibers on W have no boundaries, one considers the
map

x: PT*M — PT*M
given by multiplication of the covectors by x away from W, which extends
to a C* map as indicated, namely

dt d
L +Zczf+c” dz"
€T X

d !
»—>Tdt—i-a:fi:—i—ndy—i—ZwC{—f%—:vC”-dz”.
xr Zi

Note that at = 0, this gives
x- () :Tdt+77dy,

a=T— &+ +Z<ﬁ+<” dz" € PTM, we W,

In particular, as the image under (z-) o Tes_yep, of p~1({0}) C ST*M \ 0 is
disjoint from the zero section, and since multiplication by x commutes with
the RT-action in the fibers, By o (x-) descends to a map

e 1 PY = PRy,

and away from W it is given by the restriction of the natural identificantion

of e'D,S”]*V[\WM with SM \WMO, while at W, as (3.21) shows, is given by
(3.20), where we consider S*W C PS* My, cf. (3.4).

We now introduce sets of covectors that are respectively elliptic, glancing,
and hyperbolic with respect to the boundary faces of My meeting at the

corner W; these sets are thus of covectors over the boundary of W :
E="L85 M\ T = {q €855 M : (Tesser) ' (q) = 0},
G={q €Sy M: |Taser ' (q)] =1},
H={gePS : [fasen (2) > 2},
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so °¥ N engwM =GUH.
In coordinates, note that, for instance, for

weW, zj(w) =...=z,(w) =0, 2,1 (w) #0,..., z(w)#0,
with p > 1,
(3.22)
ENPSEM

={3j, 1<j<p { #0}

! 21
22 A p+1 Cf]g A1
U{]‘<§ +h(y7n)+k(y7z7(0?“’7072/ 7“’72:]/{)7<>}7

p+1
gr—]ebSZ}M:{fi::(Z):O,
1:§2+h(y,ﬁ)+k y,z,(O,...,O, f ,...,i/f),gu ’
“p+1 k
HQEbSZ;M_{éi__A];_O’
1>§2+h(y,ﬁ)+k’ y,z,(O,...,O7 1,9+ 7,,.,7’,“)’0/ .
“p+1 2

Remark 3.10. The set Gy, defined in (3.5) represents rays that are glancing
with respect to the corner W, i.e., are tangent to all boundary faces meeting
at W, while G defined above describes the rays that are glancing with respect
to one or more of the boundary faces meeting at W (see Figure 4). The
sets Gw, and Hyyy, live in S*W C bejVMO. This can be lifted to *S*M by
B (since PT*M = B*PT*My), but in this picture Gy}, and Hyp, are global
in the fibers of §, i.e., live over all of W, not merely over its boundary.

3.4. Bicharacteristics. We now turn to bicharacteristics in ®*Y, which will
be the dynamical locus of the geometric improvement for the propagation
result. Taking into account that Hes is tangent to the fibers of weg, one
expects that over W, these bicharacteristics will lie in a single fiber of the
related map wep, i-e. y,t, 7 will be constant along these. The fibers of weg
and we, have a rather different character depending on whether they are
over a point in Gy, or in Hyy,. Namely, over Gy, the fibers of wes resp.
Wep are éb =0, fb = 0 resp. £ = 0,( = 0 i.e. they are the zero section. By
contrast over a = (t,y,n) € Hwp, the fiber of wes is

Hesrap = { (b, 2,600 =1,0) € “S"M : & + k(y,2.0) = 1 - h(y, D) }
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FicURE 4. Glancing rays. The ray depicted at top, in M
(projected down to X), terminates at a point in G. The ray
depicted at bottom, in My (projected down to Xj), termi-
nates at a point in Gy .

while that of wey, is

,Hebﬁa,b = {(757?;,2’75,77’5) eebS*M: éi == 51/7 =0,
A AN
§2+k<?/,27 (07"‘707 Z€+17"‘7;))<//> S 1_h’(y7ﬁ)}
p+1 k

The geometric improvement will take place over Hyyp, so from now on
we concentrate on this set. Now, for a = (¢,y,71) € Hwp

¢ a7 es Qo 22 N
7—\>/esO,Hes—ﬂl,b: {(tayazaéaﬂ:nagzo) S M§ = 1_h(y777)}7

hence has two connected components which we denote by

Reson1/o = {(b:9:2,€ 11 = 7,0 = 0) € ™M : & = Fsgn(r) /1 - Ay, ) },

with sgn(7) being the constant function +1 on the two connected compo-
nents of 3.
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Here the labels “I/O”, stand for “incoming/outgoing.” This is explained
by

1 R 1 A~
_§Hest = -1, _§Hes$ = érv

so in a neighborhood of Res a1, Hest and Hesx have the opposite signs, i.e.
if ¢ is increasing, x is decreasing along Hes, just as one would expect an
‘incoming ray’ to do; at outgoing points the reverse is the case.

We also let

L —

Reb,a,1/0 = Tes—seb(Res,a,1/0)
— {2, € (= 0) €S M € = Esgn(r)y/1 = h(y,0) |
and
Reb,s,1/0 = YaesReb,a,1/0
for S C Hwp.

Definition 3.11. An edge generalized broken bicharacteristic, or EGBB, is a
continuous map v : I — °*X such that for all f € C*(°*S* M), real-valued,

foning 20 = (F 01 (50)
(3.23) s7ro0 §7 50
> inf {Heo(Fesd " )(0) 0 € e (3(50)) T .

Lemma 3.12. (1) An EGBB outside ebS;T/M is a reparameterized GBB

(under the natural identification obe}\“/lo\WMo with ebS}kw\WM), and

conversely.
(2) If a point q on an EGBB lies in ebS’;T/M, then the whole EGBB lies

n ebSI’%/M, in w;)l(web(q)), i.e. in the fiber of wey, through q.
(3) The only EGBB through a point in Ry, o,1/0 is the constant curve.
(4) For a € Hwyp, an EGBB in Heb—apb \ Reb,a,1/0 Drojects to a repa-
rameterized GBB in ®T*Z, hence to geodesic of length  in Z.

(1) As Hg and Heg differ by an overall factor under the natural identifi-
cation ¢ : 57\40\WM0 — eSS}"‘J\WM, namely
teHs = |77 7] 27%Hes = 27 'Hes,

we obtain this immediately.

(2) The tangency of Heg to the fibers of wes means that if we set f equal
to any of +y;, £t, :I:ﬁ}?, Hesf = 0. By (3.23), then (f o) (sg) = 0 for
all sg, and for each of these choices. This ensures that v remains in
the fiber.
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(3) Hes vanishes at the unique g € 7@71(7(50)) N Y if y(sg) €
Reb,a,1/0- Moreover, the function § o is in Cl, as

Hes§ = 2K(y7ta Zaé) = 2(1 - h’(y7ﬁ) - §2)

on ®¥. Thus, (3.23) entails that ifg = +,/1 - h(y,n) at some point

on an EGBB, then it is constant.

(4) This follows from a reparameterization argument, as in [25], taking
into account that Heg is tangent to the fibers of T ;iVM , hence can
be considered as a vector field on ]Ré x T*Z. (In fact, a completely

analogous argument takes place in [33, Section 6] in the setting of
N-body scattering.) O

Suppose now that « : [0, d] — PXg is a GBB with 7(0) = o € Hyyp,. Thus,
assuming dp > 0 is sufficiently small, by Lemma 3.5, 7[(g,5,] N bSe My = 0.

Since bS}k\/[O\WMo is naturally diffeomorphic to eijw\WM , we can lift /(g 5]

to a curve 7 : (0,8 — °°S*M in a unique fashion. It is natural to ask
whether this lifted curve extends continuously to 0, which is a question we
now address.

The following is easily deduced from Lebeau, [14, Proposition 1] (stated
here in Lemma 3.6) and its proof:

Lemma 3.13. Suppose that o € Hyyy,. There exists 69 > 0 with the follow-
ing property.

Suppose 7 : [0,00] — PS* My is a GBB with v(0) = a.. Let 7 : (0,80 —
¢bS* M be the unique lift of Yl(0,50] t0 bS*M. Then 7 (uniquely) extends to
a continuous map 7 : [0, 8] — S*M, with 7(0) € Reb.a.0-

In addition, v approaches W normally if and only if

7(0) ¢ S35 M N Reba,0 = G N Reba,0-

The analogous results hold if [0, o] is replaced by [—d0,0] and Rep a0 is
replaced by Reb,a,1-

Remark 3.14. The proof in fact shows that §y can be chosen independent of
a as long as we fix some K C Hyyp, C bS{jVMo compact and require « € K.

Remark 3.15. The special case of a normal GBB segment ~, which lifts
to a curve 7 : [0,00] — °PS*M starting at W°, follows directly by the
description of geodesic in edge metrics from [25], since normality implies
that for sufficiently small dp > 0, v/ 5,) has image disjoint from z; = 0 for
all j, i.e. the boundaries can be ignored, and one is simply in the setting of
[25]. This argument also shows that given o € Hyp, and p € Repa,0 \ G,
for sufficiently small §y > 0, there is a unique GBB ~ : [0, dg] — PS* My with
7(0) = « such that the lift 4 of v satisfies y(0) = p.
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Proof. Let a = (yo,to,M5). First, by Lemma 3.5, Y 0,50] N bgx My = () for
do > 0 sufficiently small, hence the lift | 5, exists and is unique. Lebeau
proves in [14, Proof of Proposition 1] (with our notation) that

lig €)= /1= by ) and I =21 hg, ) >0,

This implies that

—

sup{@(q)\ : g€ (Tossp) H(9(5))} — 0 as s — 0+,

since

on ®%, and 1 — h(y(5(s)), 7(3(s))) — £(7(s))* + Cz(5(s)) — 0. It remains
to show that the coordinates z; have a limit as s — 0. But by Lemma 3.6,
(dxj o v/ds)|s=0 = 2€3(0) exists, and Y AE5(0)E3(0) = 1 — h(yo,7lg) > O.
Thus, considering z;(y(s)) = x;(v(s))/z(v(s)), L'Hopital’s rule shows that

S Ky )i, =1—hly, i) —€ + 3G <1—h(y,7) —& +Cx

limg 04 2j(7(s)) = é]S-(O)/\/l — h(yo,Mg) exists, finishing the proof of the
first claim. The second claim follows at once from the last observation
regarding lims_,o4 2;(7(s)). O

We also need the following result, which is a refinement of Lemma 3.13,
insofar as Lebeau’s result only deals with a single GBB emanating from the
corner W of My : the following lemma extends Lemma 3.13 uniformly to
GBBs starting close to but not at the corner. For simplicity of notation, we
only state the results for the outgoing direction.

Lemma 3.16. Suppose that o € Hwp, P € Reb,0,ar Pn € EbS;\/[\WM’

and p, — p in ®S*M. Suppose 5o > 0 is sufficiently small (see following
remark). Let y, : [0,00] — PS*My be GBB such that v,(0) = p,. Forn
sufficiently large, let Ay, : [0,00] — °S*M be the unique lift of v, to a map
[0,80] — S*M. Then for N sufficiently large, {¥n}n>N is equicontinuous.

Remark 3.17. As p, — p, é(pn) — é(p) > 0, so there exists N > 0 such that
f+1

> &2 (pn) = 2(pn)é(pn) + O (2(pn)?) > 0
=1

for n > Nj cf. (3.19). Thus, by Lemma 3.5, there exists g > 0 such that
Ynlj0,60] N bS{‘}VMO = () for n > N—this is the Jy in the statement of the
lemma. Hence, for n sufficiently large, v, has a unique lift 7, to ®S*M,
since ®*$* M and ®S* My are naturally diffeomorphic away from W, resp. W
as previously noted.

Proof. Note first that {v,}nen is equicontinuous by Lebeau’s result [14,
Corollaire 2] (see also the proof of [14, Proposition 6])—indeed, this follows
directly from our definition of GBB. This implies that {7, }nen is equicon-
tinuous at all sy € (0, d], for given such a s, there exists Ky C My compact
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disjoint from W such that v,|}s, 5,] has image in bS}"(O My, which is canoni-
cally diffeomorphic to ebS;,l( KO)M . Thus, it remains to consider equiconti-
nuity at 0.

For sufficiently large n, all v, have image in bS}}Mg where K is compact
and K C O for a coordinate chart O on M. Thus, by the equicontinuity of
Yn, the coordinate functions

T30 Yoy 150 Yny Yj © Vs €5 O Yy N 0 In
are equicontinuous. We need to show that for the lifted curves, 7,, the
coordinate functions
T 0 Yn, t; © Yns Yj © Yns Zj © Yn, éO:Ym 7 © Yn, &j ° Yn
are equicontinuous at 0. By the above description, and y; o 4, = y; o Vx,
jOYn =tjoy, and fj oy, = ﬁ}) oy, are equicontinuous, as is x oy, in view
of x= 0> aljmlx])l/ Thus, it remains to consider fovn, 2j 0%y, and Cj 0.
Let p = (0, 0, 20, &0, 7o, 0), and write p = € > 0. Thus,

p=+/1—"h(yo,Mo)-
Let €; > 0. One can show easily, as in the proof of Lebeau’s [14, Proposi-

tion 1], that for all n sufficiently large (so that p,, sufficiently close to p) and
so > 0 sufficiently small,

(3.24) s € [0,s0] = EoAn(s) € [u—er,p+el

Indeed, Hsé =2z 1 ZKZ]QQ + F with F' smooth, so Hsé > —(C over the
compact set K, hence

(3.25) € 09n(s) > &(pn) — Cos.
On the other hand, on X,
€ =1-h(y.i) =) Kij(y,2)¢,C; +2G <1~ h(y,7) + Cuz,

hence on °Y,
Let

O(z,y,7 \/1— h(y, ) + Cra;

this is thus a Lipschitz function on a neighborhood of a in "S*Mj, hence
there is s, > 0 such that ® o ’Yn|[o,56] is uniformly Lipschitz for n sufficiently
large. Thus,

E(n())] < B(a(s)) < () + [@(pn) — B()] + B (Ya(5)) — B(pn)]
1= n(yo, 7o) + |2(p) — ()| + C's.
Thus, for sufficiently large n (so that p, is close to p),

(3.26) €6 ()] < VI = h(yo. o) +e1/2+C's.
Combining (3.25) and (3.26) gives (3.24).
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Now consider the function
0=1- h(yaﬁ) _52’
80 T, Olssons My = 2 Kijéiéj. This satisfies

He® = —26H.E + Fi = 42718 Y Kii( L+ Fy = —427 160 + Fy
with F; smooth. Now,
z(pn) + (1 — €1)s <z oyu(s) < x(pn) + (1 + €1)s,

SO

4o Y +AzO < C
ds

implies that
d A(p —e1)
—0O, +
ds " xz(pn) + (n+e1)s
where we write ©,, = © o +,,. Multiplying through by

((pn) + (1 + 61)8)4(“_61)/(“+61)

<,

gives
d o
(3.27) %«m(pn) + (ot er)s) U g, )
< C(2(pn) + (p+ €1)s) WD/ rter)

Integration gives
(3.28)
(flf(pn> + (M + 61>S)4(#*61)/(M+61)@n(8) o w(pn)4(ufel)/(u+€1)@n(0)
< Cl<(x(pn) +(u+ 61)8)1+4(u—e1)/(u+e1) _ $(pn)1+4(u761)/(,u+61)>'

Thus,
(3.20) ©n(s) < (14 (u+ e1)s/a(pa)) W+, (0)

+C'((2pa) + (1 + €)s) = 2(pa)(1+ (u+ e1)s/a(pn)) 07 0HD),

Since

(1+ (u+ ex)s/a(pa)) WV Fe) <,
this yields
(3.30) On(s) < 0,(0) + C'(x(pn) + (1 + €1)s)
On the other hand, as on 5¥j, © = ZKZ]QQ + xF', with F' smooth, so
© > —(Cx, we deduce that

On(s) > =C(x(pn) + (1 + €1)s).
Thus,
—C(z(pn) + (1 + €1)s) < On(s) < OR(0) + ' (z(pn) + (1 + €1)s).
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Suppose now that ¢ > 0 is given. As p, — p, there is an N such that
for n > N, Cxz(p,) + ©,(0),C'z(p,) < €/2. Moreover, let sy > 0 such
that C(u + €1)s0,C'(p + €1)so < €/2. Then for n > N, s € [0,5¢], —€ <
O,(s) — 0,(0) < ¢, giving the equicontinuity of ©,, at 0 for n > N. In view
of the definition of ©,, and the already known equicontinuity of y o 4, and
1) © Ay, it follows that (€ o 4,)2, hence £ o 7, are equicontinuous. As on *¥,
(]2 < C|O] + C'z, we also have |(|? < C|O| 4+ C'z there, so

€0 An(5) = Ca)l < 1C(PR)] + ¢ 0 An(8)] < [¢(pn)] + C|On(s)| + C'z(Fn(s)).
Given € > 0, by the equicontinuity of ©,, and x o4, there is sy such that for
s € [0,50], ClOn(s)| + C'z(Fn(s)) < €/2. As {(pn) — 0 due to p, — p, for
n sufficiently large, |C(p,)| < €/2, so for n sufficiently large and s € [0, sq],

1€ 0 An(s) — C(pn)| < €, giving the equicontinuity of ¢ o, at 0.
It remains to check the equicontinuity of Z,, = z 0 4,. But

Y| < Coup {ola) D]+ 4 €°Zn, monla) =10},

and for such ¢, by (3.29),
22| < Ca?(|8] + )
< C(wlpn) + (= 1)s) 2 (1+ (u+ e))s/apa)) 0o, 0)
+C(2(pa) + (n+e€1)s),

SO
=]
< Cx(pn) + (1 —e1)s) " (L (u+ er)s/a(pn)) >0V Ve, (0)1/2
+CVx(pn) + (n+e)s
< Cz(pn)™ 1+ (u— el)s/x(pn))_1_2(“_61)/(”+61)@n(O)l/Q
+CVa(pn) + (1 +e1)s.
Thus, integrating the right hand side shows that
1Z0(5) = Zu(0)] < C'0n(0)/2 (14 (1 = ex)s/w(pn)) 200 1)

+ C'sv/x(pn) + (1 +€1)s
< C'OL(0)2 + C'sv/z(pn) + (1 + €1)s.

An argument as above gives the desired equicontinuity for n sufficiently
large, completing the proof of the lemma. O

Corollary 3.18. Suppose that o € Hw, p € Reb,0,as Pn € ebS;‘M\WM, and

Pn — p in PS*M. Let v, : [0,00] — PS*My be GBB such that v,(0) = p,.
Then there is a GBB 7y : [0,80] — "S*Mqy and ~y, has a subsequence, {vn, },
such that 7y, — v uniformly, the lift 5 : [0,80] — ®S*M of v satisfies
7(0) = p, and the lift Yy, of yn, converges to 7 uniformly.



DIFFRACTION ON MANIFOLDS WITH CORNERS 33

Proof. As p, — p, it follows that there is a compact set Ky C My such
that v,(s) € bS}"{OMO for all n and all s € [0,0p]. Then by the compact-
ness of the set of GBBs with image in bS}*(MO in the topology of uni-
form convergence, [14, Proposition 6], 7, has a subsequence, 7,,, uni-
formly converging to a GBB « : [0,80] — PS*My. In particular, y(0) =
limy, yp, (0) = limg, web(Pn,) = Web(p) = . By Lemma 3.13, ~ lifts to a
curve 7 : [0,d0] — **S*M. We claim that 7(0) = p—once we show this, the
corollary is proved.

Let 7, : [0,80] — ¢®S*M be the lift of v,,. By Lemma 3.16, {¥n, }ren is
equicontinuous. Since for § > 0 7y, |55,] — 7 uniformly, and these curves
all have images in bS}}l My for some K compact, disjoint from W, where
bS}k(lMo and ebSZ’—l(Kl)
Yo |[5,60) — V5,80) uniformly; in particular {¥n, |5s,} is @ Cauchy sequence
in the uniform topology.

Let d be a metric on ®®S*M giving rise to its topology. Given € > 0 let
d > 0 be such that for 0 < s < § and for all n, one has d(3,(s),3,(0)) =
d(¥n(s),pn) < €/3—this ¢ exists by equicontinuity. Next, let N be such
that for k,m > N, d(pn,,pPn,,) < €/3 and for k,m > N, 6 < s < o,
d(An,, (8)s Anm (8)) < €/3; such a choice of N exists by the uniform Cauchy
statement above, and the convergence of {p,}. Thus, for k,m > N and
0<s<é,

Ay (8)s T (8)) < A (8), P ) + A(Prges P ) + A(Prige s T (5)) < €.

Since we already know the analogous claim for § < s < §g, it follows that
{An, } is uniformly Cauchy, hence converges uniformly to a continuous map
41 [0,80] — S*M. In particular, 4(0) = limy, 7y, (0) = limg p,, = p. But
Y \[5,60) = V5,50 uniformly for 6 > 0, so ¥|(55,] = Y55 The continuity
of both 4 and 4 now shows that 4 = 4, and in particular 4(0) = p as
claimed. (]

M are canonically diffeomorphic, we deduce that

Now we are ready to introduce the bicharacteristics that turn out in
general to carry full-strength, rather than weaker, diffracted, singularities.

Definition 3.19. A geometric GBB is a GBB v : (—sg,50) — Yo with ¢ =
7(0) € Hw, such that there is an EGBB p: R — e'OTI}/]\/[ with
li = lim ~_(¢
Jm p(s) = lim 5_(2),
s—+400

lim p(S) = tl_igl+ F+(t),

with 44, resp. 4_, denoting the lifts 7|[07(50}, resp. 7|[_5070], 0o > 0 sufficiently
small, to PS* M.

We say that two points w,w’ € Py are geometrically related if they lie
along a single geometric GBB.

Let T be a large parameter, fixed for the duration of this paper.
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Definition 3.20. For p € Hy,, the flow-out of p, denoted .7-"87]), is the union
of images v((0,T]) of GBBs ~ : [0, T] — P%¢ with v(0) = p.

For p € Hwy, the regular part of the flow-out of p, denoted fg}meg, is
the union of images v((0, sg)) of normally approaching (or regular) GBBs
v : [0, s9) = PXg with v(0) = p and ~(s) € T*M?® for s € (0, s).

The regular part of the flow-out of a subset of Hyy, is the union of the
regular parts of the flow-outs from the points in the set.

We let

b
FO,p,sing

denote the union of images (0, 7] of non-normally-approaching GBBs 7, i.e.
those GBBs « with v(0) € G N Rep.
The flow-in and its regular part are defined correspondingly and denoted

b b
FI,p?'FI,p,reg'

We let .7-"})/0 denote the union of the flow-ins/flow-outs of all p € Hyyp.

We also need to define the flow-in/flow-out of a single hyperbolic point
g€ Reb’a,I/O\ebS(;WM (i.e. for p € Hw, as above, we will consider the flow
in/out to a single point in a fiber ¢ € Ry, p 1/0)- By Remark 3.15, given
such a ¢, there is a unique GBB ~(s), defined on [0,T] (or [T, 0], in case of
I), with lift 4 satisfying lims_0¥(s) = q.

Definition 3.21. For q € Reb’l/o\ebngM, let ]-"?})O q denote the image
7((0,77) (or 4([-T,0)) in case of I) where  is the unique GBB with lift ¥
satisfying lims_,o J(s) = ¢. Let }'Ie}’O 4reg D€ defined as the union of 5((0, so))
with ¥(s) € T*M° for all s € (0, sp). Additionally, let .7-"1’3]/30 denote the union

of all flow-ins/flow-outs of ¢ € Rebyj/o\ebsgwM, and let FeP = Feb U FeP.

For brevity, we often use the word ‘flow-out’ to refer to both the flow-in
and the flow-out.

One needs some control over the intervals on which normally approaching
GBB do not hit the boundary of M:

Lemma 3.22. Suppose K C W° is compact, K C Hw,p s compact, €9 > 0.
Then there is 8o > 0 such that if v : [0,¢0] — PS*My a GBB with lift 7,
7(0) € Reba,0 N ebS}‘{M for some a € IC, then 4((0,d¢)) N engMM = 0.

Proof. First, by Lemma 3.5 there is a ¢ > 0 such that any GBB ~ with
7(0) € K satisfies 7| (g g disjoint from bSs M.

Suppose now that there is no dy > 0 as claimed. Then there exist GBBs
v+ [0, €] = PS* Mo, pj € SjM N Rep a0, @ € K, and §; > 0, §; — 0,
such that ~;(d;) € bLS’gMOMo, and the lift 4; of v; satisfies 4;(0) = p};. We
may assume that §; < €o/2 and &; < &, for all 7, hence 7;(5;) ¢ PS;,Mo. By
passing to a subsequence, using the compactness of K and of K, hence of
ebS}}M N Reb k.0, We may assume that {«;} converges to some o € I, and
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{pz} converges to some p € ®SEM N Repa0- Using the continuity of 7;
for each j, we may then choose some 0 < €; < §; such that p; = J;(¢;) = p
as well; note that p; ¢ e'OSI"}VZM[ . (We introduce ¢; to shift the argument of
v; by €;, namely to ensure that v;(. + ¢;) at s = 0 is outside bS{';VM, SO
Corollary 3.18 is applicable.) Thus, we can apply Corollary 3.18 to conclude
that v;(.+¢;) : [0, €0/2] — "S* My has a subsequence 7y, such that vy, (.+€x,)
converges uniformly to a GBB v, the lifts 4, (. +€n;) also converge uniformly
to the lift 4, and 5(0) = p. Thus, Yn;((dn; — €n;) + €n;) — 7(0) = p since

On; — €n; — 0. As Y ((6n; — €n,) +€n;) € e'[’kSY:;]V[\VT/M and e'DAS*;]V[\VT/OM
: : eb qx* ESi eb Qx* :
is closed, it follows that p € €S aM\WOM , contradicting p € ®*S3- M. This
proves the lemma. O

Remark 3.23. Another proof could be given that uses the description of the
edge bicharacteristics in [25], since the GBB covered are normally incident.

Corollary 3.24. Suppose U C W° is open with U C W° compact, U C
Hwy is open with Uc Hw, compact. Then there is g > 0 such that the
set O of points p € ®S*M for which there is a GBB ~ with lift 4 such that
7(0) € S5 MNRebu.0 and ¥(s) = p for some s € [0,89) is a C* coisotropic
submanifold of ®®S*M transversal to ebS%/M.

Proof. By Lemma 3.22, with K = U, K = U, there is a §y > 0 as in the
lemma, hence the set O consists of points p for which the GBB ~ only meet
OM at s = 0, so (taking into account part (2) of Lemma 3.12 as well) O
is a subset of the edge flow-out studied in [25] (e.g. by extending the edge
metric g smoothly across the boundary hypersurfaces other than W) In
particular, the properties of the flow-out of such an open subset being C*,
coisotropic® and transversal to ebS“%/M follow from Theorem 4.1 of [25]. O

We now turn to properties of the singular flow-out.

. b . . b Qx*
Lemma 3.25. The singular flow-out, Fg),, is closed in © SM\WM'

Proof. Suppose p,, € Fseitr’lg, and let 7, be such that the lift 7, of ~, satisfies

n(0) € G N Rep, and v, (sn) = pp, sn € (0,T]. Suppose that p, — p €

ebS;‘M\W]\/AI' . Then there exists a compact subset K of M such that v,(s) €

bS}}M for all n and all s € [0,7]. By passing to a subsequence we may
assume that s, — s; as p ¢ ebS;}VM, s # 0. By passing to yet another
subsequence we may also assume that v,(0) = ¢ € G N Rep. Let €, > 0,

8In [25], being coisotropic is considered as a property of submanifolds of a symplectic
manifold, T M \ o, M being an edge manifold. Conic submanifolds of T M \ o can be
identified with submanifolds of ©S*M, and conversely, thus one can talk about subman-
ifolds of ©S*M being coisotropic. Alternatively, this notion could be defined using the
contact structure of °S™ M, but for the sake of simplicity, and due to the role of symplectic
structures in classical microlocal analysis, we did not follow this route in [25], necessitating
making the connection via homogeneity here.
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€n — 0, 80 Y (€,) € ebS;'}VM and v, (€,) = ¢. By Corollary 3.18 we conclude
that v, (. +€,) : [0,T] — PS* My has a subsequence 7y, such that v, (. +€,,)
converges uniformly to a GBB v, the lifts 4, (. +¢5;) also converge uniformly
to the lift 4, and 5(0) = ¢. In particular, as vy, ((Sn; —€n;)+€n;) = Yn; (Sn;) =
Pn; — P, and s, — €y, — 5, Y(s) =p,s0p € FeP as claimed. O

sing

Lemma 3.26. Suppose K C W° is compact, K C Hwy is compact. Then
K has a neighborhood U in M and there is €9 > 0 such that if v : [0, €] —
bS* My is a GBB with lift 7, 7(0) € Reb,o NG, ¥(0) € K then (s) ¢ SHM
for s € (0, €.

Proof. Let ¢ > 0 be such that any GBB v with v(0) € K satisfies ¥|(g,¢]
disjoint from bS{jVMQ; such ¢p exists by Lemma 3.5.

Now suppose that no U exists as stated. Then there exist GBB ~, and

€ (0, €g] such that the lifts 4, of -y, satisfies 4,,(0) € Reb,0 NG, 10(0) € K
and 7(Yn(s)) — ¢, ¢ € K, where 7 : ®°S*M — M is the bundle projection.

By the compactness of K and the compactness of UncicReb,0,0 NG We
may pass to a subsequence (which we do not indicate in notation) such that
7r(0) converges to some o € KC and 7,(0) converges to some p € Rep0 N G.
We may further pass to a subsequence such that s, — sg € [0, €], and still
further (taking into account the compactness of the fibers of ®*S*M — M)
that 7,(s,) — p € S M. Choose’ ¢, € (0,s,) sufficiently small such
that €, — 0 and 7,(e,) — p. By Corollary 3.18 ~,(. + €,) has a convergent
subsequence 7y, such that 7, (. + €,, ) converge uniformly to a GBB ~ and
the lifts 4, (. + €y, ) converge uniformly to the lift 4 and 5(0) = p. Thus,
Ay, (Sny, + €ni) = F(80), 50 Y(s0) = p € 5% M. But by the definition of e,
7(s0) & PSii Mo if so > 0, while so = 0 is impossible as 5(0) = p € S5 . M
while K € W°. This contradiction shows that the claimed U exists, proving
the lemma. O

Corollary 3.27. Suppose K C W° is compact, K C Hwy is compact. Then
K has a neighborhood U in M and there is €9 > 0 such that if o € U\ W
and v is a GBB with v(0) € PS* My then for s € [, 0], (s) € K implies
v 18 normally incident.

In particular, if g € W°, a € Hwp and vy is a GBB with v(0) = « and
lift 40(0) € ebS:;M then there is 5o > 0 such that s € (0, 8], Yo(s) € PS* MO
implies that every GBB ~ with v(0) € PS¥My, v(s) = a, s € [—€,0], i
normally incident.

Proof. Let U and ¢y be as in Lemma 3.26. If o € U, v is a GBB with
7(0) € PS*My, so € [—€0,0], ¥(so) € K and v is not normally incident,
then the lift 4 of v satisfies ¥(sg) € Reb,0 NG by Lemma 3.13. Thus, with
Yo(s) = v(s = 50), 50 0(0) € Reb,0 NG, 70(0) € K, Lemma 3.26 shows that
Yo(s) & *S3; M for s € (0, €], contradicting Jo(—so) € PSE M.

gAgain, we do this so that Corollary 3.18 is applicable; cf. the proof of Lemma 3.22.
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The second half follows by taking K = {a}, K = {¢}. O

3.5. A summary. The following table summarizes a number of the most
useful facts about the bundles that we have introduced above.

’ Manifold H My ‘ My ‘ M ‘ M ‘
Bundle b S eb es
Vector fields || ;0,, 0y, | Ox;, 0y, | ©0x, 20, Zé@zg, 823/ z0y, x0y, 0z,
Dual coords 2105 ;’,n}) &n, " £n,¢
Char. set b%0 ¥ by sy

(We have omitted time coordinates and their duals, as they behave just
like y variables, and the notation follows suit.)

We also employ a number of maps among these structures, the most
common being;:

Tesp + T* My — PT* My,
Tesoseb : ST*M — PT* M,
Wes eST{}VM — T*W,
wep, + PTE M — T*W.

Recall that hats over maps indicate their restrictions to the relevant char-
acteristic set.

4. EDGE-B CALCULUS

Recall from Definition 3.9 that Ve, (M) is the space of smooth vector fields
that are tangent to all of M and tangent to the fibration of W C &M given
by blowdown. Thus, in local coordinates, Ve, (M) is spanned over C*°(M)
by the vector fields

(4.1) 20y, 20y, w0y, 20,1, 0.

Definition 4.1. The space Diff’y (M) is the filtered algebra of operators over
C*>® (M) generated by Ve, (M).

Recall also that Ve, (M) = C®(M;**T M), and **T*M is the dual bundle
of ®®T'M. In Appendix B the corresponding pseudodifferential operators are
constructed.

Theorem 4.2. There exists a pseudodifferential calculus ¥}, (M) microlo-
calizing Dift?, (M).

The double space M, eQb on which the kernels are defined is such that the
quotient z/2" of the same boundary defining function on the left or right
factor, lifts to be smooth except near the ‘old’ boundaries at which the
kernels are required to vanish to infinite order. It follows that x/x’ is a
multiplier (and divider) on the space of kernels. This corresponds to the
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action by conjugation of these defining functions, so it is possible to define
a weighted version of the calculus. Set

UM = 7 (M).
Proposition 4.3. V" (M) is a bi-filtered calculus.

Now, U?¥ (M) has all the properties (I-VII) of [25, Section 3], where V in
[25, Section 3] is replaced by eb . Since the multiplier 2z/2 is identically equal
to one on the lifted diagonal, the symbol is unaffected by this conjugation
and hence the principal symbol map extends to

Tebmi : WM — 2718 (PT* M),

with the standard short exact sequence—see properties (III-IV). There are
edge-b-Sobolev spaces, H3, (M), defined via the elliptic elements of W, (M),
and on which the elements define bounded maps

Ac VR (M) = A:H} (M) — H} ™(M)
(see property (VII)).
The symbol of the commutator of A € W' (M) and B € \I'Zf;’l/(M) is
given by
Oeb,m+m/—1,1+1 (1A, B]) = Heb ooy, 10 1(4) (Tebm 1 (B)).
In local coordinates the edge-b Hamilton vector field becomes

0 0 0 0 9
(4.2) Heb,f:agéﬂa (3£+ 8£>85+ af8 +<8§ —wai)ﬁn

*Z(g&f' %0 Jaz ‘9<’>+Z(ag" 7 af 84”)

In particular,

(4.3) z~*H = kadg + Hep,a-

eb,zka
In the space-time setting, where one of the y variables, ¢, is distinguished
(and we still write y for the rest of the base variables), it is useful to rewrite
this using the re-homogenized dual variables 7j = n/|7|, £ = ¢/|7|, ¢ = ¢/|7],
o = |77, valid near ¥, this becomes

of of (9f ; Of of

(14) oMoy = Jc00 = (a5~ 050 = (-2 ) 0+ 000,
of . of .0f . Of of .

— (o5 +i- 5 "o tC <) - 3¢ 00+ 3)
+$g'(Uaa+77'6ﬁ+§8A+C-8A)—xaf-(?ﬁ

ot &Ty
+ Z (géz;(?z; Ja / C’) +Z <8 // Zé'/ N 5)8;;’6(;'>
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This is tangent to the fibers of wep : PE N ebSI’%/M — S*W, in fact to

its natural extension to a neighborhood of ¢*¥ N ebS;}/M in ebS;T/M, so if

be Coo(ebS;}/M ) with blebg+ 5, constant along the fibers of this extension,
w

then o#1Hep, b € xC> (" S* M) for f homogenecous degree .

The fact that the operators are defined by kernels which are conormal
means that there is an operator wave front set WF., for the eb-calculus, i.e.
for A € W (M), WF., (A) C *S*M, with the properties (A)—(F) of [25,
Section 3|, so in particular algebraic operations are microlocal, see proper-
ties (A)—(B), and there are microlocal parametrices at points at which the
principal symbol is elliptic (see property (E)). These parametrices have error
terms with which are smooth on the double space, but they are not compact.
We will abuse notation by writing

WF' = WF,,
when there is no possibility of confusion (i.e., usually).
As is the case for the b-calculus, for each boundary face {2} = 0} we may

define a normal operator Nj; in the special case of a differential operator in
Dift}, (M), written in the form

where P, € Diff7; (M) have no factors of (z}DZ;_)k in terms of the local basis
(4.1), N;(P) is the family of operators on the face z’ = 0 given by

Ni(P)(¢5) = Y (Pi)lr=o(¢)".

This map extends to a homomorphism on W (M), and its vanishing is the
obstruction to an operator lying in zé-\IJ:b(M ), i.e., enjoying extra vanishing
at the boundary face in question. (See [25, Section 3] for a brief discussion
of normal operators and [16] for further details.)

As a consequence of the normal operator homomorphisms, ¥}, (M) has
the additional property that the radial vector fields V; for all boundary
hypersurfaces {23 = 0}, i.e., all boundary hypersurfaces other than W,
[A,Vi] € 20U (M) if A € W (M), i.e., there is a gain of 2} over the a priori

order. In local coordinates a radial vector field for z; = 0 is given by 2} 04;

Vj being a radial vector field for z; = 0 means that V; — z; 835_ € 2;Ven (M).

This latter requirement can easily be seen to be defined independently of

choices of coordinate systems. The fact that the normal operator of 23-821_ is
J

a scalar then proves the assertion.

5. DIFFERENTIAL-PSEUDODIFFERENTIAL OPERATORS

5.1. The calculus. We start by defining an algebra of operators which
includes OJ. First, recall that Ves(M) is the Lie algebra of vector fields that
are tangent to the front face and to the fibers of the blow down map restricted
to the front face, 3|y : W — W (but are not required to be tangent to
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other boundary faces). Thus, elements V' of Ves(M) define operators V :
C®(M) — C°°(M) and also V : C°(M) — C>®°(M).
Definition 5.1. Let Diff (M) be the filtered algebra of operators (acting
either on C(M) or C®°(M)) over C°(M) generated by Ves(M).

We also let Diff%!(M) = z~! Diff%(M); this is an algebra of operators
acting on C°°(M ), and also on the space of functions classical conormal to
W, Usera5C®(M).

Remark 5.2. Note that the possibility of the appearance of boundary terms
requires care to be exercised with adjoints, as opposed to formal adjoints.
See for instance Lemma 5.18.

We also remark that Diff¥, (M), hence 2~ Diff¥, (M), is closed under con-
jugation by =" where x is a defining function for W. This follows from the
fact that Diffl (M) is so closed; the key property is that

2" (20,)x™" = (20,) — r € DiffL (M).

We will require, for commutator arguments that involve interaction of
singularities with dM \W, a calculus of mixed differential-pseudodifferential
operators, mixing edge-b-pseudodifferential operators with these (more sin-
gular) edge-smooth differential operators.

Definition 5.3. Let
Diffl, Wi (M) = { D A; By : A; € Difik (M), B; € Wi(M) |

Proposition 5.4. |J,, Diffs, O (M) is a filtered C>(M)-module, and an
algebra under composition; it is commutative to top eb-order, i.e. for P €
Diffs, U7 (M), Q € Diff%, ¥ (M),
[P, Q] € DiffH* gmtm'=1(ar).

The key is the following lemma.
Lemma 5.5. If A € U (M) and Q € Ves(M), then
(5.1) [A,Q1=> QjA;+ B, [A4,Q =) AQ;+ B
where B, B' € W1 (M), Aj, A5 € WY (M) and Qj, Q) € Ves(M).
Proof. As both Ves(M) and W (M) are C°°(M)-modules, we can use a

partition of unity, and it suffices to work locally and with a spanning set of
vector fields. Since Dy, xDy;, D, € Vey, (M), the conclusion is automatic
J

for @ chosen from among these vector fields since then B = [A, Q] € W1} (M).
Thus it only remains to consider the @ = DZ; where 23 is a defining function

for one of the other boundary faces. Then for Q = z}Q = z} Dz‘; € Diffl, (M),
[A,Q] € g (M)). The normal operator at z; = 0 satisfies N;([4,Q)]) =
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[N;(A), N;(Q)], and N;(Q) is scalar, and hence commutes with N;(A). Thus
N;([A,Q]) =0, 50 [4,Q] € Z; Wi (M). Consequently,
(5:2) —[4,Q) = [Q, 41 = =) 'Q, Al + (I(z) ", Al)(z) ' Q,

with the first term on the right hand side in W[} (M), the second of the form

AQ, Ae \I’Zf)_l(M ). This proves the first half of the lemma. The other part
is similar. (]

Proof of Proposition 5.4. The algebra properties follow immediately from
the lemma. It only remains to verify the leading order commutativity.

As the bracket is a derivation in each argument, it suffices to consider
P, @Q lying in either V(M) or W% (M). If both operators are in W (M),
the result follows from the symbol calculus. If P, Q € Ves(M), we have
[P,Q] = R € Vos(M). We need to write R as a sum of elements of Diff2 (M)
times elements of W '(M). To this end, let A be an elliptic element of
U2 (M) given by a sum of square of vector fields in Ve, (M), e.g. in local
coordinates

A= (20,)? + (20)? + > (20,)* + D (£0.)° + .

We write A =) ij for brevity. Let T € ¥_,?(M) be an elliptic parametrix
for A. Then we may write

Id=>Y Vi(V;T)+E,

with £ € W_>°(M). Now since Ve, (M) C Ves(M), we certainly have V; €
Ves(M) for each j, hence RV; € Diff% (M). Moreover V;Y € W_!(M). Thus,

R=) (RV;)(V;Y)+ RE,

and we have shown that R € Diff2, ¥ ! (M).
Finally, if P € Ves(M) and Q € U (M) (or vice-versa) then using the
lemma (and its notation) we may write

[P,Q] =) Q;A;+B.

Using the same method as above to write B = ) RV;(V;Y) + BE we find
that [P, Q] € Diff&, U7 (M). O

The above proof also yields the following useful consequence.
Lemma 5.6. For allm,l € R, and k € N,
Diff™ Wk, (M) C Diff ™ Wl -k (ar).
We note the following consequence of (5.2):
Lemma 5.7. Let A€ W} (M), a = 0cbm(A). Then
z[x_lDZ;_,A] = Alx_lDzé_ +271A4
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where Ay € U (M), Ay € O H (M),
da da Oa
Ueb,m(AO) = 5 Ueb,m—l(Al) = aicj, + 875

7
J
Note that this is exactly what one would expect from computation at the
level of edge-b symbols: the Hamilton vector field of (//(zz]) is

(Gi/(x20)) D¢y + Oe) + 210y

Proof. This follows immediately from writing
[aj_lDz;,A] = [m_l,A]DZ;_ + m_l[Dzé,A].

We then use (5.2) together with the following principal symbol calculations
in W% (M), see (4.2):

10ebm([Q', A]) = zg-azga,

web,m_l([(z;')fl, A]Z;-) = 8C]/_a,

mebm_l([aj_l, A]) = m_laga,

as well as [z/Wk (M), 2V Wk (M)] € 2 WEHF=1(M), which allows one to
exchange factors after the previous steps without affecting the computed
principal symbols. ([l

We now define the edge-smooth Sobolev spaces. It is with respect to these
base spaces that we will measure regularity in proving propagation of edge-b
wavefront set.

Definition 5.8. For s > 0 integer,
HE=UDR(M) = {u € ' L2(M) : A € Diff5 (M) = Au € 2'L2(M)}.

The norm in Hgs’l*(f +b/ 2(M ), up to equivalence, is defined using any finite
number of generators A; for the finitely generated C*°(M )-module Diff i (M)

by
1/2

Hu|’H:s,l—(f+l)/2(M) = Z Hx_lAjuH%g(M)
J

The space Hs’l_(f+1)/2(M) is the closure of C*°(M) in ngl‘(f“)”(M).

es,0

Remark 5.9. The orders above are chosen so that setting s = 0, | = 0, we
obtain L2(M) = H% YV2(0). Thus 2UHD/2L2(M) = L2(M, 2=+ dg)
is the L?-space corresponding to densities that are smooth up to all boundary
hypersurfaces of M except W, and that are b-densities at the interior of W,
meaning that x(x*(f +1) dg) is actually a smooth non-degenerate density on
M. This convention keeps the weights consistent with [25].

Note also that the subspace C of C*°(M) given by

(5.3) C = 2 (M)
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is dense in Hgs’l_(f +b/ 2(M ) for all s and [; one could even require sup-
ports disjoint from W. Thus, the difference between Hs’lf(fﬂ)/Z(M) and

es,0
Hgs’l_(f +1/ 2(M ) corresponds to the behavior at the boundary hypersurfaces
of M other than W, i.e. those arising from the boundary hypersurfaces of
My, where the boundary conditions are imposed. Thus, this difference is
similar to the difference between H*(§) and Hj(Q2) for domains Q with
smooth boundary in a manifold.

The boundedness of U9, (M) on gLy 2(M ) is an immediate conse-
quence of the commutation property in Lemma 5.5.

Theorem 5.10. \Ilgb(M) 1s bounded on both Hésil_(fﬂ)/Z(M) and on the

closed subspace H;;}O—(f+1)/2 (M).

Remark 5.11. The more general case of Hels’lf(fﬂ)/Q(M) with arbitrary I
follows from the case of [ = 1 using ' Az! € Vo (M) for A € WO, (M).

In fact, reduction to | = 0 would make the proof below even more trans-
parent.

The case of Ha ~U 1/ 2(M ) can be proved similarly, but we do not need
this here.

Proof. As W9, (M) : C®(M) — C>®(M), the second statement follows from
the first and the definition of Hgs’}o_(f+1)/2 (M).
As above, let C be the subspace of C*°(M) consisting of functions van-

ishing to infinite order at W, which is thus dense in Hels’l_(fH)M(M). Let
Ae WY (M). As W9 (M) :C — C, and A is bounded on LZ(M), one merely

needs to check that for Q € Diffl (M) there exists C' > 0 such that for
u € C,

o~ QAullzs < Cllull o s+,
But
v 1QAu = (o), Al) (7' Qu) + 2@, Alu+ A(z~'Qu).
By Lemma 5.5, [Q, 4] = Y>> A;Q; + B, B € U9, (M), A; € (M), Q; €
DIt (M), hence 2~1[Q, A] = (™ Aj) (e71Qy) + (¢~ Ba)a ™,
7 QAu = ([z71, Alz) (27 Qu) + Z(xilij)(aleju)
+ (z7'Bx)(z 7 u) + A(z 71 Qu),
so the desired conclusion follows from

2~ Qull L2 (any» 127 Qyull L2 (ary» ™ el Lz ary < Cllull gra-+vr2 g, w €€,

and additionally [z7%, Alz,27'A;z € U 1(M) C U9 (M) (which are thus
bounded on LS(M), just as A,z Bx € U9, (M) are). O
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We can now define the eb-wave front set relative to a given Hilbert (or even
Banach) space, which in practice will be either the Dirichlet form domain or
a weighted edge-smooth Sobolev space serving as a stand-in for the Neumann
form domain. We also define the relevant Sobolev spaces with respect to
which these wavefronts sets measure regularity. For future reference, we also
include the analogous definitions with respect to the b-calculus.

Definition 5.12. Let X C C7°°(M) denote a Hilbert space on which, for each
K C M compact, operators in \Ilgb(M ) with Schwartz kernel supported in
K x K are bounded, with the operator norm of Op(a) depending on K and
a fixed seminorm of a. Let X)o. consist of distributions u such that ¢u € X
for all ¢ € C°(M).

For m >0, r <0, let

H:g:;JOC(M) = {u € Xioe : Au € Xio¢ for all A € V" (M)},

Let ¢ € *S*M, u € ¥joc. For m > 0,7 < 0, we say that ¢ ¢ WE (u)
if there exists A € W (M) elliptic at ¢ such that Au € Xi,c. We define
q ¢ WFyy(u) if there exists A € WO (M) elliptic at g such that Au €

0
Hss,%,loc(M) '
There is an inclusion
WEISu € WE L
if
m < m', r<r.

Remark 5.13. We could alter this definition to allow w a priori to lie in the

larger space
> Ai(%)

with A; € \I/g;’o (M); this would allow us to give a non-trivial definition of
WE u even for m < 0.

The restriction to » < 0 is more serious: operators in \II;’DO(M ) would in
general fail to be microlocal with respect to a putative WF.(M) with
r > 0, simply because such operators would fail to be bounded on X.

Note also that if X’ is a closed subspace of X, with the induced norm, and
if elements of WY, (M) restrict to (necessarily bounded) maps X’ — X’, then
for u € X',

(5.4) WEL(u) = WER (u).
In particular, this holds with X = H&'(M) and X' = H®! (M).

es,0
The eb-wave front set captures eb-regularity:
Lemma 5.14. If u € X, v < 0, m > 0 and WF ) (u) = 0, then u €
HZ{L):;JOC(M), i.e. for all A € V" (M) with compactly supported kernel,
Au € X.
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Proof. This is a standard argument (see e.g. [34, Lemma 3.10]): For each
q € ®°S*M there is B, € Ul (M) elliptic at ¢ such that Byu € X. By
compactness, ®*S*M can be covered by U; ell(By,) for finitely many points
gj. Now choose @ € W_™""(M) elliptic, and set B = >_QB; By,. Then
B is elliptic and Bu € X. As B has a parametrix G € U_™""(M) with
GB —1d € v;>°(M),

Au = AG(Bu) + (A(Id —GB))u, and A(ld —GB) € ¥ " (M) c ¥%°(M),
shows the claim. O

Pseudodifferential operators are microlocal, as follows by a standard ar-
gument:

Lemma 5.15. (Microlocality) If B € \I/Zbl(M) then for ryr —1 <0, u € X,
WE 2" (Bu) € WF'(B) N WF ' (w).
In particular, if WEF'(B) N WF\.(u) = 0 then Bu € Hg'g_;’lz;l(M).

Proof. We assume m > s and m > 0 in accordance with the definition above;
but the general case is treated easily by the preceeding remarks.

If g€ **S*M, g ¢ WF'(B),let A € \I’Z”Lbfs’rfl(M) be elliptic at ¢ such that
WF/(A)NWF'(B) = ). Thus AB € W_>" (M) c ¥%°(M), hence ABu € X,
so q ¢ WF:;)’_;’T_Z(B’U,). (Note that we used r < 0 here.)

On the other hand, if ¢ € *S*M, ¢ ¢ WF;”ng(u), then there is C €
W (M) elliptic at ¢ such that Cu € X. Let G be a microlocal parametrix
for C, so G € U™ " (M), and ¢ ¢ WF'(GC —1d). Let A € U/} *"" be
elliptic at g and such that WF'(A4) N WF'(GC — Id) = (). Then

ABu = ABGCu+ AB(1d —GC)u,

and AB(Id —GC) € ¥_>" (M) ¢ %% (M) since WF'(A) "WF'(Id —GC) =
(), so the second term on the right hand side is in X. On the other hand,
Cu € X and ABG € \IISBO(M), so ABG(Cu) € X as well, proving the wave
front set containment.

The final claim follows immediately from this and Lemma 5.14. U

There is a quantitative version of the lemma as well. Since the proof is
similar, cf. [34, Lemma 3.13], we omit it.

Lemma 5.16. Suppose that K C ®S*M is compact, U is a neighborhood
of K, K € M compact.

Let Q € \I/zkf(M) elliptic on K with WF(Q) C U and the Schwartz kernel
of Q supported in K x K.

If B is a bounded family in \Ilzbl(M) with Schwartz kernel supported in
K x K and with WF'(B) C K then for r,r —1 < 0, there is C > 0 such that
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for all v € X with WFZ][L);(U) NnNU =10,
|Bullx < C([lullx + [|Qullx) for all B € B.

5.2. Dual spaces and adjoints. We now discuss the dual spaces. For
simplicity of notation we suppress the loc and ¢ subscripts for the local spaces
and compact supports. In principle this should only be done if M is compact,
but, as this aspect of the material is standard, we feel that this would only
distract from the new aspects. See for instance [34, Section 3] for a treatment
where all the compact supports and local spaces are spelled out in full detail.

Recall now from Appendix A that if X is a dense subspace of Lg, equipped
with an inner product (.,.)x in which it is a Hilbert space and the inclusion
map ¢ into Lg is continuous, then there is a linear injective inclusion map
Lz — X* with dense range, namely

L*:LTOjOC:Lz—)%*

where . : (LZ(M))* — X* is the standard adjoint map, j : LZ2(M) —
Lg (M)* the standard conjugate-linear identification of a Hilbert space with
its dual, and c is pointwise complex conjugation of functions. In particular,
one has the chain of inclusions X C LE(M ) C X*, and one considers X*,
together with these inclusions, as the dual space of X with respect to Lg(M ).

Definition 5.17. For s > 0, the dual space of Hessl(M) with respect to the
LZ(M) inner product is denoted He_ss’_l_(fH)(M).
For s > 0, the dual space of the closed subspace

al T

HZo(M) = H' (M)

is denoted He_ss’_l_(f+1)(M); this is a quotient space of He_ss’_l_(f+1)(M).
We denote the quotient map by

p: Hefss,flf(f+1)(M) N Hefss,flf(erl)(M)‘

The standard characterization of these distribution spaces, by doubling
across all boundary faces of M except W, is still valid—see [10, Appen-
dix B.2] and [34, §3]. Note that for all s,, elements of He_ss’_l_(f+1)(M)
are in particular continuous linear functionals on C, which in turn is a dense
subspace of HSSZ(M ). In particular, they can be identified as elements of the
dual C" of C. Thus, were it not for the infinite order vanishing imposed at
W for elements of C, these would be “supported distributions”—hence the
notation with the dot. On the other hand, elements of He_ss’_l_(f+1)(M) are
only continuous linear functionals on C*°(M) (rather than on C), though by
the Hahn-Banach theorem can be extended to continuous linear functionals
on C in a non-unique fashion.

If P € " Diff¥ (M), then it defines a continuous linear map

P: HEY (M) — HY (M),
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Thus, its Banach space adjoint (with respect to the sesquilinear dual pairing)
is a map

(5.5)
P* s (HY (M) = Y U0 (1) - (BEN(M))* = HZbU ) (0),
(P*u,v) = (u, Pv), ue HY~=U(a1), v e HE (M),

In principle, P* depends on [ and r. However, the density of C in these
spaces shows that in fact it does not.

There is an important distinction here between considering P* as stated,
or as composed with the quotient map, p o P*.

Lemma 5.18. Suppose that P € x~" Diff% (M). Then there exists a unique
Q € z 7" Diff* (M) such that po P* = Q. However, in general, acting on C,
P*#£Q.

If, on the other hand, P € x~"Diff¥ (M), then there exists a unique
Q € z7" Diff® (M) such that P* = Q.

Proof. For the first part we integrate by parts in (u, Pv) using u,v € Co° (M)
(noting that C*°(M) is dense in HfSlO(M)) Thus, one can localize. In local

coordinates the density is dg = Jaf dxdydz, with J € C®(M), so for a
vector field V' € V(M), noting the lack of boundary terms due to the

infinite order vanishing of u and v, one has (with the first equality being the
definition of V*)

(V*u,v) = (u, Vo) = /quJa:f dx dy dz
= / (J_lx_fVT(fou))Efo drdydz,
where for V' = a(xD;) + > bj(xDy,) + > ¢; D, with a,bj,c; € C*(M),
VI =Dyaa+» Dy b+ Y _ D e € Diff i (M).

Conjugation of V1 by Jz/ still yields an operator in Diff. (M). This shows
the existence (and uniqueness!) of the desired @, namely

Q=J"tez vt

The density of C®°(M) in HSJ‘Z‘(“”(M) now finishes the proof of the
first claim when P =V € Ve(M), since this means that (P*u,v) = (Qu,v)
for all u € H..gs’r_l_(fﬂ)(M)7 v € HfSZO(M) The general case follows by
induction and adding weight factors (recalling Remark 5.2).

The same calculation works even if u,v € C provided that V' € Vo, (M):
in this case D, is replaced by vector fields tangent to all boundary faces, i.e.

D.,» and z}DZ4 , for which there are no boundary terms—in the second case
J J

due to the vanishing factor z;. This proves the claim if P € 27" Dift® (M).
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Note, however, that this calculation breaks down if u,v € C and V €
Ves(M): the Dz;, terms gives rise to non-vanishing boundary terms in gen-
eral, namely

Z/H (—0)Gjuv Ja! doe dydz; = Z(—wes’l(V)(d:Uj)u,ij,
j M j

where H; is the boundary hypersurface zé = 0, d2; shows that dz;» is dropped
from the density, and on H; one uses the density induced by the Riemannian
density and dz}. This completes the proof of the lemma. [l

We now define an extension of Diff (M) as follows.

Definition 5.19. Let z~" Diff%, +(M) denote the set of Banach space adjoints
of elements of =" Diff* (M) in the sense of (5.5).
Also let 22" Diff?¥ '4(M) denote operators of the form

N
ZQija Pj ex’ Dlﬁ]gs( ) QJ €z TlefesT( )
j=1
For M non-compact, the sum is taken to be locally finite.
Thus, if P € =2 Diff?*, (M), Pj, Q; as above, and Q; = R}, R; €
2" Diffk (M), then

es,f

N
(Pu,v) ZPuRv
j=1

We are now ready to discuss Dirichlet and Neumann boundary conditions
for P € z~2" Diff?k W (M).

Definition 5.20. Suppose P € x=2" Dlﬁesﬁ( ). By the Dirichlet operator
associated to P we mean the map

poP: HY (M) — HF=2 (M),

es,0

where p @ He"'™2"(M) — He_skl_Qr(M) is the quotient map. For f €
He_sk’l_%(M) we say that u € HeSO(M) solves the Dirichlet problem for
Pu = fif po Pu= f. We also say in this case that Pu = f with Dirichlet
boundary conditions.

Similarly, for f € He_sk’l_zr(M) we say that u € Hfs’l(]\/[) solves the Neu-
mann problem for Pu = f if Pu = f. We also say in this case that Pu = f
with Neumann boundary conditions. Correspondingly, for the sake of com-
pleteness, by the Neumann operator associated to P we mean P itself.

Remark 5.21. For the Lorentzian metric § = dt? — g on My lifted to M, and
with P = d*d, the equation

Pu — f, f c I_:[e—sl,l—l—(f—i-l)/2(]\4)7 = Hels,l—l-l—(f—l-l)/Q(M)
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with the Neumann boundary condition means (du,dv); = (f,v); for all

v E H;Sf_Hl_(fH)/z(M), or equivalently for all v € C. Away from W, this
is the standard formulation of the Neumann problem on a manifold with
corners (or indeed on a Lipschitz domain): pairing with v vanishing at the
boundary and integrating by parts yields Pu = f in the interior; pairing
with v nonvanishing at boundary faces other than W then yields vanishing
of normal derivatives at those faces.

Thus near W, we impose the Neumann condition in the sense described
above on all other boundary hypersurfaces, uniformly up to W, but there
is no condition associated to W. In particular, a Neumann solution u (just
like a Dirichlet solution) on M need not solve the corresponding problem
on My, where a condition is enforced even at W: u may blow up arbitrarily
fast at W.

Remark 5.22. As noted in Lemma 5.18, when considering the action of
Diff (M) on C*°(M), Diff,(M) is closed under adjoints (which thus map
to C~°°(M), i.e. extendible distributions), so one can suppress the subscript
g on Diff 4(M). Thus, the subscript’s main role is to keep the treatment
of the Neumann problem clear—without such care, one would need to use
quadratic forms throughout, as was done in [34].

We now turn to the action of \IJZQZ(M ) on the dual spaces. Note that any
A e \Ilzlb’l(M ) maps C to itself, and that \IJ:%)J(M ) is closed under formal
adjoints, i.e. if A € ‘IIZZ)’Z(M) then there is a unique A* € \IJZQZ(M) such that
(Au,v) = (u, A*v) for all u,v € C —cf. Diff (M) in Lemma 5.18. We thus
define A : ' — C’ by (Au,v) = (u, A*v), w € C’, v € C. Since C is (even
sequentially) dense in C’ endowed with the weak-* topology, this definition
is in fact the only reasonable one, and if u € C, the element of C’ given by
this is the linear functional induced by Au on C.

Next, for subspaces of C’ we have improved statements. In particular,
most relevant here, dually to Theorem 5.10, any A € WY, (M) is bounded on
Ha"'(M) and on Heg"'(M).

We now turn to an extension of Diff ( W , (M). First, taking adjoints in
Lemma 5.5, we deduce:

Lemma 5.23. If A € V% (M) and Q € Diffl, (M), then [A,Q] = > Q; A+

es,t
B, Be VN (M), Aj € W~ H (M), Q; € Diffl, .(M).
Similarly, [A,Q] = Y. AQ; + B}, B' € Wi (M), A} € ™' (M), Q) €
Diff}, . (M).

Proof. The proof is an exercise in duality; we only spell it out to emphasize
our definitions. We have for u € C’, v € C,

<[A’ Q]ua U> = <(AQ - QA)U, U) = <U, (Q*A* - A*Q*)U> = <u7 [Q*u A*]’U>
where Q* € Diffl (M), A* € WM. Thus, by Lemma 5.5 (applied with
Ves(M) replaced by Diffl (M)), there exist A; € ¥I~Y(M), B € W (M),
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Q; € DiffL (M) such that [Q*, A*] = —[4*,Q*] = 3. Q;A; + B. Thus,

([A, Qlu,v) < (ZQ]A —|—B> >=<(ZA§Q;+B*)U,U>,

with A% € U='(M), B* € W2 (M), Q} € Diff .(M). This proves the
second half of the lemma. The first half is proved similarly, using the second
half of the statement of Lemma 5.5 rather than its first half. O

In fact, the analogue of Lemma 5.7 also holds with DZ§ replaced by D7, €
J
lefes ,1 ( )

Lemma 5.24. Let A € \I’Z‘b’l(M), a=0ehm(A). Then
z[xilD:,_,A] = A1z DY + 271 A
J

where Ay € W (M), Ay € WM (M),

da 9a  Oa
Oebm(A0) = 25, Oebm—1(41) = 7 + =7
0z} a¢; o€

We thus make the following definition:
Definition 5.25. Let

DIff%,, W (M {ZA By : A, € Difff, (M), By € \IJQf)(M)}.

Using Proposition 5.4 and duality, as in the previous lemma, we deduce
the following:

Proposition 5.26. Diff* \I/:é’l(M) is a WO (M)-bimodule, and

es,f
P € Difff, , v} VLM, Ae U (M) =

PA AP e Dlﬁebﬁ erS,H*T(M)’ [P A} € lef m+sfl,l+7‘(M)‘

esﬁ

5.3. Domains. In this section, we discuss the relationship between Dirichlet
and Neumann form domains of A and the scales of weighted Sobolev spaces
that we have introduced. First, we identify the Dirichlet quadratic form
domain in terms of the edge-smooth Sobolev spaces.
The Friedrichs form domain of A with Dirichlet boundary conditions on
Xo is
Hg(Xo),

also denoted by H'(Xg) (see [10, Appendix B.2]); we may also view this
space as the completion of C2°(Xp) in the H'(Xp)-norm,

lull i xo) = Nlull 22, (xo) + Ndull Lz, (xoi+ x0)-

Equivalently in terms of “doubling” X across all boundary hypersurfaces,
HE(Xo) consists of H!-functions on the “double” supported in Xj.
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Lemma 5.27. On C®(X) = §*C>(X,), the norms

N 2 2 \1/2
lull oy = (s + lldull3s )

and
||u”Hels’17<f+1)/2(X)
are equivalent.
Proof. Multiplication by elements of C*°(Xy) is bounded with respect to

both norms (with respect to Hels’l_(f+1)/2(X) even C*°(X) is bounded), so

one can localize in Xo, or equivalently in X near a fiber B~ L(p), p e W, of
W, and assume that u is supported in such a region.

Elements of V(Xj) lift under 3 to span 17 1Ves(X) as a C*°(X)-module
by (3.13). In particular, merely since 3*V(Xg) C 2~ Ves(X), we obtain'®
(5.7) el ey () S el 1072y 0 € €(X).

We now prove the reverse inequality. By the spanning property, we have
(5.8) 2™t Aull 2z S Nl xo)
for any A € Ves(X) as C*°(X) is bounded acting by multiplication on
Lg(X) = L;O (X0). As Ves(X) together with the identity operator gener-
ates Diff. (X)), we only need to prove

o™ el p2 x) S el e )

for u € C(X) supported near a fiber 3~'(p), p € Y, of Y. However, this
follows easily from identifying a neighborhood of =1 (p) with [0, €)X Oy X Z,,
where O € R* /=1 and using the Poincaré inequality in Z, namely that

lu(@,y, M 2z) < Clldzu)(z,y, )l2z), u € C¥(Xo).
Multiplying the square of both sides by =2/ and integrating in x, y, yields
le~ e,y ez < Ol dzu) @y, Dz oo < Clull gy

by (5.8). O

In view of the definition of H‘3157710—(f+1)/2(X) as the closure of C*(X) in
Hels’l_(fﬂ)ﬂ(X), we immediately deduce:
Proposition 5.28. The Dirichlet form domain of A is given by
(5.9) HY (Xo) = Hog U200

es,0
in the strong sense that the natural (up to equivalence) Hilbert space norms
on the two sides are equivalent. In particular, for u € HOI(XO), we have

Iz Qullzz < Cllulla (x,)

10We use the notation that a < b if there exists C' > 0 such that a < Cb. Usually a
and b depend on various quantities, e.g. on u here, and C' is understood to be independent
of these quantities.
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for all Q € Diffl(X).

For Neumann boundary conditions the quadratic form domain is H'(X),
whose lift is not quite so simple in terms of the edge-smooth spaces. How-
ever, we have the following lemma, which suffices for the edge-b propagation
results below (with a slight loss).

Lemma 5.29. We have Hg'"Y™/2(X) ¢ HY(X,) ¢ HEVY2(X), with
all inclusions being continuous.
Proof. The first inclusion is an immediate consequence of (5.7) holding for

u € C, C as in Remark 5.9 (thus dense in Hés’lf(fﬂ)/Q(X) for all [), using

again that elements of V(Xy) lift under 5 to span (and in particular lie in)
77 Wes(X) as a C*®°(X)-module by (3.13).

For the second inclusion, we need to prove that || Au|| rzx) <C ]l 1 (xo)

for A € Diffl (X). As this is automatic for A € C*°(X), we are reduced to
considering A € Ves(X). But (5.8) still holds for u € C, so [|Aulr2(x) <

C”||:c_1Au||L§ < Cllull g1 (x,) for A € Ves(X). This finishes the proof of the
lemma. g

5.4. The wave operator as an element of =2 Diff2 ,(M). For f € C,

in local coordinates,

df = (20, f) —+Z:E8yjf +Z 0., f) dz;.

es,ff

Thus, the exterior derivative satlsﬁes
d € Diffl,(M;C,*T* M),

with C denoting the trivial bundle. As the dual Riemannian metric is of
the form 272G, where G is a smooth fiber metric on *7T*X, and A = d*d,
we deduce that 0 € z72 Dlﬁesﬂ( ). However, we need a more precise
description of [ for our commutator calculations. B

So suppose now that U is a coordinate chart near a point ¢ at OW with
coordinates (z,y,2’,2") centered at ¢, and recall from (2.2) that the Rie-
mannian metric has the form

(5.10) g =dz* + h(y,dy) + 2%k(x,y, 2, d2) + 2k (z,y, 2, dz, dy, x dz).

By changing 2" if necessary (while keeping z,y, 2’ fixed—cf. the argument
of §2 leading to (2.1), we can arrange that the dual metric K of k have the
form

(5.11)

K(0,y,2) Zklwo@/, <<+22k3230y, e

1,7=1 i=1 j=k+1

+ > k2j(0,y,2)¢/ T, kale =0,
ij=h+1
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where
C={x=0, 2 =0}

We deduce the following lemma:

Lemma 5.30. Let U be a coordinate chart near a point with x = 0 and
2 =0, and suppose that we have arranged that at

C={z=0, 2 =0},
the vector spaces
sp{dzl, i=1,...,k} and sp{dz}’, j=k+1,...,f}

are orthogonal with respect to K. With Q; = xilDzzr_, the wave operator
satisfies

(5.12)  O=> QiriQ+ > (a7 'MQi+Qfa~'M]) + 2 *H on U
%,J %

with
Kij € C°(M), M;, M| € Diffl, (M), H € Diff%, (M)
Ten, 1 (M;) = m; = 0ep1 (M), h = 0eb2(H),
1 /
(5.13) Kijlyy = —kiij(y, 2), mile =0, mily, = =3 > ksl
=kt

!
Bl = =€ —hym) = Y koii(y, 2
i,j=k+1

We next note microlocal elliptic regularity.

Proposition 5.31. Letuec X = Hés’l(M), and suppose that
Oue HM 2 (M) =9
with Dirichlet or Neumann boundary conditions. Then

WFg'é&(u) cebyu WFg”%(Du).

In particular, if Ou = 0, then WF:E(;{(u) C Py,

Proof. The proof goes along the same lines as Proposition 4.6 of [34] and
Theorem 8.11 of [25]; we thus provide a sketch. An essential ingredient is

the top-order commutativity of z! Diﬁ’g&ﬁ U (M), which allows us to treat

all commutators as error terms. The key estimate is stated in Lemma 5.32
below.

Given the lemma, one proceeds by an inductive argument, showing that if

WFZ;;/ZO(U) c YU WFZ;;Q’O(DU) (which is a priori known for s = 1/2,

starting our inductive argument) then WF%’, (u) C 2 U WE? g (Ou). In

order to show this, one takes A € ¥ }’JH(JLD/Q(M)7 with WEF/(A4) NPy = (),

S
e
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WEF'(A) N WFZEO,S;J(DU) = (. Let A, be uniformly bounded in \Ilgi)O(M),

v € (0,1], with A, € U_"°(M) for all ,
—1
Teb,0,0(Ay) = (L+ (€7 + |71 + nf* +[¢[%)

so Ay, = A,A is uniformly bounded in \I'Z?)’H(f_l)p(M) and A, — A

in \Ilgffa’H(f*l)/Z(M) (6 > 0 fixed) as v — 0. One then concludes by
Lemma 5.32 that for all € € (0, 1],

(514) |<atA7U,8tA7U>—<dXA7U, dXA,y'LLH S EHA’Yu”zlgl*(erl)/Q +C€71,

(M)
with C' uniformly bounded, independent of ~.

We now note that the Dirichlet form is microlocally elliptic for Dirichlet
boundary conditions, i.e.

HAv“HiIcls,l—(erl)/Q(M)

< O[O0k Ayu, O Ayu) — (dx Ayu, dx Ayu)| + C,||u||i1§;1‘(f“’/2(M)'
For details, see the proof of Proposition 4.6 of [34], which can be followed
essentially verbatim'! since the non-trivial aspect is the b-behavior in the
fibers of the edge; the (z,y) variables here, as well as the 2z variables, play
the role of the y variables in [34], the 2’ variables here play the role of the
x variables in [34], and W (M) plays the role of Wy, (X) in [34] (where X
is spacetime). (Likewise is simple to modify the inductive arguments for
the Neumann condition as the Hgs’l_(f 0/ 2(]\4 ) norm of an additional eb-
derivative, which one would need to bound, can be bounded in terms of the
H,gls’l_(f+1)/2(M) norm; this is the same process as in [34].)

Thus, for sufficently small € € (0, 1], e||147u||21,17(f+1>/2 in (5.14) can

(M)
be absorbed in (C”)_l\|A7u\\§{§§1_(f+l)/2(M), and then one concludes that
HA,YuHH;SJ—(fH)/z(M) is uniformly bounded independent of v. As A, — A
strongly, one concludes by a standard argument Au € Helsjl_(f +0/ 2(M ).
Thus, z~D/2 4y € HE (M), hence (as X = Ha (M)
ell(A) NWF5), (u) = 0,
completing the iterative step. ([l

As mentioned above, the key ingredient in proving microlocal elliptic reg-
ularity is the following lemma.

g give a rough idea, one distinguishes between the two components of the elliptic
set in terms of (3.22) and uses a square root construction in the edge-b algebra; in the
first component noting in addition that the Dirichlet form involves D,/ u, so in z; < 6,

J

one can estimate 5_1Z;Dz/,u using this.
J
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Lemma 5.32. For Neumann boundary conditions, let X = Ha ™ (M), 9 =
He_sl’l_l(M); for Dirichlet boundary conditions let X = H‘sls’fa'l(M), P =
He_sl’l_l(M). Let K C ®®S*M be compact, U C ®S*M open, K C U.
uppose that 15 a bounded family of ps.d.o’s in ’ w1l
s hat A is a bounded famil d.o’s in UTEUID20r) with
C K, such that for Ae A, A € o ut the bounds
WF'(A) C K, such that for A € A, Ae W7Dy hut the bound

for A in \IIZIL)_I’H(fH)/Q(M) are not necessarily uniform in A!). Then there
exist G € WTV2OM), G € (M) with WF' G, WF' G C U and Co > 0
such that for e >0, A€ A,

we X, WFL 2 (w)nU =0, WELS (Ou)nU =0=
|{0p Au,0; Au) — (dx Au, dx Au)|

(5.15
< E||14“|’§1,015,1—(f+1)/2

+Co(llullz + | Gullz

+ eleDuH% + eilHGDuH%).

(M)

Remark 5.33. Recall that v € Hcls’l_(f+1)/2(M) is equivalent to dxu €
Lg(M), Ou € LZ(M) and z~lu € L?](M), S0 e||Au||§{;§1,(f+l)/2(M) on the

right hand side of (5.15) is comparable to the terms (0;Au,0;Au) and
(dx Au,dx Au). However, if A is supported away from °°Y, the Dirichlet
form is microlocally elliptic, by the same arguments as those in the proof
of Proposition 4.6 of [34] and Theorem 8.11 of [25], so this term can be
absorbed into the left hand side, as was done in Proposition 5.31.

The hypotheses in (5.15) assure that the other terms on the right hand
side are finite, independent of A € A.

Proof. Again, this follows the argument as Lemma 4.2 and 4.4 of [34] and
Lemma 8.8 and 8.9 of [25], so we only sketch the proof. We sketch the
Neumann argument; the Dirichlet case needs only simple changes. We have

(Opu, O A" Au) — (dxu,dx A Au) = (Ou, A* Au)
for all w € X and A € \I/Zf)_l’H(f_l)/Q(M) since A*Au € Helsf_l_(f_l)(M),
which is mapped by O into Hefsl’flf(fﬂ)(M) = (H& (M))*. Modulo com-
mutator terms, one can rewrite the left hand side as
(OrAu, Oy Au) — (dx Au, dx Au),
which is the left hand side of (5.15). The commutator terms can be estimated

by the second and third terms (which do not depend on €) on the right hand
side of (5.15). The other terms on the right hand side arise by estimating

(using that the dual of HE (M) is Hefsl’flf(fﬂ)(M))

[(Ou, A" Au)| < ||ADUHH55L717(H1>/2(M) HA“”H;SJ*(”U”(M)

< 6_1HADU||§-{E—SL—17<H1)/2(M) + €HAU||12L~16—51,—17(f+1>/2(M)

— -
= e 2ATUIE i + AU e

€es
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and as 2~=(/*1)/2 4 is uniformly bounded in ¥/*"°(M), with wave front set in
K, Hx_l_(fH)/QADuH% can be estimated by a multiple of HDUH% + HGDUH%
in view of Lemma 5.16. This completes the proof. [l

The following is analogous to Lemma 7.1 of [34] and Lemma 9.8 of [25] and
states that near G the fiber derivatives x_lDzl_ of microlocalized solutions
Auwu to the wave equation can be controlled by a small multiple of the time
derivative, modulo error terms (note that G is lower order than A by 1/2).
The theorem mentions a d-neighborhood of a compact set K C G (for 6 < 1);
by this we mean the set of points of distance < § from K with respect to
the distance induced by some Riemannian metric on ®*S* M. Note that the
choice of the Riemannian metric is not important, and in particular, G is
defined by z =0, 2/ =0, 1 — h(y, 7)) — €2 — k(y, z,¢’ = 0,{") = 0, so the set
given by

< C'8, |2 <6, |1 —hy, 1) —E —k(y,z, (" =0,(")| < C',

is contained in a C"”§-neighborhood of G for some C” > 0, with C” indepen-
dent of § (as long as C’ is bounded).

Lemma 5.34. For Dirichlet or Neumann boundary conditions let X and )
be as in Lemma 5.52.
Let K € G. There exists dp € (0,1) and Cy > 0 with the following property.
Let 0 < § < &g, and § > 0, and let U be a d-neighborhood of K in
b S* M. Suppose A is a bounded family of ps.d.o’s in \IIZE’H(HI)/Q(M) with
WEF'(A) C U, such that for A € A, A € \I/Zé_l’H(fH)/z(M). Then there
exist G € W20, G e WM with WF' G, WF' G C U and C =

C(6) > 0 such that for A € A,
we X, WFL20w)nU =0, WFLS (Qu)nU =0

implies

e

< Codl|DeAul|* + C (JJullz + | Gulz + |Buly + |GOul).

Proof. This is an analogue of Lemma 7.1 of [34] and Lemma 9.8 of [25],
so we only indicate the main idea. By Lemma 5.32 one has control of the
Dirichlet form in terms of the second through fifth terms on the right hand

2
side, so it suffices to check that Hx_lDZ;AuH can be controlled by the

Dirichlet form and ¢ | D; Aul/*. This uses that K € G, Dy is elliptic on P,
and (H Au, Au) is small as WF’'(A) C U; see the aforementioned Lemma 7.1
of [34] and Lemma 9.8 of [25] for details. O

Corollary 5.35. For Dirichlet or Neumann boundary conditions let X and
) be as in Lemma 5.32. Let K € G, § > 0.
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Then there ezists a neighborhood U of K in ®S*M with the following
property. Suppose that A is a bounded family of ps.d.o’s in \Ilm l+(f+1)/2( M)
with WF'(A) C U, such that for A€ A, A € U}~ 1lJr(fH)ﬂ(M). Then
there exist G € W}~ 1/20( M), G € \I/ijo( ) with WF' G, WF' G C U and

C=C(6)>0 such that for A € A,
we X, WEL 2 (w)nU =0, WFILS (Ou) nU =0

implies

5 e papa

< 0| DyAul® + C(Jlulz + IGull% + 1Bull§) + |GOulf3).

Proof. Fix a Riemannian metric on ®®*S*M. Let &y, Cy be as in Lemma 5.34,
and let ¢ = min(dy/2,d/Cy). Applying Lemma 5.34 with ¢’ in place of §
gives the desired conclusion, if we let U be a ¢’-neighborhood of K. U

Recall now that C'= {z = 0, 2’ = 0} denotes one boundary face of W in
local coordinates, and that as a vector field on ®“T*M tangent to W (but
not necessarily the other boundary faces), restricted to esT;‘VM , Hes is given
by
1 OK g

—§Hes=§xax—§ga 5<8 +K”<azj+K”<< 0 — 5

040

see (3.17)-(3.18). We can expand the K% terms by breaking them up into 2’
and z” components at C, using (5.11). This becomes particularly interesting
at a point ¢ € *¥ which is the unique point in the preimage of p € engM ng

— . a2l . .
under Tes epn- At such points ¢ = 0, so many terms vanish. One thus obtains

NN 1 Okgij 2man

1
— —Hes Oy 6 6 //—i-/{ i 8 //—I-k‘ i 6 O
2 () gl’ 50' gC QJC QJCC 3 2 8//g§] gk
Pushing forward under 7es_ap, We obtain
(TesebxHes)(p) = — 2620, + 2600, + 2£(" ;.
. Ok
— 215G/ O — 225G/ C 0 + 82,/ C¢ 0y

Below, this appears as the vector field |7|Vj, and will give the direction of
propagation at glancing points in Theorem 7.7.

Lemma 5.36. Let Q; = :UleZ;, Kij, Mg, h be as in Lemma 5.30. For
Aeugi(M),

(5.16)  o[0,A*A] = QiLijQj + Y (¢ 'LiQi + Qi L}) + 22 Ly,
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with
Lz] E \I]zglfl,Ql(M) L“ L/ 6 \Il2m QZ(M) L(] G \I,2m+1 QZ(M),
Jeb,Zm—l(Lij) = 2&‘/@']'(1 where Vvij = m-j(ﬁq + 8@ + 2(95) + Heb,mja

Oeb,2m(Li ) = Oeb gm(L ) = 2aV;a, where

1
(5.17) V; = mea + = m185+Hebml)+ 5mi(0 + 0c),

Ueb,2m+1(L0) = 2aVpa, Vo = 2ho; + Hop i + Z mi0,,

WF, (Lij), WEq, (Li), W, (Li), WFg, (Lo) € WE,(A).
In particular, for f € C*(*S*M) with f|;, = w,¢ for some ¢ € C(S*W),
(5.18) Viiflyy =0, Vifly =0, Vofly =0.
Moreover, as smooth vector fields tangent to ebTI}/M (but not necessarily
tangent to the other boundaries),
(5.19)

Volo = ~26a0, — 2(€ + 3 koig /) )0 — 26(r 0r + 110y)
ij
=2 k20 D (Dupkai) GG Oy
ij 0]

Viile = —k1; (8424 + GCJ/, +20¢) + Z(azé/kl,ij)agé’a Vile = — Zkl,z’jaz;.a
0 J

and

(5.20)
(’7—|Vb£ = _2Zk21] 0 Y,z C
(IrVié)lw = Zkgu (0,5,2)¢], (ITIViié) Iy = —2k1,5(0, 9, 2),
(Ir|=> 2™ %(Iflsm’“))lwz— (r+ )& (It 27" Vi(|7[*2")) |y, = 0,

(I 2™ Vi (I7]°2")) Iy, = 0,

Remark 5.37. This is the main commutator computation that we use in the
next section. We stated explicitly the results we need. First, equation (5.18)
shows that functions of the “slow variables” do not affect the commutator
to leading order at W, hence they are negligible for all of our subsequent
calculations.

Next, (5.19) gives the form of the commutator explicitly at C'; this is what
we need for hyperbolic or glancing propagation within W, i.e. at points of
H, resp. G away from radial points. These are sufficiently local that we only
need the explicit calculation at C, rather than at all of .
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Finally, (5.20) contains the results we need at radial points in G: there
the construction is rather global in W, so it would be insufficient to state
these results at C' only. On the other hand, localization in 6 is accomplished
by localizing in é , the “slow variables” and the characteristic set, so fewer
features of Vj;, etc., are relevant.

Proof. By Lemma, 5.30,

(O, A"A] = Z ([QF, A" Alri; Qs + Q7 ki Qy, AT Al + QF 145, A" A|Q;)

Z

+Z( M{Qi, AT A] 4 [ M, ATA)Qs

+[Q7, AT Al M + Qo MY, A% A))
+[z72H,A*A] on U.

The three terms on the first line of the right hand side are the only ones
contributing to L;;; in the case of the third term, via

laeb,2m71([5ij7 A*A]) - Heb,ﬁija2 = 2aHeb,/~c¢jaa

while in the case of the first two terms by evaluating the commutators using
Lemma 5.7 and taking only the Aj-terms, with the notation of the lemma.
The Ap-terms of the first two commutators on the first line of the right
hand side (with the notation of Lemma 5.7) contribute to L; or L, as do
the second and fourth terms on the second line and the Aj-term of the first
and third terms on the second line. Finally, the expression on the third
line, as well as the Ag-term of the first and third terms on the second line
contribute to Lyg. We also use (4. 3) to remove the weight from Hgp, ;-1
and H cba—2j €8 T 2H eba—2h = 2h8§+Hebh

The computatlon of the Hamilton vector fields at C' then follows from
Lemma 5.30 and (4.2) (recalling that ¢ is one of the y-variables). O

6. COISOTROPIC REGULARITY AND NON-FOCUSING

In this section we recall from [25] the notion of coisotropic regularity

and, dually, that of nonfocusing. We will be working microlocally near ]-'febg

and in particular, away from the difficulties of the glancing rays in f;&’lg
Consequently all the results in this section have proofs identical to those in
[25, Section 4], where the fiber Z is without boundary.

Let K be a compact set in Ry, . By Lemma 3.25, there exists an open set

U C ®®S*M such that K € U and UNF® ¢ F . Recall from Corollary 3.24

reg”
that in this case F®NU is a coisotropic submanifold of ®*S* M —recall from
Footnote 8 that a submanifold of ®*S*M is defined to be coisotropic if the
corresponding conic submanifold of ®®T*M \ o is coisotropic.
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__In what follows, we let U be an arbitrary open subset of ¢bS* M satisfying
UNFe c FeP  thus UN F is a C* embedded coisotropic submanifold of

reg’
b S* M ; the foregoing remarks establish that such subsets are plentiful.
Definition 6.1. Given U as above, let M denote the module (over \IIS{OO(M))
of operators A € \Pifjo(M ) such that
e WF'ACU,
® oen1(A)|Fe = 0.
Let A be the algebra generated by M with A* = AN \IISBO(M).

As a consequence of coisotropy of ]-"re,a%, we have:

Lemma 6.2. The module M is closed under commutators, and is finitely
generated, i.e., there exist finitely many A; € Ul with aeb,l(A¢)|]_-f§g =0
such that

N
M={Ae WL (U): 3Q; € VUU), A=) QiAi}.
=0

Moreover we may take Ay to have symbol |T|_1O'eb72,0({l}2D) and Ag = 1d.
We thus also obtain

N
(6.1) AR =83 Qu [T A Qu € UL(U)
|| <k i=1
where o runs over multiindices o : {1,..., N} — Ny and |o| = a1+ - -+ an.

Definition 6.3. Let X be a Hilbert space on which \IISI;O(M) acts, and let
K C U. We say that'? u has coisotropic reqularity of order k relative to %
in K if there exists Q € \Ilg{oo(M), elliptic on K, such that

AFQu e X.

We say that u satisfies the nonfocusing condition of order k relative to X
on K if there exists QQ € \IlngO(M), elliptic on K, such that

Qu e A¥(%).

We say that u is nonfocusing resp. coisotropic of order k relative to X
on an arbitrary open subset S of F¢" if for every open O C S with closure
disjoint from f;‘flg, it is nonfocusing resp. coisotropic on O of order k with
respect to X.

We say that wu satisfies the nonfocusing condition relative to X on K
(without specifying an order) if u satisfies the nonfocusing condition of some
order k£ € N.

12Note that our choice of U containing K does not matter in the definition.



DIFFRACTION ON MANIFOLDS WITH CORNERS 61

Remark 6.4.

(1) w is coisotropic on K if and only if u is coisotropic at every p € K,
i.e. on {p} for every p € K. This can be seen by a partition of unity
and a microlocal elliptic parametrix construction, as usual.

(2) The conditions of coisotropic regularity and nonfocusing should be,
loosely speaking, considered to be dual to one another; a precise
statement to this effect appears in the proof of Theorem 9.6 below.

(3) Coisotropy and nonfocusing are only of interest on ]:eb itself: away
from this set, to be cmsotroplc of order k with respect to X means
merely to be microlocally in HX eb X while to be nonfocusing means to
be microlocally in H, ;bkx

(4) Certainly, away from W, ¢(CJ) vanishes on ng?o,, as the latter lies in
the characteristic set ¥ by definition. Splitting ¥ into component
according to the sign of 7, and letting I be pseudodifferential op-
erators over M° microlocalizing near each of these components, we
thus have

Ot = Q+A+ + R
with AL in M, Q4 elliptic of order 1, and R smoothing.

JFrom Lemma 6.2, we obtain the following.

Corollary 6.5. If u is coisotropic of order k on K relative to X then there
exists U open, K C U such that for Q € \Ifgl’OO(M), WF'(Q) C U implies
QA € X for |a] < k.

Conversely, suppose U is open and for Q € \IIS{)O(M), WF'(Q) C U implies
QA“y € X for la| < k. Then for K C U, u is coisotropic of order k on K
relative to X.

Proof. Suppose first that u is coisotropic of order k on K relative to X. By
definition, there exists @ elliptic on K such that A*Qu C X. Let U be
such that Q is elliptic on U, K C U, and let S € \IIS{OO(M) be a microlocal
parametrix for Q, so WF'(R) NU = () where R = SQ — Id.

We prove the corollary by induction, with the case k = 0 being immediate
as one can write Qu = QSQu + QRu, QS € \II ( ) is bounded on X,
Que X, QR e (O O( M) (for they have disjoint WF ), so QRu € X.

Suppose now that k > 1, and the claim has been proved for £ — 1. By
Lemma A.1, applied with @, = @ (i.e. there is no need for the subscript n,
or for uniformity),

A"Q=QA*+ D CpAl.
18] <[o] 1
Thus, for |a| =k,
QA% = QSQA® + QRAw
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and
QSQA™ =QSA"Q— Y QSCzA°
18]<]e] =1

together with the induction hypothesis (due to which and to QSCB €
w20 (M) with WF'(QSCp) C U, QSCsA%u € X) and QR € ¥_>*°(M)
imply QA%u € X, providing the inductive step.

The proof of the converse statement is similar. (|

We now set

H = LI x Xo)

where [ is a compact interval. We additionally introduce another Hilbert
space X C 9, given by HE (I x Xg) or H'(I x X) with I an interval and the

0 denoting vanishing at I x 0Xg. Note that Id +A : X — X* is an isometry.
Suppose K is compact. For N > k +r we let 9 i denote the subspace of

9
VD ={ueX: WF{)\{ﬁ*(u) C K, u is coisotropic of order k w.r.t.
Hy 5+ on K}.
Let
3k = {¢ € X : u is coisotropic of order k w.r.t. Hy 5 on K}.

Also, for v € R, we choose a family of operators for adjusting orders; we let
T, € W50 (M)

be (globally) elliptic of order v. Thus, 7, are simply weights. Later, in
(7.11), we make a slightly more specific choice.

Lemma 6.6. Suppose that K C O, K compact, O open with compact clo-
sure, and Q € VO(M) such that WF'(Id —Q) N K = 0, WF'(Q) C O. Let

(6.2) PD={ueX: InId—Q)u e X*, |a| <k =T,A%Qu € X"}

and

(6.3) 3={ueX: |a|<k=TA%Que X}
Then

Dk CY C Y5
and

3k C3C 35

Proof. If u € Yk, then WF{)\%* (u) € K implies that Tn(Id —Q)u € X*.
Moreover, since u is coisotropic on K, it is coisotropic on a neighborhood
O' of K; we construct Q' € ¥O(M) with WF Q' c O/, WF(Id —Q")n K = .
Then

T A%Qu = T, A°Q'Qu + T, A%(1d —Q") Qu,
and the first term is in X* by coisotropy of v on O’ while the latter is in X*
by the wavefront condition on wu.
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On the other hand, if u € ), we have Ty (Id —Q)u € X* hence WF{XW (u)N
ell(Id —Q) = 0, so in particular, WF]b\fﬁ* (u) C O°, since Id —@Q must be
elliptic on O°. It remains, given p € O, to check coisotropic regularity at p.
If p € ell(Id —Q), it again follows from the wavefront set condition, hence
it suffices to consider p € ell@Q D [ell(Id —Q)]¢; at such points coisotropic
regularity follows from T, A“Qu € X*.

The proof for 3 works analogously. O

Corollary 6.7. Suppose K = N;0;, O; open with compact closure, Oj11 C
Oj. LetQ);j, 3; be given by (6.2), (6.3) where Q; satisfies WF'(Id —Q;)NK =
@, WFI(Q]') CO. Then Yi = ﬂjgjj, 3k = mj3K~

In particular, Pr and 3x become Fréchet spaces when equipped with the
2, 3; norms.

Remark 6.8. It is easy to see that the Fréchet topology is independent of
the choice of the particular O;.

Proof. The fact that Yx C N;2); follows from Lemma 6.6. For the reverse
inequality, note that u € NY); C ﬂ?j@ has WF}, ¢+ (u) € NO; = K. On
the other hand, as v € 91, |a| < k = A%Qiu € X and Q) is elliptic on K.
Thus, u € Yx.

The same holds for 3. O

We now note the following functional-analytic facts:
Lemma 6.9. Let QQ be as above, and again let
(6.4) PD={uveX: Tn(Id-Q)ue X", |o|<k=T,AQu e X"},
and
3={ueX: |a<k=TA%Que X}

Then the dual of ) with respect to the space $) (see Appendix A) is

V' ={u: u=v+Ty(Id—Q)v1 + Y TA*Quq, v0,01,va € X},

la|<k
and the dual of 3 with respect to $) is
3 ={u: u=vo+ Z T, A%Quq, vo,v4 € X'},
lof <k

Proof. First consider the dual of 3 with respect to $. We apply the dis-
cussion of Appendix A leading to (A.7). More precisely, with the notation
of the Appendix, we take ) = Lg([ x Xg), and X = H'(I x Xo), resp.
X = H}(I x Xy), as set out earlier. We also let D = C*°(I x Xj), resp.
D = C®(Ix Xy) (with the dot indicating infinite order vanishing at I x 9Xj).
We define the operators By in (A.6) as follows: we take By, k =1,..., N,
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to be a collection of C*> vector fields on Xy which span V(X) over C*(X),
By = 1d, and define the X-norm on D by

N
(6.5) lull3 = [1Boullf + D 1 Brull3,

k=1
cf. (A.4); then X is the completion of D. Then we take the collection of A;
in defining the space 2) in Appendix A, with the norm (A.3), to be T, A,Q,
|a] < k. Then our claim about 3* follows from (A.7) and (A.1), taking into
account that the principal symbol of the conjugate of a pseudo-differential
operator by complex conjugation is the complex conjugate of the principal
symbol of the original operator, so its vanishing on ]-"fe% is unaffected.

We now consider the dual of ), with Q) given by (6.4). AsId+A : X — X*

is an isomorphism, the norm on X* is given by

N
Jullee = (1) Tulle = 3 | Be(1d+4) a2,

k=0
with By asin (6.5), we are again in the setting leading to (A.7) with X in the
Appendix given by our X*, the By, in the Appendix given by By (Id +A)~!,
the space ) in the Appendix being our space 9) in (6.4), and the A; in the
appendix given by Tn(Id —Q) and T,A*Q, |a| < k. Then our claim about
* follows from (A.7) and (A.1). O

Now let

Vi = {u € Ty(X) : u is nonfocusing of order k w.r.t. Hy % on K},

3k = {u € X*: w is nonfocusing of order k w.r.t. H_%. on K}.
Lemma 6.10. Define ), 3 as above. Then
Dk CV* C Vs
and N N
3k C 3" C 3p.
The proof follows that of Lemma 6.6 closely, using the characterization
of P* and 3* from Lemma 6.9.

We remark that away from W, we may always (locally) conjugate by an
FIO to a convenient normal form: being coisotropic, locally F¢ can be
put in a model form ¢ = 0 by a symplectomorphism ® in some canonical
coordinates (y, z,7,(), see [10, Theorem 21.2.4] (for coisotropic submani-
folds one has k = n — [, dim S = 2n, in the theorem). We may moreover
arrange the (z,() coordinates (i.e. apply a further symplectomorphism) so
that o(0J) o ® = ¢(; for some symbol ¢ elliptic in a small open set. We now
quantize ® to a FIO T, elliptic on some small neighborhood of a w € ]:ree%,
which can be arranged to have the following properties:
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e TO = QD,, T+ R where Q € W}(M°) is elliptic near ®(w) and R is
a smoothing operator.

e u has coisotropic regularity of order k (near w) with respect to H®
if and only if D¢Tu € H® whenever |a| < k.

e v is nonfocusing of order k (near w) with respect to H® if and only
if Tu € Z|a\§k D¢ H?S.

Let G € U~1(M°) be a parametrix for Q. As a consequence of the above
observation, Ou = f implies that D, Tu — GTf € C* microlocally near
®(w), and if f is coisotropic of order k relative to H*~!, then DSGTf € H*
for || < k (with an analogous statement for non-focusing) hence we have
now sketched the proof of the following:

Proposition 6.11. Suppose u is a distribution on M°, Ou = f. If f is
coisotropic of order k, resp. mnonfocusing of order k, with respect to H*™!
then the coisotropic regularity of order k, resp. non-focusing reqularity of
order k, with respect to H®, is invariant under the Hamilton flow over M°.

In particular, for a solution to the wave equation, coisotropic reqularity
of order k with respect to H® and nonfocusing of order k with respect to H®
are invariant under the Hamilton flow over M°.

(We remark that one could certainly give an alternative proof of this
proposition by positive commutator arguments similar to, but much easier
than, those used for propagation of edge regularity in the following section.)

Corollary 6.12. Suppose that f is coisotropic, resp. non-focusing, of order
k relative to H™™ 1, supported in t > T. Let u be the unique solution of
Uu = f with Dirichlet or Neumann boundary conditions, supported in t >
T. Then u s coisotropic, resp. non-focusing, of order k relative to H™ at
p € S*M° provided every'®> GBB ~ with ~v(0) = p has the property that there
exists so such that t(y(so)) < T, and for s € [0, so] (or s € [s0,0], if sop < 0),
v(s) € S*M°.

The analogous statements hold if f is supported in t < T, and u is the
unique solution of Ju = f supported int < T, provided we replace t(-y(sg)) <
T by t(v(s0)) > T.

Proof. This is an immediate consequence of Proposition 6.11, taking into
account that w is coisotropic, resp. non-focusing, in ¢ < T, by virtue of
vanishing there. O

If K C M° is compact, then there is 6 > 0 such that if p € SEM° and ~y
is a GBB with v(0) = p, then for s € (=4,0), v(s) € M°. As s is equivalent
to t as a parameter along GBB, we deduce the following result.

Corollary 6.13. Suppose K C M° is compact. Suppose that f is co-
isotropic, resp. non-focusing, of order k relative to H™™ ', supported in

13The restriction of this GBB to [0, so], if so > 0, or [so,0] if so < 0, is unique under
these assumptions.
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t > T. Let u be the unique solution of Ou = f with Dirichlet or Neu-
mann boundary conditions, supported in t > T. Then there exists oy > 0
such that u is coisotropic, resp. non-focusing, of order k relative to H™ at

pESLM® if t(p) < T + .

Of course, what happens to coisotropic regularity and nonfocusing when
bicharacteristics reach W is of considerable interest, and will be discussed
below.

7. EDGE PROPAGATION

This section contains a series of theorems that will enable us to track
propagation of regularity into and back out of the edge. They are as follows:

e Theorem 7.1, which governs propagation of regularity into and out of
the interior or W as well as the microlocal propagation of coisotropic
regularity there (i.e. iterated regularity under application of opera-
tors in A).

e Theorem 7.3, which governs propagation of regularity into W along
glancing rays, tangent to one or more of the boundary faces meeting
at R x Y (in the blown-down picture).

e Theorem 7.6, which governs the propagation of edge regularity at
non-radial hyperbolic points at the boundary of the edge w.

e Theorem 7.7, which governs the propagation of edge regularity at
glancing points at the boundary of the edge W.

These theorems will then be assembled (together with the propagation over
the interior of the edge, which we may simply quote from [25]) to yield the
propagation of coisotropic regularity into and out of the edge in Theorem 8.1,
and this result is the key ingredient in proving the “geometric” improvement
in regularity on the diffracted wave.

7.1. Radial points in the interior of the edge. The following theorem
enables us to track edge wavefront set entering and leaving the edge at radial
points over its interior. Since we are working locally (even within the fibers!)
over the interior of the edge, i.e. over W°, we can use edge, edge-b and edge-
smooth objects interchangably, for the only boundary in this region is the
edge itself.

Theorem 7.1 (Propagation at radial points in the interior of the edge).
(See [25, Theorem 11.1]) Let u € He' (M) solve Ou = 0 with Dirichlet or
Neumann boundary conditions.

(1) Let m > 1+ f/2. Given a € Hyyp, and p € R;b,a,l’ if (]:f};\aM) N
WE™ Au = 0, for all A € A* then p ¢ WE,™! Bu for alll! <1 and
all B € A"

(2) Let m < 1+ f/2. Given o € Hwyp, D € Reb.a.00 i @ neighborhood
U of p in °S*|oprM is such that WE, ™ (Au) N U C OFE for all
A € AF then p ¢ WF,™!(Bu) for all B € A.
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This theorem is literally the same theorem as [25, Theorem 11.1] as we
are restricting our attention to the interior of the fibers, hence the presence
of a fiber boundary in our setting is irrelevant. We thus refer the reader to
[25] for the proof.

Remark 7.2. In fact, we could take u € Hg;’o’l(M) here, but the restriction
on regularity will be necessary in later theorems to maintain the boundary
condition at the side faces z; = 0, and we prefer to keep a uniform hypothesis.
The boundary conditions are irrelevant here; again, they are stated for the
sake of uniformization.

7.2. Propagation into radial points over the boundary of the edge.
We now turn to the question of propagation into the edge at glancing points,
i.e. at points over the boundary of the fibers of M. Note that the hypotheses
of this theorem are global in the boundary of the fiber: we do not attempt
to distinguish different points in the fiber boundary.

Theorem 7.3 (Propagation into radial points over the boundary of the

edge). Let u € X = HE'(M) solve Ou = 0 with Dirichlet or Neumann
boundary conditions (see Definition 5.20).

Let m > 1+ f/2 —1 with m > 0. Suppose that ¢ € Hyw,, and there exists
a neighborhood U of

Reb,g1 N ebSSWM = Reb,q1 NG
in ®®S*M such that {x >0} NUNWFp % u=0. Then
Ry, N PS5 M N WER u =0
for alll" < 0.

Proof. Choose local coordinates on W, and let ¢ = (yo, to, 70 € {£1},70) €
Hw,p. Choose & such that 58 = 1—h(y,no) with sgn o = sgn o (this is the
incoming point).

One of the central issues in proving the theorem is to construct a symbol
that is localized in the hypothesis region that is sufficiently close to being
flow-invariant. To begin, we will need a localizer in the fiber variables. Fix
any K € W° and fix a small number ez > 0. Let

T:eSe(M)N{|¢|/|¢] < e} — Z
be locally defined by

Pas

|

sgn §
¢

arctan

T(¢) = z(expzﬁ SooHes);  Soo =

xS

Ky

where ¢ € ®S} (M) has “edge-smooth” coordinates (¢,vy, z, 7, &, 7, () (we are
using the canonical identification of ©S*M with ®S*M away from oM \W).
This map is well-defined provided € is chosen sufficiently small (so that the
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flow stays away from 8W). The map simply takes a point over the boundary
to its limit point in the fiber variables along the forward bicharacteristic flow,
hence on W, we certainly have T, (Hes) = 0.

We now employ T to create a localizer away from W . Fix

K'cUCK' cUCKcW°
with K, K’, K compact and U’,U open such that
(1) & € *Sj ;M and ‘g(a) /g(a)\ < ex imply T (a) € W\ K,
(2) a € 8%, M and ‘g(a) /g(a)] < ex imply T (a) € U'.
Now let x € C®(W) be equal to 0 on W\K’ and 1 on U’. For ex sufficiently

small, oY i vanishes on eSS}"(\UM , hence can be extended as 0 to eSS;%/\UM

to define a C*° function. Thus, this extension of x o T is well defined and

smooth on
{‘é/g‘ <€, T< GK} UeSSI}/\UM c eSS*M;

it equals 0 on the fibers over W\U and 1 on those over K”. But

{’é/é‘ <, < G'K} UesS;}/\UM C {‘é/g‘ <eg, < eK} UeSS;V\UM

Ll s |évé
away from 0 there. Due to the vanishing near W, we can equivalently

regard this extension of xy o Tx as a C* function p on the following subset
of the edge-b cosphere bundle:

{

The resulting function satisfies

(7.1) Hes(p) = O(z) on {‘ﬁ/é’ <y, x < EIK} U ebS;}/\UM.
and

(7.2) p=0on ebSI’%/\UM.

for €}, > 0 sufficiently small as on U, , since |z} are all bounded

W\U""

é/é‘ <ég, < e’K} uebs: M

It is convenient to extend p to all of ®*S* M by defining it to be an arbitrary
fixed positive constant, say 1, where it is not previously defined. Note
that by (7.2), when we need to calculate derivatives of p in a commutator
calculation, we may always assume that we are away from OW , hence use
the edge-calculus Hamilton vector field result.

Now consider the function

w =17 —00)* + |y — vol> + p* + |t — to|*.

(Note that keeping w, |£ — &y| and z sufficiently small on Y}, automatically
means that ¢ is small as well.)



DIFFRACTION ON MANIFOLDS WITH CORNERS 69

We now identify some appropriate neighborhoods in which to localize.
First, choose €g, €1 < 1 such that

(P < e, 2 <er, w<er, [€ =&l <= [(/E] < /2.

Second, choose €5 < €1 such that
A g . €
Sen N {z < e} N{w < e}n{|f-&2 <e)c {|<|2 < 50}
Let

K={z<e}n{wsain{é-o? <eln{|?< T}

Next, given § > 0, which will depend on K, let U = Us be as in Corol-

lary 5.35. Finally, given any 5 > 0 (to be specified below) we will choose
e =¢(fB,9) so that

(7.3) €, (14 ) < e,
and so that
Ko={z<e w<e(l+8), E-&I<e [(P<e}CcU=Us.

(Note that K. ¢ K by (7.3).)
Let ¢ € C°([0,¢€)), o € C([0,€0)), identically 1 on [0,€p/2], ¢1 €
C2°([0,€)), identically 1 on [0,€/2], ¥ € C°((—o0, €)), all non-increasing,

a=ac= |’z P(w — B)P1(|€ — &of*)d()vo(|C]?)
Thus,
z<e w<e(l+P), [€—E&l* <e [C]* < e on suppac.

We usually suppress the e-dependence of a below in our notation. Equa-
tion (7.3) ensures that ¢(1 + 8) < 1 on suppa, so p < 1, and thus (7.1)
holds. We have also arranged that

‘é/é‘ < € /2 on suppa

and that 1o (|¢[%) = 1 on supp(th(w — Bz)d(2)¢1 (€ — £o[*)) N Zep. This latter
observation means that we need never consider derivatives falling on the g
term when computing the action of the Hamilton vector field on a. (The
cutoff ¥ (f ) is therefore not necessary for correct localization of a, as that is
achieved by the cutoffs in w, é and x if we restrict our attention to X¢p; rather
this is necessary to make a a symbol, which it would not be if independent
of ¢.)

We quantize a to A € U} (M), i.e. take any A with oeps(4) = a. By
Lemma 5.36,

(74) 0, A"A) =) QiLiQ; + Y (¢ 'LiQi + Qjz 'L + 2> Ly,
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with
Li; € U2~V (M), Ly € U2 (M), Lo € W2 (M),
(7.5)  Oeb2s—1(Lij) = 2aVija, oepb2s(Li) = 2aVia, oep2s+1(Lo) = 2aVoa,
W, (Lij ), WEq, (Li), WEe, (Li), WFg, (Lo) € WE,(A),
with Vj;, V; and Vp smooth vector fields tangent on ebT* M tangent to W
and such that for f € C°(°PS* M) with flyy = @wi¢ for some ¢ € S*W,
(7.6) Viiflw =0, Viflyy =0, Vofly = 0.
In view of Corollary 5.35, we are led to regard the L;; and L; terms as negli-
gible, provided that their principal symbol is bounded by a constant multiple

of oep s+1(Lo) times the appropriate power of |7| (to arrange homogeneity
of the same degree). Also by Lemma 5.36,

(7.7)
(IT1Voé) Iy = —221% (0,y,2)¢/'¢)
(|T‘V€ = ZkS i O Y, )gja (|T|V;]€)’ 72k1,’ij(07yaz)v

(7|75 ta~ fvo(m TN = =20+ $)E, (77T 2T V(|71 2)) |y = 0,
(I~ ™" Vi (171'2™)) [y = 0,

In particular, with & = 0, ' = 1, |7|""Voz = —2€z, while Viz,Vijx are
O(z?).
In computing Va for various homogeneous degree p — 1 vector fields V
n ®®T* M, we will employ the following arrangement of terms:

Va=p(w — Ba)d(@)vo(¢1*)1 (1€ — &)V (Ir*a ™)
+ |72 o (<) @) (€ = &of*)e (w — B) (Vew — BV z)
+ [r'a " (w = Ba)yo(ICP ) (1€ = o)V (6(x))
+ |2 (w = Be)o(ICP)é(@)V (11 (1€ — &)
+ ' (w = Ba)(2)en (1€ = &)V (1o (IC1%)).

As |7|"Woz = —2€x while |7| " Vow = xf for some f € C®(°PS*X), and
€| is bounded below on K (which is a compact subset of **.S* M), it follows
that there exists 8 > 0 such that —(sgn7o)|7|~!(Vow — BVox) > x on K, and
thus

(7.8) —(sgn o) |7| " (Vow — BVox) = xc}

for some smooth positive function ¢ defined on K, hence on a neighborhood
of supp a in ¢*S* M. Moreover,

Vo (1€ — &of*) = —4(€ — o)1 (1€ — &of? ZkZZ] 0,9, 2
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Similar computations hold for the V; and V;; terms, with result shown below
n (7.9).

We start by discussing the terms in (7.4)-(7.5) in which the vector fields
Vo, Vi, Vi; differentiate 11 (| — &|?). These terms altogether have the form

Z Q;(Lij»le + Z('r_lLi’lQi + Q::E_IL;J) + 1‘_2L0’1, where

Oeb2s—1(Lij1)lyy = —(sgnmo)aiky (0, y, 2),
, 1
Teb2s(Li,1)lyir = Oeb2s(Li 1) |y = —§(Sg1170 ay st i7(0,y,2)(7,

I/

Oeb,25+1(Lo,1)|5, = —(sgn 7o) alzkz i7(0,y,2)¢'¢7,
ij

with a1 = 8a(sgn ) (€ — &o)|7[°2 ™ ¢(w — Ba)tho(I{*)d(@)v (1€ — &ol*)-
On & N supp ] (1€ — €of2) 1 S, & — & has sign —sgnéy = —sgn o, 0
(sgn 7'0)(5 50) < 0 there. Thus, noting that the right hand side on the last
line is a square for z sufficiently small in view of 1] < 0 when (sgn 7'0)(50 —
€) > 0, it has the form
(7.10) (—sgnmo)dya~'CiCox™ dy + Ey + E} + Fy,

Co € Wi " (M), Eo, E} € DifiZ,, w217 2(1r)

- 1/2
Oens1/2(Co) = (H ((s8n70) (8 - s>>¢<x>a1) ,
WF. (E)) N°PY =0, WF., (Eo) C {z > 0} Nsuppa,

Fy € Diff2 , >~ (M), WF., (E}), WFL, (Fo) C suppa,
where H is the Heaviside step function (recall that ¢)] = 0 near the origin,
and ¢’ < 0) and ¢ € C°([0,€2)) is identically 1 near 0 and has sufficiently
small support.

Next, the terms in (7.4)-(7.5) in which the vector fields Vp, V;, Vj; differ-
entiate ¥(w — fSx) have the form

Z Q;Lij,2Qj + Z(w_lLiQQi + Q:$_1L;,2) + $_2L0’2, where

Oebs—1(Lij2) = a3 fij2, Oebs(Lig) = Oebs(Lis) = a3 fia,

Oeb.st1(Lo2) = —(sgnTo)ascs, c2 asin (7.8)

a3 = =2zal7|" a7 (w — Ba)vo (7)o (@) (€ = Eol),
with fi;2, fi2 smooth. Moreover, terms in (7.4)—(7.5) in which the vector
fields Vo, V;, V;; differentiate o (|C|?) have wave front set disjoint from Y as
already discussed, while the terms in which these vector fields differentiate

¢(x) are supported in suppa N {z > 0}, where we will assume the absence
of WFSb XU (the weight is indicated by an asterisk as we are away from

esjj

x =0, so it is irrelevant).
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Finally, the terms in (7.4)-(7.5) in which the vector fields Vo, V;, Vi
differentiate |7|°z~" have the form

> QiLiysQi+ > (¢ 'LisQi+ Qir ' Liy) + 2 Log, where
Oebs—1(Lij3) = a°xfij3, Oebs(Li3) = Oens(Li3) = a’xf;3,
Oeb,s+1(Lo3) = —a®(sgn7o)|7|2(s — 7)c3,
where 3|7, = 4(sgn 7)€ > 0.
Finally, recall that terms with 1y derivatives are supported in the elliptic
set of [.
We are now ready to piece together the above information to compute

the commutator [, A*A]. First we choose a family of operators convenient
for adjusting orders: pick

(7.11) T, € U(M), 0o, (T,) = |7|” near K.
Thus, T, are simply weights, for |7]" is elliptic of order v on a neighborhood
of K.

Adding all the terms computed above, and rearranging them as needed,

noting the top order commutativity in eb-order of Diff .  y W, (M), we finally
deduce that

—1(sgn 7o) [0, A* A]
— 43 (C072Cy + Y (@07 Qi + Qo Fly) + > Fy2Q;) Ao

es,ff

(raz)  FATR(C2s — oGk Yol Rk Qfx*lF{,g)
+2. Q?Fz‘mQj)TuzA
ij

+dyz 'C;CozYdy + E+ E' + R’

with

(1) Az € W2 TV2(M), 04 641 /0(A2) = a2, WFL (A2) C suppa

(2) Co,C3 € TH(M); Fio, Flo Fi3, Fl 4 € U (M) and Fijo, Fyj3 €

~2,0

w20 (M); A
(3) On K, 0ep0(Cs) # 0 and 0oy, 0(C3) = (sgn 7o)€ # 0,
(4) Co € Wiy 2" (M), WL, (Co) € suppa,
() BB ¢ lefesﬁ W2 (),
(6) R" 6 lefesjj e 22T+2(M) (i.e. is lower order), WF., (R”) C suppa,
(1) W E C {x > O} Nsupp a (our hypothesis region),
(8) W NebY = (), WF., (E') C suppa.

When we pair both sides of this equation (suitably regularized) with a solu-
tion to the wave equation the terms E, E’ and R” will be controlled respec-
tively by the hypothesis on u in > 0, microlocal elliptic regularity, and
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an inductive hypothesis in the iterative argument in which we improve the
order by 1/2 (or less) in each step. The remaining terms on the right hand
side are either positive, or involve @;, and the latter terms are controlled by
the former, by Corollary 5.35. Thus, save for the need to mollify to make
sure that we can actually apply this commutator to v and pair it with u,
and also be able to rewrite the commutator as the difference of products,
this would give our positive commutator result, controlling ||z =17} 1203 Au|.

We do, however, need to mollify. Let o > 0 (typically we take o = 1/2,
always o € (0,1/2]) A, € V_7(M) for v > 0, such that {A, : v € (0,1]}
is a bounded family in W9 (M), and A, — Id as v | 0 in U, (M), for
all € > 0. Let the principal symbol of A, considered a bounded family in
O, (M), be (1+~|7|?)~7/2 on a neighborhood of K. Let A, = A, A. We now
have A, € U} 7" (M) for v > 0, and A is uniformly bounded in ¥} (M),
Ay, — Ain UTT(M). Moreover,

(7.13) [0, AL A = AZ[0, ATAJA, + A% [0, AALJA + R,
with R uniformly bounded in Diﬁf&ﬁ @§§—2,2r+2(M ) (hence lower order).

Now, for a vector field V on **T*M,
V(1 +|r)" % = —(a/2y(1 +717) 7> Ve 2.

Applying this, the general formula (7.4)—(7.5) with A, in place of A and
(7.7) with v =0, s’ = 2, we deduce that

—(sgn 7o) A% [J, ATA,]A

_— = AN 1*/2]\j;< — 200527 °Cs+ Y (27 FiaQi + Qfa ™ F},)

+) Qsz‘jAQj) Ty oA A A+ R,
]

with Fij4 € U 2°(M), Fu,F, € ¥, "°(M), A, uniformly bounded in

1

\IIS{)O(M ) with principal symbol

- \1/2
oo (Ay) = (A1 +41rH7H) T <1,

Cs € \IIS{DO(M) and Ty 5 € \I/ik/f’o(M) as in (7.12) and R/, uniformly bounded

in Diffgsvﬁ \I/zz_z’%rz (M), hence lower order. Note that this commutator has

the opposite sign from (7.12), which limits our ability to regularize. However,

as long as o/ — o > 0, we can write

20" 1d —2UA,’;A7 = Bf;B7
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with B, uniformly bounded in \112{30 (M). Thus, if s — r > o, taking ¢’ such
that 0 < o/ < s —r, we deduce that

—1(sgn o) [0, A3 A,]

=A3, <C§k$_202 + Z(x_le‘,QTIQiT—l +T1Q;Tha™ ' F,)
:

+ Z TleQjFij,2T1> As

]

(7.15) + ATV, <C’§2(s —r—o)z72Cy

T Z(lewﬂQiT—l + T Qi Tia ™ F )

7

+> T—lQZ‘Qsz‘jéTl) Ty 04,
ij

+ ALT} Oy BB Cs T o A,

+dya ' AL CCoMya Mg + Ey + E + RY,

with the terms as in (7.12), in particular Fj;s, FZ’]5 as Fjj 3, etc., there, and

Ay = Ao\, etc. Here we rewrote the terms in (7.12) somewhat, inserting
T; and T_; in places (recall that 777, differs from Id by an element of
\I/;OI’O(M) on K, and this difference can be absorbed in RY) in order to be
able to use Corollary 5.35 directly below. Applying both sides of (7.15) to
u and pairing with u, we claim we may integrate by parts for any v > 0 on
the right hand side of the resulting expression to obtain

(7.16)
—1(sgn 7o) ([0, AJ A Ju, u)

=[lz™ CoAgyull® + 2(s — r — o')[|a 7 CsTy jp A ?
+ Z<QjFij,2T1A2,'yU7 QiT*1 Agu)
1J

+ Z <<QiT1A2,’yu7 :L'_ITTFZ2A277’LL> + <ZE_1T1FZ'/72A2;},U, QiT1A2’7u>>
7

'y <<QiT_1T1/2A7u, e FS T )
7

+ <.’L'_1T1F‘Z~/75T1/2A7u, QiT_1T1/2A7u>>

+ ) (QiTiFyj 5Ty jp Ay, QT Ty jp Ay
ij
1By CsTy o Aull? + [[Cohna ™ dzul® + (Ey + B!, + R )u, u),
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and that we may similarly expand the left side by using
(7.17) (0, AZ AL Ju, u) = (A Ayu, Ou) — (O, AL Aqu),

so that pairing with a solution to the wave equation yields identically zero.
We begin by justifying these two integrations by parts, after which we
will read off the consequences. We start with the Dirichlet case. Note that

the L2-dual of 9 = H;S’fO(M) is He_sl’_l_(f+1)(M) (where as usual the /!
factor derives from the difference between the metric density used in the
pairing and the “edge-density” used to define the norm on H_. ,(M)). We

es,0
have

2 2DIff2, (M) 5 0: ) — H M 2(M) = 22H0HD=2(9))*,

es,ﬁ
Here we suppressed the quotient map p : He_sl’l_2(M) — He_sl’l_2(M), ie.
the stated mapping property is, strictly speaking, for p o [J. Furthermore,
the dual of H"% (M) is
(Hipg(M))" = H_ g (M).
Equation (7.17) makes sense directly and naively for v > 0 if the products

of O with AXA, € W27 (M) map H,%y(M) to its dual, H " (M).

We thus require
N e —s =1 =20 —(f+1)+2
ALAL HY (M) — Hyly " 202 )
which holds if
s—o<5s,
r<r'+l+(f+1)/2-1

Following the same line of reasoning shows that if we are willing to settle
for just (7.16), by contrast, we only require the milder hypotheses

s—o<s+1/2,

r<r+1+(f+1)/2-1
In fact, we claim that (7.19) suffices for both (7.16) and (7.17), with the
latter being obtained via the following subtler regularization.

This is best done by replacing u in the second slot of the pairing by a
separate factor A.su, where A is constructed just as A, but with the greater
degree of regularization ¢ = 1. Thus we have a replaced the lost half of an
edge derivative (on each factor) which obtains from assuming (7.19) instead
of (7.18) and may again integrate by parts to obtain, for v, > 0,

([0, AZ A Ju, Ay = (AL Ayu, OAu) — (Ou, AL AL A )
= (AL Ayu, Ay Ou) + (AT A, [0, Ay]u) — (Ou, A A A )

(7.18)

(7.19)

(7.20)

Now, A, — Id strongly (but not in norm) on Hj;%(M ) and on H, jl;’g* for all
s',7’; this takes care of the first and third terms. Furthermore, [(J,A/] — 0
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. s'r’ s'+1,r
strongly (but not in norm) as a map from H 'y (M) to Heb,H;l’l(M)(M)'

Thus, letting v/ — 0 shows (7.17) just under the assumption s—o < s'+1/2,
r<r'—1+1+(f+1)/2.
The Neumann case is completely analogous, except that then Lg—dual of

x = HE (M) is AU (M), We have

e72Diff2 (M) 5 0: X — HZ W 2(M) = 20+ —2x%,

es,f

Furthermore, the dual of Hg" (M) is
(Hopx(M))" = Holy ™ (M),

The rest of the argument proceeds unchanged.

Having justified our integrations by parts, we now show that we can ab-
sorb the Q;-terms in (7.16) in the positive terms (uniformly as v | 0) by
using Corollary 5.35. Thus, given 6 > 0, let U be as in Corollary 5.35; for
sufficiently small € > 0, suppa C U. For instance, by Cauchy-Schwarz,

(Qj FijaT1 Az pu, QiT* | Ay yu)| < || QT Ao qul|? + (|Q; Fij 2Tt Az yul|®
< 8(||DeT* Az yul|® + || DiFij 2Ty Az yul|?)

2 2
+ F(HUHH;TH/%(J‘H)/E(M) + HGu||Helér+l/2f(f+1)/2(M))7

where G € \Pzgl’O(M). The the ||Gu||§{1jr+1/2—(f+1)/2(M) term can be esti-

mated as (RJu,u) since

(7.21) 1Gull s rs1/2- 72 4y = 2™ 2 dr Gl 22 ag,p )

(M)

and (7" T2dy Q) (7" T2d )y G) € DiffZ W2 (M), hence in fact a
little better than R’V’ , which has weight 2r 4+ 2. Now, for F o > 0 sufficiently

large, depending on K but not on € > 0 (as long as e satisfies (7.3) and
suppa C U, i.e. € > 0 is sufficiently small), we have

Teb,0,1 (DeFijaT1) < Fo0en,1 (2 Co)
on a neighborhood of K. Thus,
1DeFij 2Ty Az, u|®
< 2F olle Ca g yull?

+F’(||a:”"*1uH?{gér+1/2,<f+l)/2(M) + HG’uH?{eléT+1/2,<f+l)/2(M)),

with G’ € \PZEI’O(M) (so the last term behaves like (7.21)). Thus, if we
choose § > 0 such that 8f gn?d < 1, the first term (for all i, ) can be ab-
sorbed in [|z71CyAg - ul|?, while the last two terms are estimated as (Rlu,u).
Essentially identical arguments deal with all the other terms with ¢; and
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Q;. In the case where @; is present on one side of the pairing only, we write,
for instance,

(QiT—1 Anyu, o™ T Fy Ag )]
< 52| QT A ul* + 6V & T iy Ag .
Using Corollary 5.35 on the first term, we have an estimate as above after

possibly reducing § > 0.
Recall that uniform finiteness of Hx_ngTl /QAWuH as v | 0 will give ab-

sence of WFZ;;/Q’T_Z_(HD/QU Nell A (as always the contribution to the
weight of (f + 1)/2 comes from the metric weight while [ comes from the
weight in the definition of the base space, X). Similarly evaluating the other
terms in the pairing, we take the extreme values of s', 7’ allowed by (7.19)
to obtain

WES /2ot =R W A = g,

and WFZ;;/Q’TH_I_UH)/Q uNWF An{z >0} =10,
and s >r+o, o€ (0,1/2]

N WFZ;%{/Z,T+1_I—(1‘+1)/2 wrell A =0,

(7.22)

or, relabeling,
WF xuNWF' A =0, WE T unWF An{z >0} =0,
(7.23) s>r+1+f/2-1,
— WF ¥ unelA=0.
Recall here that a = a., and
(7.24) 0<e<e=WF(4)NPE CellAdx NPy,

Finally, we show how to use (7.23) iteratively, together with an interpo-
lation argument, to finish the proof of the theorem. A priori we have u € X,
i.e.

00
WFeb,% U= ®’

If 0 > 1+ f/2 — 1, we may iteratively apply (7.23) (shrinking ¢ > 0 by an
arbitrarily small amount, using (7.24) to estimate the lower order error terms
Rz) starting with s = 0 and always keeping » = 0, to obtain the conclusion
of the theorem. (We choose o = 1/2 at every stage in this process, until we
are applying (7.23) with s such that s 4+ 1/2 > m, at which point we finish
the iteration by choosing ¢ = m — s so as to retain our estimates on the
wavefront set in the hypothesis region.)

However if 0 < [+ f/2—1, we may not apply (7.23) directly owing to the
lack of positivity of the commutator, and we must employ an interpolation
argument as follows. Applying (7.23) iteratively, this time with r =79 < 0
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chosen sufficiently negative that we recover 0 > rg+ 1+ f/2 — 1, shows that
we obtain

(7.25) WEI2un S =,
with S = WF’ A, for some € > 0, A, constructed as above. Let
L =sup{r’: WF:ET;u ns =0, <0}
Note that the set on the right hand side is non-empty by (7.25). We aim to
show that L = 0. To this end, note that if L < 0, then for any ' < L
WE™" un S = WES, NS = 0.

An interpolation then yields, for 6 € (0,1),

WE™ 41§ = .
Note that for any 6 € (0,1) fixed, the compactness of S implies that for
some € > e,

WERL u N WE Ay =0

still holds. If 6 € (0,1) in addition satisfies
(7.26) mé >r's+1+f/2—1
then by iterating (7.23), shrinking €’ in each step (but keeping it larger than
€), we conclude that

WFZQ;E(S unS =10,
providing a contradiction with the definition of L if
(7.27) 5> L.

It remains to check whether § € (0,1) satisfying both (7.26) and (7.27)
exists. This is evident from Figure 5, but a proof is as follows: we have
I+ f/2—1 > 0 by assumption (otherwise we are in the preceding case);
moreover m > 0 (so that the theorem is not vacuous), and [+ f/2—1<m
by hypothesis. Thus, for any ' < 0,

<l—|—f/2—1 < _m
- m-—-1r m-—r

0

/

Setting

l+f/2-1
do(r') = f/_r, €[0,1)
we see that (7.26) is an equality with § = dp(r) and that taking § € (d9(r’), 1)
yields (7.26). In particular, (7.26) is satisfied by 6 = 6(r', \) = do(')(1 + \)
for any A > 0 sufficiently small. If L < 0, we have do(L) < 1, hence the
function of ' and A given by

r5(r', N) = 1r'So(r") (1 + N)
is strictly greater than L for ' = L, A\ = 0. Hence increasing \ slightly and

decreasing 1’ slightly preserves this relationship by continuity, and these
choice of r’ and ¢ yield /6 > L as desired. O
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s=r+l+f/2-1

FiGURE 5. The interpolation argument. The figure shows
the (s, r) plane, where we plot the values for which there is no
WEF " (u) (i.e. microlocal regularity of this order holds). We
have a priori regularity of order (0,0) and wish to conclude
regularity of order (m,l’) with I’ < 0. By (7.23) we may
take a step to the right of length o for any o € (0,1/2]
provided that our starting regularity is below the line s =
r+ 1+ f/2 —1 and that our endpoint is on s < m. If we
know (m,r’) regularity, we know regularity by interpolation
on the whole line connecting this point to the origin; then
starting on the interpolation line just below its intersection
with s = r+1+ f/2—1 allows us to achieve (m, r'd) regularity
by moving to the right, thus improving the optimal weight
for which we have our estimate.

In order to verify the hypotheses of Theorem 7.3, which are stated at
points over the edge, we will employ the following geometric result.

First note that if ¢ € Hyw, then Rep, 4,1 has a neighborhood O in eb S N[
and there is a 9 > 0 such that any GBB ~ with v(0) € O; N {z > 0}
satisfies v|[_s,,0) N bS{jVMo = (). Indeed, we simply need to take a coordinate
neighborhood

O1={pe®S*M:&(p) < —/1-h(q)/2, z(p) < e1, ly(p) — y(q)| < e1,
t(p) — t(q)| < e1, |A(p) — A" (q)] < €1},

€1 > 0 sufficiently small, sincé on its intersection with {z > 0} (where **.S* M
is naturally identified with ®S*Mj), Zé}j < 0, hence Lemma 3.5 gives the
desired g (cf. the argument of Remark 3.17). Thus, such GBB 7 can be
uniquely lifted to curves 7 in ®S* M.

Lemma 7.4. Suppose that ¢ € Hyy,. There exists eg > 0 with the following
property.

Suppose that 0 < €1 < €9, and U is a neighborhood of fqusing N{t =

t(g) — €1}. Then there is a meighborhood O of Repqr NG in °S*M such
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that for every mazximally backward extended GBB ~ with v(0) € ON{z > 0}
there is an so < 0 such that y(so) € U, y(s) ¢ PSy;; My for s € [s0,0].

Proof. 1t follows from the discussion preceeding the statement of the lemma
that there is a neighborhood Oy of Rep, 4,1 and dg > 0 such that every GBB
~ defined on [—dp,0], with v(0) € Oy N {z > 0} satisfies v(s) ¢ PSj;, My for
5 € [~60,0]. As t(v(s)) — t(y(0)) = 27P(y(0))s, this implies that there is an
€0 > 0 such that for t(v(s)) € [t(q) — €0, t(q)], ¥(s) & PS5y M.

Suppose now for the sake of contradiction that there is no neighborhood O
of Reb,q,1 NG in ¢bS* M such that for every (maximally extended) backward
GBB « with v(0) € O N {x > 0}, there exists s9p < 0 with y(s9) € U.
As Repqr NG is compact, we conclude that there is a sequence of points
pn € O1 C PS*M with z(p,) > 0 (so p, can be regarded as a point in
bS*My) and GBB 7, such that

b ’Vn(o) = Dn,

e the image of -, disjoint from U,

®pp, —>pE Reb,q,[ ng.
By Corollary 3.18, {v,} has a subsequence {v,, } converging uniformly to
a GBB v such that the lift 4 of v to ®*S*M satisfies (0) = p. Thus, by
Lemma 3.13, ~ is not normally incident, so the image of v is in .F}qu,sing, and

thus intersects }'}37 qsing | {t = e1}. As vy, — 7 uniformly, for large enough &,
Yn, intersects U, providing a contradiction. Thus, there exists O such that
for every (maximally extended) backward GBB ~ with v(0) € O N {z > 0},
there exists sp < 0 with v(sp) € U. We may assume that O C O; by
replacing O by O N Oy if needed.

To finish the proof, we note that, provided €y > 0 is sufficiently small, if

7(0) € O C O1, t(y(s)) € [t(q) — €0, t(q)] implies v(s) ¢ " Sy Mo. O
Theorem 7.3 and this lemma immediately give the following Corollary.

Corollary 7.5. Let u € X = Helsl(M) solve Ou = 0 with Dirichlet or
Neumann boundary conditions.
Letm > 1+ f/2 — 1 with m > 0. Suppose that ¢ € Hwy, and qu’Sing N

WFZ{)’; u=~0. Then ebngM N WF:Z):ZE w=0 for alll' < 0.

Proof. Let ¢g > 0 be as in Lemma 7.4. As WFZZ); u is closed, leLSmg N{t =
t(q) — e0/2} has a neighborhood U disjoint from WFZ{)} u. By Lemma 7.4,
Reb,g,r NG has a neighborhood O such that every backward GBB v with
v(0) € O N {z > 0} intersects U and is disjoint from PSj;,My. By the
propagation of singularities, [34], WF:];;(U) NON{x >0} = WFE? (u) N
ON{z > 0} = 0. Note that this uses the fact that every backward GBB ~
with v(0) € ON{x > 0} intersects U and is disjoint from S}, My, for we do
not assume that w lies in a b-derivative of X as we allow arbitrary weights
at W. Thus, by Theorem 7.3, engWM N WF:Egeu = forall I’ <0. O
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7.3. Propagation at hyperbolic points within the edge. Now we con-
sider propagation within ebS;VM , away from the radial points. The propa-
gation away from OW is given by the results in [25]: on the edge cosphere
bundle over W°, we find that WFe, u = WFep, x u (with, say, X = Hels’l(M),
for Dirichlet boundary conditions, X = H ;éfo
conditions—though this is irrelevant since we are working away from 8W)
given by is a union of integral curves of Hes|es5%/M, given by (3.18), i.e.

(M) for Neumann boundary

M= &0, + K9t o, + K90 L0, — L5 6 g,
9 es g ¢ + gz Zj + gzgj 3 2 3zk glgj gk’
where, as before, hats denote variables divided by |z|, hence coordinates in
the edge-smooth cosphere bundle (which over W° is canonically identified
with the edge cotangent bundle). This leaves open only the question of how
bicharacteristics reaching 2z’ = 0 interact with those leaving 2z’ = 0, i.e. the
problem of reflection/diffraction from the boundary faces and corners of Z.
Since the propagation over the interior of W can be considered as a special
case of propagation at G \ R, (see Theorem 7.7, with no 2’ variables, i.e.
with £ = 0 in the notation of the theorem), we do not state the interior
propagation result of [25] here explicitly.

Let us thus begin by considering a hyperbolic point ¢ € ‘H given by

(728) € :()7 t =to, ¥y = yo, Zl = 07 ZN = Z(/)/7 é:é(b f’ = 7707 5, = Oa CA(/),7
in edge-b canonical coordinates. Thus, in addition to ¢’ = 0, we have
1> 52 + h(y(b ﬁO) + k(y()? Z, = 07 Zga é, = 07 é(/),)

In the special case that 2’ is a variable in R, i.e. if ¢ lies on a codimension-
one boundary face of eb, then two points in ebS;T/(M ) lie above ¢ and two

1

edge bicharacteristics in ebS;%/O(M ) contain ¢ in their closures; we denote
them 4 with the 4 given by sgn(¢¥ - 2’); we will take v+ to be only the
segments of these bicharacteristics in |2/| < € < 1 in order not to enter into
global considerations. Our sign convention is such that v+ tends toward ¢
under the forward resp. backward bicharacteristic flow. What we will show
in this case is that if u € X = Hésl(M) and Ou = 0 with Dirichlet or
Neumann boundary conditions then

y— N WFZE’?{U =0 =N WFg’%u =0 for any m.
More generally, we have the following result, which via standard geometric

arguments (see [24]) implies the propagation along EGBBs through p :

Theorem 7.6. For Neumann boundary conditions, let X = Hels’l(M), 9 =
Hs"""2(M); for Dirichlet boundary conditions let X = H;ijO(M), 9 =
Hefsl’FQ(M).

Let u € X solve Ju = f, f €. Let p € H be given by (7.28). Let U be
an open neighborhood of p in ebS;}V(M), let m e R, ' <0, and suppose that
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WEL (f)NU = 0. Then
- 7l/ 7ll
Un { Y o} NWER (1) = 0 = p ¢ WERY (u).

Thus, the hypothesis region of the theorem, in which we make a wavefront
assumption lies within the points with at least one 2] non-zero, i.e. away from
e'DSEZM, where C = {x = 0, 2/ = 0}, and with momenta directed toward
the boundary 2’ = 0.

Proof. As usual, one needs to prove that if in addition to the hypotheses
above p ¢ WFZ]:;/Q’I (u) then p ¢ WFg’fx(u), with a slightly more con-

trolled (but standard) version if m = co. So we assume p ¢ WFZ{)}S / 2’ll(u)

from now on.
For a constant 5 to be determined later, let

(7.29) 6= (l+pw
where
w= [P = A+ = Gy — wolP+e — toP+at 41 — ol +[E — G|
Then for § sufficiently small, we have
|T|71Hp¢ > 0.

Now let xp € C®(R) with support in [0,00) and xo(s) = exp(—1/s) for
s > 0. Thus, x{(s) = s72x0(s). Take x1 € C°*°(R) to have support in [0, 00),
to be equal to 1 on [1,00) and to have x| > 0 with x} € C>°((0,1)). Finally,
let x2 € C2°(R) be supported in [—2¢y, 2¢1] and be identically equal to 1 on
[—cl,cl]. Pick 6 < 1. Set

a=|rl2 " xo(M(1 — ¢/8))x1 ( > /s + 1>X2(\§’|2)'
Note that on the support of a, we have
(7.30) >G>0,

hence we also obtain

(7.31) 0<w< 22.

Thus, by keeping ¢ and §/5 both small, we can keep the support of a within
any desired neighborhood of ¢ = 0, w = 0.
We now quantize a to A € ;" (M). We claim that

(7.32) 4|0, A*A]
— B ( > DiCyD. + Ro+ > (RiDy + DL R) + ) DZ;Rz-jDZ;>B
+AWA+R'+E+F

where
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(1) B € W2 (M) has symbol

MI/275+1/25=r=15-1/21 s /XOX6

(2) Gy € \Ile_b2’0(M), and the symbol-valued quadratic form o(Cj;) is
strictly positive definite on a neighborhood of WF., B

(3) R, Ry B}, Ry e in W) (M), W (M), W (M), and W, > (M)
respectively and have (unweighted) symbols bounded by multiples

of V3(VB +1/v/B).
(4) R" € Diff%, , W _>(M), E, E' € Diff% , W (M),
(5) E is microsupported where we have assumed regularity,
(6) WeDlﬁesﬁ 12(M)’
(7) E' is supported off the characteristic set.

These terms arise as follows. Applying Lemma 5.36, we have (with Q; =
x_lng)
(7.33)  1[0,A%A ZQ LijQj + Z LiQi + Qix T L) + 272 Ly,
with
Li; € OV (M), L, Lt € WX (M), Lo € U2 (M),
Oebom—1(Lij) = 2aVija, Vij = mj(ag + 845 +20¢) + Heb sy »
Teb,2m(Li) = Oeb gm(L ) = 2aVa,

1 1
(734) ‘/,L = Z F"'zyaz; —+ 5(771285 + Heb,mi) + §mz(3§ + 8@“{)7
J

Oeb,2m+1 (LO) = 2aVpa, Vo = 2;7,85 + Heb,iL + Z miazz,"

WEL (Liy), Wy (L), WELy (L), Wy (Lo) © WEl (4).
with
(7.35)
Volo = —2¢ 20, —2(€2+ Zkz 5G] )0 = 26(r 0, +1y)

- 22 ks Ug O + > (0arka i)' ¢ 0y,

Lyi,g
‘/ij|C = —kuj((?g + 345 + 28{ + Z ZZ’kl,ij)aQ/a V;‘C = - Z kl,ijazéy
L J
First we evaluate the terms in L;; coming from terms in which V;; hits
Xo(M(1 — ¢/0)). The main contribution will be from the derivatives falling

on C’ with the rest controlled by shrinking 3; in particular,
Vij(9/0) = —2k1ij + rij
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with
|rij| < const(Bvw + Vw);

on the support of a, this is in turn controlled by a multiple of

BVS/B+/3/B.

Thus, from these two terms, we obtain corresponding terms in +[(J, A* A] of
the forms

B*() D:CyD.)B
and
B*(Y_ DyRi;D.;)B
respectively.
Similarly, terms with V; and Vj hitting xo go into the R; and Ry terms
in (7.32) respectively.
The terms arising from

Vo(a (X G/ +1))

are supported on the hypothesis region, {>_ CA]’ < 0}, hence give commutator
terms of the form z72FE above.
The terms arising from
Vo(xa(IC'))

lie off of the characteristic set, hence give commutator terms of the form
x2E' above.

The term arising from differentiating |7|°z~" gives the commutator term
AW A.

As we are interested in edge-b wavefront set, the term D7, C;; DZJ/_ is slightly
inconvenient, but we note that owing to strict positivitgl of Cj; we may
replace it by a multiple of A,//2? plus another positive term. Rewriting
A, /x? = (A, /x? + 0) — O, and noting that the first of these terms is in
x 2 Diffgb(M ) and elliptic on the hyperbolic set, we see that we in fact have

(7.36) 4[A*A,0] = R"0 + B* (C*O +3 " D%CyD. + Ry
+ > DYR; + RiDy + A'WA+ Y DyRyDy ) B+ R+ E+ F
where C;; € \Ifgf(M ) is a positive matrix of operators (this is a priori true
only at the symbolic level, but we may absorb lower-order terms in R;;).
Following [34], we find that for any F > 0,
_ 2
(7.37)  [{Row, w)| < C(VE) (VB +1/VB)l|[wl* + F || Row||” + F [|w]?,

where R, € ‘~I/e_b1 has the same microsupport as Ry, and is one order lower.
Here we have employed L? boundedness of \I’SfDO(M ), or more specifically,
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the square-root argument used to prove it (cf. [34] for details, specifically
the treatment following (6.18)). By the same token, we can estimate

(7.38) (RiDyw,w) < C(V3)(v/B+1//B) (HTlngwHQ n ||wH2>

2 —1{| p 2
—|-2F||’LUH +F RZ'DZQUJ ,

where R; € \Ile_bQ’O(M ) has the same microsupport as R;, and is one order
lower. We also compute

(7.39)
(RyDw. Dy < /8 (VE+1/V/B) ([rosDgu + [0

2 2
wor (|rangu + |rangu]) + 20 ol
—1{| p 2 —1|{| p/ 2
+F 7| B Doy F Y| B D

where R;j, R;] € \Ile_b3(M ) have the same microsupport as R;;, and are one
order lower. Although the argument is identical to that in [34], [25], we
reproduce the derivation of (7.39) for the convenience of the reader; (7.37)
and (7.38) follow by similar (easier) arguments. To begin, we note that
Ty R;; € W' (M) has symbol bounded by C(v/§)(v/B+1/+/B), hence by the

Hoérmander square-root argument
- 2
(7.40)  |TiRijull® < CVO) (VB +1/VB) Iull® + | R

with Rij as described above. Now write D w = T1T_1D_w — FD_ w; this
J J J
permits us to expand

(Bij D, Dogw) = (T RiyDogw. T Dyw) — ( RyyDygw, FDyw).

The first term on the right may be controlled, using (7.40) and Cauchy-
Schwarz, by the RHS of (7.39); the second term may also be so estimated

2
by again applying Cauchy-Schwarz and absorbing HF DzéwH into a term

- 2 .
HRQJ-DZ;wH with appropriately enlarged Rj;.
Now we turn to making our commutator argument. Let u be a solution
to
Ou=f

with Dirichlet or Neumann boundary conditions. Choose A, € ¥_'(M)
converging to the identity as v | 0 as in §7.2. Note that by making A, €
¥ (M), we are combining the roles of the regularizer A, € ¥ 7(M) in
§7.2, required for obtaining an improvement over the a priori assumptions,
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and the regularizer [\7/ used to justify the pairing argument, see (7.20). Let
A, = A A with A constructed as above. As before, we have

(7.41) 0, AT A,] = A%[0, A" AJA, + A% [0, AZA A + R,

with R uniformly bounded in DiffZ, , W2 T22 (M) (hence lower order), and
where

[0,A%A,] € Diff, , W 12(M)

es,f

is uniformly bounded, and in fact
[O,AZA] = AW, A,

with V~V7 uniformly bounded in Diff? \Ile_bl’Q(M), cf. (7.14).

es?ﬁ
Now we pair A3 A, with u. Letting B, = BA,, provided integrations by
parts can be justified, we have

(7.42) (AOu, Ayu) — (A, A,Ou)
_ * _ 2 . , ,
— (434, OJu,w) = |CByul* + Y (CiyDey Byu, Doy Byu)
+ (RoByu, Byu) + Z <ngBvuv RZ'B—YU> + <R§B,yu, ngBvu>
+ > (D Ry Byu, Dy By ) + (Ws Agu, Ayu) + (R + By + Bl Ju, u)

where W, is uniformly bounded in Diff? \I/;bm(M ) and comprises both the

es,ﬁ
W term from above and the term containing [[J, AZA,]. The integrations by

parts may by justified, for any v > 0, if

(7.43) WES L unWE A =0
whenever
s—1<4d, rSl'—i—l—i-(f;Ll)—l

since then the products of [J with A3A, map H;;gs(M ) to its dual (as
required in the Neumann setting), as well as mapping Hsb’laj(M ), 9 =
HM (M), to its dual (as required in the Dirichlet setting). We take s’ =

es,0
m—1/2, hence s =m+1/2, and r =1"+1+ @ — 1 here, and note that it
suffices to have the microlocal assumptions (7.43) rather than global assump-

tions in view the microlocality of \I/ébM ), see Lemma 5.15 and Lemma 5.16.

We now examine the terms on the RHS. The first two are positive. To the
third, we apply (7.37), with w = Byu: if 6, §/3, and F are sufficiently small,
we may absorb the first and third terms on the RHS of (7.37) in ||CByul|,
while the lower-order second is uniformly bounded by our wavefront as-
sumptions. Likewise, applying (7.38) and (7.39), we may choose F,d, 3 so

as to absorb terms involving / and (v6)(v/B + 1/v/B) in ||z~'CByu %
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the f~! terms, as they are lower order, remain bounded. Moreover, as

Xo(s) = s~2e~1/3 for s > 0 and vanishes for s < 0,
M2(1 — ¢/8)*xp(M(1 = ¢/3)) = xo(M(L — ¢/3)).
Thus,
|T\1/2x_1a

= |22 IM(L = 6/8) /X0 (M(L = 6/6))x6(M(1 - 6/0))
(D280 + 1) (1P)

= MY2612(1 — ¢/6)b < 2MY/251/2p

as ¢ > >.(/ > —4 on suppa. We deduce that |7y joxt Ayul| can be esti-
mated by 4M'/25'/2||C'B.ul| plus lower order terms, and hence, for M chosen

sufficently small, we may absorb the W, term in ||CB,ul|.
Finally we consider the LHS of (7.42). We have

(7.44)
(A, Ou, Ay < (T o)Ay Dl |13 o2~ Ayull + (e A, Du, 2~ F A
< FTUT o) 2 Ay Dull? + F o[ Ty Al + (A, D, 2~ F Aqu|

with F' € ‘Ile_bl’O(X), hence = 'F A, uniformly bounded in \Iligl’TH(M),

s,r—1

x A, uniformly bounded in W2 (M), so as s =m+1/2, and r =1' + 1+
@ — 1, the last term is uniformly bounded by the a priori assumptions.
Similarly, [[(7_;/2)*rA,Oul| is uniformly bounded, as (T~/2)*z A, is uni-
formly bounded in \Ilzgl/z’r_l(M), while ||T} 5271 Ayul|* can be absorbed in

|CB,ul|® (for F 1 sufficiently small) as discussed above.
The net result is that

e~ CBu, |
remains uniformly bounded as 7 | 0. Noting that CB, — CB strongly (cf.
the proof of Lemma A.3), CB € \IIZE)AQ’TH(M) is elliptic at ¢, s = m+1/2,

and r =1'+1+ @ -1, X = Hels’l(M), we can complete the proof in the
standard manner. O

7.4. Propagation at glancing points within the edge. Let ¢ € G\R¢p
be given by

~

z=0,t=ty, y=yo, £ =0, 2’ =2, E=&, H=1n, =0, {"={.
Asqeg,
& + h(yo, M) + k(y,2,{ =0,{7) = 1.
As g ¢ Rep,
€2+ h(yo,70) < 1,
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0 A(’)’ # 0, and h(yo,70) < 1, s0 web(q) € Hw,p. We will let IT locally denote
the coordinate projection onto the variables

(€, 2", {");
Let W be a homogeneous vector field equal to Vj (from (5.19)) at ¢, and

extended in local coordinates to a constant vector field in (€, 2", ("), i.e., to
be a vector field in these variables only, with constant coefficients.

Theorem 7.7. For Neumann boundary conditions, let X = Helsl( M), 9 =
H"'"2(M); for Dirichlet boundary conditions let X = es0( ), Y =

Let u € X solve Du= f, f €. Let ¢ € G\Rep be as above, and suppose
that m € R, I' <0, and q ¢ WFZ{)—’;’Z,(]“).
There exists 69 > 0 and Cy > 0 such that for all 6 € (0,09) and 5 €

(CO(Sa 1)7
(7.45)
Seb N {g': [T(q) = T(g) — dW| < 3B, |2/(¢)] < 68} NWFIu =0

:>q¢WFebxu

Remark 7.8. Here the interesting case is taking S as small as possible, i.e.
O(8), to localize in a O(62)-ball around I1(q) + W, which is what makes the
proof of propagation of singularities result possible (by eventually letting
d — 0). The statement of the theorem may be vacuous for /3 large.

Proof. Below we will choose dy > 0 sufficiently small so that WFZ%E ’l/( f)is

disjoint from a dg-neighborhood of ¢ (see the discussion before Lemma 5.34).
Let k£ be the codimension of the face over which q lies. Let ps,_or be the
degree-zero homogeneous function with

p2n—2k|W = 7-_2]~I|V~[/>

with % as in Lemma 5.30; note that pgn_gk(q) = 0 by (3.22) and dpa,—2k(q) #
0 since at least one of the deH( ) P df}’(q) components of dpa,_ok(q) is
non-zero, in view of the quadratic nature of 72(1 — pa,_2) in the fibers of
the cotangent bundle and (3.22) and ﬁé’ # 0 as observed above. We remark

that, with Vj as in (5.19),
Vopan—aklyi = 0.

Note that ®*S* M has dimension 2(n +1) — 1 = 2n 4+ 1, thus, with C = {z =
0,2 =0}, GN S5 M has dimension 2n + 1 — 2k — 2 = 2n — 2k — 1 in view
of (3.22). We proceed by remarking that

(Wa)lyy = 0, (Wy;)ly, =0, (W)l =0, (Wi)lyy =0,
so t, y;, N; give 1 +2(n — f — 1) = 2(n — f) — 1 homogeneous degree
zero functions on *®T*M (or equivalently C* functions on ¢®S* M) whose
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restrictions to gnebng have linearly independent differentials at q. We let
p2,- .., Pan—2f be given by these functions, and let p; = x. We next remark
that, in the notation of (5.11),

Wé(Q) - _2k2($ - O,y(),Z/ = 0726/)7 A(/)/) <0

as (o # 0, hence W(q) # 0. Further, we let pj,j=2n—-2f+1,...,2n —
2k — 1, be degree-zero homogeneous functions on *®T*M (or equivalently
C> functions on ®®S* M) such that d(palg), ..., d(pan_2r_1|g) have linearly
independent differentials at ¢, and such that

Wpj(q) = 0.

Such functions p; exist as G N e'DSEJM has dimension 2n 4+ 1 — 2k — 2 =
2n—2k—1, so the 2n—2f —1 functions ps, ..., p2,—25 can be complemented
by some functions po,—2741,-- ., pen—2k—1 to obtain 2n — 2k — 1 functions
whose pullbacks to G N ebSE‘;]W have linearly independent differentials and
which are annihilated by W at ¢, for the space of such one-forms is 2n —
2k — 2 dimensional. Thus, by dimensional considerations (using W(q) # 0),
{dpjlg(q) : j = 2,...,2n — 2k — 1} spans the space of one-forms on G

annihilated by W(q), and dps, . .., dpan_ok_1 together with d(€|g — &) span

T*G. Let
2n—2k—1

w= D P
j=1
then keeping in mind that |z| < wé/z, and with Vp, Vi, Vi; as in (5.19),

717! Vowol S v@o(v/wo + I€ = &ol + [2']),
Vico| S vwor <wo, |7 [Vijwol S Vo,
by (5.19) and (5.17). Note also that
717 Vol P S 121(12'] + )
VilZ' Pl s 121 Inl|Vile 1P| S 12T
Let w = wp + |2'|%. Then
(7.46)
T[T Vowl S Ve(Vw € =bol),  Viwl SV, 7] [Viw| S Ve
Let

p=&—& +

%w

By (5.20),
1717 Vol + 2> ko ¢ S & < w2,

(7.47) ij

Vi€l S (17| +2) Sw'?, || [Vigé] S 1.
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In particular, as E()’ # 0,
[T Vol < —eo + Clw'?,

for some ¢y > 0, C] > 0.
Set

a = |1z~ xo(M(2 — ¢/8))x1((€ — &0 +6)/65 + 1)x2(I¢'*).
We always assume for this argument that 8 < 1, so on supp a we have
p<25and £ — & > —B5 — 8 > —20.

Since w > 0, the first of these inequalities implies that é — 50 < 24, so on
supp a

(7.48) € — &o| < 20.

Hence,

(7.49) w < B26(26 — (€ — &) < 46252
Moreover, on supp dx1,

(7.50) §— & €[—6—ps,—4, w'? <285,

so this region lies in the hypothesis region of (7.45) after 5 and § are both
replaced by appropriate constant multiples.
We now quantize a to A € ;" (M). By Lemma 5.36,

(7.51) |, AT A] = Z Q:Liij + Z(l‘_lLiQi + Q;‘I‘_IL;) + x_QLo,
with
Lij € W21 (M), L, L} € W2 (M), Lo € U2 (M),
Oeb,2s—1(Lij) = 2aVija,
(7.52) b2a-1(Lsj) 7
Oeb,2s(Li) = Oeb2s(L;) = 2aVia, oep2s41(Lo) = 2aVpa,
WEL, (L), WEL (L), WEL, (L), W, (Lo) © WE,(A),
with V;;, V; and Vj as above, given by (5.19). Thus, we obtain
(7.53) [0, A*A]

_ * * * . , . , */ / */ . ,

= B*(C°C+ Y DYCyDy + Y (RiDy + Dy RY) + > DYy RyyD., ) B

+ A WA+R'+E+F

where
(1) B € W2 (M) has symbol

M1/2|7_|erl/23/,71"71571/2X1X2 /XOX6

(2) C € \IIS{)O(M ), has strictly positive symbol on a neighborhood of
WF’, B, given by (—Vy$)'/? near WF/, B,
(3) Ci; € \IfgbZ’O(M), (Cij) positive semidefinite,
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(4) R;, R}, R;j are in \IJ&)I’O(M), \If;bl’O(M), and \IIQ)Z’O(M) respectively
and have (unweighted) symbols r;, 75, ;; with

(7.54) 7| 7l |7 7l |72 i) S 178,

5 W e Dlﬁfesti *Q(M),

6) R” € Diff2,, w_>°(M), E, E' € Diff% , 0 (M),
) Eis mlcrosupported where we have assumed regularity,
) E’ is supported off the characteristic set.

These terms arise as follows. By (7.46), (7.47), (7.48), and (7.50),

(
(
(7
(8

A s 1
Voo = Vo(f - 50) + @wa

1 N
+ %walﬂ (w1/2 + 1€ = &ol)

< —¢p+2(C1 + C{’)(5+ g) —co/4 < 0.

< —cp+ Clw!/?

16(C1+CY)

provided that § < W ﬁ > ——4—1 ie. that § is small, but 3/4 is

not too small—roughly, 8 can go to 0 at most as a multiple of § (with an
appropriate constant) as § — 0. Recall also that 8 < 1, so there is an upper
bound as well for 8, but this is of no significance as we let 6 — 0. Thus,
we define C' to have principal symbol equal to the product of (—Vogb)l/ 2
times a cutoff function identically 1 in a neighborhood of supp a, but with
sufficiently small support so that —Vy¢ > 0 on it. Thus, the Lg-term of
(7.51) gives rise to the C*C term of (7.53), as well as contributing to the
E and E’ terms (where x7 and y2 are differentiated), W (where the weight
|7]°2~" is differentiated) and the lower order term R”.

Similarly, the L;, L; and L;; terms in which V; or V; differentiates xq or
2 contribute to the E and E’ terms, while those in which they differentiate
the weight contributes to the W term, so it remains to consider when V; and
Vi, differentiate xo. As we keep 5 < 1,

Vig| < |Vi€| + [Viw| S 1+ (820) w2 <1+ 871 <87 Vil S B

which thus proves the estimates on the terms arise this way, namely R;, Ré,
R;;, above.

We now employ Lemma 5.34 to estimate the ng terms as in the proof of
Theorem 7.3. Note that we are using the finer result, Lemma 5.34, rather
than its corollary here (unlike in Theorem 7.3), to obtain better control over
the constant in front of the D, terms as we shrink § and 5. The important

fact is that G N ebSéM is defined by po,_9r =0, z =0, 2/ =0, and
P2n—2k, T, ’Z/| 5 w1/2 < 25ﬁ

on the wave front set of Cjj, R;, R}, R;;. Thus, we can apply Lemma 5.34
for a C18-neighborhood of a compact subset of G. Noting that zD,T_1 €
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\PS{)O(M ), we conclude that, with B, = BA,, and for Neumann boundary
conditions,

Z HDZQT—IB”/UJHQ < CyC1 56| Byul)® + CQ(u, Gu, Gu)

~ 2 2
(755) Q(ua Gu7 GU,) = HuHHelsyrf(ffl)/Q(M) + ”GuHHelsvT*(ffl)/Q(M)

+ ||DU||ZQ—SM—(f+3)/2 + HGDUHEQ—SM—(HW%

where G € \I/Z{DO(M), G e \I/le_l/z’o(M) (independent of ) with wave front
set in a neighborhood of supp a. For Dirichlet conditions we simply replace
HY U0 (0) by Hyly V(00
and
Hefsl,rf(erS)/Q(M) by Hefsl,rf(f+3)/2(M).
Note that by (7.54) we have for all w € L?,
I3 Rfwl| < Cof™H|wl]| + || Rowll, Ri € (M),
with R; having the same microsupport as R;. But
[(RiD; Byu, Byu)|
< KR D, T-1Byu, Byu)| + [(Ri[T1, D ]T-1 Byu, Byu)|
< | DT Byl |5 R} Byul| + [(RiByu, Byu)|, Ry € Diff W0 (M),
and \(RZBVU, Byu)| can be estimated by the inductive hypothesis, while
1D Ty Byul| [[TY B} Byul|
< (CoC138) 2 Cop™" | Byul* + CV2Q(u, Gu, Gu) 2| Byl
< Co(CoCr8/B) || Byul® + F 7' CQ(u, Gu, Gu) + || Byul*.

As F > 0 is freely chosen, the main point is that if §/5 is sufficiently small,
the first term can be absorbed into ||C'B,ul|?, for the principal symbol of C'is
bounded below by (co/4)/? on suppa. Since the R} term is analogous, and
the R;; term satisfies better estimates (for one uses (7.55) directly, rather
than its square root, as for R;), the proof can be finished as in Theorem 7.6.

U

Finally, applying arguments that go back to [24, Section 3 and Proof
of Theorem 5.10], see [14, Proof of Proposition VII.1] and [34, Proof of
Theorem 8.1] for the setting of manifolds with corners, we may put together
Theorems 7.6 and 7.7 to obtain propagation of edge-b wavefront set along
EGBBs over the edge face:

Theorem 7.9. For Neumann boundary conditions, let X = Helsl(M)
Hi"'""2(M); for Dirichlet boundary conditions let X = Hels’fO(M),
H,;sl’l*Q(M).

;Y =
9 =
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Let u € X solve Du=f, f €%). Then for all s € RU {00}, I’ <0,

((WFZi%(U) \WFZJ%Z () NLSE M) C %

is a union of mazimally extended EGBBs in °Y \ WFZglg)’l/(f)

8. PROPAGATION OF FIBER-GLOBAL COISOTROPIC REGULARITY

We now state a microlocal result on the propagation of coisotropy. The
result says that coisotropic regularity propagates along EGBBs provided that
we also have infinite order regularity along all rays arriving at radial points
in G.

Theorem 8.1 (Microlocal propagation of coisotropy). Suppose that u €
HE (M), Ou = 0, with Dirichlet or Neumann boundary conditions (see
Definition 5.20), p € Hw,,. Suppose also that

(1) qc (,Heb%p,b N Reb,O) \ebS;WM;

(ii) w has coisotropic regularity of order k € N relative to H™ on the

coisotropic fR in an open set containing all points in ]-"}3 N{0 <

reg »P,reg

x < 0} that are geometrically related to fg‘?q.
(iil) WF,(u) VR g = 0-
Then u has coisotropic reqularity of order k relative to H™ for all
m' < min(m,l + f/2)

on fg’reg, in a neighborhood of ‘ng,)q,reg'

Proof. The second numbered assumption and propagation of WF, through
incoming radial points, Theorem 7.1 part (1), implies that along EGI?BS in
the backward flow of ¢ which pass through Rep, 1\G there is no WFZ{)’Z, with
[ = min(l,m — f/2 —0).
In view of Theorem 7.3, the third assumption gives the same along EGBBs
in the backward flow of ¢ which pass through Rep, 1 NG. Thus, near ¢, but on
the EGBBs in the backward flow of ¢, there is no WF:;’Z at all. Propagation
of singularities through ¢ (Theorem 7.1 part (2)) then gives no WEF,™,
m = min(m,l + f/2 — 0), on the flow-out. Substituting in I, we see that
m = min(m, !+ f/2 — 0), giving no WFZ”b,’l. Thus in « > 0, near the flow
out, there is no WFm/, which gives the case k = 0.

We now turn to the general case, k # 0. To begin, note that assumption ii
and Theorem 7.1 imply that in fact we have coisotropic regularity of order

k relative to Hg;’l at all ¢ € Rebp,r that are connected to ¢ by an EGBB.

This in turn yields absence of WFZéJrk’l in a neighborhood of each such ¢ in

ebS;}/M , as the operators in A are all characteristic only at the radial points

over W. By Theorem 7.9 followed by the second part of Theorem 7.1, we
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then achieve coisotropic regularity of order k relative to H¢" at q, hence in
a neighborhood as well. O

Corollary 8.2. Suppose that u € Hgs’l(M), Ou = 0, with Dirichlet or Neu-
mann boundary conditions, p € Hwy, k € N. Suppose also that
(i) w has coisotropic reqularity of order k relative to H™ on the co-
1sotropic ereg in a neighborhood of ffeg’)’reg,
(i) WFy,(u) N Fy 0.

,I,sing =
Then u has coisotropic reqularity of order k relative to H™ for all
m' < min(m,l + f/2)
on fg’reg in a neighborhood of f(B’p’reg.

Finally, we prove that the regularity with respect to which coisotropic
regularity is gained in the above results is not, in fact, dependent on the
weight [ :

Corollary 8.3. Suppose that u € H'(My), Ou = 0, with Dirichlet or Neu-
mann boundary conditions, p € Hwy, k € N, € > 0. There exists k' (de-
pending on k and €) such that if

(i) u has coisotropic regularity of order k' relative to H® on the co-
1sotropic f?reg in a netghborhood of FRp,reg’ and
(i) WFL(u) N F 1 ging = 0,
then uw has coisotropic regularity of order k relative to H*™¢ on ]-'87 mn a

reg
neighborhood of fg,p,rog'

Proof. Consider Dirichlet boundary conditions first. Then
1,1-(f+1)/2
(S Hes,(] (e (M)

Thus, by Corollary 8.2, u has coisotropic regularity of order k&’ relative to'*
H™ ¢ m < min(s, 1/2) on fg‘?reg near fg'?pyreg, strictly away from oM.

On the other hand, by the propagation of singularities, [34, Corollary 8.4],
u is in H?® along ]fg’p. Hence the theorem follows by the interpolation result

of the following lemma, Lemma 8.4.

Consider Neumann boundary conditions next. Then u € HY~ Y/ 2(M )
so by Corollary 8.2, u has coisotropic regularity of order k' relative to H™ ¢,
m < min(s,—1/2) on f87reg near .Fg,p?reg, strictly away from OM.

Proceeding now as in the Dirichlet case, using [34, Corollary 8.4], we
complete the proof. O

9

Lemma 8.4. Suppose that u is in H® microlocally near some point q away
from OM , and it is coisotropic of order N relative to H™ near q with s > m.

Hap improved version of the argument, using powers of J; to shift among Sobolev
spaces, gives coisotropy of order k' relative to He~1/2¢,
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Then for e > 0 and k < (eN)/(s—m), u is coisotropic of order k relative to
H%™ ¢ near q.

In particular, if u is in H® microlocally near some point q away from OM
and u is coisotropic (of order o) relative to H™ near q with s > m, then u
s coisotropic relative to H*€ for all € > 0.

Proof. If Q € WO(M) and WF'(Q) lies sufficiently close to ¢, then the hy-
potheses are globally satisfied by v/ = Qu. Moreover, being coisotropic,
locally F¢b can be put in a model form ¢ = 0 by a symplectomorphism
® in some canonical coordinates (y,z,7,(), by [10, Theorem 21.2.4] (for
coisotropic submanifolds one has k =n — [, dim .S = 2n, in the theorem).15
Further reducing WF’(Q) if needed, and using an elliptic Oth order Fourier
integral operator F' with canonical relation given by ® to consider the in-
duced problem for v = Fu' = FQu, we may thus assume that v € H®, and
D%y € H™ for all a, i.e. (D.)Nv € H™. Considering the Fourier transform
0 of v, we then have (n,¢)*o € L2, (n,{)™(¢C)No € L2. But this implies
(n, C)mO+s(0=0)((\NO; ¢ L2 for all § € [0,1] by interpolation (indeed, in
this case by Holder’s inequality). In particular, taking 6 = (¢)/(s — m),
(n,¢)*=¢(¢)k € L% if k < (Ne)/(s —m), and the lemma follows. O

9. GEOMETRIC THEOREM

The final essential ingredient in the proof of the geometric theorem is
the dualization of the coisotropic propagation result, Corollary 8.3. Before
proving such a result, we first make a definition analogous to Definition 5.12,
but for the b-wave front set. This relative b-wave front set was used in [34]
to describe the propagation of singularities on M.

Definition 9.1. Let X C C~°°(M)) denote a Hilbert space on which, for each
K C My compact, operators in \II?)(MO) with Schwartz kernel supported in
K x K are bounded, with the operator norm of Op(a) depending on K and
a fixed seminorm of a.

For m > 0, let

H{% 10c(Mo) = {u € Xioc : Au € Xioc for all A € UT'(Mp)}.

Let ¢ € PS*My, u € Xjoc. For m > 0, we say that ¢ ¢ WFL”x(u) if
there exists A € W*(M) elliptic at ¢ such that Au € Xj,.. We also define
q ¢ WFXy(u) if there exists A € W) (M) elliptic at ¢ such that Au €
Hg 1oc(Mo)-

Theorem 9.2. Letu € H_ 7, (Mo) satisfy the wave equation with Dirichlet
" “loc

or Neumann boundary conditions. Let p € Hywp, and w € ngp?reg.
Suppose k € N and € > 0. Then there is k' € N (depending on k and €)

such that if WFy,(u) N ]:Rp?smg = () and u is non-focusing of order k relative

15Roughly speaking, y would correspond to the coordinates (z,y,t) on M, while z
correspond to the fiber variables z on M; this is literally true in a model setting.
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to H® on a neighborhood of ]-"}’ n ]:}’7

poreg then u is non-focusing of order
k' relative to H5™¢ at w.

reg

Remark 9.3. The essential idea of the proof is as follows. Our results on
propagation of coisotropic regularity show that coisotropic regularity en-

tering the corner along ]-"}Dp reg’ together with smoothness at ]-"}Dsmg, imply

coisotropic regularity along fg,p,reg' In other words, regularity under appli-

cation of A% (in the notation of §6) along ]:}),pmeg

ness along singular incoming rays, yields regularity under A% along fg,p,reg'
Heuristically speaking, the dual condition to our incoming regularity hypoth-
esis is that of lying in the sum of the ranges of the operators A%, R, where R
is an operator of high order microsupported near }"prsing. By time reversal

together with smooth-

and duality, we thus find that the condition of nonfocusing along }'}’J)Jeg,
i.e. lying in the sum of the ranges of the A%’s microlocalized there, plus
arbitrary bad regularity near ]-"Rp’smg, leads to nonfocusing along .Fg,p’reg.

The difficulty in implementing this plan is primarily in rigorously making
the duality arguments on spaces of coisotropic wave equation solutions. The
reader familiar with [25] will note that the arguments used here are consid-
erably more intricate than those in Section 13 of [25]. The reason for this is
two-fold. First, the identification of the dual spaces, denoted H;* in [25], was
not fully explained and indeed somewhat flawed. (In particular, we note that
the identification of the dual space of coisotropic distributions that are also
wave equation solutions requires some effort.) These defects are remedied in
the current treatment, in which we use the results on duality from Appen-
dix A to identify the duals of coisotropic distributions, together with results
on the inhomogeneous wave equation. Second, difficulties are present in the
corners setting that did not arise in [25]; in particular, we must identify ad-
joints with respect to the elliptic Dirichlet form of operators microsupported

eb . . . .
on Fi ing- This requires some functional analytic care.

Proof. We assume s < 0 to simplify notation; we return to the general case
at the end of the argument.

Let T" = t(p), and choose Ty < T < T sufficiently close to T". Let x
be smooth step function such that x = 1 on a neighborhood of [T, oc] and
X = 0 on a neighborhood of (—oo, Tp]. We find that

V= XU

satisfies Ov = f with f = [0, x]u, and v vanishes on a neighborhood of
(—o00,Tp] x X. Thus, we write

D;l f=w.
By propagation of singularities, [34], only singularities of f on .F}”p affect

regularity at w, i.e. if ]-'Ep N WFEJFI&lFl(MO)(f) = () then w ¢ WEP 110 (W)
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hence in particular w is non-focusing of order 0 relative to H*T!. Thus,
Qo € UD(My), WF'(Id—Qo) N F7, NS, My =0

supp dx
= w ¢ WFy, 1) (37 (1d = Qo) f)),

so it suffices to analyze Dll(Qo f). We choose WF'(Q) sufficiently small
such that

q € WF'(Qo) = either ¢ ¢ WF,(f) or
f is non-focusing of order k at ¢ relative to H*™1;

this is possible by our hypotheses. We may thus replace f by fo = Qof,
assume that fy is the sum of a distribution that is non-focusing of order
k relative to H*~! and is supported in M;§ plus an element of Hfle (Mo)?
and show that DI_I fo is non-focusing at w of order k' (for some k' to be
determined) relative to H*™¢.
Let
Ty <To <T) <Tj.

We regard [Tp,Ti]| as the time interval for analysis, but we enlarge it to
[T}, T}] in order to be able to apply some b-ps.d.o’s with symbol elliptic for
t € [Ty, T1] to elements of our function spaces. (The ends of the interval
would be slightly troublesome.) We define a Hilbert space X to be

x = H([T3, T) x Xo)
in the case of Neumann conditions, or

x = HY(T3, T{) x Xo)
in the case of Dirichlet conditions, where 0 indicates vanishing enforced at
[T}, T{] x X, (but not at the endpoints of the time interval). Let X* be the

L;—dual of X.
We further let

()
To<To<ty<to<T <t <th <Ty
such that supp dyx C (to,T). )
(i) xo € C*°(R) such that supp(1—xo) C (T, +00), supp xo C (—00, ).
(iii) Uy be an open set with Uy C {t € (¢, T)}, Uo N f}”sing = ) and
WFb,_’{* (fo) C Uy. o o
(iv) gﬁ be a neighborhood of w with 2 C {t € (T,t})} and Uy NFP . =
(v) Bo, By € U9 (M) with
WEF'(B;) C U;, w ¢ WF'(Id—By), WF'(Id —By) N WFy, x«(fo) = 0,

and with Schwartz kernel supported in (tf,})? x X2.

(vi) A;,i=1,..., N, denote first-order pseudodifferential operators, gen-
erating M as defined in §6, but now locally over a neighborhood of
Uy Uy in M°, and with kernels compactly supported in M°.
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(vii) T, € ¥y (M) with elliptic principal symbol on [Ty, T1] x Xo with
Schwartz kernel supported in (T}, 77)? x (X¢)2. Thus, T, can be
applied to elements of X and X*.

Now suppose that we are given r and ¢ > 0. Then, with k£ as in the
statement of the Theorem, Corollary 8.3 gives a k' = k'(r, ¢, k) using s = r in
the notation of that corollary. We let ) be a space of microlocally coisotropic
functions on ell(Bj) relative to X* which are in addition extremely well-
behaved elsewhere (they will be finite-order conormal to the boundary) in
{t > t(}, but are merely in Hé’%* for ¢t near Tp: Let N > r > 1+ € and set

P={pex*:
T (1~ By — xo)l3 + [Tixowl3 + 3 ITA° By < oo},

o <k’
Thus,
P €Y = WF . () € WF'(B1) UPSE 00 0 Mo,
and
(9.1) 11 212 1S S Ylly

for 1) supported in [Ty, T1] x X (where the Ty are elliptic).
Also, let 3 be the space of microlocally coisotropic functions on ell(By)
relative to X (and just in X elsewhere):

3={¢peX: Y |T1-A"Byo|} < oo}.
|| <k
Note that as discussed in Section 6 (in particular, Lemma 6.9)
3 =X+ ) T, A"BoX",
o] <k
so by our assumption on fy, fo € 3%, provided —(r —1—¢) —1<s—1, i.e.
provided!® » > —s + 1 + €. Moreover, if vg € *, then

(9.2) v €X+Ty(Id—By — x0)X + TixoX + Y  T.A*BiX.
|| <K’

In particular, as w ¢ WF'(Id—B; — xo) U bS:uprOMo, vo is non-focusing
—r+1

at w of order k' relative to H , hence relative to H*~¢, if we actually
choose r = —s+1+e.

For I C [Ty, T1], let Dy denote the subspace of Hp% consisting of functions
supported in I x X, & denote the subspace Hﬁox* consisting of functions

supported in I x X, so I : DI — 51 is continuous, D] C 3, 51 C 9) are
dense with continuous inclusions. Also let D =Dy, £ =& for I = (To, Th).
Finally we also let 37 be space of restrictions of elements of 3 to I, and

16Note that for such r, r > 1+ € as required above, since s < 0.
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analogously for 2);. Then, as we will prove in Lemma 9.4'7, Corollary 8.3
implies that

(9.3) ¢ €D = |¢l3 < C||T¢|ly,

where vanishing for ¢ near 73 is used. In fact, we prove a somewhat more
precise statement:'®

Lemma 9.4. For 1 € [Ty, T1), 7' > T,
(9.4) beD = 8l3,,.., <Cl06ly,

T, T1]°

PROOF OF LEMMA: Recall first that by standard energy estimates (taking
into account the vanishing of ¢ near T1)

(95) ¢ €D = llgllxyr, <106l +ID:06]x: . < 108lly, -

[7,T1] ~

Thus, we only need to prove that for || < K/,
||T7°7176AQBO¢HX[T/7T1] S HDQbHQ[T,Tl]'

If O¢ is supported away from OM, then this follows from Corollary 6.12
and Corollary 8.3. In general, let Q € W(M) be such that WF'(B1) N
WF/(Id —Q) = (), and @ has compactly supported Schwartz kernel in (M°)2.
Then Q¢ has support away from dM, so

(96) |1 Tr-1-eA*BoOZH QD) I, ) S 1Q0My, 1y S 106lly, 1,

where 0”1 denotes the backward solution of the inhomogeneous wave equa-
tion. On the other hand,

104 =@)06 . aty S 106l
so by propagation of b-regularity [34],
IO Q)0 71 agp) S 106l 1y
hence the much weaker statement

00 |To1e A B0 (14 -Q)0d)lx,., ., S 106y,

also holds. Combining (9.6) and (9.7) proves (9.4). This concludes the proof
of Lemma 9.4, and hence of (9'.3) as well.
In particular, recalling that D = D(g; 7y, (9.3) shows that for ¢ € Rang, [J

there is a unique ¢ € D such that ¢ = O¢; we denote this by ¢ = O~ 1.
Thus,
10~ < Cllelly, ¢ € Rang O.

1TThe only reason for Corollary 8.3 combined with Corollary 6.12 not yielding the
result immediately is that Corollary 8.3 is stated for the homogeneous wave equation.
This suffices for our purposes as we only require inhomogeneities that are very regular
near the boundary, hence the propagation result of [34] is adequate.

I8Notice that ¢ is merely supported in (T, T}) here; not in (7,T1), which would be
(9.3) on [1, T1], except for the loss of going from 7’ to 7.
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Now consider the linear functional on Rang [ given by

d} = <f0a D_1¢>7 @Z} € Raan,

which satisfies
[(fo, D7) < |l foll3+ 11O %l15 < Cll foll3I¥lly, ¥ € Ranp O,

This has a unique extension to a continuous linear functional ¢ on Rang, [,
the closure of Rang [ in 2).

If we used the Hahn-Banach theorem at this point to extend the linear
functional ¢ further to a linear functional vy on all of ), we would obtain a
solution of the wave equation Ovy = fo on (Tp, 1), as (vg, ¢) = (v, Hop) =
(fo, ) for ¢ € D, which is indeed non-focusing at w, but we need not just
any solution, but the forward solution, Djrl fo- So we proceed by extending
the linear functional ¢ to a continuous linear functional L on

(9.8) Raano,t,l) O+ Eap )

first, in such a manner that the extension is £ on the first summand and
vanishes on the second summand. If we actually have such an extension,
then we can further extend it to all of ), then vanishing on the first summand
shows that it solves the wave equation on (7p,t}), while vanishing on the
second summand shows that it vanishes on (7p,t(), so its restriction as a
distribution on (Tp, t;)) is indeed D;l fo. In order to obtain such an extension
we show:

Lemma 9.5.

(i) ¢ vanishes on the intersection of the two summands, so L is well-
defined as a (not necessarily continuous) linear map,

(ii) The subspace (9.8) of Q) is closed, and given an element 1+ p in the
sum, there is a representation™® ¥+ p of Y+ p as a sum of elements
of the two summands such that one can estimate the 2)-norm ofzﬁ
and p in terms of ¥ + p.

PrROOF OF LEMMA: We start with the statement regarding intersection of
the summands in (9.8). Thus, we claim that if

supp fo C [to, t1] x X,
then
(9.9) (NS RanD[TO " O and supp v C (Tp, t) = £(¢p) = 0.
251

To see this let ¢; — ¢ in ), ¢¥; = Oo;, ¢; € D[Tg,t’l]~ Then {¢,} is Cauchy
in 9), hence {¢;} is Cauchy in 3 by (9.3), hence converges to some ¢ € 3.
By the support condition on ¢;, supp ¢ C [Tp,t}]. As O¢; — O¢ in X* (for
0O: X — X* is continuous), and O¢; = 1; — 1 in ), hence in X*, we deduce

198ince the intersection of the summands is non-trivial, this can only be true for some
representation, not all representations!
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that ¢ = O¢, i.e. O¢ is supported in (Tp,t,). Thus, ¢j|(t(),T1) — 0 in the
2) topology hence ¢, ) — 0 in the 3 topology using (9.4) with 7 = t,
7/ = tg, so, by the support condition on f,

(o831 < Ifollss, . 195134 0y = O,

so we deduce that (fy, ) = 0 as claimed.
Next we turn to the closedness of the sum in (9.8). First, we claim that if

(NS RanD%%) 0, p € &y ) then there exist 1 € Ranb%yta) U, p €& i
such that

Ytp=v+pand [y < [+ plly.
Indeed, let x4+ € C*°(R) such that

supp x+ C (Tp, +00) and supp(l — x4) C (—o0, Tp).

Let O™!(+) 4 p) denote the backward solution of the inhomogeneous wave
equation; i.e. the unique solution of 0@ = 1) + p which vanishes on (¢1,71).
Then let

b= D(X+D:1(¢ +p)) € Rany

)
(To.th)

SO
p=v+p—th=01-xp)(+p) — [0, x+ )0 W +p) € S(TO,TO)'
Moreover,

(9.10) b =X+ (W +p) + [Box+ 10N + p)
satisfies ~
[¥lly < Nl + plly,
as follows by inspecting the two terms on the right hand side of (9.10): for
the first this is clear, for the second this follows from [[¢+pl| g1 < [[+plly,

xe
see (9.1), hence one has a bound in X for O”'(¢) 4+ p) by (9.5), and then
supp[[, x+] C suppdx+ C (Tb,To) gives the desired bound in Q). This
concludes the proof of Lemma 9.5.

Thus, if ¥; € Ranb(Tm )D, p;j € S(TO’T})) and 1; + p; converges to some

!
31

v € ) then defining 1;]- and p; as above, we deduce that due to the Cauchy
property of {1; + p;}, {¢;} is Cauchy in 9), hence so is {p;}, thus by the

completeness of ) they converge to elements in ¢ € RanD(T / L1, resp.
0-t]

p € S(To,f’o) with ¥ + p = v. This shows that RanD(TO’tll) 0+ g(TmTO) is

. . . 20 . e — B _
closed, and indeed gives an estimate®’ that if v € RanD(TO,ﬂl) U+ g(To,TO)

then there exists ¢ € Ranb(T /| Land p € S’(TO ) such that ¥+ p = v and
01t1 ’

(9.11) [Pl + llelly < vy

20This estimate follows from the open mapping theorem, given that the sum is closed,
but the direct argument yields it anyway.
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As mentioned earlier, this construction allows us to define a unique con-
tinuous linear functional L on

/
1

Ranp B+ &mm),

in such a way that it is £ on the first summand and it vanishes on the second
summand: uniqueness is automatic, existence (without continuity) follows
from (9.9), as the two functionals agree on the intersection of the two spaces,
while continuity follows from (9.11). Then we extend L by the Hahn-Banach
theorem to a linear functional vy on 9).

Then vy € P* solves vy = fy on (Tp, t}), since for ¢ € ,D.(To’tll )

(Ovo, ¢) = (vo, D) = (fo, ®),

and v vanishes on (Tp,tg), for it vanishes on D(To,to)’ i.e. on test functions
supported there, so it is the restriction of the forward solution of the wave
equation to (7p,77). We have thus shown that if fy € 3* is supported
in [to,t1], which holds if fy satisfies the support condition, is microlocally
non-focusing on Uy, and is conormal to the boundary elsewhere, then the
forward solution of Cug = fy is in P* (cf. Lemma 6.10), hence by (9.2) it
is in particular microlocally non-focusing of order &’ relative to H* ¢ at w.
This completes the proof of the theorem if s < 0.

If s > 0, one could use a similar argument relative to slightly different
spaces: the only reason for the restriction is that elements of ) lie in X* and
a larger space (which would thus have a smaller dual relative to L?) would
be required to adapt the argument. However, it is easy to reduce the general
case to s < 0: replacing u by @ = (1+ D?)Vu, N > s/2, @ is non-focusing of
order k relative to H*~2Y on a neighborhood of ]-"Rp’reg and solves the wave
equation, hence it is non-focusing of order k' relative to H*~2VN=¢ at w by
the already established s < 0 case of this theorem, and then the microlocal
ellipticity of (1 4+ D?)Y near the characteristic set (recall that w is over the
interior of M) shows that w itself is non-focusing of order £’ relative to H*~¢
at w, as claimed. O

As a consequence of the proposition of nonfocusing, we are now able to
prove our main theorem:
Theorem 9.6. Let u € H}. (M) satisfy the wave equation with Dirichlet

or Neumann boundary conditions. Let p € Hwy,, and w € fg
Assume

7p7reg :

(i) u satisfies the nonfocusing condition®' relative to H® on an open

neighborhood of F}”pmg n ]-"R

(i) WFPun{uw' e ‘/__}),p,reg cw',w are geometrically related} = (),
(iii) WF}(u) N Fy 0.

I ,sing =

reg’

21Recall from Definition 6.3 that this means nonfocusing of some order k. The nonfo-
cusing order is irrelevant here: only the space relative to which the nonfocusing condition
holds matters.
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Then
w ¢ WF™9(v).

Proof. By using a microlocal partition of unity (cf. the argument at the
beginning of Theorem 9.2), we may arrange that (ii) is strengthened to

(9.12)  WF®un{w € F7, 0 : W', w are geometrically related} = 0,

and (iii) to
(9.13) WER (1) N T ging = 0,

for if a microlocal piece u of the solution is in H; then it remains in H}
under forward evolution, by the results of [34].

Let 7 < s. On the one hand, by conditions (i) and (iii), u satisfies the
non-focusing condition (of some, possibly large, order k') relative to H" at
w due to Theorem 9.2. On the other hand, by Theorem 8.1, (9.12) and
condition (iii), v is microlocally coisotropic at w, i.e. there exists S € R such
that?? microlocally near w

(9.14) A% e H® Vo

Lemma 8.4 now allows us to interpolate between nonfocusing and (9.14) to
conclude that microlocally near w, v € H"™Y. Since r < s is arbitrary, this
proves the result. O

Corollary 9.7. Let u be a solution to Ou = 0 with Dirichlet or Neumann
boundary conditions, and let p € Hwy,. Suppose that for some e¢g > 0, in
a neighborhood of pr(eo) n bSK/[O\WMO, u 1s a Lagrangian distribution
of order s with respect to L C T*MgG, a conic Lagrangian such that £ N
.FRRSmg = 0 and the intersection of L and ]-"}”reg is transverse at pr,reg.

Then if w € f87reg is not geometrically related to any point in L,

w ¢ WF*S*(H+1)/4+(R71)/270 u,

where k is the codimension of W.

The a priori regularity of such a solution is H 5~ ("+1)/4=0 g4 this repre-

sents a gain in regularity along the diffracted wave of (k—1)/2—0 derivatives.

Proof. Corollary 9.7 follows from Theorem 9.6 together with the results of

Section 14 of [25]. We therefore give only a brief sketch of the proof.
Microlocally near any point in the transverse intersection of £ and f?reg,

we may apply a microlocally unitary FIO T quantizing a conic symplecto-

morphism that brings £ and ]:Rreg to the respective normal forms

N*{0} and {¢1 =+ = (-1 =0}
inside T*(R"*!) with coordinates (y1, ..., ¥ni2_k, 21, - - 2k_1) and dual co-
ordinates 7, (. (One should think of the y coordinates as analogous to the

22The particular choice of S is dependent on the background regularity of the solution,
which in turn can be low, depending on the order of nonfocusing relative to H®.
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collection of the coordinates t, z,y used previously, while the z coordinates
are associated the fiber variables, also called z above.) Thus our test mod-
ule M is generated by D.,,...D,, ,. Writing Tu as the inverse Fourier

transform of a symbol a of order s — (n + 1)/4, we find that
(d+DZ 4o+ D)™ Tu=Floy o (4G4 () Va).

For N > 0, the integral in ¢ converges absolutely, and the result is a con-
tinuous (indeed, as smooth as desired) family in z of conormal distributions
with respect to the origin in y; the order of growth of the amplitude is still
s — (n + 1)/4 but as the dimension is now (n + 1) — k, the order of the
Lagrangian distribution is now s — (k — 1)/4, while the resulting Sobolev
regularity is —s — (n+1)/44 (k—1)/2 — 0. Thus, the nonfocusing condition
is satisfied relative to this Sobolev space, and Theorem 9.6 yields the desired
regularity of the diffracted wave. O

Corollary 9.8. Let v : (—ep,0] — "Xq be a GBB normally incident at W,

7(0) = a € Hwyp, and let 7 be its projection to Mg. Given o € F((—€p,0)),

let uo be the forward fundamental solution of OJ, i.e. u, = D;léo.
There exists € > 0 such that if o € 7((—¢,0)) then for all w € ]-"8,

such that w is not geometrically related to point in ®S* My N X,
w ¢ WF(—n+k+1)/2—0 Uy

where k is the codimension of W.

a,reg’

Note that this represents a gain of (k—1)/2 — 0 derivatives relative to the
overall regularity of the fundamental solution, which lies in H~"/2+1-0,

Proof. The hypotheses on the location of o ensure that, with £ denoting the
flow-out of ®S* MyNPLy, L is disjoint from fRa’Sing in view of Corollary 3.27.
Thus, the microlocal setting is the same as that of [25], hence the hypotheses
of Corollary 9.7 are satisfied. O

APPENDIX A. SOME FUNCTIONAL ANALYSIS

We often encounter the following setup. Suppose that ), 2) are Banach,
resp. locally convex, spaces, and

LY —=9H
is a continuous injection with dense range (so one can think of ) as a
subspace of $) with a stronger topology). Let £, )’ denote the spaces of
linear functionals on $), %) endowed with their respective weak topologies
(i.e., the weak-* topology in the Banach space setting). Then the adjoint of
¢ is the map
Jo9 =, M) =lw), Le s,

and ¢! is continuous in the respective topologies. The injectivity of ¢ implies
that ' has dense range, while the fact that ¢ has dense range implies that of
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is injective. Thus, one can think of ' as a subspace of 2)/, with a stronger
topology.

If $ is a Hilbert space with inner product (.,.)s C-linear in the first
argument, there is a canonical (conjugate-linear) isomorphism jg : § — $’
given by jgs(u)(v) = (v,u)g. Suppose also that there is a canonical conjugate
linear isomorphism

Cy - H— '6’ 6527) = Id7 <U,Cf)’()> = <U’C«7Ju>;
if $) is a function space, this is usually given by pointwise complex conjuga-
tion. Thus,
Tf) :ijOCfJ :ﬁ_>:§j,

is a linear isomorphism. Thus, if A : 9 — $ is continuous linear, then
At 1§/ — 9 continuous linear, and

A =Alojgocy:H—Y
is continuous and linear. In particular, letting A be our continuous injection,

L =itojgocsH =Y

is linear, injective with dense range, so ) can be considered a subspace of
9’ (with a stronger topology). In particular,

Loy 2 — 9
is also injective with dense range. One considers the triple (2)',$,¢) the
$-dual of ); we will denote this either simply by 2)’,or by 2)* if we want to
emphasize the inclusion of ) into 2)’ via $, in what follows. Note that if )

is also a Hilbert space with a canonical conjugate linear isomorphism?? Y,

LOCy = Cq oL, c%:Id,

then we have the canonical linear isomorphism Ty = jyocy : Y — 2,
and it is important to keep in mind that Ty is (usually) different from

Po=t oTgou

Ty (u)(v) = (v, cyu)y,

Ci(u)(v) = (0, (cg 0 u)g = (v, (1o ep)u)s,
for u,v €. A simple example, when X a compact manifold with a smooth
non-vanishing density v is obtained by ) = C*°(X) (a Fréchet space) and
H = LE(X) with respect to the density v, with ¢ : 2) — X the inclusion.
Then 1 : C°(X) — C~°°(X) is the standard inclusion of Schwartz functions
in tempered distributions: ’¢f(¢) = [ fov.

In fact, we shall always consider a setting with D a dense subspace of $),

with a locally convex topology, with respect to which the inclusion map is
continuous (i.e. which is stronger than the subspace topology), so using the

23Again, pointwise complex conjugation on function spaces is a good example.
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linear isomorphism jg o cg @ $ — $’, we have continuous inclusions, with
dense ranges,
DcH=H —=7D.

Suppose now that A : D — D, hence AT : D' — D', and suppose that A
maps D, i.e. more precisely the range of ’¢ (with ¢ : D — $ the inclusion),
to itself, and let .

A= () TAN (LY D - D.
Then for f,¢ € D
(16, eAf)5 = (P1epAf)(9) = (cp’1Af)(9) = (e ATCLf)(9)
(A1) = (ATPuf)(epg) = (Pif)(Acpp) = (tepf, tAcp o)
= <LC'DAC'D¢7 Lf)a
so A is the formal adjoint of ¢pAcp with respect to the §) inner product.

Given a Hilbert space $) as above, hence an inclusion of D into D', we

shall also have to consider subspaces X of D’ with a locally convex topology,

which contain the image of D in D’ (under the $-induced inclusion map),
and such that the inclusion maps

D—>X—TD

are continuous, with dense range, hence one has the corresponding sequence
of adjoint maps, which are continuous, with dense range, when all the duals
are equipped with the weak topologies. As (D’) = D, one obtains

D—X <7D

If further
DosX—>9H—D

continuous, with dense ranges, then
D—H=H>%X <D,
and similarly if one had the reverse inclusion between X and .

One way that subspaces such as %) arise is by considering a a finite number
of continuous linear maps A; : D — D, such that there exist continuous
extensions A; : D' — D’ (which are then unique by the density of D in
D’), hence Aj : X - D', j=1,...,k. Then, in what essentially amounts to
constructing a “joint maximal domain” for the A;, and writing txp : X — D’
for the inclusion, let

(A.2) P ={ueX: Vj,AucRanixp}
with
(A.3) lallgy = llald + > lexepAjulz,

where the injectivity of txp was used. If {u,} is Cauchy in 9), then it is such
in X, so converges to some u € X, and thus Aju, — Aju € D'. Moreover,
if {uy} is Cauchy in 2 then L;%)/Ajun is Cauchy in X so converges to some
v; € X, hence Aju, — txpv; in X. Thus, Aju = txpvj, so Aju € Ranuxpr,
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and Aju, — Aju in X, proving that ) is a Hilbert space. We will simply
write A; for Ajly : Y — X. Note that D C 9), so ) is dense in X. However,
D is not necessarily dense in 9).

An example is given by X = Lg (X)) on a compact manifold with or without
boundary, g a Riemannian metric, A; be a finite set of C* vector fields
which span all vector fields over C*°(X), D either C*°(X) or C*®(X); then
2 = H;(X). If D = C®(X), then D is dense in 9, but if D = C>®(X),
then this is not in general the case: it fails if the boundary of X is non-
empty. Other examples are given coisotropic distributions, where the A;
are products of first order ps.d.o’s characteristic on a coisotropic manifold;
see a general discussion below for spaces given by such ps.d.o’s.

Another way a subspace like %) might arise from continuous linear maps
Aj : D — D is the following. In a “joint minimal domain” construction, one
can define

(A.4) lull3y = llull + Y 1 A5ull3,

as above, and let Qj) be the completion of D with respect to this norm, so 25
is a Hilbert space. Moreover, the inclusion map tpx : D — X as well as A;
extend to continuous linear maps

@:L@xaAj:Q‘j%-%v

and .5, has dense range (for D canonically injects into the completion).
In addition, with ) as above, the inclusion map tpy : D — 2) extends
continuously to a map

%@%2}

which is an isometry, and is in particular injective. This in particular shows
that the inclusion map from @ to X is also injective, with a dense range.
For X a manifold with boundary and D = C>(X), A; vector fields as above,
one has 9) = H}(X); with D = C®(X), one has 9 = H'(X).

__ Note that the closure of D in ) is ), so D is dense in ) if and only if 9 =
2 (i.e. %5 is surjective). From this point on we assume that ) = 2). This

is true, for instance, if one is given Bi,..., B, € \Ili]’oo(M), and Aq,..., Ag
are up to s-fold products of these, as shown below in Lemma A.3. Thus,
)’ C D’ (i.e. the inclusion map is injective).

Using the inclusion map tyx we can now identify the dual of 2 with
respect to ). We start with the case ) = X. By the Riesz lemma, )’ = T
and Ty is unitary, where

Tyv(u) = (u, cyv)y.
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But

Ty (v)(u) = (u, cyv)y = (s, tyscyv)s + > _(Aju, Ajeyv)s
j

= Jotncyv(tsu) + Y jnAjeyu(Aju).
J
Thus,

Ty(v)(w) = ((hgtms + Y AlenAjey)v) (u).
We conclude that
Tyv = (ngﬁag_m + ZA?’C)’)AjCQD)'U,
and
(A.5) V* = (thgton + Y AjcgAjey)D.
This also shows that
29* = Ran L%ﬁ + ZRan A;f»,

for O follows from the definition of ¢!, etc., while C follows from (A.5). We

recall here that by (A.1), A} is the formal adjoint of cpAjcp.
More generally, we do not need to assume X = $); rather assume that

(A.6) (u,v)x = Z(Bku, Byv) g,
k

where By, : X — § are continuous linear maps (and there is no assumption
on the relationship in the sense of inclusions between X and $)). Then

Ty (v)(u) = (u, cyv)y = (Lyxu, Lyxcyv)x + Z(Aju,Ajc@v)gg
J

= | (Brigzu, Bripxegv)s + > (BeAju, BrAjcyv)s
P i

— Z ijBk;Lg)xCQJU(BkLQj%U) + ijJBkAjCQJU(BkAju)
k J

= [ D ((Brgx)’coBrigx + > (Brd;)es BiAj)eyv | (u),
k J

so we conclude as above, using (BkAj)b = ATBZ, ete., that
(A7) V" = Ranuf, + Y Al;
J

note that the same computation as in (A.1) with factors of ¢ omitted shows
that A} is the formal adjoint of cpAjcp.
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We now prove the density lemma mentioned above. We start by commut-
ing bounded families of operators through products of first order ps.d.o’s.

Lemma A.1. Let r > 1. For s € N, let Js be the set of maps {j :
{1,...,s} = {1,...,r}.
Suppose that Aq,..., A € \Ilél’)o(M), and for s € N and j € Js, let

A] == Ajl ...Ajs.
Then for k € N, j € Ji and {Qn} a uniformly bounded family in \Ilgl’jo(M),
AjQn = QnAj+ D D Cinds,

s<k—1i€Js

with {Cy, : n € N} uniformly bounded in ‘I/(e)i)O(M), and the uniform bounds
are microlocal (so in particular WF'({Cip, : n € N}) € WF'({Q, : n €

N})).
Moreover, for e >0, if Q, — Id in \IJZ]?(M) then Ci, — 0 in \II;S(M) as
n — 0.

Remark A.2. We do not need the microlocality of the uniform bounds below,
but it is useful elsewhere.

Proof. We proceed by induction, with £k = 0 being clear.
Suppose k£ > 1, and the statement has been proved with k replaced by
k — 1. Then for 5 € Jg,

Aan = QnA] + [Aijn]Ajg - Ajk + ...+ Ajl .. Ajkfl[Ajk’ Qn]

Note that [A4;,.,Qn] € \IJS{)O(M ) uniformly, and in a microlocal sense (and
[4;,.,Qn] = 0in \IIZS(M) if @, — Idin \IISI’DO(M)). Thus, the first two terms
are of the stated form. For the others, there are | < k — 1 factors in front
of the commutator, which is bounded in \Ifggo(M ) (and converges to 0 in
\I/Zt?(M) if Q, — Id in \I/Z’é)(M)), so by the inductive hypothesis

Ajy A AL, Qnl
ic. CsinAi, hence
Ajy - A A Qul Ay - Ay
is rewritten as CynAi, ... i, Ay, ... Aj, with s+ (k— (1+1)) < 1+ k —

Ji+-2

(I+1) =k — 1 factors of the A’s, hence is of the stated form. O

can be rewritten as » . ;>

Lemma A.3. Suppose that By,..., B, € \Ilij)o(M), and let X be a Hilbert
space on which \IIS{DO(M) acts, with operator norm on X bounded by a fixed
\I’gijo(M)—semmorm. Let D C X be a dense subspace with a locally convex
topology, and with all Q € \I/;)OO’O(M), Q : X — D continuous, while for
all Q € \I/ZQO(M), Q : D — X is continuous, with bound given by a fixed

0 . .
W (M) seminorm and a fized seminorm on D.
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For k e N, let
PD={ueX: Vs<k, VjeJ,AjuecX}

with

lalldy = llulz + > > I 45ull3,

s<k jeds

Then D is dense in ).

Proof. We start by observing that if @, is a uniformly bounded family in
v(M), Q € ¥E(M) and Q, — Q in (M) for € > 0, then Q, — Q
strongly on X. Indeed, @, is uniformly bounded on X by the assumptions
of the lemma, so it suffices to prove that for a dense subset of X, which we
take to be D, u € D implies Q,u — Qu in X. But this is immediate, for
@, — Q in ‘II;S(M), hence as a map D — X, by the assumptions of the
lemma.

Now let A, € ¥_,°(M) uniformly bounded in W%’(M) and A, — Id in

\I/;?(M) for € > 0, so A,, — Id strongly on X. We claim that for s <k,

(A8) uey, je o= AjAu— Aju as n — oo in X.

Since A,u € D, this will prove the lemma. Note that A,u — u in X.
By Lemma A.1, for j € Jg,

Ay =AAj+ D0 Y CinAiy

I<s—11i€J;

with {Cj, : n € N} uniformly bounded in \IISBO(M), Cin, = 0in \II;?(M) for
e > 0. Correspondingly, {Cj, : n € N} is uniformly bounded as operators
on X, and Cj, — 0 strongly on X. Since Aju € X and A;u € X for ¢ € Jj,
[ <s, we deduce that AjA,u — Aju in X, completing the proof. O

APPENDIX B. THE EDGE-B CALCULUS

Let M be, for this section, a general compact manifold with corners and
let W be one of its boundary hypersurfaces. At the end of the section
we comment on non-compact M, which is setting of the main body of the
paper; this is essentially a notational issue as our problem is indeed local
in a relevant sense. In the body of the paper above, M is obtained by the
blow up of a boundary face Y of a manifold with corners My and W is
the front face of the blow up, i.e. the preimage of Y under the blow-down
map. In fact our discussion is mostly local in the interior of Y and hence
we could assume that Y has locally mazximal codimension, so that it has no
boundary. We shall not, however, make this assumption here, and we include
the setting obtained by blow-up without actually restricting the discussion
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to it. Instead, we shall suppose that W is equipped with a fibration
(B.1) Z —W

!

Since the manifolds here may have corners, this is to be a fibration in that
sense, so the typical fiber, Z, is required to be a compact manifold with
corners, the base, Y, is a manifold with corners and ¢ is supposed to be
locally trivial in the sense that each p € Y has a neighborhood U over which
there is a diffeomorphism giving a commutative diagram

(B.2) ¢~ H(U) UxZ

Mainly for notational reasons we will also assume that Y is connected.

Let Ven(M) C Vo(M) be the Lie subalgebra of all those smooth vec-
tor fields on M which are tangent to all boundary (hypersur-)faces and in
addition are tangent to the fibers of ¢ on W. The calculus of edge-b pseu-
dodifferential operators will be constructed in this setting, it is determined
by M and ¢ and microlocalizes Vg, (M).

In case the ¢ has a single fiber, i.e. Z = W, corresponding to the case
that W is not blown up at all, the Lie algebra Ve, (M) reduces to V(M)
and the desired microlocalization is just the algebra of b-pseudodifferential
operators on M as a manifold with corners. The construction of this algebra
is discussed in [19], [22] and of course W is in no way singled out amongst
the boundary hypersurfaces. The pseudodifferential operators are described
in terms of their Schwartz kernels, which are the conormal distributions
with respect to the resolved diagonal in a blown-up version of M?, with the
additional constraint of vanishing rapidly at boundary faces which do not
meet the lifted diagonal. The resolved double space in this case is

(B.3) M2 = [M?B], B={B x B; B € M{(M)}.

Here, in generality, M (M) is the collection of all connected boundary faces
of codimension p of the manifold with corners M. It is of crucial importance
that the lift to M of the diagonal, is a p-submanifold—the lift in this case
is the closure (in M) of the inverse image of the interior of the diagonal:
(B.4) Diag,, = cl(Diag(M) Nint(M?)).

Then the operators on functions correspond to the kernels

(B5)  W(M)={Ae (M) A=0at OM\ F(5)}

where ff(/3) is the collection of boundary faces produced by the blow-ups
defining the combined blow-down map S : Mg — M?2.
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The composition properties of these operators, including the fact that
the “small calculus” is an algebra, can be obtained geometrically from the
corresponding triple space

(B.6) M =[M3B3B%, B®={B%Bc M (M)},
B2={M xBxB, BxMxB, BxBxM;BecM;(M)}.

There is considerable freedom in the order of blow-ups here and this is
sufficient to show that the three projections, 7o, from M3 to M? lift to
“stretched projections” moy, : Mg — M]f, O = S,C, F, corresponding to
the left, outer and right two factors respectively; these maps are b-fibrations
and factor through a product of Mg and M in each case.

As already noted, it is crucial for the definition (B.5) that the lifted diag-
onal Diag;, be a p-submanifold, meaning that it meets the boundary locally
as a product. This also turns out to be essential in the construction of M, e2b
below.

There is another extreme case in which the microlocalization of the Lie
algebra V,p is well-established, namely when W is the only boundary hy-
persurface, so M is a manifold with boundary; this is the case of an “edge”
alone, with no other boundaries. The construction of a geometric resolution
in this case can be found in [16] and [17]. It is quite parallel to, and of course
includes as a special case, the b-algebra on a manifold with boundary. In
the general edge case when the fibration ¢ is non-trivial (but W itself has
no boundary) the center blown up in (B.3), which would be W2, is replaced
by the fiber diagonal

Diag, = {(p,p') € W?;¢(p) = ¢(p')} = (¢ x ¢)~" (Diag(F))

(B.7) .
M7 = [M?;Diag,].

Similarly, the triple space is obtained by blow-up of the triple fiber product
(B.8)
Diag} = {(p,p',p") € W?;¢(p) = ¢(p)) = ¢(0")} = (¢ x ¢ x ¢) " (Diag®(F))

and then the three partial fiber diagonals, the inverse images, Diagg, O =
S, C, F of Diag, under the three projections 7o : M3 — M?:

(B.9) M} = [M?; Diag}; Diag?, Diag§ , Diagf].
Again the three projections lift to b-fibrations

7TF’¢
TS, ¢ 2
3 )
—_—

The microlocalization of Ve, is accomplished here by the combination of
these two constructions. The diagonal, even for a manifold with boundary,
is not a p-submanifold—does not meet the boundary faces in a product
manner—and as already noted this is remedied by the b-resolution. Since

the fiber diagonal in W2 is the inverse image of the diagonal in Y it too is not
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a p-submanifold in case Y has boundary, but then the partial b-resolution
of M resolves it to a p-submanifold which can then be blown up.

More explicitly, the boundary hypersurfaces of M, other than W itself, fall
into three classes according to their behavior relative to ¢. Namely there may
be some disjoint from W; these are relatively unimportant in the discussion
below. Otherwise the intersection of W and such a boundary hypersurface,
B, is a boundary hypersurface BNW of W. The remaining two cases corre-
spond to this being the preimage under ¢ of a boundary hypersurface of Y
or, if this is not the case, then BNW is the union of boundary hypersurfaces
of the fibers of ¢, corresponding to a fixed boundary hypersurface of Z. In
brief, the boundary hypersurfaces B € M;(M)\ {W} which meet W corre-
spond either to the boundary hypersurfaces of Y or of Z. Let B/, B(Y') and
B(Z) C My(M) denote the three disjoint subsets into which M1 (M)\ {W}
is so divided.

To define the double space on which the kernels are conormal distributions
with respect to the lifted diagonal, just as in both special cases discussed
above, we make one blow up for each of the boundary hypersurfaces. For
those other than W, this is the same as for the b-double space for M, which
is to say the corners, B x B, are to be blown up for all B € M;(M)\ {W}.
Since these submanifolds are mutually transversal boundary faces within
M? they may be blown up in any order with the same final result. For W
we wish to blow up the fiber diagonal, Diagy, in (B.7). This is certainly
a manifold with corners, since it is the fiber product of W with itself as
a bundle over Y, given by ¢. However, as noted, it is not embedded as a
p-submanifold if ¥ has non-trivial boundary. If z; and y; are respectively
boundary defining functions and interior coordinates near some boundary
point of Y, and 2/, v/, 2", v/ are their local lifts to W?2 under the two copies
of ¢, then Diag,, C W? is the “diagonal” z’ = 2, 4/ = 3. Near a boundary
point of Y this is not a p-submanifold.

Note that in the simplest case, when B(Y) = 0, the following lemma
merely says that Diag, is a p-submanifold of M 2,

Lemma B.1. The fiber diagonal Diag, lifts to a p-submanifold of
[M?; B(Y)).
We will still denote the lifted submanifold as Diag .

Proof. Since Diag, C W? and this is the smallest boundary face of M? with
this property, under the blow up of other boundary faces of M?, Diag,, lifts
to the subset (always a submanifold in fact) of the lift of W?2 under the blow
up of the intersection of W? with the boundary face which is the center
of the blow up. That is, to track the behavior of Diagy we need simply
blow up the intersections of the elements of B(Y) with W2, inside W?2. This
corresponds to exactly the “boundary resolution” of Y2 to Yb2 as discussed
briefly above. So the diagonal in Y lifts to be a p-submanifold. Since ¢
is a fibration over Y, it follows easily from the local description that Diag
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lifts to a p-submanifold of the blow up, [W?2;B(Y) N W?] and hence to a
p-submanifold of [M?; B(Y)] as claimed. O

Thus blowing up the elements of B(Y) in M? resolves Diagy to a p-
submanifold, by resolving the diagonal in Y2. The defining functions of the
elements of B(Z) restrict to defining functions of boundary faces of the lift
of Diag, so all the remaining boundary faces, in B'UB(Z) are transversal to
this lift. Such transversality is preserved under blow up of boundary faces,
so we may define the eb-double space in several equivalent ways as regards
the order of the blow-ups and in particular:

Mg, =[M?; B, Diag,)

(B.11) =[M?; B(Y)?, Diag,, B(2)%, (B)?),

where the “squares” mean the set of self-products of the elements and the
ordering within the boundary faces is immaterial.

The fibration ¢ restricts to a fibration, ¢p, of BNW for each B € B(Z),
over the same base Y. For each B € B(Y') instead ¢ restricts to BN W
to a fibration, again denoted ¢p, over Y (B), the corresponding boundary
hypersurface of Y. Thus considering B € B(Z) or B € B(Y) as manifolds
with corners on their own, each inherits a fibration structure as initially
given on W C M on the intersection BN W € M;(B). For the elements of
B’ there is a corresponding trivial structure with no W.

Lemma B.2. The diagonal in M? lifts to a p-submanifold of Mgb. The
“front faces” of Me2 , those boundary hypersurfaces produced by blow up, are
of the form B% x[0,1], corresponding to each B € B = Mi(M)\ {W} with
its induced fibration structure. That corresponding to Diag is the pull-back
of the bundle [W?; (B(Z)N(W))?], defined by blowing up the diagonal corners
of the fibers, to a (closed) quarter ball bundle overY.

Proof. These statements are all local and follow by elementary computations
in local coordinates. U

Thus, the definition of the “small” calculus of edge-b pseudodifferential
operators is directly analogous to (and of course extends in generality) (B.5):

(B.12) m(M)={AeI™(MZ;B*UR); A= 0 at OME \ f£(3)}

e

where the particular fibration ¢ is not made explicit in the notation. The
fact that these kernels define operators on C®(M) and C*°(M) reduces to
the fact that push-forward off the right factor of M, which is to say under
the left projection, gives a continuous map

(B.13) (Tr,6)s : Yap (M) — C(M).

The principal symbol map is well-defined at the level of conormal distribu-
tions, taking values in the smooth homogeneous fiber-densities of the non-
zero part of the conormal bundle to the submanifold in question. In this
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case N* Diag,, = ®T*M is a natural identification and the density factors
cancel as in the standard case so

(B.14) Om 2 U (M) — C®(*S*M; N,y,)

where N, is the bundle of functions which are homogeneous of degree —m.

The structure of the front faces leads directly to the “symbolic” structure
of the (small) algebra of pseudodifferential operators. Namely, there are
homomorphisms to model operator algebras corresponding to each boundary
face of M, known as normal operators. For faces other than W the model
is a parametrized (“suspended”) family of edge-b (or for those boundary
faces not meeting W simply b-) operators corresponding to the fibrations of
boundary hypersurfaces of W. Note that if z; is a defining function for such
a face, the operator z;D.; maps in this correspondence to the operation
of multiplication by the corresponding suspension parameter. For W the
model is a family of b-operators on the fiber times a half-line, parametrized
by the cosphere bundle of the base of the fibration. (We do not employ the
normal operator homomorphism for the face W in this paper.)

The corresponding triple space can be defined by essentially the same
modifications to the construction of Mg’ as correspond to obtaining be in
place of Mg .

Lemma B.3. Under the blow-down map for the partial triple b-product
(B.15) fB%: ME=[M*B(Y)*B(Y)*B(2)% (B B(2)* (B)] — M?
the triple fiber diagonal and the three partial fiber diagonals
Diag3 = {(p,7',p") € W?;6(p) = 0(p)) = ¢(»")},

Diagg = (ﬂo)*l(Diagqﬁ), O=S5,C,F,
all lift to p-submanifolds.

(B.16)

Proof. This reduces to the same argument as above, namely that the triple
and three partial diagonals in Y2 are resolved to p-submanifolds in Ybs and
the effect of the first two sets of blow-ups in (B.15) on Y3 is to replace it by
Y;3 and hence to resolve the submanifolds in (B.16). Under the subsequent
blow-ups of boundary faces any p-submanifold lifts to a p-submanifold. [

Thus we may define the edge-b triple space to be
(B.17) Mg, = [M3; Diag}; Diag}; Diag; Diag .

Proposition B.4. The three partial diagonals lift to b-submanifolds inter-
secting in the lifted triple diagonal and the three projections lift to b-fibrations

TF,eb

3 7S,eb 2

(B18) Memed).
—_—

where To eb 15 transversal to the other two lifted diagonals.
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Proof. The existence of the stretched projections as smooth maps follows
from the possibility of commutation of blow-ups. For the sake of definiteness,
concentrate on 7, the projection onto the right two factors.

After the blow up of the triple fiber diagonal in (B.17), the three partial
fiber diagonals are disjoint so the other two can be blown up last. When it
is to be blown up, the triple fiber diagonal is a submanifold of Diagg so the
order can be exchanged, showing that there is a composite blown-down map

(B.19) M, — [M; Diag}].

The manifold with corners M2 is the b-resolved triple product where the
boundary hypersurface W is ignored. The commutation arguments showing
the existence of a composite blow-down map Mg’ — M x M}f carry over
directly to give an alternative construction

3 _ 2.
(B.20) M = [M x M F]

where F consists of those boundary faces in (B.15) which involve a defin-
ing function on the first factor of M3—so all the triple products and the
double products with boundary hypersurface in the first factor. These are
all transversal to Diagi , realized as a p-submanifold of M x Mé so can be
commuted past it in the blow up, giving the map 74 in (B.18). That it
is a b-submersion follows from its definition as a composite of blow-downs
of boundary faces, together with the corresponding fact for the edge case.
That it is a b-fibration follows from the fact that the image of a boundary
hypsersurface is either a boundary hypersurface or the whole manifold since
this is true locally in the interior of boundary hypersurfaces. (]

These facts together show that the small calculus of edge-b pseudodiffer-
ential operators, as defined in (B.12), is a filtered algebra. It also follows
directly that the symbol (B.14) is multiplicative as in the standard case.
The extension to operators on sections of bundles is essentially notational.

If M is non-compact but the fibers of ¢ are compact, the same construc-
tion goes through, but we require proper supports, i.e. that the projections
7L, and TR 4 are proper when restricted to the support of A:

o(M) = {A € I™(MZ; 8" Qr);
A=0at 8M§ \ ff(8) and A has proper support}.

Then W (M) acts on C*(M), C®(M) and C~>°(M), as well as on their
compactly supported versions.

(B.21)
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INDEX OF NOTATION

A Algebra generated by operators characteristic on ]:f(%, page 60.

C Smooth functions on M vanishing to infinite order at blown-up edge,
page 43.

Diff}; Edge-b differential operators, page 37.

Diff;syT Adjoints of edge-smooth differential operators, page 48.

DiffifS’T(M ) Adjoints of edge-smooth differential operators, page 48.

Diff7; ; Compositions of edge-smooth differential operators with adjoints,
page 48.

Diffl,(X) Edge-smooth differential operators, page 15.

Difflgs Ut edge-b pseudodifferential, edge-smooth differential calculus, page 40.

E,G,H edge-b elliptic, glancing and hyperbolic sets, page 25.

EGBB Edge generalized broken bicharacteristic, page 27.

ff}’o edge-b flow-in/flow-out, page 34.

]-"})/O b flow-in/flow-out, page 34.

Gwn, Hwp b glancing and hyperbolic sets, page 18.

GBB Generalized broken bicharacteristic, page 18.

H,fs’l Edge-smooth Sobolev space of supported distributions, page 46.

H*' For s > 0, closure of C>(M) in edge-smooth Sobolev space, page 42.

es,0
Hess’l edge-smooth Sobolev space, page 42.
Hes  Hamilton vector field on edge-smooth cosphere bundle, page 21.
Hg Hamilton vector field on smooth cosphere bundle, page 17.
H}'.  b-Sobolev space relative to a Hilbert space X, page 95.
Hel;,% edge-b Sobolev space relative to a Hilbert space X, page 44.
M Module of first-order operators characteristic on ]-"febg, page 60.
M Spacetime manifold, blown up at corner, page 15.
My  Spacetime manifold, not blown up, page 15.
wWep  Map from eb characteristic set to cotangent bundle of blown-down
edge, page 24.
wWes  Map from es cotangent bundle to cotangent bundle of blown-down
edge, page 21.
Tes—eb Projection from es cotangent bundle to eb cotangent bundle, page 23.
Ts—b Projection from cotangent bundle to b cotangent bundle, page 16.
U?  edge-b pseudodifferential calculus, page 37.
Rep  edge-b radial set, page 27.
Res  edge-smooth radial set, page 22.
b b tangent bundle, page 16.
bT* b cotangent bundle, page 16.
ebT  Edge-b tangent bundle, page 23.
ebT*  edge-b cotangent bundle, page 23.
T  edge-smooth tangent bundle, page 20.
T*  edge-smooth cotangent bundle, page 20.
T, Family of elliptic operators of order v, page 72.
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|%R b-vector fields, page 16.

Ver,  edge-b vector fields, page 23.

Ves edge-smooth vector fields, page 20.

W Front face of blow-up of space-time edge, page 15.

w Space-time edge, page 15.

WE(u) edge-b wave front set relative to a Hilbert space X, page 44.
X Spatial manifold, blown up at corner, page 13.

Xo Spatial manifold, not blown up, page 13.

Y Front face of blown-up spatial corner, page 13.

Y Corner of spatial manifold, page 13.
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