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Ferruccio Colombini






Se voi d’Amor o d’altro bene stare,
magistra sit tibi vita aliena,
disse Cato in su’ versificare.

Cecco Angiolieri, Rime, CVIII






Preface

The present volume is a collection of papers mainly concerning Phase Space
Analysis, also known as Microlocal Analysis, and its applications to the theory
of Partial Differential Equations (PDEs).

The basic idea behind this theory, at the crossing of harmonic analysis,
functional analysis, quantum mechanics and algebraic analysis, is that many
phenomena depend on both position and frequency (or wave numbers, or
momentum) and therefore must be understood and described in the phase
space. Including time and its dual variable, the energy, leads to the space-
time phase space. From this perspective major progress has been achieved in
the analysis of PDEs over the last forty years, based on the development of
powerful tools of microlocal analysis.

A number of the following papers, all written by leading experts in their
respective fields, are expanded versions of talks given at a meeting held in
October 2007 at the Certosa di Pontignano, a former 1400 cloister sprawling
on the hills surrounding Siena.

The Siena workshop was in honor of Ferruccio Colombini on the occasion
of his 60th birthday and it is our pleasure to dedicate to him this volume,
to which a number of friends and collaborators promptly manifested their
willingness to contribute.

In this sense the present volume can be seen as a scientific portrait of
Ferruccio.

Many people deserve our gratitude. We would like to thank all the con-
tributors as well as the people who took part in the workshop, who made a
lively mathematical attendance.

A number of institutions made possible to hold the Siena workshop
through their financial support. They are the Italian Ministero dell’Istruzione,
dell’Universita e della Ricerca, Gruppo Nazionale per I’Analisi Matematica,



X Preface

la Probabilita e le loro Applicazioni, Universita di Bologna, Universita di Pisa
and the scientific cooperation agreement between the universities of Pisa and
Paris VI. We thank all of them for their generosity.

Bologna, Trieste, Pisa Antonio Bove
August 2008 Daniele Del Santo
M. K. Venkatesha Murthyt

Note added in Proofs — During the preparation of this volume, on November
22, 2008, Prof. M. K. Venkatesha Murthy passed away after a sudden and
brief illness. He was an outstanding mathematician, a friend and an example
for us.

[A. B, D. D. S
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Tangent Halfspaces to Sets of Finite Perimeter
in Carnot Groups

Luigi Ambrosio

Scuola Normale Superiore, piazza dei Cavalieri, 7, 56100 Pisa, Italy
1.ambrosio@sns.it

Summary. We consider sets of locally finite perimeter in Carnot groups. We show
that if F is a set of locally finite perimeter in a Carnot group G then, for almost
every x € G with respect to the perimeter measure of F/, some tangent of F at x is a
vertical halfspace. This is a partial extension of a theorem of Franchi-Serapioni-Serra
Cassano in step 2 Carnot groups.

2000 AMS Subject Classification: 53C17, 49Q15.

Key words: Rectifiability, Carnot groups, sets of finite perimeter.

1 Introduction

The content of this paper reflects, with additional comments and extensions,
the talk given in the meeting in Pontignano. I will describe a recent joint work
[5] with B. Kleiner and E. Le Donne devoted to the rectifiability of sets of
finite perimeter in Carnot groups. I will spend some time in the description
of the basic results in this subject, and only in the end I will illustrate our
results, still not conclusive, and the open problems.

It is a pleasure to dedicate this paper to my friend Ferruccio Colombini,
on the occasion of his 60th birthday.

2 Differentiability and rectifiability

Let us start from two classical results:

Theorem 2.1 (Rademacher, Math. Ann., 1919) Any (locally) Lipschitz
function f:R™ — R is differentiable at £™-a.e. point x.

Theorem 2.2 (De Giorgi, Ricerche Mat., 1955, [14]) If E C R" is a
set of (locally) finite perimeter, then (E — x)/r converges locally in measure
asr | 0 to a halfspace H with 0 € OH for |Dxgl-a.e. x.

A. Bove et al. (eds.), Advances in Phase Space Analysis of Partial 1
Differential Equations, DOI 10.1007/978-0-8176-4861-9_1,
© Birkhauser Boston, a part of Springer Science+Business Media, LLC 2009



2 Luigi Ambrosio

Postponing to the next section the precise technical meaning of the “sur-
face measure” |Dy |, we just underline the links between the two results: in
both cases, a blow-up procedure produces at a.e. point a simpler object (a
linear function in the former case, a halfspace in the latter). In some sense,
the second result is the geometric counterpart of the first one. The analogy
becomes also more clear if we write differentiability in the form

fa+ry) — flz)

r

11{101 forly) = Vf(x)y locally uniformly, with f; ,(y) :=

On the other hand, the “exceptional” sets in both statements are related by
the coarea formula:

+oo
Vil = / DX o] dt.

In this sense, the second result is more precise than the first (because a collec-
tion of |Dx { f>t}|—negligible sets gives rise to an Z"-negligible set, at least in
the region where |V f| > 0). Indeed, in the framework of Carnot groups that
soon we are going to describe, the analog of Rademacher’s theorem is known,
while only partial results are available on the analog of De Giorgi’s theorem.

2.1 Sets of finite perimeter in Euclidean spaces

Here we explain the notation and the terminology used in the statement of
De Giorgi’s theorem.

A Borel set £ C R™ is said to be a set of finite perimeter if the derivative in
the sense Dy p of the characteristic function x is an R™-valued measure with
finite total variation. Equivalently, there exists signed measure with finite total

variation D;x g, ¢ =1,...,n, such that
0
Lav—— [ tpxy Viec®y).
E 8.731' Rn

Setting Dxp = vg|Dxg| with vg : R — S"~1 (this is the so-called
polar representation of vector-valued measures, the existence of v and its
uniqueness up to |Dx g|-negligible sets being ensured by the Radon—Nikodym
theorem), we have a weak formulation of Green’s formula:

/ divgdz = —/ {9,ve)d|Dxgl Vg€ CLR™R").
E n

Sets F whose boundary is sufficiently regular and of finite surface measure
have finite perimeter; in addition |Dxg|(B) = s (B N dFE) for all Borel
sets B C R™ and vg(z) is the inner normal. See [3, 16] for a comprehensive
treatment of sets of finite perimeter (and BV functions) in Euclidean spaces.
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3 Motivations

The study of the differentiability properties of maps (between manifolds, met-
ric spaces, etc.) is motivated, for instance, by rigidity results. As an example,
the question of nonexistence of Lipschitz onto maps between R? and the first
Heisenberg group H' can be reduced, via a differentiability result, to the
much simpler question of nonexistence of onto (even homogeneous) homeo-
morphisms between R? and H'. We will precisely define the group H' later
on, here it suffices to say that H' is a noncommutative group, hence such
homeomorphism can exist.

On the other hand, the asymptotic behavior of the sets (E — x)/r leads
to a representation of the perimeter measure |Dy | as a Hausdorff (n — 1)-
dimensional measure, precisely

|Dxg|(B) = " Y (BNJ*E) for all Borel sets B C R".

Here 0*FE is the essential boundary of E, i.e., the set of points where the
density of E is neither 0 nor 1.

As shown by De Giorgi in [14], this analysis leads also to the rectifiability
of the essential boundary of E (i.e., there exist countably many hypersurfaces
I; such that s#"~1(0*E \ U;I;) = 0), and it is one of the most basic tools in
Geometric Measure Theory and in the regularity theory of minimal surfaces.

3.1 Generalized differentiability

Some very recent work by Cheeger and Kleiner shows that the “geometric”
viewpoint, exemplified by De Giorgi’s theorem, can be used as a replacement
of the “analytic” one in some cases when the former fails.

A typical case is the one of L'-valued maps, for which the usual concept of
differentiability fails: for instance the map ¢ — xg 4) is nowhere differentiable.

A possible way to circumvent this difficulty is to look at the metric deriva-
tive: [27] this concept works well for Lipschitz maps from Euclidean spaces
R™ into any metric space E, and provides a “metric differential,” i.e., a local
norm Y, such that

i 4BV (@ + 1Y), f(2)) — X0 (y)
rl0 T

=0 locally uniformly.

However, here I shall describe also another approach that works well, in-
stead, when f : X — L': according to [15], the pull-back distance on E given
by d¢(z,y) := ||f(z) — f(y)|1 can be represented as a superposition of the
so-called cut distance:

dy(u,v) :/dc(u,v) dX(C).

Here the cut distance d¢ induced by C' is defined by de(u,v) == |xo(u) —
Xc(v)|, and X is a suitable measure in the space of subsets C of X.
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Using this result, the asymptotic behavior of d; on small scales is reduced
to the behavior of the sets C' € supp X'y on small scales. Cheeger and Kleiner
went further, proving in [9] that, under quite natural assumption on the met-
ric measure space (X, d, ), X is concentrated on the class of sets of finite
perimeter. Here finiteness of perimeter must be understood in the generalized
sense introduced by M. Miranda in [33].

Using this fact, together with the analog of De Giorgi’s theorem in the
Heisenberg groups H"™ endowed with the Carnot—Carathéodory distance d.
[19] (I am going to state this result and the definition of d.. more precisely
later on), they obtain the following rigidity result:

Theorem 3.1 There exists no bi-Lipschitz embedding of H' into L'. More
precisely, if f : H' — L' is Lipschitz, then

o I @ exp(2T) — (@)l
rl0 T

=0 for voly -a.e. x € H.

Here, in exponential coordinates (x1,zo,t), T = 0; and
dec(x exp(r?T), z) = dec(exp(r*T),0) = cr.

So, it turns out that, at volgi-a.e. point, f contracts too much the distance
(and hence is not bi-Lipschitz) in the direction T'. The geometric counterpart
of this, as we will see, is the fact tangent sets to sets of finite perimeter in H*
are “vertical halfspaces,” i.e., they are invariant along the T' direction.

4 Carnot groups, differentiability of Lipschitz functions
and sets of finite perimeter

Carnot groups are a natural object of study in Subelliptic PDEs, Harmonic
Analysis, Control Theory, Geometry [17, 18, 24, 26, 41, 42]. They arise, for
instance, as “tangent” spaces to Carnot—Carathéodory spaces [6].

A Carnot group G is a connected, simply connected and nilpotent Lie
group whose Lie algebra g of left-invariant vector fields admits a stratification:

g=Vio - -aV,
Here Vi11 = [V;, V1] for ¢ > 1, Vi # {0} and Vi1 = {0}.

It is convenient to introduce a notation for some relevant parameters de-
pending on g and its stratification:

e s is the step of the group;
e 1/ is the space of horizontal vector fields;
Q := Y7 idim(V;) is the homogeneous dimension of G.

Notice that @ > dim(G) = dim(g), unless s = 1.
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4.1 The Heisenberg groups

The Heisenberg group H! is the step 2 group whose Lie algebra g is spanned
by X, Y, T satisfying

X,Y]=T, [X,7]=0, [V,T]=0.

Here n = 3, @ = 4. In exponential coordinates (z,y,t) — exp(zX + yY +tT)
the vector fields are representable by

X:31—|—2y8t7 Y:('?y—2x8t7 T = —4825
and the group law is
(z,y, )@,y t) = (x + 2,y + ¢, t +1 = 22y + 22'y).

More generally, in exponential coordinates, for any Carnot group the vector
fields of the Lie algebra are divergence-free and have polynomial coefficients
with respect to the canonical basis 9, ...,0,, (this is a consequence of the
Baker—Campbell-Hausdorff formula [30], which provides a formula for the
polynomials depending only on the commutator relations in g).

4.2 Dilations and Carnot—Carathéodory distance

We may define dilations §, in g setting §,X = r*X for X € V;, and then
extending §, linearly. Via the exponential map exp : g — G (expod, =
0-0exp), the dilations can be defined on G, and are well-behaved with respect
to the group operations:

dr(zy) = 0, (2)d,(y) Ve, y € G, Vr > 0.

The Carnot—Carathéodory distance d.. is defined [34] by

&2, (z,y) = int { / R0 dt s (0) = 2, A(1) = y}

where the infimum is constrained to horizontal curves, i.e., those such that
Y(t) € (V1)) for Lt-ace. t.

This distance is compatible with the group law and with the dilations: we
have volg (B, (z)) = c¢r? for some ¢ > 0 and

dec (2, 2y) = dee(2,y), dec (0,2, 0,y) = 1 dee(2,Y).

4.3 Pansu differentiability theorem

The following result provides the natural extension of Rademacher’s theorem
to the context of Lie groups.
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Theorem 4.1 (Pansu, Ann. Mat. 1989, [38]) Let f : G — M be a Lips-
chitz map. Then, for volg-a.e. x, the limit

df,(Y) := 1&1}1 51/¢[(f(2) 7! fzexp(6,Y))] Yeg

exists and In(df,(Y")) defines a homogeneous homeomorphism between the Lie
algebras of G and M.

Notice that the formula for the difference quotients is dictated by the
following two requirements: first, intrinsic dilations (both in G and in M)
should be used; second, the property of being differentiable should be left
invariant both with respect to translations in the domain (f(z) replaced by
f(gz), with g € G) and in the target (f(x) replaced by mf(z), with m € M).

If M = R, the formula becomes simpler, and says that the limit

i £ @ExD(EY)) — (@)
t10 t

exists. Moreover, the homogeneity implies that df,(Y) = 0 for all Y € V; with
¢ > 1: indeed

21dfx(y) = dfx(QZY) = dfm(52y) = 52dfx(Y) = Qdf:c(y)

Notice that, at all points, the Lipschitz continuity guarantees only
|f(xexp(0:Y)) — f(x)] < Ct. The underlying reason for this phenomenon can
be explained as follows: assume Y = [X;, X5] with X, X5 € V4. Then

dec (Zexp(t?Y), Zexp(tX1) exp(tXz) exp(—tX1) exp(—tX2)) = o(t)
yields
f(Zexp(6,Y)) — f(Texp(tXy)exp(tXs) exp(—tX7) exp(—tX2)) = o(t).

But, since the target space is commutative, cancellations at Lebesgue points
Z of the horizontal gradient yield

f(Texp(tXy)exp(tXs)exp(—tX1) exp(—tXs)) — f(Z) = o(t).
Combining these two bits of information we get

f(zexp(8,Y)) — f(z) = o(t).

4.4 X-derivative and sets of finite perimeter

If X is a (smooth) vector field in G, we can define the divergence +X by
duality:
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_)(2

_XI
Xexp(f’Y)
X X,

/ Xudvolg = — / udivX dvolg  Vu € CH(G).
G G

Accordingly, if X is divergence-free, we define X-derivative in the sense of
distributions by

(Xu,v) = f/ uXvdvolg v e CE(G).
G

As usual, we will write Xu = f (resp. Xu = u) whenever this distribution is
representable by integration with respect to fvolg (resp. u).
Given a Borel set £ C G we define

Reg(E) :={X €g: Xxp is a Radon measure in G}.

We say that E has finite perimeter if Reg(F) 2 V4.
It will also be useful to consider the subspace of invariant directions:

Inv(E) := {X € Reg(E): Xxg=0}.

The set Inv(F) is easily seen to be a Lie subalgebra of g, because the
identity [X,Y]xgp = X(Yxg) — Y (Xxg) still holds in the sense of distribu-
tions. While the whole theory is (conventionally) left invariant, the property
Xxg = 0 ensures right invariance! Indeed

Xxg=0 = Eexp(tX)=FE VteR.

4.5 Generalized inner normal to sets of finite perimeter

Keeping in mind the analogy with the Euclidean case, we would like to define
a generalized inner normal. Obviously this is a metric-dependent concept, so
we fix an orthonormal basis Xi,...,X,, of V; and we define the R™-valued
measure

DXE = (X1XE7 ey XmXE) .
We have, by the Radon-Nikodym theorem,

Dxp = ve|Dxgl|, with vy : G — S™ 1

and we call vg = (Vg 1,...,VE,m) generalized (horizontal) inner normal.
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5 Rectifiability in Euclidean spaces and in step 2 groups

Let us call vertical halfspace a Borel set E C G satisfying:

(i) E is invariant along all directions in V;, ¢ > 1, and along a codimension 1
subspace of V7;
(ii) For some X € V;, Xxp is a nonnegative Radon measure, not equal to 0.

In exponential coordinates, these sets correspond to the usual halfpsaces
(up to a left translation)

m
{xER": inuiZO} ve St

i=1
with the only difference that only the first m coordinates of x € R" are
involved. For this reason we use the adjective “vertical,” because all these
sets are invariant along the directions in V; with ¢ > 1.

Now, if we define
Tan(E,x) := {lim Si/m (@ E): (r) | O}

71— 00

(the limit being understood with respect to local convergence in measure, i.e.,
LllOC convergence of characteristic functions), the rectifiability problem can be
stated as follows: show that, for |Dxg|-a.e. © € G, Tan(FE, z) contains only a

vertical halfspace H with e € OH.

5.1 Measure-theoretic properties of |Dx |

Let us define the essential boundary of E as the set of points where the density
is neither 0 nor 1:

O*FE = {x € G: liminf min(VOhG(Br(x) n E), volg (B, () \ E)) > 0}
10 volg (B, (x)) volg (Br (7))

The following result could be considered as a very weak version of De
Giorgi’s theorem (it holds, however, in all doubling metric measure spaces
supporting a Poincaré inequality, see [1]) and provides some information on
the “perimeter” measure |Dxpl:

Theorem 5.1 (A., Adv. Math. ’01) Let E C G be a set with finite perime-
ter. Then, for |Dxgl|-a.e. x, for r > 0 sufficiently small we have

cewq-1r97 < |Dxpl(B(2)) < Cowo-1r97,

with 0 < cg < Cg. As a consequence, |Dx | = 0.791|0*E for some function
0 € [C(Gn CG} :

Here .79~ is the spherical Hausdorff measure. The missing piece of in-
formation is the explicit characterization of the function 6 (whose existence
is provided by a nonconstructive result, the Radon—Nikodym theorem): this
requires a more precise blow-up analysis, which is one of the motivations of
studying the rectifiability problem.
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5.2 De Giorgi’s rectifiability proof

In essence (and omitting some deep preliminary volume and perimeter esti-
mates), De Giorgi’s proof [14] is based on the following steps:

e (Choice of the blow-up point)
A Lebesgue point Z of v, relative to [Dyg|; this means that [, @) lve(y) —

vE(Z)[?d|Dxg|(y) is an infinitesimal faster than |Dx|(B,.(Z)) as r | 0.

e (Normals of blow-ups are constant)
Since v(g_z)/r(y) equals vg(Z +ry), it turns out that all ' € Tan(E, z) have
constant normal, equal to vg(Z).

o (Classification of blow-ups)
By the previous step, any tangent set F' at T satisfies Xy =0 if X L vg(Z),
and Xxp > 0if X =vg(Z).

These properties imply, by a classical and elementary smoothing argument,
that F' is a halfspace orthogonal to vg(Z). Here the fact that we are dealing
with constant coefficient operators plays an important role.

5.3 De Giorgi’s argument in Carnot groups

Franchi, Serapioni and Serra Cassano reproduced (first in the Heisenberg
groups [19] and then in all step 2 groups [20]) this argument in Carnot groups:

e (Choice of the blow-up point)
A Lebesgue point T of v, relative to |Dy g|. Here no difference appears with
the Euclidean case: thanks to the density estimates of Theorem 5.1 Lebesgue
points are a set of full | Dy g| measure.

e (Normals of blow-ups are constant)
Since vs,, (z-1E) (y) equals vg(Zd,y), it turns out that all F' € Tan(F, Z) have
constant horizontal normal, equal to vg(Z). Also here no essential difference
appears, the only one is that we gain constancy of the horizontal normal and
not of the Euclidean normal (which makes no sense, in this setting).

o (Classification of blow-ups)
By the previous step, any tangent set F at Z satisfies Xxr = 0if X =", §,X;
with £ L vg(z), and Xxp >0if X =3 vg,(2)X,.

Now the question is: do these properties imply that F' is a vertical half-
space? Franchi, Serapioni and Serra Cassano proved that the answer is affirma-
tive in step 2 Carnot groups. This leads to a complete proof of the rectifiability
in this class of groups.

The proof, in G = H!, is based on the following key geometric observation:
if z > a’, it is possible to move from (x,y,t) to (z/,4',t) using integral lines
of Y = 0y — 220, and integral lines of X = 0, + 2yd; only in the positive
direction.
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Let us illustrate this with an example: in order to reach P = (1,1, 1) from
(0,0,0), we reach A = (0,3/4,0) following Y = (9, — 2x0;) for T} = 3/4,
then we reach B = (1,3/4,3/2) following X = (0, + 2y0;) for To = 1, and
eventually we reach P = (1,1,1) following Y for T3 = 1/4.

B

In general step 2 groups G one uses the fact that, given any two horizontal
directions X and Y, ¢’ := span(X,Y, [X,Y]) is a Lie subalgebra of g, so that
H! “embeds” into G.

However, as shown in [20], this program fails in groups of step 3, or higher,
because there exist sets with a constant horizontal normal which are not
halfspaces.

Let e be the Carnot group (called Engel group, or group of Engel type)
whose Lie algebra is g = V4 @ Vo @ V5 with Vi = span{ X1, Xs}, Vo = {RX5}
and V3 = {RX,}, the only nonzero commutation relations being

(X1, Xo] = — X, (X1, X3] = —Xu.

In thiscasen =4,s=3,Q =2-14+1-2+1-3 = 7. In exponential coordinates,
an explicit representation of the vector fields is

Xi = 0+ 205 + (5 — 222)0,,
Xo =0y — 505+ %34,

X5 =05 — 24,

X4 = 04.

Now, let P : R* — R be the polynomial

1 1
P(z) = 6172@% +a3) — 5173 + 24,

whose gradient is
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All level sets { P = ¢} of P are obviously graphs of smooth functions depending
on (z1, 2, x3). We have

1
X P(x) =0, XyP(z)= 5(33% +22) VreRL (5.1)

We define
C:={zecR': P(x) <0},

whose boundary OC' is the set {P = 0}. Notice that, due to the (intrinsic)

homogeneity of degree 3 of the polynomial, the set C' is a cone, i.e., §,C = C

for all » > 0. Thus, C is a set with constant normal that is not a vertical

halfspace (it is not invariant with respect to the X3 and X4 directions).
This example is reminiscent of the celebrated Simons’ cone

{mERsz x?—l—x%—f—x%—l—xi<x§+x§+x$+x§},

whose minimality has been proved by Bombieri, De Giorgi and Giusti. As
a matter of fact, one can show that all sets with a constant horizontal nor-
mal, and C' in particular, are minimal surfaces with respect to the Carnot—
Carathéodory distance: they minimize the intrinsic perimeter |Dxp| with
respect to compactly supported variations.

6 Our main results, and open problems

In order to get a halfspace, the Engel cone example suggests to consider iter-
ated tangents: we define Tan¥ (E, z) = Tan(E, ) and

Tan* (B, ) := {hm S1/r(y'F) : F e Tan™(E,2), (r;) | 0}.
71— 00
Here we need to iterate the blow-up procedure even at points y # e: if we do

not do this, any conical tangent set (as the cone we considered before) would
stop the process.

Theorem 6.1 For |Dxpl|-a.e. & and k > 1+2(n—m), Tan® (E, z) contains
the vertical halfspace H with e € 0H and with inner normal vg(Z).
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The idea of the proof is to provide a mechanism for the growth, in higher
and higher tangents, of regular and invariant directions. I shall describe this
mechanism later on, but first I want to discuss the relation between this
result and the original rectifiability problem. The connection is provided by
this result:

Theorem 6.2 For |Dxpgl|-a.e. T we have | J,, Tan'®)(E, z) = Tan(E, 7). As a
consequence, for |Dxg|-a.e. T there exists (r;) | 0 satisfying

lim 6y, (27 'E) = H,

where H s the vertical halfspace with e € OH and inner normal vg(T).

This result is not yet a complete solution of the rectifiability problem.
Indeed, we know that (z7!FE), when seen at some small scales r;, looks like
a vertical halfspace, but we would like to show that this happens on all suf-
ficiently small scales r. What is still missing is some monotonicity/stability
argument that singles out halfspaces among all possible tangent sets.

The principle “iterated tangents are tangent” was discovered by Preiss
[39], in his complete proof (after partial solutions by Besicovitch, Marstrand,
Mattila) of Federer’s conjecture:

B, (z .
30(z):= limL(:)) € (0,00) pra.e. = p A "-rectifiable.
rl0 Wwrr
In the proof of Preiss’s theorem, blow-up measures v at Z are uniform:
v(B,(z)) = O(z)r* Vr >0, x € suppv.

For instance, /2 restricted to the cone {22 = 22 + 23 + 22} C R* has this
property. Flat measures are singled out, among all possible blow-ups, by an
asymptotic stability property.

7 Some ideas from the proof

Let F be a tangent set at Z. We know that the Lie algebra Inv(F') contains
a codimension 1 subspace of Vi, and that F' has constant horizontal normal.
We set

X = ZVE,i(fE)Xi e V.
i=1

Our proof is based on the following two principles:

(1) Regular nonhorizontal directions become, for the tangent sets, invariant
(at least at J#9~1-a.e. point);

(2) Reg(F) 2 Inv(F) + {RX}, unless Inv(F') has codimension 1.
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The first principle is natural, because the group dilations ¢, shrink more
in the nonhorizontal directions. Roughly speaking, it corresponds to saying
that if f is a BV function, then

lim flx+r'y) — f(x)

i - =0 in Ly, (R})

for £™-a.e. x, provided i > 1.

7.1 Regular directions become invariant

If Y € V;NReg(E) for some i > 1 and p =Y xy, we have indeed

/ Y¢dr = T*Q/ (Y)o0d/dy = ri*Q/ Y(¢ody,)dy
51/r( z-1E T

i-1E) i-1E
= —ri‘Q/¢(51/r(f‘1y))du(y)~

Now, if supp ¢ C B, we have supp ¢(81,(z~'y)) C Bg,(Z) and therefore
(for #9 1-ae. 7)

19 [ 60610@ ) disy) = 10 (ul (B () = 00 ).

Passing to the limit as » | 0 we conclude that Yy = 0 for all F' €
Tan(E, T).

7.2 New regular directions

Recall that Ady : g — g is defined by Adk(Y) := dCy(Y), where C, : G — G
is the conjugation by k:

Culg) :=kgk™',  ge€G.

The first remark is that Ady maps Reg(F) into Reg(F) whenever F is
right k-invariant. This is natural and not difficult to prove: indeed, on the one
hand, the theory is left invariant, so that left multiplication by k preserves
the regularity property; on the other hand, because of the right k-invariance
of F', the potentially dangerous right multiplication by k (a map that is only
Holder continuous with respect to the Carnot—Carathéodory distance) has no
effect. A simple computation shows that Ady(X)xp is the push-forward of
the measure Xy under the right multiplication with k=!.

The following lemma provides the basic mechanism for the generation
of new regular directions, starting from the monotonicity direction and the
invariant directions.
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Lemma 7.1 {Adi(X) : k € exp(Inv(F))} is not contained in Inv(F) +
{RX?}, unless Inv(F) has codimension 1.

A sketchy proof goes as follows: if this does not happen, setting K =
exp(Inv(F)) and denoting by 7 : G — G/K the projection map, we can
“project” Ady(X) to a smooth 1-dimensional distribution W on G/K. This
would be integrable, and the inverse image 7~ !(F) of a foliation F of G/K
tangent to W would give a foliation of G tangent to W. This contradicts the
fact that the Lie algebra generated by W is the whole of g.

Denoting for simplicity by g’ the Lie subalgebra Inv(F), a closer analysis
of the operator Adeyp(y), written as an exponential of the map Y — [X,Y],
reveals that

span({Adk(X) ke exp(g')}) =X+, X+, ¢, X]]+-.
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Summary. The goal of this paper is to study the action of the heat operator on
the Heisenberg group H¢, and in particular to characterize Besov spaces of negative
index on H? in terms of the heat kernel. That characterization can be extended to
positive indexes using Bernstein inequalities. As a corollary we obtain a proof of
refined Sobolev inequalities in W*? spaces.
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1 Introduction

This paper is concerned mainly with a characterization of Besov spaces on
the Heisenberg group using the heat kernel. In [1], a Littlewood—Paley de-
composition on the Heisenberg group is constructed, and Besov spaces are
defined using that decomposition. It is classical that in R? there is an equiv-
alent definition, for negative regularity indexes, in terms of the heat kernel.
This characterization in R? can be extended to positive regularity indexes
thanks to Bernstein’s inequalities which express that derivatives act almost
as homotheties on distributions, the Fourier transform of which is supported
in a ring of R? centered at zero.

The aim of this text is to present a similar characterization of Besov spaces
on H? using the heat flow. One of the main steps of the procedure in R? con-
sists in studying frequency localized functions and the action of derivatives,
and more generally Fourier multipliers, on such functions (the corresponding

A. Bove et al. (eds.), Advances in Phase Space Analysis of Partial 17
Differential Equations, DOI 10.1007/978-0-8176-4861-9_2,
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inequalities for derivatives are known as Bernstein inequalities). In the Heisen-
berg group there is a priori no simple notion of frequency localization, since
the Fourier transform is a family of operators on a Hilbert space; however,
frequencies may be understood by studying the action of the Laplacian on a
Hilbertian basis of that space, which allows one to define a notion of frequency
localization (see Definition 2.10 below). One can then try to investigate the
action of the semigroup of the heat equation on the Heisenberg group on such
frequency localized functions. That is achieved in this paper; we also prove a
similar characterization of Besov spaces in terms of the heat flow, as in the
classical R? case. This allows us to prove refined Sobolev inequalities, for W5
spaces. Finally we are able by similar techniques to recover the fact that the
heat semigroup is the convolution by a function in the Schwartz class (as in
previous works by Gaveau in [6] and Hulanicki in [8]).

Let us mention that by a different method, Furioli, Melzi and Veneruso
obtained in [5] a characterization of Besov spaces in terms of the heat kernel
for Lie groups of polynomial growth.

1.1 The Heisenberg group H<

In this introductory section, let us recall some basic facts on the Heisenberg
group H%. The Heisenberg group H¢ is the Lie group with underlying C*¢ x R
endowed with the following product law:

V((z8),(7,s)) e HY x HY,  (2,8)- (¢,8') = (2 + 2,5+ & + 2Im(z - 7)),
where z-Z' = Z;l:l 2;Z5. Tt follows that H is a noncommutative group, the
identity of which is (0, 0); the inverse of the element (z, s) is given by (z,s) ™1 =
(—z,—s). The Lie algebra of left invariant vector fields on the Heisenberg
group H is spanned by the vector fields

_ 1
Zj :6'zj+i§j35, Zj :6%1' 7Z.Zjas and S:as:?i[Zj,Zj],
with j € {1,...,d}. In all that follows, we shall denote by Z the family
of vector fields defined by Z; for j € {1,...,d} and Z; = Z;_4 for j €
{d+1,...,2d} and for any multi-index a € {1,...,2d}*, we will write
zodet g 7 (1.1)
The space H? is endowed with a smooth left invariant measure, the Haar
measure, which in the coordinate system (x,y, s) is simply the Lebesgue mea-
sure dxdyds.
Let us point out that on the Heisenberg group H?, there is a notion of

dilation defined for a > 0 by d,(2, s) = (az, a%s). The homogeneous dimension

of H? is therefore N def 2d + 2, noticing that the Jacobian of the dilation §,
i AN
is a'.

The Schwartz space S(H?) on the Heisenberg group is defined as follows.
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Definition 1.1 The Schwartz space S(H?) is the set of smooth functions u
on H? such that, for any k € N, we have

de a .
lulks & sup (27 ((=F7 = i) u(z, )| < o
al<k
(z,s)EHd

Remark 1.2 The Schwartz space on the Heisenberg group S(H?) coincides
with the classical Schwartz space S(R?*Y). The weight in (z,s) appearing in

the definition above is related to the fact that the Heisenberg distance to the
def

1
origin is defined by p(z,s) = (|z|* + s)*.
Finally, let us present the Laplacian—Kohn operator, which is central in the
study of partial differential equations on H?, and is defined by

AHd :2

J

d
(ZjZ;+ Z;Z;).

=1

Powers of that operator allow us to construct positive order Sobolev spaces:

for example we define the homogeneous space W*»(H?), for 0 < s < N/p, as

the completion of S(H?) for the norm

def

1F iy = (= Au1a) 2 F| 1 50, -

1.2 Statement of the results

In [1] and [3] a dyadic unity partition is built on the Heisenberg group HY,
similar to the one defined in the classical R% case. A significant application of
this decomposition is the definition of Besov spaces on the Heisenberg group
in the same way as in the classical case (see [1],[3]). In Section 2, we shall give
a full account of this theory.

The main result of this paper describes the action of the semigroup associ-
ated with the heat equation on the Heisenberg group, on a frequency localized
function. We refer to Definition 2.10 below for the notion of a frequency lo-
calized function, which requires the definition of the Fourier transform on H?,
and is therefore slightly technical.

Lemma 1.3 Let (r1,72) be two positive real numbers, and define Cy, r,) =
C(0,71,72) the Ting centered at the origin, of small and large radius respec-
tively r1 and ro. Two positive constants ¢ and C' exist such that, for any real
number p € [1,00], any couple (t, ) of positive real numbers and any func-
tion u frequency localized in the ring BC( /., /), we have

—cC 2
e 25| Lo aay < Ce™ [lull Lo ssay (1.2)



20 Hajer Bahouri and Isabelle Gallagher

That lemma is the key argument in the proof of the following theorem
which is well known in RY and proved by a different method in [5] for Lie
groups of polynomial growth. The definition of Besov spaces is provided in
the next section.

Theorem 1.4 Let s be a positive real number and (p,r) € [1, oo] A con-
stant C' exists which satisfies the following property. For u € B 25(Hd)
have

et Cllull g 2o gay-  (1.3)

O ull sy < |16 5l ey |

Lr(R+ df)

Remark 1.5 Thanks to Bernstein’s inequalities (see Proposition 2.12 below),
we have

lolsg ney = 5P (=) Fll vy

We deduce that the characterization of Besov spaces on the Heisenberg group
in terms of the heat kernel can be extended to any positive reqularity index.

This characterization is useful for instance to prove refined Sobolev inequali-
ties. In this paper we will prove the following result.

Theorem 1.6 Let p € [1,00] and 0 < s < N/p be given. There erists a
positive constant C such that for any function f in W*P(H) we have

gt < ONI LA

8@\2

with ¢ = pN/(N — ps).

Remark 1.7 This is a refined Sobolev mequalzty since it is easy to see that

W”’(Hd) 1s continuously embedded in B2 %, S0 that Theorem 1.6 is a refined
version of the classical inequality

1flLaqmay < ClFllvirsn may-

The above continuous embedding is simply due to the following estimate, ap-
plied to u = (—Aya)3 f:

||U||B % = Suptz‘" ef HduHLm(Hd) < Cllull oo aey-
Note that in the special case when p = 2, such an inequality was proved in [3],

using the method developed in the classical case in [7].

It turns out that the techniques involved in the proof of Lemma 1.3 enable
us to recover the following theorem, which was proved (by different methods)
by Gaveau in [6] and Hulanicki in [8].
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Theorem 1.8 There exists a function h € S(H?) such that if u denotes the
solution of the free heat equation on the Heisenberg group

_ —0 + o T
{&u Agau =0 in RT x HY (1.4)

Ult=0 = U0,

then we have
u(t, ) = ugp * he,

where x denotes the convolution on the Heisenberg group defined in Section 2
below, while hy is defined by

1 r Yy S
ht(xayvs) = tdﬁh (\/_Ea %a t) .

The rest of this paper is devoted to the proof of Theorems 1.4 to 1.8, as
well as Lemma 1.3.

The structure of the paper is the following. First, in Section 2, we present
a short review of the Littlewood—Paley theory on the Heisenberg group, giving
the notation and results that will be used in the proofs, as well as the main
references of the theory. Section 3 is devoted to the proof of Theorem 1.4,
assuming Lemma 1.3, and finally the proof of Lemma 1.3 can be found in
Section 4. In Section 4 we also give the proofs of Theorems 1.6 and 1.8.

2 Elements of Littlewood—Paley theory on the
Heisenberg group

2.1 The Fourier transform on the Heisenberg group

To introduce the Littlewood—Paley theory on the Heisenberg group, we need
to recall the definition of the Fourier transform in that framework. We refer
for instance to [10], [11] or [12] for more details. The Heisenberg group be-
ing noncommutative, the Fourier transform on H¢ is defined using irreducible
unitary representations of H?. As explained for instance in [12, Chapter 2],
all irreducible representations of H? are unitarily equivalent to one of two
representations: the Bargmann representation or the L2-representation. The
representations on L?(R?) can be deduced from Bargmann representations
thanks to interlacing operators. The reader can consult J. Faraut and K.
Harzallah [4] for more details. We shall choose here the Bargmann represen-
tations described by (u*,H,), with A € R\ {0}, where H, are the spaces
defined by
Hy = {F holomorphic on C%, ||F||y, < oo},

while we define
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2 def M)d 21| (o)
171, < () [ et g pa, (2.)

and v” is the map from H¢ into the group of unitary operators of H, defined
by

u} JF(€) = F(€ —7)estME= /2 for ) >0,

u} F(&) =F(¢— 2)ersm2AEETR/2) for ) < 0.
Let us notice that Hy equipped with the norm (2.1) is a Hilbert space and
that the monomials

Far@) = IS e,

N

constitute an orthonormal basis.
If f belongs to L'(H?), its Fourier transform is given by

def f(z,8)u ,dzds.
He '

F(HN)

Note that the function F(f) takes its values in the bounded operators on Hy.
As in the R? case, one has a Plancherel theorem and an inversion for-
mula. More precisely, let A denote the Hilbert space of one-parameter fam-
ilies A = {A(A)}rer\{0} of operators on H, which are Hilbert—Schmidt for
almost every A € R with norm

9d—1 00 ) J 3
4= (G [ 1A s WaA) < o
—oo
where ||A(N)||zs(#,) denotes the Hilbert—Schmidt norm of the operator A(X).
Then the Fourier transform can be extended to an isometry from LZ(H?)

onto A and we have the Plancherel formula:

9d—1 S
191y = 2azr 3 | IFON sl AN
a€Nd ¥ T
On the other hand, if
> [ IFOW Faale A < . 2:2)

a€eNd ™

then we have for almost every w,

d—1 00
fw) = Zer [ @ F ) Wi (2.3)

where

tr (up 2 F(HN) = Y Wy F(F)N) Fax, Far)r,

a€eNd

denotes the trace of the operator u> _, F(f)()).

w1
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Remark 2.1 The above hypothesis (2.2) is satisfied in S(H?), where S(H?)
1s defined in Definition 1.1. This follows from Proposition 2.2 which is proved
for the sake of completeness, directly below its statement.

Let us moreover point out that we have the following useful formulas, for
any k € {1,...,d}.

Denoting by 1 = (0,...,1,...) the vector whose k-component is one and
all the others are zero, one has

F(Zp YN Fax = =V 2NV + 1F(f)(A) Fat, (2.4)

if A > 0, and similarly

(Zkf aA -V 2|)‘ VAl ]: ) a—1gk,A (25)
if A < 0. Furthermore,
F(Ze )N Far = V2NVaEF(f)(A) Fa-1,,0 (2.6)

if A >0, and
F(Zi[) N Fax = =V 2AVar + 1F(f)(A) Fati, (2.7)

if A < 0. Therefore, we have easily, for any p € R,

F((=Aua)’ YN Fax = (4A|2lal + d)” F(f)(X) Fax (2.8)
and
F (!5 ) (\) Fo\ = e tRIQIFD) 2 £) (A F, .

Using those formulas, we can prove the following proposition, which jus-
tifies Remark 2.1 stated above. The proof of this proposition is new to our
knowledge.

Proposition 2.2 For any function f € S(HY), (2.2) is satisfied. More pre-
cisely, for any p > %, there exists a positive constant C' such that

S [ IFEO sl A A < (I sy + 1B )

a€NE "

Let us prove that result. By definition of S(H?), for any p € R, the func-
tion (—Aga)?f belongs to S(H?). Therefore, we can write, using (2.8),

F(HN)Fax = F(=Apa) " (=Aga)” F)(A) Fax
= (4A[2lal +d)) P F((=Aua)’ F)(A) Fax

But that implies that
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IF(F) ) Fax 3,
o r2AN G
= (4A(2la] + d)) 2f’('—) / e
™ cd

According to the definition of the Fourier transform on the Heisenberg group,
we thus have

2

((=Aga)? YN Fax (&) dE.

IF )N Fanllde, = @N2lal + d)w(@)d /C e

x(/((AHd)pf(z,5))u;\7sFa7>\dzds/((AHd)Pf(z’,s’))ui‘,vs,FaAdz’ds)df.
o H

d d

Fubini’s theorem allows us to write

IFF) N Fanllz, = 4(2lal +d))~

x/ (—Aua)’ f(2,8)(—Aga)? f (2, ') (U2 Far |t o Fa)r,dzdsdz'ds'.
e e

Since the operators u>‘ and u 1« are unitary on Hy and the family (Fan) s

a Hilbert basis of Hj, We deduce that

IFPY A Faxllry < (4AClaf +d) =7 [[(=Aua)” fll L @e)-

To conclude we decompose the integral on A into two parts, corresponding
to “high and low” frequencies (the parameter \)\|% may be identified as a
frequency, as will be clear in the next section—it is in fact already apparent
n (2.8) above). Thus denoting A, = (2m + d)\, we write

E/ IFCFY ) Fanllres [N
a€eNd
m+d—1 d
< 1(d
_Z< . )(IIfIIL(H>/| _,

meN Am|<

+(@(2m @)~ Ba) sy [ NTPRAN).

[Am]2>

This gives the announced result for p > N/2. The proposition is proved. 0O
Finally the convolution product of two functions f and g on H? is defined
by

frglw / flw v)dv = f()g(v™ w)dv.
Hd
It should be emphasized that the convolution on the Heisenberg group is not

commutative. Moreover, if P is a left invariant vector field on H?, then one
sees easily that
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P(f*g)=fxPy, (2.9)
whereas in general P(fxg) # P fxg. Nevertheless, the usual Young inequalities
are valid on the Heisenberg group, and one has moreover

F(f+9)A) = F(HN) e F(g)(N). (2.10)

It turns out that for radial functions on the Heisenberg group, the Fourier
transform becomes simplified and puts into light the quantity that will play
the role of the frequency size. Let us first recall the concept of radial functions
on the Heisenberg group.

Definition 2.3 A function f defined on the Heisenberg group HY is said to
be radial if it is invariant under the action of the unitary group U(d) of C?,
which means that for any u € U(d), we have

f(z,8) = f(u(z),s), ¥(z,s)eH.

A radial function on the Heisenberg group can then be written under the form
f(z,5) = g(lz], ).
It can be shown (see for instance [10]) that the Fourier transform of radial
functions of L?(H?) satisfies the following formulas:
f(f)()‘)Fa,A = R|a\ (A)Fa,)\;
where

Run(\) = (m+d1

m

—1
) /MSf(z ) LED (2| A[|2[2)e~ M= dzds,

and where Lgff) are Laguerre polynomials defined by

m

tk
L%S)(t)=2(—1)’“<m+p)k,, t>0, m,peN.

m—k
k=0
Note that in that case

£l z2ay = 1(R)ll 22 (vxm)

def Qdil erd—l e 2 d 2
=<Wd+1 (") [ ienria) ey

which corresponds to the Plancherel formula recalled above, in the radial case.
We also have the following inversion formula: if R,, belongs to L3(N x R)
defined in (2.11), then the function

2d 1

F(z8) = Z/ TSR (N LD 2Nz MIET N dan (2.12)

is a radial function in L?(H%) and satisfies

F(fYA) Fax = Rjaj(AN) Fax
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2.2 Littlewood—Paley theory on the Heisenberg group

Now we are ready to define the LittlewoodPaley decomposition on H?. We
will not give any proof but refer to the construction in [1] and [3] for all the de-
tails. We simply recall that the key point in the construction of the Littlewood—
Paley decomposition on H¢ lies in the following proposition proved in [1]. Note
that Proposition 2.4 enables one to show in particular that functions of —Aga
may be seen as convolution operators by Schwartz class functions (a result
proved by Hulanicki [8] in the case of general nilpotent Lie groups).

Proposition 2.4 For any Q € D(R\ {0}), the series
241 i d—1 2\ —|Al|212 |y |d
919 = Tz 3 [ €M QU2m+ ONLE V@A) N aftay

converges in S(H?).

The Littlewood—Paley operators are then constructed using the following
proposition (see [1] and [3]).

Proposition 2.5 Define the ring Co= {7‘ eR, % <7 < %} and the ball By =
{7’ eER, |7 < %} Then there exist two radial functions R* and R* the values
of which are in the interval [0, 1], belonging respectively to D(By) and to D(Cp)
such that

V1 € R, é*(T) + ZR*(Q*QJ'T) =1 and V71 eR" ZR*(Z*QJ'T) =1,
j=0 =/

and satisfying as well the support properties
Ip—q| > 1= supp R*(27%9) N supp R*(27%F-) =)
and ¢ > 1= supp R* N supp R* (2724.) = .
Moreover, there are radial functions of S(H?), denoted v and o, such that

F@) N Fax = Riyj(NFax  and  F()(A\)Fax = Ry /(N Fa,

where we have noted R, (1) = R*((2m + d)7) and R, (7) = R*((2m + d)7).

Now as in the R¢ case, we define Littlewood-Paley operators in the following
way.

Definition 2.6 The Littlewood—Paley operators A; and S;, for j € Z, are
defined by

F(A; YN Fap = Riy @7 NF ()N Fap,
F(S5/) N Fan = Bis/ 27N F(f)(N) Fan-
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Remark 2.7 [t is easy to see that
Aju=ux2Mp(5;-) and  Sju = ux2N4(54;),

which implies that those operators map LP into LP for all p € [1,00] with
norms which do not depend on j.

Along the same lines as in the RY case, we can define homogeneous Besov
spaces on the Heisenberg group (see [1]).

Definition 2.8 Let s € R be given, as well as p and r, two real numbers
in the interval [1,00]. The Besov space By .(H?) is the space of tempered
distributions u such that

o The series Y.

. Aqu converges to u in S'(H?).

def 1 o0s
o lullgs @ = (|2 Aqull Lo ey < o0.

()

Remark 2.9 Sobolev spaces H* (H?) have a characterization using Littlewood—
Paley operators, as well as noninteger Holder spaces (see [1],[3]). More pre-
cisely, one has H*(H?Y) = BS’Q(Hd) for any s € R, and for any p €
R\N, CP(HY) = BE, ,(H?).

2.3 Frequency localized functions and Bernstein inequalities on
the Heisenberg group

Let us first define the concept of localization procedure in the frequency space
in the framework of the Heisenberg group. We will only state the definition
in the case of smooth functions—otherwise one proceeds by regularizing by
convolution (see [1] or [3]).

Definition 2.10 Let C(, ,,y = C(0,71,72) be a ring of R centered at the
origin. A function u in S(H?) is said to be frequency localized in the ring 2

Clyrrnm)
F(u)(N) Fax = Ljal+d)-122i¢ rr, ) (M)F(w)(A) Fa .

Remark 2.11 FEgquivalently, a frequency localized function in the sense of
Definition 2.10 satisfies
u=ux*g;,

where ¢; = 2NI4(845-), and ¢ is a radial function in S(H?) such that
F(@) (AN Faxn = R((2]a| + d)A) Fa,x,

with R compactly supported in a ring of R centered at zero.
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In order to estimate the cost of applying powers of the Laplacian on a fre-
quency localized function, we shall need the following proposition, which en-
sures that the action powers of the Laplacian act as homotheties on such
frequency localized functions. The proof of that proposition may be found
in [3].

Proposition 2.12 ([3]) Let p be an element of [1, 00| and let (r1,r2) be two
positive real numbers. Define C(,, .,y = C(0,71,72) the ring centered at the
origin, of small and large radius respectively ry and ro. Then for any real
number p, there is a constant C, such that if u is a function defined on HY,
frequency localized in the ring 27 C(y1,/2)s then

Cp_12_ij(_AHd)guHLP(Hd) < lull e ey < 002_jp||(_AHd)%u”LP(IHId)-

3 Proof of Theorem 1.4

In this section we shall prove Theorem 1.4, assuming Lemma 1.3. It turns out
that the proof is very similar to the R% case, and we sketch it here for the
convenience of the reader.

Let us start by estimating ||t*e’?#¢u| 1». Using Lemma 1.3 and the fact
that the operator A; commutes with the operator e!4nd | we can write

[#5 Ajet et | o < CH2%95e =127 27205 Aui)| 1.
Using the definition of the homogeneous Besov (semi) norm, we get
. _ 24
HtsetAHduHLp < C”“HB;}Q Z 1592 o —ct2 JC’I",j?
JEZ

where (¢, ;) ez denotes, as in all this proof, a generic element of the unit sphere
of £"(Z). In the case when r = oo, the required inequality comes immediately
from the following easy result: for any positive s, we have

sup2t522jse*d22j < 0. (3.1)
>0 17

In the case when r < 0o, using the Hélder inequality with the weight 227%¢—¢#2*
and Inequality (3.1) we obtain

> dt
O t

-1
< CH’U,HT >~ ts22js —ct229 " ts22js —ct2? r ﬂ
> B;?«s o E € E e Crj n

JEZ JET

> . j dt
< Clfull}. / S ppisemonp &
Y0 ez
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This gives directly the result by Fubini’s theorem.
In order to prove the other inequality, let us observe that for any s greater

than —1, we have
o def
/ e Tdr = Cs.
0

Using the fact that the Fourier transform on the Heisenberg group is injective,
we deduce the following identity (which may be easily proved by taking the
Fourier transform of both sides):

Aju = C;l/o ts(fﬂHd)erletAHd A]udt

Then Lemma 1.3, the obvious identity et“udu = e5udesAudy and the fact
that the operator A; commutes with the operator et?ud  lead to

oo .
|Aullr < C / $5223 (1) g=et2 | ot Aa 1 it (3.2)
0
In the case r = 0o, we simply write
o0 .
|Ajullrr < C(suptsHetAHduHLp)/ 924 (s+1) g—ct2¥ gy
>0 0
< C2%¢ (suptSHetAHduHLp).
>0

ct2?

In the case r < oo, Holder’s inequality with the weight e~ ’ gives

oo 0 T
</ tse—ct2 4 |etAHdu||Lpdt)
0
oo T—
< (/ e_"ﬁzjdt)
— \Jo

o) .
< Co—2i(r=1) / trsefct22’ ||€tAHdUHEpdt.
0

1 roo y
/ e e At dt
0

Thanks to (3.1) and Fubini’s theorem, we infer from (3.2) that

> i —et2% \rs dt
Szl < [ (T e ey, §
- 0
J

JEL
o dt
< C/ trslletAHdqup?.
0

The theorem is proved. O

4 Proofs of Lemma 1.3 and Theorems 1.6 and 1.8

Now we are left with the proof of Lemma 1.3 and Theorems 1.6 and 1.8.
Lemma 1.3 is proved in Section 4.1, while the proofs of Theorems 1.6 and 1.8
can be found in Sections 4.2 and 4.3, respectively.
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4.1 Proof of Lemma 1.3

By density, it suffices to suppose that the function v is an element of S(H?).
Now the frequency localization of u in the ring 5C(, /77, /) allows us to write

]:(etAHd u) ()\)Fa,)\ _ eftfﬂ(4\ﬂ72>\|(2‘06|+d))R|a‘ (ﬁ_z)\)‘}r(u)(/\)Fa’)\, (41)

with Rjo(A) = R((2|a] +d)A) and R € D(R \ {0}) is equal to 1 near the
ring C(,, r,)- We can then assume in what follows that 3 = 1.

Since R belongs to D(R\ {0}), Proposition 2.4 ensures the existence of a
radial function ¢g* € S(H?) such that

]—‘(gt)(/\)F%A = e_t(4|>‘|(2|°“+d))R|a|(/\)F%,\.

We deduce that
otd

wdy =y * gt
If we prove that two positive real numbers ¢ and C' exist such that, for all
positive t, we have

19" | 1 ey < Ce™, (4.2)
then the lemma is proved. To prove (4.2), let us first recall that thanks to
Proposition 2.4,

. 2d71
g'(z,8) = Tl

X Z/e—Mse—t<4W<2m+d>>R((2m+d)A)Lg—1>(2|A||z|2)e—|AHZ‘2|A|ddA.

Now, we shall follow the idea of the proof of Proposition 2.4 established in [1]
to obtain Estimate (4.2). Let us denote by Q the subspace of L3(N x R)
(defined in (2.11)) generated by the sequences (Q.,) of the type

Qm(A) = A Q(2m + f(0))AN)P(A)du(o), (4.3)
where p is a bounded measure compactly supported on R™, f is a bounded
function on the support of u, P is a polynomial function and @ is a function
of D(R\ {0}) under the form

Q(r) = e_4t‘T|73(t7')R(7'), (4.4)

with P a polynomial and R a function of D(R\ {0}).
Now, let us recall the following useful formulas (proved for instance in [1]
and [9]).
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Lemma 4.1 For any radial function f € S(H?), we have for any m > 1,

Fllis — 2))m. N) = & 7 f(m, 3) = 5 (F(m,X) — Ffm ~1,3))

for A >0 and
d d
Flis = 12 )m, A) = - FF(m, 2) + Mﬁ (Frmx) = Ffim+1,3)
for A <0.

Moreover, we have the following classical property on Laguerre polynomials:
L& ()e /%] < Cplm + )P, Vy 20, (4.5)

Let us start by proving that for any integer k, one has the following formula:

(is— |Z|2) i Z/ —1>\€Q(k) )L(d 1)(2|/\HZ| ) E ‘2|/\|dd)\

(4.6)
where (Qg,’f)) is an element of the space Q. By induction the problem is reduced
to proving that for (Q,,) element of Q, the sequence (Q*,) defined as follows
is still an element of Q: for all m > 1,

m

Q) = QN ~ (@Y ~ Qua V), A0,

Q) = S QnN) + m|;|d(czm<) Quit (V). A<0,

Let us for instance compute QF, () for A > 0 and m > 1. Considering (4.3),
the Taylor formula implies that

m 1
B(@nN) = Qua V) = 2m [ [ Q((2m + f(0) = 200) PN dud(0).

Therefore,

Q) = [ Q(2m + f(0))N)P'(N)du(o)

[ @(Cm+ 1)NPOF()dulo)
* 2/n /O1 /01(27”” + f(o) = 2us)AQ"((2m + f(0) — 2us)A)
x P(\) u du ds dpu(o)
2/ / / Q" ((2m + F(0) — 2us) NAP(N)ududs(5)dp(0)

1l
" — 2us wldusdsdu(o).
+4/n/0 /0 Q"((2m + f(0) — 2us) AP\l dusdsdp(c)
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This proves that the sequence (Q7F,) belongs to the space Q.
Now let us end the proof of Lemma 1.3: defining

fizs) = / e P9Qn (M) LD (2N [2[2)e NI |\ dax,

with (@) element of Q, and in view of (4.6) it is enough to prove that there
exist two constants ¢ and C' which do not depend on m, such that

Fh(z,8)] < Cemet . (4.7)

m2

Due to the condition on the support of the function R appearing in (4.4),
there exist two fixed constants which only depend on R, denoted ¢; and cs,
such that

f(z:5)

-/ eNQ((2m + [(#)N)P(N)
m Jer<|(2mtf(0))A|<ec2
x LY=D 2|\][2)e M dp(o) |3 2.

In view of (4.4) and (4.5), we obtain

(2 8)] < can / / e m dpu(o )| AN,
n Jer <[(2m+f (o)A <Zcz

which leads easily to (4.7) and ends the proof of the lemma. O

4.2 Proof of Theorem 1.6

The proof of Theorem 1.6 presented here relies on the maximal function on
the Heisenberg group; before starting the proof let us collect a few useful
results on this function, starting with the definition of the maximal function
(the interested reader can consult [11] for details and proofs).

Definition 4.2 Let f be in L}, (H%). The mazimal function of f is defined
by

def 1 root 1ol
Mf(z,s) = sup—/ |f(,8")|dz"ds",
R>0 m(B((Za 5)3 R)) B((z,s),R)
where m(B((z, s), R)) denotes the measure of the Heisenberg ball B((z,s), R)
of center (z,s) and radius R.

The key propoerties we will use on the maximal function are collected in the
following proposition.

Proposition 4.3 The mazimal function satisfies the following properties.
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1. If f is a function in LP(H?), with 1 < p < 0o, then M f belongs to LP(H?)
and we have
M fllzemay < Apll flle ey,

where Ap is a constant which depends only on p and d.

2. Let ¢ be a function in L'(HY) and suppose that the function (w) def

sup  @(w') belongs to L*(H?), where p denotes the Heisenberg dis-
p(w’)>p(w)
tance to the origin defined in Remark 1.2. Then for any measurable func-
tion f, we have

|(F % @) )] < 12 oy M f a0).

Now we are ready to prove Theorem 1.6. By density we can suppose that f
belongs to S(H?). Let us write

f= / etAud Aya fdt
0

and decompose the integral in two parts:

f= / et Aud Apa fdt + / et Aud Aga fdt,

where A is a constant to be fixed later.
On the one hand, by Theorem 1.4, we have

C
tA]H[dA - < —_—
= LI T

Therefore, after integration we get

o
1
/A et Aga fll o < AZCTD|f]

Beo s Hd)

On the other hand, denoting by g = (—Aga)? f, we have

€tAHd Ade = Hd(—tAHd)177

A s
———e 2g.
(0% ’
It is well-known that the heat kernel on the Heisenberg group satisfies the
second assumption of Proposition 4.3 (the reader can consult [2], [5] or [6]),
so we deduce that

s (~t D) B g(a)| < CMy (),

where My(x) denotes the maximal function of the function g. This leads to

A
] / e!nd Ay fdt‘ < CAS M, ().
0
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In conclusion, we get

| [ e dason] < o(atry o)+ 4Dy )

and the choice of A such that A% M,y (z) = ||f|| .- ensures that

’/ etAHdAde(x)dt’ < CMy(x) 7W|\f||%
0

s
Boo, % (H?)

Finally, taking the LY norm with ¢ =
thanks to Proposition 4.3. O

Npi\;s ends the proof of Theorem 1.6

4.3 Proof of Theorem 1.8

The proof of Theorem 1.8 is similar to the proof of Lemma 1.3 and relies on
the following result.

Lemma 4.4 The series

2d—1 )
h(zvs) = Zgrg 3 [ e e NEmLE D@ o) NI an - (45)

converges in S(H?).

Notice that Lemma 4.4 implies directly the theorem, as by a rescaling, it is
easy to see that the heat kernel on the Heisenberg group is given by

X

1 s

O
Proof of Lemma 4.4 Due to the subellipticity of —Aga (see for instance
[1]), it suffices to prove that for any integers k and ¢,

H(_AHd)e(‘ZP - is)thL2(Hd) < 00

In order to do so, let us introduce the set 0 of sequences (Q,,) of the type
Qm(A) = [ Q(2m+6(c))A)P(N)du(o), (4.9)
R”

where p is a bounded measure compactly supported on R”, 6 is a bounded
function on the support of p, P is a polynomial function and @ is a function
of C*(R\ {0}) under the form

Q(r) = e~ 4"Ip(7), (4.10)
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where P is a polynomial function. As in the proof of Lemma 1.3 and thanks
to (2.8) and Lemma 4.1, we obtain

Aba(|2? = is)*h(z, 5)

d—1 5
=T Y [N QL DA N,
v

with (Q%%) an element of Q which ends the proof of the lemma thanks
to (2.11). O
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1 Introduction

It is well known that if a continuous function f on the closure of the unit disk
D ={z € C: |z| < 1} is holomorphic on D and vanishes on a subset E of the
boundary 0D of positive Lebesgue measure, then f = 0. Conversely, Rudin
[R] and Carleson [C] independently proved that if E C 9D is a closed set of
Lebesgue measure zero, and if g is a continuous function on E, then there is
f € C(D), holomorphic on D such that f agrees with g on E. Refinements,
new proofs, and some generalizations of the Rudin—Carleson theorem were
given in the works [B], [D], [G], and [O]. For applications to peak interpolation
manifolds for holomorphic functions on domains in C™ see [Bh], [Na], [R2]
and the references in these works. In a recent paper [BH1], we proved the
following generalization of the Rudin—Carleson theorem for a class of real
analytic complex vector fields:

Theorem A Let D be the unit disk and let L be a nonvanishing real analytic
vector field defined on a neighborhood U of D satisfying the Nirenberg—Treves
condition (P). Assume that L does not have a relatively compact orbit in U.
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Let E C 0D be a closed set with Lebesque measure zero and assume that
g € C(ID) is constant on the intersection v N D whenever 7y is a one-
dimensional orbit of L. Then there is h € C(D) satisfying

Lh=0 inD,

h(z) =g(2), z€E,
sup |h(z)| < sup|g(z)|.
z€0D zeE

We recall that condition (P) is a geometric condition that characterizes the
class of locally solvable vector fields. This condition and the notion of orbits
will be reviewed in Section 2. Observe that a continuous solution u of Lu = 0
is constant on any one-dimensional orbit of L and this explains why ¢ is
assumed to be constant on the sets v N 9D in Theorem A.

In [BHI] we gave examples that showed that in general, if a real ana-
lytic, locally solvable vector field has a compact orbit, it may not have the
Rudin—Carleson property. The main goal of this article is to characterize those
locally solvable, real analytic vector fields L with compact orbits which ex-
hibit the Rudin—Carleson property. This characterization is given in terms of
the conformal type of a one-sided tubular neighborhood of each closed orbit
endowed with the natural holomorphic structure induced by L (see Section 2
and Theorem 2.1 for the precise formulation). Section 3 is devoted to the proof
of this result and Section 4 presents various examples. In Section 5, we show
that for any smooth vector field, local solvability is a necessary and sufficient
condition for the validity of the Rudin—Carleson property in arbitrary small
neighborhoods of a point in an open set. In the final section we briefly dis-
cuss the relationship between the Rudin—Carleson theorem and the F. and M.
Riesz theorem in the spirit of [B].

2 Preliminaries and statement of the main result

Let L = X + 7Y be a smooth vector field on an open set 2 in C where X
and Y are real vector fields. Assume that L is nonzero at each point of (2. It
is well known that condition (P) can be expressed in terms of the orbits of
the pair of vector fields {X,Y} in the sense of Sussmann ([S]). Two points
belong to the same orbit of {X, Y} in £ if they can be joined by a continuous,
piecewise differentiable curve such that each piece is an integral curve of X or
Y. Since X and Y are assumed to have no common zeros, the orbits of L in {2
are immersed submanifolds of {2 of dimension one or two; moreover, the two-
dimensional orbits are open subsets of 2. Let O C {2 be a two-dimensional
orbit of L in 2 and consider X AY € C®(2; A*(T(£2))). Since \*(T(£2))
has a global nonvanishing section e; A e, X AY is a real multiple of e; A ey
and this gives a meaning to the requirement that X AY does not change sign
on any two-dimensional orbit O of {X,Y} in (2. The vector field L satisfies
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condition (P) at p € {2 if there is a disk U C {2 centered at p such that X AY
does not change sign on any two-dimensional orbit of L in U.

Suppose now L = X 4 7Y is a locally solvable, real analytic vector field in
a neighborhood U of D = {z € C : |z| < 1}. If L is a multiple of a real vector
field, then by Lemma 2.1 in [BH1], it has the Rudin—Carleson property, and
so we will assume throughout that L is not a multiple of a real vector field. If
OD is an orbit of L, then any solution in D that is continuous on D will be
constant on dD and so we will assume that

0D is not an orbit. (2.1)

By real analyticity and the assumption that it is not a multiple of a real vector
field, L has a finite number of one-dimensional orbits in D. Let Cq,...,Cg
denote all the closed orbits of L in D. Observe that these orbits are real
analytic, Jordan curves. We divide these closed orbits into two types. A closed
orbit C; is a type I orbit if it is not enclosed in any other closed orbit. There
may, however, be closed orbits in the precompact component of D\C; in D,
i.e., closed orbits enclosed by C;. The remaining closed orbits will be referred
to as type II orbits. Suppose now (2 is a connected open subset of a two-
dimensional orbit of L in D. Since L satisfies condition (P) and is real analytic,
for each p € (2, there is a neighborhood U, of p, a real analytic function
Z : U, — C such that LZ = 0, dZ # 0, and Z is a homeomorphism. If
Z' : U}, :— C is also another such function on a neighborhood Uy, of p, then
Z'oZ7' : Z(U, N U)) — C is holomorphic. In other words, L induces a
Riemann surface structure on {2 which we will denote by (£2, L).

For each type I closed orbit C;, we fix a one-sided tubular neighborhood
2; of C; that lies in the non-precompact component of D\C; such that (2;
does not intersect any one-dimensional orbit of L. We will also assume that
the {2; are pairwise disjoint. The following theorem provides a necessary and
sufficient condition for L to have the Rudin—Carleson property.

Theorem 2.1 Let D be the unit disk and let L be a nonvanishing real analytic
vector field defined on a neighborhood U of D satisfying the Nirenberg—Treves
condition (P) and (2.1). Let E C 0D be a closed set with Lebesgue measure
zero. Then the following are equivalent:

(1) For each type I closed orbit C;, the Riemann surface (£2;,L) is conformal
to the punctured disk with the standard structure.

(2) For every g € C(OD) that is constant on the intersection yNOD whenever
7 is a one-dimensional orbit of L, there is h € C(D) satisfying

Lh=0 inD,
h(z)=g(z), z€kE,
sup |h(z)| < sup|g(2)].
2€0D zeE
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Remark 2.2 In Section 4 we will give examples of real analytic, locally solv-
able vector fields with compact orbits with and without the Rudin—Carleson

property.

3 Proof of Theorem 2.1

We will consider two cases.

3.1 Case 1

Assume that L has a single type I compact orbit C contained in D. Let v,, j =
1,...,n, denote the one-dimensional, noncompact orbits of L in D. Consider
the complement in D of the noncompact one-dimensional orbits, D = D\
U;-L:l 7, and consider the connected components Dy, k = 0,..., N, of Dt
We now fix k and study the boundary of Dj. Note that if p € D N 3Dy, then
p € 7y, for some j > 1. Therefore, if V' is a sufficiently small disk centered at
p, V\7; is a disjoint union of two domains V; and Va with V N Dy = V3. It
follows that Dy has a real analytic boundary near p. We suppose from now
on that p € D, N OD. We will consider different possibilities. If the orbit of
L at p is two-dimensional, by the real analyticity of L, we can find a disk B
centered at p such that BN D C Dg. This means that near p, D), consists of
0D N B in this case. Assume next that the orbit at p is one-dimensional. If L is
transversal to 9D at p, then the orbit v, through p divides a disk W centered
at p into two connected pieces W7 and Wy with W1 N D = W N Dy. Thus near
p, D has a piecewise real analytic boundary consisting of two curves that
intersect at p. Suppose now that L is tangent to 0D at p. Let ~; continue to
denote the one-dimensional orbit through p. By the real analyticity, in a small
disk V' centered at p, if *yg- =, NV, there are three possibilities:

(a) Assume 72 C DU {p}. Then since p € ODy, either ’yg- C 0Dy, or fy?» \ {p}
contains a subarc with an endpoint at {p} that bounds 9D}, (in the second
case, replace *y?— by this subarc and call it 7?) Near each ¢ € ’yg-, Dy, lies
on one side of 'y;. Hence near p, either 0D, = 'yg, or 0Dy, consists of 7?
and a subarc of 9D with one endpoint at p.

(b) Suppose 7?— N D = {p}. Near p, each side of 'yg- is contained in distinct
two-dimensional orbits. It follows that for some neighborhood V' of p,
VN D C Dy and so Dy, near p equals V' NID.

(¢) Assume 'yz» =~tU~", where v~ C D, and v* N D = (). Again each side
of ”y? is contained in a two-dimensional orbit and so near p, 9D}, consists
of v~ and an arc in 0D with p as an endpoint.

We thus see that 9Dy, is piecewise real analytic consisting of a finite number of
curves each of which is either an arc of some v;, 1 < j < n, and the endpoints
of this arc belong to the intersection of v, with 9D, or an arc in D with
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endpoints contained in the intersection of 9D with a pair of one-dimensional
orbits YU 1 <5< j" < n. Note also that, whatever 0 < k < N, 0D, NdD
contains an open arc. Let Dy be the connected component that contains the
closed orbit C. Notice that Dy \ C has two connected components, a simply
connected one that we may call the interior of C and denote it by {2y, and an
annular one that we will denote by 2, so 2 = Dy \ 2.

Assume (1) in the theorem holds for the Riemann surface (§21, L) where 24
is the one-sided annular neighborhood of C in 2. We may assume that (2; is
bounded by C and a real analytic, simple closed Jordan curve Y. Consider the
Riemann surface ({2, L). Because the fundamental group of (2 is the integers,
by Theorem IV.6.1 in [FK], this Riemann surface is conformal to either the
punctured disk, an annulus of the form {z : a < |z| < b} for some a,b > 0, or
the punctured plane where each one is equipped with the standard structure.
Since 02 intersects 0D on an arc where the orbit of L is two-dimensional,
there is an open set {25 such that {25 \ {2 has nonempty interior and {25 is
contained in an orbit of L in U of dimension two. This shows that ({2, L) is
a prolongable Riemann surface (we recall that a Riemann surface S is called
prolongable if there exists a Riemann surface S’ and an injective holomorphic
map f:S — S with f(S) not dense in S’). In particular, ({2, L) cannot be
conformal to the punctured plane.

Next, if (£2, L) is conformal to an annulus of the form {z : a < |z|] < b} for
some a,b >0, let F: (2,L) — {z: a < |z| < b} be a conformal map. Since
X divides {2 into two components, it follows that F({2;) equals one of the
components of {z : a < |z| < b} \ F(X). This contradicts the assumption that
(21, L) is conformal to the punctured disk. It follows that ({2, L) is conformal
to the punctured disk. Let F': (£2,L) — A\ {0} be a conformal map. We
will now use the arguments in [BH1] to show that F' extends continuously
to 92\ C, and this extension is injective and preserves sets of null Lebesgue
measure on the part of 92\ C that is disjoint from the one-dimensional orbits.
We will also show that F has a continuous extension to {2 which is injective
away from the one-dimensional orbits, and that maps distinct one-dimensional
orbits to distinct single points.

Let zg € 912. Assume first that zg € 0D and that zg is not contained in a
one-dimensional orbit of L. Suppose z; is a sequence in {2 that converges to
z0- If the sequence F(zi) does not have a limit, then it clusters at least at two
points on 0A \ {0}. Without loss of generality we may assume p, = F'(za1)
converges to v and qr = F(z9r4+1) converges to w where v and w are two
points on the boundary of A\ {0}. Let T3 and 75 be two continuous arcs
in A such that 77 contains the p; and ends at v while 75 contains the g
and ends at w. We may assume that dist(77,7%) > ¢ for some ¢ > 0. Let Z
be a first integral which is a homeomorphism from a disk U’ about zy to a
neighborhood of the origin and mapping U'N{2 onto V. Let G = FoZ!. Let
S; = F~Y(Ty), j = 1,2. For r > 0 small, let C,. be the intersection of the circle
of radius r centered at 0 with the region V. Observe that if r is small enough,
say r < rq for some 79 > 0, Z~1(C,) intersects both S; and S, since these sets
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are connected and both accumulate at zo. Let C,. = {re'? : 01 (r) < 6 < 0(r)}.
Let C! = G(C,). Observe that C/ contains points of both 77 and T5 since
Z _1(07.) intersects both S; and S5. Since G is holomorphic, it follows that

02(r) )
c<U(C)) = / |G (re) | db.
91(T)

Applying the Schwarz inequality we get

2 02(r) )
—< 277/ |G’ (1) |%r df),
r 01(r)

which in turn leads to the contradiction that

0 02(r)
oo:c2/ —dr<27r/ / |G’ (re®®)|?r df dr < .
0 91(T)

It follows that F'(zj) has a limit and therefore F' extends continuously up to
the point zg. If F'(z9) = 0, then F' will map a neighborhood of zy in 9D to 0
which would force F' to be constant since by the analyticity of L and (2.1),
except possibly at a finite number of points, D is noncharacteristic for L. It
follows that F(z) € 0A.

We wish to prove the same property for F~! away from the finite number
of points which as we will see later are the images of the one-dimensional orbits
under F'. This would be equivalent to showing that F' is locally one-to-one at
the boundary points zy as above which we will next show.

We claim that at each hypocomplex point zg € 912 as above, the function
F extends to be a homeomorphism up to zg. To see this, first assume that L is
transversal to 9D at zg. In this case, after contracting U about zq, Z(UNOD)
is a real analytic piece of the boundary of V' through the origin. The function
G is holomorphic on V, continuous up to the boundary near the origin, and
sends a real analytic boundary piece of V' through 0 into the boundary of
the disk A. By the Schwarz reflection principle, G extends as a holomorphic
function in a neighborhood of the origin which in turn leads to a real analytic
extension of F' past zg. Suppose now z; € 942 is another hypocomplex point
where L is transversal to D and assume that F'(z9) = F'(z1) = w. Then since
F extends as a solution past both zy and z;, and L is hypocomplex at these
points, the extended F' is an open map and hence there are neighborhoods
Uo, U1, W of zp, 21, and w, respectively, such that F(Uy) = F(U;) = W.
Moreover, because F' is extended using the reflection principle, we may assume
that F(UyNN2) = W NA=F(U; NJ{2). But this contradicts the injectivity
of F on {2. Hence F(zy) # F(z1). Recall that since 9D is not an orbit of L,
there are only a finite number of points on 0D where L is not transversal to
0D. Suppose now zg, z3 are two points in 92 N ID where F(z3) = F(z3) and
assume that L is transversal to 0D at zo and tangent to 9D at z3. Assume
that L is hypocomplex at z5 and z3. We have seen that there is a neighborhood
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Us of zo in D where F is one-to-one and such that F(Us) is a neighborhood
of F(z2) in A. But then, if 2 € £ and is sufficiently close to 23, F(z) ¢ F(Us),
contradicting the continuity of F' at z3. Therefore, F(z3) # F(z3). Finally,
suppose z4 and z5 are two points in 0f2 N 9D where L is hypocomplex and
assume L is tangent to D at both points and F'(z4) = F(z5) = wp. Since
there are only a finite number of such points in 9D, there is an open arc
I in 0D containing z4 in its interior and consisting of hypocomplex points
such that z4 is the only point where L is not transversal to dD. Since F' is
one-to-one on I\{z4}, F(I) is an open arc in dA containing wy in its interior.
There is also a similar arc J with z5 in its interior and we may assume that
I and J are disjoint. But then this would contradict the injectivity of F' on
TUJ\{z4, 25} and so we must have F(z4) # F(z5). Hence F can be extended
as a homeomorphism up to the part of the boundary of (2 that is disjoint from
the one-dimensional orbits. It is also real analytic past all but a finite number
of the points that do not lie in the one-dimensional orbits.

Assume next that 2o € 92N DNy, for some j > 1 and write, for simplicity
of notation, v; = I'. Write L = X +4Y with X and Y real vector fields.
Replacing L, if necessary, by a convenient nonvanishing multiple of L we may
assume that I" is a closed integral curve of X joining two points A and B that
belong to dD. Since Y vanishes on I, it vanishes identically on any integral
curve of X that contains I' (by analyticity). We may consider an integral
curve I7 of X that extends I' past both endpoints A and B, so that I is
a one-dimensional orbit of L in a neighborhood U of D with endpoints in
U\ D. In a tubular neighborhood V of Iy we may choose coordinates that
rectify the flow of X and in which L has a canonical form. More precisely, we
may choose local coordinates (z,t), so that V' is expressed as |z| < 1, |t| < 2,
x(z0) =t(20) =0, x(A) = x(B) =0, t(A) =1, t(B) = —1 and L has the form

0
L= o + ib(x, t)gt
with ¢ — b(x,t) > 0 and not identically zero for 0 < = < 1, and b(0,t) = 0,
—2 <t < 2. The intersection of {2 with V is described by

2NV ={(z,t): 0<z<1, fBz) <t<ax)}.

Here, a(z), f(z) are continuous on [0,1] and analytic on (0,1], «(0) = 1,
B(0) = —1 and their graphs are contained in 9D N 9f2. By restricting F to
2NV, we obtain an injective map F(z,t) from 2NV into A. We may assume
that F' has already been extended as a homeomorphism from

{(z,t): 0<a <1, B(z)<t<a(r)}

into A. Hence, F(x t) ‘maps the graphs t = a(z), t = B(x), 0 < z < 1, into

some open arcs A’C’ B'D' C 9A. Consider the vertical segment T, = {e} X
[B(g), a(e)], 0 < € < 1, that is mapped by F into a curve F(T;) contained in
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A that joins two boundary points AL = F(g, a(e)) € Ac, B. =F(e,8(e)) €
B'D’. Notice that AL — A’ and B, — B’ as ¢ — 0. The length of F(T.) is

a(e) a(e)

UF(T)) = /ﬁ RECUEE /ﬁ ., 0 Ve

with F' = RF +i¢SF = U +iV. Since LF = 0, i.e., Uy = bV, V;, = —bU,, we
have

((F(T.))? = </ﬁ‘:()€) et (V2o 1) + Vﬁ(at))l/? dt)

a(e) a(e)
g/ b(e, t) dt/ b(e, t)(UZ(e,t) + Vi (e, b)) dt
B(e) B(e)

< / i be,t)dt I(e) < CeI(e). (3.1)

-2

On the other hand,

/ de—//a(e b(e, t)(UZ(e,t) + V7 (e, t)) dide

/0 /a(E )) dtde = area(F(2NV)) <7

Since the integral on the left-hand side is finite, we see that the product £I(¢)
cannot remain bounded below by a positive constant in any neighborhood of
the origin. In other words, there is a sequence ¢; \, 0 such that ¢;I(g;) \, 0
and (3.1) shows that ¢(F'(T.,)) — 0. Hence, AL, — B. | — 0 and we conclude
that A’ = B’. Notice that the region

F({(m,t) c0<z<ey, Blr)<t< a(:c)})

is bounded by the closed curve made of three arcs, to wit, the circular arc
from A, to A', the circular arc from B’ = A’ to Bg , and the curve F(T))

that JOlIlS Bl to AL . It is therefore easy to see that the diameter of that
region tends to zero as j — oo, so given r > 0 we may find jy such that

F({(z,t): 0<z<ej, Bz) <t<ax)}) cAA, ), j=>jo.

This shows that if we extend F' to {0} x [—1,1] by setting F'(0,t) = A/,
—1 <t <1, we obtain a continuous extension.

Finally, we need to consider the continuous extendability up to points zg
that are in 02N JD N ~;, for some j > 1. Such a point will be in D, = {z:
|z| < r}, r > 1, s0 it must belong to §2, (the analog of {2). Reasoning as above
we see that a conformal map F, : 2, — A\ {0} extends continuously up
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to zg. This in turn leads to the continuity of F' since we could have taken it to
be the restriction of F). to §2. Observe next that F'(X) is a simple closed curve
that disconnects A and with 0 in its interior. Since §2; is conformal to A\ {0},
we conclude that as p — C, F(p) — 0, so F has a unique continuous extension
up to C and F(C) = {0}. Summing up, F' can be continuously extended up to
2 U 0Dy, this extension is injective on the pieces of 0Dy made up of subarcs
of D and sends each of the pieces made up of one-dimensional orbits v;,
j > 1, to points A; € 9A, in particular F(0Dy) C 0A. Moreover, it takes sets
X C 0Dy of Lebesgue measure zero into subsets of dA of Lebesgue measure
7Z€ero.

To consider the Rudin—Carleson problem, we are given a closed set £ C 0D
with |E| = 0 (] - | denoting the Lebesgue measure in 9D) and we may assume
without loss of generality that the intersections v, NdD C E, 1 < j < n.
We are also given a continuous function g € C'(FE) which is constant on each
v;,NOD CE, j=1,...,n. Since I : Dy — A is continuous and preserves
sets of Lebesgue measure zero, E = F(E N &Dy) is a closed set in A of
measure zero. The fact that F' maps the v, to single points implies that there
is § € C(E) such that jo F = g on the set £ N &Dy. By the Rudin-Carleson
theorem, there is a holomorphic function h on A which is continuous on A,
agrees with g on FE and

sup |h(2)| < sup|§(2)].
z€E0A 2€E

Set ho = h o F. Then hg is continuous on 2 U dDy and Lhy = 0 in £2. If Vg
j > 1, is a one-dimensional orbit of L that is a piece of 9Dy, we know that
F(v;) = Aj, 80 ho(v;) = h(A;) = §(A;). This shows that hg agrees with g on
the intersection

EO NnE.

Finally, we may extend hg continuously to all of Dy by declaring that hg
assumes the value h(0) on the closed orbit C as well as in the interior of C.
Thus hg is continuous on Dg and it is easy to see that Lhy = 0 on Dy. The
construction of hg also shows that

sup |ho(2)] < sup|g(z)]-
z€0Dy z€E

For the components D;, j > 1, using the method of proof of the main theorem
in [BH1], we may find continuous functions Fpp, € C(D;) such that LFp, =0
in D;, Fp,(D;) = A (where A is a copy of the unit disk in C), and Fp,
is injective on D; and on the portion of 0D, that lies in D and is disjoint
from the one-dimensional orbits. The remaining part of dD; is made up of
subarcs Cy of some 7;, 1 < j <n, and each subarc C; is mapped by Fp; into
a single point A, € A, with A, # Ay for £ # ¢'. Moreover, we may use these
functions Fp, j > 1, and hy, to obtain a continuous function h € C (D) such
that Lh = 0 in D, and that agrees with g on F. Furthermore,
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sup [h(z)| < sup|g(2)|.
D E
Thus (2) in the theorem is satisfied.

Suppose now (2) is satisfied. Consider the structure ({21, ). This structure
cannot be conformal to the punctured plane since it is prolongable. Assume
F:(,L) — {z: a < |z| < b} is conformal for some a,b > 0. The methods
in [BH1] show that F extends as a homeomorphism up to the boundary piece
X and we may assume that it maps X onto {w : |w| = b}. It then follows that
as z — C, F(z) — {w : |w| = a}. Let h € C(D) be a solution of L in D.
There exists » holomorphic on {z : a < |z| < b} such that h = ho F on 2.
Since h is continuous up to C and is constant on C, h extends continuously up
to {w : |w| = a} and is constant on this circle. It follows that h is constant
on (2. But then i would be constant on arcs of 9D that intersect 9f2. This
contradicts the validity of (2). Hence (1) holds.

3.2 Case 2

Assume that L has at least two compact orbits of type I. Let v,,...,7v,, be
the one-dimensional noncompact orbits in D and write D\ UJL;~; as a union
Ui=1 W; of components. Assume that (1) in the theorem holds. As before
for each i, OW; is piecewise real analytic consisting of arcs of the v; or dD.
For each i, let C{,...,C}, be all the type I compact orbits in W;. For each
t =1,...,n4 let D! be the relatively compact region in D bounded by C:
and let £2¢ denote the one-sided tubular neighborhood of C{ that is disjoint
from Dj. We may assume that the £2¢ are pairwise disjoint and 9£2{ = C{ U X}
for some analytic, closed Jordan curves X¢. When (1) in the theorem holds,
for each i and t, there is a conformal map Z} : 2{ — A\ {0}. Moreover, as
we saw in Case 1, we can extend each Z{ continuously to D! by setting it to
be zero there. Fix ¢ and consider the component W;. Consider the equivalence
relation on W; such that the equivalence classes [z] are

e single points [2] = {2} if z ¢ U}, DI,
° [z]:ﬁifzeﬁZ and 2 < t < n;.

In other words, for ¢t > 2, we _collapse Dl to a smgle class. For each t > 2,
fix once for all a point z; € Di. We denote by W = W;/ ~ the quotient
space with its natural topology and we will define a conformal structure on
w; \ Di. We need to define an atlas of local holomorphic charts. If [z] = {z},
z ¢ U, 3};, is a class of type (1), we may take a local first integral of L
that is a homeomorphism on a neighborhood of z that does not intersect

L 3% In the case of the [z] (2 < t < n;), we choose the neighborhood as
[2¢] U [£2{] = [2] U 2} and the holomorphic coordinate will be given by Z{ on
2¢ and maps [z] to zero. These charts are holomorphically related on their
overlaps and turn W, \Dfi1 into a Riemann surface. Observe that W; \Dii has
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the integers as its fundamental group and it is conformal to the punctured
disk, due to the assumption that this is so for the structure (2{,L). Given
g as in (2) in the theorem, we may now reason as in case (1) to solve the
Rudin—Carleson problem in 171\71 which also solves the same problem in W;
by composition with the quotient map W; — W;. The solutions on the W;
can then be glued together to lead to a solution on D and hence (2) holds.
Conversely, if (2) in the theorem holds, the arguments used in case (1) show
that (1) has to hold.

4 Some examples

The motivation for Examples 1 and 2 below comes from [BM].

Ezxample 1. Consider a one-form w expressed in polar coordinates as
w = e (dr +ir(1 — 4r*)h(r*)do)
where h(t) is real analytic on R, and h(0) = 1. We can express w as
w= A(z,Z)dz + B(z,%Z)dz
where
2A(2,7) = 1+ (1 — 4°)h(r?) and 2B(z,z) = €*? (1 — (1 — 4r?)h(r?)) .

The condition that h(0) = 1 ensures that w is a real analytic form in the
plane. Let L be a real analytic, nonvanishing vector field in the plane such
that (w, L) = 0. Observe that the only one-dimensional orbit of L is given by

s froyret)

It is easy to see that L is elliptic away from -+ and hence L is locally solvable

everywhere in the plane. Let ﬁll) = a+1ib. By separation of variables, in the
4

region 2 = {z: 1 < |z| < 1}, one gets a solution of L of the form

1\ *Hib 4
Z(r,0) = (r — 2) ePr+ib,

where E(r) is a real analytic function. If h is chosen so that a > 0, then
the structure induced by L on {2 is conformal to the standard one on a
punctured disk as can be seen by using the injective solution Z(r,8). By
Theorem 2.1, such an L will have the Rudin—Carleson property. On the other
hand, if h is chosen so that a = 0, then L will not have the Rudin—Carleson

property.
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Ezxample 2. Example 1 can be modified to get a locally solvable, real analytic
vector field with several orbits that are concentric circles (see [BM]). We will
now give an example with two compact orbits which are not contained in each
other.

Set

X =(3—2%)(z* - 1)i —2z(x? - 2)

ox yaiy’

0 0
Y = —z(2? — 2)y% +22%(1 — y2)a—y, (z,y) € R?.
The vector field X has four critical points, (41,0), (£+/3,0) on which Y does
not vanish, so the complex vector field L = X + ¢Y has no zeros. We have

XAY =2(3—2%)(2? — 1)a?(1 — y?) — 22 (2% — 2)%y%0, A O,
=22%(1—y* — (2—2°)%)8, N O,

which means that X and Y are linearly dependent if and only if
r=0 or (22-224¢*=1.

Thus the analytic set X A'Y = 0 has three connected components that are
analytic curves, two Jordan curves C; and Cy (each one of them is the mirror
image of the other with respect to the y-axis) plus the y-axis. Call (2; the
interior domain bounded by C;, 7 = 1,2. Notice that X and Y are tangent to
C1 and Csy and since L never vanishes, C; and Cy are orbits of L. For instance,
to check that X is tangent to C; observe that the gradient of (z% —2)? +¢? is
proportional to Z = (2% — 2)220, + y9, while

X-Z=(3—z%)(2* - 1)(2* - 2)2z — 2z(2® — 2)y°
= —2z(2® — 2)( — 42 + 3+ y* +2?)
= —2z(2? - 2)((2® - 2)® + 4% - 1)

and the last factor of the right-hand side vanishes on C}, j = 1,2. Since X
and Y are linearly independent on {2; and {25, both are 2-orbits. Set {25 =
R?\ (£2,U2,). Then X and Y are linearly independent on 25 = 23N {z > 0}
and 25 = 23N {z < 0} and since X is transversal to the y-axis it is easy to
see that (23 is an orbit. Thus, X A Y vanishes neither on {2; nor on 2, and
vanishes but does not change sign on (23, showing that L satisfies condition

(P).

Ezxample 3. We will now describe a method to produce locally solvable vector
fields L with a large number of closed one-dimensional orbits. Suppose we
are given a locally solvable vector field Loy defined on R? with closed one-
dimensional orbits C'; bounding disjoint two-dimensional orbits £2;, j = 1,...k
on which Ly is elliptic. Assume that these orbits are contained in the half
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plane > 0 and no noncompact one-dimensional orbit intersects > 0 (what
happens for z < 0 is irrelevant). We will also assume that Ly is elliptic at any
point of the y-axis, that Xy is transversal to the y-axis, and that {x > 0}\
U?:l £2; is a two-dimensional orbit of Ly on {z > 0}. We may write Ly =
Xo + 1Yy where

XO = a(w,y)% + b(l’,y)%7
YO = C(Iay)% + d(:c,y)(%

are real vector fields. Mimicking the way one obtains the Mizohata vector field
out of the Cauchy—Riemann vector field, consider the twofold transformation
&(x,y) = (2%, y). This leads us to define new vector fields

X1 = a(2?,y) £ + 2zb(z?, y)

9

oy’

Vi = c(2?y) 2 + 22d(a?, y)a%.

The restriction of @ to the half-planes z > 0 and = < 0 is a diffeomorphism
that pulls back (Xo —|—iYo) |{z>0} to a multiple of L; = X1+14Y7. Then each one
of the k 1-orbits of Ly contained in # > 0 is mapped by ! into a couple of
1-orbits of Ly, generating 2k 1-orbits for L. Furthermore, the restriction of L
to either z > 0 or & < 0, satisfies (P). By the hypothesis made on Ly, XoAY)
is, say, positive for z = 0 and this implies—writing X1 AY: = B(z,y)0, A Oy—
that 8(z,y) = zy(x,y) with v(0,y) > 0 and since 8 does not change sign on
the complement of the closure of the bounded 2-orbits, it follows that v > 0
everywhere on the complement of the closure of the bounded 2-orbits. Hence
B(z,y) will change sign across the y-axis which is contained in a 2-orbit. We
now consider the vector field

Lo = X1 +ixY] = X1 +1Yo.

Since Y5 is a nonvanishing multiple of Y; for x # 0, the 1-orbits of Ly and

L, are the same, in particular Lo has exactly 2k closed 1-orbits. On the other
hand, X1 AYs = 2y(z, y)d, A0, will not change sign on any 2-orbit, because
v does not change sign on any 2-orbit.

For instance, by a translation to the right of the vector field X +4Y defined
in Example 2, we may obtain an L satisfying the required hypothesis with
k = 2 and duplicate the number of closed 1-orbits to 4. This process can be
continued.

Ezample 4. We will next describe a locally solvable, real analytic vector field
with one compact and one noncompact orbit. Let p,(x,y) = 2% + y? — 1 and
po(z,y) = & — 3. Define the real vector fields X and Y by

1o} 0
X =4(1- mz)pQ(x, Z/)Q% —2ypa(z,y)(22po (2, y) + Pl(%y))@
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and
) , 0
Y = =2yp,(z,y)(2zpy (2, y) + pl(x,y))afx + (2zpo(x,y) + py(,y)) oy

Let L =X +iY. If py(a,b) = 0, then Y (a,b) = py(a,0)* L = 8+ %) & #0.
Suppose py(a,b) # 0. Then if X (a,b) =0, either |[a| =1 and b=0or |a] =1
and 2aps(a,b) + p;(a,b) = 0. Suppose first |a| = 1 and b = 0. Then

Y (a,b) = (2apy(a.b) + m(a,b))za% ~(2- 6a>2§y £0.

On the other hand, if |a| = 1 and 2ap,(a,b) + p;(a,b) = 0, then
0 = 2ap,(a,b) + p,(a,b) = 2 — 6a + b*

and the latter equals zero when |a| = 1 only if (a,b) = (1, —-2) or (a,b) = (1,2).
Thus we see that the vector field L is nonzero away from these two points. We
have: X (p;) =0 =Y (p;) on the set where p; =0 and X (p;,) =0 =Y (py) on
the set where p, = 0. It follows that the circle v; = {(x,y) : p;(z,y) = 0} and
the line v4 = {(x,y) : py(x,y) = 0} are one-dimensional orbits of L = X +3Y.
Let £2 be a bounded, simply connected region containing {(z,y) : 22 + y? <
1}U{(3,y) : =3 <y < 3} and such that 2N+, is connected. We choose 2 so
that the two points (1, —2) and (1,2) are not in {2. We have

XNY = dpy(a,9)* (2wpy(2,y) + py(2,9)(1 — 2% = y*) 0 A D,

Observe that the set 0 = {(z,y) : 2zpy(x,y) + p1(x,y) = 0} is a circle which
intersects 7, at two points and is disjoint from ~,. Since

X (2zpy + py) = 24(1 — 2®)p3(x — 1) — 49> pa(22p5 + py),

we see that X is transversal to o except at the points (1,2), (1, —2) which are
not in {2. It follows that in {2, the vector field L has two one-dimensional orbits,
namely, v; and v, N §2, and three two-dimensional orbits: {(x,y) : 22 +y? <
1} {(z,y) € 2: 22 +y?> > 1, 2 <3}, and {(x,y) € 2: 22 +4*> > 1, x > 3}.
Observe also that L is real analytic and locally solvable in (2.

5 A local version of the Rudin—Carleson property

The next result characterizes those locally integrable, smooth vector fields
which satisfy a local version of the Rudin—Carleson theorem.

Theorem 5.1 Let L be a smooth vector field satisfying condition (P) in an
open set D. For each point p € D there is a neighborhood U, such that if
Q C U, is a rectangle, E C 0Q is a closed set with Lebesgue measure zero,
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and g € C(0Q) is constant on the fibers of a first integral Z, then there is
h € C(Q) satisfying

Lh=01inQ, h(z)=g(z) Vz€ E, and sup|h| <2suplg|.

Conversely, given a locally integrable smooth vector field L on D, if there is
a neighborhood Wy, of each point p € D such that for every rectangle Q@ C
Wy, and every closed set E C 0Q of Lebesgue measure zero and g € C(9Q)
constant on the fibers of a first integral Z, there is h € C(Q) satisfying Lh = 0
in @, h(z) =g(z) Vz € E, then L satisfies condition (P) in D.

Proof Suppose L is a smooth vector field satisfying condition (P). Then it
is well known that it is locally integrable (see Theorem 3.2 in [T]). We may
assume that in a rectangle Q = (—A,A) x (0,T), L = % + a(z,t)% and
Z(x,t) = x +ip(x,t) is a first integral of L, with ¢ real-valued. The local
solvability of L implies that for each x € (—A, A),

the function ¢+— @(z,t) is monotonic on (0,7).

Suppose the set ' and the function g € C( 8@2 are as in the theorem. Let {2
be the union of the two-dimensional orbits of L in Q. We can write

U (aj,bj T)

where N < oo and the union is a disjoint union. For each j, let Q; =
(aj,b;) x (0,T). For each j, set E; = ([aj,b;] x {0, T}NE)U({a;,b;} x{0,T}).
Since L satisfies condition (P), the set Z(Q);) is a simply connected set whose
boundary is a rectifiable, simple closed curve. In particular, by a version of
the Riemann mapping theorem, the classical Rudin—Carleson theorem applies
to Z(Q;). Fix j. We can find points p,q € [a;,b;] x {0,T} such that the
oscillation of g on the set [a;, b;] x {0,T},

OSC[aj,bj]x{O,T}(g) = |g(p) — g(q)|-

Let G; be continuous on Z(Q;), holomorphic on the interior Z(Q;) such that
G(Z(x,1)) = g(,) — 9(p) for (z,) € F; and

supz (o) |Gl < supja, b,1x 0,319 — 9(P)|-

This is possible by the Rudin—Carleson theorem since g is constant on the
fibers of Z. Observe that

08Cz(Q;)Gj < 208C(q; b;)x {0,173 (9)-

Define F;(z) = Gj(z) + g(p). Then F; is continuous on Z(Q);), holomorphic
on the interior Z(Q;), F;(Z(x,t)) = g(x,t) for (z,t) € E; and

0scz(@,)Fj < 208¢q;,,1x{0,7}(9)-



52 Shiferaw Berhanu and Jorge Hounie

Define now

| F(Z(z,1)), if (z,t) €Qx
Mt = {g(aaO), if (z,t) ¢ Uilag, b;] x [0,T).

Observe that h(x,t) = g(z,t) for (x,t) € E. We will show next that h is
continuous on Q. Clearly h is continuous on 2. Suppose (zg,t9) € Q and
xo & Ui(aq, b;). Let (zx,tr) — (xo,t0). Suppose (xk,,tr,) is any subsequence.
If there is an infinite subset (ym,,tm,) of this subsequence which is disjoint
from £2, then h(Yum, tm) = g(ym,0) and so by the continuity of g, A(ym, tm) —
9(20,0) = h(xg, to). If there is no such subsequence, without loss of generality,
we may assume that for each k;, there is ki such that xx, € [ax/, by/]. Assume
first that xo ¢ U, {a;,b;}. Then h(xy,,tr,) = Fy: (Z (2, tx,)) and

(ks th,) = Plany, 0)] = [Fry (Z (2, tr,)) = Fiy(Z(ax;, 0))]

< 208C[q,, b,,1%{0,T} (9)-

Observe that |ag — byr| — 0 because we are assuming that zo ¢ UN, [a;, by].
Since g(ay;,0) = glax;,T),g(bx;,0) = g(by;, T), and |ag; — by[ — 0, the
oscillation osci,,, ,bk,_]x{oj}(g) goes to zero as k; — oo, and hence since

h(ak;,0) = g(ax;,0) — g(o,0),

it follows that h(zg,,tr;) — h(xo,0) = h(xg,tp). We have shown that
if zyp ¢ U;-V:l{aj,bj}, and (zp,tg) — (zo,to), then every subsequence of
h(zg,tr) has a further subsequence that converges to h(zo,to). It follows
that h is continuous at (xg,to) whenever zy ¢ Uévzl{aj,bj}. Suppose now
xo € U;-V:l{aj, b;}. Without loss of generality, assume g = a; for some i. Then
clearly h is continuous from the right (in z) at (zo,%0). If (z;,t;) — (@0, to)
with each z; < zg, we can consider subsequences of h(x;,t;) as before to
conclude that h(z;,t;) — h(zo,t0). We have thus shown that h is continuous
on Q.

We will next show that Lh = 0 in Q. Let ¥(z,t) € C5°(Q). Fix a two-
dimensional orbit @Q; = (a;,b;) x (0,T). For each sufficiently small ¢ > 0,
let ¢ (x) € C§°(a;,b;) such that ¢ () = 1 on (a; + €,b; — €) and for some
constant C independent of e, |.(x)| < C'e 1. From the definition of h, it is
clear that Lh = 0 in @);. We therefore have

0= /Q RL' (¢ (z)(z,t)) dedt  (since 9, (x)Y(z,t) € C5°(Q5))

= /Q h(x, t), (x) L (x, t) dedt (5.1)

J

- /Q h(z,t)a(z, ) ()¢ (x, t) drdt.

J
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Clearly, as € — 0,
/ h(z, )¢ (z)L'"Y(x, t) dedt — h(z,t) L' (x,t) dodt. (5.2)
j Qj

The function ¢’ (x) is supported on a set of measure at most 2¢ and on the
support of this function, a(x,t) = O(e). Since . (x) = O(e~ 1), it follows that
when € — 0,

/ h(z,t)a(x, )yl (2)(z,t) dedt — 0. (5.3)

J

From (5.1)—(5.3), we conclude that

hL'4(x,t)dxdt = 0
Qj

and hence
/ hL'4(z,t) dxdt =0 (5.4)
Q

where by definition, {2 was the union of the two-dimensional orbits of L in Q.
Recall that L = % + a(z, t)%. Let

N={ze(-A4,A) : a(xt)=0, 0<t<T}

and set
N={zeN: (xt)—O 0<t<T}.

The implicit function theorem implies that the set A \/\7 is a countable set.
Therefore, using this and (5.4), we have

/Q WL (x, ) dadt — /O ' /N W, £) Lz, £) dadt

:AT/K/h(x,t)Ltw(x,t) dxdt

/~ /T h(z,t)Li4(x,t) dtdz
/ h(x (/T%f(x,t)dt> dx

(since h(z,t) = h(z,0) for z € N)
= 0.

It follows that Lh =0 in Q.
Conversely, suppose the locally integrable vector field L satisfies the
Rudin—Carleson property for every smooth subdomain of a neighborhood of
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the origin. Let Z(x,t) = = + ip(z,t) be a first integral of L near the origin
such that

(x,t)’ < (5.5)

ox

Assume L does not satisfy property (P). Then we may assume that for some
AT >0,20€ (—A,A),and 0 <ty < T,

1
5"

p(0,0) < p(xo,t0) and @(zo,t0) > @(x0,T). (5.6)

By changing ¢, if necessary, and choosing T' close enough to tg, we may also
assume that

oo, t) < @(zo,to) VE€[0,T] and p(xo,0) < p(zo,T) < @(z0,t0). (5.7)
Let § > 0 such that
p(z,0) < p(x,T) < p(x,tg) whenever |x — xg| < 4. (5.8)

We will reason in the rectangle Q = [xg — §, 20 + ] x [0,T]. Let ay, € [zg —
d,x0 + 0] be a sequence converging to xg. Let E C 0Q be a closed set with
measure zero containing the sequence {(zx,T)}. Choose g € C(FE) such that

g(xg, T) =0Vk and g(p) # 0 for some p € EN{(z,T) : |[z—xo| < d}. (5.9)

Suppose now h(z,t) € C(Q), Lh = 0 in the interior of @, and h = g on
the set E. Estimate (5.5) allows us to use the Baouendi-Treves approximation
theorem ([BT], [BCH, p. 53]) to produce a sequence of entire functions Hj,
such that Hy(Z(z,t)) — h(x,t) uniformly on Q. In particular, by (5.8), there
is a connected open neighborhood V' of the set {Z(x,T) : |z — x| < 6} on
which the sequence Hy(z) will converge to a holomorphic function H. Since
H(Z(zy,T)) = 0 for every k and Z(xy,T) — Z(z9,T) € V, we must have
H = 0 on V. But this contradicts the assumption that h(p) = g(p) # 0.
Therefore, L does not have the Rudin—Carleson property on Q.

6 A link with the F. and M. Riesz theorem

In [B] Bishop proved an abstract theorem which permits a generalization of
the Rudin—Carleson theorem to some situations where a version of the F.
and M. Riesz theorem is valid. Bishop’s theorem has been a key tool in the
study of peak-interpolation sets for A({2) where {2 is a bounded domain in
C™ (typically strictly pseudoconvex) and A({2) is the algebra of holomorphic
functions on 2 that are continuous up to the boundary (see [Bh], [R2], [Na]
and the references therein). We state here a strengthened version from [G] of
the theorem proved in [B]:
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Theorem 6.1 (Theorem 12.5 in [G]) Let C(X) be the uniformly normed
Banach space of all continuous complez-valued functions on a compact Haus-
dorff space X. Let B be a closed subspace of C(X). Let B+ consist of all
(finite, complez-valued, Baire) measures p on X such that [ fdp =0 for all
f in B. Let i be the reqular Borel extension of the Baire measure pu. Let S be
a closed subset of X with the property that (T) = 0 for every Borel subset
T of S and every p in B*. Let f be a continuous complez-valued function
on S and A a positive continuous function on X such that |f(z)| < A(z) for
all x in S. Then there exists F in B with |F(x)| < A(x) for all x in X and
F(z) = f(z) for allz in S.

If X = T equals the unit circle and B denotes the space of continuous
functions on T which are restrictions of functions holomorphic on the unit disk
D and continuous on the closure D, then a measure p on T is in B+ if and
only if it is the boundary value of a holomorphic function on D. By the F. and
M. Riesz theorem, it follows that any p € B+ is absolutely continuous with
respect to Lebesgue measure and so the preceding theorem implies the Rudin—
Carleson theorem. The classical F. and M. Riesz theorem was generalized for
solutions of locally integrable vector fields in the paper [BH2]. However, unlike
the holomorphic case, there are two reasons why we cannot use the F. and
M. Riesz property of a vector field together with Theorem 6.1 to deduce the
Rudin-Carleson property. Given a vector field L in a neighborhood of D, let
A denote the subspace of C(9D) which are restrictions of functions u € C(D)
that satisfy Lu = 0 in D. In general, A is not a closed subspace of C(9D).
Moreover, if 4 € AT, it may not be the boundary value of a solution of L in
D. For example, if M = a% + iy% is the Mizohata vector field and p is a
measure on T which is of the form p = 6(0,1) — d(0,—1) Where J,, denotes the
Dirac mass at p, then fT hdp = 0 for every h € C(D) that satisfies Mh = 0
on D. Such a measure cannot be the boundary value of a solution of M. Thus
for a general vector field, a measure that is orthogonal to the boundary values
of continuous solutions may not be a boundary value of a solution and in fact,
it may not be absolutely continuous with respect to Lebesgue measure. If a
vector field L satisfies the hypotheses of Theorem 2.1, we have the following;:

Corollary 6.2 Suppose L is a vector field as in Theorem 2.1 defined on a
neighborhood U of D and satisfying the equivalent conditions (1), (2) in the
theorem. Let A denote the algebra of continuous functions h on D satisfying
the equation Lh = 0 in D. Let p be a complex Baire measure defined on 0D

with the property that
/ hdu =20
oD

for every h € A. If a closed set E C 0D has Lebesque measure zero and it is
disjoint from the one-dimensional orbits of L in U, then u(E) = 0.

Proof Let F be a closed subset of E. Let P be a positive continuous function
on JD such that:
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e P=1lonkF.
e Foranyyé¢ F, P(y) < 1.

An application of Theorem 6.1 in the proof of Theorem 2.1 shows that there
is h € A that equals 1 on F' and satisfies |h(p)| < 1 for p ¢ F. By hypothesis,
for each positive integer n, we have [ h"du = 0. Letting n — oo, we are led
to conclude that p(F) = 0. By the regularity of the measure p, it follows that
w(E)=0.

Let L = 3% + z':ca%. This vector field is locally solvable and the y-axis is a

one-dimensional orbit. Therefore, if u € C(D) satisfies Lu = 0 in D, then it is
constant on the y-axis. It follows that if u = 6(g,1) —d(0,—1), then faD udu =0
for all such solutions. Note that L satisfies the hypotheses of Theorem 2.1
since it has no compact orbits. This example shows that in Corollary 6.2, the
set F has to be disjoint from the one-dimensional orbits.
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Summary. We consider evolution equations du/dt = ia" (z, D)u where a is the
(real valued) Weyl symbol of the operator A = a®. For instance, Schrédinger-like
equations. After recalling what are generalized Fourier integral operators in the
framework of the Weyl-Hormander calculus, we give conditions on a and on the
dynamics of its hamiltonian flow which imply: 1. The operator a is essentially
self-adjoint and the propagators e**” are bounded between (conveniently related)
generalized Sobolev spaces. 2. The propagators e®*“ are generalized Fourier integral
operators.
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Introduction

It is well known that, given a classical selfadjoint pseudodifferential opera-
tor of order 1, one can define the strongly continuous group (P;) of unitary
operators, such that u; = Pyug gives the solution of the hyperbolic equation
% + iAu = 0 with Cauchy data uy. Moreover, the operators P, = e 4
are classical Fourier integral operators associated to the canonical trans-
formations Fy, where (¢t,2) — Fi(x) is the flow of the Hamiltonian field
H, = (0a/0¢;;—0a/0x;) and a is the principal symbol of A. In particu-
lar, we have the following two properties:
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The operators P, are bounded from the Sobolev space H® into itself.
The conjugate P_;BP; of a classical pseudodifferential operator B (with
principal symbol b) is a classical pseudodifferential, whose principal symbol
is bo FL.

It turns out that to extend this theory to a more general evolution equa-
tion such as Schrodinger-type equations, one has just to modlfy the propertles
above. Let us consider for instance the harmonic oscillator A = 5 ( i i )
The group of unitary operators P, = e~ *4 is well known and, in partlcular for
t =m/2, P, is, up to some factor, the Fourier transformation while the canon-
ical transformation (still associated to the Hamiltonian flow of the principal
symbol) becomes Fi(z,&) = (§,—x). One has the corresponding properties:

P; maps the Sobolev spaces H*® into weighted L? spaces.
The symbols of B and of its conjugate B = P_,BP; are still related by
b= boF; !, but if b is a symbol of order m satisfying the standard estimates

|0292b| < C*(1+ €)™
the symbol b satisfies the exotic ones
|0205b| < C*t (14 |z|)™ 171,

Such b can be considered as symbols of (generalized) pseudodifferential
symbols if we use the Weyl-Hérmander calculus.

In this theory, many different pseudodifferential calculi are defined, each
of which is associated to a “good” Riemannian metric g on the phase space
X =R"” x (R™)*. Moreover, to any “good” positive function M on X, one can
associate a generalized “Sobolev space” H(M,g). In the example above, the
P, maps the usual Sobolev spaces into unusual ones (the weighted L? spaces),
and conjugates of usual pseudodifferential operators are unusual ones.

We will use systematically the Weyl-Hormander calculus and, in order
to generalize Fourier integral operators and hyperbolic equations, we have to
study two problems.

1. We are given a canonical transformation F' (symplectic diffeomorphism)
of X onto itself, an initial calculus (defined by a Riemannian metric g) and
a final calculus (defined by g). One can then define (under convenient as-
sumptions) a class FIO(F, g,g) of operators whose main property is the fol-
lowing: conjugates of g-pseudodifferential operators are g-pseudodifferential
ones. These generalized Fourier integral operators have good properties (com-
position, boundedness in generalized Sobolev spaces) and enjoy a symbolic
calculus. This has been developped in [Bo3] and is recalled in Section 2.

2. We are given an evolution equation % +iAu = 0 and an initial calculus
(defined by a metric go). Then, one can expect that the propagators P; exist
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and belong to FIO(Fy, go,gt). The calculus at time ¢ depends on ¢ and is
actually forced by the Hamiltonian flow. Theorems 3.1 and 3.2 give sufficient
conditions (on the symbol a and its Hamiltonian flow F}) for getting such
results. Proofs will be sketched in Sections 4 and 5.

Our assumptions are exclusively expressed in terms of differential geome-
try, starting from the symbol a of A. In particular, no selfadjoint extension in
L? is a priori given and an important part of the task is to deduce from the
dynamic assumption on a that A is essentially selfadjoint. One can see easily
that these assumptions are grosso modo necessary if one wants to fulfill the
program above. However, they are not so easy to check: they require estimates
which may be touchy, not only on a but also on its Hamiltonian flow.

1 Weyl-Hormander calculus of pseudodifferential
operators

We refer to [HG, Sections 18.5, 18.6] but we will need some results from [BL],
[BC], [Bol] and [Bo2].
1.1 Quantization

We will denote by X = (z,&) a point of the phase space X = R™ x (R™)*. The
symplectic form o on X is defined by

o(X,Y)=(y) —(nx);  X=(x,8,Y =(y,m).

For a(x,&) belonging to the Schwartz space S(X), the operator a*(z, D),
or a¥ for short, is defined by

a”(z,D)u(z) = // el@=v)Ey (222, 8) uly) gf:gi. (1.1)

Such an operator maps S’(R") into S(R™). If now a belongs to the space
S'(X) of tempered distributions on X, the same formula, taken in the weak
sense, defines an operator mapping S(R™) into S’(R™). One says that a is the
Weyl symbol of a®.

The product of composition of two symbols a and b (belonging say to
S(X), but this will be widely extended) is defined by (a#b)* = a* o b* and
is given by the formula

a#b(X) = / / ¢~ (X=8.XT) 4 )(T) AT (12)

The following expansion is given here with a remainder of order 3, which
is sufficient for our purpose, but it exists at any order:

a#b = ab+ % {a, b} + 3 (50(9v,02))” a(Y)b(Z)|y_y_x + Ra(a,b). (1.3)
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Here, {a, b} is the usual Poisson bracket in X. There is an integral formula,
more or less similar to (1.2) and for which we refer to [Bo2], giving the value
of R3(a,b). An important point is that it depends only on the derivatives of
order 3 of a and b.

1.2 Admissible metrics

A Riemannian metric ¢ on the phase space is identified to a family Y —
gy of positive definite quadratic forms on X. For each Y, one can choose
symplectic coordinates (depending on Y but still denoted by (x, £)) such that
gy is diagonalized:

dxs

v (dx, d¢) = ;a ;

The a; and a; depend on the choice of the coordinates, but the products a;a;
depend just on Y.

Such a metric g is said to be admissible if the following five properties are
satisfied.

Al. Simplifying assumption. The products ajo; above are equal and their
common value is denoted by A(Y'). This means that there is a (linear) sym-
plectic transformation mapping the unit ball By = {X| gy (X-Y) < 1} onto
the euclidean ball of radius 1/A(Y"). One has

SN

(1.4)

Ql\?
QN‘QM

|0(S, T)| < A(Y gy ()" 2gv (T)/2.

A2. Fundamental assumption. VY, A(Y) > 1.
This means that localizing in unit balls is not a violation of the uncertainty
principle.

A3. Slowness. There exists C' > 0 such that
gy (Y=2) <Ot = (9v(1)/92(T)) " < C

uniformly with respect to Y, Z,T.
A4. Temperance. There exist C and N such that

+
VY, VZNT,  (9v(T)/92(T))" < C(1+A(Y)2gy(Y-2))"
A5. Geodesic temperance. The geodesic distance D(Y, Z) for the Riemannian

metric M(Y)%gy (dz,d¢) is equivalent to A(Y)gy (Y —2)Y/? in the following
sense:

3C,3N,VY,VZ
C1A+D(Y, Z2)N < 14A(Y)gy (Y =2)/% < C(1+D(Y, Z))N
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In view of A4, this property is equivalent to

3C,3N,VY,VZNT, (9v(T)/92(T)) " < C(1+ DY, 2))".

Remark 1.1 The first assumption A1 makes things simpler, for instance it is
not necessary to introduce the inverse metric ¢° which in this case is just A\%g,
but it is not necessary. On the contrary, the geodesic temperance plays an
important role: thanks to A5, one has a simple characterization of pseudod-
ifferential operators (see Section 1.4), one can define very easily the Fourier
integral operators and thus prove in a few lines our Theorem 3.2.

It could be possible to define the Fourier integral operators without A5,
using localized twisted commutators (as in [BC, th. 5.5]), but the proofs are
much more complicated. Moreover, there is no known example of a metric
satisfying A4 and not Ab5.

1.3 Weights and symbols

A positive function M defined on X is a g-weight if it satisfies the following
conditions (slowness and temperance), for convenient constants C’ andN":

aw(Y=2)<C' ™ = (M(Y)/M(2))" <,

(M(Y)/M(2)" < C'(1+ Aoy (Y-2))

Modifying the constants if necessary, (1 4+ A(Y)2gy (Y—Z)) can be replaced
above by (1 + D(Y, Z))

The classes of symbols S(M, g) (for admissible metrics and g-weights) are
defined as the set of functions a € C*°(X) such that

|8T1 . .8Tka(X)| S CkM(X> for gx(Tj) S 1. (15)

Here, Ora = (T, da) denotes the directional derivative along T'. The space of
operators a® for a € S(M, g) (the pseudodifferential operators of weight M)
is denoted by ¥(M, g). The following properties are now well known:

o U(M,g)C L(S,S)and ¥(M,g) C L(S",S).
o U(l,g) C L(L? L?).
e In the expansion (1.3), for a € S(My,g) and b € S(Ma, g), one has

a#b and ab € S(M1Ma, g),
{a, b}, (a#b— ab) and (a#b — b#a) € S(M; MoA™, g), (1.6)
Rs(a,b) € S(MyMaA™?, g). (1.7)

Let us recall some complements which are proved in [Bo2].
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Proposition 1.1 The classes of symbols S (M, g) [resp. g (M, g), S
(M, g)] are defined as the spaces of functions satisfying (1.5) for k > 1 [resp.
k>2 k>3

(a) There exists a weight M' depending on M such that 'S (M, g) € S(M’,g).
(b) The properties (1.6) are still valid for a € § (My,g) and b € § (Ms, g).
(¢) The property (1.7) is still valid for a s (My,g) and b s (M, g).

The seminorms of the spaces S(M, g), 8 (M,g), ... are the best constants

Cy in (1.5). The S(M,g) are Fréchet spaces, the § (M,g), ... are complete
but not Hausdorff.

1.4 Characterization of pseudodifferential operators

Theorem 1.1 (a) Given b€ § (A, g) and A € W(M,g), one has

ad v .Adéf YA — AbY € !p(Mag)

When M = 1, this operator is thus bounded on L?.
(b) Conversely, let A be an operator which is bounded on L? as well as its
iterated commutators

adby ...adbl’ - A forb; € § (N g).
Then A belongs to ¥(1,g).

The first part is an immediate consequence of Proposition 1.1 (b). For the
converse, we refer to [Bol] where the geodesic temperance plays a decisive
role.

Generalized Sobolev spaces H(M,g). — We refer to [BC] for equivalent
definitions; the following properties will be sufficient:

e For any g-weight M, there exist A € ¥(M,g) and B € ¥(M~!,g) such
that AB= BA=1.

e The Sobolev space H(M, g) (sometimes denoted H (M) for short) is the set
of u € §'(R") such that Au € L? for any A € W(M, g). It is sufficient that
Au € L? for one invertible A as above, and one can choose lull grary =
| Aul| 2

e For any g-weights M and M7, any A € ¥(M, g) maps continuously H (M)
into H(M;/M).

o If AeW(M,yg) is bijective from H(M;) onto H(M; /M) for some g-weight
M, then A~! belongs to W(M ™1, g).
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2 Generalized Fourier integral operators

We recall here some of the definitions and results of [Bo3]. We consider only
Fourier integral operators P of weight 1 (or of order 0, i.e., bounded on L?),
Fourier integral operators of weight M being just products PA of such P with
Aev(M,g).

An admissible triple (F,g,q) is made of a diffecomorphism F of X onto
itself, and of two Riemannian metrics g and g, such that the four following
conditions are satisfied.

B1. F is a canonical transformation (or symplectomorphism), which means
that F,o = o. For any Y € X, the differential F’(Y") belongs to the symplectic
group Sp(n).

B2. F is an isometry of (X,g) onto (X,g). This means that g is the direct
image F.g of g, i.e., the Riemannian metric defined by

Ty (T) = 0y (F'(Y) 2 T),

B3. g and g are admissible metrics, satisfying conditions Al to Ab5.

Bj4. One has the following estimates on the derivatives of F, for convenient
constants Cl:

E"F(X) (aTl "'8TkF(X)) <Cj for gx(Tj) <1. (2.1)

Remark 2.1 In most applications, the canonical transformation F' and an ad-
missible metric g are given and g is thus determined by B2. The problem is
to know and to prove that g is also admissible. It is easy to see that Al and
A2 are satisfied and that the slowness A3 is a consequence of B4 for k = 2,
but the temperance is touchy.

It cannot be expressed simply in terms of F' and g because it mixes up
the symplectic and Riemannian structures (which are preserved by F') and the
affine structure (which is not). One has to compare the values of the quadratic
forms gy and gz for the same vector T in two points which can be very far,
and this requires a good knowledge of the behavior of F' at infinity. _

For g and g, the functions defined in Section 1.2 are denoted by A and .
The quadratic forms gy and gp(y) being symplectically equivalent, one has
AMF(Y)) = A(Y).

The condition B4 for k = 1 is automatically satisfied (with C; = 1) for F'
and F~!. A simple computation shows that the conditions B4 (for k > 1) are
also valid for F~! which imply that the triple (F~1,7, g) is also admissible.

The condition B4 is actually equivalent to the following properties, which
are of course essential for our purpose.
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Proposition 2.1 If m is a g-weight, then m = m o F~! is a g-weight and
one has

CLOF_l ES(WL,@/) — aeS(m7g)7

aoF~'e §(m,g) < ac§(myg).

There is no analogous result for a € § (m,g): an estimate of the second
derivatives of @ o F~! requires an estimate of the first derivatives of a.

Definition 2.1 (Fourier integral operators and twisted commutators)
The space FIO(F, g,q) of Fourier integral operators associated to the admissi-
ble triple (F,g,q) is the set of operators P such that

ad(by)...ad(by) - P € L(L?) forb; €8 (A, g), (2.2)
where ;a(b) - P is a notation for the twisted commutator:
ad(b) - P = (bo F~1)P — Pb". (2.3)

This definition is of course modeled on the characteristic property of pseu-
dodifferential operators given in Theorem 1.1. It implies easily the following
properties:

FIO(1,g,9) = S(1,9).

For P € FIO(F, g,9), its adjoint P* belongs to FIO(F~1,7, g).

For P € FIO(F, g,g9) and Q € FIO(G,g,7), where (F, g,9) and (G, g, ) are
two admissible triples, one has QP € FIO(G o F, g,7).

To prove the existence of nontrivial Fourier integral operators, a more
concrete definition is necessary.

2.1 Principal symbol of Fourier integral operators

Let I" be the graph of F and for each point (Y, F(Y)) € I', let xy be the affine
tangent map, defined by xy(X) =Y + F/(Y) - (X-=Y). One can define a fiber
bundle I" — I' such that its fiber at (Y, F(Y)) is made of the metaplectic
operators V' associated to Xy, i.e., such that a”V = V (aoxy)¥ for any
symbol a. Such a V is determined by xy up to multiplication by a complex
number w € U(1) and the fiber is thus a circle.

We refer to [Bo3| for the definition of the horizontal sections Y — Vy of
I as well as for the construction of a refined partition of unity Y — t¢y-. The
following result is Theorem 6.6 of [Bo3].

Theorem 2.1 (i) For such Vy and 1y and for p € S(1,g), the integral

P = /p(Y) Vy oy 4 (2.4)
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defines an element of FIO(F, g,q).
(ii) Conversely, any P € FIO(F, g,g) can be written P = P, + R, with P; as
above and R a regularizing Fourier integral operator, i.e., such that

w

YN, (A )N oRo(A\)N € FIO(F,g,7). (2.5)

(iii) The section (Y,F(Y)) — p(Y)Vy of the line bundle I ®u) C is said
to be a principal symbol of P. The principal symbol of P is unique, up to a
symbol (Y, F(Y)) — q(Y)Vy with g € S\, g).

A principal symbol for the adjoint P* is (F(Y),Y) — p(Y)Vy. With
evident notations, for @ € FIO(G,q,7), a principal symbol of @ o P is the
section (Y,G o F(Y)) — p(Y)q(F(Y)) WgyyoVy. Thanks to part (i) of the
theorem, there exist almost invertible Fourier integral operators.

3 Evolution equations

Let a be a real-valued and C'*° function on X, belonging to a class of symbols
which will be specified later, let gy be an admissible metric and 7" > 0. We
make the following assumptions:

C1. The flow F; of the hamiltonian field of a is global: it is defined for all
t € R par L F(X) = H,(Fy(X)); Fo(X) = X. Set g; = Fy..q0.

C2. The metrics g; satisfy Al to A5 for any ¢ € [-T,T], with uniform con-
stants.

C3. The triples (F}, go, g¢) satisfy Bl to B4 for any ¢t € [T, T, with uniform
constants.

The group law Fyis = F} o F implies that the triples (Fi,gs,gstt) are
admissible when s and s+t belong to [T, T].

The “function A\” defined in Section 1.2 corresponding to g; will be denoted
by A¢. One has Ay =Xg o Ft_l. For any go-weight 11, we will denote by g, the
family of g,-weight i, = pg o Fy ' t € [-T,T).

Theorem 3.1 Assume that a belongs uniformly to S (X2, g0) (i.e., the kth
semi-norm of a in these spaces is bounded by a constant Cy independent of
t). Then

(i) The operator a® with domain S(R™) is essentially selfadjoint on L?. The
domain of its closure A is {u € L2| a®u € LQ}, which means that weak and
strong extension coincide.

(ii) A is thus the infinitesimal generator of a one-parameter strongly continu-
ous group Py = e~ A, For any go-weight ju, and for [t| < T, the operator P,
is bounded from H(pg, go) onto H(p, gt).
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The assumption on a is satisfied when a € § ()\g, go) but it is not sufficient
in general that a GA:S\‘A ()\g, go). For the same reason, it is sufficient to assume

ac§ (A2, 90) in the next theorem.

Theorem 3.2 Assume now that a belongs uniformly to A@‘A ()\f, gt). Then P,
belongs to FIO(F, go, g¢) for |t| < T.

Remark 3.1 The meaning of the condition a e’ ()\g, go) depends strongly
on the choice of the initial metric go. For instance, for the standard metric
dz? + 3

Thie terms like [€]*log|¢| or 23 are allowed. If go is the euclidean

1+|£
metric, any polynomial of total degree 3 (in  and &) belongs to e (1, 90)-

It is clear from these examples that the assumption on the class of a cannot
imply the global character of the flow nor the essential selfadjointness of a™.
The dynamic assumption C1 is crucial.

4 Proof of Theorem 3.1

Let us write A = a". If we think of the equation %ut + iAus = f; as
a Schrodinger equation, the associated “Heisenberg equation” is 7 ip, =
i(BtA — ABy). Tt turns out that our dynamic assumptions give immediately
approximate solutions of this last equation, which will give a priori estimates.

Let bg be a symbol for the metric go whose weight will be specified later,
and by = by o F, '. We have 2b, = {b;, a} and thus, according to (1.3),

bi#Ha = ab; + % {bs, a} + order 2 + R3(b:, a),
a#b; = bia + 2% {a, b:} + order 2 + Rs(a,b).

Terms of order 0 and 2 are symmetric in a and b, and thus
4B, =i(BiA— ABy) + R, (4.1)

where the symbol of R; belongs to the same class as Rs(a,b:). As a conse-
quence of Proposition 1.1 (¢), under the assumptions of Theorem 3.1, and for
bo € S(pg,90) (or by €3 (119, 90)), one has Ry € ¥(uy, gy).

We have to define the spaces LP([—T, T|; H(u,)) made of (classes of) mea-
surable functions u : ¢ — wu; (the weak measurability with values in &’ is
sufficient) such that

T 1/17
lull Lo ey = (/T el g, dt) < 09, (4.2)
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with the usual convention for p = co. This definition is meaningful if we define
the norms of the spaces H(u,,g:) in a coherent way. This can be specified
thanks to the following proposition.

Proposition 4.1 Let u, be a go-weight. There exist § > 0 and for each 6 €
[=T,T) abg € S(pg,g0) such that, for|s| <6, the operators (bgo F.1)¥ have
an inverse belonging to S(ig > 9o+s)-

Choosing a finite number of points 6, each ¢ can be written 6 + s and we can
choose [|ul| 7, ) = | (bo o stl)“’uHL2 in (4.2). Changing the points 6 and the
be would replace the norm in LP(H (u,)) by an equivalent one.

We should verify, in the proof of [BC, th. 6.4], that we can choose by €
S(g, g6) and cg € S(py ", go) whose seminorms are independent of 6 such that
bg#cy = 1. We are thus reduced to prove the result for § = 0. With evident
notations for ¢; and Cy, we get

4 B,Cs = i(B,CsA — AB,C) + R,

where R belongs to ¥(1, gs) (with uniform seminorms). Setting es = (bs#c¢s)o
F,, we get an equation %es = 7! with a right-hand side bounded uniformly
in S(1, go). For s small, the seminorms of (1—e;) in S(1, go) and thus those of
(1—bs#cs) in S(1, gs) are small. As a consequence, B;Cs is invertible in £(L?),
its inverse belongs to ¥(1, gs) (see Section 1.4), and Bj itself is invertible.

The functions of class C* are dense in L'(H(p,)) and the dual of this
space is L>°(H (u;1)). The space C(H (p,)) (“continuous” functions with val-
ues in a variable space!) is defined as the closure, in L>°(H (u,)), of the set of
continuous functions with value in S.

Proposition 4.2 Let 11, be a go-weight.
(a) There exists C' such that for any u € C*([-T,T],S) solution of the equa-
tion

Ly +iAuy = fy, (4.3)

one has
Il argyy < € (Mg + 1722 ) - (44)

(b) There exist Tig > pg such that any solution u of (4.3) which belongs to
L>(H(fm,)) belongs to C(H(u,)) and satisfies the estimate (4.4).

It suffices to prove the result on an interval of size § centered at 0. Keeping
the notations above, we have

%(Btut) = iBtAut—iABtut—l—Rtut—iBtAut—i—Btft
= —iA(Byw)+Rews+Be fy

and thus

2 2 2
&l = & IBruelFe < C (el + el g 16illaga, )
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which proves part (a) of the theorem for § small.

To prove part (b), we need the following lemma, where p, and g,
will be go-weights, and where HY is the classical weighted Sobolev space
{u|z*DPu € L?; |a+B| < N} for N > 0, and is the dual of H= for N < 0.

Lemma 4.1

VI'LO’ aN, EC, vt e [_T7T]> HU’HH(M) < CHUHHN :
VN, 3o, 3C, vt € [T, 7], ullyx < Cllullpg,) -

For a fixed ¢, the first estimate says that pseudodifferential operators are
bounded from S into L?, while the second one is a consequence of the fact
that any linear form on X belongs to a class of symbols for a convenient
weight. One has just to make uniform these arguments.

Let us go back to part (b) of Proposition 4.2. We know (Proposition 1.1
(a)) that there exists a weight mg such that a € S(mqg,go). We have also
a € S(my,g:) because a o F; ' = a. We can choose i, sufficiently large, such
that H(mep,) D HY > H(fi,/m:). We know then that du/dt € L>(HN)
and u is continuous with values in H”. It is then possible to find a sequence
u” € C*(S) such that u,, — u in CO(HY). The estimate (4.4) is valid for u,,
we have u”(0) — u(0) in H(p,) while v — v and Au” — Au in L= (H(p,.)),
which ends the proof.

Theorem 4.1 Let u, be a go-weight, let ug and f belong to H(ug,go)
and L*([0,T); H(p,)), respectively. Then there exists a unique solution u €
C([0,T); H(u,)) of the Cauchy problem

du(t)
dt

+iAu(t) = f(¢); u(0) = up.

We use a classical duality argument. Let v € S(R"*!) vanishing near ¢t = T
and let g = % +iAv. From (4.4) (with the time going from T to 0), we know
that one has

1ol e 1ty < CM9llLr )

and thus that v is uniquely determined by g. The linear form g — (ug |v(0)) +

fOT (f(t)]v(t)) dt is defined and continuous on the subspace of L'(H (1))
made of such g. From the Hahn-Banach theorem, we get the existence of
u € L*°(H(p,)) such that

T T
Vo €8, (ug|v(0)) +/0 (f(t)|v(t))dt:f/0 (u(t)| %L +iAv) dt. (4.5)

Using functions v vanishing also near ¢ = 0, this proves that u, in the sense
of distributions, is a solution of %7; +iAu = f in |0, T[xR™. Let us choose a
weight Mo < fg such that part (b) of Proposition 4.2 applies to this couple of
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weights. One has u € C(H(p,)) and u(0) is now well defined. Integrating by
parts in (4.5) we get that u(0) = ug. The estimate (4.4), with p replaced by
1, shows the uniqueness of u.

It remains to prove that u € C([0,T]; H(u,)). Let us introduce a weight
o > pg such that part (b) of Proposition 4.2 applies. Let us approximate
ug and f, in H(pg,g0) and L*([0,T]); H(u,)), respectively, by regular func-
tions ug and f“. From the analysis above, one gets solutions u” belonging to
L>(H(zm,)) and thus to C([0, T]; H(1,)). Using again (4.4), the sequence u” is
a Cauchy sequence in L (H (p,.)), its limit u should belong to C([0,T); H (u.,.))
which ends the proof of Theorem 4.1.

Proof of Theorem 3.1 (end). Taking p, = 1, the last theorem shows that for
any ug € L2, there exists a unique solution ¢ +— u; = Pjug, continuous from
[-T,T) into L?, of the equation % +ta"u = 0. The group law and the relation
Pr = P! are valid in the interval in view of the uniqueness. One can thus
extend P; to R and get a strongly continuous group of unitary operators. Its
infinitesimal generator will be denoted by —iA, where A with domain D(A),
is selfadjoint. Moreover, the P, for |[¢| < T, are continuous from H(u,) into
H ().

We know that %(uo — Pyug) converges always toward —ia“ug in the sense
of distributions, and this limit belongs thus to L? when ug € D(A). This
proves that

D(A) C {ug € L*|a®ug € L*}. (4.6)

Conversely, assume that ug and a®ug belong to L?. For |t| < T, one has
%Ptuo = —ia" Prug = —iP(a"up).

The right-hand side is continuous from [T, T] into L?, and P,uq has a deriva-
tive in L2. This proves that D(A) is exactly the right-hand side of (4.6). It
is well known that a®, with that domain, is the adjoint of the closure of
a® defined on S. The selfadjointness of A shows that the weak and strong
extensions coincide, which ends the proof of Theorem 3.1.

5 Proof of Theorem 3.2

We assume now that a € 5 (A2, g;) and we have to prove that the iterated
twisted commutators of P, are bounded on L?.

Let by € § (Mo, 90), let by = by o Ft_1 and, using capital letters for the
corresponding operators, set

K, = P_, ad(b)-P, = P_,B,P, — B,.

One has

d
%Kt = P_t {’LABt - ZBtA + {bt, a}w} Pt == P_thPt.
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Proposition 1.1 (¢) shows that R; belongs to ¥(1,g;) (its seminorms being
controlled) and is thus uniformly bounded on L?. We get

__ t
ad(b) - P, = / Pi_yR,P,ds € L(L?).
0

By induction, it is possible to write the iterated twisted commutators as sums
of terms of the following type:

/ Pi_oyRey ... Py o Ry Py dsy...dsy € L(L?),

0<s1<..<spy

which ends the proof.
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Summary. The paper studies the local solvability and subellipticity for square sys-
tems of principal type. These are the systems for which the principal symbol vanishes
of first order on its kernel. For systems of principal type having constant character-
istics, local solvability is equivalent to condition (¥) on the eigenvalues. This is a
condition on the sign changes of the imaginary part along the oriented bicharacteris-
tics of the real part of the eigenvalue. In the generic case when the principal symbol
does not have constant characteristics, condition (¥) is not sufficient and in general
not well defined. Instead we study systems which are quasi-symmetrizable, these
systems have natural invariance properties and are of principal type. We prove that
quasi-symmetrizable systems are locally solvable. We also study the subellipticity
of quasi-symmetrizable systems in the case when principal symbol vanishes of finite
order along the bicharacteristics. In order to prove subellipticity, we assume that
the principal symbol has the approximation property, which implies that there are
no transversal bicharacteristics.
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1 Introduction

In this paper we shall study the question of solvability and subellipticity of
square systems of classical pseudodifferential operators of principal type on
a C'*° manifold X. These are the pseudodifferential operators which have an
asymptotic expansion in homogeneous terms, where the highest order term,
the principal symbol, vanishes of first order on the kernel. Local solvability for
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an N x N system of pseudodifferential operators P at a compact set K C X
means that the equations
Pu=vw (1.1)

have a local weak solution u € D’(X, CV) in a neighborhood of K for all v €
C>(X,C") in a subset of finite codimension. We can also define microlocal
solvability at any compactly based cone K C T*X, see [5, Definition 26.4.3].
Hans Lewy’s famous counterexample [6] from 1957 showed that not all smooth
linear partial differential operators are solvable.

In the scalar case, Nirenberg and Treves conjectured in [7] that local solv-
ability of scalar classical pseudodifferential operators of principal type is equiv-
alent to condition (¥) on the principal symbol p. Condition (¥) means that

Im (ap) does not change sign from — to +

along the oriented bicharacteristics of Re (ap) (1.2)

for any 0 # a € C°°(T*X). These oriented bicharacteristics are the positive
flow-outs of the Hamilton vector field

HRe (ap) = Z 851 Re (a’p)aT] - aTJ Re (ap)agj
J

on Re(ap) = 0, and are called semibicharacteristics of p. The Nirenberg—
Treves conjecture was recently proved by the author, see [2].

Condition (1.2) is obviously invariant under symplectic changes of coor-
dinates and multiplication with nonvanishing factors. Thus the condition is
invariant under conjugation of P with elliptic Fourier integral operators. We
say that p satisfies condition (¥) if p satisfies condition (%), which means
that only sign changes from — to + are allowed in (1.2). We also say that p
satisfies condition (P) if there are no sign changes on the semibicharacteris-
tics, that is, p satisfies both conditions (¥) and (¥). For partial differential
operators, condition (¥) and (P) are equivalent, since the principal symbol
is either odd or even in &.

For systems there is no corresponding conjecture for solvability. We shall
consider systems of principal type, so that the principal symbol vanishes of
first order on the kernel, see Definition 2.1. By looking at diagonal operators,
one finds that condition (%) for the eigenvalues of the principal symbol is
necessary for solvability. A special case is when we have constant character-
istics, so that the eigenvalue close to the origin has constant multiplicity, see
Definition 2.6. Then, the eigenvalue is a C* function and condition (%) is
well-defined. For classical systems of pseudodifferential operators of principal
type having eigenvalues of the principal symbol with constant multiplicity, the
generalization of the Nirenberg—Treves conjecture is that local solvability is
equivalent to condition (%) on the eigenvalues. This has recently been proved
by the author, see Theorem 2.7 in [4].

But when the principal symbol is not diagonalizable, condition (%) is not
sufficient for local solvability, see Example 2.7 below. In fact, it is not even
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known if condition (¥) is sufficient in the case when the principal system is
C* diagonalizable. Instead, we shall study the quasi-symmetrizable systems
introduced in [3], see Definition 2.8. These are of principal type, are invariant
under taking adjoints and multiplication with invertible systems. A scalar
quasi-symmetrizable symbol is of principal type and satisfies condition (P).
Our main result is that quasi-symmetrizable systems are locally solvable, see
Theorem 2.17.

We shall also study the subellipticity of square systems. An N x N system
of pseudodifferential operators P € ¥ (X) is subelliptic with a loss of v < 1
derivatives if Pu € H ) implies that u € H (s ,—~) locally for u € D'(X, cM).
Here H(,) are the standard L? Sobolev spaces, thus ellipticity corresponds to
v = 0 so we may assume y > 0. For scalar operators, subellipticity is equiv-
alent to condition (¥) and the bracket condition on the principal symbol p,
i.e., that some repeated Poisson bracket of Rep and Imp is nonvanishing.
This is not true for systems, and there seems to be no general results on the
subellipticity for systems of pseudodifferential operators. In fact, the real and
imaginary parts do not commute in general, making the bracket condition
meaningless. Even when they do, the bracket condition is not invariant and
not sufficient for subellipticity, see Example 3.2.

Instead we shall study quasi-symmetrizable symbols, for which we intro-
duce invariant conditions on the order of vanishing of the symbol along the
semibicharacteristics of the eigenvalues. Observe that for systems, there could
be several (limit) semibicharacteristics of the eigenvalues going through a char-
acteristic point, see Example 3.10. Therefore we introduce the approzrimation
property in Definition 3.11 which gives that the all (limit) semibicharacteristics
of the eigenvalues are parallel at the characteristics, see Remark 3.12. We shall
study systems of finite type introduced in [3], these are quasi-symmetrizable
systems satisfying the approximation property, for which the imaginary part
on the kernel vanishes of finite order along the bicharacteristics of the real part
of the eigenvalues. This definition is invariant under multiplication with invert-
ible systems and taking adjoints. For scalar symbols this corresponds to the
case when the operator satisfies condition (P) and the bracket condition. For
systems of finite type we obtain subellipticity with a loss of 2k/2k + 1 deriva-
tives as in the scalar case, where 2k is the order of vanishing, see Theorem 3.21.
For the proof, we shall use the estimates developed in [3]. The results in this
paper are formulated for operators acting on the trivial bundle. But since our
results are mainly local, they can be applied to operators on sections of fiber
bundles.

2 Solvability of systems

Recall that a scalar symbol p(z, &) € C*°(T*X) is of principal type if dp # 0
when p = 0. We shall generalize this definition to systems P € C*°(T*X).
For v € To,(T*X), w = (x,¢§), we let 9, P(w) = (v,dP(w)). We shall denote
Ker P the kernel and Ran P the range of the matrix P.
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Definition 2.1 The N x N system P(w) € C>®°(T*X) is of principal type
at wy if

Ker P(wg) 3 u +— 9, P(wo)u € Coker P(wo) = CV/Ran P(wy) (2.1)

is bijective for some v € Ty, (T*X). The operator P € W7 (X) is of principal
type if the homogeneous principal symbol o(P) is of principal type.

Observe that if P is homogeneous in &, then the direction v cannot be
radial. In fact, if » has the radial direction and P is homogeneous, then
0, P = ¢P which vanishes on Ker P.

Remark 2.2 If P(w) € C™ is of principal type and A(w), B(w) € C* are
invertible, then APB is of principal type. We have that P is of principal type
if and only if the adjoint P* is of principal type.

In fact, by Leibniz’s rule we have
J(APB) = (0A)PB+ A(OP)B + APOB (2.2)

and Ran(APB) = A(Ran P) and Ker(APB) = B~!(Ker P) when A and B
are invertible, which gives invariance under left and right multiplication. Since
Ker P*(wp) = Ran P(wg)* we find that P satisfies (2.1) if and only if

Ker P(wg) x Ker P*(wp) 3 (u,v) — (9, P(wp)u, v) (2.3)

is a nondegenerate bilinear form. Since (9, P*v,u) = (0, Pu, v) we then obtain
that P* is of principal type.

Observe that if P only has one vanishing eigenvalue A (with multiplicity
one), then the condition that P is of principal type reduces to the condition
in the scalar case: d\ # 0 when A = 0. In fact, by using the spectral projection
one can find invertible systems A and B so that

A0 o
APB:(OE)GC

where E is an invertible (N — 1) x (IV — 1) system. Since this system is of
principal type we obtain the result by the invariance.

Example 2.3 Consider the system

P(w) = (Aléw) Aiw))

where \j(w) € C*, j =1, 2. Then P(w) is not of principal type when A\ (w) =
A2(w) = 0 since then Ker P(w) = Ran P(w) = C x {0}, which is preserved
by OP.

Observe that the property of being of principal type is not stable under C'*
perturbation, not even when P = P* is symmetric by the following example.
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Example 2.4 The system

P(w) = (wl I ) =P (w)  w=(w,ws)

w2 —wi — w2

1s of principal type when wi = we = 0, but not of principal type when wso # 0

and wy = 0. In fact,
10
Ou, P = (O —1)

is invertible, and when we # 0 we have that
Ker P(0,wz) = Ker 0y, P(0,w3) = {2(1,1): 2 € C}

which is mapped to Ran P(0,w2) = {z(1,—1): 2z € C} by Oy, P. The eigen-
values of P(w) are —wsg + \J/w? + w3 which are equal if and only if w; =
we = 0. When wa # 0 the eigenvalue close to zero is w3 /2wy + O(wt) which
has vanishing differential at wi; = 0.

Recall that the multiplicity of A as a root of the characteristic equation
|P(w) — Aldyx | = 0 is the algebraic multiplicity of the eigenvalue, and the
dimension of Ker(P(w) — AIdy) is the geometric multiplicity. Observe the
geometric multiplicity is lower or equal to the algebraic, and for symmetric
systems they are equal.

Remark 2.5 If the eigenvalue \(w) has constant algebraic multiplicity, then
it is a C°° function.

In fact, if k is the multiplicity, then A = A\(w) solves 9¥ ! |P(w) — A1dy | =

0 so we obtain this from the Implicit Function Theorem. This is not true when

to0
has geometric multiplicity equal to one for the eigenvalues 4+/%.

. . 1
we have constant geometric multiplicity, for example P(t) = (0 ), teR,

Definition 2.6 The N x N system P(w) € C* has constant characteristics
near wq if there exists an € > 0 such that an eigenvalue A(w) of P(w) with
|[A(w)| < € has both constant algebraic and constant geometric multiplicity in
a neighborhood of wy.

If P has constant characteristics, then the eigenvalue close to zero has
constant algebraic multiplicity, thus it is a C'*° function close to zero. We
obtain from Proposition 2.10 in [4] that if P(w) € C* is an N x N system
of constant characteristics near wg, then P(w) is of principal type at wy if
and only if the algebraic and geometric multiplicities of P agree at wy and
dA(wg) # 0 for the C™ eigenvalues for P at wy satisfying A(wg) = 0, thus
there are no nontrivial Jordan boxes in the normal form.

For classical systems of pseudodifferential operators of principal type and
constant characteristics, the eigenvalues are homogeneous C'*° functions when
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the values are close to zero, so the condition (¥) given by (1.2) is well-
defined on the eigenvalues. Then, the natural generalization of the Nirenberg—
Treves conjecture is that local solvability is equivalent to condition (¥) on
the eigenvalues. This has recently been proved by the author, see Theorem 2.7
in [4].

When the multiplicity of the eigenvalues of the principal symbol is not
constant the situation is much more complicated. The following example shows
that then it is not sufficient to have conditions only on the eigenvalues in order
to obtain solvability, not even in the principal type case.

Example 2.7 Let z € R?, D, = 19, and

_ D:zrl xlDJEz _ D%
P(an:E) - (LIIleZ _Da:1> =P (g:aDz)

This system is symmetric of principal type and o(P) has real eigenvalues

+1/€7 + 235 but
L(1=i\ p (1 1) _ (Ds —izDs, 0
o \1 i —ii) 0 Dy, + iz Dy,

which is not solvable at (0,0) because condition (¥ ) is not satisfied. The eigen-
values of the principal symbol are now & + ix1&,.

Of course, the problem is that the eigenvalues are not invariant under mul-
tiplication with elliptic systems. We shall instead study quasi-symmetrizable
systems, which generalize the normal forms of the scalar symbol at the bound-
ary of the numerical range of the principal symbol, see Example 2.9.

Definition 2.8 The N x N system P(w) € C*®(T*X) is quasi-symmetrizable
with respect to a real C*° wvector field V in 2 C T*X if 3 N x N system
M(w) € C>*(T*X) so that

Re (M(VP)u,u) > c|lul]®* = C||Pul|>* ¢>0 VueCV, (2.4)
Im (M Pu,u) > —C||Pul> VuecCV (2.5)

on {2, the system M is called a symmetrizer for P. If P € W}(X), then it
is quasi-symmetrizable if the homogeneous principal symbol o(P) is quasi-
symmetrizable when |£| = 1, one can then choose a homogeneous sym-
metrizer M.

The definition is clearly independent of the choice of coordinates in T*X
and choice of basis in CV. When P is elliptic, we find that P is quasi-
symmetrizable with respect to any vector field since ||Pul|| = |ju||. Observe
that the set of symmetrizers M satisfying (2.4)-(2.5) is a convex cone, a
sum of two multipliers is also a multiplier. Thus for a given vector field V
it suffices to make a local choice of symmetrizer and then use a partition of
unity to get a global one.
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Example 2.9 A scalar function p € C™ is quasi-symmetrizable if and only
p(w) = e(w)(wi +if(w')  w=(w,w) (2.6)

for some choice of coordinates, where f > 0. Then 0 is at the boundary of the
numerical range of p.

In fact, it is obvious that p in (2.6) is quasi-symmetrizable. On the other
hand, if p is quasi-symmetrizable, then there exists m € C'°° such that mp =
p1 + ip2 where p; are real satisfying dyp1 > 0 and pp > 0. Thus 0 is at
the boundary of the numerical range of p. By using Malgrange preparation
theorem and changing coordinates as in the proof of Lemma 4.1 in [1], we
obtain the normal form (2.6) with +f > 0.

Taylor has studied symmetrizable systems of the type D; Id +i K, for which
there exists R > 0 making RK symmetric (see Definition 4.3.2 in [8]). These
systems are quasi-symmetrizable with respect to 0, with symmetrizer R. We
shall denote Re A = £(A 4+ A*) and {Im A = (A — A*) the symmetric and
antisymmetric parts of the matrix A. Next, we recall the following result from
Proposition 4.7 in  [3].

Remark 2.10 If the N X N system P(w) € C* is quasi-symmetrizable, then
it is of principal type. Also, the symmetrizer M is invertible if Im M P > c¢P*P
for some ¢ > 0.

Observe that by adding ioP* to M we may assume that Q = M P satisfies
Im@Q > (o—C)P*P > P*P > cQ*Q c>0 (2.7)
for o > C + 1, and then the symmetrizer is invertible by Remark 2.10.

Remark 2.11 The system P € C* is quasi-symmetrizable with respect to V
if and only if there exists an invertible symmetrizer M such that Q@ = MP
satisfies

Re (VQ)u,u) = cllul]® = ClQul*  ¢>0, (2.8)
Im (Qu,u) >0

for any u € CN.
In fact, by the Cauchy—Schwarz inequality we find
(VM) Pu,u)| < e||ul|* + C.|| Pul|? Ve>0 VYVueCV.
Since M is invertible, we also have that ||Pul| 2 ||Qul|.

Definition 2.12 If Q € C>®(T*X) satisfies (2.8)—(2.9), then @ is quasi-
symmetric with respect to the real C'°° vector field V.
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The invariance properties of quasi-symmetrizable systems are partly due to
the following properties of semibounded matrices. Let U+V ={u+v: v € U
A v € V' } for linear subspaces U and V of CV.

Lemma 2.13 Assume that Q is an N x N matriz such that ImzQ > 0 for
some 0 # z € C. Then we find

Ker @ = Ker Q* = Ker(Re Q) ﬂ Ker(Im Q) (2.10)

and Ran @ = Ran(Re @) + Ran(Im Q) L Ker Q.

Proof By multiplying with z we may assume that Im @ > 0, clearly the conclu-
sions are invariant under multiplication with complex numbers. If u € Ker @,
then we have (Im Qu,u) = Im (Qu,u) = 0. By using the Cauchy—Schwarz
inequality on Im@ > 0 we find that (ImQu,v) = 0 for any v. Thus
u € Ker(Im Q) so Ker @ C Ker Q*. We get equality and (2.10) by the rank
theorem, since Ker @Q* = Ran Q.

For the last statement we observe that Ran @ C Ran(Re Q)+Ran(Im Q) =
(Ker Q)+ by (2.10) where we also get equality by the rank theorem.

Proposition 2.14 IfQ € C*(T*X) is quasi-symmetric and E € C*(T*X)
1s invertible, then E*QFE and —Q* are quasi-symmetric.

Proof First we note that (2.8) holds if and only if
Re (VQ)u, u) > c||ul]? Vu € KerQ (2.11)

for some ¢ > 0. In fact, Q*Q has a positive lower bound on the orthogonal
complement Ker @+ so that

lul] < C||Qul| for u € Ker Q.
Thus, if u = v +u” with v’ € Ker Q and v” € Ker Q*, we find that Qu = Qu”,
Re ((VQ)u',u") > —e||u'||* = Cellu”||* > —¢||u'||* = CLl|lQu|*  Ye>0

and Re (VQ)u",u") > —C|[u"||* > —C'||Qu]|?. By choosing & small enough
we obtain (2.8) by using (2.11) on u’.

Next, we note that Im@Q* = —Im @ and Re @* = Re @, so —Q* satisfies
(2.9) and (2.11) with V replaced by —V, and thus it is quasi-symmetric. Fi-
nally, we shall show that Qg = E*QF is quasi-symmetric when F is invertible.
We obtain from (2.9) that

Im (Qpu,u) = Im (QFu, Eu) >0 VueCV.

Next, we shall show that Qg satisfies (2.11) on KerQrp = E~!KerQ,
which will give (2.8). We find from Leibniz’s rule that VQg = (VE*)QFE +
E*(VQ)E+ E*Q(VE) where (2.11) gives
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Re (E*(VQ)Eu,u) > ¢/ Eul|* > ¢ ||ul? ueKerQp ¢ >0

since then Eu € Ker Q. Similarly we obtain that ((VE*)QFEu,u) = 0 when
u € Ker Q. Now since Im Qg > 0 we find from Lemma 2.13 that

Ker Qn = Ker Qg (2.12)

which gives (E*Q(VE)u,u) = (E"Y(VE)u,Q%u) = 0 when u € KerQp =
Ker Q%. Thus Qg satisfies (2.11) so it is quasi-symmetric, which finishes the
proof.

Proposition 2.15 Let P(w) € C*°(T*X) be a quasi-symmetrizable N x N
system, then P* is quasi-symmetrizable. If A(w) and B(w) € C*°(T*X) are
invertible N x N systems, then BPA is quasi-symmetrizable.

Proof Clearly (2.8)—(2.9) are invariant under left multiplication of P with
invertible systems FE, just replace M with ME~!. Since we may write
BPA = B(A*)~1A*PA it suffices to show that E* PE is quasi-symmetrizable
if FE is invertible. By Remark 2.11 there exists a symmetrizer M so that
@ = MP is quasi-symmetric, i.e., satisfies (2.8)—(2.9). It then follows from
Proposition 2.14 that

Qp=E*QE = E*M(E*)"'E*PE

is quasi-symmetric, thus E* PE is quasi-symmetrizable.

Finally, we shall prove that P* is quasi-symmetrizable if P is. Since Q =
MP is quasi-symmetric, we find from Proposition 2.14 that Q@* = P*M* is
quasi-symmetric. By multiplying with (M*)~! from the right, we find from
the first part of the proof that P* is quasi-symmetrizable.

For scalar symbols of principal type, we find from the normal form in
Example 2.9 that 0 is on the boundary of the local numerical range of the
principal symbol. This need not be the case for systems by the following
example.

Example 2.16 Let
P(w) _ (wg + 1ws wl. )
w1 W2 — 1TW3
which is quasi-symmetrizable with respect to Oy, with symmetrizer M =

<(1) (1)> In fact, Oy, M P =1dy and

w1 wo — iwg
Wy + w3 w1

MP(w) = — (MP(w))"
( )

so ImMP = 0. Since eigenvalues of P(w) are we + \/w? — w? we find that 0
s mot a boundary point of the local numerical range of the eigenvalues.
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For quasi-symmetrizable systems we have the following semiglobal solv-
ability result.

Theorem 2.17 Assume that P € W (X) is an N x N system and that
there exists a real-valued function T(w) € C°(T*X) such that P is quasi-
symmetrizable with respect to the Hamilton vector field Hr(w) in a neighbor-
hood of a compactly based cone K C T*X. Then P is locally solvable at K.

The cone K C T*X is compactly based if K ({(z,&): |{|=1} is com-
pact. We also get the following local result:

Corollary 2.18 Let P € U7 (X) be an N x N system that is quasi-symmetrizable
at wg € T*X. Then P is locally solvable at wy.

This follows since we can always choose a function 7" such that V' = Hrp
at wq. Recall that a semibicharacteristic of A € C'*° is a bicharacteristic of
Re (aX) for some 0 # a € C™.

Remark 2.19 If Q is quasi-symmetric with respect to Hy, then the limit set
at the characteristics of the nontrivial semibicharacteristics of the eigenvalues
close to zero of Q is a union of curves on which T is strictly monotone, thus
they cannot form closed orbits.

In fact, we have that an eigenvalue A\(w) is C* almost everywhere. The
Hamilton vector field HR, ,, then gives the semibicharacteristics of A, and
that is determined by (dQu, u) with 0 # « € Ker(P—\Idy) by the invariance
property given by (2.2). Now Re ((HrQ)u,u) > 0 and Imd(Qu,u) = 0 for
u € Ker P by (2.8)—(2.9). Thus by picking subsequences when A — 0 we find
that the limits of nontrivial semibicharacteristics of the eigenvalues close to
zero give curves on which T is strictly monotone, since Hy\ # 0.

Example 2.20 Let

P(t,a;7,&) = TM(t,2,8) +iF(t,2,£) € Sy
where M > co > 0 and F > 0. Then P is quasi-symmetrizable with respect to

0; with symmetrizer Idy, so Theorem 2.17 gives that P(t,x, Dy, D,) is locally
solvable.

Proof (Proof of Theorem 2.17) We shall modify the proof of Theorem 4.15
in [3], and derive estimates for the L? adjoint P* which will give solvability.
By Proposition 2.15 we find that P* is quasi-symmetrizable in K. By the
invariance of the conditions, we may multiply with an elliptic scalar operator
to obtain that P* € ¥). By the assumptions, Definition 2.8 and (2.7), we
find that there exists a real valued function T'(w) € C*° and a symmetrizer
M(w) € C* so that Q@ = M P* satisfies

Re HTQ >c— C()Q*Q >c— Cllm Q, (2.13)
Im@Q>cQ*Q >0 (2.14)
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when [ = 1 near K for some ¢ > 0, and we find that M is invertible by
Remark 2.10. Extending by homogeneity, we may assume that M and T are
homogeneous of degree 0 in &, then T' € 7, and Q € S . Let

M (x, D)P*(z,D) = Q(z, D) € ¥}, (2.15)

which has principal symbol Q(z, £). Leibniz’s rule gives that exp(£+yT) € 57,
for any v > 0, so we can define

Q~(z, D) = exp(—T)(z, D)Q(x, D) exp(yT)(x, D) € ¥.
Since T is a scalar function, we obtain that the symbol of
Im@, =Q1+vQo modulo S™! near K (2.16)
where 0 < Q; =ImQ € S* and Q, € S satisfies
Qo =ReHrQ >c—Cl¢|™1 Qs near K (2.17)

by (2.13), (2.14) and homogeneity.

Now take 0 < ¢ € 57, such that ¢ = 1 near K and ¢ is supported
where (2.13) and (2.14) hold. If y = ¢?, then we obtain from (2.17) and the
sharp Garding inequality [5, Theorem 18.6.14] that

Qo(z, D) > cox(z, D) — C{D)"*Q:(x, D) + R(z, D) + S(x, D)
where ¢g >0, R€ S™! and S € S° with supp S K = . Thus we obtain
Im Q,(z, D) > coyx(z, D) + (1 + 0,)Q1(x, D) + R (z, D) + S, (z, D) (2.18)

where R, € S71, o, = —yC(D)"! e ! and S, € S° with supp S, N K = 0.
The calculus gives that x(z, D) = ¢(x, D)¢(x, D) modulo ¥~! and

(1+0,)Qi(x, D) = (1+0,/2)Q1(z,D)(1 + 0,/2) modulo ¥ !

By using the sharp Garding inequality we obtain that Qq(z, D) > Ro(x, D)
for some Ry € SY . Thus we find

(1+0,)Q1(x, D) > (1+ 0, /2)Ro(x, D)(1+ 0,/2) = Ro(x, D) > —Cp

modulo terms in ¥~! (depending on ). Combining this with (2.18) and using
that supp(1 — ¢) () K = (), we find for large enough ~ that

crvlle(z, D)ul®

(2.19)
<Im(Q(z, D)u,u) + (Ay(z, D)u,u) + (B, (x, D)u,u) u € C§°

where ¢; > 0, A, € S~ and B, € S° with supp B, [ K = 0. Next, we fix v
and apply this to exp (—T) (z, D)u. We find by the calculus that
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lip(a. Dyull < C (o, Dyexp (—T) (. Dyl + ull 1)) we GG
We also obtain from the calculus that
exp(’yT)(x, D) exp(—’yT) (J), D) =1 + 7‘(.73, D)
with r € S~1, which gives

Q+(z, D) exp (—T) (z, D) = exp (=1T) (z, D)(1 + r(z, D))Q(z, D)
+exp (=T (=, D)[Q(z, D), r(z, D)]
where [Q(z, D), r(z, D)] € . Since Q(z, D) = M(z, D)P*(z, D) we find
[(exp (—7T) (z, D)(1 + r(z, D))Q(z, D)v, exp(—T)(z, D)u)|
< C[|P*(z, D)ul|[[ul]-
Since [|ul| < [l¢(z, D)ul|+ (1 — ¢(z, D))u| and ¢ = 1 near K we obtain that
lull < C (I1P*(z, D)ull + |Q(z, Dyul| + [[ull(—1))  uweCEF

where @ € S° with supp Q) K = (). We then obtain the local solvability by
standard arguments.

3 Subellipticity of systems

We shall consider the question when a quasi-symmetrizable system is subellip-
tic. Recall that an N x N system of operators P € W' (X) is (micro)subelliptic
with a loss of v < 1 derivatives at wy if

Pu € Hgy at wo = u € Hspm—n) at wo

for u € D'(X,C"). Here Hy) is the standard Sobolev space of distributions u
such that (D)*u € L?. We say that u € H ) microlocally at wy if there exists
a € S%O such that a # 0 in a conical neighborhood of wy and a(x, D)u € Hy).
Of course, ellipticity corresponds to v = 0 so we shall assume v > 0.

Example 3.1 Consider the scalar operator
Dt + Zf(ta x, Dw)

with 0 < f € C*(R,S}), (t,z) € R x R"™, then we obtain from Propo-
sition 27.3.1 in [5] that this operator is subelliptic with a loss of k/k + 1
derivatives microlocally near {7 =0} if and only if

DAtz #£0  Vag (3.1)

i<k

where we can choose k even.
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The following example shows that condition (3.1) is not sufficient for sys-
tems.

Example 3.2 Let P = D;1dy +iF(t)|D,| where
2 t?
F)= () 20

Then we have F®)(0) = (0 6) which gives that

60
(] Ker FU(0) = {0}. (3.2)
j<3
But )
ro- (W) (08 ()
so we find

42 | 44 _
P=(1+t)"! (_lt i) <Dt it 0+t )I1D:| D0t> (1 1t) modulo ¥°

which is not subelliptic near { =07}, since Dy is not by Example 3.1.

Example 3.3 Let P = hD;1dy +iF(t)|D,| where

(Pt (1t (20 (1t
F@)(ﬁ—t7#+¢ﬁ T\t ot \t 1)

Then we have

B o1 (1 t\ [ Dy +i(t? +t4)|D,| 0 1t
P=1+t) <t1> ( 0 Dy +i(t° +t8)| Dy ) \t 1

modulo W°, which is subelliptic near { ™ = 0} with a loss of 6/7 derivatives by
Ezxample 3.1. This operator is, element for element, a higher order perturbation
of the operator of Fxample 3.2.

The problem is that condition (3.2) in not invariant in the systems case.
Instead, we shall consider the following invariant generalization of (3.1).

Definition 3.4 Let 0 < F(t) € L2 (R) be an N x N system, then we define

loc

Qg(F):{t: min (F(t)u,u) §5} 0>0 (3.3)

fJull=1
which is well-defined almost everywhere and contains |F|~1(0).

Observe that one may also use this definition in the scalar case, then
2s(f) = £71([0,4]) for nonnegative functions f.
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Remark 3.5 Observe that if F > 0 and E is invertible, then we find that
2s5(E*FE) C Qcs(F) (3.4)

where C = ||E~Y|2.

Example 3.6 For the matriz F(t) in Example 3.3 we find that |2s(F)| <

Y8 for 0 < 6 < 1, and for the matriz in Ezample 3.2 we find that |2s(F)|
o0, V6.

We also have examples when the semidefinite imaginary part vanishes of
infinite order.

Example 3.7 Let 0 < f(t,z) < Ce YI11" & >0, then we obtain that
125(f2)] < Collogd|™¥7  V¥é>0 Vaz
where f(t) = f(t,x). (We owe this example to Y. Morimoto.)

We shall study systems where the imaginary part F' vanishes of finite
order, so that |[25(F)| < C&" for p > 0. In general, the largest exponent
could be any p > 0, for example when F(t) = |t|'/#Idy. But for C* systems
the best exponent is u = 1/k for an even k, by the following result, which is
Proposition A.2 in [3].

Remark 3.8 Assume that 0 < F(t) € C*(R) is an N x N system such that
F(t) > ¢ > 0 when [t| > 1. Then we find that

25(F)| <08 0<6<1

if and only if p < 1/k for an even k > 0 so that

D OHF@u), u@)l/lu®)* >0 vt (3-5)

i<k
for any 0 # u(t) € C*(R).

Example 3.9 For the scalar symbols T + if(t,z,€) in Example 3.1 we find
from Remark 3.8 that (3.1) is equivalent to

[{t: f(t,2,6) <0} =|2(foe) SCSF 0<6<1  [¢=1

where fze(t) = f(t,2,8).

The following example shows that for subelliptic type of estimates it is
not sufficient to have conditions only on the vanishing of the symbol, we also
need conditions on the semibicharacteristics of the eigenvalues.
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Example 3.10 Let

D,

P:Dtldg-i-a(o

7% ) +i(t — Bx)?|Dy|1dy  (t,2) € R?
with a, B € R, then we see from the scalar case in Fzxample 3.1 that P

is subelliptic near {7 =0} with a loss of 2/3 derivatives if and only either
a=0ora#0 and f# +1/a.

Definition 3.11 Let Q € C*°(T*X) be an N x N system and let wg € X C
T*X, then Q) satisfies the approximation property on X near wq if there
ezists a Q invariant C> subbundle V of CN over T*X such that V(wg) =
Ker QN (wg) and

Re (Q(w)v,v)y =0 veV(w) we X (3.6)
near wg. That V is Q invariant means that Q(w)v € V(w) for v € V(w).

Here Ker Q™ (wy) is the space of the generalized eigenvectors corresponding
to the zero eigenvalue. The symbol of the system in Example 3.10 satisfies the
approximation property on X' = {7 =0} if and only if « = 0.

Let CNQ = Q|v then Im zC~2 = Re@ = 0 so Lemma 2.13 gives that

Ran @L Ker @ on X. Thus Ker QN = Ker@ on X, and since Ker @N(wo) =
V(wp) we find that Ker QV (wg) = V(wp) = Ker Q(wy).

Remark 3.12 Assume that Q satisfies the approximation property on the
C™ hypersurface X and is quasi-symmetric with respect to V- ¢ TX. Then
the limits of the nontrivial semibicharacteristics of the eigenvalues of Q close
to zero coincide with the bicharacteristics of X.

In fact, the approximation property in Definition 3.11 gives that (Re Qu, u)
=0 for v € Ker @ when 7 = 0. Since Im @ > 0 we find that

(dQu,u) =0 Vu € KerQ on TX. (3.7)

By Remark 2.19 the limits of the nontrivial semibicharacteristics of the eigen-
values close to zero of @) are curves with tangetnts determined by (dQu, u)
for u € Ker Q. Since VRe @ # 0 on Ker @ we find from (3.7) that the limit
curves coincide with the bicharacteristics of X, which are the flow-outs of the
Hamilton vector field.

Example 3.13 Observe that Definition 3.11 is empty if Dim Ker QN (wg) =
0. If DimKer QN (wg) > 0, then there exists ¢ > 0 and a neighborhood w to
wy so that

Tw) = —— [ (z1dy —Q)) " dz € C=(w) (3.8)

211 |z|=¢
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is the spectral projection on the (generalized) eigenvectors with eigenvalues
having absolute value less than €. Then Ran II is a Q invariant bundle over w
so0 that Ran IT(wg) = Ker QN (wg). Condition (3.6) with V = Ran I means
that II*Re QII =0 in w. When Im Q(wgy) > 0 we find that IT*QII(wy) = 0,
then @ satisfies the approrimation property on X near wqy with V = Ran IT
if and only if

d(H*(ReQ)U)’TE =0 near wo.

Example 3.14 If Q satisfies the approzimation property on X, then by choos-
ing an orthonormal basis for V and extending it to an orthonormal basis for
CY we obtain the system on the form

_(Qn Q12>
©= ( 0 Qa2
where Q11 is a K x K system such that QY (wo) =0, ReQ11 = 0 on ¥ and
|Qa22| # 0. By multiplying from the left with

Idg —Q12Q5
0 Idy_g

we obtain that Q12 = 0 without changing Q11 or Qao.

In fact, the eigenvalues of @ are then eigenvalues of either Q17 or Qas.
Since V(wp) are the (generalized) eigenvectors corresponding to the zero
eigenvalue of Q(wg) we find that all eigenvalues of (Qa2(wp) are nonvanishing,
thus ()22 is invertible near wy.

Remark 3.15 If QQ satisfies the approximation property on X near wy, then
it satisfies the approximation property on X near wi, for wy sufficiently close
to wg.

In fact, let Q11 be the restriction of @ to V as in Example 3.14, then since
ReQi1 = ImiQq; = 0 on X we find from Lemma 2.13 that Ran Q; L Ker Q1
and Ker @17 = Ker Qﬁ on X. Since Qa2 is invertible in (3.14), we find
that Ker @ C V. Thus, by using the spectral projection (3.8) of Q11 near
wy € X for small enough e we obtain a () invariant subbundle V CV so that
V(wi) = Ker Qu1(w) = Ker QN (w1).

If @ € O satisfies the approximation property and Qp = E*QFE with
invertible F € C*°, then it follows from the proof of Proposition 3.20 below
that there exist invertible A, B € C*° so that AQgr and Q*B satisfy the
approximation property.

Definition 3.16 Let P(w) € C*(T*X) be an N x N system and p € Ry.
Then P is of finite type p at wo € T*X if there exists a neighborhood w
of wg, a C* hypersurface X > wq, a real C> vector field V ¢ TX and an
invertible symmetrizer M € C* so that QQ = MP is quasi-symmetric with
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respect to V' in w and satisfies the approzimation property on X (\w. Also,
for every bicharacteristic v of X the arc length

yN2s(ImQ)Nw| <C6*  0<§< 1. (3.9)

The operator P € W is of finite type 1 at wo if the principal symbol o(P)
is of finite type when |&| = 1.

Recall that the bicharacteristics of a hypersurface in 7% X are the flow-outs
of the Hamilton vector field of X'. Of course, if P is elliptic, then it is trivially
of finite type 0, just choose M = iP~! to obtain Q = iIdy. If P is of finite
type, then it is quasi-symmetrizable by definition and thus of principal type.

Remark 3.17 Observe that since 0 < Im @Q € C* we obtain from Remark 3.8
that the largest exponent in (3.9) is u = 1/k for an even k > 0. Also, we
may assume that

Im (Qu, u) > ¢||Qul? Vue CV, (3.10)

In fact, by adding ioP* to M we obtain (3.10) for large enough g by (2.7),
and this does not change Re Q.

Example 3.18 Assume that Q is quasi-symmetric with respect to the real
vector field V', satisfying (3.9) and the approximation property on X. Then
by choosing an orthonormal basis and changing the symmetrizer as in Exam-
ple 3.14 we obtain the system on the form

Q11 0
©= ( 0 sz)
where Q11 is a K x K system such that Qﬁ (wp) =0, Re@Q11 =0 on X and
|Qa22| # 0. Since Q is quasi-symmetric with respect to V' we also obtain that
Q11(wo) =0, ReVQ11 >0, ImQ > 0 and Q satisfies (3.9). In fact, then we
find from Lemma 2.13 that Im QL Ker Q which gives Ker QN = Ker ). Note
that 25(Im Q11) C 25(Im Q), so Q11 satisfies (3.9).

Example 3.19 In the scalar case, we find from Example 2.9 that p €
C>(T*X) is quasi-symmetrizable with respect to Hy = 0, if and only if
p(t 27, &) = qt, 7, §)(1 +if(t,2,6)) (3.11)

with f > 0 and ¢ # 0. If f(t,z,&) > ¢ > 0 when |(t,z,&)| > 1 we find by
taking q=* as symmetrizer that p is of finite type u if and only if = 1/k for
an even k such that

doloFfte >0 Vag

J<k

by Remark 3.8. In fact, the approzimation property on X = {7 =0} is trivial
since f is real.
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Proposition 3.20 If P(w) € C™(T*X) is of finite type p at w, then P* is
of finite type p at w. If A(w) and B(w) € C*(T*X) are invertible, then APB
1s of finite type p at w.

Proof Let M be the symmetrizer in Definition 3.16 so that Q = M P is quasi-
symmetric with respect to V. By choosing a suitable basis and changing the
symmetrizer as in Example 3.18, we may write

_(Qu 0
©= ( 0 Q22> (3.12)

where @11 is a K x K system such that Q11(wg) =0, VRe @11 > 0,Re Q11 =0
on X and Q99 is invertible. We also have Im Q) > 0 and @ satisfies (3.9). Let
Vlz{uECN: uj:0forj>K}andV2={u€CN: uj:0f01rj§K}7
these are @) invariant bundles such that V; &V, = CN.

__ First we are going to show that P = APB is of finite type. By taking
M = B 'MA~! we find that

MP=Q=B"'QB (3.13)

and it is clear that B_l]}j are @ invariant bundles, j = 1, 2. By choosing
bases in B~1V; for j = 1, 2, we obtain a basis for C* in which @ has a block

form: B
5_(Qu 0
o= (2 o

Here Q;; : B~'V; — B~1V; is given by Q;; = B;'Q;; B; with
B;:B'Wjsu—BueV;, j=1,2

By multiplying C~2 from the left with

_(BiB; 0
B‘( 0 B;BQ)

we obtain that

— .~ —~~ (BfQuB 0 _(Qu 0
QBQBMP< 0 B§Q2232> ( 0 Q22)'

It is clear that In@ > 0, Q11(wo) = 0, ReQy; = 0 on X, [Qqy| # 0 and
VRe@; > 0 by Proposition 2.14. Finally, we obtain from Remark 3.5 that

25(mQ) € Qes(n Q) (3.15)

for some C' > 0, which proves that P = APB is of finite type. Observe that
Q = AQp, where Qg = B*QB and A = BB~}(B*)~L.
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To show that P* also is of finite type, we may assume as before that
@@ = MP is on the form (3.12) with Q11<’w0) =0, VReQ11 >0,Re@11 =0
on X, Qg is invertible, Im @ > 0 and @ satisfies (3.9). Then we find that

* * * _Q* 0
= e = (T3 g, )

satisfies the same conditions with respect to —V, so it is of finite type with
multiplier Idy. By the first part of the proof we obtain that P* is of finite
type, which finishes the proof.

Theorem 3.21 Assume that P € W (X) is an N x N system of finite type
>0 near wg € T*X \ 0, then P is subelliptic at wo with a loss of 1/p+ 1
derivatives:

Pue Hey at wg = u € H(sym—1/u41) 0t Wo (3.16)
foru € D'(X,CN).

Observe that the largest exponent is p = 1/k for an even k by Re-
mark 3.17, and then 1/p 4+ 1 = k/k 4+ 1. Thus Theorem 3.21 generalizes
Proposition 27.3.1 in [5] by Example 3.19.

Example 3.22 Let
P(t,a;7,6) = TM(t, 2, &) +iF (t,2,€) € Sy

where M > co > 0 and F > 0 satisfies

Ht: inf (F(t,z,8)u,u) < 5}‘ < CM €] =1 (3.17)

lul=1

for some p > 0. Then P is quasi-symmetrizable with respect to O with
symmetrizer Idy. When 7 = 0 we obtain that ReP = 0, so by taking
YV = Ran Il for the spectral projection II given by (3.8) for F, we find that
P satisfies the approzimation property with respect to X = {17 =0}. Since
2s(Im P) = Qs(F) we find from (3.17) that P is of finite type p. Observe
that if F(t,x,&) > ¢ > 0 when |(t,z,€)| > 1, we find from Remark 3.8 that
(3.17) is satisfied if and only if p < 1/k for an even k > 0 so that

S IO (F(t, 2, ult), u®)| >0 Vi€

J<k

for any 0 # u(t) € C>*°(R). Theorem 3.21 gives that P(t,x, D¢, D) is subel-
liptic near {7 =0} with a loss of k/k + 1 derivatives.

Proof (Proof of Theorem 3.21) First, we may reduce to the case m = s =0
by replacing u and P by (D)**™u and (D)*P(D)~ 5™ € W. Now u € H(_f
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for some K near wg, and it is no restriction to assume K = 1. In fact,
if K > 1, then by using that Pu € H(j_g) near wp, we obtain that u €
H(_kyu/us1) near wo and we may iterate this argument until v € H_y)
near wy. By cutting off with ¢ € S?,o we may assume that v = p(z, D)u €
H_qy and Pv = [P, ¢(z, D)lu + ¢(x,D)Pu € Hg since [P, ¢(x,D)] € ¥~
If ¢ # 0 in a conical neighborhood of wy, it suffices to prove that v €
Hi—1/p+1).-

By Definition 3.16 and Remark 3.17 there exist a C°° hypersurface X, a
real C* vector field V' ¢ TX| an invertible symmetrizer M € C* so that
@ = M P satisfies (3.9), the approximation property on X, and

VRe@ > c—CImQ@ c>0, (3.18)
ImQ@Q >cQ*Q (3.19)

in a neighborhood w of wy. By extending by homogeneity, we can assume that
V, M and @ are homogeneous of degree 0.

Since (3.18) is stable under small perturbations in V' we can replace V
with H; for some real t € C*°. By solving the initial value problem H;m = —1,
7—| 5, = 0, and completing to a symplectic C> coordinate system (¢, 7,x,§),
we obtain that X = {7 = 0} in a neighborhood of wy = (0,0, x0, &), &, # 0.
We obtain from Definition 3.11 that

Re (Qu,u) =0 when v € Vand 7=0 (3.20)

near wg. Here V is a @ invariant C* subbundle of C¥ such that V(wg) =
Ker Q™ (wg) = Ker Q(wg) by Lemma 2.13. By condition (3.9) we have that

|25(Im Qque) N{|t| <c}| < Cs" (3.21)

when |(z,£) = (20,&)| < ¢, here Qu¢(t) = Q(¢,0,2,).
Next, we shall localize the estimate. Choose {cpj }j € S, and {wj }j €

S with values in £%, such that ¢; >0, 1; > 0, Y°, 9% = 1, 9;0; = ¢; and

1, is supported where |(7,§)[ = 27, Since these are Fourier multipliers we find

that 3, ©;(Dy2)? =1 and

lully = Y2y (DiulP wes.
j
Let Q; = v;Q be the localized symbol, and let h; = 277 < 1. Since Q; € S%O
is supported where |(7,€)| = 27, we find that Q;(¢,z,7,&) = @j(t,m, hjT, h;€)

where Q; € Cg°(T*R"™) uniformly. We shall obtain Theorem 3.21 from the
following result, which is Proposition 6.1 in [3].

Proposition 3.23 Assume that Q € Ce°(T*R™) is an N x N system satis-
fying (3.18)—(3.21) in a neighborhood of wy = (0,0,x0,&,) with V = 0, and
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p > 0. Then there exists hg > 0 and R € C5°(T*R") so that wy ¢ supp R
and

W ] < CUIQ( 2. hDy Jul | R” (1.2, hDy Yl +hllul) 0 < h < ho
(3.22)
for any u € C(R"™,CY).

Here Cg° are C*° functions with L bounds on any derivative, and the
result is uniform in the usual sense. Observe that this estimate can be extended
to a semiglobal estimate. In fact, let w be a neighborhood of wqy such that
supp R(w = 0, where R is given by Proposition 3.23. Take ¢ € C§°(w)
such that 0 < ¢ < 1 and ¢ = 1 in a neighborhood of wg. By substituting
p(t,x, hD; z)u in (3.22) we obtain from the calculus

RYE (@, hDy o u

(3.23)
< Cn(lp(t, 2, hDy 2)Q(t, @, hDy g )ull + hllull)  Vu e C§°

for small enough h since Ry = 0 and ||[Q(¢, x, hDy 5), ¢(t, &, hDy o)]u| <
Ch||lu|l. Thus, if @ satisfies conditions (3.18)-(3.21) near any w € K &
T*R"™, then by using Bolzano-Weierstrass we obtain the estimate (3.22) with
supp RO K = 0.

Now, by using that @j satisfies (3.18)—(3.21) in a neighborhood of supp ¢,
we obtain the estimate (3.22) for ij (t,x,hD; ) with h = h; =277 < 1 and
R = R; € 57, such that supp ¢; (|supp R; = 0. Substituting ¢;(Dy . )u we
obtain for j7 > 1 that

279/ o, (Dyyo )
< On(1Q;(t 2, Dyo)oy (Dea)ull + 1Bl +277; (Deo)ul) Vue s

where ﬁj = Rj(t,;v,Dt,z)goj(Dt’x) € N with values in ¢2. Now since Q;
and @ are uniformly bounded in S, the calculus gives that

Qj(t)vat,m)SOj(Dt,I) = @j(Dt,z)Q(t;ant,ax) + Qj(t7x7Dt,w)

where { 0 }j € ¥~ with values in ¢2. Thus, by squaring and summing up,
we obtain by continuity that

[ullf-1s1) < CURE, 2, Do )ul® + [[ullf_y)  we He . (3.24)

Since Q(t,z,D; ) = M(t,x,D;.)P(t,x, D; ) modulo ¥~ where M € W0
the calculus gives

1@, , Dy g )ul| < C(IM(E, @, De o) P, Dy g )ull + [lull (1))
< C'(|P(t,, Dyo)ull + llull(—1) we Hyy  (3.25)

which together with (3.24) proves Theorem 3.21.
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1 Introduction

Let X and Y be Hilbert spaces endowed with the norms ||| and |||y,
respectively. Let A : D(A) C X — X be a skew-adjoint operator with compact
resolvent and B € £(X,Y).

We consider the system described by

i=Az+eA*> —B*Bz, t>0, 2(0) = 29 € X. (1.1)

Here and henceforth, a dot () denotes differentiation with respect to time ¢.
The element zg € X is the initial state, and z(¢) is the state of the system.
Most of the linear equations modeling the damped viscous vibrations of elastic
structures (strings, beams, plates,...) can be written in the form (1.1) or some
variants that we shall also discuss, in which the viscosity term has a more
general form, namely,

2=Az+¢eV.z— B*Bz, t>0, z(0) = 29 € X, (1.2)

for a suitable viscosity operator V., which might depend on ¢.
We define the energy of the solutions of system (1.1) by

B#) =5 =)k, t20, (13)

which satisfies
dE 2
W) =~ B2 — el =]k, ¢>0. (1.4)
In this paper, we assume that system (1.1) is exponentially stable when
€ = 0. For the sake of completeness and clarity we distinguish the case in
which the viscosity parameter vanishes:

i=Az—B*Bz, t>0, 2(0)=z € X. (1.5)

This model corresponds to a conservative system in which a bounded damping
term has been added. The damped wave and Schrodinger equations enter in
this class, for instance.

Thus, we assume that there exist positive constants p and v such that any
solution of (1.5) satisfies

E(t) < p E(0)exp(—vt), t>0. (1.6)

Our goal is to prove that the exponential decay property (1.6) for (1.5)
implies the uniform exponential decay of solutions of (1.1) with respect to the
viscosity parameter ¢ > 0.

This result might seem immediate a priori since the viscous term that (1.1)
adds to (1.5) should in principle increase the decay rate of the solutions of
the latter. But, this is far from being trivial because of the possible presence
of overdamping phenomena. Indeed, in the context of the damped wave equa-
tion, for instance, it is well known that the decay rate does not necessarily
behave monotonically with respect to the size of the damping operator (see,
for instance, [6, 7, 15]). In our case, however, the viscous damping operator
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is such that the decay rate is kept uniformly on . This is so because it adds
dissipativity to the high-frequency components, while it does not deterio-
rate the low-frequency damping that the bounded feedback operator —B*B
introduces.

The main result of this paper is that system (1.1) enjoys a uniform stabi-
lization property. It reads as follows:

Theorem 1.1 Assume that system (1.5) is exponentially stable and satisfies
(1.6) for some positive constants p and v, and that B € £(X,Y).

Then there exist two positive constants pg and vy depending only on
1Bll¢(x,y): v and p such that any solution of (1.1) satisfies (1.6) with con-
stants (o and vo uniformly with respect to the viscosity parameter € > 0.

Our strategy is based on the fact that the uniform exponential decay prop-
erties of the energy for systems (1.5) and (1.1), respectively, are equivalent to
observability properties for the conservative system

y=Ay, teR, y(0)=yo €X, (1.7)
and its viscous counterpart
0= Au+cA%u, teR, u(0) = up € X. (1.8)

For (1.7) the observability property consists in the existence of a time
T* > 0 and a positive constant k, > 0 such that

i
kwm&sA 1By dt, (1.9)

for every solution of (1.7) (see [11]).

A similar argument can be applied to the viscous system (1.8). In this
case the relevant inequality is the following: There exist a time 7" > 0 and a
positive constant k7 > 0 such that any solution of (1.8) satisfies

T T
mmmis4|wwwiﬁ+64nmmm§M- (1.10)

Note, however, that, for the uniform exponential decay property of the so-
lutions of (1.1) to be independent of &, we also need the time T and the
observability constant k7 in (1.10) to be uniform. Actually we will prove the
observability property (1.10) for the time T'= T* given in (1.9).

The observability inequality (1.10) cannot be obtained directly from (1.9)
by a perturbation argument since the viscosity operator eA? is an unbounded
perturbation of the dynamics associated to the conservative system (1.7).
Therefore, we decompose the solution u of (1.8) into its low- and high-
frequency parts, which we handle separately. We first use the observability
of (1.7) to prove (1.10), uniformly on ¢, for the low-frequency components.
Second, we use the dissipativity of (1.8) to obtain a similar estimate for the
high-frequency components.
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In this way, we derive observability properties of the low- and high-
frequency components separately, which, together, yield the needed observ-
ability property (1.10) leading to the uniform exponential decay result.

Our arguments do not apply when the damping operator B is not bounded,
as it happens when the damping acts on the boundary for the wave equation,
see for instance [7]. Dealing with unbounded damping operators B needs fur-
ther work.

As we mentioned above, the results in this paper are related with the lit-
erature on the uniform stabilization of numerical approximation schemes for
damped equations of the form (1.5) and in particular with [21, 20, 18, 19, 9].
Similar techniques have also been employed to obtain uniform dispersive esti-
mates for numerical approximation schemes to Schrédinger equations in [12].

The recent work [8] is also worth mentioning. There, observability issues
were discussed for time and fully discrete approximation schemes of (1.7) and
served as one of the sources of motivation for this work.

The outline of this paper is as follows. In Section 2, we recall the results
of [8] and prove Theorem 1.1. In Section 3, we present a generalization of
Theorem 1.1 to other viscosity operators. We also specify an application of
our technique for viscous second order in time evolution equations which fit
(1.2). In Section 4, we present some applications to viscous approximations
of damped Schrédinger and wave equations. Finally, some further comments
and open problems are collected in Section 5.

2 Proof of Theorem 1.1

We first need to introduce some notations.

Since A is a skew-adjoint operator with compact resolvent, its spectrum
is discrete and o(A) = {ip; : j € N}, where (u;)jen is a sequence of real
numbers such that [u;| — oo when j — oo. Set (®;);ew an orthonormal basis
of eigenvectors of A associated to the eigenvalues (ij;);en, that is,

Moreover, define
Cs = span {®; : the corresponding ij; satisfies [u1;| < s}. (2.2)

In the sequel, we assume that system (1.5) is exponentially stable and that
B e £(X,Y), i.e., there exists a constant K such that

1Bzly < Ksllzlx, VzeX. (2.3)

The proof of Theorem 1.1 is divided into several steps.

First, we write carefully the energy identity for z solution of (1.1).
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Consider z a solution of (1.1). Its norm ||z(t)||§( satisfies

T T
J(D)% +2 / IB=(0)]1% dt +2 / A= dt = =0)|%.  (24)

Therefore our goal is to prove that, with 7* as in (1.9), there exists a constant
¢ > 0 such that any solution of (1.1) satisfies

T*

=) < / IB=(t)|1% dt +< / A% dt. (25)

It is indeed easy to see that, combining (2.4) and (2.5), the semigroup S
generated by (1.1) satisfies

[Se(T)[ <v=1-¢ (2.6)

for a constant 0 < v < 1 independent of ¢ > 0. This, by the semigroup
property, yields the uniform exponential decay result.

We also claim that, for (2.5) to hold for the solutions of (1.1), it is sufficient
to show (1.10) for solutions of (1.8). To do that, it is sufficient to follow the
argument in [11] developed in the context of system (1.5).

We decompose z as z = u + w where u is the solution of the system (1.8)
with initial data u(0) = zp and w satisfies

W= Aw +ecA*w — B*Bz, t>0,  w(0)=0. (2.7)

Indeed, multiplying (2.7) by w and integrating in time, we get

t t
w(®)||% + 25/ | Aw(s)||% ds + 2/ < Bz(s), Bw(s) >y ds=0.
0 0

Using that B is bounded, this gives

e (t)|% + 2 / | Aw(s)|% ds < / 1B2(s) 1% + K3 / lw(s)I% ds. (2.8)

Gronwall’s inequality then gives a constant G, which depends only on Kz and
T*, such that

T T
2 2 2
sup {Iw@li }+ [ 1wl as<a [T 1B ds @9)

te[0, T

Therefore in the sequel we deal with solutions u of (1.8), for which we
prove (1.10) for T' = T*.

As stated in the introduction, we decompose the solution u of (1.8) into
its low- and high-frequency parts. To be more precise, we consider

w =15, up = (I — 7z, (2.10)
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where 7y, sz is the orthogonal projection on C;, z defined in (2.2). Here the
notation u; and up stands for the low- and high-frequency components, re-
spectively.

Note that both w; and uy, are solutions of (1.8) since the projection 7y, =z
and the viscosity operator A% commute.

Besides, uy, lies in the space CIL/ N in which the following property holds:

VelAyllx > lyllx, Yye C1J_/\/g- (2.11)

In a first step, we compare w; with y; solution of (1.7) with initial data
¥1(0) = u;(0). Now, set w; = u; — y;. From (1.9), which is valid for solutions
of (1.7), we get

2 2 " 2 " 2
b O = ke ) <2 [ IBu@l dev2 [ 1Bl
(2.12)
In the sequel, to simplify the notation, ¢ > 0 will denote a positive constant
that may change from line to line, but which does not depend on e.
Let us therefore estimate the last term on the right-hand side of (2.12).

To this end, we write the equation satisfied by w;, which can be deduced from
(1.7) and (1.8):

w; = Aw; + €A2ul, t>0, wl(O) =0.

Note that w; € Cl/\/g, since u; and y; both belong to Cl/\/g. Therefore, the
energy estimate for w; leads, for ¢t > 0, to

¢
||wl(t)||§( = 726/0 < Auy(s), Aw(s) >x ds

t t
<e / | Aui(s)|% ds + / leon(s) 1% ds.
0 0

Gronwall’s Lemma applies and allows us to deduce from (2.12) and the fact
that the operator B is bounded, the existence of a positive ¢ independent of
€, such that

T* T*
(O < / |Bu()|% dt +< / | Aui(s)|% ds.
Besides,
N

i "
| Bu@ a2 [ gpuoly dee [ Bul d
0 0 0

and, since uy(t) € Cll/\/g for all t,
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. . .
/O |Bun(t)% dt < K, / lun(®)% dt < K3 / | Aun(8)[% .

It follows that there exists ¢ > 0 independent of & such that

T*

-
Ol < [ 1BuO e [ auolia 21

Let us now consider the high-frequency component wuj. Since up(t) is a

solution of (1.8) and belongs to Cf/ﬁ for all time ¢ > 0, the energy dissipation

law for wy, solution of (1.8) reads

t
lun (8)[1% + 2 / | dun(s)|% ds = [un(0)|%, t>0, (2.14)

and , ,
lun ()] < exp(=2t) [lun(0)[, Vt=>0.

In particular, these last two inequalities imply the existence of a constant
¢ > 0 independent of ¢ such that any solution w, of (1.8) with initial data
up(0) € Cf/\/g satisfies

-
clun(O)l% < 5/0 1 Aun ()% ds. (2.15)

Combining (2.13) and (2.15) leads to the observability inequality (1.10).
This, combined with the arguments of [11] and (2.9), allows us to prove that
any solution z of (1.1) satisfies (2.5), and proves (2.6), from which Theorem 1.1
follows.

3 Variants of Theorem 1.1

3.1 General viscosity operators

Other viscosity operators could have been chosen. In our approach, we used
the viscosity operator €42, which is unbounded, but we could have considered
the viscosity operator

cA?
I—cA%’
which is well defined, since A2 is a definite negative operator, and commutes
with A. This choice presents the advantage that the viscosity operator now
is bounded, keeping the properties of being small at frequencies of order less
than 1/4/¢ and of order 1 on frequencies of order 1/4/¢ and more. Again, the
same proof as the one presented above works.

The following result constitutes a generalization of Theorem 1.1, which

applies to a wide range of viscosity operators, and, in particular, to (3.1).

eVe = (3.1)
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Theorem 3.1 Assume that system (1.5) is exponentially stable and satisfies
(1.6), and that B € £(X,Y).
Consider a viscosity operator V. such that

1. V. defines a self-adjoint definite negative operator.
2. The projection m,, sz and the viscosity operator V. commute.
3. There exist positive constants ¢ and C' such that for all € > 0,

Ve[ (vve):
\ﬁH(\/—ng)zHX >c|zlly, Vz € Cll/\/g.

_SCllzlx, Y2 €0y

Then the solutions of (1.2) are exponentially decaying in the sense of (1.6),
uniformly with respect to the viscosity parameter € > 0.

The proof of Theorem 3.1 can be easily deduced from that of Theorem 1.1
and is left to the reader.
Especially, note that the second item implies that both spaces C;, z and

Cf-/ Je are left globally invariant by the viscosity operator V.. Therefore, if
u € Cyyz and uy € Cf‘/\/g, we have

< Va(ul +uh), (ul —|—uh) >x=<Vou,u >x + < Veup,up >x .

Also remark that the second item is always satisfied when the operators V.
and A commute.

3.2 Wave-type systems

In this subsection we investigate the exponential decay properties for viscous
approximations of second order in time evolution equation.

Let H be a Hilbert space endowed with the norm ||-|| ;. Let Ag : D(4g) —
H be a self-adjoint positive definite operator with compact resolvent and
CeL(HY).

We then consider the initial value problem

U+ Agv +eAg0 + C*Co =0, t>0,
o (3.2)
0(0) = € D(AY?), ©(0) =v; € H.

System (3.2) can be seen as a particular instance of (1.2) modeling wave and

beam equations.
The energy of solutions of (3.2) is given by

B() = 5 W@ + 5 4] (33
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and satisfies

dE

(1) =~ leal < |ay2s)]| (3.4

As before, we assume that, for € = 0, the system

B+ Aw+C*Cio=0, t>0, v(0)=uvo€ DA, 0)=v,€H

(3.5)
is exponentially stable, i.e., (1.6) holds.
We are indeed in the setting of (1.2), since (3.2) can be written as
7 =AZ+eV.Z — B*BZ, (3.6)

with

2= ("), a=( 1) oy ("0 B=(0C 3.7
S \wo ) T\ =400)7 T \0-4y )] =(0¢). @G

Note that the viscosity operator V. introduced in (3.7) does not satisfy Con-
dition 1 in Theorem 3.1. However, we can prove the following theorem:

Theorem 3.2 Assume that system (3.5) is exponentially stable and satisfies
(1.6) for some positive constants u and v, and that C € £(H,Y). Set K < 0.

Then there exist two positive constants py, and vk depending only on
ICllg(sr,yy, K, v and p such that any solution of (3.2) satisfies (1.6) with
constants [y and vy uniformly with respect to the viscosity parameter ¢ €

[0, K.

Before going into the proof, we introduce the spectrum of Ag. Since Ag is
self-adjoint positive definite with compact resolvent, its spectrum is discrete
and o(A4p) = {)\f : j € N}, where ); is an increasing sequence of real positive
numbers such that A; — oo when j — oco. Set (¥;),en an orthonormal basis
of eigenvectors of Ay associated to the eigenvalues (/\?) JEN-

These notations are consistent with the ones introduced in Section 2, by
setting A as in (3.7), and

1
— Y

Paj=EX;, Py =] Wy
gﬁ

J

For convenience, similarly as in (2.2), we define
¢s =span{¥, : the corresponding A; satisfies |);| < s}, (3.8)

which satisfies Cs = (€;)2.
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Proof (Sketch of the proof) The proof of Theorem 3.2 closely follows that of
Theorem 1.1.

As before, we read the exponential stability of (3.5) into the following
observability inequality: There exist a time 7™ and a positive constant k,
such that any solution of

i+ Ay =0, t>0, y0)=yo DAY, §0) =y ecH (3.9

satisfies

*

bl + 452l ) < [ 1ol a (3.10)

Due to (3.4), as in (2.5), the exponential decay of the energy for solutions
of (3.2) is equivalent to the following observability inequality: There exist a
time T" and a positive constant ¢ such that for any € € [0, K],
2 12 |12 T 2 T e 2
e(oally + 42w ) < / ICo)|2 dt +e/ |42 ar )
0 0

holds for any solution v of (3.2).

Using the same perturbative arguments as in [11] or (2.7)—(2.9), the ob-
servability inequality (3.11) holds if and only if there exist a time 7" and
a positive constant k7 > 0 such that, for any ¢ € [0, K], the observability
inequality

12 |2 4 g2 2
b ( llun 3+ A5 %o | ) g/ ()2 dt—i—a/ |4 a)| dt (312)
0 0

holds for any solution u of

i+ Agu+edgi =0, t>0,  u(0)=ugecDAY?), u0)=us€H.
(3.13)

As before, we then focus on the observability inequality (3.12) for solutions
of (3.13). As in the proof of Theorem 1.1, we now decompose the solution of
(3.13) into its low- and high-frequency parts, which we handle separately. To
be more precise, we consider

w =Py u, uh:(I—Pl/\E)u.,

where P,  is the orthogonal projection in H on €, 7 as defined in (3.8).
Again, both u; and uy, are solutions of (3.13) since P, z commutes with Ao.

Arguing as before, the low-frequency component u; can be compared to
y; solution of (3.9) with initial data (yo,y1) = (P, zu0, P1/,/zu1), and using
(3.10) for solutions of (3.9), we obtain the existence of a positive constant ¢,
such that
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2
er ([P, + |48 Pryzul|,)

< /T* |Call; dt +e / Jayzao|), @ @
=, Y "7 ’

For the high-frequency component uy, the situation is slightly more intri-
cate than in Theorem 1.1. The energy of the solution w; satisfies the dissipa-
tion law

1d

1/2 2 2. |2 L2
535 (N @I + [462un®)|| ) = =< || 48[ < ~linlyy,  (3.15)

where the last inequality comes from 1 € Qill/ e
Setting

1,. 2
Bn(t) = 5 lin @)% + 5 [ 45 20|
we thus obtain that

0+ [ lin(l ds < 5,00 (3.16)

We now prove the so-called equirepartition of the energy for the solutions
w of (3.13). Multiplying (3.13) by u and integrating by parts between 0 and
t, we obtain

< a(t),ult) >y — < @(0),u(0) >5 —/ ()13 ds—l—/ HAW s

+ 8/ < Aé/2u(s), Aé/Qu(s) >p ds =0.
0

In particular,

/Hu N ds—/ | 482u(s)

+ <a(t),u(t) >g — <u(0),u(0) >g . (3.17)

)l o+ 5 (s, - 457w, )

Now, for uyp, which is a solution of (3.13), for all ¢ > 0, uy(t) € Cf‘/\[

In
particular, for all ¢ > 0, we have

)3 < VEEL(),  (3.18)

. g .
< in(®)un(®) > | < X i +

L\
2"

where we used that for ¢ € Qf-/\/a

2
1/2
ol <45
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Combining (3.18) with identity (3.17) for up, we obtain

/Huh )1 ds>/ HAg/Quh 2 ds—(\/§+5)(Eh(t)+Eh(0)). (3.19)

This yields

| a1ty ds = [ Bs) ds— 5 (VE+e) B+ En0)). (320)

Combined with (3.16), we obtain

(1—7(\[+5 /Eh s<Eh(0)(1+%(ﬁ+5)). (3.21)

Assuming, without loss of generality, that K > 1, for € € [0, K], we thus have

t
(1— K)ER(t) +/ En(s) ds < (1+ K)Ey(0).
0
The decay of Fj,(t), guaranteed by the dissipation law (3.15), then proves that

t+1-K)EL(t) < (1+ K)EL(0).
For t = 1+ 3K, we thus have E,(1 + 3K) < F,(0)/2. We then deduce from

the dissipation law (3.15) the existence of a positive constant cx such that

cxEn(0) gg/o HA}J%,Z(S)HZ ds. (3.22)

We finally conclude Theorem 3.2 by combining (3.14) and (3.22) as before.

Remark 3.3 One cannot expect the results of Theorem 3.2 to hold uniformly
with respect to € € [0,00). Indeed, an overdamping phenomenon appears when
€ — 00. This can indeed be deduced from the existence of the following solu-

tions of (3.13):

eN? 4 1
_ . — 7 - ~ __
U <t) - eXp(tTj)WJ’ t =0, where 7—; - 2 ( : (5)\j)2 1> elj—o0 € '

Plugging these solutions in (3.12), one can check that the observability in-

equality (3.12) cannot hold uniformly with respect to £ € [0,00). Finally, us-
ing the equivalence between the observability inequality (3.12) for solutions
of (3.13) and the observability inequality (3.11) for solutions of (3.2), this
proves that the results of Theorem 3.2 do not hold uniformly with respect to
€ € [0, 00).
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Remark 3.4 To avoid the overdamping phenomenon when € — oo, one can
for instance add a dispersive term in (3.2), and consider the initial value
problem

¥+ Agv + Ao +eAgv + C*Cv =0, t>0,

(3.23)
v(0) =g € D(Aé/z), 9(0) = v, € H.
The energy of solutions of (3.23) is now given by
_ L2 l+e¢ 1/2 2
B (1) = 5 [o(0) 5 + ( . ) HAO v(t)HH. (3.24)

One can then prove that if system (3.5) is exponentially stable, then the energy
E. of solutions of systems (3.23) is exponentially stable, uniformly with respect
to the viscosity parameter ¢ € [0, 00). The proof can be done similarly as that of
Theorem 3.2 and is left to the reader. The main difference that the dispersive
term introduces is that the high-frequency solutions uyp of

ip + Agup, + eAguy +cAoup =0, ¢ >0, (3.25)

with initial data (up(0),4p(0)) € (Qi‘/ﬁ)z N (’D(A(l)/z) x H) now satisfy, in-

stead of (3.19), which deteriorates when € — oo, the following property of
equirepartition of the energy:

< 2Eh,e(t) + 2Eh,6(0)7 (3'26)

be Y2 2
|/0 lanl? ds—(1+s)/0 |a2uts)][ as

where Ey, . is the energy of the solutions uy, of (3.25).

4 Applications

This section is devoted to present some precise examples.

4.1 The viscous Schrodinger equation

Let 2 be a smooth bounded domain of RY.
Let us now consider the following damped Schrédinger equation:
iz + Agz +ia(z)z =0, in 2 x (0, 00),
z =0, on 912 x (0,00), (4.1)
2(0) = zo, in £,
where a = a(z) is a nonnegative damping function in L*°(§2), which we assume

to be positive in some open subdomain w of (2, that is, there exists ag > 0
such that
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a(z) > ag, V€ w. (4.2)

The energy of solutions of (4.1), given by
1 2
E(t) = 3 12020 » (4.3)

satisfies

0= [ @it do (44)

The stabilization problem for (4.1) has been studied in recent years. Let
us briefly present some known results. Some of them concern the problem of
exact controllability but, as explained for instance in [16], it is equivalent to
the observability and the stabilization ones addressed in this article in the
case where the damping operator B is bounded.

For instance, in [14], it is proved that the Geometric Control Condi-
tion (GCC) is sufficient to guarantee the stabilization property (1.6) for the
damped Schrédinger equation (4.1). The GCC can be, roughly, formulated as
follows (see [2] for the precise setting): The subdomain w of (2 is said to satisfy
the GCC if there exists a time T > 0 such that all rays of Geometric Optics
that propagate inside the domain {2 at velocity one reach the set w in time
less than T'. This condition is necessary and sufficient for the stabilization
property to hold for the wave equation.

But, in fact, the Schrédinger equation behaves slightly better than a wave
equation from the stabilization point of view because of the infinite velocity of
propagation and, in this case, the GCC is sufficient but not always necessary.
For instance, in [13], it has been proved that when the domain {2 is a square,
for any nonempty bounded open subset w, the stabilization property (1.6)
holds for system (4.1). Other geometries have also been dealt with: We refer
to the articles [4, 1].

Now, we assume that w satisfies the GCC and, consequently, that we are
in a situation where the stabilization property (1.6) for (4.1) holds, and we
consider the viscous approximations

12+ Agz+ia(z) z —i/eAyz =0, in 2 x (0,00),
z=0, on 912 x (0, 00), (4.5)
2(0) = zo, in {2,

where ¢ > 0.

System (4.1) can be seen as a Ginzburg-Landau-type approximation. More
precisely, system (4.1) is the inviscid limit of (4.5). We refer to the works [17, 3]
where inviscid limits were analyzed in a nonlinear context.

For the stabilization problem, Theorem 3.1 applies and provides the fol-
lowing result:
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Theorem 4.1 Assume that system (4.1) is exponentially stable, i.e., it sat-
isfies (1.6).

Then the solutions of (4.5) are exponentially decaying in the sense of (1.6),
uniformly with respect to the viscosity parameter € > 0.

Proof Let us check the hypotheses of Theorem 3.1.

This example enters in the abstract setting given in the introduction:
The operator A = A, with the Dirichlet boundary conditions is indeed
skew-adjoint in L?(£2) with compact resolvent and domain D(A) = H? N
H}(02) € L%(). Since a is a nonnegative function, the damping term in
(4.1) takes the form B*Bz where B is defined as the multiplication by /a(z),
which is obviously bounded from L2(£2) to L?($2).

The viscosity operator is

eV, = Ve, = —ieA = —e|A|.

Obviously, this viscosity operator V. satisfies the assumptions 1, 2 and 3, and
therefore Theorem 3.1 applies.

4.2 The viscous damped wave equation

Again, let {2 be a smooth bounded domain of RY.
We now consider the damped wave equation
¥ — Agv+a(x)d =0, in 2 x (0, 00),
v=0, on 042 x (0, 00), (4.6)
v(0) = v, v(0) =y, in £2,
where a is a nonnegative function as before, and satisfies (4.2) for some non-

empty open subset w of 2.
The energy of solutions of (4.6), given by

1.2 1 2
B(t) =5 0lzaco) + 5 IV0llz2(q) » (4.7)
satisfies the dissipation law

%(t) =— /Qa(x)|i)|2 dz. (4.8)

We assume that system (4.6) is exponentially stable. From the works [2, 5],
this is the case if and only if w satisfies the Geometric Control Condition given
above.

We now consider viscous approximations of (4.6) given, for £ > 0, by

b — Ao+ a(x)d — A0 =0, in 2 x (0, 00),
v=0, on 042 x (0, 00), (4.9)
v(0) =wvg € H}(2), 0(0) =wv; € L3(£2).
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Setting Ag = —A, with Dirichlet boundary conditions and C' = \/a(z),
Theorem 3.2 applies:

Theorem 4.2 Assume that w satisfies the Geometric Control Condition.

Then the solutions of (4.9) decay exponentially, i.e., satisfy (1.6) uni-
formly with respect to the viscosity parameter € € [0,1]. To be more precise,
there exist positive constants py and vy such that for all € € [0,1], for any
initial data in HE(2) x L?(£2), the solution of (4.9) satisfies

E(t) < py E(0) exp(—vot), t>0. (4.10)

5 Further comments

1. In this article, we have identified a class of damped systems, with
added viscosity term, in which overdamping does not occur. This is to be
compared with the existing literature on the overdamping phenomenon for
the damped wave equation ([6, 7]).

2. As we mentioned in the introduction, our methods and results require
the assumption that the damping operator B is bounded. This is due to
the method we employ, which is based on the equivalence between the expo-
nential decay of the energy and the observability properties of the conserva-
tive system, that requires the damping operator to be bounded. However, in
several relevant applications, as for instance when dealing with the problem
of boundary stabilization of the wave equation (see [16]), the feedback law
is unbounded, and our method does not apply. This issue requires further
work.

3. The same methods allow obtaining numerical approximation schemes
with uniform decay properties.

The discrete analogue of the viscosity term added above for the stabiliza-
tion of the wave equation has already been discussed in the works [21, 20, 18, 9]
for space semidiscrete approximation schemes of damped wave equations. In
those articles, though, the viscosity term is needed due to the presence of
high-frequency spurious solutions that do not propagate and therefore are not
efficiently damped by the damping operator B* B when it is localized in space
as in the examples considered above.

Following the same ideas as in [21, 20, 18, 9], if observability properties
such as (1.9) hold for fully discrete approximation schemes of the conservative
linear system (1.7) in a filtered space (see [8]), then adding a suitable viscos-
ity term to the corresponding fully discrete version of the dissipative system
(1.5) suffices to obtain uniform (with respect to space time discretization pa-
rameters) stabilization properties. This issue is currently investigated by the
authors and will be published in [10].
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dard way any Sylvester hyperbolic matrix. This paper deals with the theory of the
hyperbolic symmetrizer, its relationships with the concept of Bezout matrix, its per-
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1 Introduction

Let us consider the system

Up=> An)U,, nRExR,. (1.1)
h=1

Let V be the Fourier transform with respect to « of U, so that

V(¢ &) = il¢|A(t, OV (t,€) (1.2)

with A(t,€) =, An(t)€),/|€] 0-homogeneous in £. Hyperbolicity means that
A(t,€) has real eigenvalues Vt, € € Ry x RE.

There are two favorable cases for the symbol A: A is hermitian, or A is
uniformly and regularly diagonalizable. In the first case, if we set E = (V, V),
we get

A. Bove et al. (eds.), Advances in Phase Space Analysis of Partial 113
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E' =2Re (V',V) = 2Re (i|¢|A(t,€)V, V) = 0, (1.3)

i.e., E (which may be called energy of the system) is an invariant; in the
second case, there exists N(t,€), regular with respect to ¢, bounded together
with its inverse, and such that NA = DN, D being the diagonal matrix
bearing the eigenvalues (real by hypothesis) of A. Setting @ = N*N, Q is
regular and positive defined, and QA = A*Q. We will call Q a symmetrizer
for the symbol A.

In this case we define the energy of the system as E = (QV, V). We get

E'=(QV,V) +2Re(QV".V) Ly
= (QV.V) + 2Re (il @A) V.V) = (QV.v) < B, Y
from which we deduce the so—called energy estimate E(t,£) < C(t)E(0,£).
The energy estimate, together with the Fourier transform, allow us to solve
the hyperbolic system, and to determine the functional spaces in which the
Cauchy problem for the system is well-posed.

Therefore, it is clear that the core of the problem consists in symmetrizing,
uniformly and regularly, the symbol A(¢, &), if it is not already hermitian. It
is easy to see that we may find a good symmetrizer in a standard way if the
system is strictly hyperbolic, i.e., A is regular in ¢ and it has real and distinct
eigenvalues. In this case, the matrix N is made up by eigenvectors of A, and
the symmetrizer is Q = N*N.

The problem is much more delicate when only weak hyperbolicity (i.e., the
symbol A has real but possibly coincident eigenvalues) is assumed. Through-
out this paper, we will be concerned with scalar equations of order NV, which
may be regarded as a particular (and more favorable) case among first-order
systems.

Let us consider the N—order homogeneous Kovalevskian operator

L=0)~ > a,;(t)0,0) 7. (1.5)
1<j<N
lv|=j

Let uw be any solution to Lu = 0. Fourier transform with respect to the
x variable plus standard transformation into a first—order system leads to
consider a problem like (1.2), where A is the Sylvester matrix

0 1 0o ...
0 1 0
A(t,€) = (1.6)

2 U (21
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and any h; is a (fixed) polynomial expression in the coefficients a, ; of the
symbol of L, i.e.,

N
P(r.&t)=7" = Y ay;(& TN =N =N byt 16PN (1)

1<j<N j=1
lvl=j
whose roots 71 (), ..., 7n (&) coincide with the eigenvalues of A multiplied by

|€]. Let us remark that A(t, ) is 0-homogeneous with respect to &.

Hyperbolicity of L means that A is a real-valued Sylvester matrix with
only real eigenvalues, i.e., what we call a hyperbolic Sylvester matriz.

Then the following theorem holds:

Theorem 1 (see [6]) Let A be an N x N hyperbolic Sylvester matriz. Then
there exists a hermitian N X N matriz QQ such that:

i) the entries of Q are polynomials in the N—-tuple hy ... hy whose coef-
ficients depend only on N;

it) Q is strictly (resp. weakly) positive defined iff L is strictly (resp.
weakly) hyperbolic;

iii) QA = A*Q.

From now on we will refer to @ as the standard symmetrizer, or simply
the symmetrizer.

In particular, Theorem 1-i) states that it is always possible to regularly
symmetrize a symbol under Sylvester form. This is important because, if only
weak hyperbolicity is assumed, the characteristic roots 7;(t, £) of the principal
symbol P may be much less regular — with respect to ¢t — than the coefficients
ay (1), while Theorem 1, essentially, states that the symmetrizer @ inherits
the t-regularity of L.

Unfortunately, the symmetrizer @ is only weakly positive defined under
the assumption of weak hyperbolicity; hence, it is not possible to estimate
the energy defined by means of ). Moreover, an estimate on the energy F =
(QV, V) does not automatically imply an estimate on the solution V'; therefore,
a perturbation argument is needed.

This leads us to the concept of quasi—symmetrizer. The construction
of a quasi-symmetrizer (). is the object of the following theorem, due to
P. D’Ancona and S. Spagnolo:

Theorem 2 (see [5]) Let A(t,&) be an N x N Sylvester hyperbolic matriz,
where t € [0,T]. Let A be continuous in t,&, 0-homogeneous in £. Then, for
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any € > 0 there exists a quasi-symmetrizer Q.(t,§), such that (C' denotes a
positive constant):

i) the entries of Q. are polynomials in the entries of A whose coefficients
depend only on N and ¢;

ii) ésZ(N*UI <Q.=Qr<CI;

iii) QoA — A*Q. < CeQ..

As a consequence of Theorem 2, D’Ancona and Spagnolo obtain in their
cited work the following result:

Theorem 3 (see [5]) Let us consider the following semilinear system of
order N:
Opu+ A(t, D)u = f(t,x,u)

where A(t,€) is a weakly hyperbolic symbol belonging to O™ class in t, and let
u be a solution which is uniformly Gevrey of order s, with

1<s<N/(N-1). (1.8)

Let us suppose that f is CN in t, real analytic in x and entire holomorphic
m u.

Then, if u is analytic at t = 0, it remains analytic for all the time in which
solution exists.

As regards Theorem 3, let us only remark that A is not, in general, a
Sylvester symbol, but the proof is based on quasi-symmetrizers for Sylvester
symbols and on a transformation of the system, by means of the cofactor
matrix of 714 A(t,£), into a system whose symbol is N-block Sylvester type.

Another interesting result, based on quasi-symmetrizer technique, has
been recently obtained by T. Kinoshita and S. Spagnolo (see [9]). Namely,
they consider a homogeneous weakly hyperbolic equation of order N with
time-dependent coefficients, of the form

O u=[a1(4)0:0) " + ax ()20} 2 + - + an(t)0 ] u,
(1.9)
O |i—o = up(z), h=0,...,N—1.

Here weak hyperbolicity means that

N N
2= ai ()N =T (- MN)  with A(t) < -+ < An(t).

j=1
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Kinoshita and Spagnolo, moreover, assume a condition on characteristic roots,
i.e., they suppose that

AZ(E) + A5() < M(Ni(t) — A (1)?, 1<i<j<N,te[0,T]. (L10)

Then they are able to prove the following;:

Theorem 4 (see [9]) Let us consider the weakly hyperbolic Cauchy problem
(1.9) and let us suppose that (1.10) holds. If a; € C*([0,T)) for some k > 2,
then (1.9) is well-posed in Gevrey spaces of order s for

1<s<1+ (1.11)

k
2N —1)°

When the a;’s are real analytic, (1.9) is C™ well-posed.

In the present work a systematic theory of hyperbolic standard sym-
metrizer and quasi-symmetrizer is developed. In particular we will show that:

1) The symmetrizer @ is nothing but the Bezout matrix associated to the
couple of polynomials (P, %—f); this allows us to get an explicit formula for
Q@ in terms of the coefficients a, . Moreover, we provide analogous explicit
formula for the quasi—symmetrizer Q..

2) A refinement of Theorem 2 is possible. In particular, in Section 3 below
we will prove the following:

Theorem 5 Let A(t,&) be an N x N Sylvester hyperbolic matriz, where t €
[0,T]. Let A be continuous in t,&, 0-homogeneous in &, and let m be the
mazximum multiplicity of the eigenvalues of A. Then, for any e > 0 there exists
a quasi—symmetrizer Qc(t,£), such that (C denotes a positive constant):

i) the entries of Q. are polynomials in the entries of A whose coefficients
depend only on N and ¢;

1
ii) ZeXm VI < Q.= Q: < CI;

iii) QoA — A*Q. < CeQ..

Theorem 5, in turn, allows a refinement of Theorems 3 and 4 as follows:

Theorem 3 holds verbatim but the assumption (1.8), which is replaced, de-
noting by m the maximum of the variable multiplicity of the characteristic
roots of symbol A(t,€), by the weaker assumption

1<s<m/(m—1).
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Theorem 4 holds verbatim but the result (1.11), which is replaced, denoting
by m the maximum of the variable multiplicity of the characteristic roots A;,
by the stronger result
k
1<s<14+ —
R TC— )
(for further improvements of Theorem 4, see Section 4 below).

3) The standard symmetrizer may be used to get well-posedness results
for linear weakly hyperbolic equation without assuming any hypotheses about
characteristic roots: the hypotheses concern only coefficients and symmetrizer,
which in turn (see above) may be explicitly written in terms of the coeffi-
cients. As an example, in Section 4 a result (joint with G. Taglialatela) of
C* well-posedness for linear homogeneous weakly hyperbolic equations with
time-dependent coefficients is announced (for the proof see [7]).

The present paper is organized as follows: Section 2 is devoted to the
standard symmetrizer: definition, properties, examples, relationship with the
Bezout matrix. In Section 3 we study the D’Ancona and Spagnolo quasi—
symmetrizer, giving a sketch proof of Theorem 2 and a detailed proof of
Theorem 5; moreover, a general formula to get an explicit expression for the
quasi-symmetrizer is given. In Section 4 we show the main ideas and tech-
niques which make the symmetrizer useful in getting energy estimates for
weakly hyperbolic equations; starting from this, a result of C*° well-posedness
is announced (see Theorem 6) and conclusions are drawn.

2 The standard symmetrizer

2.1 Definition and elementary properties

T
Let o(z) = 3 anpz"~" be a monic real hyperbolic polynomial with (eventually
h=0

coincident) roots x1,...z,. If 1 < h < r is the number of the distinct roots
of ¢(x), we will denote (after eventual renaming) by x1,...,z; the distinct
roots, with multiplicity my, ..., my resp., so that
T h
o(x) = ag H(x — ;) =ao H(Jc —x;)™, mi+-+mp=r. (2.1)
j=1 j=1
If we set
coeff(p) = (ar,ar_1,...,a1,a0),
Vpo[x] = (1,z,2%, ... 2P~ 2 P71, (2.2)

V'] = DRVl

p
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then we obviously get
p(a) = coeff(p) - Vi [2];  Dip(z) = coeff(p) - Vi [2]. (2.3)

For the sake of commodity, from now on we will identify DO with the identity
operator, so that we will indifferently write p(x) or D%¢(z). Moreover, with
the same symbol V{[z] we will denote the row vector or the column vector
defined by (2.2). Now let us define

oD (z) = G <i<r. (2.4)

Then a straightforward verification shows that

r—1 r—2 1
coeff(p) = (Z aja; Y agap Yy e ao) . (29)
j=0 j=0 j=0

Throughout this paper we will reserve the symbol W (p) to the r X r matrix

coeff(p™1))
Wp)=| ... : (2.6)
coeff(¢()

The following proposition points out some useful properties of the matrices
W(p):

Proposition 1 Let ¢(x) as in (2.1), and let W (p) be defined by (2.6). Then:

o a1
a) detW(p)=agdet| ... ... ... =ag H (x; — zj);
A R | 1<i<j<r

b) Ifh <r, where h is the number of distinct roots of p(x), and X' is the set
of multiple roots of v, then the n — h vectors

Vi) r;€X, 0<i<m;—2, (2.7)

constitute a basis for Ker W ().

Proof a) If w’ denotes the jth column of W(p) and v/ denotes the jth
R SR |

column of the Vandermonde matrix | ... ... ... , then by (2.5) we

ar bz 1

have
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T—j
wl = Zakvk+j, (2.8)
k=0
hence claim a) follows.

b) From a) we know that W () has trivial kernel iff ¢ is strictly hyperbolic,
i.e., h = r. Now let us suppose that multiple roots occur, so that h < r. By
means of (2.8) we see that the first h rows of W(y) are independent, as the
determinant of the uppermost rightmost h x h minor of W(y) is equal to
al 11 (zi— x;); therefore rank W (p) > h.

1<i<j<h

Let us consider the r x r matrix B whose columns are

B=(V2ai]... V" o] VO] VI T ] VO[] L VI )

The matrix B is a generalized Vandermonde matrix (it would be a classical
Vandermonde iff my = --- = my, = 1, i.e., in the strict hyperbolic case). It
is known (see for instance [8], Theorem 20) that the determinant of such a
generalization of the classical Vandermonde matrix is given by

h mi—l
s =(I[11 ) TI te—amm. (2.9)
i=1 j=1 1<i<j<h

In particular, the columns of B are independent, and the vectors in (2.7) are
some of these columns. Moreover, being (see (2.3))

DM (x)
W(p)- Vil =1 - j=0,1,...,
D" (x)
we get that

hence, remembering that rank W (y) > h, claim b) follows (and rank W (y) =
h as a matter of fact). O

Now let us come to A(t,€) and its related symbol P. Being A(t,€) 0
homogeneous with respect to &, most of the theory will be developed for
£esN.

So, let |£] =1 and let P be as in (1.7). Let us define hy = —1, so that

N
P(r)=—=> hyrV. (2.10)
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A direct verification immediately shows that the ith row of W = W(P) is a
T1
left eigenvector of A with eigenvalue 7;. Hence, if D = , we get
TN
WA = DW. Denoting by W* the transposed of W, we obviously have that
both W*W and W*W A = W*DW are symmetric.

Definition 1 The matriz Q = W*W s said to be the standard symmetrizer
of the Sylvester matriz A.

Of course, there is a one—to—one correspondence between symbols P and
Sylvester matrices A; therefore, we can refer to @) as the symmetrizer related
to A or the symmetrizer related to P as well, and we may denote @ also by
Q(A) or Q(P) depending on what relationship we want to emphasize.

We remark that, by construction, the entries of @ are certain (fixed) sym-
metric polynomials in 71 ...7y; hence, by the fundamental theorem of sym-
metric functions, they are polynomials in h; ... hAy.

Moreover, by Proposition 1 we get
detQ = (det W(P))* = [[ (r;— 737 (2.11)
1<i<j<N

hence @ is strictly (resp. weakly) positive defined iff L is strictly (resp. weakly)
hyperbolic.

2.2 The standard symmetrizer and the Bezout matrix

Up to now we have reobtained Theorem 1 (see [6]); now let us show the link
between the standard symmetrizer and the concept of Bezout matrix.

Let us define the elementary symmetric functions of k variables 71, ..., 7
as
ek,O(T) =1, ekyr(T) = E TiyTig -+ T,
iy <ig-e<ip

Uyeestpr=1,...0k, 7=1,...,k;
if 71,...,7n are the roots of the symbol P defined by (2.1), then h, =

(-1)"*+Yey (1), r = 0,..., N. Moreover, let 65\?1‘)””)(7') be the pth elemen-

tary symmetric function formed from (71, ...,7x) omitting 7;,,...,7;. . Then
a direct verification shows that

Wij = ()Nl (7)

and therefore

N
Qi = (~1) > e (e (7). (2.12)
k=1
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Now, in [1] it is proved (see formula (33)) that

e®) (T)e(k) (1)

N,N—i\' /"N, N—j
k=1 N—j
= ieN,Nfi(T)eN,ij(T) - (J—i+ 27‘)€N’N7i+r(T)EN’Nijir(T),
r=1
hence
N—j
Qij =ihy_ihn_j— > (G —i+2r)hy_iprhn_jr. (2.13)
r=1
As is well-known, if
N N
PO =S we gl =Y e
i=0 i=0

are two polynomials of degree at most N, then the Bezout matrix Bez(f, g) of
order N associated to f and g is a symmetric N x N matrix implicitly defined
by means of the quadratic form

N
f(x)g(y) — fy)g(= i1 g
B(f, g ,y) = LW ZTWIE) S~ gy 5 o)y a1yt
(z—y) it
It turns out that if m;; = min(N —¢,j + 1), then
{Bez(f,9)},; = ZUN—l—j—k-UN—i—k — UN—i+kUN—1—j—k- (2.14)
k=1
By comparing (2.13) and (2.14) we get that
oP
Q = Bez(P, —) (2.15)
or

and we reobtain (2.11) from (2.15), on account of the following facts:
e the determinant of Bez(f, g) is the resultant of f and g;
e the resultant of f, f’ is the discriminant of f.

Moreover, there is another way to write (2.13), which will be useful in the
next section. Let us define, for any n, a transformation @ from the space of
n X n real symmetric matrices to the space of (n—1) x (n— 1) real symmetric
matrices: if X is any n X n real symmetric matrix, then

min(i,n—j—1)

X541 41 — Z (J—i4+2k)Xit1—k, jr14k  J =03
B(X); ;= =t
“ min(j,n—i—1)
X — >, (=i +2k) X ke J<i.
k=1

(2.16)
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&(X), by construction, is an (n — 1) x (n — 1) real symmetric matrix.

Now, if P is defined by (2.10), and if we consider the (N + 1) x (N + 1)
real symmetric matrix

hmhbm hmbhm—1 .. hmh hmho
hm—lhm hm—lhm—l v hm—lhl hm—lho
hohm hohm—1 .. hohy hohg
then
Q = o(Il). (2.17)

2.3 How symmetrizer checks hyperbolicity

Let P be a real monic polynomial of degree N. Then it is well-known (see
for instance [11]) that it is possible to count the real roots of P by means
of a suitable sequence of principal minors of Bez(P, P'), i.e., by means of its
standard symmetrizer Q.

Namely, for j=1...N — 1 let

Qjj - Qyn
Qj = : : : (2.18)
Qng - QNN
be the principal (N —j 4+ 1) x (N — j + 1) minor of @) obtained by removing

the first j — 1 rows and the first j — 1 columns of Q. We remark that Q1 = @
and Qn = {N}. Let

Al = detQ, AQ = detQQ, “e Aj = detQj, e AN = detQN =N (219)
(observe that A; = det @ is the discriminant of P). Then:

P is strictly hyperbolic <= A; > 0,45 >0,..., Ay > 0;
P is weakly hyperbolic <=
dh: A = -..:Ath:07AN7h+1 >0,...,Ay > 0;
in this case P has exactly h distinct roots.

Let us remark that weak hyperbolicity of a real polynomial P is not only
a matter of weak positivity of the sequence A;p ... Ap; the (eventual) zeros
must all be confined at the leftmost part of the sequence.
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2.4 A few examples

Let N =2, so that

L=07— > a,;(t)050;7;

1<5<2
lv|=j
PU@UZT%*E:amﬁﬁ”}j:ﬂ*hﬁ£Mh*M@Qm2
1<5<2
lv|=j

= (r =11t OIEN (T — m2(t OIE]) ;

A= 0 1 W= —T1 1
\he b)) T2 L)

Hence
ho =—1 hahs  hahy  hahg
hi=714+T2 ; II = | hihys hih1 hihg
hy = —71172 hohg hohl hoho
Then
2ha +h? —h 2472 -7
Q = ®(IT) = 2 1 1) _ 1 2 1 2\ _ W*W.
—hl 2 —T1 — T2 2

Let N = 3, so that

L=0} - Y a,;(t)0,0;7;

157<3
lv|=j
P(r,&t) =73 — Z ay ()& 377
157<3

lv|=j

= 73— hy(t, &) €T — ha(t, ©)|€)2 — hs(t, €)|¢[?

= (1 =71t OIEN (T = 72t OIEN (T — 73(£,§)IE]) 5

0 1 0 Tty —(T1+72) 1
A= 0 0 1 , W=\ 1173 —(T1—|-7'3) 1
h3 h2 hl T2T3 —(T2+’7'3) 1
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Hence
ho = —1 hghs hzha hshy hshg
hi=71+72+73 . . hohs hoho hohi  hoho
hy = —1ims — Tirs — Tors = | hahs haha hahy haihg
hs = T1ToT3 hohs  hoha  hoh1  hohg
Then

h% —2h1hy  hihg +3hs  —hs
Q=®(II)= | hihy +3hs 2h% +2hy —2h4

—hs —2h 3
(2.20)
T?T? 77'227'j77'1'7'? Tz'Tj
= Z —riry—mrs (4T =2 | = WWL
1si<js3 TiTy —27’1‘ 3
3 The quasi—symmetrizer
3.1 Sketch proof of Theorem 2
Let T be the N x N lower triangular matrix defined as
—1)*ie. (1) if j <1,
T = e, (3.1)
0 it j > 1,
ie.,
1 0 0 00 ... 0
—T1 1 0 0 0 ... 0
T= _
T1T2 (T1+72) 1 00 ... 0>
—T1ToT3 T1To +ToT3+ 7371 —(T1+72+73) 1 0 ... 0

then we see, by direct inspection, that T triangulates A, in the sense that

T1 1
T2 1 0

TAT' = =D+ K (3.2)
0 TN—-1 1

TN
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with obvious meaning of the symbols. Now, defining

gN-1 0

H. = _ and S, =T*H2T (3.3)

we see that S is a (nonsmooth, when unfreezing coefficients) quasi—symmet-
rizer for A, which satisfies ii) and iii) (in place of @Q.). It satisfies ii) by its
very definition; as regards iii), we have

H.K =e¢KH. (3.4)
and
S.A—A*S. =T*H2TA — (T*H2TA)*

= T*H2(D + K)T — (T*H%(D + K)T)* (3.5)
= T*(H2K — K*H2)T = eT*(H.KH. — H.K*H.)T

hence, on account of
Kz 2)| <|z)* Vz (3.6)

we deduce

[((S:A — A*S.)z, 2)| = 2e|Im{(KH.T)z, H.Tz) 3.7)

< 2e|H.Tz|? = 2¢(S.2,2). '

Now we must manage to fulfill i), in order to get a smooth quasi—

symmetrizer, whose entries are polynomials in the entries of A. To this aim, if

o is any permutation on 71 ...7n and SEU is the matrix obtained by S, under
the action of o, let us define

N-1
Qs = Z SEO- = Z 52kQ(k) (38)
o k=0

where the sum runs over all possible permutations . Then again Q. fulfills ii)
and iii), but now any of its entries is a symmetric polynomial in the N—tuple
T1...TN, hence it is a polynomial in the entries of A. Standard continuity
and compactness arguments allow us to manage variable coefficients, so that
thesis easily follows. 0O
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3.2 Going deep into quasi—symmetrizer

Let us go back to the definition of S in (3.3). The matrix S. is a polynomial
expression in € with NV x N matrices as coefficients, i.e.,

N-1
Se = Z e2h pr(h)
h=0

where Mi(jN_h) = Ty;Th;; hence, by (3.1),

h=1,...,N.

itj . -
MZ-(]-Nih) _ {(—1) ]€h71,h7i(7)€h71,h7j(7) if1<i,j<h

0 otherwise
(3.9)
By (3.9) we immediately learn the following facts about the M("):

e The last h rows and h columns of M) are identically zero;
e MW= depends only on 71,...,7h-1, h =2...N, while M®™ 1) is con-
stant;

o M{NM =1 h=1,..N.

)

To get a smooth quasi-symmetrizer, in the proof of Theorem 2, following
[5], a sum is performed over all possible permutations o. This is redundant;
for instance, M(N—1 is constant, so that it does not need any sum. Let us be
more precise about any M),

The matrix M depends on 71,...,7n_1, so for M(? we may restrict
the sum to the subgroup of permutations o € Xy which choose any subset of
N — 1 roots 7, keeping indexes j in increasing order. We have #(X;) = N
(here # stands for cardinality).

Analogously, for h = 1... N —2, the matrix M depends only on 71,. ..,
T N—h—1, 50 we may restrict the sum to the subgroup of permutations o € X411
which choose any subset of NV —h — 1 roots 7; keeping indexes j in increasing
order. We have #(Zp41) = (y ) _,)-

Let us define

QW= 3" MM h=o0,.. ,N-2 QW N=MN"D (310
0€EXht1

where obviously Mf,h) denotes M ™ under the action of ¢. Then the matrices
Q) defined in (3.8) coincide with the Q) defined in (3.10) apart from mul-
tiplicative constants due to the redundance of useless permutations of roots;
from now on we will neglect these constants and adopt (3.10) for the Q9.
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Let us remark that, just as for the M9, the last j rows and last j columns
of the matrices Q) are identically zero. As we need to study the properties of
the nonzero part of matrices Q1) we introduce the symbol QU) which stands
for the (N — j) x (N — j) matrix obtained taking the first N — j rows and first
N — j columns of Q).

From (3.10), (3.9) and (2.12) we immediately get

N
(0) _ i+ k k _
Ql] - (_1)1 ’ ZeN,N—i(T)eN,N—j(T) - Q’L]?
k=1
i.e., the quasi-symmetrizer is a perturbation of the standard symmetrizer;
Q. and @ coincide when € = 0.

The following Proposition 2 will establish the relevant properties of the
matrices Q(h), with h > 1. Let us introduce the notation

plr-i)(r) = 1<ip <.+ <ip, <N.

Proposition 2

a) The following relations hold:

oW =L S ey p=1,.. N-2

h+1
+ 1<ip < <ip <N

(1) _ N
N—h,N—h — N—-—h—-1/"

b) Let us fir 7 and & : || = 1. Let my be the mazimum multiplicity of the

roots T; of P = (1 —71)"™ ... (T —Tp)"™". Then

(3.11)

@(j) is strictly positive <= j > m; — 1. (3.12)

Proof a) Let us carry out the proof for h = 1, the general case being quite
analogous. From (3.9) we have

1 itj
Mi(j) = (-1 Jr]€N727N717¢(7-)€N—2,N717j(7-)

iti (N—1,N N-1,N
= () Y (e S (),

hence, by (3.10),
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A1) _ Wi
Qi] - Z ij o

o€

i r " 1
:7 ﬂ)zz 551\1)11 E\I;Nlj *§ZQP('€)

k=1r#k k=1

(the factor % above depends on the definition of subgroup of permutations
X5, which was chosen as small as possible, keeping indexes of the roots in
increasing order; of course, from the viewpoint of £ estimates about the quasi—

symmetrizer, any multiplicative constant is negligible).

Analogously
A (R)
Qij
1 o
M(h) = plia-in) =1,...,N=-2
> Y et h=1 N2
ocXpi1 1<i1 < <ip <N

and, being M](\;Llh N_p = 1, from the above formula we get

h N
gv)hN p=#(Tnt1) = (N—h—l)O

b) From a) and from the definition of standard symmetrizer, we know that

2

)

ye RY=" (3.13)

<Q(h)y;y> = m Z ‘W(P(hmul)) y
1<i1 < <ip <N

Therefore the quadratic form (Q™y,y) is not strictly positive defined,
but only weakly positive, if and only if the intersection of the kernels of

W(PU1+)) when iy, ...,i, vary, is nontrivial.

But Proposition 1-b) gives a basis of Ker W(y) for any real hyperbolic
polynomial ¢, and it is quite easy to see that if {¢,}, is a family of r—degree
monic hyperbolic polynomials, then

ﬂ Ker W(yp,,) # 0 < 3T : T is a multiple root for any ¢, . (3.14)

Being P = (7 —71)™ ... (7 — 71)™", we have that

7; is a multiple root for any Plirin) s p < mj — 2 (3.15)

and the highest value of r for which (3.15) may occur is r = m; — 2; therefore,
(3.12) follows from (3.13)—(3.15).
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3.3 The proof of Theorem 5

Let

m—1
= QW (3.16)
k=0

On account of Theorem 2, all we have to prove is the existence of § > 0
such that

Q. > 6c2m=1r (3.17)

We have .
Qey,y) = > QWy,y)  yeRY (3.18)

k=0

and any term of the sum is not negative. We claim that

Vy:lyl=1 34,0<i<m—1:(QYyy) >0 (3.19)

from which (3.17) follows. Indeed, by absurd, if this is not the case, then there
exists Y= (7, ...Uy) : |7l = 1 and

(Q7.9) =0=(QMy,y) =0, h=0...m—1. (3.20)
Now, by Proposition 2 we know that @(m’l) > 0, hence

1= =YUN-mg1 =03 (3.21)
therefore, remembering that Q%)_ij_j > 0 (see (3.11)) and that the last j
rows and last j columns of QU) are identically zero, we obtain

m— m—2)
0= <Qf 27,7) = ng m+2N m+2yN m+2 (3.22)
- yN—m+2 - 0

backward induction brings us to the conclusion ¥ =0, an absurd. O

At the end of this section, we want to point out that, analogously to what
happens for the standard symmetrizer, there is a closed formula to write down
the quasi-symmetrizer. Namely, if ¢ is defined by (2.16), then it may be proved
that

~ 1 ~ 1.~ ~ 1 ~
QW =32@Q), Q¥ =32@QY) ... QU =—=0Q")

(3.23)
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3.4 An example

Let N = 3. Then (see (2.20))

h% —2hihg hihy +3hs  —hy

Q = hihs + 3hs Zh% +2hy  —2h1 |,
—ha —2h 3
~ 1 2hy +h?  —hy ~ 1~
1 - - — 1 @ _— (0 = (1
Q 2<Q><hl s ] @9 =ge@) =),
hence
Qe =
h% —2hphs  hiho + 3hs —ha 2hgy + h% —h1 0 100
hihs + 3hs Qh% +2hy  —2h; | + &2 —hy 3 0] +€*|000
—ho —2h 3 0 0 0 000

4 Hyperbolic symmetrizer and weakly hyperbolic
equations

In this section we want to show that the hyperbolic symmetrizer is a useful tool
for getting energy estimates and proving well-posedness of weakly hyperbolic
Cauchy problems. Moreover, the symmetrizer allows us to get well-posedness
results assuming hypotheses on the coefficients of a scalar hyperbolic operator,
instead of considering the characteristic roots, as most of the literature about
the subject does. This is meaningful for high-order scalar hyperbolic operators,
in which an explicit expression for characteristic roots is often not available.
For instance, let L as in (1.5), and let us suppose that the coefficients a, ;
are analytic in [0,T]. We want to state a result of C*® well-posedness for the
equation L[u] = 0 in the strip R} x [0,7]. We know from [2] that if a(t) is
a nonnegative analytic function, then the Cauchy problem at ¢ = 0 for the
model equation

U = a(t)ugy , (z,t) € Ry x[0,T] (4.1)

is C* well-posed, and indeed [2] is essentially concerned with weakly hyper-
bolic wave-type homogeneous equations with regular coefficients.
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On the other hand, both the equations

Uge — Ugp = 0,
(4.2)
Ut — gy + 2 Uy = 0
are C* ill-posed. The first equation in (4.2) is not homogeneous, and its
lower order term does not fulfill the Levi condition, which is necessary for C*>°
well-posedness; but the second equation is homogeneous, and nevertheless it
is C* ill-posed, as it may be transformed into the first equation by means of a
change of variables. Therefore, any extension of [2] results must assume some
algebraic hypotheses about the operator L. Here we show how it is possible
to formulate these hypotheses by means of the symmetrizer.

In order to better understand the assumptions we are going to make about
Q = Q(L), let us go back to our model equation (4.1).

4.1 Sketch proof of C>° well-posedness of (4.1)

If f(x) is a nonnegative real analytic function on an interval [a, b] with isolated
zeros, say a < 1 < --- <z < b, we will denote by z(z) the function

k
2y(@) = [[la -l (4.3)

Obviously

3C : |zp(x) f(z)| < Cf(x) V€ [a,b. (4.4)
Now, coming to equation (4.1), if a(t) = 0, or if a(t) > 0Vt € [0, 7T}, there is
nothing to prove. Otherwise, being a(t) analytic, its zeros, say 0 <t < --- <
t; < T, are isolated and have finite order.

Let v(t,£) be the Fourier transform of u(t,z) with respect to x, so that
v+ Ea(t)v =0. (4.5)

Following [9], we introduce two kinds of energy for (4.5): a Kovalevskian en-
ergy, which we are going to use near the ¢;, and a hyperbolic energy, adopted
in the rest of the interval [0,7]. Namely, let us fix for the moment ¢ > 0
sufficiently small and let us define

E(t,&) = &v]? + |v'|? (Kovalevskian energy),
E(t,€) = (a(t))&*|o]* + [v'|*  (hyperbolic energy).
Being (here and in the following C' denotes any suitable positive constant)

E' = 2¢%Re (v,v") + 2Re (v/,0") < C|¢|E

(4.6)

we get _
(t,€) < e“IIE(0,¢) Vi eoe,
<

E(t,
E(t7€) ece‘f‘E(tl - 576) Vit e [tl - E7t1]7
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while, on account of (4.4),

B = a ()02 +2(a(t))e2Re (v0) + 2Re ('0") = o' (D)E2 o2 < —C— B (4.8)

Za(t)
from which we have
E(t,£) < E(g,£)efe (/) vt e [et;) —e]. (4.9)
Moreover, having a(t) only zeros of finite order, say at most v,
o OP + WP < SBwE  Viclkn-d (410

By (4.7), (4.9) and (4.10) we easily get

(o, &) + V' (£, )

(4.11)
< CeClosl/OFEEN (j6u(0, €))7 + [0/(0,€)]7) Vi€ [0,t].
By iterating this process on the whole interval [0, T] we have
[Eu(t, &) + |v' (¢, )
(4.12)

< CeClos/aFlED (1ey(0,6) 12 + [0/(0,6)?) VYt e [0,T]

and finally, by choosing ¢ = 1/|¢| for |£| sufficiently large, we deduce from
(4.12) that there exists a suitable integer k such that

[€v(t, )7 + v (¢, €) [
(4.13)
< O+ [E)([€0(0,6)1? + [0'(0,€)]*)  Vte[0,T)

now C* well-posedness of (4.1) follows from the Paley-Wiener theorem. O

4.2 Toward more general homogeneous equations

It is quite clear that the crucial point in the above proof is the estimate
|zo(t)a' (t)| < Ca(t)  Vte|0,T].

Now, suppose that we want to adapt our previous argument to a general
weakly hyperbolic equation with real analytic coefficients, by means of the
symmetrizer. For the sake of simplicity, for the time being let us confine our-
selves to one space variable. Moreover, let us suppose that the discriminant
Aq(t) of the principal symbol is not identically zero.
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Then, as explained in Section 1, after Fourier transform in space and re-
duction to first-order system, we come to a problem like (1.2) where A is a
hyperbolic Sylvester matrix like (1.6), i.e.,

VI(t,§) = iEA(t)V (¢, ) (4.14)

(note that A does not depend on ¢ as we are in one space dimension).

If we want to retrace the previous proof for model equation (4.1), we can
consider again two types of energy, namely,

E(t,&) = [V(t,¢)]? (Kovalevskian energy),
E(t, &) = (Q)V(t,€),V(t,€)) (hyperbolic energy),

where Q(t) is the standard symmetrizer of L. Now it is clear that, instead of

(4.15)

a'(t) L
, we must manage an expression like
a(t)
@V, V)
= 4.16
@QWv.v) (410

Here the main difficulty pops up: it does not exist, in general, a constant C
such that

22, (ONQ MW, W) < CQUW, W) VW e SV (4.17)

Example Let us consider the equation
gt — 2tuge + (12 — tYhue,  on R, x [0,1]. (4.18)
Let v(t,£) be the Fourier transform of u(t, z) with respect to x, so that
v — 2t — E2(t2 — t*)v = 0. (4.19)

Let us reduce (4.19) to a first-order system: if

ot
V(t€) = (’f“(i 3) ,
then
V=i 0 v 4.20
=hlp_e o)V (4.20)
The symmetrizer is
2t + 2t4 2t
Q@%—< s 2) (4.21)

and Aq(t) = det Q(t) = 4¢* so that 2z, (t) =t in [0,1]. So, if W = (w1, w2),
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QW W) (282 + 4tY)w? — 2wywy
O GOW ) T o —wn)e iy S Benw) (422)

Straightforward calculation shows that

fle+e, V1-—e2, ) = 7283 +o(e”)

hence the ratio
is unbounded.

Of course, (4.17) would hold if @ = Q(L) would be a diagonal matrix, but
this happens iff L = 92 — aij(t)agimj, i.e., for wave-type equations, which
in fact do not need a symmetrizer. Moreover, from a heuristic viewpoint, it
is clear the reason why Kinoshita and Spagnolo in [9] introduce the concept
of nearly diagonal family of matrices, which they can apply, due to hypoth-
esis (1.10), to the quasi-symmetrizer Q., regarded as a family of matrices
indexed by €.

From the preceding discussion it is clear that we must look for algebraic
hypotheses on the operator L, hence on @, to ensure that (4.17) holds.

To this aim, let us remark that:

o If By(t), Bo(t) are two real symmetric N X N matrices, Ba(t) is nonnegative
and det By(t) has only isolated zeros, then

(BOWI _
(B2 ()W, W)
iff the roots of the Hamilton—Cayley polynomial

N
det(ABa(t) — Bi(t) = 3 en(t)AN .

h=0
are bounded functions of ¢;

N

e The hyperbolic polynomial ch(t))\N_h has bounded roots A;(¢),...,
h=0

An (t) iff the ratios ¢1(t)/co(t), ca(t)/co(t) are bounded, as

~—

C2 (t)

B 260@) ;

N
>z = 4l
=1 )

At
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N
o If y(t) is any scalar function and 3 ¢, (t)AN " is the Hamilton Cayley
h=0

polynomial of By (t), Ba(t), then the Hamilton—Cayley polynomial of v(t) By (¢),
Bg(t) is

N
> A Wen AN,
h=0
Now, let
R(\,t) = det(AQ(t) Zdh (AN

(4.23)
= A ONY — AL 4 Z dp(AN "
h=2
then we get (4.17) iff

3C : za, (DAL < CAL(Y), |24, (D)d2(t)] < CAL(t)  VEe[o,T).
(4.24)
But the first inequality in (4.24) is automatically verified, while the second
is false in general, unless it is assumed as a hypothesis. This leads us to the
following:

Definition 2 Let B(t) be an N x N real symmetric C* matriz. The coefficient
of N2 in the polynomial det(AB(t) — B'(t)) is termed the check function of
the matriz B(t).

Throughout the rest of the paper, we will denote by 15 () the check function
of B(t).
By (4.24) we see that (4.17) holds provided that, at any point ¢ at which

A1(t) has a zero of order h, ), (t) has a zero of order not less than i — 2. This
motivates the following:

Definition 3 Let f, g be two real analytic functions on an interval I C R, let
g > 0. We say that f is —k dominated by g, and we denote this by

(k)
f<g

if, at any point t € I at which g(t) has a zero of order h, the function f(t)
has a zero of order greater than or equal to h — k.

Now we may state a C°° well-posedness result.

Proposition 3 Let us consider the equation

ufZaJ DN Tu=0  on R, x[0,T] (4.25)
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where L is a weakly hyperbolic operator with real analytic coefficients a;(t).
Let Q = Q(L) the symmetrizer of L and A1 (t) its determinant. Let us suppose
that:

. (2)
i) Uo(t) 2 A,
then the Cauchy problem at t = 0 for (4.25) is C*° well-posed.

Proof The proof of C* well-posedness of (4.1) we sketched above holds ver-
batim in this case, provided that (4.25) is tranformed into a system like (4.14)
and the definition (4.6) of the energies is replaced by (4.15); therefore, we will
not write down this proof again. We want only to remark that now (4.8) is
replaced by

E'={QWV(t,),V(tE) < —~
A, (t)
due to the fact that @ is the symmetrizer, which means that QA is symmetric
(see also (1.4)), and (4.17) holds, thanks to hypothesis ii). O

Proposition 3 may be regarded as a provisional result, as we assumed to
be in the simpler frame of one space variable and A;(t) # 0, but it clarifies
the role of the check function of a matrix in our theory.

Of course, it may happen that A;(t) = 0. If we assume hypothesis ii)
of Proposition 3 (and indeed we must assume it), then wQ(t) = 0, hence
R(\,t) =0, where R(A,t) is defined in (4.23). So, if A;(t) = 0, the Hamilton—
Cayley polynomial of Q’, Q) vanishes at all. This is the situation, for instance,
for the operators

L1 == 8?, LQ == 8252(({9252 - 2t8t(’“)z + t28§)
and obviously L; is C*° well-posed while Lo is C* ill-posed (being a trivial
variation of the second equation in (4.2)).
When A (t) = Yo =0, it turns out that the behavior of the ratio
QW W)
QHW, W)

is completely described by the minors @; defined in (2.18) and their check
functions @/}Q/v. Starting from this fact, we may state the general result (for

the proof see [7]):

Theorem 6 Let L as in (1.5) be a weakly hyperbolic homogeneous operator
with real analytic coefficients in [0,T). Let A(t,€) as in (1.6) be its Sylvester
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matriz, and Q(t,&) = Q(A)(t,&) its standard symmetrizer. Let Q; be as
in (2.18).

For any fived &€ SN, let r = r(€) be the minimum integer such that
A (t,6) Z0 in [0,T]. Let us suppose that:

ifr > 1, then ¢Q,,.,1(tvg) =0 nl0,T];
_ (2 _
ifr <N (r <N —1uwhen N =3), then 1, (t,) (4) Ap(t,€) in [0,T).
Then, the Cauchy problem for L at t =0 is C'° well-posed.

Remark In the frame of C°° well-posedness for homogeneous weakly hy-
perbolic operators with time-dependent analytic coefficients, Theorem 6 is
more general than [9]. Moreover, in this context, operators which satisfy hy-
potheses of [3] (see also [4]) satisfy also hypotheses of Theorem 6. It is likely
that, as a matter of facts, there is an equivalence between our Theorem 6 and
its counterpart in [3]. The novelty consists in assuming hypotheses only about
the coefficients of the operator, instead of the characteristic roots.

In conclusion, the underlying reason for adopting the hyperbolic sym-
metrizer as a standard tool in the theory of hyperbolic equations is that any
hypothesis about characteristic roots must be invariant under permutation of
the roots, and so it may (and definitely it should) be expressed in terms of
the coefficients of the operator.
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Summary. The aim of this work is to get the time global solutions to the Cauchy
problem in Sobolev spaces for multidimensional Kirchhoff equations.

2000 AMS Subject Classification: Primary: 35L70, Secondary: 35L15,
35P25

Key words: Kirchhoff equations, Scattering, nonlinear hyperbol equations.

1 Introduction

In [3] we showed the existence of time global solutions to the Cauchy problem
and the scattering for one-dimensional perturbed Kirchhoff equations. In this
paper we shall get the time global solutions to the Cauchy problem for one- and
multidimensional Kirchhoff equations. We consider the following equation:

{utt(t,x) = (1 —e(Au(t),u(t))r2)Au(t,z), t e R, x € R", (1.1)
U(O,.’b) :f((E), ut(oax) :g(x), r € R, '

where A = szzl %ajk(x)ﬁak. We assume that the coefficients ai(z) €
C>°(R™) are real valued, have bounded derivatives in R™ and satisfy that
a;i(x) = ag;(x) and

n

a(maf) = Z a’jk(x)fjgk >0, (12)
Jk=1
for z,£ € R™.

Let p € Rand 1 < p < oo and LP = LP(R"™) the set of integrable functions
over R™ with pth power. We denote by WZ;I’ the set of functions u(x) defined

A. Bove et al. (eds.), Advances in Phase Space Analysis of Partial 141
Differential Equations, DOI 10.1007/978-0-8176-4861-9_8,
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in R™ such that (1 + |z])*0%u(z) is contained in L? for |a| < I. For brevity
we denote Lh = WP, Whe = Wé’p, H. = W,i’2 and H' = W2, Denote H =
V—A, D(H) the definition domain of H and Hy = v/—A, A = Z;L:l(a%j)?

3 1

We assume that the initial data (f,g) belongs to D(H?z2) x D(H?z) and
satisfies
H(f7g)”Y(H)

o , , (1.3)
=/_ (™ H>f, )| + (e H? f, g)| + |(e"" Hyg, g)| }dt < oo,

where (-, -) stands for an inner product of L?(R™). The first result we mention

is the following theorem.

Theorem 1.1 Assume that (1.2) is valid and moreover assume that (f,g) €
D(H?) x D(H%) satisfies (1.3). Then there is €9 > 0 such that for any € €
(0, 0] there exists the unique solution u of the Cauchy problem (1.1) which be-
longs to N3_,C7(R; D(HO%_])) and satisfies sup eg |[(u(s), us(s)||ly )y < oo.

We remark that Greenberg and Hu [2], D’Ancona and Spagnolo [1], and
Yamazaki [4], [5], [6] proved the existence of time global solution to the Cauchy
problem for Kirchhoff equations under the decay conditions in space variables
on the initial data. In [3], Kajitani investigates one-dimensional perturbed
Kirchhoff equations.

Next we consider the Kirchhoff equation associated to A, that is, the case
of A=A,

{vtt(t,x) = (1+¢l|Vo@)|]2.)Av(t,z), t €R, z € R™, (1.4)
U(O’I) = fO(‘T)v Ut(O,I) = gO(‘T)7 z € R™ )

Applying Theorem 1.1 we can get the following theorem.

Theorem 1.2 Assume that the initial data (fo, go) belongs to D(H 3)NWh! x

1
D(H?)NW!'bL 1 > n+2. Then there is eg > 0 such that for any ¢ € (0, 0]
we have the unique solution v of the Cauchy problem (1.4) which belongs to

. 3_;
M3—oC7 (R; D(Hg ™).

We remark that the above theorem is proved essentially by Yamazaki [5], [6]
in the case of n > 3.

2 Proof of Theorem 1.1

First we transform our original equation into a two-by-two system of first-order
equations following Greenberg and Hu [2]. We let Al(¢,z) = u; +ic(t) Hu and
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de(t)
dt

Bl(t,z) = uy—ic(t)Hu, where c(t)* = 1+¢l|a(-) Hu(t)||3.. We write ¢ =
Then equation (1.1) yields

Al —ic(t)HA' = ;;((?) (A'—BY, B}+ic(t)HB, = —26;(%(141—31). (2.1)

The initial conditions for A' and B' are computable in terms of H f and g.
They are

AY0,2) = Ag(z);= g +icoHf, B (0,x) = Bo(z);=g—icoHf, (2.2)

[N

where ¢y = ¢(0) = (1 +¢||H f||2.)2. The defining relation for ¢(t) becomes

() =1+ 40%)2”%11@, ) = BY(t, )2 (2.3)

We now introduce the change of variable 7 = fot c(s)ds. Clearly, 7 is a strictly
increasing function of ¢. We denote its inverse function by ¢t = T'(7) and regard
Al, Bt c as functions of 7, that is, we write A?(r,z) = AY(T(7),z), B*(1,2) =
BY(T(7),z),7(1) = ¢(T(7)). Then by applying the change of variable to equa-
tions (2.1), we get

,_Y/ !/

A2 —iHA? = 5<A2 —B?), B?+4+iHB?= —%(AQ —B%),  (24)

and the initial condition is given by (2.2).

We put

and

7) = (1) = 30

Then (A, B,~) satisfies from (2.4) and (2.3)

Ar = —q(1)e* " B(r,z), B =—q(t)e T A(r,x) (2.5)
and -
2 irH —irH 2
v(7) :1+WH6 A(r,-) —e B(1, )7z (2.6)

and the initial condition is given by (2.2). We note that if (f,g) € D(H?) x
D(H?) satisfies (1.3), then (Ao, Bo) = (g + icoH f,g — icoH f) belongs to
D(H?) x D(H?) and satisfies
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/ {1(e* ™ H Ay, Ao)| + |(e* ™ H Ay, Bo)| + |(e*™™ HBy, By)|}dr < 0.

(2.7)
We introduce a functional space as follows:

Xsar = {y(7) € CYRY): 1 < ~(7) <M/ |dr < 8}

with a norm |y|x = sup |y(7)|+ [ |7 (7)|d7. Let v be in X ps and consider the
linear Cauchy problem (2.5) and (2.2). We denote its solution by (A4, B,).
We define for v € X5 us

O(y)*(r) =1+ ﬁII@”HAw(T» )= e B (7,7 (2.8)

Then we can prove the following theorem.

Theorem 2.1 Assume that (Ao, By) € D(H) x D(H) satisfies (2.7) and 0 <
6 < é Then there is g > 0 such that ® is a contraction mapping in Xs u,
that is,

[@(71) = @(72)lx < Celyy —7a2lx, (2.9)
for any v,,7v, € Xs,m and 0 < e < gp.

Define )
G(Aa B: T, S) = (€2ZTHHA(S7 ')7B(8v '))LZ(R")

and
Y(A,B,7) =sup|G(A,B :T,s)|.
seR

For the proof of the above theorem the following lemma is convenient.

Lemma 2.2 Let v, € X5 n,k = 1,2 and (Ag, B), k = 1,2 be a solution of
(2.2) and (2.5) for v, and 0 < 6 < 1 . Then if (AO,BO) € D(H) x D(H)
satisfies (2.7), then Y (A;, By : 7),Y (A, A : 7) and Y (Bj, By : T) belong to
LY(R) and satisfy

/ {sup; p12 Y (Aj, Ag 1 7) +sup; 1 0 Y (A, By : 7)

+sup; 12 Y (Bj, By : 7) }dT
(2.10)

/ (1 H Ao, Bo)| + (2™ H Ay, Ao)|

+ (e HBy, By)|}dr.
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Moreover we have
ffooo{supk:m Y(Ar — Ay, Ag i 7) +supg_q o Y (A1 — A2, By : 7)
+supg_y 2 Y (B1 — Ba, By, : T) + supy_q o Y (By — Bg, A : 7)}dT

< Clv —7alx. (2.11)

Proof. Differentiating G(A;, By, : 7, s) with respect to s, we get from (2.5)

LG(A;, By, :7,8) = 2 (¥ HA(s,"), Bi(s, "))
= —q;(s)(e¥ T HBy(s,), Bi(s, ) — qu(e¥TTIHHA (s, ), Ax(s, )}
= —q;(s)G(Bj, Br : T+ 5,5) — qe(s)G(Aj, Ap : 7+ 5, 5),

where we denote ¢; = Oy, = 3

9
0s
and

9
Js

Integrating the above relations from 0 to s and noting that

G(Aj, Ak :7,8) = —q;(s)G(Bj, Ak : T+ 5,5) — qi(s)G(A;, By, : T — s, )
G(Bj,By :7,8) = —qj(s)G(Aj, By : T — 5,5) — qi(s)G(Bj, Ag : T+ s, 5).

G(Aj,Bk . T,O) = (627;TH]{1407 Bo), G(Aj,Ak LT, 0) = (62iTHHA0,A0)

and _
G(Bj, By : 7,0) = (e* ™ HBy, By)

we get

G(A;,By:7,s) =

(e27H H Ay, By) _/ ¢;(t)G(Bj, By : T+ t,t) + qp(t)G(A;, A : T+ t,t)dt,
0
(2.12)
G(Aj, A :7,8) =
(eQiTHHAO’ AO) — / q]'(t)G(Bj,Ak T+ t,t) + qk(t)G(Aj7Bk T tat)dt
0

(2.13)
and

G(Bj,By :7,s) =

(B Bo) ~ [ GO0G( B 7= 0) + a5y A 7+ 1)t
0
(2.14)
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From (2.12) we can estimate

Y (Aj, Bi,7) <

|(e*™  H Ay, By)| +/ {lg@®)|IY (Bj, By : 7+ t) + lqu(t)[Y (4;, Ay : 7+ t) }dt.

(2.15)
Analogously from (2.13)
Y (Aj, Ag, 1) <
(€277 H Ao, Ao)| +/ ;WY (B, Ak = 7+ 1) + |qr ()Y (Ay, By : 7 — t)dt,
and from (2.14)
Y(Bj, By, ) <

|(€2”HHB(),B0)| +/

lg; ()Y (Aj, B : 7 —t) + |qn(t)|Y (B, Ap - 7 + t) }dt.
Since [ |gx(t)|dt < 4, integrating (2.15) with respect to 7 we obtain
(o)
/ Y (Aj, Bg, 7)dr <
—0o0

/ ‘(e2iTHHA0,Bo)|dT+5/ {Y(A;, Ay : 7) + Y(Bj, By : 7) }dr.

Analogously
/ Y (A4, Ag,7)dr <

— 00

/ ‘(GQiTHHAO’AO)|dT+5/ {Y(Bj,Ar : 7)+Y(A;,By : 7)}dr

and
/ Y(B;, By, r)dr <
/ |(62¢THHBO’BO)|CZT+5/ {Y(A;,By : 1)+ Y (B, Ay : 7)}dr.

Therefore the above estimates imply (2.10), if we take 0 < § < % Next we
shall show (2.11) similarly. Differentiating G(A; — As, By, : 7, s) with respect
to s, we have
DG(A1 — Ay, By i 7,5)=(e2TH L (A) — Ay), By) + (271 (Ay — Ag), £ By,)
=—(q1 —q2)(8)G(B1, By, : T+ 8,8) — q2(8)G(B1 — Ba, By, : T + 5, 5)
—qk(8)G(A1 — Ao, A : T+ 8, 9).
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Hence noting that G(A; — Ag, Ay : 7,0) = 0, analogously we get

V(A — Ay, By : 7) g/ (g1 — @) ()|G(By, By : 7 — t)dt

— 00

+/ lg2()|Y (B1 — Ba, A : 7 — t) + |qr(t)|Y (AL — A, Ap - 7 — t)dt.

oo

Hence we get

oo

/ Y(A; — As, B : 7)dr < /

—00

-0 [ Y By, By : 1)

+6/ Y(By — Bo, A : 7) + Y (A1 — Ag, Ay = T)dT.

Analogously

oo

/ Y(A; — Ay, Ay T)dr < /

— 00

(@ —qg)(t)|dt/ Y (Bi, Ay : 7)dr
+5/ Y(By — Ba, Ay, : 7) + Y(A1 — As, By, : 7)dr,

/00 Y(By — B, Ay : 7)dr < /m (g1 — g) (8)]dt /_OO Y(Ar Ay : 7)dr

—1—6/ Y(By — Bo,Br :7) + Y (A1 — Ay, Ay - T)dr

and

/OO Y(By — Bg, By, : T)dr < /OO (g1 — qg)(t)|dt/_Oo Y (A1, By : 7)dT

oo
—|—5/ Y(By — Bo, A, : 7) + Y (A1 — Ay, Ay : 7)dr.
— 00
Therefore noting that [ |g1 — ga2|dt < Cly; — 75| x and using (2.10) we get
/ Y(Al—AQ,Bk:T)—l—Y(Al—Ag,Ak:T)
+Y(Bl — By, Ay : T) + Y(Bl — By, By : T)dT

<C(1l- 25)_1|’71 - ’Vz‘X/ {|(62THA0,A0)| + \(€2THA0,B())|
+|(62THBo,B0)|}dT

which implies (2.11). Q.E.D.
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Proof of Theorem 2.1. It follows from (2.5) that
1A (DI 1185 (D] < (1| Ao + || Bol ),

for v € Xs,r. Hence we can see that 1 < ®(y)(r) < M holds if we take
M > O suitably for any v € X5 as. Next we show

/jo |®(7) (7)]|dT < 4. (2.16)

Differentiating (2.8) and using (2.5) we have
20(7)®(7)'(7)

- 453(:)2 e AL (,) = e B, (1, )|
4;27) {2R(AL (1), A (7)) + 2R(B. (1), By(7)) o.17)
—2R(2iHe* ™ A (7,), By(T,")) |

+

_29%(62”1{14/7(77 ')7 B’Y(T7 )) - 2%(62”}[‘47(7—’ ‘), B;(ﬂ ))}
3

V(1)
Hence we get by use of (2.10)

| ieey@ir <z [ via, B 2ndr <o,

which implies (2.16), if we take € > 0 sufficiently small. Thus we proved that
®(v)(7) belongs to Xs ar for v € X5 . Now we shall prove

[2(71)(7) = 2(72)(7)] < Cefyy = 7alx, 7 €R (2.18)
for any 7, € Xs m,k = 1,2. In fact, it follows from (2.8) and (2.5) we have
|2(71)(7)? = (72)(7)?]
€ 1 1 i H CirH
< —(l—=——=)e™ Ay (1,-) —e """ B, (7,-
4(|’}/1(T) ,Yl(q_))m Y ( ) “/2( )||

1A, (7)== By, (v, )|l Ay, (. ) e T B, (7))

R{(ie* M HA, (1), B, (1))} = —%%G(AV, B, :2r,7).

4y,(7)

< e(Mlyy = valx + C([[ Ay, (1) = Ay, (DI + (1B, (1) = By, (1)]])

+

< eClyy — 7alx,
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which proves (2.18). Here we used the inequality

144, (7) = Ay, (DI + 1By, (7) = By, (D] < Clyy = 72lx (2.19)
which follows from (2.5). In fact, it follows from (2.5)

(A, = 400 == [ (= @B (6) 4 o) (0, B)(5)ds
and

(B1 = B2)(7) = — /OT(fh — q2)(5)e* M A (s) + ga(5)e** M (A, — Ay,)(s)ds

which imply
[Ay, (T) = A, (DI + [[ By, (T) = By, (7]

/{\ (@1 = a2)(s)|(llAy, ($)I] + 1By, (s)]])

+Ha2(5)|([[ Ay, (5) = Ay, (8)I] + [|By, (5) = By, (5)]]) s

Hence we get (2.19) applying Gronwall’s inequality.
Finally we shall show
/|<I’(’Y1)/(T) — ®(7,) (7)]dr < eClvy — 72lx (2.20)

for any v, € Xs am,k =1,2. In fact, (2.17) implies
212(7)(T)@(11)'(7) = 2(v2) (1) 2(72) (7))

= | R{(ie™ M HA,, (1), By, (7))}

271( )

3

—_— je2imH T T
M AL (7). 5., (7))

7217‘H
) gy e AL (7). By, (1)

3

27,5(7)
On the other hand,

+

|G(A1, By : =27,7) — G(Ag, By : =27, 7).

|G(A,,,B,,1: =27,7) = G(A,,, B,, : =27,7)|
<I|G(Ay, — A,,,B, : =27,7)|+|G(A,,,By, — By, : =27,7)|

<Y(A,,B,,:-27)+Y(A,,,B,, — By, :

1

—27).
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Therefore integrating the above inequalities with respect to 7, we obtain (2.20)
by use of (2.10) and (2.11). Thus we have completed the proof of Theorem 2.1.
Q.E.D.

Proof of Theorem 1.1. It follows from Theorem 2.1 that we have the
fixed point v € X5 s of ®, if we choose € > 0 small. Let (A4, B)(7,x) be a
solution of (2.5) with ¢ = ;’—; satisfying the initial condition (2.2) and put

T(r) = [, v(s)"'ds. Let S(t) be the inverse function of T() = t. Put

nd
’ (AY, BY)(t,2) = c(t)2 (5 DH A(S(t), x), e~ SDH B(S(t), x))

which satisfy (2.3) and (2.1), (2.2), respectively. Define

u(t, x) :f(x)+/ Al(svx);Bds,x)d&

0

Then it follows from (2.1), (2.2) and (2.3) that we can see that u(t,z) solves
(1.1). Thus we complete the proof of Theorem 1.1.

3 Proof of Theorem 1.2

In order to prove Theorem 1.2 we need the following lemma and proposition.

Lemma 3.1 Let k be a nonnegative number and l > k + 1. Then
[t ) apl < o) e e R (3.1)
0

Proof. Let t > 0 and x € C* such that x(p) =0 for p < 1 and x(p) =1 for
p > 2 . We have

o .
/ e pF(p+1)""dp
0

= [ oo ) N )dp+ [ (o 1) (L o) dp =i I+ I
0 0

It is trivial that I3 satisfies (3.1). We shall show I; satisfies (3.1). The trans-
form of variable implies

< P -
L =tk+1/ ot (% + 1) x(p)dp.
1
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On the other hand,

/OC 6i”pk(§ + 1) 'X(p)dp = /°° eip(ag)N{pk(g 1 x(e)dp

0 0 P

for any nonnegative integer N. Since

‘(Efp)fv{pk(f ¥ 1)lx(p)}

where C) is independent of ¢. Hence if we take N > k + 1, we can see easily
that I; satisfies (3.1). Q.E.D.

S CNpkiva > ]-7

Besides we need

Proposition 3.2 Let Hy = v —A and k be a nonnegative number. Then there
is C' > 0 such that we have

e’ Hy f ()]

<C [ AQ+I)™ A+ )T (A + lle—yl+e) T (82)
R

FA A+l =yl — )T A - A2 f(y)|dy,

for f € Wbl and for 1 > k +n.

Proof. Assume that k is a nonnegative integer. Let [ > n + k. We have

o f(z) = - K(z —y.t)(Dy) f(y)dy, (3-3)

where
K(z,t) = / el g b () g (3.4)

and we use the notation (D) = (1 — A)2 and (£) = (1 + |¢]?)z. Let |z| <
Denote w = % Then |zw +t| > % Hence by use of (3.1)

oo
K(z,t)] = “/l ‘ / ei(zw+t)ﬂpn—1+k<p>—ldpdw
w|=1J0

< c/ 2w + ¢~ Fdw < O]k, (3.5)

1t
2"

for || < Y. For |2| > |t| and for |z|p < 1 we can see easily
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/ / ei(zw+t)ppn—1+k (p)_ldwdp
0<p<|z| =t Jw|=1

On the other hand, when |z|p > 1, by use of the stationary phase method we
can get

/ RELTE M
|w|=1

N-1

= (lz|p)~ "% {Z(eilz'pqﬂ- +e g ) (|2lp) 7 + qN<|zp>} :

k=0

<Ozl k<7 7F.(3.6)

(3.7)

where ¢ ; are constants and |qn (|z|p)| < Cn(]z]p) ™ for any positive integer
N. Hence applying again (3.1) we get from (3.7)

’/ >1{/ | 1ei(zw+t)ppn_1+k<p>_ldwdp
z|p=> w|=

N-—-1

= ‘/(|Z|p)—"z{ (ei(t+\2\)pq+j + ei(t_‘z‘)”q,j)(\zm)_j
j=0

+an(|zlp)}p" () "Hdp

2

<Yl

. . n—1 .
/(6z<t+lz\>pq+j 4 eilt—lelog_ )25tk <p>zdp‘

<.
I
o

n—1
> —N

C

+

z|”

< |z|"2”{<1+t|z|>Tk+j+<1+|t+|z||>’¥“k+j}

2

<.
Il
=)

+ C|Z|_71;1_N

< Cl|~*= {(1 N ) i S C T |z|>-”f-’“} + Ok,

for |z| > %7 which gives (3.2), if N > 21 + k+ 1. QE.D.

Proof of Theorem 1.2. Now we can prove Theorem 1.2, applying Proposi-

1
tion 3.2. It suffices to show that (fo, g0) € HsnWiix H? AWt > n+%
satisfies (1.3) with H = Hy, that is,
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I[(fos 90) ||y (#o)

S f

oo . 3 3 . 1 1
S/ /{e”HOH&’fo(:c)IIH&’fo(x)He”HDH&go(x)IH&go(w)l

("™ H fo, fo)| + |(e"° Hgo, go)| + | (™" HE fo, 90)

ettt |72 fo(z) | HE go(x)|}dxdt < 0.

In fact, for example we show the second term of the right side is finite if

l>n+%,

4 1 1
" Hg go(x)|| Hg go(x)

[ ).

dzdt < / / {14tz
— 00 n ]Rn

n— ntl 1

T (L4 || —y| + )" 3

+(+ [t
_ntl_ 1 1 1
L+ [l =yl = t) 75 72— Ay) 2 go(y)ldyl HG gola)|dad

< c/ / (1= A5 HE g0(y)| | HE g0 ()] dyde

1 1 1
< C||(1 = A)2Hg gol |1 [|Hg gol|L1-

We can estimate the other terms in the same way. Thus we completed the

proof of Theorem 1.2.
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1 Upper bound on the error

Denote by Wik the Banach space of periodic functions on R whose distribu-

tion derivatives up to order r belong to L2, (R). The norm is equal to the sum

of the LP norms of these derivatives over one period. Without loss of general-
ity we take the period equal to 27r. Introduce a partition of the interval [0, 27]
into N equal subintervals of size Az := 27 /N.

Because of the periodicity, the trapezoidal rule is

2 N-1

/f(x)dx%TN(f)::Ax Zf(mj), xj:=jAz, j=0,1,...,N—1.

0 J=0
(1.1)
The error is equal to

Write f as the sum of its Fourier series,

2
] 1 —inx
f(SC) = E Cnelnzy Cp = %/f(l’)e dx.
nez 0

Denote by P(m) the set of all trigonometric polynomials of degree at most
m, that is, functions of the form

m
E ane'”, a, € C.

n=—m

Summing finite geometric series shows that T (e®) = 0 for 0 < |n| < N
and it follows that Ty exactly integrates trigonometric polynomials of degree
N — 1. Therefore, for any P € P(N — 1),

2

Ex(f) = Ex(f — P) = Ty(f — P) - / (f(z) - P(x)) d.

0

This yields the bound in terms of best trigonometric approximation

< 1 - oo . .
[En(Nl <4 mf 1f =Pl (1.2)

Spectral accuracy then follows for infinitely smooth f thanks to the rapid
decay of the Fourier coefficients.
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Our estimate proceeds differently. For any integer k the functions e?™* and
e!"tEN)T agree at the nodes for Ty. Therefore, Ty (e"?) = Ty (e!TFN)T)
and thus, T (e™®) = 0 for all n # kN and T (e™™*) = 2 for all n = kN.
This can also be checked by summing the corresponding finite geometric series.
It follows that

=9 Z cLN = 27 Z (zk:N ckN) (zk}\/')r (1.3)

04£kEZ 0#£k€EZ

This involves only a small fraction of the Fourier coefficients ¢,, with |n| > N.

Theorem 1.1 If f € Wl and 1 < r € N, then the error of the trapezoidal

per
quadrature rule (1.1) satisfies

Co [l 11 0,201
N7 ’

af

oo 1
< )= = —. .
B ()< R M

Remark 1.2 The result is interesting only for r > 2, since for 1 < r <2 the
N~" convergence rate can be established using standard arguments even in the
case of nonperiodic f.

Remark 1.3 Analogous estimates are true for noninteger r. For r > 2 they
can be obtained by interpolation between integer values.

Proof Introduce

N—

l 1 ;
oz — xj), gn(z) == Z TN TeZkN””7
j:() 0#£keZ (ikN)

,..

where ¢ is the Dirac delta-function. The nth Fourier coefficient of Q) is equal
to Ty (e~™)/(27)?

1 ikNx
Qn(z) = o Ze .
kEZ

This together with () (z) = 3 (in)" ¢, €™ yields
neZ

> (ikN) gy €N = Qp x fT) (2),

0#kEZ

where x denotes convolution of periodic functions. Equation (1.3) then implies

_ /QN « fO (@) gn(—z)da. (1.5)
0
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Since @y is a measure with total variation per period equal to 1, one has

Z (ikN)" cpyeN® = HQN x« [

0£kEZ

<fe

Li((0,2x])

(1.6)

L1([0,27])
L1([0,27])

On the other hand,

lowllie < 3 o NTZkT’ (17)

04£kETZ

and the sum is finite for r > 1. Combining (1.5), (1.6) and (1.7) yields (1.4).

Remark 1.4 The order of accuracy established in Theorem 1.1 for the trape-
zoidal rule is also true for other quadratures based on piecewise polynomial
interpolations. This is so since such quadratures applied to periodic functions
can be rewritten as a convexr combination of trapezoidal rules with shifted nodes

(see [2]).

2 A lower bound and comparison with best
trigonometric approximation

For integer r > 1, W.l' consists of C" ! functions so that f("=1) is absolutely

continuous with derivative in L?, . For p > 1, f (*=1) belongs to the Holder
class C"~ 1% with o = 1 —1/p. The right-hand side of (1.2) is the error in best
polynomial approximation. That error has a precise estimate in terms of the
modulus of continuity of f"= (see [1, 3]). The rate of best approximation
is different for the different spaces W5k with r > 1 fixed and 1 < p < oo.
In contrast, the order of convergence of the trapezoidal rule is essentially

independent of p as the following example shows.

Example 2.1 Define f by the lacunary Fourier series:

Then fo x)dr = 0. In addition, f € W;55°° for all ¢ > 0 and the error
in the tmpezozdal approzimation Ton (f) is emactly equal to

ort+lsy

1
Eon(f) =2m Z (2 ) _QWZ 2N+k 2N) o _ 1’

2" is a multiple of 2V

As this is O((2N)7"), the rate of convergence for W2 cannot be better, in

the sense of a higher power of 1/N, than that for Wgc}r
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3 Conclusion

The trapezoidal rule and other quadrature formulae based on piecewise poly-
nomial interpolations have error O((Axz)") for functions in WJ:2. The rate is
independent of p and is optimal in the sense that no higher power of Ax is
possible. The error is that which is predicted by approximation theory for
functions in W.2° and it is interesting that it remains true for the elements of
ngjﬂ, for which the best approximation by trigonometric polynomials of de-

gree N —1 is not as small as O((Az)"~'*<). For W1, the rate of convergence
is essentially a full order more rapid than that given by best approximation

as in (1.2).
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Summary. The Oseen operators are Ailazj Oz, et?, where A is the standard
Laplace operator and ¢ € R;. We give an explicit expression for the kernels of these
Fourier multipliers which involves the incomplete gamma function and the confluent
hypergeometric functions of the first kind. This explicit expression provides directly
the classical decay estimates with sharp bounds. Although the computations are
elementary and the definition of the Oseen kernels goes back to the 1911 paper of
this author, we were not able to find the simple explicit expression below in the
literature.
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1 Introduction

The (Marcel) Riesz operators (R;)i1<;<n are the following Fourier multipliers
(we use the notation @ for the Fourier transform of u: our normalization is
given in formula (3.1) of our appendix)

() = e 7a(e). By =Dy/IDl= (<) ()
The R; are selfadjoint bounded operators on L?(R™) with norm 1. The
Riesz operators are the natural multidimensional generalization of the Hilbert
transform, given by the convolution with pv % which is the one-dimensional
Fourier multiplier by sign¢. These operators are the paradigmatic singular
integrals, introduced by Calderén and Zygmund, and are bounded on L?(R™)
for 1 < p < oo and send L! into L. . However, they are not continuous on
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the Schwartz class, because of the singularity at the origin. The Leray—Hopf
projector! is the following matrix valued Fourier multiplier:

5‘?25 = (6316 - |£‘_2£j§k)1§j,k§n’ P= P(D) = Id _R ® R

(1.2)
We can also consider the n X n matrix of operators given by Q = R® R =
(R;Ry)1<jk<n sending the vector space of L*(R"™) vector fields into itself.
The operator Q is selfadjoint and is a projection since Y., R? = Id so that
Q2 = (O-, RjRi R Ry);x = Q. As a result the operator

P(¢) = 1d -

P=1d-R®R=1d—|D|">(D®D)=1d-A"Y(V&aV) (1.3)

is also an orthogonal projection, the Leray—Hopf projector (a.k.a. the Helmholtz—
Weyl projector); the operator P is in fact the orthogonal projection onto the
closed subspace of L? vector fields with null divergence. We have for a vector
field u = Zj u;0;, the identity graddivu = V(V - u), and thus

graddiv=V@V=AR®R, sothat (1.4)
Q=R®R=A"1lgraddiv, divR® R = div, (1.5)

which implies divPu = divu — div(R ® R)u = 0, and if divu = 0, we have
Qu = 0 and v = Qu + Pu = Pu. This operator plays an important role in
fluid mechanics since the Navier—Stokes system ([7], [3], [6]) for incompressible
fluids can be written as

ov+P((v-V)v) —vhv =0,
Pv =, (1.6)

U‘t:() = 9.

As already stated for the Riesz operators, P is not a classical pseudodifferential
operator, because of the singularity at the origin: however, it is indeed a
Fourier multiplier with the same continuity properties as those of R, and in
particular is bounded on LP for p € (1,400). In three dimensions the curl
operator is given by the matrix

0 —0s 09
curl=| 93 0 -0, | =curl” (1.7)
-0y 01 0

so that curl® = —ATd + grad div and (the Biot-Savard law)
Id=(—A)"curl® + A~ grad div = (—A) ! curl® + Id —P, (1.8)

which gives

!That projector is also called the Helmholtz—Weyl projector by some authors.
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curl®> = —AP, (1.9)
so that [P, curl] = 0 and

P curl = curl P = curl(—A)~! curl® = curl (Id —A~! grad div) = curl
(1.10)

since curlgrad = 0 (note also that the transposition of the latter gives
div curl = 0). The solutions of (1.6) are satisfying

v(t) = ey — / e(t*S)”APV(U(s) ® v(s))ds.
0

2 The action of the Leray projector on Gaussian
functions
We want now to compute the action of P on Gaussian functions.

Lemma 2.1 Let nQZ 1 be an integer, 1 < j,k < n and a > 0. Then, with
g (z) = a™?e~™  we have

or j # b, (Ri i) (@) = —ajaplel ™ 2y(1+ 2 amla)n 2, (21)
(Ruq)(z) = —a2lal ™ 2y(1+ 2 amfaf2)n "2 + ZJa| (3, anlo)n "2,

(2.2)
where 7y is the incomplete gamma function (see below a reminder).

A reminder. We recall the definition of the (lower) incomplete Gamma func-
tion (see e.g. [2], [1]),

x
v(a,z) = / t*tetdt
0
=a 2% " P (11 4 as2) = a e By (a; 14 a; —x), (2.3)
where 1 F is the confluent hypergeometric function of the first kind. Also for
n positive integer, we have

k

J?k x
yna)=m-Dl(1-e Y ) =Tm)I-e" 3 7).

0<k<n—1 0<k<n

The confluent hypergeometric function has a hypergeometric series given by

a ala+1) 22 (a) 2"
Fi(a:b: — 14 = Z o4 = 2 -z
1Fi(ebi) = 1+ g2+ grogy g+ I;) () i
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where (z), stands for the Pochhammer symbol:

I'(z+n)

(1’)n = F(x)

=z(z+1)...(x+n-1).

We note also the following identity:

ok

@+1)...(atk)

Va e C\Z*, 1Fi(L;14a;2) = Z (2.4)

k>0

which is an entire function of the variable z for these values of a; as a result,
we can write for Rea > 0,z > 0,

k
-1, .a,_ —x €z

= 2.5
V(a,@) =a”a"e ;O(aﬂ)...(aw)’ (2:5)

and this implies that
Va >0,V >0, a lzte ®< v(a,z) < min(F(a),a_lx ) (2.6)

We have also

v(1+a,z) =ay(a,x) —z%e " (2.7)

Remark 2.2 The above lemma can be generalized easily to the case where A
1s a complex-valued symmetric matrix with a positive definite real part, with
ua(z) = (det A)Y2e=™AT2) yyith (det A)L/2 = ez tracelog A (see the appendix
for the choice of the determination of Log A).

Proof (Proof of the lemma) We consider for ¢ > 0 the smooth function

- 2 2
Fialtr) = [ et im el g g e 2ag, (2.8)
and we note that
OF; ,
Tik(t’ 2) = _47r2/e2zwxfe—t4w2\§\2€j€kd§
— 42 1 P 2ima —t4n 1 g _ 5 g —% Arrt) /2
*—WW% Ty | € € § = 0x;0x, (e )(4mt) )
(2.9)
so that
OF: 2|2 .
for j # k, ij(t,x) = (47‘(75)_”/26_%(%)7 (2.10)
) OF;; I PIC N R |
for j =k, 8th (t, ) = (4wt) /20 (ﬁ - %) (2.11)



A Note on the Oseen Kernels 165

Since we have also F} ;(+00,2) = 0, we obtain for j # k, z # 0,

1 1/4m 22 X:T
() = —n/2,— g LItk
F]k(4ﬂ,x) —L (4mt) e = dt

2

7|z
= —xjxk/ §"2 || e %482 x| 72|25 2dsm T2
0
z|?
= f:cjxk|x|*"*2/ sV 2e=3dsm /2, (2.12)
0

ie., for j #k,

, mla|?
/ €2lﬂmge—ﬂ‘£‘2é~j§k‘§|—2d§ — —$j$k|l‘|_n_2/ Sn/Qe—stﬂ_—n/Q.
n 0

(2.13)
For j = k, we have
1 1/4m PN - R |
Fjj%,x)/m (4mt) =% (72 — Lyt
mle|®
= —z2|z|™" 2/ s"2e" 3 dsm /2 (2.14)

so that

. —r 2 _
[ et g g

lal? 1 lal?
= —x?\x|_”_2/ §"2e" dst /2 + §|x\_"/ sTle 3 dsn /2,
0 0

(2.15)
As a consequence, for t > 0, j # k, we have
no|z|?, e Tk

Fin(t,z) = —y(1 4 =, = )p /2 22 2.16

J ( ,J}) ’Y( + 2a At )7T ‘.’E|2+n, ( )
and
n |z)?*, _ x? n |z?, _ 1

Fii(t =1+ =, — n/2_"J - — n2___ 2.1

]J( 7$) 7( + 27 At )’/T ’7(27 At )’/T ‘xln ( 7)

1
|x|2+n 9
k,

As a result, we have indeed, with a > 0, j #

(R Rua) () = / it 6P g ¢ (2.18)

n
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:an/a/ 2imal/fag o —rléle e 1¢|~2de (2.19)

1
_ an/2ij(E’ al/zx) (2.20)
n

= —zjaglz| " Py (L Goamfa)n T (2.20)

and for j =k,

2 _ 2imxé  —ma " €] ¢2) -2
(R2ua)(z) = / e2imat o —ma” €l ¢2)¢|~2 g (2.22)
_ an/z/ eima!fat o=rmiel® 21| =2 ¢ (2.23)
1
= an/zF]j(E a1/2x) (224)
—n— n -n 1 -n n -n
= —x?|:17| Zy(1 4 §,a7r\x|2)7f 2 4 §|l’| V(§»G7T|x|2)77 2
(2.25)
O

Theorem 2.3 Letn > 1 be an integer and A =37, ., 02 be the standard
Laplace operator on R™. For t > 0, we define the Oseen matriz operator

Qt) = AHV @ V)e!d = (I - P)e!® = A™H,, ® 0y, )1<jhene'™. (2.26)

The operator £2(t) is the Fourier multiplier by the matriz 2(t,€) = |£|72(€ @
5)6_4“'5'2 and is given by the convolution (w.r.t. the variable x) with the
matric (ij(t’x))lgj,k‘gn where

forj #k, Fip(t,z) = —xjzi|z| "~ Zy(1+ 5 ‘ZL ) /2 (2.27)
. 2 n—2 |.T| —n/2 1 —-n |£L’| —n/2
Fyslt, ) = —a2lal 251 4 2 By pmniz Sy By nonr2 (2 99)
Fii(t,x) = ’y(E ﬂ)7r*"/27|39\7"72(|:1:|2 — nxz-) + I2|Z|72(4Wt)7n/267‘%2
I 27 4t 2 J J
(2.29)

On t > 0, the functions Fjj, are real analytic functions of the variable =12y
multiplied by t—/%2. We have also

1
Fji(t,z) = (4m)*"/2ij(E,x(m)*l/?), (2.30)

27Tn/2

and with |S"71| = oL

n+1
Sl

|33|2

. < -n

|F(t, )| < ( )(47Tt) n/2(2.31)
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Moreover we have

) 2 zjxp n |zf?
k, Fip(t,z) = ———— 225 (4t) ="/ 26~ tF12
fmﬁj?é ) jk(?x) n+2 At (ﬂ) 4 1 1( +2 4t)
(2.32)
and
2 @ n Jaf?
Fjj(t,lﬂ) = — ZJ(47Tt) /2 41 1F1(1 2+ 2 it )
+l(47rt)_% -4 Fi(1; 1+f @) (2.33)
n o 27 4t '

Proof (The proof is an immediate consequence of (2.16), (2.17), (2.6).)

Remark 2.4 This theorem provides a direct proof, using special functions,
of the estimates established in a more general context in [4] as well as those
stated on page 27 of [6].

Remark 2.5 We get easily from the first part of the previous theorem that the
kernel of the operator I — P, which is the matriz Fourier multiplier |¢]72(¢ ®
§), is the singular integral given by the (principal-value) convolution with the
matriz (f;5(x)) where

for j # . fu(w) = —ayaule] 200+ §n 7 = et
(2.34)
i) = ol 2(af? — na) (817 4 0 o o). (2:35)

We note also that the functions gjx = fjx —n 000 are homogeneous of
degree —n on R™\{0} with integral 0 on S~ so that the principal value

(Tjr, o) = lim gik(x)p(x)dx

actually defines a homogeneous distribution Tji, of degree —n on R™ ([5]).

3 Appendix

The Fourier transformation

The Fourier transform of a function u in the Schwartz class . (R™) is defined
by the formula

w(§) = /e_%mfu(x)dx, (3.1)

and it is an isomorphism of .#(R") so that u(z) = [ €?™¢q(¢)d¢. That iso-
morphism extends to an isomorphism of the temperate distributions ./ (R™)
via the duality formula (T ,(p>y/ v = (T, 9) 9 ». The Fourier transform is
also a unitary transformation of L?(R™).
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The logarithm of a nonsingular symmetric matrix

The set C\R_ is star-shaped with respect to 1, so that we can define the
principal determination of the logarithm for z € C\R_ by the formula

_ 4 %
Logz = j[{l,Z] c (3.2)

The function Log is holomorphic on C\R_ and we have Logz = Inz for
z € R} and by analytic continuation eloe? = » for z € C\R_. We get also by
analytic continuation that Loge® = z for |Im z| < 7.

Let Ty be the set of symmetric nonsingular n x n matrices with complex
entries and nonnegative real part. The set 7 is star-shaped with respect to
the Id: for A € Ty, the segment [1, A] = ((1 —t)1d +tA)te[0,1} is obviously
made with symmetric matrices with nonnegative real part which are invertible,
since for 0 < ¢ < 1, Re((1 —t)Id+tA) > (1 —t)Id > 0 and for t = 1, A is
assumed to be invertible. We can now define for A € 17,

1

Log A = /Ol(A —D)(I +t(A-1)) dt. (3.3)

We note that A commutes with (I + sA) (and thus with Log A), so that, for
0 >0,

1
d%Log(AJrel) :/ (I+t(A+9[—I))_1dt
0
1
—/ (A+ 01— I)t(I+t(A+ 01— 1)) dt,
0
and since %{(I—i—t(A—i—GI - 1))*1} = (I +HA+0I - 1)) 2(A+0I 1),

we obtain by integration by parts d% Log(A +0I) = (A+6I)~1. As a result,
we find that for 6 > 0, A € 7, since all the matrices involved are commuting,

% ((A 4 9[)71€Log(A+01)> —0,
so that, using the limit § — +o0, we get that VA € 7'y, V6 > 0, elos(A+01) —
(A +6I), and by continuity

VAeT,, e“84=A whichimplies detA = e'racckoss, (3.4)
Using (3.4), we can define for A € 11, using (3.3),

(det A)—1/2 — e~z traceLogA _ |detA|—1/26—%Im(traceLogA). (3.5)

e When A is a positive definite matrix, Log A is real-valued and (det A)~1/2

= |det A|7Y/2,



A Note on the Oseen Kernels 169

e When A = —iB where B is a real nonsingular symmetric matrix, we note
that B = PD'P with P € O(n) and D diagonal. We see directly on the
formulas (3.3),(3.2) that

Log A = Log(—iB) = P(Log(—iD))'P, traceLog A = trace Log(—iD)

and thus, with (1;) the (real) eigenvalues of B, we have Im (trace Log A) =
Im Z1§j§n Log(—ip;), where the last Log is given by (3.2). Finally we get

Im (trace Log A) = Z signp; = gsignB
1<]<n
where sign B is the signature of B. As a result, we have when A = —iB,

B real symmetric nonsingular matrix,
(det A)~1/2 = | det A|~1/2e1T 5804 — | det B|~1/2ei 0580 B (3.6)

Proposition 3.1 Let A be a symmetric nonsingular n X n matriz with com-
plex entries such that Re A > 0. We define the Gaussian function vy on R™

by va(z) = e~ ™A% The Fourier transform of va is

TA(€) = (det A)71/2e7mATIED, (3.7)
where (det A)~/2 is defined according to formula (3.5). In particular, when
A = —iB with a symmetric real nonsingular matriz B, we get

Fourier(¢'™B72))(€) = 5755(€) = | det B|1/2¢i T sign Be—in(B76,6)

Proof. Let us define 1} as the set of symmetric n x n complex matrices with
a positive definite real part (naturally these matrices are nonsingular since
Az = 0 for x € C" implies 0 = Re(Ax,Z) = ((Re A)z, Z), so that 17 C 1y).

Let us assume first that A € 77}; then the function v, is in the Schwartz
class (and so is its Fourier transform). The set 7} is an open convex subset
of C*("+1)/2 and the function T} > A + ©4(¢) is holomorphic and given
on T} NR*™*+D/2 by (3.7). On the other hand, the function 1} 3 A —
e~ 3 “ace Log Ao—m(A71€.8) {5 also holomorphic and coincides with previous one
on R"(”'H)/Q. By analytic continuation this proves (3.7) for A € T7.

If A€ Ty and ¢ € Z(R"), we have (Ua,¢). 9,9 = [va(z)p(x)dz so that
Ty > A — (v, ) is continuous and thus (note that the mapping A — A~!
is a homeomorphism of 1°), using the previous result on 17,
e 3 L trace Log(A+el) —w((A+sI) le,e) (f)df

(Va,0)= Jim <vA+ez,<p>— lim
—0+

(by continuity of Log on 7"y and domin. cv.)

/6 2traceLogA —m(A 71§,§>@(£)d£7

which is the sought result.
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Some standard examples of Fourier transform

Let us consider the Heaviside function defined on R by H(z) = 1 for 2 > 0,
H(x) = 0 for < 0. With the notation of this section, we have, with do the
Dirac mass at 0, H(z) = H(—x),

<

~ —

~ ~ > 1 1 ~ — —
H+H=1=069, H— H =sign, — = —260(§) = Dsign(&) = Esigné
w2

so that f(s/ig\nff ﬁpv(l/&)) =0 and @157 ﬁpv(l/{) = cdg with ¢ = 0 since
the lhs is odd. We get

—

— 1 1

. 1 . f 0
Sen(©) = g, ()= —isime, H=3

1 1
2t ﬂpv(g). (3.8)
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Summary. Solutions to weakly hyperbolic Cauchy problems contain as one of the
most important properties the so-called loss of regularity. Recently authors have
begun to understand how to show that the loss really appears. In this note we
describe several models and explain different ways how to attack the question that
a v loss of regularity really appears.

2000 AMS Subject Classification: Primary: 35180, 35115, 35B40

Key words: Weakly hyperbolic equations, oscillations, degeneracies, loss of
regularity, Floquet theory, theory of special functions.

1 Introduction

It is well-known that solutions to degenerate hyperbolic Cauchy problems
show in many cases the effect of loss of regularity or loss of derivatives. In
the pioneering paper [5] the authors discussed among other things strictly
hyperbolic Cauchy problems with low regularity in coefficients. Let us explain
the results by the model case

gy — a(t)uge =0, u(0,2) = up(x), u(0,z) = ui(x), a(t) > C > 0.

1. If f "la(t +7) —a(t)|dt < Ar, 7 € [0,T/2], then the Cauchy problem
is H® (C*°) well-posed without any loss of derivatives.

2. Iff Ta(t+7)—a(t)|dt < A7(|log7|+1), T € (0,T/2], then the Cauchy
problem is H>° (C"O) well-posed with an at most finite loss of derivatives.

There are other examples which describe a deteriorating behavior of oscillating
coefficients (here near t = 0).

A. Bove et al. (eds.), Advances in Phase Space Analysis of Partial 171
Differential Equations, DOI 10.1007/978-0-8176-4861-9_11,
(© Birkhauser Boston, a part of Springer Science+Business Media, LLC 2009
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1. [7] The Cauchy problem

1\ @
Ut — (2 -+ cos (log ;) )um =0, u(0,2) =ug(z), u(0,z) = uy(x),

is C* well-posed if and only if o < 2.
2. [15] The Cauchy problem

—a 1
w2 (24 008 (1) )taa = 0, u(0.2) = uo(w). ue(0,2) = i (2),
is C* well-posed if and only if o > 1/2.
All these cited results have common features.

1. A threshold is explained between finite loss or infinite loss of derivatives.

2. Sufficient conditions explain that at most a finite loss of derivatives ap-
pears.

3. Counterexamples show that the infinite loss of derivatives really appears.

At the moment we have only some model cases for which it is shown that a
precise “finite” loss of regularity really appears. In [16] the authors studied
systematically the finite degenerate case, and explained loss of regularity and
difference of regularities of data. By application of the theory of confluent
hypergeometric functions they arrive at the following conclusion:

Proposition 1.1 Let us consider the weakly hyperbolic Cauchy problem

gt — gy — at' lu, = 0, w(0,2) = up(x), ur(0,2) = up(z),
under the assumption ug € H®, uy € HS_H%, respectively. Then there exists
a unique solution

{uec([o,T],HS)mcl([o,T],Hs1z'<"i‘f>) if ol <1,

la|—1

we C([0,T), B30 ) 0 CY([0,T), H* "= %77) if |a] > 1.

Remark 1.2 This proposition explains that a loss of reqularity for the solu-
|a]

al—1
tion itself appears only for |a| > 1. The loss is (D;)2@D and the difference

of regularities of data is (DQLJ%1 Moreover, the statement generalizes a well-
known result for the classical wave equation (I =a =0).

Let us recall a regularity result from [1]. For this reason we introduce the
Cauchy problem with infinite or flat degeneracy

1 _1\2 1 a1
utt—(—e t) um—atje tu, =0, u(0,z) = up(x), u(0,z) =ui(z) (1.1)

with a real coefficient a. Then the results from [1] yield the following statement:
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Proposition 1.3 Let us suppose ug € (log(D,))"*H?® and u; € H® for the
Cauchy problem (1.1). Then there exists a unique solution

al+

ue C([0,T), H®) mcl([o T], Hs= %) if lal <1,

we ([0, T), H=*55) n C1([0, ], H*=5) if |a| > 1.

In the following proposition we give a more precise statement.

Theorem 1.4 Consider the Cauchy problem (1.1) under the assumptions
ug € H®, uy € log(D,)H?®, then there is a unique solution

la \+1

ueC([O,T],HS)ﬂCl([O,T],(10g<D NWH®™ "z ) if la] < 1,

u € C([0,T], (log(D,))H*= ") N C'([0,T), (log (D, ))H*~ >~ ) if |a] > 1.

Remark 1.5 Let us compare the statements of Proposition 1.3 and Theorem

1.4.

In Proposition 1.3 the following properties of solutions to the Cauchy prob-
lem (1.1) are shown:

o The difference of reqularity of data is log(Dy).
o The threshold for a higher loss of regularity for the solution is |a| = 1.
e For all real a there appears at least the loss of reqularity log{D,).

In Theorem 1.4 the following properties of solutions to the Cauchy problem
(1.1) are shown:

o The difference of reqularity of data is log(Dy).
e The threshold for the loss of reqularity is |a| = 1.
o For all real |a| < 1 there is no loss of regularity for the solution itself.

The statements of Proposition 1.1, Theorem 1.4 and the example from [15]
can be concluded from the following general result which is proved in [10].

Proposition 1.6 Let us consider with a real constant a the Cauchy problem
20072 A%(t)
ugr — A (8)b° () Uy — amuch =0, u(0,z) = ug(x), u(0,2) = uy(z),

under the following assumptions to the function A = \(t) € C[0,T] N C?(0,T]
describing the degeneracy of the coefficient at t = 0:

A(0) =0, X(£) > 0, ¢ € (0,7),
dOjl((i;—i\((tf)<d1At)? do,dy >0, A(t) = [

0
(1) < daA(t)(55)2.

A(s)ds,
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We introduce a positive and monotonously decreasing continuous function v =
v(t),t € (0,T], which measures the oscillating behavior of the coefficient.
Finally, we suppose the following conditions to the function b = b(t) € C?(0,T)
describing the oscillating behavior of the coefficient at t = 0:

co:= inf b(t) <b(t) <c1:= sup b(¢), t € (0,T], co,c1 >0,
t€(0,T7 t€(0,T)

BB (0)] < Ch(GRBvE)E, k= 1,2,

Under these assumptions, if ug € H®, uy € (A*1(<D >)) LH®, N is a fived
large positive constant, then there is a unique solution u belonging to the fol-
lowing function spaces:

al

|
1. when 0 < lim;_,q A()f()t;(] < 400, then

veefonyem (ew((2) ()
=)

1 ((%) ( -t 2 s—1
Ne(om g = E(0) [@))m)

Ak ()
with nonnegative constants C,, and Na,
la]

2. when lim;_,q A()\t()t?o =0, then

A2 ((5) (o) 1 N .
2 e C((5) 7 (p))

Az ((9) 1 (75%))

)1 (D)) AN-1/ Ny -
(L) (D) ()

with nonnegative constants C,, and Ns.

m\.-‘

\/

m\»—A

uEC’([O,T]

N Cl([aT] m

;

Remark 1.7 We restrict ourselves to the term of smaller order a%ux. In

this way we assume sharp Levi conditions which are connected with the term
)\Q(t) in the principal part describing the degeneracy at t = 0. This is rea-
sonable. The paper [9] shows that it is very difficult to determine precise Levi
conditions which are connected with the oscillating term b2(t) in the principal
part.

Proposition 1.6 yields sufficient conditions under which no loss of derivatives
appears for solutions to weakly hyperbolic Cauchy problems (v = const). More-
over, it gives some more precise (to the usual ones) explanations.
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1. A threshold is explained between no loss and loss.

2. Sufficient conditions explain that at most an arbitrary small loss or finite
loss of derivatives appears.

In the present paper we are interested in the following question:

Are we able to show by constructing examples that the arbitrary small loss
or finite loss or infinite loss of derivatives really appears?

A first method is to use the theory of special functions. This will be done
in Section 2 to prove Theorem 1.4, that is, the more precise statement in
comparison with the statement from [1] for (1.1). In this way we get in addition
that the small loss or finite loss really appears.

In Section 3 we will discuss the optimality of our results concerning the
infinite loss of regularity by the application of Floguet theory. We will prove the
infinite loss for a family of coefficients in (1.1) with @ = 0 having an oscillating
behavior arbitrarily close to the critical case. The family is produced by an
arbitrary given periodic function b = b(t). We denote as critical case the case
which yields H° well-posedness with a finite loss of derivatives.

The question for the optimality of our results in the case of finite loss or
arbitrary small loss of regularity is considered in detail in Section 4. Here
we choose families of Cauchy problems satisfying uniform assumptions from
Proposition 1.6 for the critical or for cases better than the critical one and
show that the loss of regularity really appears.

Some concluding remarks in Section 5 complete the paper.

2 Proof of Theorem 1.4
Let us recall the Cauchy problem with infinite or flat degeneracy

1 2 1
Uy — (t—zef%> Uy —atjef%ux =0, u(0,x) = up(x), u(0,2) =ui(x) (2.1)

with a real constant a.

Proof. We follow the approach of [1]. After partial Fourier transformation we
have I ) ]
Uyt + (;267%) 20 — iat—46* &u=0.

The transformations

T = EA(t), a(t,€) = tu(r)

imply . _
Vrr + —vr + (1 — E)v =0.
T T
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Finally, we apply the transformations

which give
1+a
2

This is Kummer’s equation (logarithmic case), that is,

2w, (2) + (1 — 2)w.(2) — w(z) = 0.

1+a
5

2w, (2) + (v — 2)wy(2) — aw(z) =0 with y =1 and o =
Lemma 2.1 (see [2]) The functions

vi(t,€) = te" MO (0, 1;2iA(1)E),  va(t,€) = te N OW(1 — a, 1; ~2iA(t)€)

form a fundamental system of solutions for t > 0. Here a =

1+a
— -

Any solution (t, &) can be written as follows:

{L(t f) = pO(ta §)ﬁ(0, 5) + D1 (t7 f)ﬂt(ov 5)3

where
po(t€) = W(0,8) 7 (v2,4(0, €)1 (t,€) — v1,4(0,€)v2(t, €)).
p1(t, &) = W(0,) 71 (= v2(0,&)v1(t, &) + v1(0,&)v2(t,€)),
W(0,&) = v1(0,8)v2,4(0,&) — v1,6(0,§)v2(0,€),
and
vy 4(t,€) = e ADEL — 7 Lig A1) (, 1520 A(1)€)
+2iet 71 A(t)e T HADET, (o, 1; 20 A(1)E),
Vo,4(t, &) = e M1+t~ HEA(L)) W (1 — o, 1; —2iA()E)
—2iEt7 A1) e AN, (1 — o, 1; =20 A(t)€).
Let us introduce some basic properties for the functions ¥ = ¥(a,7,z2)
(see [2]).
Taking into account the asymptotic expansion
U(a,l;2) = —ﬁ(logz + (@) — 27) + o(|zlog z|) for z — 0,

where the constant « is Fuler’s constant (a positive number belonging to the
interval (0,1)) and where the function ¢ = (%) is the logarithmic derivative
d,log I'(z) of the Gamma function I = I'(z). Applying the formula

![/Z(")(a’ Liz) = (—1)"()n¥(a+n,1 +n;2)



Instability Behavior and Loss of Regularity 177

for n = 1, where

r
(@o=1,()n =ala+1)-(a+n—1)= (ﬁ‘(;”),
and
U(a,v;z) = ZIVF(I?(_)I) + O(]log z|) when Re«y > 1 for small z,
«
we obtain

v1,6(0,€) = — iy (log [ 2¢] +i(signé) § + v(a) — 2),
02,6(0,€) = —im (log 26] — i(sign€) % + (1 — a) — 2),
01(0,6) = s 2(0,6) = 7y

Therefore, we have

I'a)I'1-a)

po(t;€) = P(a) —P(1 — a) + i(signé)w
% ( _ ﬁ(log |2¢] — i(sign{)g +p(l —a) — 2)
x te" MO (0, 1;2iA(1)¢) + ﬁ (log [2€] + i(signé) 5 + w(a) —2)
x e DEw (1 — o, 1; —275/1(25)5));
_ I'a)I'(1-a) 1 SiADE a1 -2
Pit:6) Y(a) — (1 — ) + i(signé) <F(a)t Y e LA
1

_ = 3 tA(DE ¥
oot t u'/(a,1,2m(t)g)).

Now we divide the extended phase space into two zones. First let us derive an
estimate in the pseudo-differential zone Zyq(N, M) = {(t,€) € [0,T] x {|¢| >
M} A@)[€] < N}

Lemma 2.2 In the pseudo-differential zone we have the following estimate:

0. £ < VA0 (60,9 + e 0 0.)).

Proof. First, from the definition of the pseudo-differential zone, we have

t < implies tlog |¢] < C(N, M).

1
Tog [€[—Tog N
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We apply the following properties of W-functions and of @-functions:

D(a, 5 2) = exp(2)P(y — a,7; —2),

(="~ ] (@(a, n+1;z)logz

Plan+152) = ne =

+ z:jo (n(j—)I)r (la+r)—(L+7) — (1l +n+ r))Z—T)

forn=20,1,2,..., and the last sum has to be omitted if n = 0.
Straightforward calculations bring the following asymptotic behavior of
po(t, &) and pq(t,€) in the pseudo-differential zone:
(1 — a, 1; —2iA()¢
polt,€) ~ —2t (0))
Y(a) = ¢(1 - a) + i(signg)m

x ¢ (1log(2A(1) €])(~i(signe)m + (1 - a) — ¥(a))

+ it(sign€) 7 (210g 2¢] + (1 — @) + Y(a) 1))

(1)) (log |2¢| — i(signé) 5 + (1 — o) — 2)

4 e (@) = 26(D)(
9l@) = 91— ) + i(signé)m

(

)-

iawet@(1 — a) — 2¢(1))(log |2¢] + i(signg) 7 + ¢(a) — 2)
P(1 — «) + i(signé)m ’

Y(a
For the representation of p; we get

_ Io)I(1-a) 1 L —iAwe
pi(t:€) P(a) — (1 — ) + i(signé)m (F(a) ra- oz)t

x (&Mﬁ)f@(l — o, 1; = 2iA(t)€) log(2iA()¢)

T T T—a)

L _ —1 iame (45(1 —a,1;—2i A(t)€)log(—2iA(t)€)
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‘Fg;Cf;?%wu—a+4o—%mnﬁ_”ffﬁy)>

e—iADE (it(signﬁ)w@(l —a,1; —2iA(t)) t(a) — t(l — ) )
Y(a) =¥l — ) +isigng)m  Y(a) — (1 — a) +i(signé)m /)’

where in the representation for pyp and p; the sign ~ means modulo terms be-
having like (log(¢))~!. From the definition of the zone and the special structure
of A(t), here 1 plays a significant role, we know that ¢log(2A(t)||) remains
bounded in a right-sided neighborhood of A(t)¢ = 0. Furthermore, @(«, 7, 2)
is analytic with respect to z. Keeping in mind these observations we deduce
immediately that

C(N, M)

[po(t, Ol < C(N.AD), - Im(t:8)] < 0

This implies the desired statement.

Now let us consider the hyperbolic zone which is defined by

Znyp(N, M) = {(t,€) € [0, T] x {|¢| = M} : A(®)[¢] = N}

Lemma 2.3 In the hyperbolic zone we have the following estimates:

(.6 < C(N, M)(\a(o,é)l + @\at(o,gn) for |al < 1,
) = la]—1 (10g<£>"&(07£)| + |ﬁt(0,f)|> for |a| > 1.

C(N, M)(€)
Proof. In this zone we will apply the asymptotic behavior of the ¥-functions
for large |z| with 0 < argz < 7:
L |@(a,1;2)| < C(a, 1)|z|Re=)
2. [W(1—a,1;—2)| < Cla,1)[z[Re=D),
First, we consider the term tlog |€|. From

1
t>te= ————
=7 logl¢[ —log N

we conclude

1 1 1,1
logl¢| —log N > =, 1 >7(1 t1 N)>7(7>’
oglf| —log N> -, logl¢| > L1+t logN ) > (17—
where N is large and T is small enough. A small T is sufficient for our con-
siderations. Hence,
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tloglé| —t*loglé| > 1, t*log|¢] < tlog|é] — 1 (for all t > t¢),

1
tlog |¢] < log €] — 7 = log A()[¢].

respectively. Now let us use the representations for pg(t, &) and p; (¢, €). Then
we can estimate as follows:

I(a)I'(1 - o)
P(1 — a) + i(signé)m

o4, = | 5=

< (= g o l26] — isizme) § + v(1 = o) — 29)

X e AT (o, 15 2A(1)E)

1

" T

(log [2¢| + i(Sigan +9(a) = 27)
% teiA(ﬂiw(l —o,l1; —2M(t)£))‘

< Claytlog€](1¥(1 - o, 1; ~2AME)] + ¥ (e 1;2i4(1)€)))

IN

C(a)tlog [€[(A(t)

)1 - a)

w0 ) 5 ey (g 15204000
1

- mte*w)&wa, 1; 2@'/1(15)5)) ’

Clapt (I (1 - a, 1;-2iAME)] + [¥(a, 1:2iA(1)¢)
Cla)t (AWM

Taking account of tlog €| < log(A(t)|£]) the statement of this lemma follows
immediately.

P (t,6)] =

IN

IA

Summarizing the statements from Lemmas 2.2 and 2.3 we have
) < (|u<o 1+ g la (0 £>|) for |a] < 1,
R el <e>(|a<o &)1+ ey (0,€)1) for Ja] = 1.

Similarly, using the above-introduced approach we obtain the following
estimate for D,u:

|Dei(t, €)] < Cle)5 (0,6)]) for Ja| > 0.

1
© 14001+ e

Thus all statements of Theorem 1.4 are proved.
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3 Optimality of conditions for infinite loss of regularity

To study the optimality of results concerning the influence of oscillations we
restrict ourselves to the weakly hyperbolic Cauchy problem

wtt = N2 (O (t)tzs = 0, u(0,2) = uo(a), u(0,2) = ui ().

To prove the optimality of conditions for the infinite loss of regularity we
treat the weakly hyperbolic Cauchy problem with a special structure of the
coefficients

2
32 2 1 [n] _1_ =
ugy — A ()b (<log A(t)) log A@))”“ =0, (3.1)
)

where n > 1 and b = b(s) is a positive, 1-periodic, nonconstant function
belonging to C2. If n = 0, then the assumptions of Proposition 1.6 are satisfied
with v(t) = log ﬁ7 consequently, we have at most a finite loss of regularity.
If n > 1, then we arrive with increasing n arbitrary close at the critical case
n = 0, thus we expect an infinite loss of regularity. That it is really so we will
prove by application of Floquet theory.

Theorem 3.1 Let us consider under the above assumptions the Cauchy prob-
lem (3.1). If n > 1, then the Cauchy problem is not H>® (C* ) well-posed, that
18, there exists an infinite loss of reqularity.

Proof. Philosophy of the proof

Let us suppose that the Cauchy problem (3.1) is C* well-posed. Then due
to the cone of dependence property it is sufficient to study H> well-posedness.
Taking into account that (3.1) becomes strictly hyperbolic for ¢ > 0 with
a smooth coefficient we expect even uniform H® well-posedness on [0, T].
Then according to [12] the property of uniform H> well-posedness means the
existence of two nonnegative constants  and C' such that for any solution u,
for any t™), ¢ € [0,T] and for any ¢ € R, the partial Fourier transform @
satisfies the following estimate:

4,01 +| a6 < o+ lely (Jae®, o) + | Zae®,9)|).

At the end of this proof we will show that there exist solutions {d, (¢,&)}m
to the partial Fourier transformed equation from (3.1), that is, to

B +/\2(t)b2<(log A}t))zlog yie ))5 )

accompanied by a sequence of frequencies {¢,, }» and a sequence of time-pairs
(D D), (0 < £ < 2 < T), with limm—eo &, = 00, liMy_ae th) =

lim,, 00 tg,%) =0, and
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dt
d
> Coexp(C110g €, (108 €,)8) ([ (K1), £,0)| + | St (1), €, )
This gives the contradiction to the H* well-posedness.

We will only prove the statement for n > 2; some minor modifications in
the approach give the result in the case n = 1.

Step 1: Derivation of an auziliary differential equation

Setting s = log!™ ﬁ(log ﬁf let us define w(s, &) = 72 (s)i(t(s),£),

where 7(s) := —%(¢(s)). Then we obtain the auxiliary differential equation

wss(5,€) + V2 (s)A(s, w(s,€) =0, (s,€) € [s(T),00) x R,

where

A
~
—
v
N
=
72y
S

Straightforward calculations yield

7(8)2 = 27"(s)7(s 25\ 2 %s ds
) 72‘2(5)( ) 741(5) (3(2?> _23?27)

~ (s e a) - (25) (e )

N (£)A() — N2(1) 1y
(D) 10gA(>1°g[ W)

T 12(

A(t) N (#)A(t) — N ()A(t) 1 \2
A(t) (1) (1os 1 " 1)

M) N2 N (D) A(E) — N2 (t) 1 o 1y2
A(t)) A2(t) (1Og A(t) log " A(t)) )

From here we know that lims_,o A2(s) = 0.

- 8

+ 16(

For the further calculations we need

S

1 1 \2 1 \2
= [n] _— _— 1 1 ~
s =log (t)<10g (t)) implies (log (t)) [n T
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Step 2: Asymptotics

Actually we define a function sg = s(£) implicitly by

A(s,€) ~ & ! €2 4+ Aals) = Ao,

4 1
slogl" 1 s3 exp (2(%) 2)

logln—11 52

where A\g will be chosen later. This definition implies s¢ — oo if { — oo.
For this reason the asymptotical behavior of A; and Ay around large s¢ is of
interest.

Lemma 3.2 For 0 < § < log|¢|(log™ |¢])2, and s¢ large enough we have
[Ai(se =€) = Mi(se, )] < C (s, €) (log [¢]) 72,

[A2(s¢ = 8) = Aa(se)| < Cha(se)((log ¢l log™ [¢])2) 7",
Summarizing we have
[A(s¢ = 8,€) = Alse)] < CA(se, &) (logl" [¢]) 2.
Proof. From the representation of Ao we get
1

1 (log¢))? < —=~— < (log |¢])”.

logl" 1 ¢
Consequently, we have
Ci(log [€])* Log™ [¢] < s¢ < Ca(log €])* Log!™ [¢].
Thus, for large £ and 0 < ¢ < log \§|(1og["] €])2 we have
1
log €[ (log [¢]) 2

e
S¢

)

and, consequently,
[A1(s¢ —6,€) — Ai(se, §)
2
= ’ £l - )\1(5@5)’
(se — 0)log"~U(se — 6)2 exp (Q(L) )

log[n—1 (5576)%
= (s, f)‘

[N

€

~opee s e (i) )
(s¢ —0)log s¢ exp (2 T

~ )\1(5&5)‘(1 — Si)lexp(—Z([nsfl]sé)z((l — si)z — 1)) — 1‘

~ ‘

log

< Ci(se, ) (log |¢]) 3.



184 Xiaojun Lu and Michael Reissig

Since Ay(s) ~ ————+ we may conclude

slogln=11 52

[A2(se = 0) = Aa(se)]|

1
- T~ Ao = - — Ao(s
)(85 _6) IOg[nfl](Sg —5 b 2 ’ ‘ SE _ log 1](55)5 2( f)
6 -1 1
~a(se)|(1— =) — 1] < Chalse) S
‘( 55) ‘ log ¢ (log"! ¢])2

Remark 3.3 Taking into consideration As(s) — 0 for s — oo we see from the
last estimate that A2(s) plays a negligible role, so in the following steps it is
sufficient to restrict ourselves to \1(s,&). Namely, we treat A(s,&) = A1(s,&).

Step 3: Application of Floquet’s theory

We are interested in the fundamental solution X = X (s, s¢) as the solution
to the Cauchy problem

jsx:(g AOSQ(s>)xz;A(S)X, X(s(),sO):(é (1)>

It is clear that X (so — 1, sg) is independent of sy € N.

Lemma 3.4 (Floquet’s theory, see [11]) Let b = b(s) € C? be a nonconstant
and positive function on R which is 1-periodic, then there exists a positive real
number Ao > 0 such that Ao belongs to an interval of instability for wss +
ob?(s)w = 0, that is, X(so — 1,s0) has eigenvalues p, and pg" satisfying
lio| > 1.

Set

X(se - 1,56) = <:c11 :L‘12) .

T21 X22

The lemma implies that the eigenvalues of this matrix are 11y and pg ! Hence,

T11 + Ta2 = pg + 1y "
Thus
lz11 — ol + |222 — ol > 1o — 1o s

from which follows

1 -
max{|z11 — pol, [r22 — pol} = §|#o — Ho ut

We assume that )
-1
2| ) |-

The other case can be treated similarly. And we also have

|11 — ol >



Instability Behavior and Loss of Regularity 185

_ 1 _
|22 — Ko 1| > §|N0 — Mo 1|-
Now we consider the following equation for an integer m > 0:
wSS

+1 1
4

N

1
(s¢ —m+s)log" " (s¢ —m + )% exp (2 (—log[n_sf] (_:_JZH)% ) 2)
x [€]?b%(s¢ + s)w = 0.

Let X, (s, s1) be the solution of the associated first-order system

d
—X,(s,81) =
ds m(s51)
1 1 212
04 1 w [€LHR(se + )
(se—m-+s) logl" =t (sg—m+s)2 exp (2(%)
1og[n71](557m+s)§
1 0

10
X Xm(s,81), Xm(s1,51)= (O 1) .

Lemma 3.5 It holds

max ([ Xon(s,51)l] < exp(Cho) for 0 < m < logl¢](log!" J¢]) .
s,s1€|—1,

Proof. Using (A, denotes the coefficient matrix from the above system)

Xn(srs) =1+ Y [ Anr0,8) [ Antr €)oo [ Aty €
]151 S1 S1

according to Lemma 3.2 we have

mase | [1X,(5,90) | < exp(1+ BA(sg = m.€) = A(se.€) + do)
S,81 —1,

< exp(1+b7(1+¢)\g) < exp(CA),
where by = max; {b(t)} and 0 < m < log|¢|(log!™ [¢])=.
Lemma 3.6 It holds
[ Xim(=1,0) = X (s¢ — 1, s¢)|| < Cllog" [¢])~

for 0 < m < log [¢](log" [¢])%.
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Proof. First, note that X(s¢ + s,5¢) = X(s,0), since s¢ € N and b(s) is
1-periodic. Observe that

d (0 —A(s¢, E)b(s)

£Xm(s,0) = ) 0 ) X (s,0)

0 0
with X, (0,0) = I. Thus

& (Xn(5,0) = X(5,0)) = <(1) _A(Sf’of)b2(8)) (Xon(s,0) ~ X(5,0))

. <8 (Mse, ) = Alse ) m+ s,f))b2(5)> X (5,0)
with initial data X,,(0,0) — X(0,0) = 0. By Lemma 3.2 it follows

[Ms,€) = Alse —m +5,6)| < Cho(log™! [¢]) 7
for 0 < m < log |¢](log™ |¢])=. Hence,

[ Xm(s,0) = X(s,0)]

: / CAOlle(?:O)—X(T,O)Ild’”r/ Cho(log!™ [¢])7 2| X (r, 0) | dr.
0 0

So by Lemma 3.5, Gronwall’s inequality and the hypothesis on m we may

conclude .
| X (—1,0) — X (=1,0)|] < CAo(log™ |¢]) 2.

This completes the proof of the lemma.
Lemma 3.7 It holds

1 (=1,0) = X1 (= 1,0)]| < C(log |¢]1og™ [¢]) ™
for 0 < m < log [¢](log!") |¢])%.

Proof. First,

%(X,H(S,O) — Xin1(5,0))

_ (O )\(sgm+$>£)b2(s)> (X (S O)—X 71(5 0))
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with initial data X,,(0,0) — X,,-1(0,0) = 0. Applying the same techniques
as in the proof to Lemma 3.2 we have for 0 < m < log|¢|(log™ [¢])2 the
estimates

[A(se =m+1,&) — A(se¢ — (m — 1) +1,8)|
1 1
se—(m—1) +r)

— -1 1
xexp(—2( 315 (m—=1)+r 1)2
logl" U (se — (m—1) +r)2

% ((1_55(m11)+7’)2_1))_1‘

~ )\(s§f(m71)+r,£)‘<1f

CXo se—(m—1)+r 3
s (= y
se—(m—1)+r log["_](s§—(m—1)+r)§
< Choflog[¢]log [¢]) ™.

By a similar argument as that used in the proof to Lemma 3.6 we get
1Xim(—1,0) = X1 (=1,0)[| < CAo(log €] log!™ [¢])~*
for 0 < m < log |¢](log!™ |¢])2, as required.
Using
det(Ipg — X(se —1,8¢)) =0, det(Ip,, — X;m(—1,0)) =0
by Lemma 3.6 we have
[ Xim(=1,0) = X (s¢ — 1, 5¢)| < C(log"! €))%,

Therefore the matrix X,,(—1,0) with the property det X,,(—1,0) = 1 has
eigenvalues p,, and p, ! which satisfy

| — 110 < Clog |e])% <&

for any given positive € and for sufficiently large s¢. Choosing € < % we
have

1
] 2 5 (1o +1) 2 1 +e.

So the eigenvalues p,, and p,,!

denote

are uniformly distinct for every m. Let us

:cn(m) Ilg(m)>

21 (m) X292 (m)

Xm(—1,0) = <
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Obviously, we have

1 _
|11 (M) — p| > |211 — ol — (|z10(m) — 211 ] + 119 — 1)) > Z'”O — gl

Analogously, we have

feaam) — pint] > o — 15|
According to Lemma 3.7 we have
|25 (m) — @iz (m — 1)| < C(log |€|log™ [¢])~".
Immediately we conclude

| = Him—1] < C(log €] log™ [¢]) 7"

Step 4: Energy estimate for a model problem

Lemma 3.8 Let mg be the largest integer satisfying 0 <m < log [¢] (log["] |§|)% .
Then for the solution w = w(s,§) of

wss(5,€) + 0% (s)A(s, w(s,€) =0, (5,€) € [s(1),00) x R,

with the initial data

3312(0)

m, w(se,§) =1,

d

we have

d " 1
Tow(se —mo = 1,&)| + |w(se = mo — 1) > Cexp(Cy log [¢]log™ [¢])*).

Proof. The function w = w(sg —mg + s,§) satisfies
2
72V + Ase —m+5,8)b(se +s)w=0

with m = mg. Thus
d%w(SE —mg —1,§)
w(sf — Mmoo — 175)

= Xy (=1,0) X —1(—1,0) - - - Xo(—1,0) (fsw(saﬁ)) .

w(55,£)
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The matrix

Tr12 (m) 1
| Hm—z11(m)
Bm - 1 ro1 (m)

B! —222(m)

is a diagonalizer for X,,(—1,0), that is,

Lemma 3.5 indicates that
|t — 222(m)| < C,  Jayy(m)] < C,
and since |p,,| > 1+¢, so
[det B| > C >0, |[Bu| <C, B, <C
for 0 < m < log |¢|(log!™ |¢])2. Then from
|5 (m) — @i;(m — 1)| < C(log |¢[log™ [¢])~*
we get
|8t Bun = 1 = 1B, Ly (B — Brny)|| < C(log [¢]log™ [¢))~.
If we denote G, := B;Ll_le — I, then
KXo (=1,0) X0 -1(=1,0) - - - Xo(—1,0)
=B, (/‘810 91>(I+Gmo)---(I+G1)<MO ?1>Bol.
Hmg 0 pg

We shall show that the (1,1) element y1; of the matrix

(5 2 oeomr ool )

mo 0
can be estimated to below by Cp exp(Cy log [¢](log!™ [€])2). First we recall

IB,L B = I|| = | By (B — Bi1)|| < C(log [€¢] log™ [€]) .
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It holds
y y [T 0
( 11 12) _ k=1 o +M1+-~-+Mm0,
Y21 Y22 0 H lel
k=1

where M, is the matrix of the sum of terms containing exactly [ of the matrices
Gi, k=1,...,mg. We have the estimate

M| < (ﬁ qul> > ﬁ 1G]

k=1 1<iy <---<iy<mg j=1
Using
IGi|l < Clog|€[1og™ €)1 =1,...,mo,
gives
mo
mo [n] -1
I (Hw) (") ctog e tog )
k=1
Consequently,
ﬁ o log [¢] (log™ [¢])*/? ) ﬁ
|y11|2< |Mk|> 2— <1+n> > = 11 el
ot log €| log™"! |¢] 2

On the other hand, |ymp| < ¢ H |per], ¢ >0, is sufficiently small, for (m,p) #
(1,1). Thus, the statement of the lemma follows directly from
mo 1
[T il = COL+e)™ = O(1 +&)osleltos™ leD?,
k=1
Step 5: Conclusion

Now we take a sequence {¢,, }m of positive frequencies satisfying &,, — oo
as m — oo. For large &, let w,,(s,£) be the solution from Lemma 3.8 with
& =¢,, and let us set

th) =t(se,, ) t5) =t(se, —mo(&,,) 1), im(t, &) =77

Then B 0 . e
A <|£m|><t <t® < A~ (\ﬁm\)’

thus both sequences {tgn Fms {tg)}m are zero sequences. For 0 < ¢t < T we
conclude

d

%wnb(s(t)v f) ‘

[SE

(s())wm(s(t), &)

1

(50T (1) i ()] 7 (5(0)] (1,

<
- dt

N | =
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Hence,

[ (5(2),6)] + | am (5(0), )|

7s(s(t))
27(s(t))

277 (5(t)) | (£, €)| + 77

=

>|am(t7£)| +7 2 ‘dtum (t f)’

IN

(s(t) (1 +

T

IN

S0 06)
< Cr(s(0) (Jiim (1. €) \+\d (.6)).
(1,6 | S (1,6)] < O (5(0) (o (50, )] + | s (0, )] ).

Now we will apply the first inequality for ¢t = tg), the second inequality for
t= ts,%,) and Lemma 3.8. Summarizing gives

d
i (12, &0)| + | i (82, ,0)|
~3(s(t® (2) 4 (2)
> Or 3 (s(t2) (Jum (s(t2), E) | + | -0 (s(62),,0)|)

775 (s(t2)) exp(Ch log [€,,,|(log™ [¢,,,) %)
T3 (s(t2))r (s(tD)) exp(C) log [€,,, [ (log™ [¢,,,) F)

x ('f‘m(t(l |+‘dt i (1) )D

)

where C' and Cy are used as universal positive constants. In fact, for the
infinite degenerate case we calculate

n FRA d .
> Cexp(Calog €108 €,,)2) ([t (1), €] + | it (12, )

1 1 log" 1 53
— —logn~ U = POTY BN
s(t) =z log" " o, 1 PR
1 1 s
—92_1] [”*1}7‘ ~ 28 | —
T(S) 3 o8 t lt=t(s) s log[nfl] 5%

s¢, s —mo — 1~ (log[¢])” log™ [¢],
5 N (log |¢])* (log!™ [¢]) >
(0™ 58 (1og" 1 ((log¢]) (g™ 1))

7(s¢), T(s¢ —mo — 1) ~

N|=
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So the conclusion holds. Furthermore, for the finite degenerate case we calcu-
late

I+1N\2, 041

1 1 S 3
t~ (14 1)1 eXP<_ l-i-l(log[nil] S%>2>7

I+1 I+1. l+1
T(s) =2 ; log s log s ‘t:t(s)

1
1 s 2
ex T\
1 )l*% P (l+1 (log["*l] s% ) )

5
I+1 s 3
(log[”*ll 53 )

se, s¢ —mo — 1 ~ (log [€])*1og™ |¢],

)

~ 2(z+1)(

7(s¢), T(s¢ —mo — 1)
~ log |¢[(log!! €)% (1og™ T (10g ¢l (tog )} ) )*
1 log ¢ (log™" ¢)2 )

[+ 1 (log~ " (log [¢] (log™ [¢])%)) %

Since &, — 00 as m — oo the conclusion still holds. The proof of our theorem
is complete.

X exp(

Remark 3.9 We are able to construct in (3.1) coefficients for which the cor-
responding Cauchy problem is not C* (H*) well-posed. It seems to be a
challenge to apply Floquet theory to check optimality of conditions for finite
loss or arbitrary small loss. The question for the finite loss will be discussed
in the next section.

Remark 3.10 If we choose A(t) = exp(—t~%), a > 0, then due to Theorem
3.1 the Cauchy problems

a 1 1
uy — e (2 + cos (tg—a log[”_l] ﬁ))um =0,

u(0,2) = uo(x), u(0,z) =u1(z), n>1,

are not C*>° (H™ ) well-posed. This improves the result from [15] which is cited
in the Introduction.

If we choose A(t) = t', 1 >0, then due to Theorem 3.1 the Cauchy problems

wgy — 2 (2 + sin <<log %)2 (log["} %)))um =0,

uw(0,2) = up(x), ue(0,z) =uy(z), n>1,
are not C* (H* ) well-posed.
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4 Optimality of conditions for finite loss of regularity

Let us treat the weakly hyperbolic Cauchy problem (b(t) = 1 in Proposition
1.6)

A2(t)
A(t)

Upp — Az(t)um —a uy =0, u(0,2) = ugp(x), u(0,2) = ui(x).
Comparing Proposition 1.6 with the statements from Proposition 1.1 and
Theorem 1.4 shows that we are able to describe for some examples of functions
A = A(t) in an optimal way the influence of degeneracies in coefficients at
t = 0 on the loss of reqularity. For these examples we understand under which
assumptions to a the finite loss really appears.

In this section we are interested in the influence of the oscillating parts,
thus we restrict ourselves to (3.1). If we set n = 0 in (3.1), then the assump-
tions of Proposition 1.6 are satisfied with v(¢) = log ﬁ, consequently, we
have at most a finite loss of regularity. In this section we want to explain that
we also have at least a finite loss of regularity; this means that the finite loss
of regularity really appears.

We follow a strategy that was proposed in [6]. There the model under
consideration has been with k£ € N:

n

Upp — Z aij(kt)ug,o; =0, u(0,7) = up(x), u(0,7) = uy (),

ij=1
under the following assumptions:

1. The coefficients a;; = a;;(t) are nonconstant, 1-periodic and belong to
Llloc(RJr)a

n
2. > a;j(t)€;€; > 0 (weak hyperbolicity assumption).
ij=1

The authors proved that for any § > 0 there exist two analytic initial data wug
and u; such that the sequence {uy(t,-)} is unbounded in D’(R"™) for any ¢t > 4.
This result shows that if a positive integer parameter k (homogenization in t)
produces a family of faster and faster oscillating coefficients, the solutions may
show a uniformly unstable behavior in a certain sense, although for every fixed
k the Cauchy problem is well-posed in the analytic frame with respect to the
spatial variables.

Probably inspired by this result the authors used in [3] an instability ar-
gument to show for a strictly hyperbolic Cauchy problem with low regular
time-dependent coefficients (A =1 in (3.1) or (4.1)) that the finite loss really
appears. There the family of coefficients {by} is constructed by choosing a
fized periodic coefficient b = b(t) from [5] and by including into this coefficient
the idea of homogenization.
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In the following we generalize the ideas to construct counterexamples from
[3] to the present weakly hyperbolic situation by including a pure Floquet effect.
A pure Floquet effect means that on the one hand we want to construct a
family of coefficients for an arbitrary given 1-periodic, positive, nonconstant
and smooth function b = b(t) and on the other hand the proof bases on the
following lemma which we obtain by repeating the approach of Section 2 from
[14].

Lemma 4.1 Let b = b(t) be a 1l-periodic function which is positive, non-
constant, smooth, but constant in a small neighborhood of 0. Let us consider
the Cauchy problem

Upp — bZ(t)um =0, u(0,z) = exp(izf), u(0,z) =0,

where the positive real §2 belongs to an interval of instability for the coefficient
b2(t). Then there exists a unique solution u = u(t,z) = exp(iz)w(t), where
w satisfies the asymptotic relation |w(M)| ~ |uo|™ for all sufficiently large
M e N.

Let us consider the family of weakly hyperbolic Cauchy problems

Uy — N2 ()02 (D) tpe = 0, ulty, ) = uop(x), u(te, ) = ux(z), tr € [0,7T].
(4.1)
It is clear that Proposition 1.6 yields the following corollary:

Corollary 4.2 Let us consider the family of Cauchy problems (4.1) under

the assumption that the coefficients \(t) and b(t) satisfy the conditions of

Proposition 1.6 with constants which are independent of k, ty,, and with v(t) =
N

log ﬁ Ifupr € H*, u1 € (A_l(m))_le, N is a fized large positive

constant, then there are unique solutions uy belonging to
O([0,T), (D)= H*) n CH([0,T), (D) = H*),
where the positive constant Cy, is independent of k and ty,.

In the following theorem we will prove that we have at least a finite loss
of regularity, too. We will prove the statement only for the infinite degenerate
case, for the finite degenerate case see Remark 4.5.

Theorem 4.3 Under the assumptions of Proposition 1.6 and the additional

assumption % = o(t) there exists to an arbitrary given I-periodic, pos-
itive, nonconstant and smooth function b = b(t) a family of coefficients

{br, = br(t) }1r satisfying the conditions of Proposition 1.6 with constants which
are independent of k, there exists a family of data {uor = wor(x), w1k =

uy k() }r belonging to H*(R) x (A~Y( IL];L\ ))"LH*(R) and which are prescribed
ont = t;l), and, finally, there exist two zero sequences {tg)}k, {t,(f)}k such

that the following estimates hold for the sequence of solutions {ug}y:
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2 1
(8 Mazo-ro gy > Cllun (@)oo
where the positive constant pg is independent of k and where sup;, Ci = 00.
Proof. Step 1:  Auziliary sequences

For the approach we need several sequences of parameters:

e (A1) sequences {ty}r, {pi}k, and {dx}x tending to O,
e (A2) asequence {hg}; tending to oo.

We introduce two other sequences {¢} } and {t}}; which are defined by ¢} =
tr + p, and t] = ti — p,. Finally, we define three sequences of intervals

{Ii}k, {1} }x and {I}/}1. by

To guarantee that Iy, I}, I}/ are contained in (0,7 we assume
e (A3) p, =o(tg) for k — co.
Step 2:  Construction of a family of coefficients

Therefore we need an increasing function p € C*°(R) which is defined by

_ O,’JJE(*OO,*l],
Hw) = {1, T € [%,—Foo)is

Now we are at the position to introduce the family of coefficients {ar = a(t) }
which is defined by

(), te [0,T]\ (I, Ul ull);
(5kb2(hk(t—tk)), tGIk;

Okb(0)2(1 — p(=5)) + N2 (D)u(E), t € 1

Okb(0)*u( 1) + N2 (1) (1 — p(E5), e 1.

Taking into account the definition of b the parameters hy and p;, should satisfy
the assumption

o (A4) % eN.

To have a connection to the structure of the coefficient from Proposition 1.6
we introduce the family {by = by (t)}r of oscillating parts of {ay}i by
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1, te [0, 7]\ (I}, Ul U L)

X%(t)(skbz(hk(t—tk)), te Ik;

S ORb(0)2(1 = pu(515)) 4 (5

/.
o) eI

T ORb0)2u(S5) + (1= p(Sh), te 1y

Step 3:  Concrete choice of parameters

We choose the sequences of parameters as
B A(tk) —17 -1
o= A eR) o= |(5g5) |
k (exp(=k)), P i)

(
A(
/1(?;;} [10% A(ik)}’

5k = \t) "2, by = 2[

where [a] denotes the integer part of a. It is clear that these sequences satisfy
the assumptions (A1), (A2), (A4) and together with the assumption of the
theorem the condition (A3). Moreover, we suppose

. A Aty
° (A5) d() < lIlfk; )\(t%_"_kp)%c) < Supyg )\(t%—:‘%) < dl

with positive constants dy and d;.
Example 4.4 We give some functions A satisfying (A5). If

11 ol
_exp T,

At) = %exp ( — expl™ 1) = 1 exp ( — expl™ %) expl” ;

t t2

then A(t) = exp (—exp[”] %), and A71(s) = W, According to our choice

1
tpy=A"" (exp(— expl™ k)) = — with k € NT,

k
TA(y) 1 t2 B 1
Pr™ % Atr)  2expln exp  2k2expllk---expk’
Consequently, limy_, o % = 1. Note that when n = 0, it is Aleksan-
c—2Fk

drian’s example.
Step 4:  Properties of by,

Now we will check that the coefficients by satisfy all the assumptions from
Proposition 1.6. The assumption (A5) implies that



Instability Behavior and Loss of Regularity 197

0<by < inf by(t) < sup bi(t) < b < oo,
t€[0,7] te[0,7T)

where the constants by and by are independent of k.
Straightforward calculations yield in the intervals Iy, I;, and I} represen-
tations for by, b}, and bY.

Taking account of the assumptions (A1) to (A5) for A, in particular from
(A5) we conclude A(t) ~ A(ty) on Iy, and by the choice of parameters from
step 3 we are able to conclude on I U I; U I}/ that

(0] = Co tor g (0] < (5 108 )

where the constant C' is independent of k.
Step 5:  Concrete choice of data

Let x = x(r) € [0,1] be a cut-off function from C§°(R), where y = 1 for
|r] <1 and x =0 for |r| > 2. Then we choose for large k the following data:

. hy T
uok(x) =exp (i—=z& ) x| ——==), wrx)=0 forallzeR,
(G o)
where 5
/ 1 -1
P =215~ Aty) 1 :
LA (6) (1o A(tk))

Then for s > 0 the norm |lug x|/ z+® can be estimated in the following way:

o sl s @ < C((\/h(%) n (A(tk)lolg/‘(ltk))s + 1) (1og ﬁ) VP (42)

Step 6:  Auziliary Cauchy problems on Iy,

Now let us study the family of Cauchy problems
Upp — 5kbz(hk(t — i) Uz =0, u(ty,z) =uor(z), u(ty,z) =0, t € I}.

Later we are interested in the unique solution uj = uy(t; + %’“, x) on the set
{|]z| < Py}. Let us determine the domain of dependence of the solutions u on
t =t + 2= over the set {|z| < P} with respect to the datum given on ¢ = ;.
If z is taken on ¢ = ¢, + % from {|z| < Py}, then the solution u(t,+ %, x) will
be influenced by the datum on the set {|z| < Py +O(@)}. Using p,v/0r =
O(A(ty)) and P, = A(tg)(log m)_l we have to take into consideration the
datum on the set {|z| < O(log(ﬁ)Pk)}. Using the structure of ug ;, we have

ug, k() = exp (i%xﬁ) on this set.
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We apply the transformation s = hy(t — tg), v(s, z) := u(t, x), thus

Ok

i hipy, hkpk}
hi

b2(s)vm =0, v(0,z)=ugk(z), vs(0,2)=0, s€ [_T’ -5

Using Lemma 4.1 we have a unique solution in the form uy (s, x) = ug x(x)w(s),
where w = w(s) satisfies

hipy, hkpk}

w"(s) + €202 (s)w(s) = 0, w(0) =1, w'(0) =0, s [— Pk, 2

and where ¢ is chosen as in Lemma 4.1. By Lemma 4.1 and after transforming
back we arrive at

Uk (tk + &,x) = exp (zﬂxf)w(w), ug (tg, ©) = exp (iﬂsr,{)w(O),

2 e 2 e
DMLY | g 5
where ‘w( 5 ) | o] .

Step 7: At least a finite loss

Let us determine the norm [Jug (tx 4 5, )|l zro—ro ({jz|<ppp)- It holds

Pr hg \s—Po [
|k (s + bR M es=v0 ({la|<P}) ~ ((\/TTC) + 1) vV Pilugl 2. (4.3)
From . )
hi.py ~ log A~ log \/7(% ~ log(Dy),

(4.2) and (4.3) we get with a sufficiently small py depending on log || the
estimate
2 2 1
k(B M=o @ > Nkt Vs qrar<ry) = CrlluB )=

where sup; Cx = 00. From here, we know that the finite loss of regularity
really appears.

Remark 4.5 The finite degenerate case (without necessity of the condition

% = o(t)) can be discussed in the same way. We choose the sequences

{pehe = {2709, {tehe = {27F e, {Onte = {N2(tk) = 272}, {x =
32k2% 1.

5 Concluding remarks

There exist several open problems which we want to describe in this section.
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Remark 5.1 Let us consider

Uy — N2 (8)0% () g — a);l((;)) uy =0, u(0,2) = up(x), u(0,2) = ui(x).

As far as the authors know the following problems seem to be open:

1. Let us set a = 0. Find examples for the coefficient \(t)b(t) (with an os-
cillating part) yielding as precise loss a finite loss of regularity for the
corresponding Cauchy problem.

2. Prove by using the Floquet effect and instability argument that an arbitrary
small loss really appears. In particular it is interesting to observe that for
a suitable family {bg}r we have with a = 0 that an arbitrary small loss
appears, but if we choose a # 0, then a finite loss may appear.

3. If b = 1, then one should understand under which assumptions to the
constant a the finite loss really appears.

Remark 5.2 In a forthcoming note we will apply our approach to understand
the optimality of assumptions to describe a blow-up of energy at oo with a
certain blow-up rate in wave models, a recent research topic, was initiated in
the papers [4], [8] and [13].
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Summary. In this article we consider variable coefficient, time-dependent wave
equations in exterior domains R x (R™ \ §2), n > 3. We prove localized energy
estimates if {2 is star-shaped, and global in time Strichartz estimates if {2 is strictly
convex.
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1 Introduction

Our goal, in this article, is to prove analogs of the well-known Strichartz
estimates and localized energy estimates for variable coefficient wave equations
in exterior domains. We consider long-range perturbations of the flat metric,
and we take the obstacle to be star-shaped. The localized energy estimates
are obtained under a smallness assumption for the long-range perturbation.
Global-in-time Strichartz estimates are then proved assuming the local-in-time
Strichartz estimates, which are known to hold for strictly convex obstacles.

For the constant coefficient wave equation 0 = 92 — A in R x R?, n > 2,
we have that solutions to the Cauchy problem

Ou=f, u(0)=wuo, hu(0)=mu, (1.1)
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satisfy the Strichartz estimates!

|Do| 4 Vullor zor S [Vu(0)]]z2 + | DD

’ A
LP2 L<12 I

for Strichartz admissible exponents (p;,p1,q1) and (ps, p2, g2). Here, expo-
nents (p, p, q) are called Strichartz admissible if 2 < p, ¢ < oo,

and (p,p,q) # (1,2,00) when n = 3.

The Strichartz estimates follow via a T7T* argument and the Hardy—
Littlewood—Sobolev inequality from the dispersive estimates,

_ntl_ 2 _n-1l01_2
Do~ @ Vut) e S 777 T un |, 2<g <00

for solutions to (1.1) with ug = 0, f = 0. This in turn is obtained by inter-
polating between an L? — L? energy estimate and an L' — L dispersive
bound which provides O(t*("*l)/ 2) type decay. Estimates of this form origi-

nated in the work [25], and as stated are the culmination of several subsequent
2(n—1)
n—3

works. The endpoint estimate (p, q) = (2, ) was most recently obtained

in [8], and we refer the interested reader to the references therein for a more
complete history.

The second estimate which shall be explored is the localized energy esti-
mate, a version of which states

sup ||<$>_1/2VU||L2(RX{\z|e[21—1,2.7]})
J

(1.2)
SIVu(0) iz + > ) 20ul| L2 mx glojefze-1,24p)
k

in the constant coefficient case. These estimates can be proved using a positive
commutator argument with a multiplier which is roughly of the form f(r)0,
when n > 3 and are quite akin to the bounds found in, e.g., [16], [24], [9], [20],
[7], and [23]. See also [1], [12], [13] for certain estimates for small perturbations
of the d’Alembertian.

Variants of these estimates for constant coefficient wave equations are also
known in exterior domains. Here, u is replaced by a solution to

Ou=F, ulop =0, u(0)=uy, u(0)=mu1, (tz)€RxR"\1?

where (2 is a bounded set with smooth boundary. The localized energy es-
timates have played a key role in proving a number of long time existence
results for nonlinear wave equations in exterior domains. See, e.g., [7] and

'Here and throughout, we shall use V to denote a space-time gradient unless
otherwise specified with subscripts.



Decay Estimates for Variable Coefficient Wave Equations 203

[11, 12] for their proof and application. Here, it is convenient to assume that
the obstacle (2 is star-shaped, though certain estimates are known (see e.g.
[11], [3]) in more general settings. Exterior to star-shaped obstacles, the esti-
mates for small perturbations of O continue to hold (see [11]). This, however,
only works for n > 3, and the bound which results is not strong enough in
order to prove the Strichartz estimates which we desire. As such, we shall,
in the sequel, couple this bound with certain frequency localized versions of
the estimate in order to prove the Strichartz estimates. For time-independent
perturbations, one may permit more general geometries. See, e.g., [3].

Certain global-in-time Strichartz estimates are also known in exterior do-
mains, but, except for certain very special cases (see [4], [2], which are closely
based on [21]), require that the obstacle be strictly convex. Local-in-time es-
timates were shown in [19] for convex obstacles, and using these estimates,
global estimates were constructed in [20] for n odd and [3] and [14] for general
n. See also [6].

In the present article, we explore variable coefficient cases of these esti-
mates. Here, O is replaced by the second order hyperbolic operator

P(t,z,D) = D;a"” (t,z)D; + b'(t,z)D; + c(t, x),

where Dy = D, is understood. We assume that (a%) has signature (n, 1) and
that a®® < 0, i.e., that time slices are space-like. We shall then consider the
initial value boundary value problem

Pu=f, ulgn=0, u(0)=wup, u(0)=wus, (t,z)€eRxR"\2. (1.3)

When {2 = ) and b* = ¢ = 0, the problem of proving Strichatz estimates
is understood locally, and of course, localized energy estimates are trivial
locally-in-time. For smooth coefficients, Strichartz estimates were first proved
in [15] using Fourier integral operators. Using a wave packet decomposition,
Strichartz estimates were obtained in [17] for C*! coefficients in spatial di-
mensions n = 2,3. Using instead an approach based on the FBI transform,
these estimates were extended to all dimensions in [27, 28, 29]. For rougher
coefficients, the Strichartz estimates as stated above are lost (see [18], [22])
and only certain estimates with losses are available [28, 29]. When the bound-
ary is nonempty, far less is known, and we can only refer to the results of
[19] for smooth time independent coefficients, b* = ¢ = 0, and (2 strictly
geodesically convex. The proof of these estimates is quite involved and uses a
Melrose—Taylor parametrix to approximate the reflected solution.

For the boundaryless problem, global-in-time localized energy estimates
and Strichartz estimates were recently shown in [13] for small, C?, long-range
perturbations. The former follow from a positive commutator argument with
a multiplier which is akin to what we present in the sequel. For the latter, an
outgoing parametrix is constructed using a time-dependent FBI transform in a
fashion which is reminiscent to that of the preceding work [26] on Schrédinger
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equations. Upon conjugating the half-wave equation by the FBI transform,
one obtains a degenerate parabolic equation due to a nontrivial second-order
term in the asymptotic expansion. Here, the bounds from [26], which are
based on the maximum principle, may be cited. The errors in this parametrix
construction are small in the localized energy spaces, which again are similar
to those below, and it is shown that the global Strichartz estimates follow
from the localized energy estimates.

The aim of the present article is to combine the approach of [13] with
analogs of those from [20], [3], and [14] to show that global-in-time Strichartz
estimates in exterior domains follow from the localized energy estimates and
local-in-time Strichartz estimates for the boundary value problem. As we shall
show the localized energy estimates for small perturbations outside of star-
shaped obstacles, the global Strichartz estimates shall then follow for convex
obstacles from the estimates of [19].

Let us now more precisely describe our assumptions. We shall look at
certain long-range perturbations of Minkowski space. To state this, we set

Do={lz| <2}, D;={2 <l|a| <2}, j=1.2..
and '
Aj:RXDj, A<J:RX{|ZE|S2]}
We shall then assume that

sup ()2 V2al(t,x)| + (2)|Valt,z)| + |a(t,z) — [,| <e  (1.4)

JeN AiNRXR™M Q)

and, for the lower order terms,

sup ()bt )| + (@) bit, @) < e, (1.5)
Sen AINRXR™MD)
sup (x)2|c(t, )| < e. (1.6)
SN ANRXR™\2)

If ¢ is small enough, then (1.4) precludes the existence of trapped rays, while
for arbitrary € it restricts the trapped rays to finitely many dyadic regions.

We now define the localized energy spaces that we shall use. We begin
with an initial choice which is convenient for the local energy estimates but
not so much for the Strichartz estimates. Precisely, we define the localized
energy space LEj as

lellLe, = Slig(?_j/2\|V50||L2(Ajm(Ran\Q)) + 2_3j/2||‘p||L2(Ajﬂ(R><]R"\!2)))7
12

while for the forcing term we set
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Hf”LEg = Z 2k/2||fHL2(Akm(R><R"\Q))~
k>0

The local energy bounds in these spaces shall follow from the arguments
in [12].
On the other hand, for the Strichartz estimates, we shall introduce fre-

quency localized spaces as in [13], as well as the earlier work [26]. We use a
Littlewood—Paley decomposition in frequency,

1= ) SiD), suppsp(€) C {271 <[¢] < 2"}

k=—o0

and for each k € Z, we use

lellx, =27% llellzza_, ) + sup |||9U|_1/2<PHL2(Aj)
<k i>k
k-

to measure functions of frequency 2. Here k= = ‘klg kWe then define the
global norm

o0

lelk = > ISkel,-
k=—o0

Then for the local energy norm we use

lell .. = IVelk-

For the inhomogeneous term we introduce the dual space Y = X’ with norm
defined by

oo

£ = > 1Skf1% -

k=—o0

To relate these spaces to the LEy respectively LE; we use Hardy-type
inequalities which are summarized in the following proposition:

Proposition 1.1 We have

sup ||| /2

J

ullecayy S llullx (1.7)

and
lully £ MV ?ullL2a,)- (1.8)
J

In addition,

2l elze S IVaplx, n=4. (1.9)
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The first bound (1.7) is a variant of a Hardy inequality, see [13, (16), Lemma
1], and also [26]. The second (1.8) is its dual. The bound (1.9), proved in [13,
Lemma 1], fails in dimension three.

Now we turn our attention to the obstacle problem. For R fixed so that
2 C {|z] < R}, we select a smooth cutoff x with x = 1 for |z| < 2R and
supp x C {|z|] < 4R}. We shall use x to partition the analysis into a portion
near the obstacle and a portion away from the obstacle. In particular, we
define the localized energy space LE C LEj as

lelZe = llelie, + 10 - X)¢lis.-

For the forcing term, we will respectively construct LE* D LEj by

IF g = IXflTe; + 1A =X)fIF,  n>4
0

This choice is no longer appropriate in dimension n = 3, as otherwise the local
L? control of the solution is lost. Instead we simply set

IfIZe- = Ifl1E;,  n=3

Using these space, we now define what it means for a solution to satisfy
our stronger localized energy estimates.

Definition 1.1 We say that the operator P satisfies the localized energy es-
timates if for each initial data (ugp,u1) € H' x L? and each inhomogeneous
term f € LE*, there exists a unique solution u to (1.3) with w € LE which
satisfies the bound

S IVu(0)|[z2 + [ fllLe-- (1.10)

fulles + | 2]
g |2
LE ovllLz(00)

We prove that the localized energy estimates hold under the assumption
that P is a small perturbation of the d’Alembertian:

Theorem 1.1 Let 2 be a star-shaped domain. Assume that the coefficients
a, b, and c satisfy (1.4), (1.5), and (1.6) with an & which is sufficiently
small. Then the operator P satisfies the localized energy estimates globally-in-
time for n > 3.

These results correspond to the s = 0 results of [13]. Some more general
results are also available by permitting s # 0, but for simplicity we shall not
provide these details.

Once we have the local energy estimates, the next step is to prove
the Strichartz estimates. To do so, we shall assume that the corresponding
Strichartz estimate holds locally-in-time.
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Definition 1.2 For a given operator P and domain §2, we say that the local
Strichartz estimate holds if

IVull|p,jes Loy Lo (0,1 xrm\2) S |Vu(0)||z2 + Hf”‘Dz|—p2LP/2L‘?f'z([0,1]><R"\Q)
(1.11)
for any solution u to (1.3).

As mentioned previously, (1.11) is only known under some fairly restrictive
hypotheses. We show a conditional result which says that the global-in-time
Strichartz estimates follow from the local-in-time estimates as well as the
localized energy estimates.

Theorem 1.2 Let 2 be a domain such that P satisfies both the localized
energy estimates and the local Strichartz estimate. Let a* bt c satisfy (1.4),
(1.5), and (1.6). Let (p1,p1,q1) and (py,p2,q2) be two Strichartz pairs. Then
the solution u to (1.3) satisfies

IVullip, oy o o S NVW(O)lzz + 171 5 -0n o5 o5 (1.12)

Notice that this conditional result does not require the € in (1.4), (1.5), and
(1.6) to be small. We do, however, require this for our proof of the localized
energy estimates which are assumed in Theorem 1.2.

As an example of an immediate corollary of the localized energy estimates
of Theorem 1.1 and the local Strichartz estimates of [19], we have:

Corollary 1.1 Let n > 3, and let {2 be a strictly conver domain. Assume
that the coefficients o™, b*, and c are time-independent in a neighborhood of
2 and satisfy (1.4), (1.5), and (1.6) with an & which is sufficiently small. Let
(p1,01,q1) and (py,p2,q2) be two Strichartz pairs which satisfy

(" )G-7) 2-FG-2)
P 2 2 @/ P 2 2 g/

Then the solution u to (1.3) satisfies

IVullip, oo o S IVa(O)lze + 171 b -z poh o (1.13)

This paper is organized as follows. In the next section, we prove the local-
ized energy estimates for small perturbations of the d’Alembertian exterior
to a star-shaped obstacle. In the last section, we prove Theorem 1.2 which
says that global-in-time Strichartz estimates follow from the localized energy
estimates as well as the local Strichartz estimates.
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2 The localized energy estimates

In this section, we shall prove Theorem 1.1.

By combining the inclusions LE C LEy, LEj C LE* and the bounds
(1.9), (1.5), and (1.6), one can easily prove the following which permits us to
treat the lower order terms perturbatively. See also [13, Lemma 3].

Proposition 2.1 Let b, ¢ be as in (1.5) and (1.6), respectively. Then,
[6Vull e~ S ellullLe, (2.1)

leulloe < ellull e (2.2)

We now look at the proof of the localized energy estimates. Due to Propo-
sition 2.1 we can assume that b = 0,¢ = 0. To prove the theorems, we use
positive commutator arguments. We first do the analysis separately in the two
regions.

2.1 Analysis near {2 and classical Morawetz-type estimates

Here we sketch the proof from [12] which gives an estimate which is similar to
(1.2) for small perturbations of the d’Alembertian. This estimate shall allow
us to gain control of the solution near the boundary. It also permits local L2
control of the solution, not just the gradient in three dimensions. The latter
is necessary as the required Hardy inequality which can be utilized in higher
dimensions corresponds to a false endpoint estimate in three dimensions.

The main estimate is the following:
Proposition 2.2 Let 2 be a star-shaped domain. Assume that the coefficients

a, b, and c satisfy (1.4), (1.5), and (1.6), respectively, with an & which is
sufficiently small. Suppose that ¢ satisfies P = F, plon = 0. Then

lellze, + IVellLere + 10l 200) S IVE(O)ll2 + 1| LE;- (2:3)

Proof We provide only a terse proof. The interested reader can refer to [12]
for a more detailed proof. For f = ﬁ, where p is a fixed positive constant,
we use a multiplier of the form

n—lﬂ
2

atQD + f(’r)arw +

By multiplying Py and integrating by parts, one obtains
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/ /n\n2 @ + (N2 ) o

+ %f/(r)(atﬁﬂ)Q - n; 1A(@)¢2 dxdt

3] D00 @) dodt + 1+ 0TS

S IVe(0)I + / i P 15000l [ o] s

+/0T/n\90(|arl +19a]) Vel (196l +| Z]) da at

S HVSD(O)”g + ||F||LE3(0,T)H‘PHLEO(O,T) + €||50||2LE0(0,T)-

(2.4)

Here, we have used the Hardy inequality |||z~ o]z < ||[Vell2, n > 3, as well
as (1.4).
All terms on the left are nonnegative. By direct computation, the first
term controls

071||V<P\\%2([0,T]x{|x|zp}) + 073||80||%2([0,T]x{\xm,}})-

Taking a supremum over dyadic p provides a bound for the ||¢||zzy0,7)- In
the second term we have —(x,v) = 1, which follows from the assumption that
(2 is star-shaped, and also a"v,v; 2 1 which follows from (1.4). By simply

taking p = 1, one can bound the third term on the left of (2.3) by the right
side of (2.4). Thus we obtain

lellLzoo,7) + IVO(T) Lo r2 + 1000l L2(a02)

N HVSD(O)Hg + ||FHLE5(0,T)||</9||LE0(0,T) + 5H€0||2LE0(0,T)-

The LEj terms on the right can be bootstrapped for e small which yields (2.3).

2.2 Analysis near oo and frequency localized estimates

In this section, we briefly sketch the proof from [13] for some frequency local-
ized versions of the localized energy estimates for the boundaryless equation.
The main estimate here, which is from [13], is the following.

Proposition 2.3 Suppose that a™ are as in Theorem 1.1 and b =0, ¢ = 0.
Then for each initial data (ug,u;) € H' x L? and each inhomogeneous term
f €Y NL'L2, there exists a unique solution u to the boundaryless equation
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Pu=f, u(0)=ugy, Ou(0)=1u

satisfying
IVullzoerznx S IVu(O)l|L2 + 1 fll2r o4y (2.5)

The proof here uses a multiplier of the form
Dy +60Q + 101 B.
Here the parameters are chosen so that
EKH KIK I 1.

The multiplier Q) is given by

Q= SkQkSk
k

where Q) are differential operators of the form

Qr = (Do (|2]) + ¢y (J2])2 D).

The ¢, are functions of the form

() =27" (27" ox)
where for each k the functions ¢, have the following properties:
(i) ¥(s) =~ (1+s)7! for s > 0 and |04, (s)] < (14 s)77~1 for j < 4,
(i) g (s) + s (s) = (1 + 8) " Lag(s) for s > 0,
(iii) ¥ (|z]) is localized at frequency < 1.

The «j are slowly varying functions that are related to the bounds of the
individual summands in (1.4). This construction is reminiscent of those in
[26], [10], and [13].

For the Lagrangian term B, we fix a function b satisfying

(s~ L ) < bis).

Then, we set B =Y, Sk27% b(27% z)S.

The computations, which are carried out in detail in [13], are akin to those
outlined in the previous section.
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2.3 Proof of Theorem 1.1

Consider first the three-dimensional case. For f € LE* = LEj; we can use
Proposition 2.2 to obtain

lullLe, + [IVullLer2 + [10vullL2002) S [Vu0)ll2 + (£l e

It remains to estimate ||(1 — x)u||Lg., with x as in the definition of LE. By
(2.5) we have

1A =xulle. SIVE=x)w0)|lz2 + [P = x)ullly

S AIVu(0)l[ze + IPIA = X)ulllLe; -
Finally, to bound the last term we write
P[(1 =x)u] = =[P, x]u+ (1 - X)f.
The commutator has compact spatial support; therefore
IPIA = x)ulllee; S lullee, + 1 le;

and the proof is concluded.

Consider now higher dimensions n > 4. For fixed f € LE*, we first solve
the boundaryless problem

Pux =(1—x)f €Y, Uoo(0) = 0, Quse(0) =0

using Proposition 2.3. We consider x ., which is identically 1 in a neighborhood

of infinity and vanishes on supp x. For the function x. . we use the Hardy
inequalities in Proposition 1.1 to write

[XootoollLE 2 [[V(Xootioo) [ x S [Vucollx S 111 = Xoo) flly-

The remaining part 1) = u — ¥ U Solves

therefore

1PYllLe: S IfllLe + lucolloe, S 1 flloes + [ Vusollx S I fllLe--

Then we estimate ¥ as in the three dimensional case. The proof is concluded.
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3 The Strichartz estimates

In this final section, we prove Theorem 1.2, the global Strichartz estimates.
We use fairly standard arguments to accomplish this. In a compact region
about the obstacle, we prove the global estimates using the local Strichartz
estimates and the localized energy estimates. Near infinity, we use [13]. The
two regions can then be glued together using the localized energy estimates.

We shall utilize the following two propositions. The first gives the result
when the forcing term is in the dual localized energy space.

Proposition 3.1 Let (p,p,q) be a Strichartz pair. Let {2 be a domain such
that P satisfies both the localized energy estimates and the homogeneous local
Strichartz estimate with exponents (p,p,q). Then for each ¢ € LE with Py €
LE*, we have

D=1~V ellZo e S IVR(O0)IZ: + lele + 1Pl 5-- (3.1)

The second proposition allows us to gain control when the forcing term is
in a dual Strichartz space.

Proposition 3.2 Let (py,p1,q1) and (ps, p2,q2) be Strichartz pairs. Let {2
be a domain such that P satisfies both the localized energy estimates and the
local Strichartz estimate with exponents (py,p1,q1), (P, P2, q2). Then there is
a parametric K for P with

IVEflZoer2 + 1K flli g + N1 Dal ™ VE flI Lo v S WDl f12,, 0 (3:2)

and
IPKf — fllLes S Dzl fll oy pas - (3.3)

We briefly delay the proofs and first apply the propositions to prove The-
orem 1.2.

Proof (Proof of Theorem 1.2) For
Pu=f+g, [€|D,| P2LP2L%, ge LE*
we write
u=Kf+w.
The bound for VK f follows immediately from (3.2).
To bound v, we note that
Pv=(1-PK)f+g.
Applying (3.1) and the localized energy estimate, we have
[[De| "1 VolLeipan S [VuO)llpz +[IVE fllpe 2+ (1= PK) flle~ + g/l e~
The Strichartz estimates (1.12) then follow from (3.2) and (3.3).
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Proof (Proof of Proposition 3.1) We assume Py € Y, and we write

p=xp+(1-x)p
with x as in the definition of the LE norm. Since, using (1.8), the fundamental
theorem of calculus, and (1.7), we have

1P Xlellee S llellce,

it suffices to show the estimate for p; = xp, 5 = (1 — x) separately.

To show (3.1) for ¢;, we need only assume that ¢, and Py, are compactly
supported, and we write

b1 = Zﬂ(f = J)e1
jez

for an appropriately chosen, smooth, compactly supported function 8. By
commuting P and (¢t — j), we easily obtain

DB =Deilie +IPBE = De)liie S lleilie + 1Peillis--
jEN

Here, as above, we have also used (1.8), the fundamental theorem of calcu-
lus, and (1.7). Applying the homogeneous local Strichartz estimate to each
piece B(t — j)¢; and using Duhamel’s formula, the bound (3.1) for ¢, follows
immediately from the square summability above.

On the other hand, ¢, solves a boundaryless equation, and the estimate
(3.1) is just a restatement of [13, Theorem 7] with s = 0. This follows directly
when n > 4 and easily from (1.8) when n = 3.

Proof (Proof of Proposition 3.2) We split f in a fashion similar to the above:
f=xf+0=x)f=h+f
For fi, we write
fr=>_Bt—ih
J
where (3 is supported in [—1,1]. Let ¢, be the solution to
Pip; =Bt —j)f1
By the local Strichartz estimate, we have
1D~ Nl Lor Lav (1) + IVl Lo 2y S NBE = D2l fill g o

where Ej = [j — 2,7 + 2] x ({|z]| < 2} NR™\#2). Letting 3(t — j,7) be a cutoff
which is supported in E; and is identically one on the support of 5(t — j)x,
set ; = B(t — j,7);. Then,
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D21V ojllLeLar + [[Vepyllperz S N8 = DIDel? fill oy oy (3-4)

Moreover, R
Png _ﬁ(t_])fl = [Pvﬂ(t_ja’r)]wja
and thus,
[Po; =Bt —=3)fillez S NB(E =)Dl fill Log pop - (3.5)
Setting

Kfi=> o,
J

and summing the bounds (3.4) and (3.5) yields the desired result for f;.
For f5, we solve the boundaryless equation

Py = fo.

For a second cutoff ¥ which is 1 on the support of 1 — x and vanishes for
{r < R}, we set

Kfy =x1.

The following lemma, which is in essence from [13, Theorem 6], applied to v
then easily yields the desired bounds.

Lemma 3.1 Let f € |D,| 72LP2L%. Then the forward solution 1 to the
boundaryless equation Py = [ satisfies the bound

IV 2 + 10125 + 11Dl ™" VllTos por SWDalf17,, - (3:6)

It remains to prove the lemma. From [13, Theorem 6], we have that

IV % + 11Dal =1Vl Lo ar S Dol £12 4, o - (3.7)

By (1.7) we have _
SL;ISTJ/QIIVMILQ(A,J S VY.
J>

It remains only to show the uniform bound

_35
272 lle2cay) S WDl Fll Loy (3.8)

when n = 3. Let H(t, s) be the forward fundamental solution to P. Then

vy = [ HE9f )

Therefore (3.8) can be rewritten as
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_ 3
27z S D72 £l

L2(A;)

/ /.
LP2 L2

/ ; H(t,5)f(5)ds

Since pj, < 2 for Strichartz pairs in n = 3, by the Christ-Kiselev lemma [5] (see
also [20]) it suffices to show that

2= / H(t,s)f(s)ds S Dz £l
—0 L2(A;j)

(3.9)

’ 7,
LP2 L%

The function

(o)
P (t) = / H(t,s)f(s)ds
solves Py, = 0, and from (3.7) we have
IVillpee 2 S 1Dl fll Los s -

On the other hand, from (2.3) with Py, = 0 and Q = (J, we obtain

_3J
272 [yl Lz (ay) S IV41(0)]5.

Hence (3.9) follows, and the proof is concluded.
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Summary. We give an example of second-order hyperbolic operator for which the
Cauchy problem is not Gevrey 6 well-posed for any lower order term. This phe-
nomenon is caused by the existence of a null bicharacteristic landing on the double
characteristic manifold. We also give an example of second-order hyperbolic opera-
tor for which the Cauchy problem is Gevrey 4 well-posed for any lower order term
but not Gevrey s well-posed for s > 4 with some lower order term.
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1 Introduction

Let us consider
p(x, D) = =D + 221Dy Dy + D? + 23 D32 (1.1)
in R3. The double characteristic manifold is given by
Y={=0,21=0,§ =0}, & #0.

A null bicharacteristic is an integral curve of the Hamilton system
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= )
;__Op

on which p(z,{) vanishes. Let p € X and consider the linearization of the
Hamilton system at p

X = Fp(p)X’ X = (.23,5)

where
Ty 2P
oroc " ocoe'
Fp(p) = 2 2
0“p o“p

~ 9205 ") " 9eor )

We note that p(z, D) is a model operator of noneffectively hyperbolic operator,
that is, Sp(Fp(p)) C iR, p € X such that

Keng(p) N ImFg(p) #{0}, peX (1.2)

where Sp(F},) denotes the spectrum of Fj,. A main feature of this operator is
the existence of a null bicharacteristic

g y
To= =T m =g =0, & = 3 &, = constant # 0

(parametrized by xo ) tangent to X' when xg — 0. Then we have

Theorem 1.1 The Cauchy problem for P(x,D) = p(x,D) + Z?:o b;D; is
not locally solvable at the origin in Gevrey class of order s > 6 for any by, b1,
by, € C.

To prove this result we recall

Proposition 1.2 ([1]) The Cauchy problem for P(x, D)=p(z, D)"‘Z;:o b;D;
s not locally solvable in Gevrey class of order s > 5 for any by, by € C.

Thus in order to prove Theorem 1.1 we may assume that by # 0. Moreover,
making a change of coordinates; xo — —x2 if necessary, we may assume that
by € C\R™. In Section 2, following [2], [4] we construct an asymptotic solution
U, to PUy = 0 which contradicts the a priori estimate, derived in Section 4,
when A — oo and hence finally proves Theorem 1.1.

The same reasoning can be applied to the operator
p(x, D) = —D§ + 221Dy D3 + D} (1.3)

to get
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Proposition 1.3 Assume that by # 0. Then the Cauchy problem for p(xz, D)+
Z?:O b;D; is not locally solvable at the origin in Gevrey class of order s > 4.

Changing 21Dy by D; in (1.3) we turn to consider
p(z, D) = =D + 2Dy Dy + 23 D3 (1.4)

where the double characteristic manifold is again X and F,(p) verifies (1.2)
while there is no null bicharacteristic landing on X~. We study the Cauchy
problem for

P(z,D)=p(z,D)+ SDy, SeC.

Then we have

Proposition 1.4 ([3]) For any S € C the Cauchy problem is Gevrey s well-
posed for any 1 < s < 4.

Note that this result was examined in [3] using the explicit formulas of the fun-
damental solution of the Cauchy problem for P. Our proof given in Section 6 is
based on energy estimates and is available for proving Gevrey 4 well-posedness
for noneffectively hyperbolic operators generalizing P. Remark that it was
also examined in [3] that if S # 0, then the Cauchy problem is not Gevrey s
well-posed for s > 4.

2 Asymptotic solution

Let us consider

P = —D¢ +221DoDs + D} + 23 D3 + 22: b;D;, b €C.
j=0
Make a change of variables;
zo=A""yo, 21 =2y, 22 ="y
so that we have
Py = A" D242\ 'y1 Do Dy + D2 + X243 D3 + by Dy + X\ "2by Dy 4+ A" bo Dy.
We switch the notation to x and set by = b so that we study

Py = —A"2D2 42X\ 'x1 Do Dy 4 D? + N2 D2 4+ bDy + A" 2by Dy + A b Dy.

Let us denote
Ey = exp (iX’zy + ido(x))



220 Tatsuo Nishitani
and compute )flE;lP)\EA which yields
ATEVIPAEy = M2210,, + ©2, + 3} + b}
+{221Dg + 20, D1 + 20190, Py, + bps, + 2050, — 100, }
AR (2, DY + A2 (2, D) + AR (2, D)
where () (z, D) are differential operators of order 2. We first assume that
Imb # 0.

Take y; small so that
b
Im— >0
2y,
and work near the point (xg,x1,x2) = (¢,y1,0) = *. We solve the equation
2210, +o2 +a+b=0 (2.1)
imposing the condition
o= (x1—y1)+i(zy —y1)*>+izrd on x="t.

Noticing ¢ = (z1 —y1) +i(x1 —y1)? +iz3 + Py (t, 1, 22) (20 — 1) + O((20 —1)%)
we conclude

Imp = (21 — y1)” + 23 + {Img,, (t,y1,0) + R(z) } (zo — t)
where R(z) = O(|z — z*|). Note that
-1-b y?

2y1 2

Puo (€7) =

and hence Imyp, (") < 0. Writing a = Img,, (z*) we have

1
Imp = (1 — y1)2 + x% +a(rg—t) + 5(5_1(950 —t)
g2 g2
+eR(x))? - — (o — t)? — ER(OC)2
2

g
= (z1 —y)* + 235 + (w0 — t)* — 53(96)2

+ {a — (? + 1) (zo — t)}(mo —t)+ %(5_1@0 —t) +eR(x))?
= |z —z*|* - E—;R(az)Q + %(571(330 —t)+eR(x))?

+{a— (5 + Deo — o — ).

Thus —Imy attains its strict maximum at * in the set {z; |z —2*| < §,z¢ < t}
if § > 0 is small enough. Let L be a compact set in R3. For ¢ € R let us denote
L' ={zx € L|xy<t}and L} ={x € L | 2o >t}. Then we have
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Lemma 2.1 Let K be a small compact neighborhood of x*. Then we have

sup {—Imp(x)} < 2lalr
zeKT

for any small 7 > 0. Let 6 > 0 be small. Then there exist ¢(6) > 0 and
7(8) > 0 such that

sup {=Imp(z)} < —c(9)
zeKTTN{|z—z*|>6}

for any T < 7(9).
Let us denote

AT'PEy = ExQx, Qx=Qo(z, D)+ Qi(x,\, D)
where

Qo(x, D) = 2$1D() + 2(»0931D1 + 2m1(pa:g<ng + b(pmg + 21’.?(&011 - ispzlzﬂ
Qi(z,\, D) = A"'hW(y, D) + A 2hP) (z, D) + A *hB) (z, D).

Let us set V), = Zﬁ;o vgn) and determine vg\n) by solving the Cauchy problem

Quta DY = 4 = ~Que ™,

o

Uf\n)(ta$17$2) :()a TLZ 1

t,Il,.Ig) = 1a

where v{™" = 0 so that Q\Vy = Q1 (x, )\,D)fug\N). Hence

AT'PyEAVy = ExQ: (2, A, D)™, (2.2)

We turn to the case
beR, b<O.

We write b = —y2, v > 0. We solve the equation (2.1) under the condition

0 = —i(xg —t) +ixs on xz; =0.

That is, one solves the equation ¢, = \/72 — a3 — 219, . It is clear that
. L1
0z, = (7 + 17) +O(z?).

One can write
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¢ = —i(zg —t) +izs + (v + 171)5E1 + R(x)

where R(x) = O(z3). Note that
Imp = —(wo — t) + a3 + 7 'af + R(z)
= (zo —t)* + 7 '2? + 23 + R(x) —|—{ 1—( J:O—t)}(xo—t)

and hence the same assertion as Lemma 2.1 holds. Noting that ¢, is different
from zero in an open neighborhood of * = (¢,0,0) we can solve the transport
equation in the x; direction. The rest of the proof is just a repetition.

3 Lemmas

To estimate E) V) constructed in the previous section we apply the methods
of majorant following [4]. Consider Qu =}, <, baD® Where we assume that
the coefficient of Dy is different from zero near x = z*.

Lemma 3.1 Let Qu = g and let

roople’l
a(r.miv) = 3 LB Droat))

Then we have

0 0
Eé(Ta Uk U) < C(Ta 77)877743(7—7 ;5 ’U) + C(Ta 77)@(7_’ Uk g)

with some holomorphic C(t,n) at (0,0) with C(T,n) > 0 which depends only
on Q.

Proof. Note that

aa (7m0 Z

On the other hand, from Qv = ¢ one sees Dyv = Z?:l
@(7,m; fg) < D(7,m; f)®(7,7; g) and hence

?(Dov)(z*)| = ®(7,m; Dyv).

¢;D;v + cou. Since
a n
5, 2(7,m;0) < C(7,m) > @(r.m; Djv) + B(7,n39)).

j=1

To conclude the assertion it is enough to note

/|7_a0n\a |—1

|O[ & *
>> > |D*(Djv)(x"),
aJ>1
|of [Toonle’I=L o/ |7Bopldl - aogla’]

al a;al - al
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Lemma 3.2 Assume Qu = g and

9 . o .
Eé (Tv 77) > C(Ta 77)377@ (Tv 77) + C(Tu 77)@(7-7 n; g)?

2*(0,m) > @(0,m;v).

Then we have
(T, m;v) < P*(7, 7).

Proof. Let @ be a solution to the Cauchy problem

9 §(r.m) = Clrom) L. m) + Cr.m)®(r.m; ),

or on
2(0,n) = ¢*(0,7).

Then it is clear that &(r,n;v) < &(7,1) < $*(1,7).

Lemma 3.3 Assume 0 < a < ka; and 0 < b < kby with some 0 < k < 1.
Then we have

O A Ul

@ (-H (-0 < (1-7-7"
Proof. The assertion (i) follows from
n., Tyn N Tn
G+ }{Z<a+a> }
_ Q z n N l m, T n+m
_Z;(bJra) (b1 <<Zk
< kaZ(g + E)".

Here we recall that if ¢(7,7n) is holomorphic in a neighborhood of {(7,7) |
[n| <b,|r| < a}, then we have

[l B

o) <(1=D7A=p7 swp [olr)

from the Cauchy’s integral formula. Assume that

Crm<- )70 DB - = - )7,
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Lemma 3.4 Assume that Qu = g and

B(0,n;v) < w (1 — %)‘", B(rmg) L1~ - %)-%MW.

We also assume that Ba/b < (1 —k) and B < (1 — k)M. Then we have

- T N\-n M
(1, m; Lwt(1-=--1 T,
(1,m;v) < Lw ( . b) e

Proof. Let us denote (L > 1)

It is easy to see by Lemma 3.3 that

oP* o0d*
T > C(T7 77)8777 + C(Ta 77)@(77 Uk g)

Then the assertion follows from Lemma 3.2.

Let us denote
n=o(r,m ")

and hence #7(0,n) =0 for n > 1 and @ (0,7) = 1. We assume that

2n k1
B(rn) < AN YW R (1= 2 - ) e (3
k=0

For n = 0 this holds clearly. Suppose that (3.1) holds for <n — 1. Let

3
9= S A7hD (@, D) | " = Qi(a, A, D)"Y

J=1

and we first show that

2n
d . ntly—n n—kpi(1— T _ My=k=1 Mrw
(T.1:9) < A™HINTY SRR (L - = )T e
k=0
As for terms c¢(x)D*u with || < 2 we have
T PCIURA S y
CL1 1

02 02 0?2
o2 " oron T o2

<c@-=-07

g ;).
al bl (T7 T]? u)



Noneffectively Hyperbolic Operators 225

We now estimate
2(n—1)
T ke
Z wn_l_kk‘!(l—*—ﬂ> k 1eM'rw
a

| 2
k=0 b

a2 " aroy T o
which is bounded by

2(n—1)
3 (R (- D Ty

a b
k=0
+2Mw"F(k + 1)lat (1 - 2 - %)_k_2
+w" R (k4 2)la 2 (1 - T %)_k_g
Mo *(k+ 1)t (1— 2 =1y
+Mw"F(k+ 1) ” b)

w7k +2)la” b (1 - g I
n—1—k 2!—2 1_Z_Q —k—3

+w (k+2)~2( . b) )

<w{M*+2Ma" " +a? +Mb " +a b7+ b7}

2n n o1
2 n—kp. - u
. OOJ k‘(l b)

up to the factor A"\ 1M Taking A so that
A>{M*+2Ma " +a 2+ Mb~" +a b7 + 072}

we conclude that

2n
& . An+1>\—n nfkk! 1— Z _ Q —k—1 M'rw.
(T,1:9) < w;w (I-=—7) e

Recalling that @%(0,7) = 0 < w™*(1 — %)_1, n > 1 for any w and applying
Lemma 3.4 we see

Lemma 3.5 We have

2n
" An-l—l)\—n n—k:k! 1— I o ﬂ —k=1 Mrw
AT < ’;w (1-—-—7)" e

for any w > 1.

Lemma 3.6 There are h > 0 and § > 0 such that

2n

hlel "
Z sup |Dav/(\ )(33)\ < Brtiy—n Zw"ikk‘!eMl“.

|
= (6% |z—z*|<6 P
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Proof. Note that
2n

77 « n ’ﬂ 777]671 w
Z—w% )| < AMHINT ;} kk'l—;—g) eMn

and hence for 0 < n < ny we have

la| 2n

2 : n ' |Da1}§\n) (1?*)| < BnJrlA—n 2 :wnfkklel\/fnow.
(0%

a k=0

This shows that

n * 2n
(n) |DQU§\ )(J} )| *\ o n+1ly—n n—kp| Miw
vy (z)] < g T\(zfx) | < B"A E W' Pkle
e} k=0

for | — x*| < ny. From the Cauchy’s inequality it follows that

2n
sup |Dav§\n) ()] < (ny/2)" 1Mt BN an_kk!eMl“’
lx—x*|<ngy/2 =0
and hence we have
h‘al 2n
Zﬁ sup ‘Da ( )| < Bn+1)\ an kk,'el\/hw
« @ |z—z*|<é k=0

for 2h < ny and 26 < 1, with a possibly different B.
Let us define
N
n=0
where N and w are chosen so that
w=4N, X=wBe"

where L will be determined later. Then we have for n < N

2n 2n
anfkk!eM1w<w elez( ) < W" elez( )
k=0

and hence

lex]
Zh— sup \Davin)(xﬂ < B Tt
T ja—ar|<s

S Bn-‘rl(B—le—L)neJWlw _ Be—Ln-{-le.
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In particular one has

S p (DM (@)] € BeHMN _ pometmatNap,

Q.
= jo—a*| <

On the other hand, we see

plel N
Z sup |DVy(z)| < Z BrtiyTneMw
n=0

= ja—ai<s

N
e 3 (BEY" < s et — gt rn
n=0 A

4 A priori estimate

In this section assuming that the Cauchy problem for P(z, D) is Gevrey s
well-posed we derive a priori estimate following [6], [4]. Let L be a compact
set in R3. Then let us denote by 'y(()s)(L) the set of all f(x) € C§°(L) such
that

|02 f(x)| < CAlN(a)®, o eN? (4.1)

with some C' > 0, A > 0. Let h > 0 be given. We denote by yés)’h(L) the set

of all f(z) € 'yés)(L) verifying (4.1) with A = h~! and some C > 0. Note that
768)’h(L) is a Banach space equipped with the norm

hlel|ge £ ()|
e (al)e

Consider
Py =P\ %x,)\7¢)

where A7z = (A" 7%xo, A" 7 21, A" 7%22) and o; > 0. Then we have:

Lemma 4.1 Assume that the Cauchy problem for P is Gevrey s well-posed
near the origin. Let W be a compact neighborhood of the origin. Then there
are ¢ >0, C' > 0 such that

iy hlel| 9% Pyul
U iy < Cexp (e(A7° /7)Y M) exp (A7/* sup ———5—
lonr < Coxp e )V exp 07 3 s TS

foranquW((f)’h(WJ), anyt >0, 7>0,any 1 < s <s,anyl <k <s

where & = max,;{o;}.
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Proof. Assume that the Cauchy problem for P is Gevrey s well-posed. Let
h > 0 and K be a compact neighborhood of the origin. From the standard
arguments it follows that there is a neighborhood of the origin D such that
for any f(z) € %g) h(KO+) there is a u € C?(D) satisfying Pu = f in D and
u = 0in zg < 0 such that

hlel|o2 f (z)|
[ulco(ry < Cza:sup W

where L C D is a fixed compact set. We may assume that K C D (see for
example [7]). Thus we have

Tl vu(z) € 75" (KD).

Let x(r) € Y¥)(R), k < s, such that x(r) = 1 for r <0, x(r) = 0 for r > 1
and set x1(zo) = x((zg — t)/7) so that

{xl(xo) =1 zy<t,

X1(z0) =0 zo>t+T.

hlel|oe P
[ulco(ry < C’Zsup 105 Pul

Let v € 'y(s) (K{) and consider y;Pu. Let v € C?(D) be a solution to
Pv = x; Pu with v = 0 for ¢y < 0. Since Pv = Pu for ¢ <t and hence

rlel|92 (x, Pu
[uloowry = [vloore) < C;SHPW'

Recall that |07, (z)] < C!8+1 (157181 and hence

|”“|8°‘ XlPu ol hlelgary, ||022 Pul
: r A1lYz
Zsu = Zsup aqlas! (al)s

o 041 Ozz
061'042 041')S Ha 2')5 !

plonl|gary hlezl|gaz py
D M e

az xo <t+‘r

Since
Cleal+1=lai|pleal

hleal|ogr y |
Zbup 7(011') < Z (ail)or

a1 a1

< Cexp (c(%)l/(siﬁ» Z(Ch)““'

a1

< Chexp (c(%)l/(s_ﬁ))
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we have

1 1/(s—k) h""\@gPu|
[ulco(rt y < Cpexp (c(;) ) z@:wos%lgﬁ )y (4.2)

Let u € 'yés)’h(W(;r). Then it is clear that u(\z) € 788)’h(K6r) for large A.
For v(z) = u(\°x) we apply the inequality (4.2) with ¢t = A\"7°¢, 7 = \~7°%
to get
A0 1/(s—k) h|“‘|6O‘Pv|
< C P PR e
S
where Pv = Pu(Az) = (Pyu)(A\°z) and hence
9 [(Pau)(\ )] = A7 (92 Pyu) (A7 ).

Thus we have

az0 ) /=) hlelr?lel|9e (Pyu) (2)|
ul : gChec( =) sup Z
CoOW?) ~ po<its (a!)s
oo \1/(s—r) || yolal| go
:Chec(k%o) sup e 0 |/8z ,(]ji%:/)(x)'
 zo<it (al)s"(al)s—
20 |1/ (=1 oyu hleljog (P
< e o sy IS (P
« IOStA*F% (OZ)

This proves the assertion.

5 Proof of Theorem 1.1

Take x(x) € 'y((f")(WOJr) such that x(z) = 1 in a neighborhood of z* supported
(s),h

in {|z —2*| <46} and 1 < K < s. Let us set Uy = E\Vax € 7" (W) and
note |Ux(z*)| = 1. Then we have from (2.2)

P\Uy = (PAEAVAX+ ) capla, NOT(EAVA)O X
la|<1,1<|B<2

= E,\leg\N)x + Z Cop (1, )OS (EXVA) 02 x.
la|<1,1<IB]<2

To estimate the right-hand side we note

Lemma 5.1 Let a = sup ¢ {—Imp(x)}. Then we have

hllogE
Z sup W10z Bl < Chexp(AY* +al).

—~ K (ah)®
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Proof. Recall that Ey = exp (iA\%zq 4 iAp(x)). Since ¢(z) is real analytic in
a neighborhood K of z*, it is not difficult to check that

Ia;leihp(m)‘ < C|o¢|+1()\ + |a|)\a|e—)\lm<p(m)’ re K

and hence we have

Z h\a||a§zei/\<ﬂ(ﬂc)|
sup ——————
— % (al)®

< Chec)\l/SJra)\

This proves the assertion.

Recall that —Imp(z) < —6 if 2 € supp[0Px] N {ze < t+7},0 < 7 < 70.
Then it follows that
ho7 (82 (BAVA)99X)|

— < Chexp (A — oA+ e "M B71N).
~ wo<t+r (")

Assuming s > 2 and take L large so that e LM{B~1 < § we see that the
left-hand side is bounded by e~9A. We turn to E,\leg\N)X. Recalling that
—Imy(z) < 2at if = € supp[x] N {zo <t+ 7} we see

hlel|oe (Ex@oi™ X))
sup
o wo<t+r (al)®

< Chexp (eX?® 4+ 2a1 X — e F(L — 4My)(4B)~1\).
Take L > 4M, and choose 7 > 0 so that
2a1 — e M(L —4M,)(4B)™! <0,
then the right-hand side is bounded by e 92 Let
5 > 6.

Then we can choose s’ > 4 such that s — s’ > 2 and hence

nlel|joa(PU.
sup | f(sfz/ /\)| < Che—él)\
o ToSt+T (a)

with some §; > 0. Since ¢ = 4 and o9 = 1, taking 1 < k small we have
g/s' < 1and op/(s — k) < 1 and hence we conclude that

|UA|CO(WE) < Oh676A+O(A)
as A — oo. This gives a contradiction because

|Ux(z¥)] = 1.
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6 Proof of Propositions 1.3 and 1.4

We first give a sketch of the proof of Proposition 1.3. Let us make a change
of variables:

To=Yo, T1 =AYy, T2 ="y

Then we see that
Py = —\"2D2 + 2\ '21DoDy + D? + by Dy + A0y Dy 4+ A" 2by Dy

and hence with F, = exp (i)\2x2 + ip(z)) we have
AT'EJIPAEN = M22160,, 4+ 92, + ba}
+ {2I1D0 + 2501711)1 + 2‘T1¢xo(pr2 + bQSDZEQ - i@xlxl}
+ 270z, D) + X 2h P (2, D) + A*h3) (2, D).

One can construct an asymptotic solution V) in exactly the same way as we
did proving Theorem 1.1 and set Uy = E)\V)x. Recall Lemma 4.1

—1/(s—r) /s’ h|°“|8§P/\U/\|
e I Pet AVAl

Uxlcowey < Ce™ 7
Oleoaws) —zo<t+r (o)

where we now take ¢ = 2. Let
s > 4.

We can choose s’ > 2 so that s — s’ > 2 and hence we conclude that
|U)\|C°(Wi) < Che—c)\-‘ro()\)
as A — oo. This is a contradiction.

We next give a sketch of deriving a priori estimates for P in (1.4). After
Fourier transform with respect to s it is enough to study

P = —D2+2DyD; + z2)\* + S

here we have set £, = A for simplicity of notations. We may assume that
A > 0. Let us set

o =/2? + A — 2y, w(x, ) = \/ 22 + AL

Note that |logp| < 3log A for large A when 21| is bounded. We consider the
operator
P = ¢ M/ (log ptao) p yAt/* (log ptao)



232 Tatsuo Nishitani

Note that
6_7/\1/4 logsDD16'Y/\1/4 logy — Dy — i’Y)\lMLxl(p =D + i’Y)\l/4w_17
¥
67VA1/4$0D0€'Y)\1/4I0 _ DO _ 7:'}/)\1/4.
Then it is easy to see that
P =—(Dg — inAYM? 4 2(Dy + inAY 4w (Dy — iy A ) + 2202 + SA
=-A*+2BA+Q+ (S -1\
where
A =Dy —iyA\Y* B=D;+ iy Y0, Q=222+ A

Denoting by (-,-) and || - || the inner product and the norm in L?(R,,), re-
spectively, we apply the energy identity (see for example [1])

Im(Pu, Au) = %(HAUH2 + (ReQu, w)) + 2((ImB) Au, Au)
0
+ 29\ (Au, Au) + 2924 ((ReQ)u, w) + Im((S — 1) Au, Au)
> di(||/1u||2 + (Qu,u)) + VA4 (w = Au, Au) + 2924 Au)?
zo

+ 29AY 4 (Qu, u) + Mm((S — 1)u, Au).
It is enough to estimate the last term on the right-hand side. Note that
2A[Im((S — 1u, Au)| < 2A[S — 1||(u, Au)|
<78 = 12/ Y wu, w)| + v (A Au, Au)|.
On the other hand, noting )\Zw(xl, A)? = Q, we see
A/AN22

7/4 -
N, 0)] = |( 7

wu)| < (A Qu.u)
because A/ 2w > 1 and hence
- d
Im(Pu, Au) > — (|| Aul® + (Qu, u))
dl‘o
+ 7(A1/4||w*1/2/1u||2 A4 Au)? + AVY4(Qu, u))
for v > |S — 1|. Since 2|lm(Pu, Au)| < v~ A"V Pul|2 + yAY4 || Aul|? we get
t
v [ AT Pudag > 4u(t)]? + (Qu(t). u(t)
—o0
¢
by [ e

+ A4 Au? + AV4(Qu, u)}dmo.

Replacing ¢/ *(log #+20)4, by 4 we have
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Proposition 6.1 We have

t
41 / )\71/4||e—7/\1/4(10g AD-‘rxo)PUH?dxo

— 00

> [|le= A Qo8 et Doy (1|2 4 (e Mg D Qu(8), w(t))

t
+7/ )\1/4{||e_,y/\1/4(log</7+wo)Dov”2+(6—2%\1/4(10gv+z0)Qv7U)}dxo

— 00

for any smooth v(xg,x1, ) vanishing for large |x1].
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Summary. An obstacle K C R", n > 3, n odd, is called trapping if there ex-
ists at least one generalized bicharacteristic v(¢) of the wave equation staying in
a neighborhood of K for all ¢ > 0. We examine the singularities of the scatter-
ing kernel s(t,0,w) defined as the Fourier transform of the scattering amplitude
a(, 0,w) related to the Dirichlet problem for the wave equation in 2 = R™ \ K.
We prove that if K is trapping and ~y(t) is nondegenerate, then there exist reflect-
ing (Wm,Om)-rays dm, m € N, with sojourn times T,, — 400 as m — oo, so that
—Tm € sing supp s(t, Om,wm), Vm € N. We apply this property to study the behav-
ior of the scattering amplitude in C.

2000 AMS Subject Classification: Primary: 35P25, Secondary: 47A40,
35L05

Key words: Scattering amplitude, reflecting rays, trapping trajectories, so-
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1 Introduction

Let K C {z € R", |z| < p}, n > 3, n odd, be a bounded domain with C*°
boundary 0K and connected complement 2 = R?\ K. Such K is called an
obstacle in R™. In this paper we consider the Dirichlet problem for the wave
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equation, however in a similar way one can deal with other boundary value
problems. Given two directions (,w) € S"~! x S"~1 consider the outgoing
solution vs(x, \) of the problem

(A+X*)v,=0in £,
vs + e MEw) = 0 on OK,

satisfying the so-called (i\) - outgoing Sommerfeld radiation condition:

—iAr

vs(rd, A) = T(en_w(a()\,@,w) +(9(%)), x=rb, as|r|=r — 0.

The leading term a(A, 0, w) is called the scattering amplitude and we have the
following representation:

(i)\)("_3)/2

. : ov

. iXNz,0—w) _ iX(z,0) YYs
/8[( (1)\<y($>’0>€ € ov (m,)\))dSw,
(1.1)

where (e, ®) denotes the inner product in R™ and v(z) is the unit normal to
x € OK pointing into {2 (see [9], [13]).

Throughout this note we assume that 6 # w. The scattering kernel s(t,0,w)
is defined as the Fourier transform of the scattering amplitude

i\ ) (n—1)/2

s(t, 0,w) = Faoe ((—

5 a()\,07w)) ,

where (.7:)\_>tg0>(t) = (2m)7! [ € p(A)dA for functions ¢ € S(R). Let
V(t,x;w) be the solution of the problem

(02— A)V =0 in R x 2,
V=0onR x 9K,
Vee—p = 0(t — (z,w)).

Then we have

s(o,0,w) = (—1)("+1)/22_"771_"/ 20,V ((x,0) — o, x;w)dS, ,
0K

where the integral is interpreted in the sense of distributions.

The singularities of s(t,6,w) with respect to t can be observed since at
these times we have some nonnegligible picks of the scattering amplitude. For
example, if K is strictly convex, for fixed 6 # w we have only one singularity
at t = —T, related to the sojourn time of the unique (w,6)-reflecting ray
v (see [8]). For general nonconvex obstacles the geometric situation is much



Singularities of the Scattering Kernel 237

more complicated since we have different type of rays incoming with direction
w and outgoing in direction @ for which an asymptotic solution related to the
rays is impossible to construct. In many problems, such as those concerning
local decay of energy, behavior of the cut-off resolvent of the Laplacian, the
existence of resonances, etc., the difference between nontrapping and trap-
ping obstacles is quite significant. In recent years many authors have studied
mainly trapping obstacles with some very special geometry and the case of
several strictly convex disjoint obstacles has been investigated both from a
mathematical and a numerical analysis point of view.

In this work our purpose is the study of the obstacles having at least one
(w, 8)-trapping ray ~ which in general could be nonreflecting (see Section 2
for the definition of an (w, #)-ray). No assumptions are made on the geometry
of the obstacle outside some small neighborhood of v and no information
is required about other possible (w,f)-rays. Our aim is to examine if the
existence of 7 may create an infinite number of delta-type singularities
T, — oo of s(—t, 0, wy), in contrast to the nontrapping case where s(t, 6, w)
is 0 smooth for [t| > Ty > 0 and all (f,w) € S*! x S»~1. On the other
hand, it is important to stress that the scattering amplitude and the scattering
kernel are global objects and their behavior depends on all (w, 6)-rays so any
type of cancellation of singularities may occur. The existence of a trapping ray
influences the singularities of s(t, 6, w) if we assume that v is nondegenerate
which is a local condition (see Section 3). Thus our result says that from the
scattering data related to the singularities of s(¢,0,w) we can “hear” whether
K is trapping or not.

The proof of our main result is based on several previous works [13], [14],
[15], [16], [19], and our purpose here is to show how the results of these works
imply the existence of an infinite number of singularities. The reader may
consult [18] for a survey on the results mentioned above.

2 Scattering kernel

We start with the definition of the so-called reflecting (w,#)-rays. Given
two directions (w,f) € S*"~! x S"~! consider a curve v € (2 having the
form

v=Uloli, m>1,

where l; = [x;,x;41] are finite segments for i = 1,....m — 1, z; € 0K, and
lo (resp. l,,) is the infinite segment starting at x; (resp. at z,,) and hav-
ing direction —w (resp. #). The curve v is called a reflecting (w, 6)-ray in 2
if for i = 0,1,...,m — 1 the segments [; and l;; satisfy the law of reflec-
tion at x;4+1 with respect to K. The points z1, ..., z,, are called reflection
points of v and this ray is called ordinary reflecting if v has no segments
tangent to 0K.
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Next, we define two notions related to (w,#)-rays. Fix an arbitrary open
ball Uy with radius @ > 0 containing K and for £ € S”! introduce the
hyperplane Z¢ orthogonal to &, tangent to Uy and such that £ is pointing into
the interior of the open half space H¢ with boundary Z¢ containing Uj. Let
me : R — Z¢ be the orthogonal projection. For a reflecting (w,6)-ray v
in {2 with successive reflecting points x1, ..., T, the sojourn time T, of «y is
defined by

m—1
T, = |[mo(@1) — 21l + D |z =zl + [[2m — 7o (@m)]| — 2a.
i=1
Obviously, T, 4+ 2a coincides with the length of the part of  that lies in
H,NH_g. The sojourn time T’, does not depend on the choice of the ball Uy
and

m—1
Ty = (z1,w) + Z [z = @il = {zm, 0) -
i=1

Fig. 1.

Given an ordinary reflecting (w,8)-ray v set u, = m,(x1). Then there
exists a small neighborhood W, of u, in Z, such that for every u € W,, there
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is a unique direction 0(u) € S"~! and points z1(u), ..., 2, (u) which are the
successive reflection points of a reflecting (u, 6(u))-ray in 2 with 7, (z1(u)) =
u (see Figure 1). We obtain a smooth map

Jy Wy 3 u— 0(u) e S"!

and dJ,(uy) is called a differential cross section related to 7. We say that
is nondegenerate if
det dJ,(uy) # 0.

The notion of sojourn time as well as that of differential cross section are well
known in the physical literature and the definitions given above are due to
Guillemin [5].

For nonconvex obstacles there exist (w, #)-rays with some tangent and/or
gliding segments. To give a precise definition one has to involve the gener-
alized bicharacteristics of the operator [0 = 92 — A, defined as the trajec-
tories of the generalized Hamilton flow F; in (2 generated by the symbol
S €& — 72 of O (see [11] for a precise definition). In general, F; is not
smooth and in some cases there may exist two different integral curves issued
from the same point in the phase space (see [23] for an example). To avoid this
situation in the following we assume that the following generic condition is
satisfied.

(G) If for (z,&) € T*(OK) the normal curvature of 0K vanishes of
infinite order in direction &, then 0K is convex at x in direction &.

Given o = (z,£) € T*(2)\ {0} = T*(£2), there exists a unique generalized
bicharacteristic (z(t),&(t)) € T*(£2) such that z(0) = z, £(0) = ¢ and we
define Fy(x,&) = (x(¢),&(t)) for all t € R (see [11]). We obtain a flow F :
T*(2) — T*(£2) which is called the generalized geodesic flow on T*(2). It
is clear that this flow leaves the cosphere bundle S*({2) invariant. The flow F;
is discontinuous at points of transversal reflection at 77 (£2) and to make it
continuous, consider the quotient space T*(£2)/ ~ of T*(£2) with respect to the
following equivalence relation: p ~ ¢ if and only if p = o or p, 0 € T}, (£2) and
either lim; ~ Fi(p) = o or limy o Fi(p) = 0. Let Xy be the image of S*(£2)
in 7%(£2)/ ~. The set % is called the compressed characteristic set. Melrose
and Sjostrand ([11]) proved that the natural projection of F, on T*(£2)/ ~ is
continuous.

Now a curve v = {z(t) € £2: t € R} is called an (w, §)-ray if there exist
real numbers t; < tg so that

A(t) = (x(t),£(1)) € S*(£2)
is a generalized bicharacteristic of [J and

E(t) =w for t <ty, &(t) =0 for t > ty,
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provided that the time ¢ increases when we move along 4. Denote by L, ¢)(£2)
the set of all (w,0)-rays in £2. The sojourn time T5 of § € L, 4)(§2) is defined
as the length of the part of ¢ lying in H, N H_j.

It was proved in [12], [3] (cf. also Chapter 8 in [14] and [10]) that for w # 0
we have

sing supp; s(t,0,w) C {=Ty : v € L0 (12)}. (2.1)
This relation was established for convex obstacles by Majda [9] and for some
Riemann surfaces by Guillemin [5]. The proof in [12], [3] deals with general

obstacles and is based on the results in [11] concerning propagation of singu-
larities.

In analogy with the well-known Poisson relation for the Laplacian on Rie-
mannian manifolds, (2.1) is called the Poisson relation for the scattering ker-
nel, while the set of all T, where v € L(,,0)(2), (w,0) € S""! x "1 is
called the scattering length spectrum of K.

To examine the behavior of s(t,6,w) near singularities, assume that v is a
fixed nondegenerate ordinary reflecting (w, #)-ray such that

T, # Ts for every 0 € L, 9)(2) \ {7} (2.2)

By using the continuity of the generalized Hamiltonian flow, it is easy to show
that

(=T, —e,-T, +¢) Nsing supp, s(t,0,w)={-T4} (2.3)
for € > 0 sufficiently small. For strictly convex obstacles and w # 6 every
(w, 0)-ray is nondegenerate and (2.3) is obviously satisfied. For general non-
convex obstacles one needs to establish some global properties of (w,#)-rays
and choose (w, §) so that (2.3) holds. The singularity of s(¢,0,w) at t = —T,
can be investigated by using a global construction of an asymptotic solution
as a Fourier integral operator (see [6], [12] and Chapter 9 in [14]), and we have
the following:

Theorem 2.1 ([12]) Let v be a nondegenerate ordinary reflecting (w, 6)-ray
and let w # 0. Then under the assumption (2.3) we have

— T, € sing supp, s(t,0,w) (2.4)
and for t close to =T, the scattering kernel has the form

1\ (n=1)/2
(0w = (g7)
det dJy (uy) (v(q1), w)
(v(gm), )
Here m., is the number of reflections of v, q1 (resp. qm) is the first (resp. the
last) reflection point of v and 3., € Z.

—1)y™Lexp (igﬁv) (2.5)

—1/2
’ SU2 (4 T.,) + lower order singularities.
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For strictly convex obstacles we have

n—1
m’)’+ = la ﬂ%r = _Ta q1 = qm,

0 — w is parallel to v(gq1) and
| det dJ’Y+ (u”/+)| = 4|9 - w|n_3l<:(x+)7

where 7, is the unique (w,#)-reflecting ray at z,, u, . 1s the correspond-
ing point on Z, and K(z4) is the Gauss curvature at xzy. Thus we ob-
tain the result of Majda [8] (see also [9]) describing the leading singularity
at =T Yo

To obtain an equality in the Poisson relation (2.1), one needs to know
that every (w,6)-ray produces a singularity. To achieve this, a natural way
to proceed would be to ensure that the properties (2.2), (2.3) hold. It is
clear that these properties depend on the global behavior of the (w,8)-rays
in the exterior of the obstacle, and in this regard the existence of (w,)-rays
with tangent or gliding segments leads to considerable difficulties. Moreover,
different ordinary reflecting rays could produce singularities which mutually
cancel. By using the properties of (w, #)-rays established in [15], [16], as well
as the fact that for almost all directions (w, ), the (w, #)-rays are ordinary
reflecting (see [19]), the following was derived in [19]:

Theorem 2.2 ([19]) There exists a subset R of full Lebesgue measure in
SP=t x S"71 such that for each (w,0) € R the only (w,0)-rays in 2 are
ordinary reflecting (w, 0)-rays and

sing supp, s(t,0,w) = {-T5 : v € L, 0(2)} .

This result is the basis for several interesting inverse scattering results (see
[20], [21]).

3 Trapping obstacles

Given a generalized bicharacteristic v in S*({2), its projection ¥ =~ () in
2y is called a compressed generalized bicharacteristic. Let Uy be an open ball
containing K and let C' be its boundary sphere. For an arbitrary point z =
(x,€) € X%, consider the compressed generalized bicharacteristic

7:(t) = (2(1),£(1)) € X

parametrized by the time ¢ and passing through z for ¢ = 0. Denote by
T(z) € RT Uoo the maximal T' > 0 such that z(t) € Up for 0 <t < T'(z). The
so-called trapping set is defined by
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Yo ={(z,§) € Xp: 2€C, T(z) =0} .

It follows from the continuity of the compressed generalized Hamiltonian flow
that the trapping set X, is closed in X}. For simplicity, in the following
the compressed generalized bicharacteristics will be called simply generalized
ones. The obstacle K is called trapping if X, # (), i.e., when there exists at
least one point (Z, é) € C xS"~! such that the (generalized) trajectory issued
from (z, é ) stays in Uy for all ¢ > 0. This provides some information about the
behavior of the rays issued from the points (y,n) sufficiently close to (i,é);
however, in general it does not yield any information about the geometry of
(w, )-rays.
Now for every trapping obstacle we have the following:

Theorem 3.1 ([15], [18]) Let the obstacle K be trapping and satisfy the con-
dition (G). Then there exists a sequence of ordinary reflecting (wm, Om)-rays
Vo with sojourn times T, —— oo.

To prove this we use the following:

Proposition 3.2 ([7], [19]) The set of points (x,§) € S&(£2) = {(z,€) €
T*(02) : xz € C, |£| = 1} such that the trajectory {Fi(z,§) : t > 0} issued from
(x,&) is bounded has Lebesque measure zero in S&(12).

Proof Assume K is trapping and satisfies the condition (G). We will establish
the existence of (w, 0., )-rays with sojourn times T}, — oo for some w € S"~!
suitably fixed. It is easy to see that X} \ Yo, # (). Since K is trapping, we
have Yo # 0, so the boundary 0X,, of Y in X, is not empty. Fix an
arbitrary Z € 0X and take an arbitrary sequence z,, = (0,2m,1,&,,) € X,
so that z,, ¢ Y for every m € N and z,, — 2. Cousider the compressed
generalized bicharacteristics 6,, = (¢, (1), 1,£,,(t)) passing through z,, for
t = 0 with sojourn times T, | < oo. If the sequence {7}, } is bounded, one gets
a contradiction with the fact that 2 € X,. Thus, {7, } is unbounded, and
replacing the sequence {z,,} by an appropriate subsequence we may assume
that T, — +o00. Setting

Um = T (T(2m)) € C, Wy = £, (T(2,,)) € SV

and passing again to a subsequence if necessary, we may assume that y,, —
20 € O, wyy, — wo € S* L. Then for the generalized bicharacteristic
0,(t) = (t,x(t),1,£(t)) issued from p = (0, z20,1,wp) we have T'(6,) = oo.
Next, consider the hyperplane Z,, passing through z and orthogonal to wg
and the set of points Z., such that the generalized bicharacteristic -,, issued
from v € Z, with direction wq satisfies the condition T'(,,) = oo. The set
Zoo N Zy, 1s closed in Z,,, and Z,,, \ Z # 0. Repeating the above argument,
we obtain rays -,, with sojourn times 7., —— +o0. Using Proposition 3.2,
we may assume that each ray 7, is unbounded in both directions, i.e., v,,
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is an (wg, O )-ray for some 6, € S*~1. Moreover, according to results in [11]
and [15], these rays can be approximated by ordinary reflecting ones, so we
may assume that each «,, is an ordinary reflecting (wy,, 0m)-ray for some
Wi, Om € S"~1. This completes the proof.

To show that the rays v,, constructed in Theorem 3.1 produce singulari-
ties, we need to check the condition (2.3). In general the ordinary reflecting
ray v,, could be degenerate and we have to replace ,, by another ordinary
reflecting nondegenerate (., w! )-ray ., with sojourn time 77, sufficiently
close to T, . Our argument concerns the rays issued from a small neighbor-
hood W C €' x "1 of the point (29, wp) € C x S*~1 introduced in the proof

of Theorem 3.1.

Let O(W) be the set of all pairs of directions (w,f) € S*~1 x S"~! such
that there exists an ordinary reflecting (w,6)-ray issued from (z,w) € W
with outgoing direction § € S*~!. To obtain convenient approximations with
(w, 0)-rays issued from W, it is desirable to know that O(W) has a positive
measure in S?7! x S~ for all sufficiently small neighborhoods W C C x
S"=1 of (29,wp). Roughly speaking this means that the trapping generalized
bicharacteristic d,,(t) introduced above is nondegenerate in some sense. More
precisely, we introduce the following:

Definition 3.3 The generalized bicharacteristic v issued from (y,n) € C x
Sn=L s called weakly nondegenerate if for every neighborhood W C C x S*~1
of (y,m) the set O(W) has a positive measure in S"~1 x S*~1,

The above definition generalizes that of a nondegenerate ordinary reflect-
ing ray 7 given in Section 2. Indeed, let v be an ordinary reflecting non-
degenerate (wo,fp)-ray issued from (zg,wp) € C x S"~1. Let Z = Z,, and
consider the C'°*° map

D=XxT53(z,w) — flz,w) € S"

where X C Z is a small neighborhood of zg, I C S*~! is a small neighborhood

of wg, and f(z,w) is the outgoing direction of the ray issued from z in direction
w. We have det f; (zg,wo) # 0 and we may assume that D is chosen small
enough so that det f.(z,w) # 0 for (z,w) € D. Set

1

max "z, w)) 7| = =.

max [(f () =

Then for small € > 0 we have || f;, (z,w)— f,(zo,wo)|| < §, provided ||z —x¢|| <
g, lw—wol| < e and

X.={z€Z: ||lr—mxo]<e}CX, I-={weS" ' |w-w| <e}cT.
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Next consider the set
= = {9 eS| — 6] < %a}

Then taking ¢ € (0,¢) so that ||f(zo,w) — 0| < £ for w € I/, and ap-
plying the inverse mapping theorem (see Section 5 in [15]), we conclude that
for every fixed w € I and every fixed § € = we can find z(, 4 € X
with f(2(.,6),w) = 0. Consequently, the corresponding set of directions
I'.r x E.0 C O(W) has positive measure in S"~! x S*~1. This argument works
for every neighborhood of (zg,wp), so v is weakly nondegenerate according to
Definition 3.3.

Remark 3.4 In general a weakly nondegenerate ordinary reflecting ray does
not need to be nondegenerate. To see this, first notice that the set of those
(y,m) € C x S"~! that generate weakly nondegenerate bicharacteristics is
closed in C x S*™1. Now consider the special case when K is convex with
vanishing Gauss curvature at some point xo € 0K and strictly positive Gauss
curvature at any other point of 0K . Consider a reflecting ray v in R™ with a
single reflection point at xo. Then, as is well-known, v is degenerate, that is,
the differential cross section vanishes. However, arbitrarily close to v we can
choose an ordinary reflecting ray ., with a single reflection point ., # xg.
Then §,, is nondegenerate and hence it is weakly nondegenerate. Thus, v can
be approximated arbitrarily well with weakly nondegenerate rays, and therefore
~ itself is weakly nondegenerate.

Now we have a stronger version of Theorem 3.1.

Theorem 3.5 Let the obstacle K have at least one trapping weakly non-
degenerate bicharacteristic & issued from (y,n) € C x S*~1 and let K sat-
isfy (G). Then there exists a sequence of ordinary reflecting nondegenerate
(Wi, Om)-rays 7, with sojourn times T, ~— 00.

Proof Let W,,, C C x S"™! be a neighborhood of (y,7) such that for every
z € Wy, the generalized bicharacteristic v, issued from z satisfies the condition
T(7.) > m. The continuity of the compressed generalized flow guarantees the
existence of W, for all m € N. Moreover, we have W, 1 C W,,. Consider the
open subset F,, of C x S"~1 x C x S"~! consisting of those (x,w, z,0) such
that (z,w) € W, and there exists an ordinary reflecting (w, #)-ray issued from
(z,w) € W, and passing through z with direction 6.

The projection F,, > (z,w,z,0) — (w,#) is smooth and Sard’s theo-
rem implies the existence of a set D,,, C S"~! x S"~! with measure zero so
that if (w,0) ¢ D,, the corresponding (w, f)-ray issued from (z,w) € W,
is non-degenerate. Then the set O(W,,) \ D, has a positive measure and
taking (W, 0m) € O(Wy,) \ Dy, we obtain an ordinary reflecting nondegen-
erate (W, 0, )-ray 0, with sojourn time T, issued from z,, € W,,. Next we
choose
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g(m) > max{m +1,T,,}, ¢(m) € N

and repeat the same argument for W,y and Fy,,). This completes the proof.

Remark 3.6 In general, a generalized trapping ray § can be weakly degenerate
if its reflection points lie on flat regions of the boundary. In the case when K
s a finite disjoint union of several conver domains sufficient conditions for a
trapping ray to be weakly nondegenerate are given in [16]. On the other hand,
we expect that the sojourn time T, of an ordinary reflecting ray v may produce
a singularity of the scattering kernel if the condition (2.3) is replaced by some
weaker one. For this purpose one needs a generalization of Theorem 2.1 based
on the asymptotics of oscillatory integrals with degenerate critical points.

Now assume that «y is an ordinary reflecting nondegenerate (w, 6)-ray with
sojourn time 77, issued from (z,&) € C' x S"~!. For such a ray the condition
(2.3) is not necessarily fulfilled. Since v is nondegenerate, there are no (w, )-
rays 0 with sojourn time 7’, issued from points in a small neighborhood of
(2, ). This is not sufficient for (2.3) and we must take into account all (w, 9)-
rays. The result in [19] says that for almost all directions (w,6) € S~ x S*~!
all (w,f)-rays are reflecting ones and the result in [15] implies the property
(2.2) for the sojourn times of ordinary reflecting rays (w, )-ray, provided that
(w, ) is outside some set of measure zero. Thus we can approximate (w,)
by directions (w’,6’) for which the above two properties hold. Next, the fact
that v is nondegenerate combined with the inverse mapping theorem make
it possible to find an ordinary reflecting nondegenerate (w’,6)-ray ' with
sojourn time T sufficiently close to 7', so that (2.2) and (2.3) hold for . We
refer to Section 5 in [15] for details concerning the application of the inverse
mapping theorem. Finally, we obtain the following:

Theorem 3.7 Under the assumptions of Theorem 3.5 there exists a sequence
(Wi, 0m) € SP™1 x S"=1 and ordinary reflecting nondegenerate (W, Om)-rays
Y With sojourn times T,, — 0o so that

— T, € sing supp $(t,wm, 0,), ¥Ym € N. (3.1)

The relation (3.1) was called property (S) in [15] and it was conjectured
that every trapping obstacle has the property (S). The above result says that
this is true if the generalized Hamiltonian flow is continuous and if there is
at least one weakly nondegenerate trapping ray 6. The assumption that J is
weakly nondegenerate has been omitted in Theorem 8 in [18].

4 Trapping rays and estimates of the scattering
amplitude

The scattering resonances are related to the behavior of the modified resolvent
of the Laplacian. For 3\ < 0 consider the outgoing resolvent R(A) = (—A —
A%)~1 of the Laplacian in 2 with Dirichlet boundary conditions on dK. The



246 Vesselin Petkov and Luchezar Stoyanov

outgoing condition means that for f € C§°(£2) there exists g(z) € C§°(R™) so
that we have
RA)f(x) = Ro(Ng(x), || — oo,

where

Ro(A) = (=A = A)71: L, (R") — Higo(R")

comp

is the outgoing resolvent of the free Laplacian in R™. The operator
R(A) : Lzomp(()) > f - R(A)f € leoc(“Q)

has a meromorphic continuation in C with poles A;, IA; > 0, called reso-
nances ([7]). Let x € C§°(R™) be a cut-off function such that x(z) =1 on a
neighborhood of K. It is easy to see that the modified resolvent

Ry(A) = xR(N)x

has a meromorphic continuation in C and the poles of R, ()) are independent
of the choice of x. These poles coincide with their multiplicities with those
of the resonances. On the other hand, the scattering amplitude a(X, 8, w) also
admits a meromorphic continuation in C and the poles of this continuation
and their multiplicities are the same as those of the resonances (see [7]). From
the general results on propagation of singularities given in [11], it follows that
if K is nontrapping, there exist € > 0 and d > 0 so that R, () has no poles
in the domain

Ueg={reC: 0<3<elog(l+|A])—d}.
Moreover, for nontrapping obstacles we have the estimate (see [24])

C cs
Ry MLz (0)—r2(02) < Wecl Mowae Us.a-

We conjecture that the existence of singularities ¢,,, — —oo of the scat-
tering kernel s(t, 6,,,w,,) implies that for every ¢ > 0 and d > 0 we have
resonances in U 4.

Here we prove a weaker result assuming an estimate of the scattering am-
plitude.

Theorem 4.1 Suppose that there existm € NJa> 0,6 >0,d >0 andC >0
so that a(A, 0,w) is analytic in Ue 4 and

la(\, 0,w)| < C(1+ X)) Y(w,0) e "L x S"7L VA e Ug. (4.1)

Then if K satisfies (G), there are no trapping weakly nondegenerate rays in
0.
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The proof of this result follows directly from the statement in Theorem 2.3
in [15]. In fact, if there exists a weakly nondegenerate trapping ray, we can
apply Theorem 3.7, and for the sequence of sojourn times {—T,}, Tp, — o0,
related to a weakly nondegenerate ray d, an application of Theorem 2.1 yields
a sequence of delta type isolated singularities of the scattering kernel. The
existence of these singularities combined with the estimate (4.1) leads to a
contradiction since we may apply the following:

Lemma 4.2 ([15]) Let u € S'(R) be a distribution. Assume that the Fourier
transform 4(€),¢ € R, admits an analytic continuation in

Wea=1{£€C: d—elog(l+[¢]) < <0}, e>0,d>0
such that for all £ € W, 4 we have
@€)< C+[ghNe¥ 4 > 0.

Then for each q € N there exists t; < T and vy € C4(R) such that u = vq for
t<t,.

Here the Fourier transform @(¢) = [ e~ u(t)dt for u € C$°(R) and for A € R
we have

i\ (n—1)/2
1)\) a(—=\,0,w).

g@a@:@f

iy (n—1)/2
2w 7)

Thus §(), 6, w) admits an analytic continuation in W, 4 and the estimate (4.1)
implies an estimate for §(\, 0,w) in W, 4.

It is easy to see that the analyticity of R, ()) in U, 4 and the estimate
IR Ml r2(2)—r2(2) < C' L+ A)™ PN vae Uy (4.2)

with m’ € N, o > 0, imply (4.1) with suitable m and «. This follows from
the representation of the scattering amplitude involving the cut-off resolvent
Ry () (see [15], [17]) with ¢ € C§°(R™) having support in {x € R™ : 0 <
a' < |z| < b'}. Moreover, we can take a’ < b’ arbitrary large. More precisely,
let ¢, € C§°(R™) be a cut-off function such that ¢, (x) =1 for |z| < p. Set

Fa(\w) = [Ap, + 2iA(V,, w)]er o).

Let ¢p(x) € C§°(R™) be such that ¢,(x) = 1 on a neighborhood of K and
vq(x) =1 on supp ;. The scattering amplitude a(A, 0, w) has the represen-
tation

a(X, 0,w) = cn)\("f‘g)ﬂ/

0] (Apy) ROV Fa (A, w)
2

F2(Vag, V(RN Fa(A, )| do
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with a constant ¢, depending on n and this representation is independent of
the choice of ¢, and y,. In particular, if the estimate (4.2) holds, then the
obstacle K has no trapping weakly nondegenerate rays.

Consider the cut-off resolvent Ry (A\) with supp ¢ C {x e R": 0 < d’ <
|z] < b'}. For A € R and sufficiently large o’ and b’, Burq [2] (see also Cardoso
and Vodev [4]) established the estimate

Ry (Mz2(2)—r2(2) < AeR (4.3)

Cs
T+ A
without any geometrical restriction of K. On the other hand, if we have res-
onances converging sufficiently fast to the real axis, the norm

| Rx (M2 (2)— L2 (02)

with xy = 1 on K increases like O(e®M) for A € R, |A| — oo. Thus the existence
of trapping rays influences the estimates of R, (\) with x(z) equal to 1 on a
neighborhood of the obstacle and the behaviors of the scattering amplitude
a(X,0,w) and the cut-off resolvent R, (\) for A € R are rather different if we
have trapping rays.

It is interesting to examine the link between the estimates for a(,6,w)
and the cut-off resolvent R, (\) for A € U, 4. In this direction we have the
following:

Theorem 4.3 Under the assumptions of Theorem 4.1 for a(\,0,w) the cut-
off resolvent R, (X) with arbitrary x € C5°(R™) satisfies the estimate (4.2) in
Ue,q with suitable C' >0, m' € N and o' > 0.

Proof The poles of a(X,0,w) in {z € C: I\ > 0} coincide with the poles of
the scattering operator

S\) =1+ K(\):L*(S" ') — L*(S" 1),

where K () has kernel a()\, 0, w). Thus the estimate (4.1) of a(), 0, w) leads to
an estimate of the same type for the norm of the scattering operator S(\) for
A € U, 4. Notice that S~1(X\) = S*(A) for every A € C for which the operator
S(A) is invertible. Moreover, the resonances A; are symmetric with respect to
the imaginary axe iR.

Consider the energy space H = Hp(§2)® L%(£2), the unitary group U(t) =
e*G in H related to the Dirichlet problem for the wave equation in {2 and
the semigroup Z°(t) = PﬁU(t)Pﬁ, t > 0, introduced by Lax and Phillips
([7]). Here Pi are the orthogonal projections on the orthogonal complements
of the Lax-Phillips spaces DY, b > p (see [7] for the notation). Let B® be
the generator of Z°(t). The eigenvalues z; of B® are independent of b, the
poles of the scattering operator S(\) are {—iz; € C, z; € spec B} and the
multiplicities of z; and —iz; coincide. Given a fixed function x € C§°(R"),
equal to 1 on K, we can choose b > 0 so that Pix = XPi =x. Wefixb>0
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with this property and will write below B, Py instead of B®, P}. Changing the
outgoing representation of H, we may introduce another scattering operator
S1(A) (see Chapter III in [7]) which is an operator-valued inner function in
{AeC: SA <0} and

HSl(}\)||L2(Sn71)HL2(Sn71) <1, 3A<0. (4.4)

The estimate (4.4) is not true for the scattering operator S(A) = I + K(\)
related to the scattering amplitude. On the other hand, the link between the
outgoing representations of H introduced in Chapters III and V in [7] implies

the equality )
S1(\) = e PAS(N), B> 0. (4.5)

The following estimate established in Theorem 3.2 in [7] plays a crucial role:
. . 3 _
IGA = B) "M m—n < mﬂsl Mlz2n-1y—r2gn-1), VA € Uza \ R.

Since S71(\) = S*(\) for all A € C for which S()) is invertible, the
estimates (4.1) and (4.5) imply

. ) 30190
IGA = B)" la—n < WH (Mllzzsn-1)—r2(sn-1)
/|°>\\

VA€ U.q\R.

For Re A > 0 we have
A= B) = [ e MPUP it = —ix(-iA - 6)x
0

and by an analytic continuation we obtain this equality for A € iU, 4. By using
the relation between R, ()\) and x(A — G)~'x, we deduce the estimate
, 6ac'|%)\|

||RX(>\)HL2(Q)—>L2(Q) < Co(14+IA)™ W

for S = elog(14|A|)—d, [Re A| > co. On the other hand, || Ry (M) 22(2)—L2(2)
is bounded for I\ = —¢; < 0 and have the estimate (see for example [22])
Ry (Mlz2(2)—12(2) < CeCP" 3 < elog(l+|\) —

Then an application of the Phragmen—Lindel6f theorem yields the result.

It is an interesting open problem to show that the analyticity of a(\,6,w)
in U, 4 implies the estimate (4.1) with suitable m, a and C without any
information for the geometry of the obstacle. The same problem arises for the
strip Vs ={A € C: 0 < 3\ < 4} and we have the following:
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Conjecture. Assume that the scattering amplitude a(X,0,w) is analytic
in Vs. Then there exist constants C1 > 0, C > 0 such that

la(A, 0, w)| < C1eCP | V(w,0) € "1 x S WA € V.

For n :23 this conjecture is true since we may obtain an exponential estimate
O(e“PI7) for the cut-off resolvent R, (\), A € V5 (see for more details [1]).
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Analytic Hypoellipticity for a Sum of Squares
of Vector Fields in R3® Whose Poisson
Stratification Consists of a Single Symplectic
Stratum of Codimension Four
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Summary. We prove analytic hypoellipticity for a sum of squares of vector fields
in R? all of whose Poisson strata are equal and symplectic of codimension four,
extending in a model setting the recent general result of Cordaro and Hanges in
codimension two [2]. The easy model we study first and then its easy generalizations
possess a divisibility property reminiscent of earlier work of the author and Derridj
in [3] and Grigis-Sjostrand in [4].
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Key words: Analytic, Sum of squares, Poisson stratification.

1 Introduction and statement of theorems

In R3, we consider sums of squares of four vector fields whose characteristic va-
riety and all subsequent Poisson—Treves strata are symplectic of codimension
four (in fact all the same):

4
P = D2+ (D, +a2Dy) + (D) + (y*Do)* = ) X2.
1

Hormander’s condition being satisfied at rank 3, P is subelliptic with ¢ = 1/4
and hence Gevrey hypoelliptic in G* for all s > 4, but we will show that in
fact P is analytic hypoelliptic.

The conjecture of Treves [11] states that the operator should be analytic
hypoelliptic if (and only if) the characteristic variety and all the iterated
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Poisson strata are symplectic. Here we conclude analytic hypoellipticity for a
restricted class, extending recent (unpublished) work by Cordaro and Hanges
when the codimension was equal to two.

This model can be generalized as long as a divisibility property reminiscent
of earlier work of the author in [3] and Grigis—Sj6strand in [4] is maintained.

Theorem 1 Let
P =D+ (D, +2’D,)" + (z*D:)* + (v*Dy)” ZX2

Then P is analytic hypoelliptic.

Theorem 2 Let £,p > 0 be arbitrary. And let
Py = D2+ (D, +g(@)D,)* + (Do) + (v Dy)* Z

Then P, is analytic hypoelliptic whenever there exists kg > 0 such that the
real analytic function g satisfies g*)(0) = 0,k < ko but g(¥)(0) # 0.

Remark 1. The last two vector fields ensure that the characteristic variety and
all the deeper Poisson—Treves strata, all equal to {x =y = £ = n = 0}, are
symplectic.

Remark 2. In the analogue of the strictly pseudoconvex case, here the model
would have just z in place of 22, we know that the condition of divisibility
would always be satisfied.

Remark 3. The presence of the last two vector fields, in addition to ensuring
that the layers are symplectic, means that for (z,y) # (0,0), the operator
is elliptic, microlocally near (z,y,¢;€¢,1n,7) = (0,0,0;0,0,1) and hence the
result is known. Thus only (x,y) = (0,0) is in doubt, which means that any
localization ¢(z,y,t) = @1 (z,y)ps(t) may be done only in the variable ¢, since
any derivative falling on ¢, will be nonzero only for (x,y) away from (0, 0).

Remark 4. Each of the four vector fields may be multiplied by nonzero real
analytic functions with no change in the statement of the theorems.

2 The proof in the case of Theorem 1

By subellipticity, we know that distribution solutions are smooth. To prove the
theorem, then, it will suffice to show that, locally uniformly near the origin,
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| DPu| < CPTp!

since for 22 +y? # 0 our operator is elliptic, any localization may be taken in
the variable ¢ alone. And since the only points in the cotangent space which
might be in the analytic wave front set of the solution are those where the
operator is characteristic, namely, (0,0,0;0,0,7) with 7 # 0, it suffices to
estimate high derivatives in the ¢ variable, and it will suffice to do so (locally)
in L? norm. The a priori estimate for P is merely the maximal estimate, with
the subelliptic portion used only as a starting point to control the initial norm:

4
150118 + 1013 S 1(Pv, o)l +lll§, v e 5.

2 :

j=1

Now merely introducing v = ¢(¢) DYu into the estimate will lead to deriva-
tives on ¢ which cannot be immediately controlled:

[ X2, 9D} u~r 3¢’ D}u

since while we may have started with the maximally controlled vector field
Xo we now lack such a vector field on the right with which to use the estimate
again to maximal advantage.

Thus we introduce a variant of the effective localization of high powers of
D; which we have used before. And to avoid introducing too much notation at
once, we write out, analogous to the naive first localization ¢ DY above, a third-
order version and take its bracket with X5. Noting that [Xo, §X1] = —22 Dy,

we have, with
/

(D),

(X2, (D), 7]

T
POD:+¢' (5%1),

_ ($2<P/Dt — 22/ Dy + 22" (%X1>) D;f—l — 2y (f

-1
2)(1) Dr

and, with

(D)), = ¢(t)D} + ¢ (gXl) Di+¢" (gXl)2 /21,

X2, (D3), D7
= {2?¢'D} — 2*¢'D}} D% + {x2<p” (gXl) D;
" g 2 | p—2
+ [X%(P (2X1) /2':|}Dt

(e ()=t () oo
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2
n {(p” [gxl, [XQ, gxlﬂ 2! 4 2" (gxl) /2!} Dpr?
= {(p” EXh —xQDt} /2! + 22" (— > /2'}

— P 2DPT /91 4 g (gxl) Dr2 /a1,

In other words, even though we expect the last term (a term where we
have managed to eliminate all D, at least to the level where we have corrected
DY, and which can be corrected all the way until p = 0, in similar fashion),
there is the additional term —¢"” 22D, /2! which will require a new cascade of
correcting terms. It arose from a double commutator [3X71, [Xo, § X1]] which
never occurred in the nondegenerate, or strictly pseudo-convex, case, where
the first brackets one encountered had constant coefficients.

That being said, we propose to use not just
2\/ 2 )L n (T 2
(Dt)¢ =)D} +¢ §X1Dt + (§X1) /2!

as the second-order modification of ¢(t)D? but rather

[(5X1)! o[ (5X)? 1(5X0)!
(T%)y = @(t) D} +¢'=2 |1 Dite { 22!1 ) 21!1 }
2 Xl)
20: 7z

(with A} =1,A1 =1,A4} = 0,43 =1,A? = -1, A2 = 0) so that
[Xa, (T?),] is free of Dy,

and we are far more confident that we can handle terms entirely free of D;.
We note in passing that the brackets of (7?), with X3 or X, will contain
factors of 2% or y? which are extremely powerful as they can ‘convert’ D, into
a good vector field (X3 or X, again), while brackets with X; are good as
well—we will see that bracketing with X; leaves a free X; on the left modulo
manageable terms, and this X; will allow us to use the maximal estimate
effectively.

The general form of the modification of D! requires then a sum of p
terms, each with some ¢9) followed by suitable polynomials in

M="1x,
2

of degree j, which we write (for j > 1, Ny being equal to 1) as

v

j
M
e J
Nj=> AL i
3/=0
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with the coefficients Ag, carefully chosen, all A? = 1. The relation [M, X3] =

22 D; might more suggestively be written using the notation Xo = X} + X/
with X} = D, and X4 = 22D;. Then

[M, X5] = [M, X}] = X! = 2D,

and so
[M,[M,...[M,X5]]...] =[M,[M,...[M,X]]]..] =X ==z 2D,
and hence
b b b
[M°, X,) = [M°, X5 =) ( ) adf (XS)MP™ =22y (b,) MY D,.

b'=1

Thus with factorials,
MO ) 1 beb'
{b!’X?] - g v =)

or together with the coefficients A;,,

v

J g 1
. 1 MI I
[NjaX2] = l’2 Z A;/ Z — ———D;.

A Vi

We proceed to define, quite generally,

p
(1", = Z go(J)Nijfj
§=0

with ¢(t) = ¢, (t) = 1 on one neighborhood of ¢ = 0 and supported in a
larger one where Pu is known to be analytic for 22 + 2 small and satisfying,
for N given, the Ehrenpreis-type bounds on derivatives:

‘Dk@po‘ < Ck+1p§5 k < Do,

with the constant C' independent of pg. To construct such ¢, one merely
convolves py copies of a standard bump function whose support has width
proportional to 1/pg with the characteristic function of a small interval about
0 in ¢t.

What will be crucial in the bracket [Xo, (T?),] is that it contain no resid-
ual Dy, since any residual D; is coupled with an unacceptable number of
derivatives on the localizing function.

We have, since [Xa, Ny| = [X3,1] =0,
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(X, (T7),] = XQ,Z«) N; Dy

p p
> [ Koo D | NyDE 437 o)X, NIDP
§=0 j=1

=

22Ut N, pPi

j=0
» j i’ _
. . 1 M~ (i
2 p—(j—1)
o Zx C'O(j) Z A;’ Z G _j//)!Dt
i=1 P R
_ - 2 _(5) p—(i—1)
E V' N;_1D
=1
p j i’ _
. . 1 M~ (i
2 p—(j—1)
o Zx 90(]) Z A;’ Z MG _j//)!Dt
=1 =1 =1

by the above expression for [N;, Xs].

To make this expression exactly zero (except for terms which contain no
D,) we must match derivatives on ¢, powers of D; and powers of M in the two
terms. This may be seen clearly with a shift of index (after factoring out x2):

J

M 1 M=
J I—ZA] ! Z Zl i '/ //)l

or, equating powers of M, after writing 7 = j/ — j” on the right and j = j’ on
the left,

Jj—1 3 j=1 j=j 1 Mi
j=0 j=03"=1 Jﬂ”j”l J' ,
which forces, for all j < j —1,
- i=i 1
457 = j;l Ao I

together with the conditions A} = 1 for all 7 and some freedom, for example
assigning the values of A}, j > 0, or the values of A?, &k > 0. In practical terms,
the former amounts to adding localizations of lower powers of D; to that of
the highest power.

However, as shown in [3] and Hirzebruch’s book [5] Lemma 1.7.1, the
unique solution with A? =1 for all ¢ and Al = (—1)? for all ¢ is given by
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A= (( . 1>M> o

¢ r4+1
= the coefficient of "~ in ,
et —1

and these coefficients satisfy the desired estimates: there exists a constant C'
such that for s < r,
A< Cm.

In addition, one may ‘raise and lower’ indices nicely:
Proposition 2.1 For any p, q, and ¢, we may shift lower indices:
P

AP — [arl (c+4)
a .

J q—c

|
Q

<
Il
o

Lemma 2.1 There exists a constant C such that for s < r we have
St <.

An easy calculation shows that

7 7’ ' o
. ady (X1) M7 7
- Z A;" Z ; ) Y
20

,'/ 1 j// Mj,*j”
:‘X“’ZAJ > Sa

"
=1 J °

(X1, V]

<—1>f .
= Z ST X0 Nj_(rsoy} -

]//|
1<) +6<j

Similarly when we take the bracket with X3 = 23D, we obtain

(i) Mj’*j”
X5, N,]=—-X;0 AR —
s 3] 1<j;j,<] G O]
() e
= > o S) X5 0 Ni_(noy}-
1<jre<i J

Lastly, the bracket with Xy is zero.
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Thus in all,
(X1, (Tp)so] =Xjo0 Z RZN (e )@pm
1<p” <p’<p
[X% (Tp)so] = Qw(p-i_l)Xp/p!v
[Xs,(T7)y] = Xs0 > RE (1777, ,
1<p”<p’<p
and
[X47 (Tp>80] = 0)

where ,,, denotes a derivative of ¢ of order at most p” and
RV, |+ |RY,| < O
Thus we insert v = (T?),u in the a priori estimate
4
1% (TP)pullo + [(TP)pully S [(P(TP)pu, (T7)pu)] + [I(T7)pullg
4
j=1

and, with Pu = « analytic, write

(P(T?)pu, (TP)pu) = (T7)pov, (T7),u) + E,

where the error F is expressed in terms of the above commutators in ways
which by now are more or less obvious. In view of the beautiful bracket rela-
tions, we may iterate the use of the maximal estimate until we have pure X
derivatives, then continue to use it until once again we have pure D; deriva-
tives. Removing that localizing function from the norm and introducing a new
one as in [7], [8], as many as log, pp times we arrive at an overall bound of

Cpo+1pgo or Cpo+1p0!

for derivatives of the solution of order pg, locally, which proves analyticity.

3 The proof in the case of Theorem 2

For Theorem 2, the bracket of Xo with ¢D; is
[X2,0Dy] = g(z)Dy
so that if we define

1o}
M=99
' Ox’

Q‘Q

we will have

[M, X5) = gDy, [M,[M,X,]]=gDy, etc.



just as before, except that > takes the place of § =z,
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2z
This time brackets w1th X 1 behave as follows.

J J S s
j (Xl) MI I
X080 = 0 4 > (7 ="

170
j'= jr=1 -7 :

-7

= i ]Z L)) : () o Xy onl, M

P T ="

' (z)

g -1/ [

= Z 21| Sg * {Xl o Nj—(j”+£)}7
1< 4+£<5 '

brackets with X3 similarly as above, and brackets with X, are again zero.

With coefficients, the analysis is not fundamentally changed, and details

have been worked out in the related case of pseudo-convex domains in C™ or
pseudo-convex C-R manifolds in [3].

References

10.

11.

. M.S. BAOUENDI AND C. GOULAOUIC; Analyticity for degenerate elliptic equa-

tions and applications, Proc. Symp. Pure Math, 23(1971), pp. 79-84.

P. D. CORDARO AND N. HANGES; Analytic hypoellipticity for operators with
symplectic strata of codimension two, preprint.

M. DERRIDJ AND D.S. TARTAKOFF; Local analyticity for O, and the O-
Neumann problem at certain weakly pseudoconvex points, Commun. Partial Dif-
ferential Equations, 13:12 (1988), pp. 1521-1600.

A. GRIGIS AND J. SJOSTRAND; Front d’onde analytique et somme de carrés de
champs de vecteurs, Duke Math. J., 52 (1985), pp. 35-51.

F. HIRZEBRUCH; Topological Methods in Algebraic Geometry, Springer-Verlag,
New York, 1966.

J. SIOSTRAND; Analytic wavefront set and operators with multiple characteris-
tics, Hokkaido Math. J., 12(1983), pp. 392-433.

D.S. TARTAKOFF; Local analytic hypoellipticity for O, on non-degenerate
Cauchy Riemann manifolds, Proc. Natl. Acad. Sci. U.S.A., 75(1978), pp. 3027—
3028.

D.S. TARTAKOFF; On the local real analyticity of solutions to O, and the O-
Neumann problem, Acta Math., 145(1980), pp. 117-204.

D.S. TARTAKOFF; Analytic hypoellipticity for Oy + ¢ on the Heisenberg greoup:
an L? approach, Far East J. App. Math., 15(3) (2004), pp. 353-363.

F. TREVES; Analytic hypoellipticity of a class of pseudo-differential operators
with double characteristics and application to the O-Neumann problem, Com-
mun. Partial Differential Equations, 3(1978), pp. 475-642.

F. TREVES; On the analyticity of solutions of sums of squares of vector fields,
in Phase Space Analysis of Partial Differential Equations, Editors A. Bove,
F. Colombini and D. Del Santo, in the series Progress in Nonlinear Differential
Equations and Their Applications, Birkhauser, Boston, 2006.



Multidimensional Soliton Integrodifferential
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Summary. The article presents preliminary results on applications of the theory
of noncommutative KdV equation u; = 8%u — 3 (udu + (0u) u) (recently developed
in [Treves, 2007]) to algebras of matrices, first of finite rank and then of infinite
rank. The resulting differential equations in these algebras can only make sense in a
noncommutative setup, as the basic “space derivation” is commutation with another
(fixed) matrix. The infinite rank situation is reinterpreted, via Hermite expansion,
in the algebra of bounded linear operators on Schwartz space S (R™). Special choices
of the “space derivation” as commutation with partial differential operators can be
identified to evolution equations whose linear part is partial differential (in R*" 1)
and the nonlinear part is integrodifferential: a partial differential operator (in RQ")
acting on the square of the unknown u in the sense of Volterra composition. The
choice of the harmonic oscillator D? + z? (when n = 1) is particularly amenable
to Hermite expansion approach. Existence and uniqueness of global solutions in the
Cauchy problem can be proved for special initial data (in R**")

2000 AMS Subject Classification: Primary: 37J35, Secondary: 35Q53

Key words: Noncommutative differential algebras, Béacklund transforma-
tions, Korteweg—de Vries hierarchy.

1 Basic facts of noncommutative KdV theory

We are going to use some of the main properties of the following noncommu-
tative version of the classical KdV equation:

uy = 0%u — 3 (udu + (Ou) u) . (1.1)

*This paper is in final form and no version of it will be submitted for publication
elsewhere.
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The unknown w in (1.1) is a smooth function of time ¢ valued in some non-
commutative (but associative) differential algebra (A,d). In standard (i.e.,
commutative) KdV theory A is usually an algebra of smooth functions of the
real variable x € R, either periodic or rapidly decaying at infinity, or a suit-
able algebra of Laurent series in a “complex variable” z; and 0 = 8%' In the
noncommutative theory a much more varied choice of (A, 9) is possible. In the
present article our focus shall be mainly on algebras of n x n matrices (with
complex entries and, possibly, with n = 400) and on derivations = Jx
of the type Y — [X,Y], X,Y € A, an object that makes no sense in the
commutative setup.

1.1 Noncommutative setup

In order to state the fundamental properties of Eq. (1.1) we introduce the
universal monogenic differential algebra B: this is the algebra of polynomials
in the noncommuting indeterminates £, &4, ..., &, ..., equipped with the chain
rule derivation 9: 9§, = §;; (for details on this and on what follows see
[Treves, 2007]). We denote by P, the maximal ideal in 93, consisting of the
polynomials that “vanish at the origin”, i.e., without a constant term. The
restriction of ? to P, is injective. Note that 03 C B,. We denote by [, B] the
linear span over C of the commutators [P, Q]; we have [, PB] C P,. Given any
derivation D in the algebra 9B the Leibniz formula implies D [, B] C [B, B
In certain circumstances it is convenient to reason in the “completion” ‘53 of
P, the algebra of formal power series in the indeterminates &;,&y,...,&,, ...
The extension of ? to 53 is self-evident.

In the applications to a specific differential algebra (A, d) one selects an
element a € A and replaces ; by da,j €Ly If P=P(,& &) €8,
we write P[a] = P (a,0a,...,0"a). The term chain rule derivation is due to
the self-evident formula

9 (P [a]) = (OP) [a]. (1.2)

We must introduce two types of derivatives special to the noncommutative

setup: replacement derivatives and twisted derivatives.

v
Definition 1.1 Let k € Z, and F € B. We denote by (F%) the deriva-
tion D of P such that D§; = F and D, =0 if k # j.

With this notation we can write
o) 9 v
0=>" (§j+1) : (1.3)
3=0 08,

Definition 1.2 We shall denote by % the linear endomorphism of P defined
as follows: If I = (iy,...,4,) is any nonvoid multi-indexr and §; = &, ---§; ,
then
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atw v )
875,65’ = ;fs (o k) &y & iy Cin s
with  (ia,k) = 1 if ia = k and £ (ia, k) = 0 if io # k; Je-1 = 0. We shall

refer to g%; as the twisted partial derivative with respect to ;.

tw

The linear endomorphism gﬁk is not a derivation of 3: it does not satisfy
the Leibniz formula. We have

VP,Q € B, Vk € Z.,, gz:[P,Q] = 0. (1.4)

The next definition is crucial to the “Hamiltonian” theory of Eq. (1.1):

Definition 1.3 By the twisted variational derivative we shall mean the
linear operator in P,

oo

§™p i (0™P
Pe(%:Z(—l)jaﬂ(% )

=0

The twisted variational derivative % plays in the noncommutative setup

the role played in the commutative setup by the variational derivative % of

Gelfand-Dickey ([G-D, 1975], [G-D, 1976], [G-D, 1977]). The next statement
is easy to prove.

Proposition 1.1 The null-space of % m Po s exactly equal to the wvector

sum B, B] + 0P

A polynomial R € P is said to be Hamiltonian if there is Q € P such that
R = 0%; often the polynomial % itself is called a hamiltonian.

Let P € 3. In the commutative setup a polynomial @ is said to be con-
served for the evolution equation u; = Pfu| (or for P) if P% € oP. This
concept is much too restrictive; it must be replaced by that of trace-conserved
polynomials.

Definition 1.4 A polynomial Q € B is said to be trace-conserved for P €

P if P52 € [P, 9]+ 0.

It follows directly from Proposition 1.1 that every polynomial belonging
to [P, P] + 0P is trace-conserved for any polynomial P € PB. In view of this
fact it is convenient to mod out the linear subspace [B,PB] + 0B. Actually
the quotient map B — P/ ([B, P] + 2B) can be factored as the composition
of two (commuting) quotient maps: the projection P — /0P, customarily
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denoted by P — [ P; and the quotient maps Tr : P — B/ [B, B]. To say
that a polynomial @) is trace-conserved for P € B is the same as saying that
JTr@ =0.

If (A, 0) is a differential algebra generated by a single element a and if we
replace §; by & a for every j € Z, the map Tr corresponds to the quotient
map Try : A — A/[A A]. If A is an algebra of N x N matrices, the kernel
of Try consists of matrices whose trace vanishes. But there might be matrices
a € A whose trace (in the ordinary sense: tra) is zero and yet Trya # 0.
Indeed, tra = 0 <= a € [My (C),My (C)], which might not be equivalent
to a € [A, A

Let now u (t) be a C* function of ¢ valued in A which is a solution of the
evolution equation u, = P [u], P € . We point out that (8*u), = (0%P) [u]
for all £ € Z4. Given any polynomial Q € ‘B the chain rule shows directly

that
o0 v
2Qu®] = ((o Pagk) Q) fu (8) (L5)

k=0
(cf. Definition 1.1). It is easily seen that

> p 0 v 5“”@
];)( P(%) Q- PU e Pyl

If @ is trace-conserved for P, we conclude that

/Trz ( ’“P)¢Q =0. (1.6)

In view of (1.5) we rewrite this as 4 [Tr, Q [u ()] = 0, which we interpret as
saying that [ Tra Q[u(t)] is a constant of motion. In the present context this
is an abstract object, since [Tra @ [u(t)] is an element of A/ ([A, A] + 9A).
But in applications it can be given a concrete meaning, as the following two
examples show.

Example 1. Let A be a differential subalgebra of the algebra of n x n matrices
M, (B) (n > 2) with entries in a commutative differential algebra (B, 9) (with
scalar field C). If necessary we adjoin to A the n x n identity matrix I,, as the
unit element. The derivation in A is 9 acting entrywise (with 01, = 0). We
avail ourselves of the fact that the trace of any matrix a € M, (B), tra € B,
vanishes if a € [A, A] Let @ € P be a trace-conserved polynomial of P € J3;
(1.6) entails that < trQ[ ()] = 0P [u(t)] for some “flux” & € P and all
solutions u € C*° (]R A) of the evolution equation u; = P [u].

More concretely, take B to be either C*° (Sl) or the Schwartz space S (R),
and 0 = %. In both these choices, for a function ¢ to belong to IB it is
necessary and sufficient that [, ¢ (z) dz = 0 (X = S' or R). We can state that
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if w(t,z) is a C* function of ¢ € R valued in M,, (B) satisfying the evolution
equation u; = P [u] and if Q € B is a trace-conserved polynomial of P, then
the complex function ¢t — [, tr Q [u (¢, )] dz is constant.

Ezample 2. Select a matrix X € M, (C) and let A be a subalgebra of
M, (C) (n > 2) stable under the map AdX. As derivation 0 we take
OxY = AdX(Y) = [X,Y]. If Q € P is a trace-conserved polynomial of
P and u(t) € C> (R;A) is a solution of the evolution equation u; = P [u],
then the n x n matrix 9;Q [u (t)] belongs to [A, A] + dxA C [M,, (C),M,, (C)]
and therefore its (ordinary) trace vanishes. We conclude that the complex
function ¢ — tr @ [u (¢)] is constant.

We also note that if P = D%, then @ is trace-conserved for P. Indeed,

(Sth 1 6tWQ 2
Pag‘“(z (%) )E[‘*‘*‘*‘]'

1.2 Fundamental properties of the noncommutative KdV equation

To find the trace-conserved polynomials of the KdV equation we follow the
approach of Gelfand-Dickey ([G-D, 1977]; see also [Dickey, 2003]). We intro-
duce the symbolic calculus of classical pseudodifferential operators in a single
varible, but with coefficients in a differential algebra (A, ). The symbols are
Laurent series

N
o(2)= Y cn" (1.7)

with coefficients ¢, € A and N € Z; N may vary with o; assuming that
en # 0 we refer to N as the order of the series (1.7). There are two commuting
derivations in A [z] @A [[z71]], d% and 0, with 0 acting coefficientwise. Below
we use the standard decomposition of symbols (1.7):

N [e9)
o4 = chz”, o_ = Zc,nz*". (1.8)
n=0 n=1

We shall refer to the leading coefficient in o_(z), c_1, as the residue of o and
denote it by Reso. The symbol composition is the standard one:

oo

1 /d»
o1#02 = Z nl < dzil) 90 (1.9)

n=0

The right-hand side in (1.9) is supposed to be rewritten in the form (1.7): if
o1 = az™ (m € Z), then
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l' (d 01>6n02: m(m_1)”'(m_n+1)a(6"02)zm_".
n! \ dz"

We write
[01,02]# = o1#09 — oo ft0. (1.10)

The composition law (1.9) is associative but not commutative (even if A is
commutative). We denote by Symb (A) the set A[z] & A [[27!]] equipped
with ordinary addition and with the multiplication (1.9). The elements of
Symb (A) will be referred to as symbols valued in A.

We shall always assume that A has a unit element, 1; we denote by 1 the
symbol “identically equal” to 1. For every o € Symb (A),

o#l =1#0 =o0. (1.11)

Thus Symb (A) is a noncommutative ring with a unit element.

In connection with residues the following proposition expresses an impor-
tant property of commutators:

Proposition 1.2 If 01,02 € Symb (A), then Res[o1,02], € [A,A] + 0A.

This said, we focus on Symb (), more specifically on the symbol 22 ¢ of
the Sturm-Liouville differential operator 92 —¢,,. It is readily seen that the half-
integral powers of 22 — £, are well-defined symbols belonging to Symb ().
We use the following notation, for each m € Z,

Sm (§) = =2+ Res (22 — go)#(’”%) , R (§) =08, (€). (1.12)

To give an idea of the expressions of the polynomials S, here is a short list
of those of small degree:

So =& (1.13)
Sy =& — 365;
Sy = &4 — 5 (£98a + £280) — 5T + 1053;
Ss =& — T(Eabo + &06a) — 14 (€381 + 6183)
— 21€5 + 216,65 + 286,656, + 21£5¢,
+ 28676, + 286,67 + 14€, €06, — 355,

We have Ry = &5 R = &3 — 3(£0€; + £,€p) is the (noncommutative) KdV
polynomial. The sequence {Rm}mzo,l,z,... makes up the KdV hierarchy.

Theorem 1 For every pair of integers m,n, Sy, is a trace-conserved polyno-
mial of R,.
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The next statement embodies the “Hamiltonian nature” of the KdV hier-
archy.

Theorem 2 For each m € Z,

1 8™ S i1

Sim T 2@m+3) &

(1.14)

In particular, the polynomial S, is a hamiltonian. It also follows that

m 0™ Qm
Ryp-1=(-1)"0 1.15
et = (1) e (1.15)
with @,, € P any polynomial congruent to %Sm mod ([B, B] + 2P). It
is convenient to have compact expressions of such polynomials:
Lo
Q1 = 5¢0; (1.16)

Q=36 +85,
1 5
Qs = &5 + 581 + 540,
1 35 70
Qu = 583+ T60&5 + S E0ET + 5 (Lof1)” + 75,

Furthermore there is an ascending recurrence relation between the S,
mimicking the Lenard relation in the commutative setup (see [Lax, 1977],
[Lax, 1978]). Define the operator

LP=0"P —2((0P)& +&0P) — (P& + & P) + [§,07 [&, P]]  (1.17)

acting on polynomials P € B, such that [¢,, P] € B. For each m € Z, it
can be shown that [£,, Sp] € 99 and that

Ryps1 = 0Smy1 = LS. (1.18)

It can also be shown that the Sturm-Liouville operator 9% —¢, and the differen-

m41
tial operator P, (€, 0) with symbol P, (¢, z) = —47”/1:%( +4) (&, 2) form a Laz
pair defining the noncommutative mth KdV polynomial R, ([Lax, 1977]):

Ry (€)= — [P (£,0),0% — &) . (1.19)

For proofs of the statements in this section see [Treves, 2007].
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1.3 Traveling wave solutions in the abstract noncommutative setup

It is convenient to take as framework the completion ‘53 of the ring B; ‘i? is
the ring of formal power series

F©) = ek, (1.20)

where now the sum is allowed to range over infinite sets of multi-indices. The
completions P, P, are Fréchet spaces for the topology of convergence of the
individual coefficients; B, is the maximal ideal of B (still defined by the
vanishing of ¢g).

In this setup the concept of translation makes sense:

Definition 1.5 The translate of a series f € ‘I? by a number 7 € C will be
the series exp (—70) f.

If (A, 0) is a differential algebra and a € A, the operation exp(—79) a does
not make sense, unless special properties are hypothesized, about the algebra
A or the element a. If h is an entire holomorphic function on C and 9 = %,
then exp (—70) h (z) = h(z — 7). Likewise, if h is a real-analytic function on
R and if 7 € R, then exp (—79) h (z) = h(z — x).

Let u, € A have the property that exp(—709)u, is a well-defined element
of A for all real numbers 7 € (=T, T) (with 0 < T' < +00); we can ask whether
the A-valued function u (t) = exp (—vtd) uo (v > 0,0 < t < T/v) is a solution
of the KdV equation (1.1), i.e.,

u(t) =0 (8%u(t) — 3u® (t)). (1.21)

This means that
9 (0%us — 3u? + vuo) = 0. (1.22)

Equation (1.22) is satisfied if the following eigenvalue equation is satisfied:
%u, — 3u2 = —VUo. (1.23)

It is not unreasonable to refer to exp (—vtd) u, as a traveling wave solution.

2 Finite-dimensional systems

2.1 Matrix systems

In this subsection we take a closer look at the KdV equation in the ring
M, (C) of n x n matrices with complex entries (2 < n € Z). We suppose
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given a matrix X € M, (C) and write 0xY = XY —Y X, Y € M, (C); the
corresponding KdV equation reads

% =0x (03U —3U?), (2.1)
where U = U (t) = (u;i (t)), < <, is a smooth function of ¢ valued in M, (C).
Equation (2.1) is a system of n> ODEs in the n? unknowns w,y, (). The fun-
damental theorem of ODE theory states that solutions U (t) exist, defined
and analytic in some interval |t| < T with T > 0 depending on X and on
the initial value U (0). Since the right-hand side in (2.1) is a commutator of
matrices the (ordinary) trace of both sides in (2.1) vanishes identically and
tr U is a constant of motion.

For the sake of simplicity we are going to suppose X diagonalizable; let
I' € GL (n,C) be such that A = I'XI'~! is diagonal, and let \;, i = 1,...,n,
denote the diagonal entries of A. We have

LoxU) I ' =o,(rurr)

and therefore, if we define V. = I'UI'~! = (Vjk)1<j pns (2.1) is transformed
into o o
— =0, (03V —3V?). 2.2
Vo, @3V - av?) (2.2

We have 9,V = ((A; — Ag) Uj,k)gj,kgn and

d”l}j k

dt’ = ()\J — /\k) (()\] — )\k)Q Vjk — 3Zvj,gvg7k.>; (23)
=1

(2.3) implies dzt =0foreveryi=1,..,n:

Proposition 2.1 Each diagonal entry v, ; (i =1,...,n) is time-independent.
We can rewrite (2.3) as follows:

dv, -
S2E (= A) <((/\j = M) = B (v + vk ) i - 32%'1”@»’6)- (2.4)

{=1

2.2 Constants of motion and absence of isospectrality

Throughout this subsection U (¢) will be an arbitrary solution of (2.1) defined
and analytic in some interval |t| < T' (with T > 0 depending on U); V (¢) =
I'U (t) I'"!is asolution of (2.2). By a constant of motion we mean a functional
M, (C) 35 A — @ [A] (valued in some set) having the following property:
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(CofM) If U € CY([-T.7);M, (C)) is any solution of (2.1), then
QU (t)] =@[U(0)] for all t € [-T,T].

Often, but not always, @ [U ()] will be a polynomial function of U and its
“derivatives” 9% U (k = 1,2, ...). But it could also be an eigenvalue or even the
entire spectrum of U (¢). We shall apply the same terminology to a solution
VecY([-T,T);M, (C)) of (2.2), with 0x replaced by J,.

At this stage we know that the diagonal entries v; ;, ¢ = 1,...,n, are con-
stants of motion.

If Q (&, &1,---€,) € P and if we write Q [U] = Q (U,0xU,...,0%U) and
QV]=Q(V,04V,...,04V),then Q[V] =T'Q U]t and tr Q [V] = tr Q [U].
These quantities, tr Q [V] = tr Q [U], will be constants of motion whenever Q
is a trace-conserved polynomial for the noncommutative KdV equation. We
know that (1.1) has infinitely many trace-conserved polynomials (Theorem 1).
The question arises as to how many of the resulting constants of motion
are truly independent when acting on solutions of (2.1) or, equivalently, on
solutions of (2.2).

Proposition 2.2 If n = 2, the spectrum of a solution U (t) of (2.1) is a
constant of motion.

Proof. We know that &, and %fg are trace-conserved polynomials of (1.1)
[cf. (1.16)], implying that tr U and § tr U? are constants of motion, whence
the statement since the eigenvalues of U are the roots of the equation

2 1 22 _
z (trU)z+2<(trU) trU)—O.

Proposition 2.3 If n > 3, the spectrum of a solution U (t) of (2.1) is not a
constant of motion.

Proof. We focus on (2.2) or, equivalently, on the system of equations (2.4). It
suffices to prove the claim for n = 3 since M3 (C) is naturally embedded in
M, (C) (k =1,2,...); it is evident by uniqueness in the initial value problem
or directly by inspection of (2.4) that v, (0) = 0 for max (j,k) > 3 implies

vj i (t) = 0 for those same j, k and all ¢.
We begin by showing that the products v; jv;,; (1 <4 <
=1,j=

< 3) are not
constants of motion. It suffices to consider the case ¢ we

J
2; we have
V2,10] 5 = (A1 — Ag)? V21012 — 3 (A1 — A2) ((v1,1 + v2,2) V21012 + V1,3V3.2V2.1)
U1,2U§71 =—(\1— >\2)3 V12021 + 3 (A1 — A2)

((v1,1 +v2,2) V12021 + V1,202,3V3,1)
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whence

(v1,2v2.1) = 3 (A1 — Aa) (V1,9V2,3V31 — V1 3V32021). (2.5)
We can select V' (0) in such a way that vy ov3 3031 — v1,3v3,2v21 # 0 at t = 0.
From the list (1.16) we know that tr (% A, V] + V3> is a constant of motion.

If the spectrum of V' were a constant of motion, the same would be true of
tr V3 and therefore of

1
—tr 5 (A, V]2 = (A — X2)? V1,221 + (A2 — A3)? V23032 + (A3 — A V1,331

But (2.5) entails

1d
Todt tr[4, V] 9 (A1 — A2) (A2 = A3) (A3 — A1) (v1,2v2,3v3,1 — v1,3U3202.1) -
Remark 1. Proposition 2.3 shows that the conjectured Theorem 4.1 in the

paper [Treves, 2007] is false.
We note that transposition transforms (2.2) into

av'’
W = —3/1 (aiVT - 3VT2) .

We see that V' T (—t) is also a solution of (2.2). Suppose the initial value V (0)
is symmetric; uniqueness in the initial value problem implies V' (t) = VT (—t)
for all t € (=T, T).

3 Noncommmutative KdV hierarchy based on Schwartz
space

3.1 Schwartz space and its bounded linear operators

We denote by z = (z1,...,2n), ¥ = (Yy1,--,Yn), etc., the variable point
and coordinates in R™; the variable point in R?"” will often be denoted by
(z,y), or by (£,n) on the Fourier transform side. We use standard multi-
index notation: a = (a1, ...,an) € Z; o] = ag + - + oy, ol = al' capls
x® =z -z, etc. We write Dy = (Dgy,y ..oy Da,n) with D, = fﬁ and
Dg = Dgl--- D3, Unless specified otherwise, functions are complex-valued.

The Schwartz space of complex-valued C* functions in R™ rapidly de-
caying at infinity, as well as all their derivatives, is denoted by S (R");
its dual is the space S’ (R™) of tempered distributions in R™. According
to the Schwartz kernels theorem the vector space of bounded linear oper-
ators S(R") — S (R™) can be identified to the tensor product comple-
tion S (R?) ®S’ (Ry) (cf. [Schwartz, 1966], p. 243, also [Treves, 1967 & 2006],
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Ch. 43): a (unique) bounded linear operator OpK : S (R") — S (R") cor-
responds to the kernel distribution K (z,y) € S (R2)® S’ (Ry) through the
Volterra pairing

S(Ry) 2 ¢(y) — /K(l‘,y)w(y) dy, (3.1)

where the integral sign stands for the duality bracket between Schwartz func-
tions and tempered distributions. The kernel representing the compose of two
operators OpK; : § (R") — S (R™) (i = 1,2) is the Volterra product of the
kernels K;:

(K70 Ks)(x,y) = /K (x,2) K (2,y) dz. (3.2)

3.2 Differential subalgebras and KdV equation

Let O (R?) denote the algebra of complex-valued C*° functions y in R}
whose partial derivatives of all orders grow temperedly at infinity; multipli-
cation f — xf is a bounded linear operator on S (R?) ([Schwartz, 1966],
p- 243 et sq.). Below we deal with a differential operator

L(z,Dy) = Y ca(x) DS (3.3)

ani

whose coefficients ¢, belong to Oy (R™); there is an integer m such that
o] > m = co(x) = 0 (the smallest such integer m being the order of
L). The fact that Oy (R?) is an algebra for ordinary multiplication implies
immediately

Proposition 3.1 If the coefficients of L (x,D,) belong to Op (RY), then
K (z,y) — L(z,D;) K (z,y) and K (z,y) — L (y,Dy) K (z,y) are linear
maps of S (R?) ® S’ (Ry) into itself.

We shall denote by L' (z,D,) the transpose of L (z,D,); often we
write L for L(xz,D,). We also write (AdL)OpK = [L,OpK] if K €
S(R})® S’ (Ry); and

ILK (2,y) = L (2, D) K (2,y) = L (y, Dy) K (2,y). (3.4)

We have
(AdL)OpK = Opd. K. (3.5)

Proposition 3.2 If the coefficients of L(x, D) belong to Op (R™), 9, is a
derivation of the Volterra algebra S (R2)® S (RD).
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Evident.
The definition of the trace of a “finite” tensor K (x,y) = Z;\f:l v (z)u; (y)
€ S(Ry) ® 8’ (Ry) is obvious:

N
tr K = Z/cpj (x) u; (z) dz (3.6)

where the integral stands for the duality bracket between S (R™) and S’ (R™).

Proposition 3.3 Given any K € S(R?)® S (Ry) the derivative O K be-
longs to the closure of the vector subspace of S (RY) @ S’ (RZ) consisting of
the 2-tensors whose trace vanishes.

Proof. f K, (z,y) = Zjvz”l ¢, ; (@) u,;(y) € SRY) ® 8 (Ry) converges to
K (z,y), then 0 K,, converge to 9 K. By (3.4) and (3.6) we get

N,
tr oL K, (z,y) = Z/ (Lo, j (@) uyj () — @, ; (z) LTu, j (z))dz = 0.

As in (34) L = L(xz,D) is a differential operator with coefficients in
O (R™). Let A be a subalgebra of S (R) ® 8’ (R}!) stable under the deriva-
tion dr. The KdV equation, and the KdV hierarchy, make sense in the differ-
ential algebra (A, dr):

K =93 K —30;, (Ko K). (3.7)

Some choices of A may not contain the Dirac distribution 6 (z — y) (the iden-
tity for Volterra composition); in those cases we shall replace A by the direct
sum AGCH (z — y) and K (t,x,y) € Aby A(t) 6 (x —y)+ K (t,z,y), in which
case (3.7) reads

NH)o(x—y)+K=03K —30, (KoK +2\(t)K). (3.8)

This demands that A" vanish identically, i.e., A is a complex constant and (3.8)
reduces to ,
WK =03 K —6)\0LK — 30 (K o K). (3.9)

In subalgebras A stable under the operator exp (—6AJL) we can replace
K by K = exp(6Atdr) K. As a consequence of the Leibniz formula
exp (6Atd) (K o K) = K o K the original KdV equation (3.7) will be sat-

isfied by K. In the sequel we shall focus on (3.9).

Ezample 3. Suppose we take K (t,z,y) = E (t,z) 0 (z — y): OpK is multipli-
cation by E € C*® (=T, T; O (R™)); Op (K o K) is multiplication by E? and
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Opd. K is the differential operator ¢ — L (F¢) — ELp. Suppose L is a
vector field: L = 377, a; (2) %. In this case
and (3.9) is

OFE = L*E — 6ALE — 3L (E®),

i.e., the “scalar pseudo-” KdV equation along the integral curves of the vector
field L.

4 The constant coefficients case

4.1 Existence of solutions

If L(z,D,) = L(D,) has constant coefficients, then LT (y,D,) = L(—D,)
and (3.9) reads

0f = (L(Dy) = L(=D,))" f (z.y) (4.1)

f(xz,2,t) f(2,y,1) dz) )

6L - L-0) (M [

It is natural to carry out Fourier transformations with respect to (z,y); we
have

o~

Flenn = [ e .y dody,

d&dn

f(l',y,t) = /]R?" eia:£+iynf(£7n7t) W?

and

faat)faptdz= | FE.ctFf—cme -5

R2n Rn (27’(’)” '
The Fourier transform of (4.1) is

f (€nt) = (L©O L) =3ALE©-L(=m)FEnt) (42

~3(L© - L(n) [ FeenFtnt g

Theorem 3 To each real number p > 0 there is T' > 0 such that the following
holds. Given an arbitrary function f, € C (RQ”) whose support is contained
in the biball {(&,n) € R*™; || < p, |n| < p} there is a unique real-analytic
function f(f, n,t) of t, [t| < T, valued in C (RQ"), satisfying (4.2) in (=T,T) %
R2™ and such that f‘ = fo in R2™. Then supp f(, ) C suppﬁ, for all
te (=T,T). =
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Proof. The property of the support and consequently the uniqueness of the
solution f (&,m,t) of (4.2) are evident since f &n,00=0= 8kf (&,1n,0) =

for all k € Z?. We prove the existence of the solution f (& m,t). We use the
constants

C(p) = 3|§|§H;737<|§p IL (&) — L(-n)l,

M(p)= max_|(L(€)~L(=n)*=3A(L(€)~ L(~m)

[€1<p,Inl<p

and

Qf“f(&nyo)‘ :

P = —
k k:!(g,%?é?n

We derive from (4.2):
(k+1) Brs1 < M (p) Py +C (p () Z@w@ (4.3)

Suppose we have proved there are positive constants A, B such that &, < AB*
for all £ =0,....,k and all (£,n) € R?". We derive from (4.3):

1 2n
Bjp < <k+1M(p) +C(p) (%) A> AB".
Requiring

2n
M(p)+C(p) (L) A<B
2m
ensures that &, < AB**! and, as a consequence, that the solution f( & n ,t)
exists and extends as a holomorphic function of ¢ € C in the disk |¢t| < T =
B— 1

If f(g ,7m,t) has the properties in Theorem 3, its inverse Fourier transform
extends as an entire analytic function of exponential type f (z,w,t) of (z,w) €
C?", more precisely an entire function such that

|f (z,w,t)| < Coexp (Cip (|Imz| + [Imw|)) (4.4)

for all (z,w) € C?" and all ¢, |t| < T.

4.2 Traveling wave solutions

When L = L (D,) has constant coefficients, (4.1) might have traveling wave
solutions of the form F (z —tv,y — tw) with F(z,y) € S(R})® S (R),
exhibiting something like a wave front. The kernel distribution F' must satisfy
the equation
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(L(Dy) = L(=Dy))* F (z,y) = 3X (L (Dy) — L(=D,)) F (2, ) (4.5)
_ 3(L(D,)— L(=D,)) /F(m,z) F(zy)dz+ (- 0uF +w-9,F) (2,9).

A very simple example obtains when w = v and L (D,) = v - ;. Let us
use the notation

Uy =0v-(0:+0y) =L(Dy)—L(-Dy).

In this case (4.5) reduces to
PF (z,y) — (3A+ 1) 0, F (x,y) = 30, /F(gc,z)F(z,y) dz.

A solution is given by F(z,y) = $E (v )6 (x —y) provided E € C* (R)
satisfies
E" () — 3\ +v)E' (x) —2E (z) E' () = 0. (4.6)

Equation (4.6) is essentially the equation that determines the (single) soliton
solutions of the standard KdV equation. First an integration yields

E"(z) — (3\+v) E () — E? (x) = Cy; (4.7)
then multiplying by 2F’ () and one more integration yields
2
E?(z) = §E3 (z) + (3\ +v) BE? () + 2C1 E (2) + Cs. (4.8)

The elliptic functions solutions of (4.8) are the soliton solutions, standard in
the one-dimensional setup. Here we get the traveling wave solutions

F(m,y):%E (v-x—t|v|2)6(ac—y); (4.9)

the waves travel along the main diagonal x = y in the direction v. Essen-
tially this is a one-dimension phenomenon. Off the diagonal the solutions are
identically equal to zero. Note that

(OpF) o (@)= 3 B (v-a—t]of) o (2).

Remark 2. Actually, the same result holds for any first-order linear differential
operators of the type L (z,D;) =v -0, + a(x) with a € Oy (R™). Indeed, if
F is given by (4.9),

(L(x,Dz) —L(y,—Dy))F =v-(0; +9,) F.
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Remark 3. What we are really doing in the present subsection is to reason
within the commutative subalgebra of S (R?) ® S’ (Ry) made up of the kernel
distributions f (x) ¢ (x — y) with f € Opr (R™); the corresponding subalgebra
of bounded linear operators on S (R?) is made up of the multiplication opera-
tors ¢ — f¢. But instead of the standard KdV equation in R we are looking
at the KdV equation for the vector field v - (9, + 9,) in R?". In this case the
soliton solutions are supported by the diagonal of R} x Ry.

5 KdV equation based on the harmonic oscillator

In the remainder of this article we focus on the case n = 1.

5.1 KdV equation with L = D? + z?
We return to (3.9) where we take L = D2 + z2:
0K = (D2 - D2 +a% —*)° K (5.1)
—6A(D}—D;+2” —y*) K -3 (D: - D, +2*—y*) (Ko K).
We shall reason within a subalgebra A of the Volterra algebra S (R?) & S’ (R,)

defined by properties of the Hermite function expansions of its elements (cf.
Appendix). We write

K (t,z,y) Z an,ﬁ () Hp (v) (5-2)

a=0f[=«

with ¢, g (t) € C*° (=T, T). We have

(Ko K) (t,z,y) = ZZ(ZCQ,7 cy,5( >Ha(x)Hg(y),

a=0 8=0
and according to (6.4),
OFK (tay) =25 D (a=P)' cap (O Ha (@) Hs (y). k €Ly (53)
a=03=0

Thus (3.9) is equivalent to an infinite system of ODEs in which the unknowns
are the coefficients ¢, g (t):

s () = 4(a = B) (2(a = B = 3X) caa (1) (5.4)
—6(a—p anw ¢y (1),
YEZL+

(o, B) € Z2.. We can state:
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Proposition 5.1 Let A be a subalgebra of S(R,) & S (R,) stable under Jr.
If K (t,x,y) € C>®(Z;A) is a solution of the KdV equation (3.9), then every
diagonal coefficient cqo,o of K is constant.

5.2 Global Cauchy problem in an algebra of upper-triangular
matrices

In this subsection we write s rather than s; and s’ rather than s} (see Ap-

pendix). We view the double sequences (cq,3),, gez, € s®s’ as (0o X 00) ma-

trices.We shall say that a matrix (cq,),, ez, € s®s’ is upper-triangular if
0<B<a= cqp=0.

Definition 5.1 Given a number p > 1 we denote by A;r the vector space of

upper-triangular matrices ¢ = (Ca,atk),, kez, such that
oo oo
N, (c) = Z Zpk |Ca,ak]| < Fo00. (5.5)
=0 k=0

We denote by At the union of the vector spaces Af, p > 1.

If 1 < p' < p, then A} C A;L, C L' (Z?) C s®s'. If (Carath) o pez, € AT
then for each a € Z the (row) sequence {ca,a+k},_q; decays exponentially.
For each p > 1, AT is a Banach space for the norm N, (-).

Proposition 5.2 The set A; is a subalgebra of sQs’; it is a Banach algebra
for the norm N, (-).

Proof. The set of upper-triangular matrices forms a subalgebra of s®s’. Let

_ (. .
() = ( o 0‘+k)a,kez+’ i = 1,2, belong to AT. We have

oo 00 k
N ((1) ) ZZ Z a +€ca+€ a+t+k
a=0 k=0 =0
Z Z SLH‘ Zpk_é Cglz,aﬂc’
=0¢=0 k=0

()55

a=0¢=0

CExl,)a+€’ =N, (C(l)> N, (6(2)> :

We call Af the subalgebra of S (R;) ® S’ (R,) consisting of the kernel
distributions K (x,y) whose Hermite coefficients are the entries of a matrix

¢ € Af; we define N, (K) = N, (¢). We define AT = U A Tt is evident that
p>1



Multidimensional Soliton Integrodifferential Systems 281

At is a subalgebra of trace-class of S (R,)® S’ (R,) (cf. end of Appendix).
If both K, Ko € AT, then

Tr (KlKQ) = (TI'Kl)TI‘KQ (56)

(see Definition 6.1).

Theorem 4 Let the matriz U° = (u37a+k)a7kez+ S A;ro. If Re (A +ug7a)

< —R for some R > 0 and every o € Z and if N, (U°) < R+ 4, then there
is a unique solution U (t) = (Ua,at+k (1), ez, € C™ ([0, +00); AT) of the
system of equations (5.4) such that U (0) = U°; U (t) extends as a holomorphic
function of t valued in AT in a complex neighborhood of (0, +00).

Proof. We let t vary in a sector of the complex plane,
Y. ={teC; |Imt|] <eRet}

with € > 0 suitably chosen.

I. Existence of solution We have uq o (t) = ug, , for all £. According to
(5.4) the coefficient uq o+ (t) (k> 1) must be a solution of the equation

Uty ok (8) + 26 Mo ktiark (1) =6k D tary (O)uyasn(®), (57
a<y<a+k

where
Ma,k = 4k2 —6A—3 (u;,a + uz-l-k,oz—&-k) :

We note right away that our hypothesis on the diagonal entries of U°
entails
Re M, 1, > 4k* + 6R; (5.8)

we also have
Im M, x| <k =3|Im 2\ —-TrU°)|. (5.9)

To determine the functions ug o+ () we reason by induction on k. If
k=1, (5.7) reads

Ut (t) + 2Ma,at1ta,at1 (1) =0
whose solution is
Ua,a+1 (1) = Ug o1 8XP (—2Mq 0 11t) -
In this case (5.8) and (5.9) entail
[a,a+1 (E)] < |ug qy1]exp (—4Ret + 2 [Imt))

whence
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[Ue, 041 ) < fui,aﬂ\ (5.10)
provided t € Xy .

In the remainder of the proof we suppose k& > 2. We require that the
positive number € < 2k~! be so small that

Vt € X., Re(Mait) >3 (k* + R) |t]. (5.11)

We shall reason by induction, starting from the hypothesis that all uq,a+; (t)
have been determined for 1 < j < k — 1, and that the following inequality
holds for all t € X

oo j oo J
Z Zpﬁ |Ua,atj ()] < Z Zpg |u3,a+é| : (5.12)
a=0 /(=1

a=0/¢=1

We derive from (5.7):

Ua,a+k (t)
k-1
Y L Z/ THMakl Dy 0 (8) Uat etk () ds,
j=1

with the integration carried out on the straight-line segment joining the origin
tot e X.. We get

[Uaa+k ()] < |u;,a+k| (5.13)
3|t| k—1
—— su U, a+j (01)] [Uatia ot
Re (M. akt)o«ﬁlZ' +5 (08)] [watjark (01)]
1 k—1
< ’uz,a+k| + (k2 + R) Oiuelpl Z ‘ua a+j (61)] |ua+3 atk (01)]

by applying (5.11). We derive from (5.13):

oo
d§§:|uma+k | < A)E:Wuaa+k
a=0

k—1 oo

-1
(k2 + R sup Z Z P |ta,ats (01)] pol 7 |Uatj,a+k (08)]

0<9<1j 1 a=0

<po

oo k—1

k:2—|—R ZZpo|uaa+]f

a=0 j=1
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< Po Z ’ua a+k‘

+ (k2 +R)'N, (U°)

co k—1

Z Zpg ’u?x,a+j| :

a=0 j=1

Since N, (U°) < (k*+ R)_1 we conclude that (5.12) holds also for j = k,
implying, for all k € Z,

Z |ua atk (B)] < N, (Uo)a

and therefore, if 1 < p < pg,

Zp Zwa sk O < 3 (0/p)" o 3 s (0] < LN, (U°).
a= k=0 a=0 ©

This proves that U (t) is a continuous function of ¢ € X valued in A}, holo-
morphic in the interior of . It is directly seen that U (t) € C ([0, +00); Af).
Regarding the derivatives of U (t) we deduce from (5.7):

8f+1ua7a+k + 2kMa,kafu@,a+k = 6k Z Z ( ) 8p_quoc,'y) agu’y,a+k~

a<y<a+k g=0

Induction with respect to p € Z shows readily that U (t) € C* ([0, +00); AT).

II. Uniqueness of solution By subtraction we are reduced to prov-
ing that if U (t) € C* ([0,+0o0); AT) is a solution of the system of equations
(5.7) such that U (0) = 0, then U (¢) = 0 for all ¢ > 0. This is equiva-
lent to showing that if (5.7) holds and if ug, ., = 0 for all (o, k) € Z3,
then wq a4k (t) = 0 for all ¢ > 0 and all (a,k) € Z2. This follows directly
from (5.12).

Remark 4. Tf U (0) is an N x N matrix (N < 400), the solution U (¢) is also
an N x N matrix. This follows directly from the uniqueness of the solution.

5.3 Traveling wave solutions

In this subsection we look at traveling wave solutions in the sense of Subsection
1.3, i.e., of the form exp (—vtdr) uo, here with u, € AT. Our KdV equation
is (5.1), i.e

K =0, (0}K —6AK —3KoK).
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We go directly to (1.23) whose version here is the eigenvalue equation

(D - D} +a” — y2)2 Uso (x,y)—?)/ Uo (T, 2) Uo (2,y) dz = (6A — V) uo (,Y) .

R
(5.14)
We shall look at possible solutions in the algebra AT, i.e., of the kind

Uo (.’E, y) = Z Z Ca,a+kHa (.’E) Ha+k (y) ) (515)

a=0k=0
with {CQ’OLHC}QJ€€Z+ € A*. According to (6.4), (5.14) translates into

a+k

4kzca,a+k -3 Z CanCyiatk = (6A — V) Ca,atk- (5.16)
y=a

Proposition 5.3 Let ¢ = {ca,a+k}y pez, € AT be the solution of the system

of equations (5.16). For each a € Z the following properties hold:

1. Either ca,q =0 o1 coo = %U — 2\ .
2. If A > %’u and if co,q # 0, then cq,a+k =0 for all k > 1.

Proof. Putting k = 0 in (5.16) yields right away
1
(Ca7a +2X - 3’U> Co,a0 = 0; (OS] ZJr' (517)

which proves Property #1. For k > 1 we rewrite (5.16) as

at+k—1

(4k‘2 —3Ca,a — 3Catk,atk — 6A + v) Ca,atk =9 Z CapnCyath-  (5.18)
y=a+1

If ca,0 # 0, then cqq = %v —2X < 0. Equation (5.18) becomes

a+k—1

(4%% = Bcatkatk) Caatk =3 D CanCrath (5.19)
y=a+1

Since cotk,a+k < 0 the vanishing of the right-hand side in (5.19) implies
Ca,a+k = 0. If k = 1, the right-hand side is always equal to zero. If k > 2,
induction entails co 4 =0 for all v, a < v < a + k.

Putting k = 1 into (5.18) yields
(4 —3ca,a — 3Cat+1,a41 — 6A + ) Ca,a41 = 0. (5.20)

We look next at the case in which ¢, o =0 for all a € Z.
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Proposition 5.4 Let the sequence {cq,a+1} € s be arbitrary. If A =

a=0,1,...
2 + Zv, there is a distribution

z y) = Z Z Co a+kH ch+k (y) (521)

a=0k=1

which is a solution of (5.14).

Proof. Equation (5.20) is satisfied since 4 — 3¢ca,q — 3¢a+1,a4+1 — 6A +v = 0.
If k > 1, we solve (5.19) using induction and taking

3 k—1

Ca,a+k = @ Z Co,a+LCa+l,a+k- (522)
=1

Remark 5. Suppose A = % + %v. If we combine Propositions 5.3 and 5.4 we
see that to each partition Zy = AUB (AN B = &) there correspond solutions
of (5.14) of the following kind: given an arbitrary sequence {cg g11}4cp € 8,
then

ZH )+ Zcﬁ s+kMp () Hatr (y)

aGA BEB k=1

is a solution of (5.14).

Proposition 5.5 Let the sequence {cq,a+1} be such that

a=0,1,...
o)
Z ‘ca,a+1| < po_l (5.23)
a=0

for some number p, > 1. Then, whatever the positive number p < p,, the
solution ue of (5.14) given by (5.21) belongs to Af.

Proof. We derive from (5.22):

k—1

Plg ‘Ca,a+k| < 152 ; Pﬁ |Ca,a+€| Plgiz |Ca+€,a+k . (5.24)

We claim that, for every k= 1,2, ...,
PEY  leaarnl < 15 (5.25)
a=0

(5.25) is the same as (5.23) when k£ = 1. Induction on & yields
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9] 3 k—1 oo
plcf Z |Co¢,a+k| S Ak 2 Z Z Pé |ca a+€| Pa+k_e |ca+€,a+k
a=0 =1 =0
3 = B
S Z |Ca a+€|> < Z
l=1 a=0

whence (5.25). From (5.25) we conclude, for any p, 0 < p < p,,

ZZP |Caa+k| > 4

a=0k=1 Po p

As before L = D? + 22. Let u, be the solution of (5.14) given by (5.21)
and let ¢ = £ 4 in € C be a complex number. We have [cf. (5.3)]

exp (—¢0L) uo = cha otk €XP (=2kC) Ha (2) Hak () -

a=0k=1

If (5.25) holds, then

Z Z |Ca,atk] exp (—2kE) < +00

a=0k=1
provided £ > — 3+ log p; and as a consequence, eXp( ¢0L) uo is a holomorphic
function of ¢ 1n the open half-plane Re{ > 2k log p, valued in the space
L2 (R2).
6 Appendix: Hermite functions expansion

The definition of the Hermite functions used in this article is

_ 1 1,2 d" 22\ 1 d m 1,2
o (2) = et 2 () = (dm ) (c37).

(6.1)
We recall that
dH.,
praie THm =2+ DHpmaa, (6.2)
dHpy,
Zl—i' +2Hpm = —V2mHpm—1, (6.3)
D*Hppy 4+ 2% Hpy = 2 (m + 1) Hop, (6.4)
and that
+oo

H,y (2)H, (2) dx = {(1’ gg 7 - (6.5)

— 00
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Let s, denote the vector space of complex sequences (Ca)ani rapidly

decaying as |a] — Hoo: Vk € Z7, Zaezi (1+\a|)k lca] < +oo0. We
assume that s, is equipped with the topology defined by the seminorms
(Ca)aezz; — ZZEZL; (1+ |a)¥ |ca|. The dual of s, is the vector space s/,

of complex sequences (cy) that are tempered: there is k € Z7} such that

ani
Zaezi (1+ |a]) ¥ |ea| < +00; 5/, will be equipped with its strong dual topol-

ogy. We recall the following result (see [Schwartz, 1966], p. 262):

Theorem 5 The Hermite functions expansion

(ca)a621 - Z caHa, (21) -+ Ha, (Tn)

Q€L

defines a topological vector space isomorphism of s, (resp. sl,) onto the
Schwartz space S (R™) [resp. 8" (R™)].

There is a similar representation for the kernel distributions K (z,y) €
S(R7)® &' (R7). We introduce the completed tensor product s,®s,, i.e.,

the set of complex multisequences (ca k), pczn that satisfy the following
WEAL

condition:
o To every k € Z4 there is £ € Z4 such that

ST @+ lah) 1+ k) Jea] < +oo.

Q$EZ1

The set 5n®5§1 is an algebra for the natural matrix multiplication of its

elements: if ') = (cg)k) ,1=1,2, then
o, k€Zo

roOr® = [ 37 ) 2

o,y v,k

n
veLy a,k€Z?

Theorem 6 The map which assigns to the complexr multisequence
(Ca,k‘)a’k621 E 5n®5;l

the Hermite series

K (z,y) = Z CakMHay (71) Ha, (Tn) Hi, (Y1) - He, (Yn) (6.6)

aﬁEZi

is an algebra isomorphism of 5, s!, onto S (R?) & S’ (Ry).
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The proof of Theorem 6 is an easy application of Theorem 5 and of the
definition of the tensor product completion S (R)® S (R7).

The identity operator is associated to the Dirac (kernel) distribution

Z Ha1 171 Ha, ( )Hal (yl) Ha, (yn) . (6~7)

Q€LY

It is clear that the coefficients of this series satisfy (e): in (6.7) cq % is the
Kronecker index and we can take £ = k+n+ 1 in (e).

Let

KO (ey)= Y7 elhHay (@1) - Ha, (20) His (52) - Ha, (), i = 1,2
a&EZi
(6.8)
be two elements of S (R?) ® S’ (RZ) The Hermite coefficients of the Volterra
product (KMo K@) (z,y) = [KW (2,2) K@ (z,y)dz are the complex
numbers

Co= Y e akenn. (6.9)

WGZ"

Definition 6.1 We say that a multisequence (Cak), pezn € 5,25 is of
RELY

trace-class if > |ca,a| < +oo. If this is so, we say also that the ker-

Q€LY
nel distribution K (z,y) € S(R?)® &' (R) given by (6.6) and OpK are of
trace-class. The complexr number Zaezn Ca,a 15 called the trace of K or of

OpK and denoted by Tr K or Tr OpK.

The set of kernel distributions of trace-class is a linear subspace, but not a
subalgebra, of the Volterra algebra S (R) ® & (RY). The Dirac distribution
0 (z — y) and the identity operator are not of trace-class.

Remark 6. If the kernel distribution K € S(R?)® S (Ry) in (6.6) is of
trace-class, the series Zaem CoaMay (1) Ha, (Tn) Hay (Y1) Ha, (Yn)

converges in L? (Rg X RZ) But this does not mean that the restriction of
K (x,y) to the diagonal diag (RZ X ]RZ) is well-defined and that

TrK = Z Caq = K(x,x) dx. (6.10)
Q€L

Proposition 6.1 Fvery finite tensor
Z 0 (@ ) €S(R}) ®S' (RY)

18 of trace-class.
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Proof. Tt suffices to prove the claim for a single product ¢ (z)u (y), in which
case it is an immediate consequence of Theorem 5.
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Summary. This paper surveys classical results on microlocal analysis. It also in-
cludes more recent theorems on propagation at a non-microcharacteristic boundary:
these are a boundary microlocal version of Holmgren’s uniqueness Theorem.
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1 Decomposition in plane waves: analytic wave front set

Our discussion follows the guidelines of Hérmander [6] and Sato-Kashiwara—
Kawai [8]. Let = be the coordinates in R™ and (z, £) the canonically associated
symplectic coordinates in T*R"™. Then

w:=¢-dr, dw:=d&ANdz,

are the canonical 1- and 2-forms, respectively. We refer to x as the posi-
tion and to £ as the frequency. The spectral decomposition—in the space of
frequencies—of the singularity of a function u = u(x), is obtained from the
representation of u in plane waves. For an integrable function u, we denote
by 4(€) = fR" e~ &y(z) dr its Fourier transform; if 4 is also integrable, we
have (inversion formula)

u(x) = (27‘()7”/ e ea() de. (1.1)

n

Formula (1.1) provides a “decomposition” of u(z) in the functions e**¢ (with
“coeflicients” 4(€)). Note that these exponential functions do not really de-
pend on z but rather on x - £, that is, they are constant on the planes

A. Bove et al. (eds.), Advances in Phase Space Analysis of Partial 291
Differential Equations, DOI 10.1007/978-0-8176-4861-9_17,
© Birkhauser Boston, a part of Springer Science+Business Media, LLC 2009
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z - § = cost. They are so-called plane waves. We define a set WFA(u) in
T*R™ := T*R" \ (R" x {0}), closed and conic, that is, invariant under mul-
tiplication in the fibers by t € R™.

Definition 1.1 (Hormander: analytic wave front set) Let (x,,{,) €

T*R"™; we say that (x,,€,) does not belong to the analytic wave front set
WFA(u) of u when, for some e and M and for any v,

[0 (&) < PEITY for any |€] > M, ||§| — 570| < ¢ where v’ = x u

1ol
for a sequence x¥ € C° with x¥ =1 in a neighborhood of z,. (1.2)

In this definition, the regularity with respect to £, is related to the rapid decay
at oo of the Fourier transform in a conical neighborhood of ¢,; in particular,
the low frequencies are disregarded. For a multiindex a = (aq, ..., a,) € N?,
we write | =37 a;, 05 = 071 ... 09 and £% = €7 ... €5, By the identity

8/%\11 = (—i)l*l¢*a, o € N™, one readily sees that
7 WFA (u) = sing supp(u)

where 7 : T*R™ — R™ is the canonical projection. For a cone K C R™, which
is closed and proper, that is, contained in an open half-space, we define the
polar cone by

K°={y: y-£>0forany ¢ € K}

and set I" = int(K°); this is an open convex nonempty cone. Let us consider
a decomposition:

where the K’s are a family of closed proper cones with disjoint interiors. This
yields a corresponding decomposition in the integration (1.1):

ulw) = (2m) " [ e Ca) de
N 4 N
= Z(Zﬂ)_n/}c e”'gﬁ(f) =: Zuj(x)

j=1 J
We then have

e In each u; we can replace z by z = x + iy provided that y € I'; := int(K?)
since there is then exponential decay in the term under integration:

|ei($+iy)'§| =e ¥ with y- € > 0;

in particular, u; € hol(R"™ + iI7j).



Selected Lectures in Microlocal Analysis 293

e There are many possible decompositions u = Zj u;. Let us point out our
attention to a complex neighborhood B of x,: a term which is holomorphic
in (R™+i(I3+1I7))NB can be given either of the indices i or j. In particular,
this is the case of a term which is holomorphic in a neighborhood of z,
in C™ which can be given any index j. One can consult [2] for a greater
account on this subject.

e Let U be a real neighborhood of z,. If u is represented by a single holo-
morphic function in the wedge U +¢I; truncated by the condition |y| < ¢,
then

WFA(u) C U x K where K = I"°. (1.4)

And conversely, if WFA(u) C U x K, then u extends holomorphically to
z € U+l for any I'" CC I' = int(K°) and for a suitable €. Clearly, K
is only an estimate for the singularity of v in the same way as I is for its
holomorphic extension.

e Fix a frequency &,, assume &, ¢ WFA(u),_ and take a neighborhood K,
of £, such that K; NWFA(u),, = 0. Define u;, := ij -5 from

WFA (uj, )z, € WFA(u),, N K;, =0,

we get that u;, extends holomorphically at z,. On the other hand, the
other terms u; = (2m)™" fK_ - for j # j, extend holomorphically to I
J

with I'Y # £, and satisfy (z,,¢,) & WFA(u;) as well.

In conclusion, we have proved the following characterization:

N
(2,,&,) ¢ WFA(u) if and only if u|y = Zuj\U
j=1
with u; € hol(U + (1)) for I'; satisfying I') # &,,.

We say that a term u;, in the decomposition of u is missing or can be absorbed
by the others when there is u; for j # j, which extends holomorphically to
U +iI; where I' is the convex hull of I';, U I';. In this terminology:

(®0,&,) € WFA(u) iff uj, is missing for a neighborhood K, of &,.

Remark 1.1 One could define the C>° WFA by replacing in (1.2) ¢!/
by a more general ¢, and by taking a single cut-off function y instead of a
sequence x,,; all the above discussion would hold unchanged (except from the
second half part of the third itemized sentence).
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2 Operators/symbols: symplectic transformations

We deal with linear differential operators P = P(z, D) of the type

Z aa(2)0y

la|<m

with real analytic coefficients a,(z) defined in R™ or in an open subset of
R"™. We associate to P(x, D) its symbol o(P) = P(x, &), its principal symbol
op(P) = Pp(x,€) which is the homogeneous term of order m of o(P) and
finally its characteristic variety char(P) that we also denote by V' and which
is defined by V = {(z,€) € T*R™ : Pp,(z,€&) = 0}. The set of complex zeros
of Py, that is, VC = {(2,¢) € T*C" : P, (z,¢) = 0}, is in general larger
than the complexification of V. (We do not specify that z is taken in an
open set of R™ and z in a complex neighborhood to which the coefficients
of P have holomorphic extension.) An elementary example occurs for the
partially elliptic operator P = Y 82j. This geometric discussion, sheds
j<n—1

light into deeper properties of the operator. Suppose that there is no microlocal
coincidence of V€ with the complexification of V in a neighborhood of a non-
zero characteristic point (as for the above operator). Then this circumstance
was pointed out by Hoérmander in [5] as responsible of the nonexistence of
global real analytic solutions in R™ of the equation Pu = f with constant
coefficients.

The microlocal analysis describes the properties of the differential op-
erators by means of the microdifferential operators whose symbols are no
more polynomials in £ but more general analytic functions. For instance,
the operator P~1(x, D) associated to the symbol P~1(x,€) at points where
P, (x,£) # 0. But these are the tool of the analysis, not the object. The pro-
gram is, in the beginning, to find suitable transformations in a neighborhood
of a point (z,,§,) € T*R" so that, in some significant cases, the symbol is
reduced into a canonical form. The aim is to interchange:

1 P noncharacteristic, i.e., P, (z,,&,) # 0,
& P,, real simply-characteristic, i.e., P,, real,

Pm(x07£o) =0, aSPm(wovgo) 7& 0,
E;n:l §? P transversally elliptic.

o(P) — (2.1)

Once the local geometric transformation in T*R™ is found, one is called to
quantize it, that is, to find its differential counterpart acting on differential
operators:
id,
P(z,D) — < 0y,, (2.2)
2 0%



Selected Lectures in Microlocal Analysis 295

What is the kind of the suitable transformations? They are required to pre-
serve moments in the sense of quantum mechanics, that is, commutators of
the operators. But the commutator [, -] is related to the Poisson bracket {-, -}
by the following relation. Let order([P, @]) = orderP + order(Q) — 1; then

ap([P, Q]) = {o,(P),0,(Q)}
= dg Ndz(Ho (), Ho (@)

where d§ Adx is the canonical 2-form and H, (p), H,(q) are the Hamiltonian
vector fields. Therefore, the admissible transformations are those which are
symplectic, that is, which preserve dé A dxz. And they also need to respect the
homogeneity, that is, the 1-form £dx itself. Naturally, so far, the normalization
(2.1) only carries a geometric meaning. The further task consists in finding
the associated differential normalization satisfying (2.2).

3 The theorem of elliptic regularity

We perform here the microlocal reduction P(z,£) — 1 and P(z,D) — id
in a neighborhood of the points (z,,&,) such that P, (z,,&,) # 0. By
the microlocal coincidence P(z,D) = id at (z,,£,) we mean the property
(20,€,) € WFA(P(x, D)u — u) for any u. In general, by the expression “mi-
crolocal vanishing at (z,,£,)” we mean the property “(z,,¢,) ¢ WFA”.

Theorem 3.1 (Sato: elliptic regularity) We have

WFEA(u) C WFA(P(x, D)u) U char(P). (3.1)
In particular, if P is elliptic, that is, char(P) = 0, and if P(x,D)u € C¥,
then also u € C¥.

Proof. In this proof we follow Bony—Schapira [2]. Let P, (2,,£,) # 0 and
(70,&,) € WFA(Pu); we wish to prove that (z,,&,) ¢ WFA(u). Let us choose
a neighborhood K, of £, and supplement it to a full covering R" = K; U

( U K; |. We have Pu = Zj#jo fj, that is, f;, is “missing” according to the
J#Jo
terminology introduced before Remark 1.1. The question is whether
u = Z Uj,
J#jo
that is, whether u;, is also “missing”. Write
Puj, = > (=Pu; + f;)
J#Jo
= > fj for f; € hol(U +i(I; + I},)e).
J#Jo



296 Giuseppe Zampieri

Recall the notation V' = char(P). For suitably small K _, we have V,NK; =0
for any x close to x, which yields

(I +15,)° NV = 0. (3.2)

Because of (3.2), we can solve by the method of the noncharacteristic defor-
mation of [2] the equation

Pij = f; in U +i(I; +I},)-.

In particular, (z,,&,) ¢ WFA(@;). Again by (3.2), we have (cf. [2])

Py, — Z i; | =0 implies | u;, — Z u; | € Cy.
J#Jo J#Jo
Let us denote by v the C*-function on the right side of the above implication.
What we have got is

uj, = Z j + v with (x,,¢,) ¢ WFA(a,) and v € C¥,
J#jo
which yields the conclusion of the theorem.

Corollary 3.1 (Holmgren’s uniqueness theorem) Suppose

Pu =0,
3:{1u|x1:0 =0 forany j=0,....,m—1,
P (z0,0) #0 for 8 =(1,...,0).

Then, u = 0 in a neighborhood of x, = 0.

We give the sketch of the proof which is based on the involutivity of WFA.
Denote by ext(u) the extension by 0 of u to 1 < 0; we have P(ext(u)) = 0.
Application of Theorem 3.1 yields (z,,0) ¢ WFA(u). But if the support of a
distribution is contained in x; < 0, then (0, 8) belongs to its WFA (Theorem
8.5.6 of [6]), unless the distribution is 0.

When the plane z; = 0 has its conormal 6 which satisfies P, (z,,0) #
0, then it is said to be noncharacteristic. There is a microlocal version of
Holmgren’s uniqueness theorem. For this, a geometric preliminary is required.

Definition 3.1 Let W be a regular involutive manifold passing though (x,,&,)
and contained in the plane defined by ¢; = 0. We say that the plane x1 = 0
is non-microcharacteristic for P at (z,,€,) € VNW along W, when J¢1 does
not belong to C'(Io,go)(V(c, WS, the Whitney normal cone at (z,,€,).

In this situation, the following theorem holds:
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Theorem 3.2 (Bony: microlocal Holmgren) Let 1 = 0 be non-micro-
characteristic at (2,,€,) and u be a solution of Pu = 0. Then, microlocally at
(T0:&5):

Ulz, >0 =0 impliesu =10, (3.3)
that is, (z0,€,) ¢ WEA(U)|z,>0 implies (x,,&,) € WFA(u).

(See [1] for the proof.) In other words, the microlocal 0 propagates through a
non-microcharacteristic plane. The statement can be extended to microlocal
solutions u: these satisty (z,,¢,) ¢ WFA(Pu) instead of Pu = 0.

4 Propagation in the interior: real simply-characteristic
operators

We consider here operators whose principal part P,, is real and satisfies
P (20,&,) = 0 but J¢(xo,&,) # 0. We want to motivate the microlocal reduc-
tion P(x,&) — &, and P(z, D) — 0,,. We have the analytic factorization

Pm(x,f) = h(xag)'(aﬁpm(xmgo)5§+8xpm(x07§a)51) for h(l’o,go) 7& 07 (41)
where 0¢ = £ - &,, 6 = v — x,. Now, h is invertible, as a symbol and also,
according to the conclusions of Section 3, as a differential operator. It is also
clear that there is a change of symplectic coordinates x : (z,&) — (Z,€) from
a neighborhood of (x,,¢,) to a neighborhood of (0;(1,0...)) in T*R™ which
interchanges the linear expression in (4.1) into &;. We wish to explain in what
sense this yields a reduction P(x, D) — 0z,. For this we define the tangent
vectors

v = (0P, 0c Prn) € T(e, ¢ )T*R™,
w = (0¢ P, =0, Pr) € T, ¢ \T*R",
whose second is the Hamiltonian vector field Hp, . Assuming that
|de(x07€o)|2 = ]-7

they are related by dw(v,w) = 1. If we perform the transformation y and
remember that P,, — &;, we get the following description for the transformed
vectors 0 = x'v, w = x'w:

¥ = (0:6,0:61) = (0, (1,..., 0)),
w=H =((1,...,0),0).

These are still linked by the relation dw(v,w) = <dé1aHgl> = 1. Now, the
solutions of 0z, are independent of 1, that is, their zeros propagate along the
straight lines parallel to w = H, £ But if we want to put into a symplectically
invariant fashion the statement:
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“the support of the solutions of 0z, is invariant under the direction w”
it turns into:
“the WFA of the solutions of P is invariant for w = Hp”

Naturally, this is just a geometric discussion. But this happens to have a “dif-
ferential” counterpart which is contained in the following theorem for whose
proof we refer to [4].

Theorem 4.1 (Hérmander: real simply-characteristic propagation)
Let P, be real with simple characteristics and let u be a solution of Pu = 0.
Then the analytic wave front set WFA(u) is invariant under the flow of the
Hamiltonian vector field Hp,, .

The theorem applies in particular to the wave operator 0 = 92 — Z;:ll (')%J.
If £, is a characteristic, that is, a nonnull zero of O(§) = 0, we define the
corresponding bicharacteristic line (for a point x,) as the line parallel to the
vector 0¢0(¢,) in the z-space and whose &-value is constantly &,; we denote
it by be . Therefore, this is the integral curve of Hp issued from (z,,&,). The
theorem of propagation says that the WFA of a wave is a union of bicharac-
teristics. That is, the singularity in the frequency £, propagates along the line
be . Hence, in the free space, the singularity of a wave propagates along rays.
What happens if the wave is no more free?

5 Propagation at the boundary: reflection and
diffraction of the light

Suppose that a light ray hits an obstacle. Along which way does the prop-
agation of the analytic singularity take place? We discuss either case of a
transversal and a tangential ray. We fix our notations: z,, is chosen as the time
coordinate so that our operator is O = (“)gn - ngn—l &%j, and the obstacle
or boundary is given by 21 = 0. The boundary in the (z1,...,z,_1)-space is
necessarily noncharacteristic, that is, its conormal 6, in our case 6 = (1,0, ...),
does not annihilate P, (in which case the high frequencies remain high even
after restriction to & = 0. Our wave stays in x; > 0. Now the situation
has become richer: together with the bicharacteristics of the operator, which
move in the space of the time z, and the position (z1,...,2,—1), there are
now also those of the boundary which move in the space of the frequencies
&. Symplectically, they do not differ. Let p : T*R"™|,,—o — T*R"! be the
projection & — (&5, ...,&,,) with poles £(1,0,...); we write & for (£,,...,&,,).
The bicharacteristics of the plane z; = 0, that is the integral curves of H,,,
are the fibers of p. We denote by foi the two characteristics with the same
projection & and by ﬁgui the components of b+ which enter in z; > 0. We
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denote by b,s the bicharacteristic of the boundary which connects be+ with

b5 above the point «]. The spectral frequency §+ propagates in the free space
along ﬁ§+ When the wave encounters the obstacle 1 = 0 in ], it turns from

{j along b,/ until it reaches ¢, . From this point it leaves the boundary and
propagates in the free space into x; > 0 along ﬂE* We wish to show that
the WFA of a wave is a union of § ek The two bicharacteristics 3 e form the
same angle with the plane z; = 0, that is, they reflect above that plane. In
particular, this holds for the light rays, their projections over x,, = const.

Remark 5.1 The velocity of propagation of the light along the bicharacter-

stics ﬂ , that is the ratio , is finite. Instead, along the bichar-
aCteI“lbthb of the boundary, that i 15 the mtegral curves of H,,, x is constant
and in particular the time x,, is. Thus the reflection, that is, the “switch”
from &1 to £, takes no time.

For a wave u in z7 > 0, we define y(u) = (u|y, =0, Oz, U|s,—0) and call y(u)
the traces of u on 1 = 0. We have the following result for whose proof we
refer to [12], [9] (cf. also [11]).

Theorem 5.1 (Schapira, Sjostrand: reflection of singularities) The

wave front set WFA(y(u)) can be split into two closed sets STUS™ ¢ T*R"™!
such that
WFA(u) = | Be,. (5.1)
£'est

where £, are the two characteristics such that p(¢y) = ¢'. In particular, for
any (z),€)) € T*R™Y, if each of the two bicharacteristics Bex contains ot
such that (x%,65) ¢ WFA(u), it follows that (z,€.) ¢ WFA(vy(u)).

A similar statement holds for the solutions in z; > 0 of any equation Pu =0
with P,, real with simple characteristics provided that the bicharacteristics
are transversal to the boundary.

Remark 5.2 (diffractive rays) What happens when b¢_ is no more transver-
sal to the boundary z; = 0, that is, when (£,); = 0?7 In order to make the

geometric setting not too hard, we suppose that the ray is “glancing”, in the

sense that it is tangent to the boundary at order 2. In this case, there is no

more reflection but still the propagation of the singularity takes place along

the bicharacteristic; if u is regular in two points of b¢  from the two sides of
its contact point z, with the boundary, then the traces of u are regular in

the frequency &, at x,. The result is due to Kataoka [7] and Sjostrand [12]

(cf. also Schapira [10] for another proof).
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6 Propagation at the boundary: transversal ellipticity
and non-microcharacteristicity

We start by rephrasing the conclusions of the theorem of reflection, and pre-
cisely, by restating its last statement as a boundary microlocal Holmgren the-
orem. To see this, we suppose from now on that P,,((z,,£,) + 70) has all its
zeros in 7 which are real. (We could indeed reason in full generality if we would
be ready to pay the price of introducing the microsupport at the boundary
WFA(;, ~03.) If u is a solution of Pu = 0 in x; > 0, denote by ext(u) its
extension by 0. Note that, for &, € R"™1, “WFA(y(u)) N {(z0,&))} = 07 is
equivalent to “WFA (ext(u)) N p~1(z), &) = (7. The last conclusion of Theo-

rem 5.1 is equivalent to the following statement

Theorem 6.1 (boundary microlocal Holmgren’s I) Let P, be real sim-
ply-characteristic in p~t(z!, &) and suppose that its bicharacteristics are
transversal to x1 = 0. For the solutions of P(x,D)u = 0 in x1 > 0 we have,
in a neighborhood of p~*(z!,&L), the microlocal implication

U]z, >0 = 0 implies ext(u) = 0. (6.1)

There are two relevant classes of operators to which the same conclusion
applies. First are the transversally elliptic operators, that is, those whose
principal symbol can be reduced by a symplectic transformation to the mi-
crolocal model Y J=1..m 5?. Then the characteristic variety can be reduced
toV ={{; =0, j =1,..,m} in a neighborhood of §, = (0,§,,,41,--)- Ac-
cording to Bony—Schapira [3], the propagation in the absence of boundary
is ruled by the bicharacteristic foliation, the collection of the m-dimensional
integral leaves of the symplectic orthogonal bundle TV+7; in the canonical
model these are the planes X = {(z,€) : (41, ..., Tn) = const, £ = &,}. In
the presence of the boundary condition x; = 0, we have:

Theorem 6.2 (boundary microlocal Holmgren’s II) Let P be transver-
sally elliptic in p~*(z,,£)NV and suppose that the bicharacteristic (Hamilto-
nian) leaves are transversal to x; = 0. Then, in a neighborhood of p~1(x,,&.),
the solutions u of Pu = 0 over x1 > 0 satisfy microlocally the implication
(6.1).

We refer to Schapira—Zampieri [11] and Uchida—Zampieri [13] for the proof.
The last case is the merely non-microcharacteristic one, treated by Zampieri
in [14]. This contains the preceding: in fact in the special case of transversally
elliptic operators, the non-microcharacteristic boundaries are characterized as
those which are transversal to the bicharacteristic foliations.

Theorem 6.3 (boundary microlocal Holmgren’s IITI) Let z; = 0 be
non-microcharacteristic for P in any point of V N p~(z,,&L). Then, in a
neighborhood of p~'(x,,£), we have microlocally the implication (6.1).
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