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Chapter 1
What This Book Is and Is Not

The question of high smoothness of solutions to partial differential equations, in
particular the equations studied here and called the “0-Neumann problem” and the
complex boundary Laplacian, lie at the interface between real and complex analysis
and has deep repercussions in both.

The C* regularity results were established in 1963 by J.J. Kohn [K1] and shortly
afterward by others [KN], [Ho1] and only fifteen years later did the local real
analytic regularity find resolution, independently by F. Treves [Tr4] and by the
present author in [T4], [T5]. G. Métivier generalized the results in 1980 following
Treves [Mé2], and then in 1983 J. Sjostrand [Sj2] used a still different technique,
that of the so-called FBI transform, to re-prove these results. These proofs are
radically different from one another: Treves’ constructs a parametrix for a so-called
GrusSin operator and then treats the general case as a perturbation, mine explicitly
and directly localizes a high power of a vector field and then successively and
naturally corrects the commutation errors that arrive in using L? estimates, and that
of Sjostrand uses the powerful but somewhat rigid FBI transform, a clever variant
of the Fourier transform that permits one to avoid localization directly. See also the
work of Okaji [Ok] from 1985. We will comment on Treves’ approach in more detail
below.

It is the main purpose of this book, however, to familiarize the reader with the
technique and constructions that I have developed, which, while utterly elementary
in their essence, require a certain amount of time for their exposition, and I felt that
a longer format, such as a book, would provide the matrix for this narrative.

All three methods alluded to above have stood the test of time. The one presented
here not only is elementary in nature, but also seems to be the most flexible and open
to perturbations. And it may be approached through the simple example of sums of
squares of real vector fields of the most elementary (nontrivial) sort.

And while the technique is elementary in nature—it uses nothing beyond a good
first-year graduate course in analysis—it does not replace that course.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 1
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
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1 What This Book Is and Is Not

Thus in order to facilitate readability for those who know, or have heard of, this

technique, I have chosen not to start off with the definitions of Lebesgue measure
and integration, the Fourier transform, normed vector spaces, Sobolev spaces and
the Sobolev embedding theorem, left-invariant vector fields on the Heisenberg
group, and some elementary theory of pseudodifferential operators, but have
included a kind of “reference section” in the appendix, which contains the necessary
definitions and basic results to which the reader may wish to refer from time to time.

However, for those who want to assess right away their preparedness for the main

text, here are some of the facts that are developed further in the Appendix. If you
are comfortable with these results and are content to proceed without proofs at this
point, by all means continue to the next chapter.

The Fourier transform f (§) of a function f(x) is an isometry of L?(R") and

~

takes df/dx; to (1/i)&; 1.
The Sobolev space H*® consists of all functions (tempered distributions) f for
which (1 + |£[>)*/2f e L2. Thus if s is a nonnegative integer, f € H* if and
only if 8% f/0x* € L? for all multi-indices « with || < s.
(the Sobolev embedding theorem) f(x) is continuous if f € H* for some s >
n/2. It follows that f € C°°, provided f € H® Vs.
Distributions on R”, denoted by D(R"), are elements of the topological dual
space to C3°(R"). They may be differentiated and multiplied by smooth func-
tions. Every distribution belongs locally to some H*.
The vector fields

Iy 0 3  x; 9

Xi=— -+ —, L=
/ an 2 ot / Byj 2 ot

are the so-called left-invariant vector fields on the Heisenberg group. They satisfy

[(X;, Y] = 84T,
(X Xe] =Y. Y] = [X;, T] =[Y;, T]| =0

(We will use nothing else about the Heisenberg group; suffice it to say that these
vector fields play the same role vis-a-vis the Heisenberg group (they commute
with left translation in the group) that the coordinate partial derivatives do vis-
a-vis the usual Euclidean group structure in R”.) They will provide the simplest
model for the vector fields we will study.

The simplest pseudodifferential operators, as introduced by K.O. Friedrichs in
the 1960s, provide the algebraic tool needed to invert many partial differential
operators modulo (infinitely, or analytically) smoothing operators. Just as a
partial differential operator

139
P(x.D)= Y ayD". D= Pl
jal<m Lox



1 What This Book Is and Is Not 3

may be defined in terms of its “symbol” p(x,§) = ZMSm aut”,

P(x, D)u(§) = p(x, £)a(f),

so more general “symbols” p(x, £), which may be sums of terms homogeneous
of decreasing degrees in £ (or even asymptotic sums of terms of orders going
to —00), define operators by the same formula and obey a calculus similar to that
of partial differential operators.

e A partial differential (or pseudodifferential) operator P is called hypoelliptic at
Xxo whenever Pu smooth near x, (for a function or a distribution u) implies that u
is smooth near x,. The operator P is called analytic hypoelliptic at x, whenever
Pu real analytic near x, (for a function or a distribution u) implies that u is real
analytic near x.






Chapter 2
Brief Introduction

The techniques and results contained in this monograph arose as, and from, the
solution of a long-standing problem on the interface between complex analysis
and partial differential equations, namely the (local) analytic hypoellipticity of the
“0-Neumann problem” at the boundary of a strictly pseudoconvex domain in C”.
This problem was introduced in its modern form by J.J. Kohn in [K1], where he
proved local C* hypoellipticity by way of what amounted, in modern language,
to a “subelliptic” estimate for test functions satisfying the so-called d-Neumann
boundary conditions (v € D(g*)). This led to the canonical solution of 8 on such
domains and hence to the solution of the Cousin problem concerning domains of
holomorphy. Another approach to the solution of the Cousin problem had been used
by Hormander [H64] but is of quite a different character, not involving boundary
regularity.

The question of local real analytic regularity of the 9-Neumann problem on
strictly pseudoconvex domains or slightly more general domains was achieved
independently and simultaneously by the present author [T4], [T5] and F. Treves
[Tr4]. T shall not comment on Treves’ solution until Chap. 14, both because it is
extremely different from ours, and, we believe, because it lacks the flexibility and
elementary nature of our proof. Indeed, in the succeeding 32 years, a whole host
of other problems has proved amenable to our constructions with relatively minor
modifications, and I prefer to present those here.

It is this flexibility and enduring success of the present method that have
encouraged me to present the story to a wider audience. I will thus explain the
origins of the problem as we go along but not dwell on the complex analysis or even
on the symplectic geometry involved but rather focus on what has proved to be the
most difficult aspect of the work for the reader, namely learning not to become lost
in the details.

And details there are. But we believe strongly that once one understands the
motivation and meaning of the proof, the details are “mere details”, and could be
filled in at one’s own pace.

It is my fervent hope that the present approach will fulfill this aim.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 5
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_2, © Springer Science+Business Media, LLC 2011



6 2 Brief Introduction

Thus the monograph will have an unconventional flow, or at least its flow will
differ from that of most “mathematics books”. There will of course be theorems and
proofs, but the initial portion will be devoted to a detailed, and extremely intuitive,
analysis of the simplest imaginable model that our approach is designed to attack,
and even there the result was unknown prior to our work in 1978.

There will be rigorous constructions, but even more space devoted in the first few
chapters to the intuitive understanding of why these constructions work and, in fact,
are the only ones that can work. For the miracle that gradually makes itself visible
is that the same basic construction can be easily adapted to numerous more general,
and more degenerate, situations.

Only after we feel certain that the serious reader has come to deeply appreciate
the value and subtleties of the simplest case will the presentation become more
“mathematical” and conventional, with tougher calculations but ones that should
not feel more difficult once the first parts have been mastered.

In places, once the new and most difficult material has been introduced and
worked through, there will come moments when the proof proceeds precisely as the
model case did, where certain concepts and constructions have changed in detail,
but not in essential flavor, and in particular have not changed in ways that would
affect the argument of the model case. In such situations, we will not repeat all the
details of the model case, but will merely substituting the entities that have changed
only in ways that do not affect the remaining argument.

We hope and trust that such arguments will not be misunderstood as “hand-
waving”; it is also our conviction that at certain points to include every detail would
only obfuscate the proof, not elucidate it.

And one more important point: research in this field is ongoing. There are
important situations in which analytic hypoellipticity (AHE), even global analytic
hypoellipticity (GAHE), fails although many had hoped that it would hold, for
example in the case of weakly pseudoconvex domains in complex analysis (cf.
[Chrl], [Chr3], [Chr6]), and there are several important open conjectures (the
embedding question for strongly pseudoconvex “CR” manifolds of dimension 5,
which would follow from a suitable nonlinear AHE result, and the so-called
conjecture of Treves, which concerns a certain “Poisson—Treves” stratification of
the characteristic manifold, which I shall discuss in due course).



Chapter 3
Overview of Proofs

3.1 A Few Preliminary Definitions

I confess from the outset to a certain prejudice, and we secretly believe that every
researcher in this field has one. Mine is that smoothness is good and that more
smoothness is better.

Not just good—a differential operator P with the property that whenever the data
(the right-hand side of the equation and possibly boundary data) belong to a certain
smoothness class, then any (distribution) solution has to belong to that class as well
(or better, occasionally), has a kind of magic way of conferring on its “offspring” its
own characteristics.

Harsh? Rigid? Perhaps, but I believe that studying such disciplined mathematical
objects may free one to pursue less clearly defined and restrictive subjects in one’s
personal life, such as musical aesthetics in our case.

Here, then, are the classes and corresponding types of operators with which we
will deal.

The following properties may be global in 2 (valid in a given open set £2),
local at x (valid in any sufficiently small open set @ containing xy), in the sense of
germs at x( (valid in some open set containing the point x of interest), or microlocal
at (xo,& # 0) (valid in a sufficiently small open conic neighborhood I'y g, of
(x0,&0))- A conic neighborhood will mean the Cartesian product of an open set xg
with an open cone

< }

Definition 3.1. A function is called smooth if it is infinitely differentiable (C°).

£ &

VZ{“R":“O’ € Tl

for some (small) ¢.

Definition 3.2 (HE). A linear partial differential operator is called hypoelliptic if
any distribution solution must be smooth whenever the data are.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 7
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8 3 Overview of Proofs

Definition 3.3. A function g belongs to the Gevrey class G* if it is smooth and
satisfies

kg
dxk
Definition 3.4 (GHE). A linear partial differential operator is called Gevrey-s
hypoelliptic (GHE) (or G*-hypoelliptic) if any distribution solution must belong

to G° whenever the data are in G°.

SCCEkY, k=1.2,....

Definition 3.5. A function is called real analytic if it is smooth and belongs to G'.

Definition 3.6 (AHE). A linear partial differential operator is called analytic
hypoelliptic (AHE) if any distribution solution must be analytic whenever the
data are.

Remark 3.1. Note that the notion of (analytic) hypoellipticity in the sense of germs,
say at the origin, may mean that the regularity of the solution may hold only in
certain neighborhoods and the proof may not yield local AHE. For example, a
proof might apply to neighborhoods with a certain angular symmetry and not to
all neighborhoods, no matter how small.

3.2 Elliptic Equations and Boundary Value Problems

Smoothness of solutions to partial differential equations with smooth (analytic) data
near a given point is a subject with a long history.

Elliptic equations and systems with suitable coefficients, arguably the “best”
PDE:s in the sense of my prejudice, have the property that all (distribution) solutions
with smooth (real analytic) data near a given point must themselves be smooth (real
analytic) near that point.

On the other hand, parabolic equations, such as the heat equation, enjoy the same
property but only up to a certain degree of regularity, exhibiting so-called Gevrey-s
(G*) hypoellipticity for s > 2 but not in the real analytic class (G ).

Hyperbolic equations, such as the wave equation, are utterly dependent on the
way their initial data “propagate,” and smooth initial data in any class can “interfere”
with themselves (at the vertex of the light cone, for example) and lead even to the
nonexistence of solutions or the existence of only very rough ones.

For elliptic equations, such as the Laplace operator, the local C*° result is often
referred to as Weyl’s lemma, although this name can also refer to the real analytic
result.

One can also discuss boundary value problems for elliptic operators, and certain
homogeneous boundary conditions (such as the Dirichlet or Neumann problem) lead
to regularity up to the boundary locally.

We will see below a simple proof of this fact that highlights the difficulties in
generalizing the method to other operators.



3.3 The Simplest Subelliptic Case 9

Of course, it is one thing to prove the local existence of a solution to a partial
differential equation (by means of power series in the real analytic category or
integration along vector fields using ordinary differential equations in the smooth
case, or even by using rather general a priori inequalities) given local data, and it
is something else entirely to prove global existence of a solution given global data
(generally using a priori inequalities or, in some cases, integration along globally
defined vector fields using ODE methods).

Clearly, global existence usually implies local existence, by extending local data
to global data using cut-off functions, invoking global existence, and then restricting
to the neighborhood in question to generate a local solution. Thus global existence
is a more difficult problem than local existence. '

On the other hand, local regularity of solutions (given any solution, which
may be a distribution or even a hyperfunction solution, and perhaps defined only
near a point, showing that the solution is as regular as the data are near that
point) is far more difficult than global regularity, since it requires some way of
excluding the influence of more distant information upon the solution. Sometimes
the “localization” can be accomplished with smooth cut-off functions ¢ equal to
1 near the point in question and supported in a small neighborhood w, but just
because one knows that Lu= f € C*°(w), one cannot conclude very much about
the localized solution ¢u, since ¢u is not the solution of the differential equation:
all one knows is that

Lou=¢@Lu+[L,¢lu=q¢f +[L,¢lu,

and the whole story comes down to finding an effective way to handle the
commutator term.

It is easy to see that local regularity theorems generate global regularity theorems
with no additional work, for if Lu = f globally on some domain Q with f
smooth in all of €2, then near each point in 2, f will be smooth; hence, given
local regularity, u will be smooth near that point, which is equivalent to saying that
the solution u is smooth globally in €2, i.e., global regularity holds.

However, local regularity is so much more difficult to prove that one usually
considers global regularity directly if that is what is of interest.

3.3 The Simplest Subelliptic Case

From the field of several complex variables, one of the early important questions
was to identify the “domains of holomorphy” in C", namely those domains that are
natural domains of existence for holomorphic functions; for any such a domain there
exists a function holomorphic there that cannot be extended to any larger domain.

'The only caveat here is that the extended data, which are usually generated using a cut-off
function, will generally need to belong to the class for which global existence is to be proved,
and the use of cut-off functions in the real analytic category is not possible without taking great
care, as will be described below.
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A method to attack this problem was devised by J.J. Kohn. It was a boundary
value problem for an elliptic system (proportional to the Laplacian in Euclidean
space), known as the “0 -Neumann problem.”

This boundary value problem shared some, but not all, properties with coercive
(elliptic) boundary value problems. In particular, one could show that this problem
was hypoelliptic up to the boundary in the case of so-called strictly pseudoconvex
domains (the biholomorphic images of strictly convex domains) in the C*° and
Gevrey G*, s > 2, categories, and even in all s > 1 and some quasianalytic classes.

But proving real analytic hypoellipticity (up to the boundary) proved to be a
difficult and surprisingly refractory problem, resolved in 1978 independently in
[T4], [Tr4].

More recently, these methods have been extended to many weakly pseudoconvex
domains and the more abstract case of certain nonelliptic partial differential
operators.

The simplest cases to be considered arise in complex analysis under the name of
the “Kohn Laplacian” (e.g., for the boundary of the Siegel upper half-space Jw > |z|
in C?) and in its simplest version may be written as sums of squares of independent
vector fields,

2
2

P, D) =Y (x/) (3.1

Jj=1

0 X, 0 ad x; 0
XHZ____:X, XHZ— ——:X, 32
U9 2a M T T T (32
or just

_ 2
P =3 X
for simplicity. This operator has symplectic characteristic variety (this means in this
setting that the three fields

XIH, XQH, and TH =[x, XZH] span the tangent space TR> 3.3)
near the point in question), and we will be concerned with regularity of solutions

near the origin.
This operator P has the coordinate expression

2P (P+ad) P 9 2\ 0

P=— 4 — 41 2] 7 — —xy— | —

o2 a2 FETE (’“ax2 xzaxl)az
2P 90
A+ 4,22
MR T

ithr2 = x2 2 B L
with 7 = x{ + x5 and r 55 = x o X2
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3.4 Subelliptic Estimates

Establishing subelliptic estimates for the model case and some generalizations is not
difficult. For the sum of squares above, it is obvious that we have

D X VIR S 1(Pv.v)ol + VI3 (3.4)

for v of compact support, where we denote the norm in L2 by |v|o and the inner
product by (v, w)g or just (v, w). And the notation A < B means

A<CB, (3.5)

where the constant C will be independent of all variables and functions encountered
and might change from line to line within a derivation but could be fixed once and
for all.

The estimate (3.4) is actually the maximal estimate, not a subelliptic one.

In fact, there are two definitions of subellipticity, closely related to one another.
In the form we will first consider them (the “loss of one derivative” case) they are
the following:

Definition 3.7 (Norm subellipticity with loss of one derivative).
IvIF < IPVIIG + [IVIIG.
Definition 3.8 (Inner product subellipticity with loss of 1/2 derivative).
IVIR2 < 1Py, + VIS,
where norms are L? Sobolev norms of the indicated order, i.e.,
vlls = 19 + €)7o, (3.6)
and v is taken to be smooth and of compact support in a fixed open set. More

generally, operators may lose more derivatives, although until recently always with
e> 0

Definition 3.9 (Norm subellipticity, loss of 2 — 2 ¢ derivatives).
VIe S 1PvIG + IvIl5: (3.7
Definition 3.10 (Inner product subellipticity, loss of 1 — & derivatives).

V2 < 1(Pv,v)| + V][5 (3.8)
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For model vector fields X7, Y# , TH = [X H yH ] arising as the canonical basis
for the so-called left-invariant vector fields on the Heisenberg group (see below), we
have the strongest possible (nonelliptic) subelliptic estimate, with ¢ = 1/2. Starting

from
2

WIF5 S DX VI + 1T VI, + VG, (3.9)
j=1
where the sum over j is obviously controlled by |(Pv,v)e| + |[v||>. For the

second term on the right, let A denote the pseudodifferential operator with symbol
(14 1£/*)"/2. Then

1TV, = (AT Ry, ATV2THy) = (X XS = X X)) v, A7 THY)
= (X, v AT THXT + [X AT TH]}Y)
— (X AT XS + (X AT ).
These two inner products are similar, and there are two observations to be made:

* The | X v||3 are bounded by |(Pv, V)| as desired.
o The brackets and A~'T# have order zero and thus are L? bounded.

The result, after the use of a “weighted” Schwarz inequality, is that

ITHVIZ, 5 < Y IX VIG5 + VI,
which implies that
132 + D IX VI < [(Pvov)ol + VI3, veCs. (3.10)
A simple additional argument, namely replacing v by A'/?v, suitably localized

in space (since A destroys compact support), yields the following result:

Proposition 3.1.

I+ Y UX VIR + Y IX XIS IPvlg + 5. ve . (.11

As for the names “norm subelliptic with loss of one derivative” and “inner-
product subelliptic with loss of one-half derivative,” both are meant to imply,
heuristically at least, that Pu € H® — u € H*'!. While this may appear to be
a gain of one derivative, compared to the elliptic case (Pu € H® — u € H**?)it
is a weaker result by one derivative, whence the name. And the inner product tag of
a “loss of one-half derivative” is a bit harder to justify, although in common usage,
since we are using the pairing between H'/2 and H~'/2, this estimate (3.10) yields

2 2 2
IVIZ1 2 S 1PVIL + (VI

which clearly represents a loss of one derivative over the elliptic situation.
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3.5 Local C® Regularity

To show that all solutions of a partial differential equation satisfying a subelliptic a
priori estimate and whose data are smooth must themselves be smooth is a problem
that has been studied for a long time, and by now a number of techniques are
available.

We identify three notions of regularity of a function, namely global, local, and
microlocal. Their definitions are as follows:

Definition 3.11. The operator P is called (globally) C*°(G*) hypoelliptic
in @ if whenever a distribution u satisfies Pu € C*®(R)(G*(2)), then
ueC®(Q) (G*(2)).

Definition 3.12. The operator P is called (locally) C*°(G*) hypoelliptic in €2 if
each point in Q has a neighborhood where P is C*°(G*) hypoelliptic.
Here the Gevrey-s class G* is defined by

Definition 3.13. w € G* in U provided every point in U has a neighborhood V
and a constant C such that for all «,

|Daw| < C|a|+la!s’
uniformly in V.

In view of Stirling’s formula,? this is equivalent to the existence of such a C with
|DaW| < C|a|+1|a|s|a|.

Note that G! = C* is the real analytic class.

Again, using the Sobolev embedding theorem,? it is not hard to see that these
properties are equivalent to the following: for any smooth function ¢ = 1 near p
but supported in a larger, but still arbitrarily small, neighborhood of p, there exists
a constant C with

leD ullo < C"*yr vy

or, equivalently, in view of Stirling’s formula,
loD7ullg < CVH [y wy,

We will define microlocal hypoellipticity in various classes a bit later. But
microlocal hypoellipticity at all points in the cotangent space will imply local
hypoellipticity, and this will imply global hypoellipticity in each of the classes
above.

We will work with the local problem and show later how to microlocalize the
results and the methods.

2k < C* k) k.
SHS C CKifs >k + (n/2) and |wllcx < ||wlls in this case.
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3.6 Proving C*° Regularity

The proof of C* regularity is by now well known, but is not trivial.

First of all, since the space of distributions is the union of all the Sobolev spaces
H?*, we will assume that our solution u belongs, say, to H* locally or, what is the
same thing, that for any function of compact support p(x), we have

lloulls, < oo

In an effort to show that pu also belongs to H 50+%, one of the most pleasant
proofs, which is linked to our methods in flavor, is to use an “approximate identity,”
namely convolution with a “bump” function (called a Friedrichs mollifier; cf. [Fr]),
unrelated to those to be used later, that renders everything C*° and hence allows us
to apply the a priori estimate at the H*° level and later allow the bump function to
approach the Dirac delta function suitably and conclude that pu is in fact in H so+3,

By a subelliptic a priori estimate at the level H® we mean

V2,0 + D IXGvIE S 1(PY. v |+ I (3.12)

forv e C5°.

To obtain this we apply the standard zero-level estimate (3.10) to A®v, but we
need to make sure that we are applying it to functions of compact support.

This is easily done, however: if v has support in a small open set w, pick a
localizing function p identically equal to 1 near the closure of @ but supported in
a slightly larger open set @, and observe that the errors committed are of the form
(1 — p)A’v in some norm.

But since the supports of v and of (1 — p) are well separated, such an expression
belongs to C*° by easy results in pseudodifferential operator theory, and in fact on
such v, the operator (1 — p) A® has order —co. This yields (3.12).

The next step is to define the operator J,, following K.O. Friedrichs, by

JoWw = ye xw,

where
Xe(x) =& "x(x/e)

for a standard nonnegative C* function y with support in (—1, 1) and integral
equal to 1.

Then for w of small support, Jew is in C* and, as ¢ — 0, of small support, and
Jew will converge to w in any Sobolev space to which w belongs.

But more importantly, if {||J.w||;} remains bounded as ¢ — 0, then by the
Lebesgue monotone convergence theorem (on the Fourier transform side), the J.w
actually converge to an element of H*, which one shows must be w itself.

This is the form in which (3.12) will allow us to show that the solution is in C*°.
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For knowing that u € H*, the a priori estimate (3.12) may be applied to pu with
s =50

1 epully ) + D 1X; Jepul
S (P Jepu, Jepu)s| + || Jepull},
< |(JepPu, Jepu)s,| + ”Jspu”i) + ([P, Jeplu, Jepu)s,|.

Friedrichs has carried out the estimates on the bracket in his lecture notes [Fr],
but it quite clearly suffices to show that [X;, J,p] is bounded in H* uniformly in &
or, what is the same thing, that [coeff., J.] is of order —1 uniformly in €.

This is all quite classical, and we refer the reader to [Fr].

Thus we have established

1 Jepull? 1 + D 1K Tepulf;,

0
< WepPullyy + 1 Jepull3, + 11X, Jeplull,
< WepPull3y + 1 Jepully, + 1 Jep"ully, + I[Je, X1pulls,

S llpPull, + (7o ully + lloully,. (3.13)

so that indeed, ||J8pu||§ +1 remains bounded as & — 0, and we conclude (using
ot

the Lebesgue monotone convergence theorem on the Fourier transform) that
pu e HF3,
If Pu € C*° = NH’, then the solution u also belongs to all H*, hence to C*°.

Remark 3.2. The same C* regularity result follows from the subelliptic estimate in
norm form, (3.11), although the derivation is slightly more complicated, involving
double brackets.

3.7 Gevrey Regularity

From the estimate (3.13), or its consequence when ¢ — 0, and because of the
presence of the term with a derivative on p which is in a norm that is better by 1/2
than the norm on the left-hand side, upon iteration until all derivatives on u have
been estimated, it is easy to see that in estimating N derivatives on u we encounter
p@N) on the right.

If Puis in G° with s = 2, then there is no obstruction to bounding N derivatives
of u by C2N(2N)!, i.e., u € G?, and if Pu belongs to G* with any larger s, the
same estimates will allow us to conclude that the solution belongs to G* as well.
For s < 2, the derivatives on p will still lead only to G2 and not better.

More refined analysis is possible for other operators, generally in more variables,
where the Gevrey index depends on the direction in which one looks. This is already



16 3 Overview of Proofs

true for the heat operator, which is analytic hypoelliptic in spatial directions but only
G? in time, but a much more refined analysis of such operators has been carried out
in [ST1] and [ST2].

Now that the solution is kown to be in C*, its derivatives may be subjected to
the estimate to try to obtain sufficiently uniform estimates.

In the elliptic case, this approach does yield analyticity, as we will now show, but
for the subelliptic situation it will not, in general. We start with the easier, elliptic,
situation.

3.8 Elliptic Operators

For an elliptic partial differential operator,

E =) gj(x)D;Dx. (3.14)
Jik
with det(g;x) positive and bounded away from zero, we have the elliptic, or
“coercive,” a priori estimates

> D VIE S I(Ev.v)ol + [V (3.15)
lo]<1
and
S D VIE S IEVIG + vl (3.16)
|| <2

for v of compact support; that is, there is no loss of derivatives.

Given u € C*® with Eu = f € C®, the real analytic class, we introduce a
nested family of N functions {¢;} of compact support, each supported in the set
where the next is identically equal to one, ¢; = 1 on ® € @, and ¢y supported
in @. Derivatives D¢, o a multi-index, will satisfy

|D%;| < CNM Ja| < 2. (3.17)

3.8.1 Symmetrization of the Estimates

In the estimate (3.15) above, and also in (3.16), it is useful to symmetrize the
location of the cut-off function and other operators.

The following definitions are slightly context-dependent, but the meaning should
be clear from the context.

Definition 3.14. For a derivative D,

1D AWlo = 1D Av]o + [IAD;vllo
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and, without specifying indices,
ID?AW)llo = [ D*Av]lo + [IDADV]lo + | AD?V]|o.

Definition 3.15. For a vector field Z and an operator such as a localizing
function A4,
N ZAwlo = 1 ZAwlo + [[AZwllo

and, generically,
122 Awllo = 1122 Awllo + I ZAZwllo + 1 AZ?W]lo.

Back to the elliptic case, then, we substitute v = ¢ DPfuin (3.15) and commute
¢ past E. After dropping indices on D, from (3.15) we have

D@1 DP w)[1§ < D@1 DPullf + llg1 DDPul3
< (E@1DPu, g DPuyo| +° D!’ DF~" (w12
< (@1 DP Eu, o1 DPu)o| + [([E. @1 DPJu. o1 D u)|
+51Dg{’ DF () 2,

so that with integration by parts and a weighted Schwarz inequality,* the last
expression above satisfies

7 _ 2 _
< IDei DP )2 < llor D Eull2 + | Dol D~ ) |2 +* | Do DP 2 (w)|12

+ Z (g)|(g(ﬁ)<ﬂ1Dﬂ+2_'§M,§01Dﬁu)o|-

0<f=<p

(Here and elsewhere we may sometimes, and, we admit, abusively, write § — 1 for
some B’ with | 8’| = |B| — 1 without explicitly mentioning it. Confusing indices and
multi-indices in this way will never lead to confusion or to trouble.)

In the last term we integrate one D to the right, in order to produce a gain in | 8],
modulo a possible derivative on ¢; or another one on one of the coefficients, g, of
the elliptic operator E, and also interchange ¢, and ¢/ in the last term.

The result is

B B, pp+2-B p
(5) 0|
p 1) —B B p -B
<" pB+I=B, o DB+ ‘ o ‘ B+1 . pB+1-B, o DB ’
_(ﬁ ’(g ®1 u, 1 M)O+ F; (g ¥1 u, i M)O

IB ~ o
+<5 ‘( B, D+ ﬂu,(pil)ﬁu)o‘

4i.e., for arbitrary § > 0, |(v, w)| < §||v|*> + 4Lb,llwll2 =s.c.|v|? + Lc.|w]?
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<s5.c*| Do DPW)||§ + €.c.*|| De; DP~ ) [|§ + C(N?)* || Dgr DP~" (w)I3
5 2
+( B) N72CPIB + 1)1 x| Doy DFF w5,

so that

| D@1 DP ()
< g1 DP Eullo +*| Doy D ) llo + * | Dy DP2(w)lo

+N D@ D @)l + Y (é)N_ICﬁl(f}-i- DY D1 DFF (w)llo.
0<f<p

To understand this last coefficient, we observe that since |f]| < N,

B\ w1005 ﬁ(ﬂ)~ _ B BB
~|INT'C + D <C ~ 18! =CP' ——— < CPNP.
(ﬁ) #+1 i)’ 6P

Thus the estimates may be rephrased:
IDgi DP W)llo < ller DP Eullo +°1D@y DP~ @)llo +*1 Dy DP > @)lo

FN Do DP )l + sup CPINLS | Dy DEP ().
0<f<p

(3.18)
Note that of the terms on the right there are:

e aterm with Eu, which is known;

» terms where || has dropped and the drop in | 8| has appeared as derivatives on
¢1 (at most two of them);

e one term (the fourth) where || has dropped and instead of a derivative on ¢,
there is a power of N; and

e a term with larger drop in |B| and the same kind of compensation with powers
of N.

We will not let more derivatives land on ¢;, but introduce ¢, at this point,
then bring ¢; out of the norm by a constant (N or N2, depending on how many
derivatives have landed on ¢y).

We continue in this way until at most one derivative is left to land on u. We have,
starting with |b| = N,

lor DY *ullo < sup (€Y V[ DY Eull 2, + (€N [(D)ull2s .
N<N

which proves analyticity of u in w, given that of Eu (and of the coefficients of
E in @).
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3.8.2 Proof via the Norm Estimate

Rephrasing the above, but this time starting from the norm estimate (3.16);

Y IDVIG S HEVIG + V]G,

lor| <2

we introduce as before a nested family of N functions {¢;} of compact support,
each supported in the set where the next is identically equal to one, ¢; = 1 on
® € @, and ¢y supported in @, whose derivatives satisfy

|D%;| < CN", |a| <2,

Again, in the estimate above, symmetrizing the location of the cut-off function
as in the definition above; we have

“I1D%p1 D (w)|lo = IID*@1 DP (w)]lo + | D1 DDP (w)|o + llg1 D*DP (w) o
< |E@i D ully +* D% DP~ (w)llo
< llo1 D Eull + |[E. o1 DPJull + 1 D6 DP~ (w)lo
< i DPEull} + 1g()e DP 1 ull2 + g (x)¢! ) DPull?
+lg1lg(x). DPIDullo +* | D¢} DP~" () o,
where g(x) stands for any of the coefficients of E. Thus
1021 DPW)llo < llg1 DP Eullo + *1| D¢, DP~' w)lo + | 0?0 DF2(w)lo

+ > ( )||g<ﬂ>¢ D Dullo

0</3<ﬁ
< 1 DP Eullo + || D0, D~ ) [lo + *[| D¢, D72 (w) o

+osup PPy g, A,
0<B<p B-p
and from here the estimates proceed exactly as before.
Actually, all of the proofs may be cast in the norm formulation, and in some cases
this seems to produce simpler reading.
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3.9 Nonelliptic Operators

If, however, the estimate at hand is not elliptic, but rather only subelliptic, it is no
longer necessarily true that all solutions need to be locally analytic whenever the
data are.

For any given s > 1, there is no problem in producing a cut-off function ¢ =1
in w and supported in & with

|D*p| < C(Cla])'*l Va. (3.19)

That this is possible amounts to saying that the Gevrey classes strictly larger than the
real analytic class are nonquasianalytic, i.e., contain compactly supported functions,
and constructing such a ¢ is simple: since

1
> 7 <o (3.20)

we may take an “infinite convolution” of the bump functions
vj(x) = (*/d) x(xj*) (3.21)

for a standard bump y(x) of integral one. The v; also have integral equal to one,
and a derivative of y; produces a factor j*, so letting one derivative fall on each of
the ¥, n derivatives of the convolution would have the bound IT}(Cn)* = (C, Fynts.

Then the above analysis, keeping the same localizing function throughout and
using only the 1/2 norm of the estimate (3.12), will produce

|D*u < (CF) ks, (3.22)

provided this is true of Pu as well.

3.9.1 The Baouendi—Goulaouic Example; Sharpness

In 1972 [BG], M.S. Baouendi and C. Goulaouic produced an example of a very
simple subelliptic operator that they showed was not analytic hypoelliptic (AHE):
there were nonanalytic solutions to the homogeneous equation that had polynomial
coefficients. Their operator was

Ppg = D} + D} + x*D}. (3.23)

As seen above, this operator is C* hypoelliptic and even G* hypoelliptic for any
s > 2, yet Baouendi and Goulouic produced a homogeneous solution Pggu = 0
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that was in G2 but in no G* with s < 2. We will have more to say about such
operators below. For the moment, we merely write down a counterexample to AHE
for Ppg: for any € > 1, set

o0
u.(x,t,s) = / explip®s —tp — p°x>/2 — pl dp.
0

Then it is not difficult to see that Pgg u, = 0, yet u, € G?/* but is in no smaller
Gevrey class. This clearly shows that the operator cannot be G° hypoelliptic for
any s < 2. Note the subtle difference between this proof and the construction of
Baouendi and Goulalouic, both of which imply non-AHE.

3.10 The Analyticity Problem and Its Solution

3.10.1 Obstructions to Proving Analyticity

Nonelliptic operators P will satisfy a priori estimates weaker than the coercive or
elliptic ones but strong enough, nonetheless, for most purposes.
For the sum of squares under consideration, using [RS], one has

2
32 + Y 1Xv08 S 1(Pv.vdol + V5. v e G5, (3.24)

Jj=1

for all v with support in a fixed bounded open set containing the origin
(in (X] , X2, l))

There are, in fact, examples of operators P satisfying the subelliptic estimate
above that do not have this last property.

But for those with symplectic characteristic variety, as our P has, it was hoped
that the finer regularity results would be true, and this monograph is dedicated to
that proof.

3.10.2 Why the Most Naive Approach Fails

Suppose that we know that a function u# belongs to C*° and that ¢ is one of the
“localizing functions” mentioned above. To obtain sufficient bounds for derivatives
of u, given Pu= f € G*,1 < s < 2, one might try to replace the “test function” v
in the estimates above by v = Su = ¢T”u, where T = lla% obtaining
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2
D IX T ullf + lleT ull}
j=1

2
= D UIX;Sull§ + 1Sullf/» < [(PSu, Suyo| + || Sull3
j=1

< (SPu, Suyo| + [([P. STu, Su)| + || Sull3

2
= [(Sf. Swol + Y _|([X7. Slu, Sw)| + [[Sull3
1

2 2
= (S, Swpol + 23 |(1X. St X7 S|+ 10X [X;. ST, Sw)] + 1 Sul}.
= = (3.25)

Now the first term on the right is fine: using the Schwarz inequality,
(S Sw)ol S USSIG + lISulls:

the first of these is known, while the second is the fourth term in the previous line.
That fourth term itself is the same as the second term on the left, but has “gained”
half a derivative; this step may be iterated easily.
But it is the errors that come up in treating the other two terms that will bother us.
For instance, since in this case X J* =—-X;,

|([Xj, Su, X;Su)i
= (X Sl X; Su)] < s.c.| X, Sully + €. |[X;. Sl
=s5.c||X;Sul? 4 Lc. |’ TPul? = s.c.| X T ull2 + C.c.|¢' TPulf?
where the first term on the right will be absorbed on the left-hand side of (3.25) but
not the second term, since ¢ has been differentiated.
To iterate this estimate, ignoring the double commutator term for the moment,

we first need to write the last term in the form present on the left of (3.25). We will
think (microlocally, since only 7" derivatives are in question) of

I T o ~ 1y T 20|12,

i.e., deal with pseudodifferential operators, in particular A,, whose symbol is
(1 + |z|>)!/?, and write

1/2 {—1/2 1/2 —1/2
T lo ~ IWADllo ~ 1A 2 AT v llo + AL w1A ™ Pl

—1/2 1/2 —1/2
~ AT 2Vl 4 A 1A Pl
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Now, we know from the calculus of pseudodifferential operators that the bracket
here has a whole asymptotic expansion in decreasing powers of A, and increasing
numbers of derivatives on ¥ ; thus once we learn how to control high derivatives
of ¥, we will arrive at an iteration of the form

2
D IXjeAfull§ + leAful},
ji=1

k—1/2 k—3/2
S oA FI2+ 10 A Pulld  + " A 7 Pul} )y + . (3.26)

All of the terms on the right must be treated, but since the orders are decreasing,
the highest-order term presents one derivative on the localizing function for a gain
of 1/2 derivative on u, and ultimately leads to the bound (after iteration)

||<PA5“||%/2 < cct ||<P(2k)u||%/2-

For suitable localizing functions, this will lead to the second Gevrey class and not
better.

This is the general reason why the most straightforward methods used for
certain operators satisfying subelliptic estimates do not lead to analytic regularity of
solutions (even though, in some very important cases, these operators are analytic
hypoelliptic).

(We will not dwell on the double commutator ([X;, [X;,@T?]|u, 9T ?u) at the
moment, since we will need to consider it later anyhow in a more complex context
and we prefer to leave the introduction without too many technicalities.)

3.10.3 The Flavor of Our Methods

To prove that locally, for a function u, Pu = f in some smoothness class implies

that « is in the same (or possibly a different) smoothness class, for our operator P,

which is singular (nonelliptic) only “in the a% direction,” in a sense to be made

precise below, it suffices to show that high derivatives in z can be controlled suitably.
Denoting by T the operator

0

or’

and taking a suitable function ¢ € C°(w), @ a small open set containing the point

Po in question, with

¢ =1 near po,

it would suffice to show that

loT*ully < CC*kY¥  Vk.
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Of course, since there will be a trade-off between lowering the order k of
differentiation in the vector field 7 and derivatives landing on the localizing
function, we will need to use very special localizing functions, or families of such
functions, introduced by Ehrenpreis, that behave “analytically” while still having
compact support. For the moment, suffice it to say that this is not an insurmountable
problem.

Our localization of 77 will be of the form

(T?), = ¢T? + terms where ¢ is differentiated

such that
(T?), =T7 in any open set where ¢ = 1.

Thus it will suffice to show that
I(T*)gullo < C**+'k!

in order to conclude that u is analytic in any open set where ¢ = 1.

In fact, and this is Ehrenpreis’s crucial observation, ¢ may depend on p as long
as the constant C does not, and the different ¢ are all equal to 1 on a common open
set and supported where we have information about the data.

What we actually use is that given two nested open sets @ € @, with separation
d = dist(w, ®°) and a positive integer N, there exists a localizing function gy = 1
on @ and in C§° (@) with

|D*py| < (C/d)*T'N¥, V]| =k <2N. 3.27)

And the construction of ¢y is not difficult: one picks the characteristic function
of an intermediate open set @’ and N identical copies of a “bump” function of
support proportional to d /N but integral equal to 1 and convolves them all; high
derivatives may be distributed over the many copies of the bump function so that
only two, at most, need land on any one bump function.

Because of the the width of the support of these bump functions, one derivative
is proportional to N, and two derivatives proportional to N2 in the sup norm. More
concretely, we will write

oy = NY(Nx/2d)*---x Ny (Nx/2d) * x

with N copies of Ny, ¥ a nonnegative smooth function of compact support in
the unit ball and integral equal to one and y the characteristic function of the
intermediate open set w.

The simplest subelliptic operator we are able to treat is built out of the left-
invariant vector fields on the real Heisenberg group:

ad yja a Xja 0

X; , =2 , .
I T 2w I, T2 u 31
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And the operator in question is

2n

P =2?:Xf+2j:Yf=21:Zf

(where each Z is an X or a Y and one may add first-order terms in the X’s and Y’s
at will).

Since these vector fields satisfy the Hormander condition that they together with
their first brackets span the tangent space of R?" ™!, this operator is subelliptic with
loss of 1/2 derivative in the inner product sense, and clearly controls the elliptic
terms as well: for v € C¢°,

2n

V32 + Y 1ZvI5 S 1(Pv.vyol + V15,
1

or if we assume for the moment that our solution u is already known to be C*°, we
may substitute v = (7'7),u and obtain

2n
TPy pull} o + D N Zi(TP)ulls S [(P(TP)pu (Tl + [(T7)gull3.
1

As before, we know a lot about (7'7),, Pu but not much about P(77),u, which
will require us to commute P with (7°7),,.

We are incredibly fortunate that the Heisenberg group commutation relations
among the Z; permit us to construct the remaining terms of (7'7), so that (T'7),
will commute well with P.

For starters, (7'7), must commute well with the Z; that make up P.

3.10.4 The Construction of (T?),

We have seen that we must control the bracket [X;, 9T? 4 ---], where the ... are
to be determined, with the property that each term has at least one derivative on ¢.
The first requirement is that

[X;,oT? 4 -] = (X;@)T? + [X,,...] not containing 77,
or, what is the same thing,
[Xj,..]==(Xjp) T¥ mod terms with at most 757",

If we start with k = 1, things simplify. A provisional choice is

(1), = ¢oT =Y (X;p)0Y, (3.28)



26 3 Overview of Proofs

as an operator, i.e., (3.28) means
(THyw =g oTw—(Xjp) o Y;w,
for then we see rapidly that (always as operators)

(X (THy] = = (XiX;9) 0 Y.
J

But of course, we will also encounter the bracket with Y, and we have introduced
nothing to “kill” 7" when bracketed with Y.
But the choice is not hard to find; namely, if we let

(THYy =¢oTw—> (X;0)o¥; + Y (¥Y;0)0X;.
j j

there is little change in the bracket with Xy, since the [X;, Xi] are equal to 0, but
the additional terms perform the same miracle with Yy:

(X (THe] = =D (X X;0)Y; + ) (XieY0)X;
J J

and
Y. (THe] = =) (Vi X;0)Y; + > (ViY;0)X;.
J J

We are tempted to say so far, so good, except that the above brackets may be
written, generically,

(Z.(Thy] = ¢"Z.

which is not so thrilling: starting from ||(,0Tu||%/2 we have arrived at ||¢” Zul|o.

To put the matter differently, since in the estimates the 1/2 Sobolev norm carries
the same weight as having a Z derivative, just appending additional powers of T
(without sophisticated localization) would give, in L? norms,

1Z(TYy T ullo — 1Z¢" T ullo = | Z¢" T T " ullo.

where a “gain” of one power of T has “cost” two derivatives on ¢, but now the
@"T on the right does not occur in the form of (7''),~, which helped so much in
the first bracket, and as we saw above, without this special form we are led only to
the second Gevrey class G2 and not to G'.

Since it is the apparent trade of one power of 7" for two derivatives on ¢ that leads
to apparent defeat, a new interpretation of this “trade-off”” was what saved the day.
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For if one tries to generalize the construction of (7'!), in perhaps the only
reasonable way, namely,

(XiX;9) (X:Y;90) YiY;0)Xi X
(T%)y = (T, T + ) =2 F= Y, = 3 ==X Y 4y ==
ij ' i,j o i.j '

— (T),T + Z ((_Xi);!_Xj)(p)Yin
i,j

(=X)Y;9) (YiY;0)
RS T B T
i

i
(=X)Y’(p)
= Z AN

oTf] o XPye2-lel=lpl (3.29)

lo|+1B1=<2

we obtain the following very interesting commutation relations:

Z3(p

2y 1= 2
[X¢,(T7)y] =0 mod 1 ° Z
and .
Z
[Ye. (Tz)tp] = (TI)T(/; oYy mod 2'(0 o Zz,

where again, each occurrence of Z denotes a Z or a Y (or its negative).
In fact, now the obvious generalization

—X)ey#s
Ty = > M o XPyer?lel-Ifl (3.30)
wipe 0P
yields
Zp+1
[X¢, (T?)y] =0 mod ﬁ oZ? (3.31)
p!
and o
ZP
[Ye,(T7),) = (T" r,0Y, mod 27 e) o ZP, (3.32)

p!
as a straightforward shift of index argument shows.

Actually there are choices to be made even here, notably the order of X’s and
Y’s to the right and left of ¢, and each choice has advantages and disadvantages,
but we will settle on this choice. The fact that one cannot satisfy the bracket with
the X, and the Y, exactly (modulo pure Z’s) in fact led to an impasse that lasted
for quite a long time, and the beautiful principal error in brackets with Y, came as
a wonderful surprise and provided the essential clue that this construction might be
very powerful indeed. More difficult still will be brackets with functions, as we will
see below.
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3.11 The Role of Strictness

Given a set of real vector fields X, Y, with, for example, the property that the X ;
commute among themselves and the same is true for the Y;, j < n, in R+ with
a complementary vector field T, the matrix ¢; ; given by

[X,’,Yj]ECi’jT mod {X]},{Yk}

plays a crucial role. It is often known as the Levi matrix (especially in the case of
complex vector fields).

When the determinant of ¢;; is nonzero, the structure is known as “nondegen-
erate,” when it is nonnegative definite, the structure is “pseudoconvex,” and when
it is positive definite, the structure is known as “strictly pseudoconvex,” all terms
originating from complex analysis.

The case we are studying initially has the matrix ¢;; a multiple of the n x n
identity matrix. And the case in which the vector fields are those coming from the
Heisenberg group provide the simplest model.

We have already met, in the Baouendi—Goulaouic operator above, a case in
which, in some sense, one of the eigenvalues is identically equal to zero, and we
found that the operator is not real analytic hypoelliptic.

A more subtle situation occurs when the Levi form is weakly definite, such as
would be given by the vector fields in R?,

I R A -9 x*9
X = -, Y = — _—
ox 3 oy 3
Here ¢, = x? + y2, which is positive definite except at the origin in (x, y) and

nonnegative throughout, but the analysis becomes much subtler.

3.12 Treves’ Conjecture

For many years there has been a conjecture, shown consistent in many cases but not
proven, due to Francois Treves. We will not go into the full conjecture here, since it
goes deep into the symplectic geometry of the characteristic variety of the operator
and this book is about positive results, but we shall give some examples and give the
conjecture in easy cases.

The conjecture may be most easily stated in terms of a set of real vector fields
X;=X;(x,D) = ZZ:I aji Dy, Dy = %% in R", with corresponding symbols
0j(x.§) = Y k=1 ajibr.

The characteristic set of { X1, ..., X,,} is given by

Char(X1,..., X)) ={(x,§) :0;(x,§) =0,§#0, Vj}.
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It is the disjoint union of “strata” X ;, each of which is a real analytic manifold
on which the symplectic form has constant rank and on which the Poisson brackets
up to a length r; vanish, but at each point of X; there is a bracket of length r; 4
that does not vanish.

The actual construction consists in looking at the connected real analytic com-
ponents of Char(Xy,..., X,,) on each of which the symplectic form has constant
rank.

On each of these components, one looks at the iterated Poisson brackets of
the symbols of the {X;} and breaks up the component into a disjoint union of
subcomponents on which the length of Poisson brackets required to obtain a nonzero
function is constant. Those for which the length is r constitute the stratum of depth r.

Each of the subcomponents is treated in the same way.

In the end, one arrives at a (finite!) collection (because of the Hormander property
of the vector fields) of real analytic connected manifolds on which the symplectic
form and the Poisson “depth” are constant.

Treves’ conjecture is that an operator P = ) X 12 should be analytic hypoelliptic
if and only if each stratum is symplectic, which means that the symplectic form is
nondegenerate on each stratum.

3.12.1 A Particular Case

In a particular case that models the operator D12 + fo% + x‘fD%, the conjecture
becomes a bit simpler. Everything in this section is microlocal, i.e., taken near
(x0.60) € T*R.

The assumptions for this section are that in R?,

3
P(x.D) =Y Xj(x.D),
j=1

and:

(A1) The operator P satisfies the Hormander Lie algebra condition and hence is
C*° hypoelliptic.
(A2) The characteristic set X of P,

To=1(x,§) : X;(x,§) =0V}
is an analytic symplectic submanifold of T*R? \ 0.
(A3) The vector fields X; are linearly independent.
(A4) Define

Z1 = {(X,E) € T*R3 \O | (x,é‘) € EOa{XivXj}(va) = O’ Vl’]},
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and in general, let / = (iy,...,i), i; € {1,2,3},for j = 1,..., k. Writing
|7| = k, we denote by X the iterated Poisson bracket

X ={Xi, {Xip. .. AXi_,, Xip} -3}

of the vector fields X;, j = 1,2, 3; set

Th={(x,8) e T"R*\ 0| (x,§) € Zj—1, X;(x,6) =0
for every index I such that |1 | = h}.

Assume that each of the X; is an analytic submanifold.

Then the conjecture, in this setting, says that P should be analytic hypoelliptic if
and only if each of the (nonempty) X ; is symplectic.
In particular, the operator

PG = D} +x{*D2, (3.33)

has ¥p = {&; =x; =0} (since§ #0and & = x16 =0 = & = x; = 0) and
also all ¥y = X for £ < k. These are all symplectic, and the operator Pg is known
to be analytic hypoelliptic.

But by contrast, the Baouendi—Goulaouic operator (see below),

Pp = D}, + D%, + x; D},
has 3o = {(x,§) : x; = & = & = 0}, which is not a symplectic submanifold
of TR3.

Together with A. Bove, we have examined numerous examples in the light of the
conjecture, with results consistent with the conjecture, and have a further conjecture
on the Gevrey regularity and sharp Gevrey regularity index for similar operators in
terms of the first k for which Xy is not symplectic and the first £ for which X, = @,
but the conjectures remain open in general.

3.13 Counterexamples in the Complex Domain

Before getting too enthusiastic over these methods, we need to remind the reader
that in fact there are subelliptic sums of squares of real vector fields that are not
analytic hypoelliptic. The Baouendi—Goulaouic example is the simplest of these,
and in fact can be cast in the context of [, for a pseudoconvex, but not strictly
pseudoconvex, domain.
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The following argument, inspired by one due to G.B. Folland (private communi-
cation), shows how the sum of real vector fields can arise from complex analysis.
In C?, consider the Heisenberg group vector fields {L g, Ly} in {z;, w;} together
with a flat piece

Lp =0,.

Then a brief calculation gives

[
{LuLy + LuLy} = -+ 21|29, + 06,910,

2
where
0g, = X10y, — Y10y, 21 = X1 +iy1.
Thus
1 — -— _
3 {LuLy +LrLr+ LuLy + LrLr)}
= 02 + |10, + 96,00, + 0%, + 03,
=0, + 03 4 X705, + V0%, + 09 0w, + 07, + 03,
But on functions independent of y; and then evaluated at y; = 0,dg, = 0, and

hence on functions independent of y; and y, and then evaluated at y; = 0,

1 — N -
3 {LuLy+LrLr + LyLy + LpLp} =05 +x705, +03,.

the operator of Baouendi and Goulaouic (in the real domain).

3.14 AHE for D + x}*D2 (No (T?), Needed!)

We conclude this chapter with a simple situation in which analytic hypoellipticity
has been known for some time, namely that of D2 + x?* D2 , which we will write
as P = D} + x** D} for simplicity.

Admitting that it suffices to bound powers of the given vector fields D, and x¥ D y
on a solution u to Pgu = 0 (using Cauchy—Kovalevskaya to find an inhomogeneous
solution to a given inhomogeneous problem and then taking the difference, using the
linearity of Pg) in L2 norm and that for x # 0 the operator is elliptic, so localization
in y alone is required, we write, with Z = D, or x* Dy,
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1Dx@(y) DY ul® + [ Dyo(y) Dul®

< [(Poo(y)Dfu. p(y)D{uw)| = |([Pc. ¢(y) Dylu. (y) D{u)|

< |(xkg0’kayD§’u, @D Tu)| + |(ka},xk¢’D5u,¢D§)u)|

< s.c.||x* Dy(pr,’qu + K.c.||xk<p'DyD§’_1u||2.
Thus except for the order of ¢’ and D, in the last term, a phenomenon we will
deal with later, and inverting the order clearly will produce ¢” with the order of
D, decreased by one more etc.; except for this, the order of differentiation has
dropped by one and the number of derivatives on ¢ increased by one. At this point
one may bring the localizing function out of the norm and introduce another, which
moves from being equal to 1 to being 0 in a band of width C/p, or use special
functions, described below, that can absorb up to p derivatives and grow as if they
were analytic. In either case, iteration leads to C? p? or C? p!, i.e., analyticity (in y).

In x, we are led back to D, derivatives as well as lots of derivatives on ¢ (or many
¢’s with nested supports as mentioned above):

IDxp()DLull® + |1 Dyo(y) DLull?

< |(Peop(y)Dlu,p(y)Dlu)| = |([Pc.¢(y)DL]u, p(y) Dl u)]|
= |([x** D3. D2 ¢lu. oD’ u)|

< 2kp|(x* ' D,oD? 2D yu, x* DD u)|
+|(x* D @' DP " u, x* Dy DPu)| + Lo t.
S— -+ = 5.c.(LHS) + L. CPp?2 D! Pul* + L.c. CP |l ul>.

But we have seen that y-derivatives grow analytically, whence

IDxp() DLull® + |x“Dyo(y) Dul? < CP*'p? < CPFlpl O



Chapter 4
Full Proof for the Heisenberg Group

4.1 The Model Operator

The simplest case in which the operator (77),, provided a breakthrough came from
the so-called left invariant vector fields on the Heisenberg group.

One need not know anything about the Heisenberg group to write down these
vector fields, as we have done above: for j < n,

Actually, via the change of variables ¥, = x;, J; = y;, =t —3Y x;y;,
these fields are transformed into the fields

0 ad 0 0

Xj= oyl Y= T= 4.1
U PR Ay a1 1)

We shall use the fields in this form from now on. The operator in question is

n n 2n
P=2 X} 2 =27
1 1 1
where each Z; is either X; or Y}, and we could as well write
2n

—P = Xn:XjX, + iyj*yj =Y 737;.
1 1 1

since here Z;'.‘ = —Z;, and in general, for real vector fields, they will differ by a
smooth function.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 33
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_4, © Springer Science+Business Media, LLC 2011
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As we have seen, this operator is subelliptic with loss of 1/2 derivative in the
inner product sense, and clearly controls the “elliptic” terms as well: for v € C°,

2n

VI35 + Y IZvl3 S 1(Pv.vyol + (V][5 4.2)
1

4.1.1 T Derivatives

We assume for the moment that our solution u is already known to be C*°, and
taking any localizing function ¢, we may take v = (77),u as above:

(=X)*Y’(p)
Z alp!

2n
1T ull )y + 3 1Z (TP gulld S 1(PT7) g, (TP)gudo] + (T qul3.
1

(TP, = o XPye2=lal=I8l

le|+18l<p

A frequent complication comes from the position of a Z in the norm, and things
become a bit more symmetric and simpler below if we introduce additional terms
on the left, to make a more symmetric formulation with regard to the placement
of the Z;.

Namely, we will add Zf” ||(TP)¢Z_,-u||(2), which differs from the terms already
there by a simple bracket, discussed in (3.31) and (3.32) above. Defining a more
symmetric “norm” leads to the following definition.

Definition 4.1.
NZTpullo = 3125 (T pullo + 3 IT)eZsulo
We have, suppressing summatiojns and indices, :
I(TP)pull} ) + N Z(TP)gullg S NPT gut, (TP )gu)o| + [(TP)gulls.  (4.3)

Now we must commute P with (77), to obtain (77), Pu, which is known, but
the error we commit in doing so will be denoted be | E|, where, writing A = (17),
for the momentand A" = (T?71),,

E = (P Au, Au)o — (APu, Au)o = ([P, Alu, Au)o
= (Z[Z, Alu, Au)o + ([Z, A Zu, Au),
~ (.A/Zu, Z Au)o + (A/Zu, Z Au)o

ga(p+1) (p(p+1)
+C_”( , +C_p(—,Zp+1u,Au) :
p: p: 0

Z%u, Z.Au)

0
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since here Z = —Z*, and hence
S| @+ 2
|E| < 5.¢X | Z(TP)pully + L.c | Z(TP Yyullg + Le.CP || Z ZPu
0
In all, then,
1(T?)pull1)2 + N Z(T?)pullo
. s <p(P+1)
SN Pullo + 12Tl + 1T )yl + €2 | 25— 20
. 0
(4.4)

We want to iterate this estimate, with p decreasing each time until p = 0. If we
assume Pu = 0 for simplicity only in this iteration, we obtain

1T gl o + 1 Z(TP) gl
N
< CPENZePullo + loPulle} + 3 C7

t<p

(p(P-H)
£!

7z Z|. @5)

4.1.2 Z Derivatives

In the previous section we reduced the estimation of 7" derivatives to the considera-
tion of pure Z derivatives. As we will see, these will lead back to T derivatives, but
only half as many, permitting us to finish the proof.

Let i have compact support, and consider what happens when we bracket a Z
with a large number of Z’s:

[2.201=qT27,  q'=q-1, (4.6)

meaning that there will occur at most g terms of the form 7Z " with q <qg-—1,
since the isolated Z might be, for example, X, and all the other Z’s might be Y’s
or, at the opposite extreme, they could all be X’s, in which case there would be no
terms containing 7.

The a priori estimate (3.24), with v = yZ7u, then yields

2n

I Z9ull}), + D NZwZ9ullg < [(PZ9%u, yZ%u)o| + [ Z%ul
1

= |(WZ9 Pu, Y Z%u)o| + |¥Z4ull} + E.
“4.7)
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since Z* = —Z. Writing B = ¥Z9, By = ¢'Z4"!, and B, = QTW’Z‘FZ, so that
[Z,B] = ZB, + Z13,, we obtain

E = (PBu, Bu)) — (BPu, Bu)y = ([P, Blu, Bu)y
= (Z[Z, Blu, Bu)o + ([Z, B]Zu, Bu),
= ([Z,Blu, ZBu)o + ([Z, B]Zu, Bu),
= ({ZB\ + ZBy}u, ZBu)o + ({B1 + B2} Zu, ZBu)y.

Again, with the symmetric norm,
NZBaul = ZB.ullo + |B.Zullo,

which introduces an error with ¢ reduced by one and one derivative on v, and
nothing else. Thus we have

1 Z%ulliy2 + 1 ZYZ%ull S |WZ47 Pullo +° 1 Zy' Z9 ull + g I ZYZO > T,
(4.8)

where the second term on the right may include a term in which ¥ is not
differentiated (a milder term).

So two kinds of things may happen: a Z may differentiate v, or two Z’s may
create a ¢ and a 7. We will iterate this estimate until there are no more free Z’s.
The first time we obtained the factor ¢, and ¢ is reduced by two; the next time will
produce the factor ¢ — 2 (or less) etc., but the only effective constant to capture
this is ¢, since there are m terms, the largest of which is g. Later the distinction
between factorials and powers of p will become important, but not at this moment.

We arrive at

NZyZhullo < CL sup g™ {Iy T Z9 T Pull + 1Y O T ullo} . (4.9)

r+2m=<q

or, if we take Pu = 0,

(r)ym
NZyZiullo < C? sup W—u”‘), (4.10)
r+2m=<q m!
while (4.5) is, again,
s (p(p+l) '
(TP gull1/2 + N1 Z(T?)pull S CPsup | Z a2 (4.11)
{<p :
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4.2 The End of the Proof for the Heisenberg Group

To conclude the proof (with Pu = 0), the above estimates telescope, especially if
we make the observations that (77), = T? where ¢ = 1,

s
1T ull 2gp=13) < WZTP)pulll + [(T7)gull1/2 S sup C”
q=p

(p+1)

q!

7% 74,

b

NZyZiyullo < C4 sup " |y T ullo. (4.12)

r+2m=<q

Note that we cannot allow comparisons between j! and N/ involving only C/.
But if we are permitted C", all comparisons are permitted: taking jth roots and
dividing through by j shows at once that

N/ <cNjl, j<N.

Since there are many choices involved here, for example the order of differentia-
tion and localization, we should note that even comparing 7" ") with expressions
in which all the derivatives are on the right is not hard:

T’"I//(r) — Z (m> (r.)jh/f(rJrj)T(mj)’

j<mr J J

and hence the right-hand side of (4.12) remains unchanged if the derivatives are
placed to the left of i, though with a different constant. Thus, symmetrizing things
a bit between p and g by associating the factorial with the power of T yields

(p(erl) w(p+;‘+l)

q m
IT7ull 12 gp=13) < Csup NZ4=—ull < wp g =T uII’
p! q<p q! r+2m=<q=p q!
or
IT7ull L2(gp=13) <C’  sup "m! ||<p(1’+’+“||Loo 7" ull 22 supp )
p! ~ r+2m=<q<p rlq! m!
<C”  sup g"mINPTH oD oo I T™u| 12 gupp o)
~ r+2m=<q<p p!q! Np+r+1 m!

||¢(p+r+1) ”Loo || Tmu”Lz(SUPp ®)
Npt+r+l m! '

<C? sup
r+2m=<q<p

(4.13)
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since for p ~ N, under the conditions of the supremum,

qmm!Np+r+1

———<cr, (4.14)
p'q!

The crucial observation here is that the number of 7' derivatives on the right is at
most half the number that we started with. We need to introduce a new localizing
function, @1, at this point, but it will never need to receive more than p/2 derivatives.

The next iteration will start with estimating up to p/2 derivatives, and lead
eventually to the introduction of a third localizing function, ¢,, which will need
to be able handle at most p/4 derivatives, etc; in other words, if we start with the
aim of estimating N = N, derivatives in 7 (and in Z along the way), we will need
at most log, Ny localizing functions, the first identically equal to 1 in @y, where we
hope to prove analyticity of the solution, each identically 1 on the support of the
previous one, and all supported in the open set @, where we assume that the given
data are analytic.

If we denote these by ¢; = ¢n;],j < log, N, and the corresponding open sets
by w; if we need to refer to them, with distance d; between the closure of w; and
the complement of w; 41, then if we permit at most N; derivatives on the localizing
function ¢, , each derivative will contribute a factor CN;/d; = (CN/27)/d;, and
so we will have a constant independent of N such that

CN/2/

k
) , k<2N; =2N/2/.
dj

|D¥g;| < (

We will write dj for the separation between the interior of the first and the exterior
of the last of the open sets @ = @log, No-

It would be tempting to set d; = dp/2/, so that each derivative would contribute
the factor CN no matter which band or shell we were in. We shall see, however, that
this will not work, and we will have to be more careful in our choice of d;.

In the last estimate above (4.13) of course we might not want to use the next ¢,
since we want m to be comparable to N; for the ¢; that we use in order that the m!
in the denominator will be strong enough to balance as many as m derivatives on
the new localizing function.

But as long as we always do this, the analysis above will apply equally well to
any ¢; in place of ¢, and N; in place of N, although the crucial terms in (4.13) will
require the bounds (4.14) at level j.

More explicitly, since this will lead us to the condition we need on d;, let’s
write down the corresponding estimates and conditions in the particular case that
the supremum on the right occurred for m ~ N, having started with p ~ Ny. Then
we have first of all

T ulligo=1y _ n leg” ™" lzee 1T ull2(supp )
— =< C™  sup (4.15)
p! rtamzqsp NPt m!




4.2 The End of the Proof for the Heisenberg Group 39

and then
(m+7+1 7
IT"ulgomy o ome gy M e 1774l s 4.16)
m! - From<gem  N"TTH !
since now for m ~ Ny, under the conditions of the new supremum,
~r71n~,l|N m—+r+1
TR < om (4.17)
m!q!
just as we had p ~ N under the conditions of the first supremum,
mm!Np+r+l
am <o (4.18)

plq!

It is very tempting to think that since the localizing function ¢, behaves in nearly
the same way that ¢, did - derivatives bounded by powers of N; /d;, that the method
would not lead to the desired bounds, for with d; taken to be dj / 27, in the end we
would have just powers of CNg, which would not cancel the N; which are present

in the quotient

(m+7+1
o™ V]| oo

W. (4.19)

But suppose we ignore this seeming hitch, and continue to iterate (4.15) and
(4.16). With d; = dy/2’, N; = Ny/2/, we wind up with

” Tpu”LZ({ -1y logy No N log, No - No
— = [ eveh e =™ [ [T @7 | lulne),
: j=1 =1

(4.20)

since
(m+7+1) (—CNO/zé)m+7+l
o, [l oo do/2

¢ 1
N T (N 2yt (C2°/do)"

with 7 +m + 1 < 2Np/2".
But in (4.20) the large parenthesis is bounded by a universal constant; hence the
whole right-hand side is bounded by C ™ |u| H1(&)» Which leads to

IT7ull 2 (=1
=D < Nl (4.21)

or
1T7ull 2gp=13) < CNOP!”“”HI((;)» (4.22)

which implies analyticity, since Ny ~ p.






Chapter 5
Coefficients

5.1 How Special Is the Heisenberg Model?

The model operator studied above, a constant-coefficient quadratic expression in
the left-invariant vector fields from the Heisenberg group, suggests two kinds of
generalizations: variable-coefficient expressions in these vector fields and variable-
coefficient expressions in smooth vector fields whose bracket relations and span
resemble those of the Heisenberg group vector fields.

Fortunately, in the generality we are going to study first, this second gener-
alization is a non-generalization, thanks to the celebrated theorem of Darboux.
The Darboux theorem states that any collection of 2n — 2 smooth vector fields
in R?"~! whose characteristic variety is symplectic (i.e., the exterior derivative of
the one-form @ defining the span of the vector fields is non-degenerate) then in
suitable coordinates the vector fields may be written as (a smooth, invertible) linear
combination of the Heisenberg group vector fields.

It follows that to allow such vector fields is not necessary if one can treat variable-
coefficient operators built of the Heisenberg group fields.

And clearly the estimates we have worked with are stable under taking invertible
linear combinations of the vector fields.

When one introduces (smooth) coefficients in the operator, the situation becomes
more complicated. For now, the operator will be written (at least the principal part)

P=Y auZiZi=— ajxZ;Z.
Jk=1 Jk=1

The vector fields will still be from the Heisenberg group as above, but as noted
above, the coordinate change

N QN 3 i
z=t+52xjyj, xj =%, yj=7J,
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transforms the vector fields {X;,Y;, T} to have the form

o 9
Xj =gz~ Vige

J ~
X Yo ]=0i—==T=T. 5.1
85‘?/‘ [ E k] 8]k ( )

Y = =
ot

0y; ’
The reason that we do this is that now the fields have a sort of commutation
property that the original fields did not have:

XY"p=Y"p: — yY"py. (5.2)

That is, while of course [X, Y] # 0 in general, the derivatives from X may be
passed onto the function p if we may leave an additional function (here y) with the
function p (on its right). We will henceforth drop the tildes.

Thus in addition to the brackets we have considered above, we will need to
consider brackets of errors of (77), with these coefficients. The formulas that
follow will not be simple, but I trust you will agree that they cannot be avoided.
They will have a logic that will become clear as we work with them.

And it turns out that working with the a priori estimate in norm form, not inner
product, simplifies the construction and calculations.

5.2 Rigid Coefficients: T Derivatives

We start, however, with the calculations when the coefficients are independent of the
variable 7, a situation called “rigid” in the literature. Letting the coefficients depend
on t complicates the calculations significantly, so we will reserve it for the next
section.

For rigid coefficients, we have

[(Tp)(p,a]u = Z MxﬂyaTZ—lod—w,a u

a!p!
lel+181<p Z

o p By ) o
Z )

a)<a.p1<p

1=ley+p11

o CX Y@ L ppiyamarpotal-Iol,

alB!
— Z (Xﬁl Y%q) o ((—X)al (_X)a—ou yB—hi (Yﬂ‘ QD))
atp=<p il (¢ —a)!(B — p1)!
e

x XP—Prye—ei pr=leit+pil=le—ai+p=pil (5.3)
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We will take o) and f8; as parameters here, and note that this expression is almost
equal to

Brya
2 M(Tp—laﬁﬂl\) bl
ar!B! (=X)M1YPLe™
atp=p P
o) =a.f1=p
1<la;+81l

which would be lovely if exactly true.

The problem is that the extra (—X)* derivatives on ¢, «; of them, are
in the wrong place in (5.3), and moving them directly onto ¢ would produce
brackets between (—X) and Y, yielding powers of 7T, harmless in themselves, but
simultaneously decreasing the value of  — 1, which is definitely not harmless, for
that quantity occurs in three other places in the formula and the balance would be
badly thrown off.

But I invite the reader to consider just one of these apparently extra (—X)
derivatives. The change of variables we have employed above in (5.1) makes two
nice things happen that permit us to deal with the poorly placed (—X).

Namely, we split (—X) into two parts: the d/dx part, which may “slide” directly
onto ¢, and the yd/dt part, and here we leave the function y where it is, to the
left of everything, but pass the d/0d¢ derivative onto ¢ as well, since d/d¢ commutes
with everything, and in any case, the vector fields themselves are rigid even if the
coefficients are not, a fact we shall use in the non-rigid-coefficient case in the next
section.

So we may write (5.3) as

Z (XPryna) y (=Xx) ey P=Pr(plalybiypy)

[(T7)y,a] = o
o] A Tanpr Y (@ —anl(B— B!
o] <o) <a.f1<p
1<l +p1l
x X P—Prye—a TP—\a1+/31|—|0t—al+ﬁ—ﬂ1|u’ (5.4)
or ;s
XPry®ig
(TP alu= ) ya”¥(7"p_‘m ) petou. (5.5)
1<l +511<p o!Bi!
ayy =a]

and we notice that the additional derivatives on ¢ are balanced by the drop in
exponent of (7°7),,.

We encourage the reader to absorb this process here, since it will occur in more
complicated form when we consider nonrigid coefficients and pseudodifferential
coefficients below.

If we permit ourselves to confuse multi-indices and ordinary indices, and up to
constants to the power of the index they are comparable, we may write this last
expression as

(r)
(Tl ~ Y 3 S (7)o (5.6)

l=r=p
s=<r
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The intuitive sense in this expression, which one can certainly not gainsay,
is that the degree has decreased by at least one, with the corresponding passing
to the localizing function, and some powers of y, and when measured in L? norm,
the powers of y will come out bounded by 1, and the derivatives on a divided by r!
bounded by C", so that

(TP aluly 5 D C[(TP7) youl, - (5.7)

I<r=<p

5.3 Our Estimates and How We Use Them

To keep things in one place, we recall (5.8), (5.9), the results of brackets with the
vector fields:

[X(.(T?),] =0 mod 0 ZP (5.8)

and
p+1

[Ye, (T?),] = (T”_l)w/ oY, mod o Z?. 5.9

These are clearly the relations that will permit us to iterate the a priori estimate
with control on the terms.

But first we will collect the a priori estimates in the forms in which we have
found they work most simply: that without inner products at all solves nearly every
situation, but eventually we will need the inner product version as well.

In the model case in the previous chapter, we have dealt with the position of the
vector fields Z needed for the estimates by symmetrizing the norms, and denoted
these by *||.||. Rather than continue to use these norms now, we will simply not worry
about the precise position of the Z’s in a norm, since we know how to evaluate the
bracket of Z with (T'7),, and so for now we will use “norms” where it makes no
difference: all positions are present. However, and this is important, we will continue
to use a norm notation. Thus

|z>(T7),w|, standsfor |Z*(T"),w|,. |Z(T?)eZw]|, or |(T"),Z?w|,

(5.10)
or a sum of all three, and likewise
|Z(T?)yw|, standsfor |Z(T?),w|, or [(T?),Zw]|,. (5.11)
and, perhaps most potentially ambiguously,
(p(a) (p(”)
72l 7 TSy stands for | Z2 Z"T w|
b! 0 b! 0
(p(a) (p(a)
Z ZZ"T w|| , or Z2Z'T*w| , (5.12)
b! 0 b! 0
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and

@
b!

‘ @
Z"T°w B Z"T°w

or
0

|2

stands for H V4

0 0

The reason we feel this is both effective and safe is that these terms differ by
terms of one of these forms but of lower order in a way we will quantify, and which
will appear on the other side of the inequality anyhow.

In exchange for this flexibility of the position of Z derivatives, we pay a small
price, namely in bounds for Z?(T'”),u we must include a term with p = 0 on the
right, in view of (3.31) and (3.32). Thus the estimates will read

5 5 - (p(p-l—l)
|Z>(T")ul, S |P(TP)pu|, + | 22T gru|, + C7 || Z o ZPu| ., (5.13)
: 0

(r+D) 2

|2 P)gully < 1P A Tl + [ 2T g+ €7 |20
(5.14)
|Z20zTu, < |1PeZIT ully + | 2% 297" T5u]),, (5.15)
1ZeZIT ull} < [(POZIT u, pZ T u)o| + | Z¢' Z9Tu; . (5.16)

This notation means that we may write, using (5.7), and now with the further
understanding that even the expressions involving Z’s are not sensitive to the
position of the leftmost two Z’s, so that Z2¢w and Z¢Zw, and ¢ Z>w, for example,
could be written in any of these ways.

Proposition 5.1.

[P.(T™)glw = [a. (T™)1Z%w + a[Z* . (T™)y]w

(p(m+1)

a(r)
=> (T" Yy Z*w 4+ aZ(T" )y Zw + C"Z——

Z"w.
r!

1<r<m

This proposition immediately yields the following:

Proposition 5.2.

[P T™elwlly < [la. (6122w, + 127 (™),

g0(m+1) 2

S Y. AT o], +C" | Z Z"w

1<r<m

0

For later reference, we establish the estimates from using inner product norms,
even though for rigid coefficients this will not be needed:
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Proposition 5.3.

a® ‘ ,
( — (") 2%, (T’")wu)

r

|([P’ (Tm)w]uv (Tm)(pu)0| = Z

I<r<m

+1@Z(T" )y Zu, (T™)gu)ol

gD(M-i-l)
(z Z"u, (T"’)wu)
m!

0

_I_ Cm

)

0

where in the first two terms on the right at most one of the Z’s in Z? is actually
to the left of (7'7),, and it may be integrated by parts, modulo lower-order terms.
Bringing one Z to the left and integrating it by parts may introduce additional,
lower-order, errors, but still, in view of the analyticity of the coefficients a, this
yields the following:

Proposition 5.4.

([P (T™)Ju, (T™)gu)o| < s.c. | Z(T™)gullg + L. Y CF (T )y Zul]

1<r<m

@m+D 2
+lc. C" \Z—Z"u

0

Eventually, using the norm or the inner product estimates, the exponent m in
(T"™), will drop to zero, as in the last term above, and thus we need to study pure Z
and mixed derivatives.

5.4 Pure Z and Mixed Derivatives

To estimate pure Z derivatives, the situation is simpler except that two Z’s may
bracket to produce a T, or, of course, a Z may land directly on the localizing
function, and upon iteration one or the other of these will happen (or the Z’s will
land on Pu, of course), until there are no more.

Proposition 5.5.

[P.YZIT\w ~ Yla, ZIT| Z*w + a[Z*, Y Z1T"]w

~ Z (q/) (s/)a(q"ﬂ’)ZZqu—q’TS—S’W
q N

q'<q.5" <s
1=¢’+q’

+qaZ?yZ T + aZPY 207 TOw + aZPy " 2972 T w.

Thus we have the following result.
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Proposition 5.6.

”[Pv quTA]WHO s HW[Q,Z[ITX]ZZWHO + ” [Zz’ quTA]WHO

!S! o 7 o
S swp ——— i | 22yze XWH
¢’ =q.s"<s (g —g")(s —s)! 0
1<s'+q’

T N PR
+ |z z2 ]
So, using Proposition 5.6,

|Z2vz0Tu], S | PYZeTuly + | 2290207 Tou

0

S WZIT Puly + IP. Y2 Tl + | 2290 247 T

L

q'S' /g
< \vZIT°Pul|y, + sup — —— — CI*s
||W ||0 q’sq,.\'I/)SS (q _ q’)!(s _ S/)! a

1<s’+¢’

< |22z T |+ |22z T

+ |22z T+ | 22z T

0

where naturally the constant will depend on the (real analytic) coefficients.
That is, one of several things has happened:

e P and u are together, as Pu, which is known, or

* ¢'Z’s have been gained with a factor of ¢!/(q — ¢')!(< ¢7'), or
* one or two Z derivatives were gained by differentiating v, or

e two powers of Z were gained, producing a T and a factor of ¢q.

Iteration of this estimate, as long as at least two Z’s remain, may replace Z’s by
half as many (new) 7’s. When there is at most one Z, we stop.

So we have, back in terms of L? norms, since T = [Z, Z], using (5.13) and
Proposition 5.6 and iterating,

||Zszu”L2({<ﬂEl}) + ’|Tp+1“’|L2({<psl}) S HZZ(TP)q)“”o

(p([)+1)
S| P@Pyu|, + | 22T yul,+ CP | Z o Z%u
: 0
< Y @0 Pl + | 2otV Z0ul) ) /1y (5.17)

0<r=p
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and

HZZI/qu ad HO < sup C(Q)qqz
Q1+2q2=¢

Z<21/,(111)Tb+|f12\uH
0

+  sup C\Qzlqlqzl
q1+292=q

w(k]l D 74—a1=2¢> ph+lg2| Pu” )
0

This last estimate may be iterated effectively as long as there remain two Z’s, at
which point we simply stop.

Consider what happens when Pu = 0 (for simplicity). Then, since modulo C?,
r!and p" are comparable, the circuit reads

pP? |(p(m+p+1) |Loo

<2
|22 u] oy = €7 e

pprit2r, ”ZSZTPZMHLZ(SUPP @)’

or

<2
257y <00 sup WOl [T )

—y =
({e=1}) P42p<ptl ph pp2

Yet again, more suggestively,

||Z§2TP””L2({¢51}) < CP sup PP 4D o “ZSZTPZMHB(WPW).

p? P1+2pa<p+1

pl’1+17+1 pr
(5.18)

Now, ¢ was chosen with reference to p, our starting point. We will
switch to a new localizing function at this point, but in handling the quotient
lpP1+PHD| oo/ pP1HP+L well we realize that the next localizing function will
have to be chosen not only to be identically equal to one on the support of ¢ but
also linked to the remaining number of derivatives, p,, which is at most equal to
(p +1)/2.

This will introduce a new quotient and so on, and the product of them all, clearly
at most log, N of them, will need to be bounded by (another) universal constant
raised to the power p.

And of course when the supports of the ¢; are lined up, starting with p = N, the
requirements on the ¢; are:

* they must be nonnegative with integral equal to 1,
* denoting by d; the width of the band in which ¢; drops from being = 1 to 0,

roughly dist(supp ¢;, (supp ¢;+1)°), then
Zd/ = dist(wo, (w1)) = d < 1,

* @, may receive as many as 2p; derivatives (3_p; = N,p; < (pj—1 + 1)/2)
each roughly proportional to p;/d; in L* norm,
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* in a worst-case scenario, iterating (5.18) log, N times, we will find that (5.18) is
replaced by

22T )y o]
L*({p=1}) l—[ .
< CPi su ul| 2 .
p? s 7 +2p”I<)p-+l Pitpj+l lell 2 supp o
j= jt2Pi=p;

J

Thus, if we iterate this last estimate, (5.18), log, N times, starting originally with
p = N but starting the jth iteration with p; and ¢;, the ultimate estimate is

(rj)
|z TPl “
I el ¢ CP sup A EE | lull o, (5.19)
5 Tj H>(w1)
p 2pj<pj1+1 ri<2p;+1 pj

As above, in (4.20), (4.21), and (4.22), we find that we need not choose the p; and
@, in a delicate manner. Merely taking p; = N/2/ and the ¢ supported in a band of
width d /27 will suffice to demonstrate analyticity, even though each derivative on
a localizing function still contributes a factor of N that does not behave well when
divided by p;j

The miracle is that in the product, dealing with terms whose powers decrease by
a factor of at least two each time, this effect goes away:

log, No .1 o © Lo .
[Teh7 ] <{[]eh7| =c™, (5.20)
Jj=1 Jj=1
even though
log, No No
[T o (5.21)

Jj=1

is not bounded by any constant raised to the power Ny uniformly in Ny, since

log n(n 5 = Z logn

diverges.

5.5 Formal Observations

Rather than follow the cascade of terms down to the norm of u with only a couple
of derivatives, and to give a flavor of what will be required later, we could make just
one iteration of the a priori estimate and keep track of the size of the result and make
sure that we could iterate the estimate, or if we could not, describe what needed to
be done.
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In the rigid case this may seem silly, since in the expressions below several
combinations of the indices are and will remain equal to zero.

But in the nonrigid case they will need to be considered, and thus the reader is
encouraged to read this rephrasing of the rigid proof with an eye to the next section.

Here is the strategy. Given an expression of the sort we encounter, or a sum
of them, since after an application of an inequality we have a sum of terms, we
will try to systematize what happens to that expression under an application of the
inequality.

This will be schematized so that upon iteration, the expression becomes better
and better. And it is true that the order “drops,” yet in order to be able to continue
another time, we need to maintain a pair of Z’s. Eventually this will fail to be
the case, since the estimate, with Z 2(pZ T*u, on the left, for example, will lead to
[P, ¢Z T*u, which will contain the term ¢ Z T* 'y where we must halt.

Where will we be when this occurs? We have addressed this question in a slightly
hand-waving kind of way above. Here we would like to formalize that argument, and
keep track of the terms that arise.

We will do many things at once. We will start with a rather general expression,
with variable coefficients, denoted by

G=Y Gay=Y FiT")ynZ'T'u (5.22)
A A

witheach A = A sm.r)-
To formalize the idea that the order drops, we denote the “order” of this
expression by
|A|=q +s+m=|Gay| <N, (5.23)

and for later use, will simultaneously keep track of an “anisotropic” order of A that
“permits” two Z’s to generate a T in a special, and natral, fashion. To wit, we define

Al = Al +5 = ||Gay

|, (5.24)

which awards 7" derivatives double weight (though not in (77),,.)

The only use to which we will put this double-bar norm is the following: if we
can keep applying the estimate over and over and find that the order (] A|) drops each
time while the double-bar order (|| A||) does not increase, then if we were to start with
Z2T*“u to estimate in L? norm in one open set (observe that (T*)y = T in such
an open set if ¢ = 1 there, and then proceed with the estimate many times from
Z*(T*),u) and reached a term where a had been reduced to zero (say as the “error”
ZZ% .4’ < a) in brackets of (T*), with Z) and continued to apply the estimate
until the terms no longer contained two Z’s, we would have only (Z)¢") T inside
the norm, we could conclude that @ < a’/2 < a/2 by the property of double-
weighting free 7' derivatives in the overall passage from Z Z(T“)¢, to (Z)p"T?
(again, T" derivatives in (T%),, are not weighted doubly even in || A]).



5.5 Formal Observations 51

This means that if we start with nearly pure 7' derivatives in one open set and
come back to nearly pure T derivatives in this way, there will be at most half
as many.

Now there is another measure we need to introduce, and one that has a quirky
element.

In order not to have to keep track of all the constants that are generated in each
term using the estimate, we devise a measure of the size of the term(s) before and
after an application of the estimate. And we conclude that the size has not grown,
assuming that certain constants are well chosen relative to one another (this is a
method that the author has used many times before, but which is hardly original
with him).

Thus with G as immediately above,

IGIy = sup |Fal Ky K{K3NAFr+m /m, (5.25)
A,supp (V)

where Ky, K, K> will be chosen later, large relative to other constants that enter
and subject to
Ko> K1 > K> > 1. (5.26)

The flow will be to apply the a priori estimate repeatedly, as long as there are
at least two Z’s (3.11) or one Z (3.10), and track the behavior of the sizes of the
indices A that enter, noting that | A| will decrease and || A || will not increase, roughly
speaking, and that the norms [[|G|||y will also not increase. When the constants K ;
are subject to (5.26), a transfer of a derivative from (7")y, to Z (or T') will introduce
a factor K/ Ky or K,/ Ky, both less than one, and when two Z’s bracket to produce
a T, the factor will be KZ/KZ, also less than one.

As long as ¢ > 2, we may use the a priori estimate optimally.

Thus we will start with pure powers of T, say p + 1 of them, and an open set w,
write one T as [Z, Z] and then pass to (7'?), with ¢ = 1 on a neighborhood of .
This means estimating || 77+ u| 12, < [(T?),Zul, and we will study the effects
of the estimate on this initial

Gapop = (TP Z7u, (5.27)
for which the norms are
|Aop0| = [Acoro| =P +2 (5.28)
and
IGaqo,0lly = K§KiN?"*2/pl. (5.29)

Proposition 5.7. The first iteration of the a priori estimate will yield terms

[P.(TP)lu = [f.(T?),Z* + fIZ*.(T"),]
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(5.30)

with
: WAL Wi
L TN)Z2u= Yy e (g0 Z2u= 3 v Gy, mare
ey e
with
r)
([ (T")w]ZZMUOE Z ySfr_lGAl"” = Z Cy H(Tp_r)so“)””o (5.3D
I<r<p : 0 1<r<p

and
(p(p+l)
FUTPYg 2= f(T7 Dy Z2u+ om0 27
p!
- fGAfz,&pfl,l) + fGA?p+l<0<0<p+l)
with

||f[(TP)¢, ZZ]MHO = HfGA%zo,p—l,l)uHo + HfGA<3ﬁ+1~°~°~P+”uH0

(p+1)
o ZP Ty

= Cr (@D Z%uly + €4

p!
for which (with r > 1)
|AY| = ||Al" || =24+p-r,

|A(22,0,p—1,l)| = ”A%Z.O,p—l.l)H =p+1,

143 p1100,p+1)| = HA(3p+1,o,0.p+1)H =p+1,
lls (, G lly = CH KL KNPV (= ),
G, v = Cr KT KINTEEI7 (p = 1),
/G oo lly = CrKTTINPHEPT .

For s < N, we have
NSV (s — 1) < N /sl

(5.32)

(5.33)
0

(5.34)

Thus all of the norms of A have dropped, and the |||.||| y norms have not increased,
assuming that the relations between the K; above are observed and all K are taken

large relative to Cy.
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Subsequent iterations will have small changes, but these illustrate the reason that
the formal norms are defined as they are. The above relations will be replaced by
those in the following proposition.

Proposition 5.8. In subsequent iterations of the a priori estimate we have, instead
of (5.31) and (5.33),

[P.(T")yJu = [£.(T?),1Z% + f1Z*.(T7),]

with
p—r 2 N f(l") p—r—r’ 2
(T )(p(r)]Z u= Z y T(T )(p(,+rr)Z u
I<r'<p—r
f(r’)
= Z yS r/' GA(Z.O.p—r—r’_r+r/)=A]’r+r/’ (535)
I<r<p—r °
for which
_, f(r’)
”[f’ (r? )w(r)]ZZM”O = Z yS?GAl.rh/u
lfr'/f/p—r : 0
= Y o @z 5.36)
lfr’sf—r
and
(p(PJrl)
SUTP) 0, Zz]u = f(Tp_r_l) (r+1)ZZM + fCcrr = zr—rtly
’ ’ (p—n)
- fGA(22,0,p—r—I.r+1) + fGAfp—r‘f‘l.O.O.p-ﬁ-l) (5'37)
with
| F TP 0. 220,
p—r
= HfGA(22.0<p7r71.r+1)uHO * H fC_ GA(SpfrJrl.O.O.erl)uHO
—r—1 2 — ¢(p+1) —r+1
ECf ”(Tp ! )(p(r-ﬁ-l)Z u||O+CfC1’ ! o ZP7r ) (5.38)
—r)! 0
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for which (withr > 1)

|A1,r+r’| — ”Al,r+r/” =2+p—r _—

’A%Z,O,p—r—l,r+1)’ = ”A%Z.O,p—r—l,r-i-l)” =p—r+1,
|A(3p—r+1,().0,p+l)i = HA(3p+1.o,0.p+1)H =p—r+1,

f(r’) o o,
”lSTGA”JF"/l”N = C;’Ké) r rKIZNP+2+p r '/(p—r—i——r')!,

—1 i
I1FG 4 llv = CrKg™ KiNPF2HP= =1/ (p —r = DL,

(2.0.p—r—1Lr—+1)

1/ G iy = CrRTINPHEPTH  (p—r = 1)L,

p—r+1.00.p+1)
Again we will use (5.34) to verify that these triple-bar norms have not increased,
and it is evident that the single and double-bar norms of A have behaved as before,
with |A| decreasing and || 4| not increasing.
We should verify the fate of terms such as the last in (3.32) above when subjected
to the a priori estimate.

As long as ¢ > 2, we may treat the G term again, and generi-
g 7 = Y A?p7r+l.0.0.p+l) g g

cally so:
Proposition 5.9.

[P’(p([?+l) TsZp—r—l]u
— [sz,¢(p+l) TsZp—r—l] — f(p(p+3) TsZp—r-Hu + 2f¢(p+2) TSZP Ty
+(p — 7 — 1) f'ga(p'f‘l) TS+1zp—r—1M

S p—r— 1 o ! s—s’ =y =
+ Z (S/)< y )f( + )¢(P+1) 75" 7P 1,

s/ <sa’ <p—r—1
s/’ =1

= fGA(lp—r—l..v,O.p+3) + szA(zp—r,.\',O,p+2) + (p -r- 1)fGA?p—r—l,.\',0,p+l)
siip—r—1)! FE 0
G . (5.39
* Z s=sHMVp—r—r =10 rls! Alp=rmr/—1.5= 0.p+1) (5.39)

s <sa’ <p—r—1
s/ =1

Thus
o0 720w, = | P T2 o T2
< H(p(p-i-l) Ts7P—r—1 Pu”o + H[p, (p(p+1) TsZp—r—l]u”()

+ e Tzl

and
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[tp. 0 75207 1],

_ 2 (p+1) s 7 p—r—1 =
- H [fZ @ T’z ]MHO - HfGAgpfrfLLOJH’S)uHO
+ H 2/ GA(zp—t‘J‘O‘p-!-Z)uHO + ” (p=r=Df GAfp—r—LerLo‘eruuHo 440
+X sp—r=D! S0 u
’ ’ 1 (S — S/)'(P —r—r' - 1)' r'ls’! A(p_r—,</+l,s—x/<0<17+1)
s'=sorl<p—r—
s/ +r/ =1 0

< Cr ot Tzl 26 1 T2,

+ (p gy 1)Cf Hw(p+l) Ts+1Zp—r—1u||0

S'(P_r—l)' S | -, o
+ E C3+r (p(P+)T5 SZprr"'uH -
o —r—=r'—= f
s/ <sr/<p—r—1 (s=sYWp—r—r—-1n! 0
s/ =1
(5.41)

The norms behave as expected: with A = (p —r + 1,5,0,p + 1),|4] = p —
r+1+4s,||A]| = p—r + 1 4 2s, the |.| norms decrease, while the ||.|| norms do
not increase:

A =p—r—1+s<|d, [A'|=p—r—1+25<|Al
A2 =p—r+s<|Al, |4 =p—r+2s<]|Al
Al=p—r—1+s+1<|Al, |4 =p—-r—1+2(s+1) =|Al,
and
A =p—r—=r"+1+s=5" <|Al, A" =p—r—r"+1+2(s=5") = |A],

under the condition that 7" 4+ 5" > 0, while dividing by (p — r)!, which is how these
occur, and noting that we started with [||G |||y = K§ K N?**?/p!, we have

Il.FG 4

(p—r—1,5,0,p+3)

lin/(p—r)t = Cr KPR NPT 10T H3 (),

which is bounded by K} K} K5N?P2%5/pl, since N?~"/(p — r)! < N”/p!, for
the usual choice of the K;;

2/ G liv/(p =)t = CrK{ " KsNPTH5573/ (p — 1)

r.s.0,p+2)
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which is bounded by K K? K5 N2P*2+5 / pl as well, as just above,
g — )
|H(P r l)fGA?p—r—],.\'-‘rl,O,erl) |||N/(p r)!

= Cr(p—r— DK KNI (p - ),

which is also bounded by K K7 K5 N?P2%5 / pl under the conventions on the K ;
and finally,

S!(p—}"—l)! s oo -
ed) +7 (p+1)TA s' gp—r—r +1 / — )
s’f.y,ﬁilp)frf] m (S - S,)'(p —r—r'— 1)' f v H|N (p )
s/ =1
= sup slip—r —=1)! Sf+r"KP_"_r/+1Ks—s’NZp—r—r’+2+s—s’/(p -
(s—sVp—r—r -1/ ! 2 '

< K§ K{K3N?PH245 /p1

for suitable K; for the reasons discussed above.

All of this continues as long as we have two Z derivatives. For rigid coefficients,
brackets of P = fZ? with (T™), always retain at least two Z’s, but in the case
of nonrigid coefficients, can generate new Y ’s, as in Proposition 5.13 below, which
we merely touch upon here in order to show how a single Z can also be handled, a
situation that does not arise with rigid coefficients. For a subsequent bracket of Z2
with a single Y could produce Z 7, the feared case of a single Z.

For rigid coefficients, only when m becomes zero can all but one of the Z’s be
lost: the Z’s from P can differentiate ¢, leaving fewer Z’s, or one of them can
bracket with a Z from Z7 to give a T and a large coefficient proportional to ¢; in
any case, all roads lead to norms of Fo ™ (Z)T"™, i.e., with at most one Z, and at
this point we build a new (T’;‘)¢ with a new localizing function ¢, and then bring
Fo™ out of the L? norm.

But if we examine the restrictions imposed by || A|| , together with the ||| - ||| norm
behavior (nonincreasing), we find that in all cases, 2m + 1 < p + 1,7 < 2p + 1,
and

WFe™(Z)T™ |||y = sup |F|KoK Ky N7+
K{KIKIN™? [ pl = |[(Z)(TP)y v

IA

This means that sup |F| < KJ Kz_’thl’_ﬁ'—'N‘/p! and hence that

122774 2y = 00 [ FoP @)
752;£1
< sup KPK—'ﬁwNZP—"“’uH(Z)T'ﬁu / p!
i<y 0 2 NT L2(supp ) ’

F<2p+l1
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We have proved, since N?/p! < C? for p ~ N, the following:

Proposition 5.10. For rigid coefficients in P, starting with pure T derivatives in
the form G = TPV y in an open set w leads immediately to two terms G = TP Z?u
in w and then to G = (Tp)wZzu with ¢ = 1 near w, and then, after at most p

iterations of the a priori estimate to terms without (TWI7 )u and without increasing
G |l|x but with p dropping to zero and || A|| at most p but |A| < p/2 and q < 2
and thus

”ZSZT’U"‘”LZ((») @] ” (Z)Tr;lu”Lz(S”Pp 2)
B T Ay T T
r<2p+1

This last line is equivalent to (5.18) above, and the argument concludes exactly
as it does there.

5.6 Nonrigid Coefficients

When the coefficients depend on ¢, the analysis becomes more complex (and
tedious). We have

(T?)y,alZZu =

—X)ey#8 xAByoT p—lo+pl
3 (0T |22

alf!
la+Bl<p p

2 ()T s
le+Bl=<p

o) <e.f1=<p

1=j+lop+p11
—X)ey#8 x BB ye—arpr—la+pl—j
L (=X)YPg)o .
alB!
_ Z p—a—B\YUXPTiq)
la+1=<p J ot
o) <a.f1=p
1=j+le;+p11
—X)*Y# X B-Brya—arp—latpl—j
LX) Y Pg) o 770
(@ —a)!(B = B!

Naturally the binomial coefficient contains a j! in the denominator, which is
appropriate to offset and control the T derivatives of the coefficient a, which were,
however, missing in the rigid case. But the rest of the binomial coefficient also
contains j, and in the wrong form for the definition of (7'?),, whose balance is
quite precise and essential.
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But it turns out that there is a way to introduce parameters and rewrite the
binomial coefficient to yield a sum of balanced operators (Tﬁ)(; involving these
parameters in a harmless (if complicated) way.

With A = |a; + B1| and B = |(@¢ — 1) + (B — B1)|, we have [Fel]

()R e
1‘51/:”

t=|

and then
) = (@ = a)!(B — B!
<t) ) qu%:f (e —en) —a) (B~ ) — B2)! (543)
“nshr

29

Before we use the property (5.2) of the new vector fields to “commute” the “extra
Y#1 applied to T#1¢, may now be effectively moved to ¢ as in (5.2): letting

Q

=o—0o —d, B=B—-p1—B.
as we must, since the new denominators become the internal indices, we obtain

(T?),.alZZu

_ |<¥1 + /31| (Y XPITiq)
- \a§<p ;< )( Y ar!pli!

o) <e.f1 =B (=|B|
1=j+ley+p1|

5 (=X)* & (—x)aY B (Y F—Py)) o xP2 xPydyw pr—latpl—j

o ZZu

alB!
lay +Bal =1 alp!
) <a=a)

Br=h

qu +ﬁ1| v (xaxPiria)
= X X\ SN
wtpep = t! ap !By

o <a.f1<p (=<|B|
1<j+ler+p1]

ZZu

e (—x\eyByhi B2 xByayorp—(j+loana+pial)—la+pl
. Z (=X)m2(=Xx)*YB(yPrg)) o xP2 xPyaynT

lay +pol =t alf!
a) <a—o]

Pr=p1

with o1p = o1 + o and ,312 = ﬁl + ,32.

Proposition 5.11. The binomial coefficient will be estimated by

— oy + —t\j! ;
(P |Jl'—fl| )i_!(_l)tchalﬂljfvcj (5.44)

completing the expression of the bracket:
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Proposition 5.12.

Z (meﬁl T/ a)

P — .
[(T )<ﬂ’a]zzu - Z CP-O‘1~/31~J al!ﬂl!j!

a+p=p lay+p2l=t<j
ap<a.p1<p W =<a—a|

I<p—j—la+pl  P2=P—Ph1
(—Xx)"2 X YEY,BIZ(/)) o XP2 xBy@ywapp—j—lan+pil-la+pl
o

= ZZu.
al!p!

(5.45)

Except for the location of (—X)*2 and X#2, we may understand these indices as
follows:

« We will think of the last line as (7T7~UTlathrtortholy oo 4, XP2yo,
noting that the (—X)*'2 actually occur to the left of the derivatives on ¢. They
will be commuted to the right, onto Y #2¢. It is the special form of the vector
fields that will make this an effective move, since the vector fields that balance
free vector fields will not be disturbed and there will appear harmless powers of
y to the extreme left.

 The drop of j in the exponent of T is balanced by p/ in (5.44).

e ¢ hasreceived y = «ajp + B12 = o1 + 1 + a» + B> additional derivatives,
balancing the drop in the exponent of (7°7),,.

« There are o + B2 “new” Z’s, balanced by p~' = p~(ethD,

« The “new” X% to the right of ¢, when commuted to the left so that they are
composed with the whole (77~ Flathiteathaly 1)\ 5,  on the left, may,
in the commuting, land on the derivatives on ¢, and because of the very special
form of the vector fields, may have their derivatives slide onto ¢ while leaving
harmless powers of y as coefficients to the left. Thus instead of X/ to the left
there may be fewer, the others landing as derivatives on ¢. But keep in mind that
with each X or new derivative on ¢ comes an inverse power of p.

With these observations in mind, we may write the following result.

Proposition 5.13.

(T?),.alZZu

y YaxhiTig
- Z Cpoiprj (y)f2ten o (—)

()[1',31']'
L ((—X)aY BBy +Biatan) By & (p—j—loia+Bia)—ld+p]
ox# (EX) YT )o XTY7T Y®ZZu.
alp!
7 YQIXISI Tfa) ’ .
— (v)P +a12(— By (T r—Jj—leizt+pizl w72
_Zcp’alﬁl.j (y) ’ al'ﬂl']' X 2<T l l )¢(ﬁél+ﬁ12+a12)Y Z u,

(5.46)
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and Cpo, p,; < C’p/™', and where the summation is over all indices with t =

B2+, fio=Pi+ Pr.ain =y + o, B = P+ B and j + |an + Pia| < p.
Here (y) denotes either y or 1.

Note that the powers of y will just come out of the norm, and we may assume
that |y| < 1.

Again, we introduce notation for variable-coefficient sums of the general expres-
sions that will arise. With

GAW = CA (Tm)w(r) TS Zq

and A = Aqsmr), We assign single- and double-bar norms that reflect the
distinction between Z’s and T'’s, assigning free 7"’s double weight: let

|A(q!3~m~r)| = |GA(q,:,m.r)qW| =m+ q + s

and

[4@smnl = 1Gagumnv| = 1Aqsmnl +a=m+2q +s.

To a variable coefficient sum of such expressions,

G =Y F4Guy with |A] < N, (5.47)
we set, again,
Gllxy = sup  |Fal CaKgK{KINAFFm /i1, (5.48)
A, supp (V)

where Ky, K, K, will be chosen later, large relative to other constants that enter
and subject to

Ko> K1 > K>, > 1. (5.49)

We shall use the notation F/ S(j) for a function or sum of functions such that in the
support of all localizing functions, and for all o,

D0 EQ)| < CIoHI 4+ (16 4 o, (5.50)

with the constant C universal for the present problem. For example, F/ ((kj)) could
stand for any (j + k)th derivative of any coefficient divided by ;!

Definition 5.1. An operator G 4,y will be called admissible if it contains two Z’s.
G 4;y will be called simple if it is not admissible and m = 0, i.e., if it of the form

vIOT(Z) = coeff yITZ or ¢T3,

A variable-coefficient sum of such operators G will be said to have one of these
properties if it is true of each member of the sum.
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We have actually proved the following propositions, which show the effect of
commuting (7")y, or more generally G4y, with a function or a vector field.

Proposition 5.14 (Bracket with a function). Let G},;w = (T")ynT°Z%, and let
f(x,y,t) be a real analytic function in the support of ¥ (which will be smooth and
of compact support). Then, noting that p may equal zero, so that this expression
contains the information about the commutator,

1 2 _ 1 2 _ Al 2
Ghoy SZ2 =) JinGly gy Z® = Ghyu Z

[o[=0
with
fo=/f Ag=A4. |D°fyl <l Vo,
and
Al < 1Al = Ipl.  [A=a| = 141 - p.
and

51 2 1 52
NG A Z7 My < CrllG Ay Z7 NI

We are using the notation Aj_, to denote a tuple whose |- | normis [A| — p. And
note that there may be more Z’s in Gil(,,,) than there were in the initial Giw due to
Proposition 5.13.

In the bracket with Z’s, there is no difference from the previous section, since
the vector fields are the same. Thus we have the following:

Proposition 5.15 (Bracket with Z°’s). Let A = (¢ + 2,s,m,r). Then

al(T™)ynT° 24, 2°) = Y afinGi_ i = Giyw

lpl=1
with
D fipl < CPlo|t Va, Ay < 1Al =lpl.  [Aa| < 114].

and

52 2
G4y iy = Gy lllv-

Thus the single-bar norm drops, while the double-bar norm does not rise and the
triple-bar norms are well controlled.

Note that g}[_w will always contain at least one Z: if ¢ > 1, then the result
contains two Z’s, and is thus admissible; if ¢ = 1, this Z may take up one of the
two Z’s to the right to produce a T, leaving one Z, and if ¢ = 0, then bracketing
with Z? leaves Z?, and hence is admissible. We never use up all Z’s in this way.
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Corollary 5.1. Let G}, = (T"™)y» T*Z4. Then

3 3 lpl+1 3
[Pt < [0k il + s [0,

1
= |Gy pu| + sw o6l 0]

EE 0

and
+1
NCE* 0163yl < WZ2Ghyllv.  [Ap—al < 4] +2,

and
| Ap—n] < 1141 + 2.

That is, starting with Z? and G, Y = (T"™)y» T° Z1 together, and applying the
estimate, the right-hand side will be bounded as shown and the formal |||.||| ¥ norm
is controlled from where we started. The single-bar norm of A has dropped, and the
double-bar norm of A has not risen.

However, a new feature enters with nonrigid coefficients: the bracket with a
coefficient, as in Proposition 5.13, may contain new Z’s (i.e., new Y’s), which,
while seemingly a good thing, may lead to inadmissible terms on the next iteration,
without having reduced m to zero, as the schema

(T™)yT°Z> = [(T") g, IT°Z* — f/(T" ) yes TYZ? /m
= 1Ty T Z/m (5.51)

shows. In the rigid case this did not occur: m would have become zero, the two Z’s
from P never bracket one another, and the phenomenon of new Y from a bracket
with a coefficient does not occur. Thus there will always remain two Z’s, and when
(m = 0 and) at most two Z’s we introduced a new localizing function.

In the nonrigid case, we could invoke the inner-product form of the a priori
estimate where one Z suffices:

1ZVI5 + VI 2 < 1(Pv.v) 2] + [VIlg |- | (5.52)
But since in the next chapter we will deal with coefficients that are not only
nonrigid but even pseudodifferential, we feel encouraged here to use an extremely

simple pseudodifferential operator and take advantage of the full power of the norm
estimate (3.11):

2
1Z2v]y + 1ZVI5 5 + VI S UPVIG + VG, veCse. (5.53)

Then starting as just above but taking ¢ =0 for simplicity, from (7™), Z> =
G4,, which has A4, =(2,0,m,0) and hence |[A;|=2 + m,||Ai] =2 + m,
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and [|G 4, Iy = K'KTKIN>7+27 /m), we arrive (5.51) at G, = (T" ") 0+
T Z /m, for which

Azl =14+14+m—-1=m+1,
A2 =14+2+m—1=m+2,

and
|||GA2|||N=Kgl_1K1 K2N1+]+l‘+]+2(m—l)/m(m _ 1)| — Kv(r)n—ll(1 K2N2m+r+1/m!,

all norms have dropped or remained constant.

In order to apply (3.11) optimally, we use the operator defined by A]/ 2

(1+[z)* W o)

|Z2r @) e = |28 @" o]

1/2

P ] + 8,

< et tennl, ],
1/2 1/2

HA (rm= 1)¢<r+1)Pu

bt
+ | Eullo+ ( L

)

where E = [A:/Z(Tmfl)w(hu), aZ*u is much as before with the added Atl/2 (since
the vector fields Z are rigid, i.e., [Z, A;] = 0) except for the term in which the
bracket [A; /2 4] Z? enters.

However, [At1 / 2, a) is a bounded operator on L2, and so

1Eully ~ [102 )T o 22| S [T e 22
<e H A,‘/Z(T'"—‘)WH)ZZMHO

when supports are small; hence this term will be absorbed on the left. The others
satisfy the norm requirements.

We conclude that terms with one Z are not a problem either.

And finally, we never arrive at terms with no Z’s unless m drops to zero. Terms
with m = 0 are called simple.

Upon iteration, we have proved, the following result.

Proposition 5.16 (Applying the estimate). Let H 4.4 be admissible and Pu = f
in V. Then

ol = C (1Gacyn 2+ sup |Gzl
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where the supremum is over all simple Gili/’;"u, whose norms satisfy
NG ulin < Haswllln, 14| <A1, and |A'| < |A].

The simple terms have also been treated, with the same control over norms, since
for them when ¢ < 1 we just stop and introduce a new localizing function in view of
(5.18) above and the sentences following it. This concludes the proof of analyticity
with the same choice of localizing functions.



Chapter 6
Pseudodifferential Problems

6.1 Generalization to Pseudodifferential Operators

In 1980, Guy Métivier generalized the above results, still with the same essential
geometric conditions, i.e., in which the operator degenerated to exactly order two
on the characteristic manifold, for instance, but in higher codimension included the
case of pseudodifferential operators, or, what amounted to the same thing, operators
such as we have studied above but with pseudodifferential coefficients. We discuss
this generalization now in our formulation, which the reader will realize is a direct
generalization of the first few chapters of the present book.
The operator to be studied is

P(x.D)= ) C/(x.D)Z, (6.1)

[7]<2

where the Z are the usual X or Y and the C(x, D) are “classical” pseudodifferential
operators of order zero. The replacement for the “sum of squares” hypothesis is that

Y Cixo. )¢ #0, {eR™, (6.2)

[1]=2

and subellipticity becomes that the operator ZI 11=2 Cr(xo, £0) B’ has no kernel in
S, where

0 a
B; = o, —Xytj, Buy; =

b
Xy, j

the vector fields Z; after Fourier transform in the ¢ variable at the covariable
£§=1(0,...,0,1).

Rather than develop the whole theory of pseudodifferential operators from
scratch, we refer the reader to standard sources and merely cite the results we will
need, none of which are at all deep.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 65
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_6, © Springer Science+Business Media, LLC 2011
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If we freeze the coefficients, and write

Pyt (x. D) = Z Cr(x0.60) X",
l7]=2

the hypothesis (6.2) implies the following estimate of Grusin type: Vv € CS°,
1Z2Vllo < I Po.y(x, DIVIlo + [IV]lo,

and then, first bounding [|Zvl|y via the Schwarz inequality, and then [v[|} ~
1Zvllo + ITvllo ~ Zvllo + IZ*v]lo. and finally [|Zv]]},, < IZ*VI[§ + IVl
we obtain

1Z2vllo + 1ZvIl/2 + VIl S 1Py o) (s DYVIo + 1V ]o- (6.3)

We may pass from here to the analogous estimate for P, g (x, D) for v of small
support, since modulo errors with zero symbol (hence of arbitrarily low order, which
do not disturb analyticity) they are small multiples of the left-hand side, although
we would have had to introduce fractional powers of the Laplacian in 7.

But the support in £ is not so easily controlled and requires a nested system
of cones with suitable families of cut-off functions, just as the spatial (local)
proof above required a nested system of open sets with suitable families of cut-off
functions.

In order to localize also in the covariables &, we proceed analogously: for any N,
and open sets w € @ and I' C T" with T, T both open cones, there exist gy (x) as
before, with pn (x) € Cj°(@) = 1 on w and

|D“pn| < C(CN)®!, |a| < 2N,

and Yn(§) = 1 on I" and ¥y (§) = 0 in the complement of I, with similar growth
of derivatives, but conically,

|D*yy| < C(CN/IED"!, o] < 2N,
and (1 — Ay (£)) € CSP({|€] < 1/2}) with
DAy (€)] < C(CN)!, o] <2N.

Then we set

PN (x.8) = on ()Y (E)An ().

and use the symbols ¥ and A to denote both the “symbols” and also the operators
¥ (Dg), Ay (Dg).

As above, it will be necessary to nest many of these open sets. Given an overall N,
we will seek to bound derivatives of our solution u of order N, in L? norm, by
C(CN)V in the form

I D®pyull < (CN)!, || <2N.
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The nesting will be done so that with a sequence of N; = N/2', and open sets
{wj}j=1. 1oz, N With py € @ = W € -+ € Wi,y = @ and the separation
between the support of w; and (w; 1) = d; = dy/2’/ and a similar nesting of the
T'; so that for |£| = 1, the separation of the supports is proportional to 1/2/ as well,
and the same for the nested sets, which serve to exclude the origin in &-space.

Note that Ay is of compact support, not conic support, but this localization away
from the origin will matter the least, since if a derivative ever lands on Ay, the
resulting function will be supported in a region where |£| is bounded (by 1), and the
solution will certainly be analytic there. (That is, A’y (§)i(§) will have support in

|€] < 1, and hence Ay, (D)u will be real analytic.)

6.2 The Microlocal (T ?),y2

Definition 6.1. We write (x¢, &) ¢ WF4(v), v € D', if there exist an open cone
I'p in R" \ 0, a neighborhood 1} of x¢, and a constant C such that for every N, there
exists vy = vin Vy, v, € &, with

-N
wE) <V (1 + 'fv—') .

Definition 6.2. We define

ad?_y, ad} (pyA)

B (x, D)(X)PyeTr—lothly,
P!l

(TP)gya(x. D) = Y
let+Bl<p
where
ady = ady« ---adye
and
adh (w) = [X,[X,....[X,w].. ]].
k

Then we have the usual bracket relationships
[X, (T")gya] =0

and
Y (T?)gya] = (TP Dadryay o Y

modulo C? terms of the form

ad2™ (pyd)/plo Z7.
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6.3 Brackets with Coefficients

Brackets of (T7),y; with the vector fields X and Y behave beautifully. That is how
the (micro-)localization of 77 was built. But brackets with coefficients were already
complicated when the coefficients were functions; now they are pseudodifferential
operators (of order zero).

We will disregard the tail of asymptotic series. The subject of analytic pseudo
differential operators is well studied, and the new part of our proof is made entirely
explicit in the families of cut-off functions in the dual variables.

For the bracket of a coefficient with (77),y,, we recall the expression we
obtained when the coefficients were just functions and recall where each part of
the expression came from. In Proposition 5.13 we had

(YN XPTig)
o ',3] 'j'

85 ( p—j—lez+pi2l a
o
X T (p(ﬂﬁ'+ﬁ12+a12) Y

[(Tp)wv al = Z Cp,al Bi.j (y)ﬁé/—‘ralz

) . ty pij . f
S D )y X2 2 iy Y
© g 1) 0
t+j+lyl<p P

l:ll+l£+l£/

Cranprj < C/p'™,
recalling the convention

ID7FY)| < ClHIHT (6] 4 k)L,

When « is a zero-order pseudodifferential operator C; (x, D), |I| =2 :

* The derivatives on a are from
ad’ y) adéil ad/T- (a)
and will remain in this form,
ad‘("lX) ad'f,1 ad’} (Cp),

together with the factorials. These will occur in the coefficients F((Oo;l thit))
but will be zero-order pseudodifferential operators, simple to calculate but
bounded in L.

* Derivatives on the localizing function come from ady (¢) for some vector field
W = X,Y, T or d/dx, and the notation may still be used.

e Additionally, the special form of our vector fields, which permitted us to pass
the function y from one side of (derivatives on) ¢ to the other, will behave a bit

differently here. While ¢y = y¢ for any function ¢, i.e., ad,(¢) = [y,¢] = 0,
it will no longer be true that [ad,, ¢ A] = 0. But it is not hard to see that

[ady, YAl = @(YA),,
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where 7 is dual to y (i.e., the n derivative of the symbol of A interpreted as an

operator). That means that

_ x _ ~ 9 _ ~
ady% (ad‘(x—X) ad’? ((PWA)) = ad_y, adlé (‘P(wk)ng) + yadi_y, ad)é(‘/’tlﬁ)‘)

This means that the nonrigid bracket formula (5.13) may be imported into the
pseudodifferential-coefficient case, except that wherever we had written (y) we
should now have two terms, () together with the ¢ derivative on ¢ (as in (5.13))

plus a term without (y) but with ¢ A replaced by

0
w(wk)ng = @0, (0 (YA))dY,
i.e., 0y “sees” only u:
(T?)pyr, Ci(x,y,t; D)|ZZu

. X2 pi .
— Z F((()ﬂ;1+ﬁ1+/)(y)t3+y_ P (Tp—J—IyI)

t+j+lyl=p
1=3tj

Denoting by W a Z or spatial derivative, we have set

(@Y™ = W Dy,

and here the “coefficient” F, ((00;‘ +hit))

now denotes, analogously,

F@tpie) _ o “ady ad adl(C))
© IR AT N

with, as before,
Cp,m.ﬂl.j S ijj_t-

51

p phth iy Vo pi

ZZu.

(6.4)

(6.5)

Of course, this is only part of the bracket of a typical high-order derivative
with P = (Z‘”SZ)CI Z', which we have abbreviated as P = C;Z?2. The fuller

expression is
(T?)pyaT*Z4,Ci(x, D)Z?]
= [(T")gyn. CAAT* Z9T2 + (T7)yya[T* 29, C11 22
+C1[(T)gyr. ZAT Z9 + C(T?) 2| T 2%, Z°].
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In taking the norm of the last two terms, the operator Cy(x, D) is certainly
bounded in L? and will be brought out of the norm majorized by a (universal)
constant. The first term on the right we have just expanded above in (6.4), so the
only new term is the second on the right. But we always have

[T‘Y an CI] = Z (;/) (Z/) ad‘g: aqu/ (C[)T‘Y_‘Y/Zq_q,.

.s"f.s'

/<

9" =q
¢’ +s'=1

Finally, the order relations described above persist, and as long as we stay with
admissible terms, we may iterate the a priori inequality, and when (7°7)y 2 has been
exhausted, we observe that all terms contain only Z derivatives; when they bracket
to produce new 7'’s, there will be at most p/2 of them, half the original number,
and we change the choice of ¥, ¥, and A, perhaps differently in each term, chosen
to correspond to the number of free derivatives in the term in question.

The nesting of the spatial open sets is as before; the conical ones and the A’s are
similarly handled given the growth of their derivatives.



Chapter 7
General Sums of Squares of Real Vector Fields

7.1 A Little History

The Laplacian

and the partial Laplacian

are the simplest examples of sums of squares of (real) vector fields, and their
regularity properties couldn’t be more different: A is C *°, Gevrey, and real analytic
hypoelliptic, while A’ is none of these.

It will be interesting to differentiate between full and partial hypoellipticity
below, but first, I want to demonstrate, by way of examples studied by Baouendi,
Oleinik—Radkevich, and Grushin, how the form of the vector fields seems to make
an enormous difference.

The vector fields studied above, from the Heisenberg group, have the form

ad vy
Xp=——7—
dx 20t
and
x 0
Yy=—+——.
dy 20t
D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 71

and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_7, © Springer Science+Business Media, LLC 2011
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Yet if we define the Oleinik-type vector fields

d y a
Xor=—, Xo»=-—->—,
o1 ox 02 2 ot
d x 0
Y = —, Y = -,
o1 % 02 = 5o

so that Xy = Xo1 + Xo2 and Yy = Yo1 + Y02, we have seen above, after a
nontrivial amount of work, that

is HE and AHE (and GHE in all Gevrey classes G* with 1 < s).
However, the proof that the very similar-looking operator

2 2 2 2
2 2 2 2 0 ya 0 x 0
Po=Xor+ X0+ Y5+ 75 = (5 ) + (35 ) *\5) + 5w

has the same properties requires only a few lines.

7.2 Proof for a Sum of Monomials

To illustrate the simplicity of the proof for monomials, consider the still simpler
operator

Pg = D? + x*D?
in R2. We have written D,, here for d/dw,w = x,t. Then it suffices to show that
| DFu|| < CC*k!
Let Z = D, or xD,. The obvious a priori estimate is

1Z2v] + 12l + vl < 1Pyl + Ivllo. v e C§°,

and localization is needed only in the ¢ variable, since for x # 0, Pg is elliptic (so
any product localizing function, ¢(¢)(x), if differentiated, whenever ¥ enters we
may stop since we are in the elliptic region where AHE is known).

Take u € C*® with Pgu = f € C®, and set v = ¢(¢) D¥ in the estimate

1Z*eDfull + | ZeDFull1j2 + llDFully < | PaeDfull + llDfullo.
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Since ¢ DX Pgu is known and
[P, qo]Dfu ~ 2x2<p’D;‘+1u + ngo”Dtku
(since [Dy, ¢] = 0), perhaps a more useful version of the estimate would read

Jew = ID3eDfullo + 1x* D¢ Dfullo + x> DioDf ullo + 1x* @Dy ullo
+1ZeDfulliys + lloDfulli S 1PeeDfull + Iy 40

< | PeeDf Poul + 10 F Jin -

Here ¢ (or ¢")) designates the localizing function ¢ with as many as one (or
two) derivatives, but perhaps fewer.

The essential property reflected here, and a by-product of the fact that the given
vector fields are monomials, is that whenever such a vector field differentiates ¢,
there is a factor of x that together with D; makes a new Z. Hence the induction
may proceed at once, without the need to correct high powers (or any powers) of
T = D,.

For this last estimate may simply be iterated, with Ehrenpreis-type analytic
families of localizing functions or Hormander’s version, where once ¢ receives
a few derivatives it may be replaced by another, with slightly larger support,
and derivatives estimated by powers of N, (the overall bound on the number of
derivatives being estimated), though uniformly in N.

At any event, when the number of derivatives still in play decreases, a factor
of CN to the corresponding power may enter, and when the number is reduced to
essentially zero, a factor of (CN)V.

Any reader who has persevered to this point will have no trouble seeing that
analyticity of the solution, or AHE, is a stone’s throw away with no careful
localization of powers of D;.

Thus, we reiterate, a sum of squares of monomials seems to have a vastly simpler
analysis than a sum of squares of composite vector fields, even though the structure
of the brackets of the vector fields seems similar.

Microlocally it is still possible that these operators Py and Po are essentially
similar, but this author remains skeptical. The difficulty seems to be that the
characteristic varieties 'y = {§& — %yt =1n+ %X‘[ =0,Tt #0}and Tp =
{6 =n=x=y=0,1t # 0}, while both symplectic, seem substantially different,
being, for example, of different codimensions.

7.3 Partial Regularity

In the case of monomials it is relatively easy to prove some partial hypoellipticity
results. Here we give the simplest case, and then a more general result for rather
general operators of Oleinik type.
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Recently there has been study of Gevrey hypoellipticity when s takes on values
other than 1/m. Christ [Chr2] has very recently obtained sharp isotropic results
in rational Gevrey classes that are better than those predicted by the subellipticity
index. In this section and those that follow we improve on those regularity results
by considering nonisotropic classes and show that all of these results are accessible
with L2 methods alone.

We consider here the particular, though apparently fairly typical, example

9 d 2 2a ? 2 2 2

Theorem 7.1. The operator P is G hypoelliptic for alld > 3/2.

Remark. This theorem is due to M. Christ. However, our proof is both elementary
and allows more precise results about partial regularity, where derivatives in
different directions grow at different rates.

Theorem 7.2 (Bove-Tartakoff, 1996). The operator P is G144 hypoelliptic
ford, >7/6,dr, > 1, and ds > 3/2, and microlocally as well.

Proof. We shall use the a priori estimate, for v € C*°, any vector field W, and the
localizing function ¢ = ¢y, as above:

Y NX W2+ Y lleX Wov[E, + W v s
J J

SCPEWPv. oWV [+ Y IIX (@ WPVI3, + oW P[50, ve C™.
J
(7.2)

(Note that we distinguish the different derivatives on ¢, since the X; carry
coefficients that are powers of x, a fact that will be crucial in the sequel.)

We have used several facts in writing down this estimate: the form of P clearly
allows us to bound the basic vector fields X; on v, and thus the 1/3 norm, since
second brackets suffice to span the tangent space, and we have used a symmetric
form on the left, with the X; either before or after the localizing functions, since
both will occur as errors. It follows that if Pw = f € G* for some s > 3, the same
is true of w locally.

We shall obtain bounds of the solution locally (in L? norms) of the type

D% DX D% || < CCla 1120315, || < N,

and to do this it suffices, by integration by parts and a simple inductive hypothesis,
to treat pure powers of D,, D;, and D;.
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We start with W = Dy, since this turns out to be the simplest. Then

[P, @Nsz] = Dx(@N)thp + (@N)xDthp + XDIX(QDN)tDtp
+ xz((/’N)ttDtp + xzszz((PN)s Dtp + x4(§0N)ss sz‘
Now, the (z,s) derivatives on @y are serious (recall that x derivatives leave us in
the elliptic region where the result is known), but even these derivatives will not be
harmful to a proof even of analyticity (in the variable ¢) if there is a corresponding
gain in powers of D, without losing the two good X’s.

These two good X’s may either come from P (one X comes from P in the first,
third, and fifth terms on the right here, though in the first two terms the presence of
an x derivative on ¢y lands us in the elliptic region) or are created by combining
powers of the variable x with copies of D;, namely once in the third and fifth terms
and twice in the fourth and sixth, thus reducing the power p on D;. Note that these
(one or two) powers of D; must still be commuted past ¢ to be in a useful position,
and they may land on the localizing function. If they do, we must try to bring another
D, out, etc. But to simplify this exposition, we include only the principal term,
ignoring these second-order brackets. Once we have X’s on the left, one of these
X’s will be moved to the right (by integration by parts). We obtain

([P.on D/ | u, on Dfu) = (D(¢n)x D u. oy Dl u),,
+ ((pn)sDxDfu, oy Dl u)
+2 (xDilow)i D u xDign Dl ) |
+ (xD, (on)u DI *u, xD, gy D,pu)L2
+2 (xzD, (on)s D!, xzDS(,oNDtpu)L2
+ (¥2Di(on)s DI X Digy D)
so that (recalling the norms are squared) for any ¢ > 0,
| ([P.¢on D Ju. on Dfu) | < Cllon DY ul}, + CCH2Ja))!
+ £||xD,<pNDtpu||2Lz + C; {||XD1((PN)thp_]”||2Lz
+ %Dy (on )i Dl |
+ C. ¥ Di (), D ull

-2
+ 132 Do) DYl
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After replacing the L? norm first on the right by again & times the 1/3 norm
modulo a large constant times the —1 norm and using this to absorb one power
of Dy, this leads, upon iteration p times, starting from (7.2) with W = D;, to the
bounds

S IXjon Dl ul7, + > llon X DIVIEG + llow D ull} 5
J J

< @lal)! + P2 Qla))!|ul2,

= ccl 2la)! + C22la))!,

which yields analytic growth in the D, derivatives.
Next we tackle D derivatives, which are not nearly as simple:

[P, §0NDsp] = Dx((pN)xDsp + ((pN)xDxDsp +2thx((pN)tDsp

+ Xz((ﬂN)tth + szszz(‘pN)stp + X4((,0N)“‘Df-

Again, the x derivatives on @y are not serious, and the last two terms may be
treated precisely as we did with high powers of D,: combining x> with D “creates”
a “good” derivative (i.e., an X;) that may be integrated to the right in the inner
product. This exchange, a derivative on ¢y for a gain in p, i.e., a gain in power of
Dy derivatives, is what has led to optimal (i.e., analytic) regularity all along.

But it is the third and fourth terms that are more troublesome, and where the
new features arise. For combining only one power of x with D will not generate a
“good” vector field sufficient to balance a derivative (D;) falling on ¢ . Two powers
of x are required. However, a little patience will produce two, even in this “worst-
case scenario.” For if we are repeatedly so unlucky (and all cases do occur) as to
bracket with xD; (and we ignore other contributions), we find that after rwo such
brackets we may decrease p by one.

But something even better happens. Consider: we start with X¢y D7 u, and after
the first use of the basic a priori estimate we have come up with x (¢y); D u. As with
the proof in the general subelliptic case above, we do have a gain of 1/3 derivative
to make use of. That is, for the next iteration we write

Ix(on) DPull 2 = A7 x(n) DL ull} 5.

and treat A~V 3x((p ~):Df u as the new version of ON D?u whose X ; derivatives as
well as 1/3 norm are bounded in the estimate. (To justify treating A~'3x (¢x); D/ u
as if it had compact support, one introduces a new function W = 1 near the support
of all ¢ just to the right of A='/3. It is harmless there and when commuted past
A~!/3 for support considerations the error committed is of a full order lower.) In
the next iteration, we will be led to analogous “errors,” such as AV 3x2(<pN)an u
with one more power of x and another (D,) derivative of ¢y .
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But now something very exciting happens. We may treat the x? together with
D; as a good vector field, namely as one of the X ;’s. After these two iterations we
have gone from || X ; @y D7 ul| ;2 to | X; A™3 (o) DI~ u|| 2. After three of these
iterations we will obtain

”Xinl (@N)zzzzzzD‘{li%f”Lz ~ ”Xj (AilDs)((pN)ttttttDSpﬂt””LZ
~ ”(Xj)((pN)ttttttD_gp_4u||Lzs

which exhibits a trade of four Dy derivatives for six derivatives on the localizing
function ¢y .

This is the “trade-off” that leads to the Gevrey class G*/2.

Finally, we turn to x derivatives, where the computations are simpler, but seem to
depend on the preceeding ones: this time, W = D, and the a priori estimate reads
essentially

2 IXjonDLulz: + ) lon X; D2uljs + lon DLully s
J J
3
+ 3| (tow D2, X}u. gy D2u) |

< C{ ‘ (en D2 Pu,gyD?lu),,
j=1

3 ||¢%’D5u||ig}.
J

In the bracket (second term on the right) the problem is now not keeping good
vector fields: the D, themselves are good. The difficult term that arises is that in
which x2D[D¥, x>Dy] (or xD;[D?,xD,] or double brackets) enters. All terms
contribute p terms where one of the D, differentiates x. Thus the error that arises
is of the form EXDS D,{'_1 (and ED,D,‘?_I) after the other X; has been moved to
the second member in the inner product. From the double brackets we may also
have p(p — l)Dst_2, etc. That is, starting with X¢y D? we now have essentially
pXxpyD,D{™> or p>Xgy DD, and similar terms with D;.

Now the former, P XxonDsD 4 _2, turns out to be the worst in terms of managing
growth of derivatives: there has been a “gain” of two D,’s, but a factor of p and a
new D; derivative. When this continues, what started as Xy D? becomes, after
the next iteration, p(p — 1)x%py D3D5_3 or pox DD’ % or p_3XgoNxD52Df_5,
etc., where again, in the first term we may call x2D; an X. That is, this term is
of the form p_zX oy DyDY =3 This, iterated p/3 times, will lead to terms such as
p?/3DP . Since we know that derivatives in s of the solution grow like the Gevrey
class G3/2, we will get

1Xon D2ul 2 < CP PP pt20R < ¢ p17/e,

This is the origin of the G7/ behavior in x. Finally, the microlocalization poses no
additional problems.
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7.4 Other Special Cases, Leading to a General Conjecture

An analysis of the above proof, which certainly includes the statement of G3/?
hypoellipticity, shows that it applies equally well to the somewhat more general

operator
92 9\> 9\>
P — P_l_ q—l_ 73
Fra (x a;) + (x 8s) (73)

Theorem 7.3. The operator P in (7.3) is G¢ hypoelliptic for alld > q/ p.

forl < p <gq.

Remark. This theorem is also due to M. Christ. However, our proof is both
elementary and allows more precise results about partial regularity, where deriva-
tives in different directions grow at different rates.

Theorem 7.4 (Bove-Tartakoff, 1996). The operator P in (7.3) is G %%
hypoelliptic forany dy > 1+ 1/p—1/q, d» > 1, and d3 > q/ p.

Theorem 7.5. When p = q = 1 this yields analytic hypoellipticity, but in all
other cases yields new examples of Gevrey classes of solutions to subelliptic partial
differential equations.

Theorem 7.6 (Bove-Tartakoff, 1996). The Baouendi—Goulaouic example,
P = D2+ D} +x*D2,

is G125 pypoelliptic for any dy > 3/2, d» > 1, and d3 > 2 but not hypoelliptic
in any smoother Gevrey class.

Proof. The first part is a special case of the above result. The sharpness comes by
studying the function

o0
us(x,1,8) = / explip®s —tp — p*x%/2 — p] dp
0
for ¢ > 1, which solves Pu, = 0, yet brief calculations show that u, satisfies
o0 £
|0Fu.(0)] = ‘/ =P pkdp’ ~ Ckl1Ve,
0
o0 £
0% us(0)] = ‘/ e’ kadp’ ~ CkR1e,
0

and

o0
0% u.(0)] = '/ e " pkldp| ~ CHK1' ~ CR @I,
0

showing that for any & > 1, u, € G'/2F1/&1/22/¢ and no better.
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More general situations clearly pose no additional difficulties, such as those
studied (isotropically) in [Chr2]:

2

3 A% L0\
P=— +a(xt,)x7"— | +ayx,t,5) [ xT7 — ] , (7.4)
ot as

0x2

where both a;(x,t,s) and a,(x,t,s) are strictly positive and belong to the Gevrey
classes under consideration.

7.5 The General Conjecture and Result

The general conjecture suggested by these results, and voiced by Treves, concerns
the iterated brackets of a set of real vector fields in the operator

Pzin,

i=1

where the X; satisfy the Hormander condition that their iterated brackets
span the tangent space. Define A; = {Xi,..., Xy}, 4o = A U {[X;, X/],
i # b Ay = UM A4 U X X [ [ Xy Xig] -] 1 1) We agree
tocall A;, j = 1,..., N, the “layers” of the Lie algebra of the tangent vector
fields.

Now set X1 = {(x,£)|X;(x,&) =0, = 1,...,r}, the multiple characteristic
set of the operator P, ¥, = {(x,§)|Y(x,&)| = OVY € A,}, i.e., the characteristic
set of the second layer of the Lie algebra. Proceeding in this way, we get to defining
v = {(x,8|Y(x,6)] = OVY € Ay}. By the Hormander assumption, Xy
coincides with the null section of the cotangent bundle.

Of course the X; are a decreasing finite sequence of subsets of the cotangent.
We need not assume that they are manifolds; if they are not, just think of them as
stratified varieties, whose strata are smooth manifolds.

Tentative statement I: If all the X ;’s are symplectic—i.e., every layer of each X
is symplectic—then P is analytic hypoelliptic.

Tentative statement 2: Assume that X, is the first of the X; that is not symplectic,
i.e., there is at least one stratum with an involutive leaf. Then the operator P is G*
hypoelliptic if s > N/Z.

The proofs above yield the second statement in the cases studied as well as
in others under consideration by E. Bernardi, A. Bove, and the author. The first
conjecture remains open.






Chapter 8

The d-Neumann Problem and the Boundary
Laplacian on Strictly Pseudoconvex Domains

One of the most urgent motivations for these analytic regularity issues came from
the 9-Neumann problem, which we will define below.

This problem shares a great many features with a related operator, the so-called
complex boundary Laplacian or Kohn Laplacian, which we also develop here, and
which may be thought of roughly as a nonelliptic “Laplacian” living in the boundary
of the original domain but involving only those holomorphic and antiholomorphic
vector fields that are tangent to the boundary, and then the whole operator is
restricted to the boundary.

The resulting operator, denoted by [, is precisely of the form studied in the
previous chapters, since, using the Darboux theorem, the real and imaginary parts
of those tangential vector fields have the same span as do the Heisenberg group
vector fields, and the operator to be studied is a variable-coefficient, second-order
operator constructed from real vector fields as studied in the previous chapters, and
satisfying the a priori maximal and subelliptic estimates.

For the 9-Neumann problem, instead of dealing with a nonelliptic partial differ-
ential operator in a local manner, one deals with a “noncoercive” boundary value
problem (the so-called 3-Neumann boundary condition) for an elliptic operator (the
Laplacian in the Euclidean case).

The only real work for this case amounts to formulating the 3-Neumann problem
in such a way that the previous techniques carry over nearly unchanged (in tangential
directions), and handling the boundary conditions in an invariant manner (see
below).

Real analytic regularity of these problems in a strictly pseudoconvex (or nonde-
generate) setting was proved first globally by Tartakoff [T2], Derridj and Tartakoff
[DT7], and Komatsu [Kom] in 1976, with local Gevrey results and even quasian-
alytic results at about the same time [T10], [DT8]. The crucial observation was
that when the Levi form is nondegenerate, one may take a real vector field 7,
complementary to the holomorphic tangent space (to the boundary) H, localize it
to obtain ¥ 7" with v arbitrary, and modify this by a section Yy, of H so that

[WT + Yy, H] CH.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 81
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_8, © Springer Science+Business Media, LLC 2011
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Local analyticity was proved in 1978, again for strictly pseudoconvex domains
(or nondegenerate ones with maximal estimates) by Tartakoff and Treves inde-
pendently [T4], [Tr4] using, respectively, purely L?> methods and Fourier integral
operators.

The results of Diederich and Fornaess in [DF], however, led one to conjecture
that on weakly pseudoconvex domains one should at least have global analytic
hypoellipticity. Indeed, S.-C. Chen has recently proved global analyticity for certain
domains, including complete Reinhardt domains [Chel], [Che2].

8.1 Statement of the Theorems

The 9-Neumann problem is by now well known; we formulate it here for
completeness.

We consider an open submanifold 2 € Q’, Q' areal analytic complex Hermitian
manifold, such that its boundary b<2 is a real analytic submanifold of ’. We denote
by CJ% (RQ) the space of (p, ¢)-forms which belong to C*($2). The operator 0 :

C2(R) — €2, () has a formal adjoint 3", and D74 will denote the subspace

D = {ve CZ(Q) : u.v)g = .3 v)q forallu e C_ ()}
The 9-Neumann problem consists in the following: given a (p, ¢) form « on Q,

find a (p, ¢) form u on Q satisfying the 9-Neumann boundary conditions u € D4
and du € DP9+ and such that

Ou,w) = (5”,5W)L2(Q) + (5*u,5*W)L2(Q) = (a,w)2q). Yw e DM

(so that Ou = (55* + 5*5)u = o in Q).

It follows from standard arguments that if u is, in addition, say, in Cl(ﬁ) and
9o = 0, then also du = 0 and 5(5* u) = a, with T u orthogonal to the kernel of 9.
This is the so-called Kohn solution or canonical solution to 9.

Since we are interested in the real analytic regularity of solutions to this problem,
we always assume that the boundary is real analytic and we merely refer to the
previous chapters or [K1], [D3], [T1], and [T3] for the C* and Gevrey regularity
of u up to the boundary.

Next, we describe the analogous problem for the operator 9, and its Laplacian
Oy, living on the boundary of €2, or, more generally, on a (2n — 1) real dimensional
smooth Cauchy—Riemann (or C-R) manifold I', i.e., the complexified tangent space
CTT = T @ T%' @ N, where the subbundle 7%! (= the conjugate of T')
is assumed integrable and to have trivial intersection with 7''* and N has real



8.2 Notation and a Priori Estimates 83

dimension 1. If @ is a real nonvanishing one-form that annihilates 7'° (and hence
its conjugate 7*!), it determines the Levi form Ly defined on 7' by

Lo(V.W) = —i(d9)(v, W).

(Any other choice 6" must be of the form f6, andsoL g = fLg.)

The manifold is called (strongly) pseudoconvex if the form Lg is (strictly)
definite. We assume that we are given a Hermitian metric on I, i.e., a Riemannian
metric on I" extended to CTT in such a way that T'"0 L 7% Let E = (T @
T%1)L. Than A7 denotes the p-forms in CTT that annihilate E @ T%' and A?¢
the subbundle of A?T9(CTT') generated by A”" A A%, A%4 the conjugate of A%°.
Then 0, : C®°(Ap,q) — C®(Ap.q + 1) is defined by

O = mpg+1d,

where 7,441 is the orthogonal projection of A?T4*! onto AP4*!. It follows that
(51,)2 = 0. We denote by 5; the adjoint of 95 and define

O, = 5;5;, + 5;,5;

We refg to [FK] for full details.
By A(2 N V') we denote the space of all forms that are real analytic up to the
boundary of Q2 in V.

Theorem 8.1. In a neighborhood V of py € 092, let Q be strictly pseudoconvex
with real analytic boundary. Then the d-Neumann problem is analytic hypoelliptic
up to the boundary near 0; that is, if u is a solution to the 9-Neumann problem and
ifa e AQNYV), thenue AQNV).

Theorem 8.2. Let V' be a neighborhood of a point py in a real analytic, strictly
pseudoconvex C-R manifold T'. Let u solve Oyu = « in V with a real analytic in'V.
Then u is real analytic in V.

Remark 8.1. The analytic regularity result for [0, on a strictly pseudoconvex
domain follows from the results we have already proven, in previous chapters, and
we shall not pursue the proof of Theorem 8.2 further.

8.2 Notation and a Priori Estimates

It is convenient to define 7 = d/0¢ at this time; in our setting obviously we have
(For the proof, however, [T, L;] =0 mod {{L}, {L j++ would suffice.)
Our notation for products of noncommuting vector fields is

Wl =w,wy,,--- ,W;, with |I,| =a,
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while D shall stand for any first derivative (always taken from a fixed, finite set of
vector fields) and D;, will stand for any D that is tangent to I'. Standard arguments,
such as the Sobolev embedding theorem cited earlier (see, for example, [T2]), show
that to prove u real analytic in @ N V, it suffices to show (for Theorem 8.1) that for
alV' e v,

1(D) D} ull? <cfHhpr v, (8.1)

L @Qnvy =

where here and in the sequel, enclosing an operator in parentheses means that it may
or not be present. Thus in this case we may be measuring all tangential derivatives
of | 8] and one nontangential one. The above estimate states the classical fact that it
suffices, using the differential equation, to estimate high order tangential derivatives
in L? norm, since the boundary is noncharacteristic for any elliptic operator, and (]
is always elliptic. For Theorem 8.1, it suffices to estimate for all V' € V,

1D ul2s, < CEIBIL VB (8.2)

We shall sometimes work in a “special boundary chart” in the sense of Ash [Ash]
(see also [FK] for complete details). This means that we take as an orthonormal

frame for T O(S’Z) (complex) vector fields Ll, . Ln 1, L, with L1, . Ln 1
tangent to I and L,r=1onT,r = Jw— g(z,7). In terms of these vector fields

the operator [ has the following simpler form: on a (p, q) form ¢ = Y @7, A 27
O¢ = (h*L,L, + Zijfj) Id ¢ + lower order terms,
j<n

while the 9-Neumann boundary conditions become that on T,
()gry =0ifned  and (i) Ly + Aoy =0ifn ¢ J,  (8.3)

where A is an analytic matrix that reflects the fact that 9 is not a homogeneous
operator in general on the coefficients of forms since the frame will not always be
d closed. These vector fields L ; are just linear combinations of the L ; introduced
above (on the boundary).

8.2.1 Maximal Estimate

Kohn has shown that for pseudoconvex domains in C" one always has for ¢ € DP9
the estimate

> 1 Lions] g+ E X M praaliogy + 3 lorarlin

j<n j<n .M I.neM

=C(Q@.9) + lelPL*(Q)),
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where ), ;" denotes summation over all strictly increasing indices of length p, K
of length ¢g. Here ¢y jx denotes 0 if j is in K and ¢ (k) times the sign of the
permutation taking jK into the increasing g-tuple (jK) if j is not in K. From now
on the norms will be taken over  without further mention, and the norm || - ||
denotes the Sobolev 1-norm measuring all first derivatives in L? norm.

Derridj has shown in [D2] (see also [S1]) that when the boundary is locally
defined by Sw = h(|z|?), one always has a stronger estimate, known as the
“maximal” estimate:

/ / — /
Yo ILerkliag + DY ML iermllia g + Y lermlig

1.LK j<n j<nIM I.neM

=C (Q(czw) + ||<0||iz(9)) , ¢ € DM, (8.4)

In fact, since /(|z|%) will not be constant, and is real analytic, we also have a
subelliptic estimate:

/ / — /
DU ekl + .Y L jormliag + Y lermlig

I.K j<n j<nIM I.neM
/
+ 3 ol =€ (0.0 +0l22q) . @D, (85
.M

for some ¢ and all ¢ € DP9 supported in a fixed neighborhood of py (cf.
[K2]). Here the norm || - ||sq) denotes the Sobolev e-norm in €2; that is, in local
coordinates, we may define a tangential Laplacian A'¢ with symbol (1 + |£'|?)'/2,
& =(&,...,&u-1), and then define

2 2 -1 2
Wiz = 1ALwilZe + A7 Dawllys.

This definition is of course not invariant, but different choices of local coordinates
and normal derivatives D, give equivalent a priori estimates in view of the
noncharacteristic nature of the boundary.

Actually, we do not use the subelliptic estimate. What we do use is a compactness
estimate (which follows easily from the subelliptic one): for arbitrary /C there exists
a constant Cx such that

/ /) — /
Yo ILerkliag + DY ML ermlliag + Y lermling

I.LK j<n j<nIM I.neM

+K /II 5y < CO(@. ) + Cxllol e DM, (8.6)
e1umllpg) = CO(g. ¢ clellZiq)- @ : .

.M

We shall take D, = V on the boundary to be JT, J the complex structure tensor
from C". Then as in [T4], [T5], we write X|, ..., X»,—, for the real and imaginary
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parts of the L;, j < n, so far defined only on I, and extend the X ; and T, as well
as V, in such a way that near T,

[X;.V]=[X;.T]=[X;.V]=0  (andso [[X,, X;].V] = 0), (8.7)

and also so that it continues to be the case that V = JT. In fact, we start by using the
Cauchy-Kovalevskaya theorem to extend V in such a way that [V, JV] = O near I'.
Then extending the X; and T via [Xj,V] = 0 and T = ¢V, it follows that [X;, T]
is zero near I', since [V, [X;, T]] = 0 by the Jacobi identity.

For later use, we also list the maximal estimate for [J, in the quadratic form
sense, proved in this context by Grigis—Sjostrand [GS]: for arbitrary /C there exists
a constant Cyc such that for all ¢ € DP9,

/ /
Yol + K llerkll < COs(0.0) + Crllel2,.  (8.8)
I.K 1.K
where
0p(v.w) = [@pv. W) 2 + (3, v. 3, w) 2. (8.9)

To prove Theorem 8.1, we shall insert ¢ = YY’eu € DP9 into (8.6) with
¥ of compact support, with each Y denoting 7" or an X. While u satisfies the
9-Neumann boundary conditions, Y ‘e will satisfy in general only the first of
them, even though [L,, X or T] = 0 on the boundary. It will, however, be very
useful to use localizing functions ¥ such that L,y = 0 on the boundary. But this

is easy: we may specify ¥ to be arbitrary on the boundary and let the equation
L,y =0 onT (8.10)

determine the normal derivative of ¥ on the boundary. Then any extension off of I"
with this normal derivative will do: it may easily be taken to have compact support
in the whole space, and, as we shall see later, satisfy rather stringent conditions on
how its high derivatives grow. Actually, for later reference, we indicate here how
to prescribe cut-off functions like 1 above but taht have L,y = 0 to high order
on I': since L,r = 1 on the boundary, if we initially extend an arbitrary ¥ to be
independent of s = Jw, and with this ¥ let

Yy = »_(=ir) TIy/j!, 8.11)

j<m

it follows that indeed L, /() = 0 to high order on I, while L, ¥(n) = (T¥)(n—1)+
(T'Yr)om)- Note that ¢y may be arbitrary on I' and we may multiply v,,) by a function
equal to one near I' but vanishing outside a small neighborhood of I'. Usually we
shall drop the subscript on /).
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While it is quite clear that the estimation of Y ‘eu for arbitrary I, will be the
most difficult when Y%« = T4, estimating these derivatives, as we shall see, will
lead us to estimate arbitrary Y %eu, so it is plainly best to do them all at the same
time.

For this problem, smooth functions satisfying these boundary conditions do not
satisfy a “coercive” or “elliptic” a priori estimate as would the Dirichlet or Neumann
boundary conditions, but rather, for many domains of interest including the “strictly
pseudoconvex” domains (the biholomorphic images of strictly convex domains) a
subelliptic one reminiscent of those we have studied and, in fact, our starting point
in the creation of (7°7),:

2 2 %
vIls, = 1@yl + vl veD@ ),
which in terms of complex analysis may be written
2 2
Vi, = Q. v)ia@) + IVllo.

where we use the notation
0=099 +0 0
and o Y
OW,w) = (dv,dw) + (0 v,0 w).
The boundary condition v € D(ﬁ*) is self-explanatory, where 3" isthe L? adjoint
e il
of d . The remarkable thing about this formulation of the d-problem is that a solution
ueD@)to
—%
Qu.v)=(fv)  VveD@)
with 9 f = 0 automatically satisfies Cu = f (taking all v € C;°(£2)), and conse-

quently, integrating by parts for arbitrary v € D(g*), one finds that du = 0 in Q
(and is smooth up to the boundary if f is) and thus that

30w = f.

This solution, w = 3 uto dw = f given df = 0, is called the “canonical” or
“Kohn” solution, and the operator f — w = Nf the Neumann operator.
This estimate is on forms, for convenience taken to be of type (0, 1), satisfying
the 3-Neumann boundary conditions. The norm I3 , here stands for
3

2 1/2 12 —1/2 2
VIR, = 1A Y120y + 1Az Davliage,

in local coordinates, where A, is the pseudodifferential operator with symbol
(14 |€)*)"/? and D, is differentiation normal to the boundary of .
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In working with this estimate, both in order to prove C *° regularity and higher
regularity, one needs to put the boundary conditions in “translation-invariant” form,
so that one may split tangential operations and normal ones. This can be done, using
the “special frames” of J.J. Kohn, so that component-wise, tangential differentiation
preserves the boundary conditions. In the simplest (flat) case, admittedly not strictly
pseudoconvex, the boundary conditions (in C", Iz, > 0) are that

* The nth component, v,, vanishes on the boundary of €2 and the free boundary
condition (automatically satisfied by a solution) that permits us to solve d itself
is that

e the (complex) normal derivative of the remaining components vanishes on the
boundary: dw/0z,w; =0ond 2, j < n.

The proofs in previous chapters carry through, if one is careful to treat tangential
differentiation first and then use the philosophy that tangential information plus use
of the equation will provide normal information as well, provided the boundary is
noncharacteristic, which is certainly the case here, since O is elliptic.

Thus, for instance, we mollify tangentially, choose our normal derivative in such
a way that it commutes with the tangential operators, etc.

When it comes to defining (7'7),, or (T'?),y1, we do so tangentially only, but in
a way that is “constant near the boundary” so that [D,,, (T?),y1] = 0, for instance.

Finally, general strictly pseudoconvex domains do not involve the Heisenberg
group vector fields, but still have the same nondegeneracy condition, referred to
as “symplecticity”: in the special complex local frame, there are complex vector
fields {L,...,L,} with L; tangential to the boundary of Q for j < n (i.e., they
annihilate the defining function of the boundary), and also T = L, — L, with the
{L;, Ly} independent and the crucial matrix ¢ jk given by

[L;, L]l =ci T mod {L¢, L}

with
detcjx # 0.

The matrix ¢ is called the Levi matrix.

Under these conditions, the celebrated theorem of Darboux ensures the existence
of real coordinates such that the real span of the {L ;, L_k} J,k <n,onthe boundary
is the same as that of the Heisenberg group vector fields commuting with 7.

8.3 The Heat Equation for [,

Together with Nancy Stanton, we have studied the partial regularity of the heat
equation for OJ,, on strictly pseudoconvex domains in [ST1], [ST2].

While the main thrust of the longer of those two references [ST2] was the
establishment of a heat kernel, we also looked at Gevrey/analytic regularity.
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Perhaps because the problem split so cleanly into time and space, it came as no
surprise that we were able to show that while mixed derivatives and purely time
derivatives grew in G2, purely spatial derivatives of the solution grew analytically.

In fact, although we did not state this explicitly, mixed derivatives would grow as
a mixture of the two: locally and uniformly in £, «,

|DED u| < €Il p1(et).

The proof is a direct application of the present techniques.

8.4 Weakly Pseudoconvex Domains

For less-pseudoconvex domains, for example with some zero eigenvalues of the
Levi matrix at certain points, the local and global analytic regularity is less well
understood, though subellipticity still forces local C*® and Gevrey regularity with
the critical Gevrey index tied to the degree of subellipticity.

8.5 Global Regularity

The global situation is quite different: while the global regularity results (even real
analytic ones) are far simpler to prove than local ones, owing to the possibility of
far less subtle localization, there are a weakly pseudoconvex domain (the “worm
domain™) with smooth boundary on which the 9-Neumann problem is not globally
C>®-hypoelliptic (in C?) and also a bounded domain in C?> with real analytic
boundary on which this problem is not real analytic hypoelliptic (cf. [Chr6], [Chr3]).
By contrast, the global analytic regularity for strongly pseudoconvex domains was
proved by Boutet de Monvel [B2] in Stein manifolds in a very brief paper using an
ingenious argument.






Chapter 9
Symmetric Degeneracies

9.1 Weakly Pseudoconvex Domains

As a first step in treating weakly pseudoconvex domains, in 1988 [DT1] Derridj and
Tartakoff treated certain kinds of spherically symmetric degeneracies. That is, the
domain was given, for real analytic i(s), by

Iw > h(|Z?), h(s) >0,s #0, h(0) =0,

and both [J, and the 3-Neumann problems were shown to be locally real analytic
hypoelliptic at the origin in C", where z = (z1, ..., Z1—1).

Since h(s) is real analytic, its zero at the origin is of finite order, and it is
not difficult to show that one has a subelliptic estimate for both problems [H61],
[RS] and also a “maximal” estimate in which all of the tangential holomorphic and
antiholomorphic vector fields are bounded optimally. That is, with

8(z2) = h(lzP),

I B B J
Li=— +lg2f& = — +iz;h (lZlZ)E

0z; 0z;
Wﬂking for now with O, and the frame {L;,...,L,—;} and its conjugate,
{Li,....Ly—1}, (with [L;, L] = 0,) and the compact maximal estimate, expressed

in terms of the components {v; } ; ., of a form of type (0, 1), resembles one we have
seen before: for all K, there exists a constant Cx such that

n—1

S L velld + IT7vell + Kllvi 13} < Qo(vov) + CklvIZ, (9.1
1

with the usual definition, as above, of Q.
D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 91

and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_9, © Springer Science+Business Media, LLC 2011



92 9 Symmetric Degeneracies
Now, since & (s) is real analytic, it satisfies a relationship of the form
I ” Y
h'(s) + sh"(s) = 3 h'(s)

(suppose, in the power series for £ at the origin, the first nonzero coefficient is a,,;
then

W (s) + sh"(s) = ;(1 + j)ajs) = % W (s5)).

Now as before, what will matter is to counteract the coefficient of

T_a
T ot

in the bracket
[L;j.¢T] = (Lj9)T mod {L, L}

and, if possible, to do so with a linear combination of the L,,. Then we should be
able to add the conjugate of that correction, which will work for brackets with L_]
and all errors in brackets with [J, will be in “directions” optimally controlled by the
estimate above.

Fortunately, we do not have far to look.

A first observation is that any localizing function ¢ need depend only on ¢, since
if we write a general localizing function as a product

@(z.2,1) = 91(2.2) @2(1),

and a derivative lands on ¢, the support of that derivative of ¢, will be in a region
where |z| is bounded away from zero and the Levi form is invertible, a case already
well studied in [T4] and [Tr4]; hence the solution is known to be analytic there.

Once the localizing function may be viewed as a function of ¢ alone, the above
reads

[Lj,¢T] = (ig;e)T,
since [L;,T] = 0.
Now the vector field
M = M_l sz Ly
has the needed properties if w is defined as above, since a straightforward calculation
gives
[L;, M]=—ig, T+ ((L;p )M,
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and hence, writing ¢’ for ¢,, since we have seen that in effect, ¢ need only depend
on ¢, we have

(L, ¢T +¢'M] = (L;o)T + @ [L;, M|+ L;(¢" )M
=ig, ¢'T +¢'{—ig, T+ (L;n ) M} +ig, ¢"M
=¢'(Lip YW M +ig, ¢"M.

The next step should be (and is)

—
— M — —
|:Lj,<pT2 + ¢ MT +¢" 2 } =L 0T + M| T +[L,.¢"M"/2]

= ¢ (Lyw YW MT +ig, ¢"MT
+ig, "M’ /2 +¢"[L; MM /2
+¢"M[L;, M]/2
= @' (Lip YWMT +ig, ¢"MT
+ igz,.qo”ﬁz/ 2+ ¢"{—ig,T.
+ (L YW MY M + ¢"[M, —ig,, T
+ (L M) /2
= ¢'(Lip YW MT +ig.,¢"M" /2
+ (L Y M —i¢"(Mg.,)T/2
+o"M (L~ ywyM /2,

but here the algebra seems to become too complex to handle. And the first term on
the right lacks the essential g;; to go with T, which is all that we have been able to
correct so far.

But we do have

M,Ly] =ig, T +exM, whereey = (Liu Hu,
and
Moy =1 Y5 g, = ™ 3 7 =5 ()
Zj 7% Zj 7% J
= u D w8 (2 + 5w k()

= w G N AP) + 2P} = w7 /DTGRP = g /2,
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so that __ -
[Mv[MvL/]]:l(gzj/z)T+(Mej)M

etc., and in general,

. _ —{—1 —_—
ad L =i(g,;/2"NT + (M ¢;)M.

Our aim, then, is to build more complicated sums of powers of M and M to
correct ¢ T7. But since each step is to correct the previous one, perhaps modulo
some terms of precisely balanced lower order, we are obliged to seek coefficients
AZ A o« and set

_ - M“ — M
Naz Z AZ/W, Nb= Z AZW

0<a’<a 0<b’<b
For suitably chosen /IZ, and A, to be made precise below, we have the following
result.

Proposition 9.1. The operators N, and N, satisfy the following commutation
relations: fora,b > 1,

(b"—l)_
e M __
[Lk Nb] = ngko 1T— Z Sb +j2 jka'Nb_(bﬂ_{_j), (9.2)
jHb=1 ‘
where
d—1
TV =M (L. = (P,
b -7 —D7r
— Vg — L; —|—e M
[L,‘, Nb] = — Z S]f +k2 ko—(b”—i—k) X ( 51 ) , (9.3)
k+b"=1 )
where

"y — 1" _1y—d—1 " —
e VL + e, VM = ad (L)),
[Z,‘,Na] = Na—ligziT
(a”—l)
+ Z Sa +]( 2) j_i3 13 Na_(a//_l,_j),
jHa’=1 (9.4)

where

T = M (T Yy, = pd),
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and

- 4 efa”_l)Li+ei(a”_l)M o o~
[Li.NJ= ) ( - £ x (=278 Ny rry. (9.5)
k4a"=1 ’

where

and
adiB =[[...[B,A],A],..., A], aAajB =[A,[A,]...,B]]...].

Here the S Cd are suitably bounded constants that permit us to raise and lower
indices:
P—q
P — ctj gp—(c+j)
Aq - Z Sk Aq—c ’
=0

and the A9, and /IZ,, are actually chosen by recursion, for in order to have, for
example, (9.2), it turns out by a simple calculation that we need

— b —p"
1 M
and so we must have
Y — b —b"
1 M — —

b _ _ h—1 1
ZA ! Z b”' 2671 (b —b")! =Ny = Z Ab, (M /b)),
b <b b’=1 : by<b—1

which in turn requires, equating coefficients of like powers of M, that for each b;
(summing over all pairs (b’, b”) with b’ — b" = by),

b—b

Z Ab L 1 _Ab—l
b1+b”b//|2b”—l - b o
br=1 :

Similarly, the condition on ffg/ turns out to be that
Al = (—1)lema 4e .

Things become a bit more transparent if we write A2, = 2°~"B},. Then the
requirement is that we have B =1 for each q and, for each b and by,

b—by

_ pb-1
S B e b”' =B (9.6)
b//_
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Lemma 9.1. The unique solution to (9.6) with B{ = 1 for all ¢ and B{ = (—1)4
for all q is given by

¢ r+1\ 79)
B;=((e,_1) ) O/ =5)!

¢ r+1
= the coefficient of " in ( - 1) .
el —

Proof. A straightforward expansion, using Leibnizs’ rule, of

—— (b—1—by)
((elt_l) (e,l)) O/t —1 by

; (s)
together with the fact that (e t_l) (0)/s!'=1/(s + 1)! yields (3.8). Uniqueness
is clear from the recurrence formula. We merely refer to Hirzebruch’s book [Hi],
Lemma 1.7.1, for the initial conditions Bg = (—1)4, since we make no use of them.

O
Proposition 9.2. The results of commuting N, and N, with functions are as
follows:
a k
- B M* f ki«
No fe201= 3 5= (D778 Namran
jtk=1 ’
and
~ 7 —
N f@20] = 3 =727 87 Nogvn.
jtk=1 :

We will see the proof in the next chapter.
Lemma 9.2. There exists a constant C such that for s < r we have
|Bj| <C".
Proof. The Cauchy integral formula reads, in view of the definition of N,
P (=),
S 2w gros+l ’

since £/(e¢ — 1) is holomorphic, where the integration is over a small contour
containing the origin. On such a contour the integrand is bounded by C" (recall
that r > s > 0 in the definition of N). O

Lemma 9.3. There exists a constant C such that for s <r,

IS5l =€,
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Proof. This follows from a close examination of the definition of B; above, which
allows us to see that S| is the sum of all d;,d;, ---d;, such that > i; = s, and for
eachk, iy € {0,1,...,k—1}, whered; = (r/(e' —1))Y)(0)/j!. Clearly, |d;| < A/
for some universal constant A, so each product is bounded by A* in absolute value.

Thus S; is bounded by A times the number of partitions of s into » nonnegative
integers subject to the above conditions. But this number of partitions is the
coefficient of £ in (1)(1 + t)(1 +¢ +?)---(1 + ¢ + --- + t"71), which is less
than the coefficientof t*in (1 +¢ + > +---) "' = (1/(1 =)\

But this coefficient in absolute value is less than 4", as may be seen by
differentiation or using the Cauchy integral formula again. Since s < r, there is
a constant satisfying the lemma. O

In earlier chapters, a lot of technical work was avoided by picking a simple real
change of coordinates that transformed the vector fields in such a way that the
new vector fields, called X and Y, had the property that the ¥ were pure partial
derivatives and would thus commute with the partial derivatives on X, - i.e., so that
the “derivative part” of X could pass through Y and onto the function to the right,

XYw = coeff(Yw),
and the coefficients taken to the right if desired,
XYw = coeff(Yw') = (Yw') o coeff,

or more specifically,

ax at
=Yw, —yYw, =Yw,— (Yw)oy.

9 ) 0 9 0 9 9
Xyw=12_,°2t°e 9209 00
v % Y }ayw dy ox . oyoar

In this sense we were able to “commute” Y past X and onto w, and this served
our purposes.

This drastic simplification is not available to us in the complex case, unfortu-
nately, since no such coordinate change is available.

A substitute exists, however, by splitting the N, and N, for in so doing when
the indices aren’t balanced as needed for (7'7),, there will be either extra M’s or L’s
on the extreme left of ¢ or extra M’s or L’s to the extreme right - in between will
be the balanced (T';)(; :

Definition 9.1. For any m > 0 and any function ¢(z, t) let

(T = Y Noo((3/00)" ) o N, T"—+D),

a+b<m

and .
Gay = LI TP (T™) 00y T*L".
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Then, much as in Chap. 4, with

A=(m,p.gq.rl.q),
[Al=m+p+qg+r+1|I+gq,
IAll =141+ p +q.
(counting free T derivatives twice because they arise from two Z’s), we recall the
following definition

Definition 9.2. An expression such as G 4;, in the above proposition is admissible
if [ + ¢| > 0, i.e., if it contains an L or an L) and simple if it is inadmissible and
m = 0 (i.e., if it contains no L or L and no (7")3).

Proposition 9.3. Let G, = L' T?(T"™) 00y T*L" . Then

[GA;(/H Lj or Lj] = _GA[o];v)vj orzj + gA[o];w

where G 1.p = 120 J(0) G o With | D fipy| < ClFljo|! Var,
Al = 1A= 1[pl.  [[Apll = 4] + 1,
and ~
NGagellly < IIIL;Gaspllln-
Ifm # 0, and |I 4+ q| = 0 (in the original A), then QA[O];W is admissible.

For brackets with functions we have, as in Chap. 4,

BT
.o oyt TOXOTI0)
(T")y,a] = Zcpﬂl./glvj(y) 2 arlBilj!

B p—j—lan+pil T
o LT B Hpte) L,

and Cpq, 5, S C/pi™,

—1

i ” LY J . L
— @+pi+i) (N +y B2 P iy ,
= Z F(o) (Y) 2 5 ptz// (T )¢(|V|+t2) pll ZZM,

/
t+j+lyl<p
=11+ +1)

where each Z is either an L or an L, and with the same norm results. From this
point onward, the analysis continues as in Chap. 4, permitting us to conclude that
the solution is real analytic when this is true of the right hand side.



Chapter 10
Details of the Previous Chapter

In this chapter we provide the details of the previous chapter, some of which may
seem rather forbidding. The aim was to prove local real analytic hypoellipticity (at
the origin) in both the d-Neumann problem and for [, for pseudoconvex domains
that are locally of the form Jw > h(|z|?) with /(z) real analytic (and not constant),
h(0) = 0. These results were announced in [DT9] and presented in extended form
in [DT1]. Again, we use purely L> methods generalizing those of Tartakoff [T4],
[T5], and use results of Derridj and Grigis—Sjostrand [D3], [GS] that show that one
has “maximal” estimates for such domains. (It is worth noting that we make no
use of subellipticity per se; a compactness estimate would suffice.) We also need to
construct a special holomorphic vector field M that in a sense takes the place of the
modifications of {7 cited above and used in [T4].

We must apologize for quoting here a few pages of the previous chapter. This
chapter is in fact self-contained, but only by doing so, whereas the previous chapter
was intended to give more of an outline, with much left to be filled in, specifically
proofs.

10.1 Statement of the Theorems

Theorem 10.1. Let V be a neighborhood of a point po in a real analytic,
pseudoconvex C-R manifold T that is locally given in C" by Iw = h(|z?|) with
h real analytic and not identically constant. Let u solve Opu = o in V with a real
analytic in V. Then u is real analytic in V.

Theorem 10.2. In a neighborhood V of py € 022, let Q be pseudoconvex and
given by Jw > h(|z)?) with h real analytic and not identically constant. Then the
d-Neumann problem is analytic hypoelliptic up to the boundary near 0; that is, if u
is a solution to the 9-Neumann problem and ifa € A(Q NV) thenu € A(Q N V).

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 99
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_10, © Springer Science+Business Media, LLC 2011
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10.2 The Vector Field M and the Localization

The first proposition prepares the important vector field M, which will allow us to
correct errors that arise when derivatives fall on the localizing functions.

Proposition 10.1. There exists a real, real analytic function u(s), nonzero at the
origin, such that M = ™" qu zj L; satisfies
[L;j M] = —ig, T+ (L~ )uM. (10.1)

Proof. The function A(s) that occurs in the defining function Sw — h(|z|?) is real
analytic and hence satisfies a relation of the form

h'(s) + sh"(s) = (u(s)/2)h'(s),  p(0) # 0. (10.2)

as may be seen by power series: if 4'(s) = Y o2ajs/ with a, # 0, then h'(s) +
sh"(s) = Y 2(1 + j)a;s/ = (u(s)/2)h'(s). With this choice of the function u,
since L; = 9/dz; + ig. 0/t and g(z2,2) = h(|z*).z = (z1,....2,), we have

(L, M] = [Lj,/fl szzk} = (L M + p~ (2 Yz (L. L]

k<n k<n

= (Lp )M + 7 Y 5204z 1 (2P) + 8 (1273 T

k<n
= (Ljp M = 2ip= "2 {|2Ph" (|2*) + B (12P)3 T
— (LY =202 (u/ DH (2T
= (Ljp " HuM —ig, T.

Note that in particular, for any function ¢, in view of (10.1),

[L;. ST +&M] = LT —ig, &T + L;j(G)M + & (L~ HpM
= Zz,-T +L; (@)M + Zt(LjH_l)/iM-

We shall choose our cut-off functions so that {;; is zero near the degeneracies of
the Levi form, so that where {;; is nonzero, the analyticity of the solution is known
by [T4], [T5], and [Tr4], so that we shall be able to treat terms with ¢ 2 easily. This
is the “first correction” of { T as in [T4]. But the higher-order generalization is not
straightforward: the “simple” sum

3 MU YT T atb),
a+b<p
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which was so useful in [T4], will not work here, because of the presence of non-
trivial higher-order commutators. Still, there is a replacement for this expression,
which we proceed to formulate.

Definition 10.1. Let

No= 3 A%(M“Jd") and Ny= Y AL’ /b,

0<a’<a 0<b’<b

where
1a a'—a pa b b'—b npb
Aa/ == (_2) Ba/ and Ab/ = 2 Bb/
with
NG (r=s)
B! = ((e’—l) ) ©0)/(r —s)!
t r+1
= the coefficient of 1" in
el —1
= Z didiy---d;
Yij=r—s
where

PEEN()
dy = ( ) 0)/k!.
el —1

r —_— . . DY .
ST= Y dydydiy,
Zij=s
i €t0.0. . k—1}

We also define

Proposition 10.2. The operators N, and N, satisfy the following commutation
relations: fora,b > 1,

b b"=)7
[Li, Np) = —igo Nomi T — Y 87 27 eleMm_<b~+ pe (103)
j+b"=1 ’
where
oV =TT (L. = 2P,
Li,N, = —k+$=l SN gy X (e'(ﬁ//_l)zli,j e’(g//_l)) . (104
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where

b'=1)3 b’ —1)y5rd—1 Xsa
z(l 'L+ ei(,2 M = adgz(Li).

o@D

Li.Ny=Nqig, T+ Z Sa Hi-2)” J”—,'Na—(a”-‘rj),
j4a’=1 :
(10.5)
where
s V=M@, =),
and
a —1) (a”—=1)
- L; +es o~
[Li.NJ= ) ( T )x(—2) KSR No—ar 41y, (10.6)
k+a"=1 a
where
e VL + eI M = —ad (L)
and
adSB =[[...[B.A].A].....Al.  ad$B =[A.[A.[....B]]..].
Proof. First we show that [Li, N,] = —ingNb_lT modulo terms with all M’s.
We have
Lo, M] 5 ad L\ ( M
L c’! (c—c) )’
¢’ <c
Now

[M.L] =ig, T +exM, wheree, = (L ),

and as in the proof of Proposition 10.1,

M, ig. | =ig. /2.
Thus
(1. [V, Lul) = 5ig, T + o Wey,
and in general

ad/%(Lk) = ——ig, T + e,(cd 1)M

1
2d—1
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where e,((d_l) =M ey = M (LY. Thus

[Li, Nl = 3 AL (L, 7" /")

b’ <b
. — oy N4
! "1 M
=—) 4 7 T+e” VM) —— (107
% b~21 g (e ol Gy 00
Now in order to have
— b —p"
M _
b .
b;bA /bﬁzl b"'zb” T T
we must have
—p—p”
M V2 —b
b _ b—1 1
Z Ay Z b”' 2b” 1 (b’ b1 =Ny = Z Ay (M /DY),
b'<b b’ =1 by <b—1

which in turn requires, equating coefficients of like powers of M, that for each b,
(summing over all pairs (b’, b”) with b’ — b" = by),
b—b ;
Zl g L e
bi+b" iy ob"—1 by
b’'=1 ’

Things become a bit more transparent if we write A%, = 2"~?B),. Then the
requirement is that we have Bg = 1 for each ¢ and, for each b and b,

b—b;

— pb—l
> Bbl+b,,b”' =By (10.8)
b//_

Lemma 10.1. The unique solution to (10.8) with B} = 1 forall g and B! = (—1)¢
for all q is given by

; r1\ )
Bgz((e,_l) ) O/ —s)!

+1
t r
= the coefficient of t" ™% in ( ; 1) .
el —

Proof. A straightforward expansion, using Leibniz’s rule, of

(b=1=by)

<( S) (7 1)) O/(b—1—by)!
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together with the fact that ("[[—_l)m (0)/s! = 1/(s + 1)! yields (3.8). Uniqueness

is clear from the recurrence formula. We merely refer to Hirzebruch’s book [Hi],

Lemma 1.7.1, for the initial conditions Bg = (—1)4, since we make no use of them.
For the second half of the first part of Proposition 10.2, we must consider

» —p ="

1 _py—\ M
A Y g (47 G

b'<b b =1

and must use the proposition below to lower the lower index b’ on A to make it agree
with the factorials and powers of M. Assuming this for the moment, we complete
the proof of (10.3):

b N
1 b 1) M
a3 () M
b% b; b\ (b’ —b")!
b — ="
_ vt =0+ N~ L er-nary M
- 14}2/14 Sj Ab/—b” bﬁz—1 b (ek M) (b' — b))
J=h=b’ B
b
b+ b —1) ==\ —
= Z Sj J (e]({ )M) Nb—(b”+j)~
jHb7=1

The proof of (10.4) is simpler and follows the same lines. The proofs of the last two
parts of the proposition are virtually the same. O

Proposition 10.3. For any p, q, and c, we may shift lower indices:

p—q
P — ctj pp—(c+j)
Bq = S, Bq_c ,
J=0
and so
p—q
P — ctj pp—(c+j)
Aq = S, Bq_c
Jj=0
and
P—q

c+j Fp—(c+j
S AP,
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Proof. We recall the alternative definition B) = Y d; d;, - di,,,, where the sum
isoverall {i;} with ) "i; = p —¢. Then it is easy to see that we may write

Bl = dyB!"| +d\BI™ + d,BI | + -+ dp g BYT)

= do (doBJ=S + diBJ] + dyBI ™2 + -+ dpy B

+dy (doB) + di By 4+ doBUT + o d g BYS )

-2
+...+dp_ququ_2 =...

We continue to expand each B until it reaches ¢’ = ¢ — ¢. Since this implies that in

each case the next-to-last step must have been of the form B” ", || the last d; must

q—c+1°
have been zero. And so just before reaching this next-to-last step, such a term must
. /2 ‘42 . .
have been either Bj_”: i, or B;_Z,L 11» since the lower index can decrease by at most

one, and if the previous term had had lower index ¢ —c, we would have stopped then.
This means that the next-to-last d; must have been either zero or one. Continuing in
this fashion, and reversing the ordering of the d;, we see that the restriction on the
size of each d; in the proposition must hold. Finally, it is clear from the successive
reductions above of the upper index in the proof that at the jth step, the sum of the
lower index plus the indices of all the d; that go with a given term equals ¢ — j.
Thus when we stop reducing a given term because its lower index has reached g —c,
the sum of the indices on the d; that accompany it must be c. 0

Remark 10.1. We may express the coefficient S f as

Sh = G(t)a%G(t)% . --G(t)% G(1)P™90)/c!, (10.9)

c

G([):(ett_l)'

Proposition 10.4. The results of commuting N, and N, with functions are as
follows:

where

5 ~ M*f | ki
Voo fz0] = 3 =787 Namginy
jtk=1 :
and
b =k
_ _ M f . oasi—
[Nb,f(Z,Z,l‘)] = Z T2 /Sj '/Nb—(j+k)~
Jtk=1 )
Proof. A direct application of Proposition 10.3 and Definition 10.1. O

Lemma 10.2. There exists a constant C such that for s < r we have

BTl < C".
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Proof. The Cauchy integral formula reads, in view of Definition 10.1,

e [

s % é—r—s-i—l

since £/(e¢ — 1) is holomorphic, where the integration is over a small contour
containing the origin. On such a contour the integrand is bounded by C” (recall
that r > s > 0 in Definition 10.1). O

Lemma 10.3. There exists a constant C such that for s <r,
S| <C".

Proof. By definition, S; is the sum of all d; d;, ---d;, such that ) i; = s, and
for each k, iy € {0,1,....k — 1}, where d; = (r/(e' — 1))Y)(0)/j! Clearly,
|d;| < A/ for some universal constant A, so each product is bounded by A* in
absolute value. Thus S/ is bounded by A times the number of partitions of s into r
nonnegative integers subject to the above conditions. But this number of partitions
is the coefficient of #* in (1)(1 +#)(1 4+ 4+ 2)---(1 +¢ + --- + "1, which is
less than the coefficient of ¥ in (1 +¢ + ¢+ ---)""! = (1/(1 —t))""!. But this
coefficient in absolute value is less than 4", as may be seen by differentiation or
using the Cauchy integral formula again. Since s < r, there is a constant satisfying
the lemma.

Definition 10.2. For any m, a, b, d and any function W(z, 1), let

(T"w = Z Na o ((8/8[)a+b\y) ° Nb Tp—(a+h)

a+b<m

and
(T™)goxa = Y Nyo((0/30)* W) 0 X o N, TP~@HD),
a+b<m

Before we can prove lemmas concerning commutators of (77)y.y« with coef-
ficients or vector fields, we need to prove some elementary combinatorial results,
which we do next.

Lemma 104. Foranya' <a <mandk <m —a,

() ) )

where the sumis overs < a',k — jand j <a—d' k.
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Proof.
m-—a fa—a\[(m—a+ (a—d)
= > (" .
( k ) jfg—a’ J k_J
_ /
=) - 1)f< )( 1)5( ' )(")
k—j—s)\s
with the last sum overs < a’,k — j,and j <a—d' k. 0

Lemma 10.5. Foranya” <a, b” <b,andk < m — (a + b), we may write

+ b mia: " b//
( (a )) Z Ra” af ZC// by ( ) (bz)

with 81 = {a; < a",by < b"}, where
RMusbik Z( 1)]1+12+az+b2 a’\(b—b" m—a, —b,
a’say;b" by T o ]1 j2 k—jl—jz—az—bz

with S, ={j1 <a—-a",jh<b-=>b",j1+ jo+ay+b, <k}and

k—ax—b
Rm;a;b;k < za—a”-i-b—b” m e
2Py N/ =~ — -
a’5a23b" by (k —ay — by)!
Proof. Two applications of the previous lemma. O

The following lemmas are straightforward combinatorial results that use the
definition of M above. We collect them here for later reference.

Lemma 10.6. M% is a sum of C terms of the form f( DXl with @ <da
and

D7 £4)] = € o] +a) Vo

Lemma 10.7. N, is a sum of C* terms of the form f;/;a//XIa/*a” witha” <d’ <a
and

|D? frar| < C1H (|| + a")!/a"! Yo.

Lemma 10.8. N, o 8 o Ny is a sum of C*t’ terms, each of the form
ﬂ/.a//.a///.b/.b//X[a/—a”—“/” o 9 [¢] qu/_b” Wlth

|D ﬁ/ . a”’;b’;b”| < C\o‘\-‘ra/-‘rb/(lo_l + a// + a///)!/a/!b/! Vo.
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Lemma 10.9. For any a and b,
adfad} (D) =Y £ X+ T

where for all o,

|Dafj(a+b)| < C‘G\+a+b(|a| +a +b)'

10.3 Behavior of the Localized Operators

To facilitate keeping track of errors and shorten the estimates, we follow some of the
notation of [T5] and introduce some formal expressions and norms. We recall that

L; =0/0z; +ig, 0/dt,  j<n,
ijfl = gtLJ and ij = E\VYL]', ] <n,
x! = Xilxiz"'Xlll\’ 1 = (l'l,...,l.m).

Now forany A = (I, p,m,r,d,q,r) and any 6 we set (cf. Definition 10.2)

Gap=CaX TP (T™)prgxa T* XY, (10.10)

and define the following norms:

[Al=I|+p+m+d+qg+s =Gy (10.11)

and
Al = Al + p + s = ||Gapll, (10.12)

the orders of G with T given single and double weight, respectively.
We also assign a norm to (variable-coefficient) sums of the Gy4;9 as follows:
N being given, if

G =Y FiGup with|A] <N, (10.13)

we set

WGl = sup |FalCaKp KT grtaylaltrtm /) (10.14)
A;supp 0

where Ko, K, K, will be chosen later, large relative to other constants that enter
and subject to

Ko > K1 > Ky > 1. (10.15)

We shall always assume (10.15) to be satisfied without further mention.
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‘We shall use the notation F SCJ)) for a function or sum of functions such that in the
support of all localizing functions, and for all o,

D°F)) < CPHI+HH1 (o] 4 k1. (10.16)

with the constant C universal for the present problem. For example, F, ((kj)) could
stand for any (j + k)th derivative of any coefficient divided by j! Likewise, we

might denote the function ekb”_l) appearing in (10.7) by F(E)b)//_l) = FO"-D,
Definition 10.3. An operator G 4;¢ will be called admissible if it contains an X (and
at most one L, in the case of Theorem 8.2). G 4.9 will be called simple if it is not
admissible and m = 0. A variable-coefficient sum of such operators will be said to
have one of these properties if it is true of each member of the sum.

‘We may now state and prove the propositions that show the effect of commutin,
y p prop g
(T™)y, or more generally G 4,9, with a function or a (tangential) vector field.

Proposition 10.5. Let G 4.4 = XITP(T"’)(a/al)r\I,;Xd T*X1, and let f(z,Z,t) be a
real analytic function in the support of W (which will only be smooth and generally
of compact support).Then

Guau [ = Z S0 Ga_,yw = Gaww

[o[=0
with
foy = f. A = A,ID° fip| < C7HH o)1 Vo
and
[A—p| = 1Al = 1Ipl,  [1A=pll = 1Al —1pl,
and

NGawllly = CrIlIGawllln

Proof. The T derivatives of f present the greatest difficulty. We have

m—(a+b)
- —(a+b) h—
pm—a+b) f _ m—(a (k) pm—k—(a+b)
= L f
k=0
where f®) will denote > any k-fold derivative of f, each derivative taken from a fixed,
finite set (the X’s, M, M, or T'). Next,

f b =b")

——=b"
G T,

o=y

b <b’
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so that

" JUER D @ b)) o,
(T f = ; b’ = b")(a' —a")! k Aa’(M /a//!)

X((a/at)a—i-b lIJ) Z Ab/ (Mb”/b//!)Tm_k_((H_b),
b'<b

S ={a" <d <ab" <b < bk > 1}. Next we write (m_(,f+b)

(&) ()

) in terms of

m — (a + b) _ RIashik a’\[b”
k - ; a//;a//_a///;b//;b//_h/// a/// b/// E)
S'={d" <a;b” <b;a” <d”,b"” < b"} by (10.5). Then we need to express ffz,
in terms of A¢,, for some a and the same for AZ,. This is done by Proposition 10.3.
The result is that

m—(a+Db)\ ~
(k 4 Ab, Ja"1b"!
—k —k
- Z RMsazbik 272" a'—a"" +ka
= — a”;a”fa”’;b”;b”fb/” (a” — a’”)!(b” — b”,)! k2
I_prr ~a—(a'—a"" +k b—(b'—b"" +k
XS]i b +k3AZW(0 a’+ Z)Abm( + 3)/a///!b///!’

S// — {a/// E a//;b/// E b//,a/// + b/// S k7k2 S a _a/,k3 E b _b/} ThuS,

f(k+a’—a”+b/—b”)
4 i

(Tln)\llf = Z (a// — a///)!(b// — b///)!KMa -

s
X(Tm—k—a’—a”’—kz—b’—b/”—kg)

—va— N N

(3/3[)”70///+k2+h/7b”/+k3\I/;M

where S = {d” <ad”" <a <a,b” <b”" <b' <bk+a+b <mk <
a—a,ky <b-—>b'},and

—k —k
K — Rm;a;b;k 2 2(—2) 3 S(l/—am-i-kz Sb/—bm-‘rk_g
— Baa—a b b —b" (a// _ a"')'(b” _ b"')' ka k3 .
Things are clearer if we use new indicesap =a —a’,ay =a’ —a”,a, =a”" —a",
az=a" ,bop=b—-b'by =b' —b",b, =b" —b",b3 = b". Then we have

f(k+a1+b1)

T"wef = Z bl

S////

Iy qgaz m—k—a|—ary—kr,—by—by—k3
xK'M (T )(3/3[)“l+”2+k2+b1+b2+k3 \p;ﬁbz’
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where 8" = {k + ao +ai +ay + by + by 4+ by < m.ky < ap. k3 <o},

—k —k
K/ _ m;a;bk 2 2(_2) 3 ay+ar+ky Sb1+b2+k3
T ha"5aa30"3by ay'b,! k2 k3 ’

~( )
and M “2 is of course a sum of C“2 terms, each of the form fa(za ) X lo—a' for some
a’ < a, and

D7 740 = CoTl @ o]t Vo
Thus

k Fa)
f( +Cl)ﬁ12a K//Maz
Cl!

(T"wf =Y

S
X(Tm—k—az—bz—cl—Cz)(a/at)c1 +02+a2+b2q};ﬁb2,
where S = {k+c +c+ay+by<m,d <ap}and

Ck+61+cz+a2+b2

K// e
a'l(ay —a’)!b,!

If the constants K ; are well chosen and satisfy (10.15), and we let (T"")y f stand
for the whole sum above, then uniformly in m < N we have

T e fllly < CHIT™)wllIx
When the entire expression G4,y = XITP(Tm)(a/aZ)r\I,;Xd T#X? is considered

instead of just (7"")y, the conclusion is unchanged and the only difference in the
proof consists in introducing expressions such as

T? f =Z<|p|>f(p’)’

|p']

summed over all p’ < p, etc.

Proposition 10.6. Let G .9 = X' T?(T™) /5,y w54 T° X4 Then
[Guw.LjorL;]= _GA«]);‘I’Z]- orz T g~Am>2\l’
where Gaw = 31,50 Sip) Gapsw, withy | D fip)| < clrtolio|! Va and

4@ < 1Al =lpl. (Al = 141 + 1,
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and }
1Gagwllln < IL;Gawllln-

Ifm #0and |l 4+ q|+d =0 (in A), then GA(O);q, is admissible.

Proof. First we consider the case G 4.4 = (T")w:

> [Na(@/0) @D w)N, Tt L]

a+b<m
= > [Na. L] (@00 @)N, et

a+b<m

+ 3 N (@790 TN, L] T
a+b<m

b

+ 2 @ at)(“+b)‘I’)NbZ< B )) adi (L ;)T k=)

a+b<m k=1 1

= Y Fap(Lor M)Ni ((3/90) 5140 (3/90) wyN, T =0 )

a—ky+b=m—ky
k=1

= 3 Nal(@/0) N, T
a+b<m
Z Na((3/00)" " W)Ny + Ep,
a+b=m

+ 3 Ftkd) Nt (0304075 (0001 H2 W) Ny, X T 00

a—ky+b—ky
<m—d|—kj
kp=1

from (10.6), Definition 10.2, and Proposition 10.5, where £, = }_, _, EL;:ab
with

_b/
M
Eppap = Y A% ((8/8t)“+blIJ)Ab, o
o
X Z ( —@+ b)) F®) (L or LyTm*1—(@th)
ki1>1

4

a
2 : (k1) M (a+b)
Fa/_a//+b/ b//Aa ”! ‘y 4

—p
XAZ/ M (m —(a+ b)) (L or Z)Tm—kl—(a+b)

ki
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x(S=1{a"<da <a;b" <b <bjk; >1})

k sazhik s b —b" +kym—, _
= Z Fa(’—ll”-l-b’—b”R(rln//['la”—ll”"b”'b”—bmSZQ @t 2Sk3 + 32 k2(_2) ks

S/
5 . —p

5 &A’a—(a/—ﬂw‘Fkﬁ M? \I;(d+b)Ab_(b/_b,,,+k3) M

(a” _ a”/)! a’ a///! b b/l/!

_b//_b///

M m — (Cl + b) T\Tm—k

M —ki1—(a+b)
X(b”—b”’)!( ko (LorL)yr™ ™

(S/ — {a///S a”f a/S a;b”’f b//S blvb;kzS a_a/;
ks<b—b" 1k < 1})
Z F(g:]—)i-az) LM* (Tmiklialiarkrbl7b27k3)\u<a1+“2+k2+b1+bz+k3>
S//
—b —
xM “(LorL),
where
={a+ar+ky<ab +by+ks<bk =1}
and

K Rm sashiky Sa1+a2+k2 Sb1+h2+k32 ko (_2)—k3 /az!bz!.

a”ar:b" by

O

It is convenient to replace M and the L’s or L’s by X’s, using Lemma 10.6
and the observation that commuting the resulting coefficients to the left does not
introduce new sz on the right, since the coefficients are already to the left of the
free T7s in (T )y (cf. the proof of Proposition 10.5).

Thus [(T™)y, L; or Lj] = —(T™)w. or., + Gaw, where

2 O z;

Gaw =Y F,Gacyw with |D7Fs| <ClPolHlg|
ly|=0

and
[A—p| = [A] =yl Al < 1A+ 1,
Gaswllly < 1L (T™)wllln-

Note that every term in Q(o) is admissible (if m # 0). When more general G 4,4 =
X! TP(T")y0).xa T° X7 are considered, bracketing with L ;u or Zj may also yield
as many as d terms of the form X’ TP(T™)g):coefrxd—1 T° X 9. The coefficients may
be commuted to the left using Proposition 10.5 again, while the new 7" increases ¢
by 1. In this case the norm | - | still drops, while the norm || - || may stay the same.
Note that if d = 0, this does not happen.
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Proposition 10.7. Let Hy,y = X' T?(T™)y0).xa T* X4 be admissible. Then

HA;\J/ = XGA(_]);\II + GA(_]);\UX + gi{l('fl);\pa

where
/‘4’(’"]) ' Z f(P) GX(’"]);W
lol=1
is simple,
ID7Fipl < Colall,  [Ap| <14l =lpl,  Aepll <141+ 1,
and

NGE" sollly < N1XGa ywllly and |1Ga_yw, Iy < [l Hazwllln-

Proof. The proof of Proposition 10.6 applies except that it is never necessary to
bracket one X with another; it suffices to bring any X to the left. As long as m # 0,
after application of the proof of Proposition 10.6, all terms except those in G 4_ v,
retain an X. When m drops to zero, further iterations of the proof of Proposition
10.6 may contribute simple terms. O

10.4 Proof of Theorem 10.1
Proposition 10.8. Let H 4.w be admissible and let u solve Oyu = o in V. Then

2 2 2
| Hawul}s = € (1Gaciivals +sup Gy i),
where the supremum is over all G Al whose norms satisfy

Ga_ swllly = Hawlllys [A-pl = Al =1, A=l < 4]

Proof. We write H(4py = XGAH);\I,) + G;t(_”;\D) from (10.7). Then a priori
estimate (9.1), applied to G 4._,,;v), yields a right-hand side

4

Q(GA(—l);‘I’)uv GA(—l);‘I’) u=Qu, (GA(—l);‘P)*GA(—l);‘I/”) + Z Ej
1

4
= (GA(_l);‘l-’av GA(_I);\IJM)L2 + Z Ej,
1
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where the E; are the error terms

Er = ([0p. Ga_yywlu. 05Ga_yyswit) 12,
Ey = 0y, [95. (G} _, )G apiwi) 2,
E; = ([5;:’ GA(_1);\IJ]”’5ZGA(_1);\I/“)L2»
Ey = @10, [0, (Gay9) 1G a2
Now it suits us to write 5;, as the sum of two terms of the form coeffX. If we do

this, then the first and third terms above and the second and fourth are the same.
Thus the errors that must be majorized are of the two types:

Fy = ||[ coeffX, GA(—1)§‘I’]M||2LZ
and
Fy = [([coeffX, Ga_,.w] coeffXu, Ga_,wu)p2].

These are handled by Propositions 10.5 and 10.14 above. Using these propositions,
we have at once
|Fi| < sup |Gy, il

with the supremum over all G;l(_”.q, as in the statement of Proposition 10.8. For F,
we need to take a bit more time, since Proposition 10.7 must be used. But
([coeffX, G4, );w] coeffXu, G4, wu) 2
= (G} _, ;0 coeffXu, Ga_,wu) 2
= (COCffXGA:_l);\I/u, GA(_I);\IIM)LZ + (GAf/_l);\Pu’ GA(_]);\I}M)L2

= (G ot Gaypo) 2 + (Gy gt XGayywtt) 2,

and a weighted Schwarz inequality yields the result at once and proves the
proposition. O

We may iterate this procedure until one of the resulting terms is no longer
admissible. If m = 0 for an inadmissible term, we do not process it further at
this point. On the other hand, when m # 0 in an inadmissible term, such a term is
necessarily of the form

Gii(—k);‘ll = TP(T")@jorywT’

(or G;(_k);q, = T7(T"™)@ayw, T°, a type that we shall deal with later) with
MG _wllly = Hawllly. |An] = [A] — k. |Apll < 4], and it is not
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immediately clear how to proceed, since to use (9.1) again with maximal advantage
we would have to adjoin an X to the left of 77 (7" )35y w, T, a process that would
increase all three norms. Now in fact we shall do just that, but we must show that:

e inarriving at T7(T") /00w, T°, we gain a factor of N in ||| - |||~ and

* after adjoining an X to T7(T") /a1y w, T?, the next iteration of (9.1) drops | - |
and || - || again, so that after these two applications of (9.1) the ||| - |||§ norm is
unchanged, | - | has dropped by one, and || - || is once again no greater than at the
start.

For the first of these, there are two ways in which all free X’s are lost. The first
is when, in Proposition 10.14, two X’s are bracketed to generate a 7. In general, the
form of this bracket is [X/, X] with |[I| < N, i.e., at most |I | terms with a 7" and at
most |/ | — 1 remaining X’s but at least one if |I| > 2. Hence if such a bracketing
uses up all remaining X’s, |7| had to be 1, and the result of the operation is to
decrease ||| - |||y by afactor of N. And the second way that all free X’s or L,, might
be lost is as derivatives of a coefficient, and in this case we merely need to shift the
count of derivatives by one: after all, the term in [X/, /] = ) (lll’,ll)f(“/‘)X"’/
with I = I’ has coefficient (), and | fD| < cMI|11 C’|1|_1(|I| - <
/=t li=1

Thus, modulo a constant for each derivative that falls on a function (which is
always permitted by taking the K; to have the proper ratios in (10.15)), the loss of
the last X in this fashion does not need to result in a corresponding factor of N in
the norm. For the second bulleted point above, we merely note that in the application
of (9.1), i.e., from Propositions 10.5 and 10.14 when |/ |+ ¢ +d = 0, not only does
| - | drop, as it always does, but also || - || will drop. That is, two X ’s never bracket to
generate a 7, since there is no second X. And Proposition 10.7 will not generate T
either.

A

Proposition 10.9. Let H 4.y be admissible and let u solve Opu = « in V. Then
|Hawul;, < CV (“GA(—I);‘I’O‘”sz + sup || ,Saf/mxp””sz + sup |G aryw,ull72) ,
where the first supremum is over all simple Gji,’;’i‘l, whose norms satisfy
NG lllv < NIHEG N, AT <Al =1, and |A"]| < |All

and where the second supremum is over all G 47,4, whose norms satisfy the same
bounds:

NGarw v < NHEGN. 14" <14l =1, and |A"| < ||A].

Note that since the singularities of the Levi form are contained in {x = 0}
(= {z = 0}), we may take W to be a product ¥ = W, (x)W,(¢) with ¥ (x) = 1 in
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a neighborhood of 0; thus since u is known to be real analytic in the complement of
the set where the Levi form degenerates (cf. [T4], [Tr4]), we have

|Du| < Cul"|+1(|0|!) insupp W,.
For G 47,u, as above, then, we have the estimate
G arw 7> < (sup |Garmsw uell7:) [ Haswlllw,

where the supremum is over all G4y, with [A”| < |A] — 1, [|A”| < || A] but
[[|G a7, |||y < 1. Since for real analytic functions w satisfying (10.4) we have

IGpwwl?, < ColllGpswllly  under (10.15),

the conclusion of Proposition 10.9 reads

» ) q
IFawille _ oon () 4 g 177 0% 0 T ul:
|1 Hawll|n s Np'+q+r
<C CN 14+ sup |\Ij("/)| sup ”Tm u”Lz(supplll)
— u ’ ’ ’
ri<n+1 N0 g Nm

S=20"+4) <A} S = {m" < |4]/2].

Thatis, if |[/| + p < N, then

||XITPM||L2 |‘If(r)| ”Tmu” )
— U= ooV 14 s Lupp®) 10.17
N|I|+p - * Irzlsl;lva-l N(r/) N™ ( )

Lastly, we control the localizing functions as in [T4] and [T5]:

Proposition 10.10. There exists a constant K such that if 21, 2, are open sets in
C" with distance d from 2 to the complement of 2, then for any N there exists
W = Wy in C§°(22) equal to one in a neighborhood of Q21 with

|| < KKPlG-BINIEL for |B] < 2N. (10.18)

The first use of these functions seems to be due to Ehrenpreis. Using such W,
(10.19) becomes

xITr X9T*
max w <CN[1+4+4q47 sup w . (10.19)
pHITI<N NII+p - grs<nj2  (N/2)it4
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We iterate this estimate by nesting log, N such pairwise relatively compact open
sets Q1 € Qa--+ € Qiog, v With separations d; = do/2/. The iterates of (10.19)
then yield
. X TPul 2,
pHIII=N NII+p

N/2/ 72

<c'Vm (2) Cu

with constants independent of N. This implies analyticity in €2;. Since €2; was an
arbitrary compact subset of V, this proves Theorem 10.1.

10.5 Proof of Theorem 10.2

We recall and rewrite the 9-Neumann boundary condition: if we split an arbitrary
formw = Zw”)u[xq,
w=w %-VVN,

where w is the sum of all terms > w;; A/ 27 with n ¢ J, while w” consists of those
with n € J, and write

L,w = (Lw + Aw)
for some analytic matrix A, then we may rewrite the boundary conditions as
W' =0onl and L,/ =0onT. (10.20)

We modify the notation for our scalar operators G ;v slightly from that given in
(10.10) for the boundary value problem, allowing at most one L,,:

A=U,p,m,r,d,q,r))
Gap = CoLl X TP(T") g3 T* XL
with i’ + i” < 1 and constants C, introduced to adjust the norms:
Al =+ p+s+m+d+qg+r+i' +i" =|Guel.

Al = Al + p + 5 = [|Gasll,

and
IIIGllly = sup C4Kj.
suppb

If G =) F4G 4. denotes a variable-coefficient sum, then its norms are given by

|G] = sup|Gargl, 9]l = sup [[Garoll,
A A
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and

/7 "

IIGIlIw = sup |Fa|CaKy K HFoH T gprayaerem

/
su;;po

(T’”)em; y« has been introduced in Definition 10.2 above. When m # 0, all of the
derivatives on 6 are assumed to be sequences of T, L,,, and L,.

Definition 10.4. G = Y F4 G 4.9 will be called

* admissible if each term contains an X oran L,,;

e simpleifm =0=1|I|+q +d +i +i” ineach term;

* well normed relative to G'y., if [||G|[|y = |[|Gy4lIn, 1G] = |A| and |G|l < || 4]
For the purposes of these last two inequalities, we may admit L, for L,
inaGy.p.

Definition 10.5. Q will denote a sum )_ FyG 4,9 in which in each term, 6 has
been differentiated by either d/0x; or L,. The notation is intended to suggest that
we may ignore such terms, since in the first instance, x-derivatives of our localizing
functions are zero near the singularities of the Levi form, and in the second, ZHG
vanishes (to high order) on the boundary, so that further consideration of such terms
amounts to a consideration of the analyticity of solutions of the Dirichlet problem,
which is well understood.

Definition 10.6. Let H = H ;s be given. By H(1) = H1); we denote any
expression of the form > Fy H .o that is well normed relative to H but |[A'| <
|A| — 1 for each A’. Similarly, H(_,) = H-2);s will stand for any expression of the
form ) F4» H 4. that is well normed relative to H but |A’| < |A| —2 for each A”
etc. That is, the subscript denotes the decrease in free derivatives (measured by | - |)
with no increase in the other norms.

Definition 10.7. Let H = Hy be given. By writing G = G = GA(_I)'Q we
shall mean any operator G .9 with

H

Thus, N G, is of the form H_x_y) forany k > 0.
Proposition 10.11. The following relations hold:
e Let H = Hy.g be admissible. Then

H={X Orzn}G(o) + 7:{(_1) + Hn
(with H -1y admissible ifm4 # 0)
= {X OI'Z”}G(O) + 7:((—1) + Hél_”ll)

by iteration. We may assume that G ) is tangential, i.e., thati’ +i"” = 0 in G(g).
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o Let H = H g be arbitrary except thati’ + i” = 0. Then
HX = X'Hgqy + N{Hq) + Mo} = X'He) + N{Ho) + H3"}.
e Forany H' = Hpg.p with |B| # 0, we have (for short)
H' = DG’ + My = Q)DiG™* + My = DG +H_ .
We may assume that G' and the G'* are tangential. Similarly,
H'X = DH"“" + NH_ ).

Proof. Aslongasm # 0, Propositions 10.5 and 10.14 show that any errors incurred
in bringing an X to the left of (7""), still contain an X unless they fall within
Hz_l) (or Hff_"l’)). In the first part, if H contained an L,, we may assume that this
was brought out, and hence G g, is tangential. In proving the third part, we (attempt
to) pull out a derivative; when the derivative is lost to the localizing function, we
attempt to pull out another, etc., each time with fewer free derivatives remaining. O

In the sequel, a(z,z,t) will stand for any of a finite set of real analytic functions
of (z,Z,t), and G and H (or G and H) will always be related as in Definition 10.7.
Use of Propositions 10.5 and 10.14 will be assumed in the proofs below without
explicit mention (e.g., Gya(z,z,t) = G()).

Proposition 10.12. IfG = G 4,0, then
[a(z, z,1)X, G] = Ng(()) = H(_l).

Proof. The terms that arise in this commutator are the same as those that arise in
Propositions 10.5 and 10.14 above. O

Proposition 10.13. IfG = G4_, 4, then
[a(z.2.0)L,. G] = (L)G 1) = H—ty = (LN "Hy = Hy

(where parenthesized vector fields may not be present).
Proof. Evident from the definitions and Proposition 10.5. O
Proposition 10.14. If G = G4_, .0, then

la(z.Z2, 1)Ly, G] = (Ly)G(-1) = NE(O) = (L)N "M = Hi),

where H(_l) indicates that the localizing function may have been differentiated
by L,.
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Proposition 10.15. If G =G40 (recall that each occurrence of a(z,z,1t)
denotes a generic coefficient, and similarly with X for a generic X ) then

la(z.2.0)X.Gla(z.Z.0)X = NXGy + NH 1) + NH™,
= XH-y + N'}:[(_l) + N f’_”]’)
Proof. From Propositions 10.12 and 10.11,
l[a(z,z,t)X. Gla(z.Z.t) X = NGoa(z,z.t)X
= Na(z.2.0X G + NHcy + NH,

O
Proposition 10.16. IfG = GAH);Q, then
[a(Z7 27 I)X’ G]a(Z7 Za I)Ln = LnH(—l) + Nﬂ(_]).
Proof.
la(z,z,t)X, Gla(z,Z,t)L, = NGo)L,
= NL,G) + Nzg(o) =L, H- + NH(_U.
]
Proposition 10.17. If G = G4_, ., then
[Cl(Z, Z t)fn, G]a(z, Z, )X = Z,{H?ihf; + (X or N)']:[(fl).
Proof.
[a(Z’ zv t)zl’lv G]a(zv Z’ t)X = an(fl)x + NgA(O)X
= L.G-nX + XNQ(O) + NZQA(O)
= Z/H?TS + X?‘A((_l) + N'}:l(_l).
O

Proposition 10.18. IfG = GA(_I);g, then
[a(z.2.1) Ly, Gla(z.Z. 1)Ly = LyH—1) + LaH—2) + NH ).
Proof. First we commute L, to the left of the coefficient:
la(z,Z,1)Ly, Gla(z.Z,t) L, = (L,G(—1) + NQ(O))a(Z, zZ,t)L,
= (L)(L)G1 + NGw)
+L,(L, .C’;(—z) + NG + N(L11Q(—1) + N.C’;(m)
= L,H 1) + L, H2 + NH).
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Proposition 10.19. If G = G4._,;0, then
[a(2.2. 1) Ly, Gl(a(e. 2.0 Xu" + a(z.7.1) Lyu)
= LyHnyu" + (LaG-1) + NQ(O))inM + XHnu” + N(Hy + H"
Proof.
la(z.%, )Ly, Gla(z. % ) X" + a(z.7 1) L,u)
= (LyG(1) + Ng(_l)fnu) + NC;(O) (aXu” + afnu)
=L, H1y + (LaG—1) + NQ(Q)) f,m) + XNG(O)M’/ + Nﬂ(_l)u”
= Ly H-nu" + (L,G—1) + NG(O))i11 + XH e + N(Hy + M)
Note that [7:l(71), d/dx] = N?‘Al(fl). O
Proposition 10.20. IfG = G 4,9, then
[a(z.2.0)XGla(z.2.t)(Lu or inu)
= Ng(o)inu + NGoyu = 'H(_l)inu + Hnu.

Proof. Propositions 10.12 and 10.13. O

10.6 End of the Proof of Theorem 10.2

Let H" be admissible. Then from Proposition 10.11 and the a priori estimate (9.1)
we know that (writing G for G (g), which, as in Proposition 10.11, is tangential)

IH“ w2, < (X or L)Gul?, + I —nul?. + 1K ul2..  (10.21)

and in obvious notation, using (10.20) for all /C,
IXGull}, + ILaGul7, + 1G5 + Kl Gull7
< CQ(Gu,Gu) + Cx|Gul2, (10.22)

and

0(Gu, Gu) = C (|Gl + [Gul?, + Y |Ejl).  (10.23)



10.6 End of the Proof of Theorem 10.2 123

where

« E; = ([0.Gu. dGu),z,

o E» = (0u,[9,G*]Gu) >,
e E3=([0.Glud Gu),
e Ey=@0 u[d,G*Gu) .

Now from the action of 3 and its adjoint, not all components of u are subjected to
all vector fields. In particular, we may write

ou=a(z.z,6)(X)u+ (du)”, (10.24)
where
(gu)” =a(z72.O)Xu" +a@zt) Lo + Au=a(z,z,t)Xu" + fnu
defines the operator an and
3u=a@z0)(X)u+a@z 0L, (10.25)
Thus for any p > 0 there exists a constant C,, such that
|Eil + |Es| < pQ(Gu, Gu) + C,(E] + E3), (10.26)
where from Propositions 10.12 and 10.13,
E} = ||la(z.Z.0(X or Ly), Glull7> < C (I(L))G-nuljs + IH-nul])
(10.27)
and
E} = |[eoeft Ly, Gulu" I, < € (ILaGena" I3 + 1 ie’I3)
= € (ILaGipI + 1P 1)
by Proposition 10.11. The remaining two terms are expanded as follows:

E>» = (0u, [0, G*|Gu) 2
— (coeff (X) + L), [coeff (X) + L), G*|Gu) 2
— ([coeff (X), G(coeff (X) + L)u), Gu) >
([coeff (L), G](coeff (X) + L)), Gu) 12
= En + Ex
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and

Es=0 ud,G*Gu
= (coeff (Xu + L,u"), [coeff X, G*|Gu + [coeff L,, G*|Gu") ;>
= ([coeff X, G ap]coeff (Xu + Lnu"), Gu);»
+([coeff L,,, Glcoeff (Xu + L,u"), Gu'") ;>
= Eu + Eup,

where the integrations by parts are justified, since #” and L,u = 0 on I" and G is
tangential. Now FE, is treated by Proposition 10.15, E5; by Proposition 10.19, E4
by Propositions 10.17 and 10.18. The results are

Ey = (Hnyu, XGu) 2 + (N(Hy + H{")u, Gu) g2 + (M1 Lou, Gu) 12,
which lends itself to the estimate
|Eot| < [Hnull2| XGul| 12

HIH ey Lol |Gull + IN(Hoy + H Yl 2| Gul 2 (10.28)

(note that the expression H(_])fnu is of a new type),
Exn = (Henu", LiGu) 2 + (XNGoy + N(Hy + HZ )", Gu) o
+ (NG Lo, Gu) 2 + LuGiyy Lyt, Gu) 2,
which lends itself to the estimate
|Ex| < [Hyull2| (X or L, or N)Gull 2

+(H 1) or LGty Luull 2| Gull 12 (10.29)
Next,

En = (Hnu, XGu) 2 + (N(Hry + ™, Gu) g2
+([coeff X, Gcoeff L,u”, Gu),2,

and using Proposition 10.11 to expand the third term below,

[coeff X, G]coeff L, = coeff L,[coeff X, G]
+[coeff (X or L,, G] + [coeff X, coeff L, G]]
= T+ oy + Xt + NG + %)
(10.30)
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so that
|Eatl = (IFulo + IHenulo) (X or L)Gullo (10.31)
and
Ep = (Z”H’(’ﬂ")u + (X or L, or NYHnyu + L, H—pu", Gu"),
so that
|Eal = (IH 55wl + INFoyullo + 172 lo) (DYGH .

Thus, using a weighted Schwarz inequality on the sum of the absolute values of
E\, E;5, Ey, Ex, E4, and E4, we have, for any p > 0,

(1= p) (1XGullg + [ LaGullf + 1Gu" 7 + Q(Gu. Gu)) + (K = Cp)|Gulls
= CIGa + p (IHy Lotlld + IN Py + He ul)

+Cp (IHnulld + I I + IHqmuld) + CellGulZ,.  (1032)

Note that we have not written NGu as H(pu on the right. The term ||H —ul|3
arises naturally and unavoidably in (10.27) and E»; but always as a result of a
bracket, never as NGu. Also, note that

CxllGull%, < 1Gullg + CUO N Gull (10.33)

by the logarithmic convexity of the Sobolev norms.
The secong term on the right of (10.32) is new; to handle it we use coercive

estimates on L,u but first must extract a tangential derivative from H_: using

Proposition 10.11 on each of the terms in H(_l)zn,

~

Hi—yyL, = DG(-1)Ly + H_iz) Ln. (10.34)
Noting that (10.20) implies that i,u = 0 on 092, we apply the coercive estimate
||DG(—1)%11M||(2> <C (Q(G(—l)fnuv G(—l)%nu)O + “G(—l)fnl"”%) (10.35)
with

QG Lutt, Gy Lol = € (G Lol + G LuulF + 3 |Flx)
(10.36)



126 10 Details of the Previous Chapter

where

Fy = ([, G(—l)fn]u,gG(—l)%nu)O,

Fy = (3u, [0, (G(—l)fn)*]G(—l)fnu)O»
F; = ([5*» G(—l)%n]u’g*G(—l)fnu)O,
Fy=@ w0 Gy L) 1G e Lu.

Now for F; and F3, again, we use a weighted Schwarz inequality and have the
estimate, for any o > 0,

|Fi| = ([0, G—1)Ly]u, 0G 1y Lu)o|

IA

UQ(G(,I)Znu, G(,l)znu) + Cy ||[coeff (X or Z,,)G(,l)]znuﬂé
+Co||G(=1y[coeff (X or L,), L, + A]u||(2,

IA

600G L, Gy L) + Co (IIH(—z)iullé + IIHﬁfﬁllﬁ)
and
IR = (@, G(—l)fn]u,g*G(_l)i,u)oL and
< C|(fcoeff (X or Ly), Gy Lylu, 3" Gy Luu)o|
< C|(DG(—2)fn +HED + H(_|H|))u,5*G(_])%,,uo|

+ C|(G(~ycoeff L, u, E G(,l)z,,u)(ﬂ.

But G(_p)coeff L, = L,G(—1)+H 1) = LaG1) + DG—2) + H1y + Hi—a).
—*
and if we expand 0 as coeff(X) + coeff L, in this last term, we may integrate by
parts (twice) to obtain

(G(_l)COCfan u, 5* G(_])Znu)o
= (((coeft (L, + X)G(—1) + H—jm)))u, coetf (X) + L,)G 1 Lyu)o
—i—COCff’}:[(_l)u, 5* G(_l)znu)o,
so that we obtain, with the coercive estimate (10.35),
|F3| < UQ(G(_])ZnM, G(_l)znu)()

+Co (It Lol + N3 or Py )ully + [H- sl -
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For the terms F> and F4 we have

F> = (3u. [0, (G<—1)fn)*G<—l>fnu)o
= (coeff ((X) + Ly)u, [coetf (X). (G—1)Ln)*1G (1) Luit)o
+(coeff (X) + Ly)u. [coetf (L), (G(t) Lott) |G-ty Luit)o
= ([coeff (X or L,), G(,l)fnu]coeff’fnu, G(,l)f,,u)o
+([coeft (X ), G(—1) LuJcoett (X )u, G(—1) Luit)o
+([coeff (L,,), G(,l)fn]coeff (X", G(,l)f,, u)o
= (DY + NH )Ly Gy Lyuyg
+((H(*2)(fn) + H ) (X)u, Gy Lyt
+((H=) + LuG () L + Ly Gy)eoeff (X)u'", Gy L)y
= (((D)H(—z) + NH2)Luu, G(—1)fnu)0
+((H(—2>X(fn) + HyX)u, G(—l)fnu)o
+(((N or X or Ln)ﬂ(fz)fn + (X or N or L,ﬂ:l(fz))u”, G(,l)fnu)o
= (DY + NH )Ly Gy Lyuyg
+(((X + NYH2) Ly + DHS 4 Hjya)it, Gy Ly
+(((N or X or Ln)ﬂ(_z)fn + (X or N or Lnﬂ(_z))u”, G(_l)fnu)o,
and so
|Fal < (D or N)Gyy Lyull
x (Wt Lutelo + G Lutalo + 195ulo + Gzl
while
Fi= @ w0 (G L) 1Gin Lyu)o
= (coeff (X)u + coeff L, [coeff (X). (G(—1)Ln)*1G (1) Luit)o
+ (coeff (X)u + coeff L,u”, [coeff L,, (G(_l)’f,,)*]G(_l)fn u)o
= ([coeff (X), G(_l)fn](coeff (X)u + coeff L,u"), G(_l)f,, u)o

+([coeff (L), G(—1yLy](coeff (X)u + coeff L,u"), G—1)L,u)o
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= ((HO" or H(_s) L) (coeff (X yu + coeff L"), Gy Lu)o
= (X or N)(H®“" or Hs L,)u, Gty Lyu)o
(L (HO or Hay L) + (HE or ) L), Gy Lyudo.
Thus we also have
|Fal < CIl(D or )Gy Law) o
x (1Pt Lol + Gy Ll + I35l + [y o) -

Collecting the estimates of the F;, we have
Y OIFl < 0Q(Giy Ly, Gy Lyu)
+Co (P Lol + I3 + [Fan3 + [l
so that (10.35) and (10.36) may be rewritten
1 Zould < € (1Gn Laelld + [H- I3
FIHERUIR + Mo I + 1R 1) (10.37)
Together with (10.32), This yields

(1= p)(IXGu|)? + | Loull2 + |G |3, + O(Gu, Gu))
< C(IGa|2 + G=n Laa|3) + CpllH (=2 Loul)?
+CxlIGul? ) + [IN(H -1y + H™ )

+Cp (I ylld + IG—nu” I3 + I Hqumpul) (1038)
As long as the terms in () on the right are admissible (or act on ), we may
iterate (10.38). If m = 0 for an inadmissible term, we do not process it further at

this point. On the other hand, when m # 0 in an inadmissible term, such a term is
necessarily of the form

G;l/;q, =CuyTP(T")os00y0T? (10.39)
(or Gy oy = CaTP(T™) /90y gw, or T,,uy T s cf. below) with

A(—k)

NG _ywllly = NHawllln: [An] < 1Al =k [ An ] < 14l
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since we may always write L, = 9/3¢ modulo L,,. It is not immediately clear
how to proceed, since to use (9.1) again with maximal advantage we would have to
adjoin an X or an L, to the left of 7 (T™)@yary-wT*, a process that would increase
all three norms. Now in fact we shall do just that, but we must show that, modulo
acceptable errors (namely when L,, lands on the localizing function):

(1) in arriving at 77 (T™) /3w T* in fact we have already gained a factor of N in
1111l and -

(2) after adjoiningan X or L, to T7(T™) /a1y wT*, the next iteration of (9.1) drops
|- | and || - || both by at least one, so that that after these two applications of (9.1)
the ||| - |||y norm is unchanged, | - | has dropped by one, and || - || is once again
no greater than at the start.

For (1), there are five ways in which all free X ’s or L,, may be lost. The first and
second occur when L,, or L, lands on the localizing function, and we shall discuss
such terms below; the third occurs when in Proposition 10.14, two X ’s are bracketed
to generate a 7. In general, the form of this bracket is [X/, X] with |I| < N, i.e.,
at most |/| terms with a 7' and at most |/| — 1 remaining X’s but at least one if
|7] > 2. Hence if such a bracketing uses up all remaining X’s, |/ | had to be 1, and
the result of this operation is to decrease ||| - |||y by a factor of N. And the fourth
way that all free X ’s or L, might be lost is as derivatives of a coefficient, and in this
case we merely need to shift the count of derivatives by one: after all, the term in

1 , ,
X' 1= <|'I,'|) FUDXIT it [ = 1

has coefficient f (/D and
|f(|1|)| < C(|1|)|]|! < C/\I\*l(lll —'< /M= pHi=1

Thus, modulo a constant for each derivative that falls on a function (which is always
permitted by taking the K; to have the proper ratios in (10.15)), the loss of the last
X in this fashion does not need to result in a corresponding factor of N in the norm.
When L,, lands on the localizing function we are in a favorable situation, since then
coercive estimates apply. When L,, lands on the localizing function the situation is
not favorable, and we examine this case in detail below. Finally, on the right-hand
side of many of the estimates for the E;;, we often have just |G| 2, which may
be in the form (10.40). But in every case we have given a form of the estimate that
omits a factor of N in front of such a term, hence the gain of N in this case as
well. To balance this, we must be willing to treat the term ||N 7:((_1)Hfi_r’l’)u||o or
||NH‘("i_”})u||o. This, too, we discuss below.

For (2), we merely note that in the application of p. 120, i.e., from Propositions
10.5and 10.14, when |I|+¢ +d +i’ +i” = 0, not only does | - | drop, as it always
does, but also || - || will drop. That is, two X’s do not bracket to generate a 7, since
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there is no second X! Even in F,, where we appeared to use a second bracket to get
an X to the right, we didn’t need to use a bracket, merely to extract an X on the left
from G A X, which never generates a 7.

The difficult second case under (1) above occurs when L, (i.e., a T modulo an
L, ,) lands on the localizing function W, leaving a term of the form

Glry = CaTP(T™)j00yu T°. (10.40)

A first remark is that if such a term operates on u”, it should be considered
admissible after all, since u” is zero on the boundary and thus satisfies coercive
estimates (i.e., we may extract any derivative, for example a 7, as in Proposition
10.11). In the Sxpansions above, E contains such a term, but either against (X )u”

again or with L,u. If Eq or Egy generates such a term by commuting the L, to the
left prior to integrating by parts, once again it is combined with «”. Thus we are led
to consider only the second type of terms, namely Fi, ..., Fy. Of these, F| never
contributes L, on a localizing function, while F3 also never does; the terms of the
form H —yu that F3 contributes are all in fact admissible.

There remain two types of terms to handle: those that vanish on the boundary
and those that we have called “simple”. Terms that vanish on the boundary, whether
of the form [[(N)H—nyu”"|lo or [|[H—nu"llo, satisfy coercive estimates that are
much stronger than the maximal estimate. The additional factor of N here merely
stays with such a term until a new localizing function must be introduced, as in
the previous section, and does not disturb the final estimates. A small additional
problem is posed by u”, in that while u” is also a solution to the d-Neumann
problem, its right-hand side is not «”’; i.e., we shall have to examine Q (1”, G*Gu")
and relate it to . But Q(u, G*Gu") — Q(u”,G*Gu") = Q(u', G*Gu"), and since
the principal part of Q is diagonal, Q(«/, G*Gu") is a sum of terms of the form
(coeffu, DG*Gu")y, which will be absorbed easily.

Finally, there are the simple terms, those without X’s and with m = 0. But these
are handled just as above: a new localizing function is introduced that will need to
handle only half the original number of derivatives, though in a somewhat larger
open set. The process terminates after log, N such iterations.



Chapter 11
Nonsymplectic Strata and Germ Analytic
Hypoellipticity

In all of the above cases, the characteristic variety for the operator has been
symplectic, in fact, a symplectic manifold. This is in agreement with the spirit of
Treves’ conjecture that in order to have analytic hypoellipticity, the characteristic
variety and all the subsidiary Poisson strata should be symplectic.

However, if one alters the definition of analytic hypoellipticity and replaces it by
analytic hypoellipticity in the sense of germs, there are situations in which not all
the strata are symplectic yet one has analyticity in this sense.

In a recent paper [Han], Hanges considered the operator

4
Py =0+ A+ 8= X; LD
1

in R3, where 0p(x) =Xx10/0x, — x,0/0x;, and made the interesting distinction
between analytic hypoellipticity (AHE) in the germ sense and AHE in the strict
sense. While it is well known that the operator in (11.1) is not microlocally analytic
hypoelliptic, Hanges gave a proof in [Han] by means of explicit constructions
that the operator Py is not analytic hypoelliptic in the strict sense in any open
set U containing the origin, i.e., does not have the property that for any open
subset V of U, if Pu is analytic in V' then so is the solution u, yet has the
property that if Pu is analytic in some neighborhood of the origin then so is # in a
(possibly smaller) neighborhood of the origin. He ties this result to the conjecture
of Treves concerning the Poisson strata of the operator P, namely that if one writes
P = Z? X 12 and considers the successive strata where (1) all X; vanish, (2) all
X; and their first brackets vanish, (3) all X ; and their first and second brackets
vanish, etc., then the operator should be analytic hypoelliptic in the strict sense if
and only if all these strata are symplectic. In the case of the particular operator
being considered here, not even the characteristic variety is symplectic, being given
byt =1 =x§—x§ =0.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 131
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_11, © Springer Science+Business Media, LLC 2011



132 11 Nonsymplectic Strata and Germ Analytic Hypoellipticity

Here we give a very elementary, and flexible, proof of the affirmative part of his
result and argue that the negative part is entirely reasonable as well, though in our
proof we avoid completely any mention of so-called Treves curves, which foliate
the characteristic variety of P.

We also consider more general cases in which there is a stratum of the
characteristic manifold that is not symplectic: the symplectic form vanishes on that
stratum. Our proofs, as usual, are entirely “elementary” and use little beyond L?
estimates and careful localization in certain variables.

11.1 Proof for Hanges’ Operator (11.1)

As remarked above, we may take localizing functions to be independent of ¢, since
were a derivative in ¢ to land on such a localizer, one would be in the region where
the operator was clearly elliptic and the analyticity of the solution # was well known.
We denote such an Ehrenpreis-type localizing function by ¢(x) = ¢y (x) subject
to the usual growth of its derivatives: |[D%p| < Cl¥F! Nl for || < N, where the
constant C is (universally) inversely proportional to the width of the band separating
the regions where ¢ = 0 and ¢ = 1.
Next, since P is C* hypoelliptic, we may assume that u is smooth and proceed
to obtain estimates for D/ u and D¥ ;unear 0.
The a priori estimate for P, while subelliptic, is more importantly maximal: for
veCse,
2
1DV + S 1Da vla + [ Doz (+ V1) < CHPY.W + C vl
1

(11.2)

Setting v = @D/ u, to begin with, we obtain

2
ID:@Dlull}, + Y NtD; oDl ull}s + | Doy @Dl ully. (+ loD{ ull} )
1

< Cl{(PeDlu, D! u)| + C D/ ull;,

4
< Cl{@D! Pu.@Du) 2| + C Y [(1X;. 9D Ju. oD/ w)| + CllpD] ul7..
1

Now crucial among the brackets are those in the next two displays (recall that we
may take ¢ independent of ¢, and clearly to localize in x we may take it to be purely
radial in (x1, x3), i.e., we choose ¢ to be constant on the integral curves of X4), so
that X4¢ =0,

[lethp] = [X4’(thp] =0,
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and 1
[X;, 9D/l =1¢'D{ — ppD. DI,  j =23

In the first case, we may ignore the factor ¢ and recognize the passage from one
power of D; to a derivative on ¢ as an acceptable swing, which, upon iteration, will
lead to CPTIN? ~ CP*!pl when p ~ N. The second term takes two powers of
D; (e.g., X from the estimate and one power of D;) and produces a factor of p and
a “bad” vector field D,. Iterating this will yield p!!Df/zu ~ p!l/sz/zu on the
support of ¢.

On the other hand, setting v = @D} ;u, with perhaps ¢ = p/2, or, better, v =

(pAz/zu, where we write A, = Zj D%,- , we obtain

2
ID:@AY?ull}s + D 1Dy A ul}s + [ Doco @AY ull} 2 (+ l9Ad?ull7 )
1

< CU(PpAY?u, o AIu)| + CllpAYul|7,
4

< CpAY?Pu, o AT u) 2] + C Y [{[X], 0AYJu, AV u)|
1

+ CllAY?ul|7,.
and now the crucial brackets are
(X2, 0AY?] = 0,[X2, oA =0

and
[X7. @AY = 2X ;10 AY? —129@ AL j=2.3

(where we have used rather heavily the fact that X, = 0, since ¢ depends only on
x, and radially so, and that in fact [Dy, A,] = 0).
This last line leads to two kinds of terms, namely, for j = 2, 3,

(2th¢/A§1C/2u, (pAf{/zu)

and
(2@ A 2u, o A1 ?u).

Morally, these terms show the correct gain to lead to analytic growth of derivatives,
namely one must think of 7 A'/? as an X; with j = 2or j = 3, and so in the first
term above one merely integrates by parts, noting that X j* = —X, and obtains, after
a weighted Schwarz inequality, a small multiple of the left-hand side of the a priori
inequality and the square of a term with one derivative on ¢ and t A'/? and g reduced
by one, though one more commutator is required to make the order correct, and
this will introduce another derivative on ¢ and g again decreased by one unit, etc.
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The second term is of a different character, though the same observation reduces us
essentially to

(X(p(Z)A&q*l)/ZM’ X(pqu*l)/zu),

in which instead of each copy of ¢ receiving one derivative, we have two derivatives
on one copy and none on the other. Fortunately, the Ehrenpreis-type cut-off
functions may be differentiated not merely N times with the usual growth, but 2N
or 3N with no change—so in the above inner product we include a factor CN with
the copy of ¢ that remains undifferentiated and a factor of (CN)™! with the other.
The estimates work out just as before.

This completes the proof of Hanges’ result.

11.2 A More Complicated Example

We consider

P(t,x,D;,D,) = D>+ [x; Dy —x,D +1*(x, Dy + x2D2)* = X2 4+ X2, (11.3)

for some k > 2 intheregion0 < r; <r <y, r = |x|, x = (x1, x2) € R%.
The so-called Poisson—Treves stratification for P begins with the characteristic
manifold ¥; = £} U X} and is given by

= {‘C = 0,)6152 —)Czél + tk(xlél + )QEz)) =0,t 75 O};
T ={r=0,1 =0.x16& —x§ =0,§ = (§1.&) # 0}
Ej:{TZO,X1%'2—Xz§1:O,}, f01‘1<j§k,

Y41 = {0}, (11.4)

where the last equation means that X4 is just the zero section of T*R3.

The stratification consists of (1) the characteristic manifold, which is the com-
mon vanishing set of the symbols of the vector fields, (2) the common vanishing set
of the first “layer” above with the zeros of the symbols of the first brackets of the
vector fields, (3) the common vanishing set of the second “layer” above with the
zeros of the symbols of the second brackets of the vector fields, etc.

(For the sake of simplicity we ignore here that X has two connected compo-
nents: ¥; = X, U X¥; 4, accordingto < 0.)

We explicitly remark that ¥/ is a symplectic submanifold of codimension 2,
while X7 is not symplectic. And X} U X7 = CharP.

Let us define

X, = D, (11.5)
Xy = x1Dy — x,Dy + t*(x1 Dy + x2D>)
= Dy +1t*D, = Dy + R, (11.6)
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so that
P =X+ X} (11.7)
with
[X1, X)) =kt*'R and [R,X;] =0, j=1,2. (11.8)
We have the a priori estimate
WI2, + 1Xvl§ + 1Xovlg < CHPv v+ IVIGY,  ve e, (11.9)

k—+1

where || - [|o denotes the L?>-norm in R, x R2.

Theorem 11.1. P is analytic hypoelliptic in any open set of the form Q2 = {(t, x) €
R3|r < |x| < rot €(=6,8)), §>0.

11.3 The General Scheme

Since the operator is subelliptic, the solution will be in C*°. Additionally, since for
t # 0, the characteristic manifold of P is symplectic, we know that the solution is
analytic for ¢ # 0.

With a localizing function ¢(r) to be made precise below (but of Ehrenpreis
type), and exploiting the maximality of the a priori estimate satisfied by P, we will
study [|@X ?*1u||?, each occurance of X being X; or X,. Using the a priori estimate
effectively will require moving one X to the left of ¢, but this will not present a
problem in the ensuing recurrence.

We will immediately be led to estimate the bracket

([P, X Plu. X Pu)|.

Upon iteration, using (11.8), we arrive, after at most p iterations of the a priori
estimate, at terms of the form

CPI(X)ePtDu|d  or  CPCpN|(X)pR?*ul, (11.10)

and of course all the intermediate terms with some derivatives on ¢, some powers
of p, and some powers of R, all with the generic bounds

CC?p(X)p” Rul|  with p ~ b + 2a.

Here p!! = p(p —2)(p — 4) ..., the value of C may change from line to line
but always independently of u and the order of differentiation, and underlining a
coefficient indicates the number of terms of the form that follows that occur. Finally,
writing (X)) means that an X = X or X, may or may not be present.
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When all X’s have been consumed in this way, we may no longer iterate
effectively, and we must turn our attention to pure powers of R, suitably localized.

This will require a new localizing function and a construction we denote by
(R%)y, reminiscent of [T4] and [T5], or more precisely [DT1], which requires a
special vector field M that commutes especially well with both X; and X», namely
reproducing X or generating R.

11.4 The Vector Field M and the Localization

We are fortunate to have a “good” vector field M at our disposal that reproduces R
by bracketing that X,: with

t
M = -D,, 11.11
D ( )

we have
M, X5] = R. (11.12)

As localizing functions we shall use a nested family of Ehrenpreis-type functions
as used by as we have used before in [T4], [T5]. Given N € N, the band r € (ry, r2)
will contain log, N nested subbands, Q = {r : r;, <1 <1y}, 1, =r1,12 = 2,
k <log, N, with

dkzrlk—l‘lk_l =Ty — I, 2(7‘2—}“1) (1113)

e
(sothat Y dj < ry —ry) and functions ¢ = 1 on Q4 and supported in Q4 41, such
that with a constant C = Cy,—,,

00 () < (C/d) TN fort < Ne=N/2 (1L14)

The functions ¢, but not the constant C, depend on the choice of N. In fact, we
shall double the number of these functions, for technical reasons, ¢, @1, @2, @2, . ..
with ¢; and ¢; satisfying the same growth estimates.

Given the definition of M above, and for p € R large and j € {0,1,..., p},
we define the expressions

s

J
|

J
M
Ny =Y dl, T (11.15)
j'=0

where the a’, denote rational numbers satisfying properties, which shall be made
precise below, that optimize commutation relations.
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Finally, we define our localizing operator, which is equal to R” where ¢ = 1.
We let
P P

RI =3 "¢ )N;R"™ = (RIg)N; R (11.16)
j=0 j=0

11.5 The Commutation Relations for R(f,’

For two vector fields Z and Z we shall frequently use the formula
Y .
[Z7,7] :,;(k) adl,(2)z/7*, (11.17)

where
adz(Z) =[2.Z). ad%(Z)=[Z.1Z.Z])

and so forth.

11.6 The Bracket [X>, R/]

We first compute the commutator of X, with N;. We have
J i’ J Jj’ —¢
A M/ A 1 M/
[X2v N] = aj‘/ X, — | = _Rk a]~/ ———R,
/ /2 J in Z j ;m(j/—@!
since
[X>, M] = —t*R.
We seek to find coefficients aj: , such that

[Xz,Nj] = —lkNj_lR,

which will ensure that the bracket [X», R)] is free of the (poorly controlled) vector

field R (see below). Using (11.10), the necessary condition is that the aj, must
satisfy

j -/ } | Mj_é 1 j_]Mjl
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or
= —1
§ al., 'z , (11.19)

for{ =0,1,...,7 — 1.
We shall come back to condition (11.19) later; for the time being we may
conclude the following:

Lemma 11.1. With the coefficients a;, chosen as above,

[X2, N;] = —t*N;_R,
forevery j € N.

Proposition 11.1.
[X27 R([;] — tk(p(p+l)Np-

Proof. Using the above lemma, we have, for these aj:/,

P P
X,, R?] = ¥ GO . RP—T — 4k DN, _ RPTI=I
7 ¢ J 2 J
j=0 j=1

P p
= R gUHIN, 1k S U, RIUFD k3 g, R

j=1 j=1
= tkpPtUN,.
O
11.7 The Bracket [ X}, Rg]
First observe that .
1
adj, (X1) = (—%) X, (11.20)

forevery £ € N.
Therefore,

J i’ Joo ¢ j'—L

) M/ ; 1 1 M/
1 — J === § : 2 : U [
(X1, Nj] —j§/=:1“j’ [Xl’ I ] =N : a-"/( k) QG =or

so that we have

=/

[X,. R?] Z (- X)Xj:taf ‘1 M —RP7/ (11.21)
" e i agr-or

j=1 Jj'=11(=1
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Our next goal is to prove the following lemma:
Lemma 11.2. For every j € Nand { € {1,..., j} there exist real constants &,
s=0,...,] —2, such that
it
> al,, ( —) ZS —pal e (11.22)
h=1 h=1
The above lemma has an easy consequence:
Lemma 11.3. Forevery j € N there exist real constants ys, withs =0,...,j —1,
such that
i ¢ g j=1
1 M/
Y — .
Exa () agmg - Lt O
/'=14=1 s=0
Proof of Lemma 11.3. The identity (11.23) can be restated as
al, | —— .——: yj_sah ,
J r_g)! ! !
s=0 j/=s+1 k (] S) 5 s=0 h=0 h!
or
a, - y S‘a( ’
J —! sl !
s=0 j/=s+1 k (J S) s (=0 s={ ¢
from which we get
j . 1\t
J
L) grme L
Jj/=t+1
Now the latter identity can be rewritten as
i—t 1 h 1 j—t
J _ (+h—1
Salun (1) 71 = Ll
h=1 h=1
forany £ = 1,...,j — 1, and this is in the statement of Lemma 11.2. O

Proof of Lemma 11.2. In order to prove Lemma 11.2 we must analyze the

recurrence relation (11.19):

j—
Z =al”
+hh| - ’

for{ =0,1,...,j — 1.
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Another way of rewriting the above relation is the following:

r 1 1 1
L3 G-D! Jt
1 1 J Jj—1
0 1 T2 G-m | |4 &
= : . (11.24)
1 J Jj—1
o o0 --- 1 5 aj aj_
10 0 - 0 |

Note that on the left-hand side there are no terms of the form aé, which means that
we are free to choose those coefficients. We shall choose ag = 1 for the sake of
simplicity, leaving the others undetermined.

We point out that the matrix in the above formula is clearly invertible and that it
can be written as

1 L) [
Lty liv i+t 5] —Ae’%

where J; denotes the standard j x j Jordan matrix

[0 1 0 -« 0 0
001 - 00
q; = : :
0 0 0 10
00 0 0 1
0 0 0 0 0]

Using, for example, formula (11.24), we may easily see that by inverting the matrix,
we obtain

Co (1 ot Cj—2 Cj—
J Jj=1
a; 0 ¢ - cj—3 Cjo a;
=|: = . : : R (11.25)
J Jj—1
a; 0 O Co C ai_
L0 O 0 ¢ |
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wherecy = 1,¢c; = — 2, , and the other c,, can be computed by a triangular relation.
In particular, using the structure of the matrix, we obtain that

co c
aly, 0 <
aj. 0 O
(0 0
for{ =0,1,...,7 — 1.

Cj—t—2 Cj—p—1
Cj—t—3 Cj—t—2
Co C1
0 co

Another way of writing the above identity is

j—t

al,, = Zc al”!
(+h — s=hty—14s

forh=1,2,...,j —¢.
Iterating, we get
—t
“z t+h =
fort =0,1,...,] —¢—1.

Let us now fix an h € {1,

J
Aoyp =
S‘l—

j—t j—t

Z CSI—hae—1+s

s=h

—t—
Z Cs— haz t—l+s’

j —£}. Then we have

_ j—2
= E : § :Cé‘l—hcé‘z—é‘laé—zﬂz

s1=h $2=S51

j—t j=t

sy=h $2=5]

The latter sum can be written as
i—t j—t

IRDID IS

s1=h $2=5]

J _ b J—
Apyp = Coly

j—t j—t

IRDID IS

s1=h $2=S51

b=
coay

j—t
E Csi—hCsy—s; *

Sh=Sh—1

J—

E Csi—hCsy—s; *

Sh=5Sh—1

sp>h

J— J—

> Y e

Sh=Sh—1 Sp41=5)
h

Sp>

afl
, (11.26)

a;:}
(11.27)

—h

" Csp—sp—1 ae —h+sp,”

—h
** Csp—sp—1 a[ —h+sp

Jj—h—
“ Coppr—sn A h—1+sh+1
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The latter sum allows us to compute the coefficient of ag _h_l, by picking all terms

for which one of the s5; isequalto 2 + 1,for j =1,2,...,h + 1.

Iterating this procedure, i.e., using the recurrence relation until we obtain a
coefficient a} where the lower index is equal to £, we may express the coefficient
a'lf +; as a linear combination of a;'; the above formulas show that we may actually
write

j—t—h

al,, = Y aj.at (11.28)
o=0

forh=1,2,...,j — L.

We point out explicitly that up to this point we have used only the recurrence
relation (11.19). Let us now denote by Aj the collection of real numbers A;, =
(=k~""h!~!. Then it is evident that

j—t j—t—1

J _ . {+o
ZaHhAh = Z 8j—t—oty ",
h=1 o=0

where §; ¢ = {;;K]_U Ap,, and this is the statement of the lemma. O

Lemma 11.4 (See [DT1] and [Hi]). Let us consider the recurrence relation
(11.19):

—L

Y alyg=al”
Z—HS! L .

s=1

Setting
‘ . RN
a] = (0), (11.29)
G=0O!'\|e—1
we obtain a solution of the above recurrence satisfying the boundary conditions
a§ = 1l and a} = (—1)/, j > 0. Moreover, this is the only power series with

rational coefficients satisfying (11.19) and the above boundary conditions.

Proof. By a simple computation we have

i\ U—1=0
- 1 o
=l _
“@oT oo ((e’—l)) ©
(j—1=0

1 toV e =1
T G-1-0! ((e’—l) 1 ) ©

j—1—t { NS (—1=t=h) 1
=2 G—1—C—h) <(e’—l) ) OG0
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J ¢ j+1 (j—t=p) 1
XZ:(J—l—p)'((’—l) ) O

i—
Z a“’]’

where we used the fact that

1 et —1\" 1
ﬁ( ‘ ) O= G o

Moreover, we have a’ ; = lforevery j = 0. As for the other boundary condition,

first we remark that
; ()
. 1 t j+1
S
°T ([e - 1] o

ie., aé is the coefficient of #/ in the power series of Q(t),

¢ Jj+1
o= () -
1 1"
ay = —/( - ) dz,
2imw J, \et—1

where y is a smooth curve encircling the origin in C.

Changing variables w = e* — 1, so that the origin is mapped to the origin and y
is mapped to another smooth curve encircling the origin that we still denote by v,
we have

Thus

1

a) = ~— / w U+ )7z = (1)
2iz J,

The uniqueness is proved in [Hi]. This ends the proof of the lemma. O

As a consequence of the preceding lemmas we may now state the following
result:

Proposition 11.2. The commutator of X, with the localizing operator Rg has the
form
p—1
_{f_
[X1. R)] = —X1 ) SRV, (11.30)
£=0

where ') denotes the jth derivative (rd,)’ ¢ and §; = Zl o =
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From Lemma 11.4 we have the following corollary:

Corollary 11.1. Forevery j > 0and{ € {0, ..., j} we have
|a£| <c/,

for a suitable universal positive constant c.

Proof. From (11.29) we have that

] 1 P j+r
aj _ - [_(./_Z“"l) dt,
C2im J, el =11

where vy is a circle of fixed radius around the origin. Since the function under the
integral sign may be estimated by a positive constant (depending on the radius of y)
raised to the power j, the corollary follows. O

11.8 Proof of Theorem 11.1

In this section we prove that P is analytic hypoelliptic in any open set of the form
Q={(tx)eR|r <|x| <ryte (=528} §>0.

The maximal estimate may be restated to allow X to appear to the right or left of
the localizing function (where ' = X):

VX Pull?y A+ IXYXPull§ + VX" ulg
S UPYXPu X Tu)| + |19/ X ull

S WX P Pu X Pu)| + [{[X2, X Plu, yX Pu)| + |9 X Pull5. (1131
Now
(X2 Y X Plu X Pu)| < [([X. 9 X T, XYXPu)| + (X X1 Xu, Y X Pu)]
S Y XPu, XyXPu)| + pl(* T YRX P u, XX u)|
+ (WX P Xu ' XPu)| + pl(* WX P Ru, yX )|
< e {IXYXPulg + Y X"}
+ CAIY X ull§ + (pllyX "~ Rullg)?}

where we have freely exchanged ¥ and ¥’ on the two sides of the inner product
when no derivatives intervened. Note that [X, R] = 0.
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In all,
||wXPu||2 XXl A+ 19X ully
< ||¢XPPu||o + 1Y XPullg + (pIYRX P o).

Here the L? norms on the left-hand side (the “maximal” part of the estimate as
opposed to the subelliptic part) are the principal ones. And (11.32) has the effect
of reducing the number of X’s by one while adding a derivative to the localizing
function or reducing the number of X’s by two, introducing a factor of at most a
multiple of p and the operator R, which commutes with P and X.

Iterating this process as long as at least one X remains to profit from the maximal
portion of the estimate yields

III/fX”MII Tt IXUXPullg + 1y X2 ull§

<C?8 sup {pIYVRIXPI2PulFy+  sup (pllyY R ullo)?
jH+2d=<p jH+2d=p

(11.32)

The last term occurs as a sum, though with a larger constant C we may replace the
sum with a supremum, and the expression j + 2d = p reflects that either the X’s
that were present became derivatives on ¥ or a pair of them yielded a factor of P
and an R.

The first term on the right can be estimated directly (even taken to be zero, using
the Cauchy—Kovalevskaya theorem). For the second, we will take the localizing
function out of the norm and introduce one of the (R? )1; = R? on the support of .

Thus for such ¥, and taking Pu = 0 for simplicity,

X Pull o+ IXYX Pullo + (WX "+ ullo < sup_p “sup [y [I(R) jullo.
jt+2d=p
(11.33)

For convenience we recall the bracket relations and a few important definitions
(for generic @):

b—1

(X1 (R"),] = =X ) & (Rb—f—l)wl) .18 <1,
£=0

[X2. (R"),] =tV Ny,

b/
N:Za M M=£D lab)| < ¢b.
b b’ b" ’ k ts b=
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As above, we use the a priori estimate, but now on v = (RY),u:
IRl + IX ROl + IR, Xully

< |<P(Rd)¢u, (RY)pu)| + 11X, (RY)g]ull3

S R Pu, (R gu) | + 1{[X2 (R gl (RD) )| + [I[X, (RY)Jull3-
(11.34)

Again, taking Pu = 0, and expanding [X2, (R?),] = X [X, (R?),] + [X, (R?),]X
we obtain, as before, with a weighted Schwarz inequality and integrating by parts
since X = —X*,
II(R”’)q)LtII2 + [ X (R gullg + (R )y X u[§
< [([X, (R")W]Xu, (R)gu)| + 111X, (R)gJull. (11.35)

Now on the right, when X = X, the result, as we saw above, still has an X, which
we integrate by parts in the case of the inner product:

(X1, (R )X 11, (RT)pu) | + [I[X1, (RT)gull}

d
< e Xi(RY)pullg + Ce D IR yan Xuull3, (11.36)
di=1

On the other hand, when X = X, we have nearly pure powers of D, which it will
be necessary to convert into pure powers of X; = D, (from which we started, but,
we note, of at most half the order).

Proposition 11.3.
J
D) =Y B} 1'Df,
(=1
where ,
—1 i 1 ;
' (D" —m)™! (=D"( —m)’
B -y -3

m!(f —m—1)! m!( —m)!

m=0 m=0

so that for all v, pointwise,

|(tD) v| ci Z |t Dev|

and hence in |t| < 1,

b

" , Db,
Z(%) b

b'=0

b/
b X{v
v| = < C” sup

Npv| =
| Npv| AT

b_
b’
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This particular expression for the coefficients Bej is proved by induction and can
be understood by a kind of overcounting/undercounting argument. One pleasing
interpretation for the quantities B; , J ! is the number of ways to color j objects with £
colors, ensuring that all the colors are used. Thus, we have an alternative expression

forBlf:
; J\,j—t
Bl = 0,

which is also easily proved by induction.
Thus for X>,

([X2, (R)) ] Xau, (R pu)| + [[[X2, (RY)y]ull}
< |(t* "tV N, Xou, (R)pu)| + ||t* 0TV Nyul|3

x4 Xy’
d+1) 21 2)U

< c? sup
d’'<d

2

0

or in all,

I (Rd)¢u1| A IX Rl + (R Xull

& 2
(d+1) X{ (X2)u

i (11.38)

d
=C Z IR~ dl)w(dl)Xlu”O + C? sup ||g
di=1

d’'<d

0

(i.e., with or without X, in the last term). Iterating on the first term on the right,
eventually only the last term survives:

I (Rd)wun A IXRDullf + (R Xulfg

2

C 4 sup || sup 5 X1 (11.39)
d'<d Y@+ +1D,
for any ¢, ¢ with ¢ = 1 on the support of ¢.
Recalling the previous bound
Hl//X”uH + IXYXPullg + 1y X P ully
= oy Csup [y [[(RT) gull5, (11.40)

j+2d=

valid for any ¥ = 1 on the support of ¥, we have the choice of starting with X,
reducing the order by half, introducing (Rd)v, and iterating that until we are back to
Xs, or starting with (R? )y, reducing to X’s until they bracket to yield pure R’s at
half the order.
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In either order, after one full cycle, we need a new localizing function each time
(R%), is put together. Thus in starting with N derivatives to estimate, after log, N
full cycles, the number of free derivatives on # will be only a bounded number.

For definiteness, we follow the cycle starting with powers of X’s, and introduce
for a moment the new norms

v X7l = X 7ul o+ XX o + [y X7 ulo

and
IRy ulll = [(Rgul 1+ IXRDgullo + (R Xull.

so that the above may be written

1 ,
RY)y, ull]l < C4 sup ————|||p9tD, x4+ 11.41
(R, ul|] < d/slz(d,ﬂ)!lllw I] ( )

for any ¢ and

. X7, ulll < sup  psup [y [[|[(RY) g, ulll. (11.42)
j+2d=p

Thus we start with y = ¢ (the first in the sequence of precisely nested localizing
functions (cf. (11.14)) for a fixed N = N; € N:

XM ull2@y _ Nller, XN ulll sup g1, XN, ul|]
Nl! - N1! _stﬁ;le Nl'
=6 L
3 N sup oy IR g ull
= sup ~
6+28 =N N
N2 <N =N,
b —
C
j () MO R ull
< sup ~ ,
0428 =N, M!
Ny=Ni =N,

with any ¢ = 1 near the support of ¢;.

Now there is some freedom in the choice of ¢, since all that we have required is
that it be equal to 1 on the support of ¢;, and we pick the largest index k consistent
with the 8, k giving the supremum just above, i.e., Ny > §; > Niyjand k > 2,
since £1 + 28; = Nj. Thus with ¢ = ¢, and together with the other estimate,

s 1@, X+ ul]
(R ull] < C¥sup o] sup (11.43)

yes (8 + D!
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we arrive at
Ni,, 02 ~ N,
”X lu”LZ(Ql) |||¢1,XN1,M|”
Nl - S}lp NF
Ny N2<N1 <N, Ny !

¢
it 5+1
(dg]) N, s SuP|<P;i d

= sup ~
—~ ~N;
+25=N; N
N <N <Ni+1
~ v N
Il@r, X, ull|
X sup - ==
N, g N Nk
k+1 <Nk <Np+1.k>2 k
0 — 541
C (+508 ( C (6+1)
(£) mwer(§) v
< sup ~
(+28=N; N
Na<Ni<N|
~ v N
I@x, X%, ul||
X sup N—N{
Nig1 NG <Np+1k>2 Ny Nk
" —0 ;—(+1) ~ N
N did; [l1@x, X, ull]
<C SUp — sup — -
~ DL+52k(5+1) O N, Ne
{425=N; Nk+]§NkSNk+l,kZ2 k

Now the expressions in the first supremum increase as k decreases, bounded
by d, Mi+D) /2M+1 Tteration will introduce another coefficient bounded by
CVody MY 122N+ | then next by CVdy MY /230D Since

—(Ng+1
dk (Nk+1) o (kZ)Nk+l
2k(Ng+1) - (2k)Nk+1 ’

iteration at most log, N times will lead to a product
N
k2 27+1
log, N
Mz e (27) < (Y

times a constant depending only on the first few derivatives of u in the largest open
set encountered.

This yields the analyticity of u in the smallest open set, since all estimates are
uniformin N.
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11.9 Nonclosed Bicharacteristics with Nontrivial Limit Set

We want to study a model of the form

P(t,x,D,,D,) = D? + X3,

where

X = g1(x)g2(x)[x1 Dy — x2D1 + p(x1 Dy + x2D2) + t*(x1 D1 + x2D»)],
g1(x) = x> —d?,

g2(x) = b* — [x%,

with 0 < a < b inthe openseta < |x| < b and u > 0 is a given constant.
The characteristic set of P in the above-mentioned region is

Char(P) = {t = 0, x1& — X261 + (X1 + x26) + M (x1 £ + x26,) = 0},
As for the Poisson stratification of P, we have

T ={r =0, x1&2 — 01 + pxiér + 026) + 1 (€ + x28) = 0,1 # 0}
o ={t=1t=0, x1& — x2§1 + p(x1§1 + x26) = 0, x1& + x26 # 0}
X =53, J=Zk
Zk+1 = {0},
i.e. the zero section of T*R? over the above specified region.
Evidently, since codim ¥, = 3, ¥, (or rather each of its connected components)

is not a symplectic submanifold of T*R3.
Let us take a look at the Hamilton foliation of X,. Define

Az[“ 1], (11.44)
-1 u
so that

S, =f{r=0=1, (x, AE) = 0}, (11.45)

where x = (x1,x2) and § = (£1,&), & # 0, and (x, &) # 0.

Then we know that (x, A§) = 0 on every leaf in X5, i.e., on every integral curve
of the Hamilton field of (x, A£) issued from a point in X,.

The Hamilton system is

¥ = gi1(x)ga(x) "Ax,
£ = —gi(x)ga(x)AE. (11.46)
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We easily see that because of the structure of the matrix A, we have

1 M
—d 2 — L 2,
5 tx] g1(x)g2(x) ) | x|

1

SdlEP = —g1 (g0 T IE1

so that both the spatial and the covariable projections of the bicharacteristics
are logarithmic spirals. Moreover, the spatial projection spirals between the two
asymptotic circles g;(x) = 0,i = 1,2, which are stationary orbits of the first two
equations in (11.46).

We point out that d,(x, £) = 0, so that (x, &) is constant along the orbits and once
the first two equations in (11.46) are solved, the second couple—i.e., the covariable
projection—is easy:

£(1) = exp [— /0 210 () g2 (x(5))ds A} 5.

where £ is its initial data.

We may apply Theorem 4.2 in [Sj3] to the operator P and conclude that if y,
denotes a segment of a bicharacteristic curve in X5, then either yo C WF,(u) or
vo N WF,(u) = &, where u is a solution of Pu € C® in some open set.

Let now U be an open set in R? projecting onto an annulus of the forma < |x| <
b in the x-variables. By iteratively applying the above-mentioned theorem one can
prove the following:

Theorem 11.2. Let u be a distribution such that Pu € C*(U), U being defined as
above. Then if both circles g;(x) = 0, i = 1,2, do not intersect W F,(u), we have
thatu € C*(U).






Chapter 12
Operators of Kohn Type That Lose Derivatives

In [K4], J.J. Kohn proved hypoellipticity for the operator

P=LL*+ FLEL. L= 4izl,
0z at
for which there is a large loss of derivatives; indeed, in the a priori estimate one
bounds only the Sobolev norm of order —(k — 1)/2, and thus there is a loss of k — 1
derivatives: Pu € Hf,, =—> ue H) *™"

In this chapter we will show that all solutions of Pu = f with f real analytic
are themselves real analytic in any open set where f is. In so doing we use an a
priori estimate that follows easily from that established by Kohn for this operator,
namely for test functions v of small support near the origin,

IZVIG + IZLVIG + IV s S 1PV, Vol (12.1)

In fact, in [T9] (see also [BDKT]), we give a rapid and direct derivation of (12.1) for
this operator and similar estimates for more degenerate operators. In Kohn’s work,
the difficult part is to establish the estimate; indeed, after this is done, with explicit
cut-off functions but applied to functions that do not already have small support, the
C*° hypoellipticity follows at once.

Our approach uses an estimate on test functions, already of small support, and
then carefully localizes the actual solution so that it becomes one of these test
functions (once we know that the solution may be differentiated).

The first two terms on the left of the estimate (12.1) exhibit maximal control in
L and Z* L, but only these complex directions. Hence in obtaining recursive bounds
for derivatives it is essential to keep one of these vector fields available for as long
as possible.

For this, we will construct a carefully balanced localization of high powers of
T = —2id/dt and use the estimate repeatedly, reducing the order of powers of
T but accumulating derivatives on the localizing functions. These Ehrenpreis-type

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 153
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_12, © Springer Science+Business Media, LLC 2011
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localizing functions work “as if analytic” up to a prescribed order, with all constants
independent of that order, as in [T4], [T5], but eventually the good derivatives (L
or ZX L) are lost and we must use the third term on the left of the estimate, absorb
the loss of kT_] derivatives, introduce a new localizing function of larger support,
and start the whole process again, but with only a (fixed) fraction of the original

power of T'.

12.1 Observations and Simplifications

Our first observation is that we know the analyticity of the solution for z different
from O from our earlier work [T4], [T5] and Treves’ [Tr4]. Thus, modulo brackets
with localizing functions whose derivatives are supported in the known analytic
hypoelliptic region, we take all localizing functions independent of z.

Our second observation is that it suffices to bound derivatives measured in terms
of high powers of the vector fields L and L in L? norm, by standard arguments, and
indeed, estimating high powers of L can be reduced to bounding high powers of L
and powers of T of half the order, by repeated integration by parts. Thus our overall
scheme will be to start with high powers (order 2p) of L or L, and use integration
by parts and the a priori estimate repeatedly to reduce to treating 7'”u in a slightly
larger set.

And to do this, we introduce a new special localization of 77 adapted to this
problem.

12.2 The Localization of High Powers of T

The new localization of 77 may be written in the form

_ —b
LPoz7% 0 TP 40 (p(“+b) oTPbozb oL

TPy, =" . (12.2)

a'b!

a=<py
b=p

Here by ¢ we mean (—id/0dt)" ¢(t), since near z = 0 we have seen that we may
take the localizing function independent of z.

Note that the leading term (with a + b = 0) is merely 771 ¢ T 72, which equals
TP1+P2 on the initial open set ¢ where ¢ = 1. We observe the close connection
between this “splitting” of L and L to opposite sides of the localizing function and
that in Chapter 8 above, and in particular in Definition 9.1.

We have the commutation relations

[L, (Tpn-,pz)w] =Lo (TPI_LPZ)(‘O,,
[Z, (Tpn,pz)w] = (Tpl.pz—l)w, ° Z,
[(Tpn.pz)w,z] — (Tpl—l-,pz)w, 0z,
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and
[(T””’Z)(p,z] =Zo (TplsPZ_l)(p,’

where the = denotes modulo C P! ~?17P2=P2 terms of the form

- s
LP1=Pl o zP\ =Pl o TPl o ¢(p1—p{+pz—p£+l) o TP ozP2= P o TP P2

(p1 = PD!(p2 = p))!

(12.3)

with either p] = 0 or p5 = 0, i.e., terms in which all free 7' derivatives have been
eliminated on one side of ¢ or the other. Thus if we start with p; = p, = p/2,
and iteratively apply these commutation relations, the number of 7' derivatives not
necessarily applied to ¢ is eventually at most p/2.

12.3 The Recurrence

We first insert v = (T%%)(pu in the a priori inequality, then bring (T%’g)(p to the
leftof P = —L L — Lz*ZF L, since Pu is known and analytic. We have, omitting for
now the “subelliptic” term,

—_ VA _ PP
IL(T = 2)pull} + |25 L(T 2 2)ul}
S (P(TE% ), (T 22) u)o)

ST 25y Pu, (T2 ) gupo| + ([P, (T =) Ju, (T 25)gu0)o]
and, by the above bracket relations,

([P, (T > %) Ju, (T2 u)

= —([ILL,(T>2)Ju, (T > 2)gu) — (LFZL (T 5 ) Ju, (T55)u)

)it

LD
2°2

= —(L(T>> "), Lu, (T*%)yu) — (L(T "), Lu, (T

_((T§—1~§)¢,/sz2k14u, (Tg'g)wu)
k
- @ D L (8
k=1

L p
2°2

k—1
— S @ () Lu (T
k’=0

— (L LT yu (T52) ),

)go”)

with the same meaning for = as above.
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In every term, no powers of z or 7 have been lost, though some may need to be
brought to the left of the (792 ); with again no loss of powers of z or z and a further
reduction in order. Every bracket reduces the order of the sum of the two indices p;
and p; by one (here we started with p; = p, = p/2), picks up one derivative on ¢,
and leaves the vector fields over which we have maximal control in the estimate
intact and in the correct order.

Thus we may bring either Lz* or L to the right as Z° L or L, and use a weighted
Schwarz inequality on the result to take maximal advantage of the a priori inequality.
Iterations of all of this continue until there remain at most p/2 free T derivatives
(i.e., the T derivatives on at least one side of ¢ are all “corrected” by good vector
fields) and perhaps as many as p/2 L or L derivatives, and we may continue further
until, at worst, these remaining L or L derivatives bracket two at a time to produce
more 7"’s, with corresponding combinatorial factors.

After all of this, there will be at most T3Tp derivatives remaining, and a factor of
S~ 2

It is here that the final term on the left of the a priori inequality is used, in order
to bring the localizing function out of the norm after creating another balanced
localization of 737/ with a new localizing function of Ehrenpreis type with slightly
larger support, geared, roughly, to 3p/4 instead of to p.

Recall that such such localizing functions ¥ may be constructed for any N and
that they satisfy

C r+1
ly "] < (—) N", r <2N,

e

where C is independent of N and e = dist({yr = 1}, (supp ¥)).

12.4 Conclusion of the Proof

Finally, this entire process, which reduced the order from p to at most 3p/4,
(or more precisely to at most 3p/4 + (k — 1)/2), is repeated, over and over, each
time essentially reducing the order by a factor of 3/4. After at most log, /3 P such
iterations we are reduced to a bounded number of derivatives, and, as in [T4] and
[T5], all of these nested open sets may be chosen to fit in the one open set Q'
where Pu is known to be analytic, and all constants chosen independent of p (but
depending on Pu). The fact that in those works one full iteration reduced the order
by half played no essential role; a factor of 3/4 works just as well.

To be precise, the sequence of open sets {£2;}, each compactly contained in the
next, with Qlog4/3,, = Q’, have separations d; = dist(2;, Qj+1), with Y d; =
dist(2g, ‘) = d, which need to be picked carefully. The localizing functions
{g;} withp; € C§°(22;41) = 1 on Q; satisfy

<(C/d))" ™" @/Y p).  r=<23/4)p. (12.4)

b

We shall take d; = (j_{l_l)z/d > (jil)r
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Now at most (3/4)/ p derivatives will fall on ¢;, and most of the effect of the
derivatives will be balanced by corresponding factorials in the denominator, as in
(12.3), roughly the powers of (3/4)/ p in (12.4) in view of Stirling’s formula. In
addition, as noted immediately before the last paragraph in the previous section,
there will be factorials corresponding to the diminution of powers of 7. What
will not be balanced are the powers of dj_l, but the product of these factors will
contribute

B (72) 7 - (Hlj’ff”j“/“)j)zp _cr
which, together with the factorials just mentioned, proves the analyticity of the
solution in £2¢.

Remark 12.1. Actually, the d; could also have been taken equal to Cdy/ (%)f ,
which would have been more in line with the previous chapters.

12.5 Gevrey Regularity for Kohn-Oleinik Operators

In this section we merely make two notes. The first is that together with A. Bove
in [BT4], we have studied the Gevrey regularity of an operator that blends the
characteristics of the Kohn example and the Oleinik—Radkevich operator introduced
above. Here we consider the analogue of Kohn’s operator but with a point
singularity,

P = BB* + B*(1** + x*)B, B = K —ixq—li,
ox ot
and show that this operator is hypoelliptic and Gevrey hypoelliptic in a certain range,
namely k < £q, with Gevrey index Z(f—fk =1+ &/L—k
Work in progress by Bove, Mughetti, and Tartakoff proves that when this range
k < {q is violated, the operator is not even hypoelliptic.






Chapter 13
Nonlinear Problems

13.1 Global Regularity

Our aim in this work is to prove a global analytic regularity result on a compact
manifold M for some quasilinear equations.

A model of such results is the following: in C? take a bounded domain Q with
strictly pseudoconvex real analytic boundary M.

Then one has two globally defined independent real, real analytic vector fields
X and X, namely the real and imaginary parts of a (globally defined) holomorphic
vector field L = X; — i X, tangent to M.

Take a function u in C°°(M) and consider an analytic matrix function H(x,t)
defined on a neighborhood of {(x, u(x)) : x € M} in M x C and set

Y = H(X), ie,Y(x)= H(x, ulx))X(x),

so that one obtains two C *° vector fields, Y7 and Y>, on M.

We assume that H(x, t) is invertible, so that one can express X = H~!(Y) with
H™'ecC®.

Consider the operator

P.=Y'+Y+a Y1 +aYr+b

with a;, b analytic and assume that P,u € A(M). Can one conclude that u is
analytic on M if the associated Levi form is nondegenerate? Note that P,u = f
is a quasilinear equation.

The question is global. There are known local results for more special equations
(cf. [TZ)).

In higher dimensions, one generally does not have globally defined vector fields
Xi,..., Xy, related to a CR structure on M induced by the complex structure on C”.

D.S. Tartakoff, Nonelliptic Partial Differential Equations: Analytic Hypoellipticity 159
and the Courage to Localize High Powers of T, Developments in Mathematics 22,
DOI 10.1007/978-1-4419-9813-2_13, © Springer Science+Business Media, LLC 2011
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But one can consider a (finite) family of open sets {V;}1<¢<, covering M and
analytic vector fields { X ¢}k=1...2, on V;. Then we may consider

Xy
Yoy = H(X ), where X = : ,
XZn.Z

and the associated operator

2n
P, = Z Yﬁe +a;¢Y;¢+ by, withaj, by analytic.
Jj=1

Now assume that for all £,
PZ.uu € A(VZ)

Then the question is this: is # analytic on M under a nondegeneracy hypothesis
on the associated Levi form?

Theorem 13.1. Under the above hypotheses, if Pu is real analytic globally on M
then so is any (moderately smooth) solution u.

A more interesting problem (as related to the complex Laplacian on forms) is to
consider a system. But here we consider only the scalar case. Note that from results
on C regularity in [Xul], one need only assume that u is in C> in our theorem.

13.2 Some Notation and Definitions

Let M be a compact real analytic manifold of dimension 2n + 1 > 3, and let
(V;)j=1...p be acovering of M such thatin each V;, there are given 2n real analytic,
real vector fields X ;, ..., X5, ; such that:

e OnV; NVjevery X, ; (resp. X ) is a linear combination of the (X4 )¢=1
(resp. of the (X j)¢=1....,) with real analytic coefficients.

e There exists a globally defined, real analytic real vector field 7" such that
(X1j....,X5,;,T)is abasisin V; and if

(X, Xn,1=a) T mod (X¢;), (13.1)

then the matrix (agm) is nondegenerate.

Remark 13.1. 1t is a result that goes back to Tanaka [Tan] and used to advantage
in the work of the present author in many places that under the nondegeneracy
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assumption (13.1), one always may modify the given vector field T by adding
multiples of the X; ¢ in such a way that

[X;0.T1=0 mod (Xiq.....X1.). (13.2)

Definition 13.1. We call such a family (X, ;,T) of systems of vector fields a
compatible family.

Now we may assume that each (V) is the domain of a coordinate chart. So in
each V; and for every s > 0, we may consider an elliptic pseudodifferential operator
of order s, which we denote by A} .

Let us fix a family (¢;);=1..., such that

¢ €DV;). 0<g; <1 Y g;=1lonM. (13.3)
Let (p;);=1,..p be another family such that
p; €DWV;), 0=<p; <1, p; =1onsuppg,. (13.4)
Now one has, say fort > s > 0,
lgjvlle < (lpj Ajeivlli—s + llgjvlio). Vv e C®(M), (13.5)

where || ||, denotes the Sobolev norm.
So now one has

Wl < SNl < 3oy Alesvllims + lgsvllo).  ¥ve C®(M).  (13.6)
J J

Now in each V;, we consider the operator considered in the introduction
(depending on the given u € C*°(M)):

Pj =300 (Y2, +auYe; +by),

(13.7)
Clg,j,bj € A(V/)v
and assume that
Piue AV;), Vj. (13.8)
Finally let us denote by ( , ), the s-Sobolev scalar product (in each V;, when

one has functions with compact support in V;) and remember the following:

V8> 0,3Cs : Yw e C. i < 8wl 0 + Gslwl.  (13.9)
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13.3 Maximal Estimates

Our aim in this section is to prove the following:
Theorem 13.2. We have the following maximal estimates for s > 0:
Ve + Y IXe@vll? S [(@ePev. gev)s| + V1[5 (E1)
L ¢
forve C®(M) and
I3 s + Y 1K e@evliiys S Y llwePovil; + IVl (E2,)
it 14

forv e C®(M), and in fact,

Iy + D IXeeevliinn + Y 1X e Xeoovl? <) lloe Povll? + (vl
jL Jikt 4
(E3,)

forve C®(M).

Proof. The proof is known when written for functions with compact support in
coordinate charts. This is a global version. Let us first verify the statements at level
s = 0. For simplicity we take £ fixedandset X;, = X;,j = 1,...2n,and ¢ = ¢y.
We have

DoIXjevls =D (X ev. X 0v) S ) (Y00, Y v) (13.10)
J

because H is invertible. Note that < may indicate a constant that depends on « and
its first few derivatives. Now

(Yjov, Y ov) = —(Y]ov,v) + (8;9v.9v), 0; € C=(V)),

—([Y7 @lv, ov) + (@Y v, v) + Oll@v ol Y 9vllo)-

Now, using [sz, @] =2Y;[Y;, 0] = [Y;,[Y;, ¢]], we easily obtain

1
(Y7 elpn)| < Ol + & D IX;evl. (13.11)
J
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Thus,

1
D IXvilE S [@Pv.gv)| + CilvIE + oA D IX;evI3. (13.12)
J J

Now use

lovliz S Y IX;evllE + llevly  ¥ve C®(M) (13.13)
J

(see J.J. Kohn [K1]) to obtain (E1;) in case s = 0.
Now we can deduce (E2y) from (El) in the following way: using (13.5) and
(13.6), we have

1/2
D el + 31X e0evln D lleeAy 2ol
14 jil [

1/2
+ 3 NoeA X ool + VIR + 1 e0ev 3
Jjt Jt

1/2 1/2

S e NP oev 3+ 11X jepe Ao Y eevld iy + Y 1X eyl
L R4 14 14

’ (13.14)

The last two sums are easy to handle. The first two sums are (from the first part of
the theorem at level s = 0) less than

Y 1o PeA Py pe P om) + 3 el . (13.15)
J4 J4

Now, for simplicity we forget the index £ and consider
pPA 2@y = [pP, A ?plv + AV ?pPy. (13.16)

Just as we obtained (13.11), we have

1
[([pP. A2 @lv. oA Pv)| < G|Vl + I D IX vl (13.17)

By taking C large enough and using (13.9) we have the desired inequality, because
the term |(A'/2@Pv, pA'/?@v)|is less than Cy || pPv|> + CLO 3 [lev]? (with Cy large,
C; depending on Cy as usual).

This proves (E2) with s = 0. To bound also the third term on the left in (E3;) for
s = 0, we argue as follows: first the function X ¢v is inserted in place of v in (E1y)
with s = 0, and an error of the type C Y, ||v||? is introduced through a bracket of
the form ([ X, X]v, X 2y). While this is a new error, it is already controlled by (E2)s,
which completes the proof for s = 0.
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Our aim is to prove (E1;) and deduce (E2;) from (E1;) as before.
First observe that (in view of (13.5))

VI3 < Z loeAsevlls ), + V12 (13.18)

and

> IX el < ZHXMP@A eovlls + VI S (13.19)
l

S Y X o Ao F + D e Ajeevl:, + V12 (13.20)
{ {

Now, we use (3.1y) to obtain

VI 1 + Y IXeovllE S e PeNjev. peNjpev)|. (13.21)
l 4

In view of (13.9), the term ||v||> may be replaced by ||v||3.
Now we consider the first term in the second member of (13.21) and write

pePeNypey = pe[Pe, Ajgelv + pe Ay Pev.
So one sees that one is reduced to studying (o¢[Pe, Aj@e]v, peAj@iv), because
one has easily

|(pe Aje Pev, pe Aygiv)| < Cl(@ePev, oev)sl

Z lorvZes o+ D 1 Xjeovl2e + Csllvi2.
‘ (13.22)

Now again forget the index £ and consider
[P.AQ] = (Y7 Ap] = > 2Y,[Y; Aol = [Y,. [Y;. A'g]].  (13.23)

Then one has, as in (13.11),

(e[ Pe. A@elv, peAjpev)| < — Z I1XjepeAj@evll§ + CillpeAjpevls, (13.24)

where C; depends on Cy, as usual.
Then again using (13.9) and taking Cy big enough, the first member of (13.21) is
less than C (Y, (¢ Pev, ov)s| + |[v]3) for some C > 0.
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Now we want to prove (E2;) using (El;) as we did for s = 0.
One has, as in that case,

Y o leevller + D 11X e@ev i (13.25)
[ it
1/2 1/2
S oA P ol + Y o X ool + 1610 + Y X el
1 jl j.L
(13.26)
1/2 1/2
<D oA ol + D IX oA PeevlE + Y eyl (13.27)
1 jil ¢
+ ) I1Xje0vll3. (13.28)
jl
The worst terms are the first two, from (E1;). They are less than
> 1o PPy, pe P oev)s| + V]2, (13.29)

14

The end of the proof of (E2,) now follows the lines of the end of the proof in the
case s = 0, and the proof of (E3;) is also as before. O

Remark 13.2. This proof of the global version requires nothing more than careful
computations.

Corollary 13.1. Let T be a global, real analytic, nonzero vector field on M
complementary to the X and satisfying (13.1). Then

ITVIZ <D lleePevl + V15 ¥v e Co(M). (13.30)
{

Remark 13.3. The existence of such a global 7" has been shown [T4], [T5] when
M is a compact real CR manifold.

13.4 High Powers of the Vector Field T

The overall strategy is to use the maximal estimates above with v replaced by T7u.
Once one has control over high T derivatives of the solution, the other derivatives
follow by standard techniques.

Now the vector field T being global, dealing with just a bounded number of
vector fields X; that are only locally defined is not a very delicate issue. For
instance, the above corollary may be strengthened to
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ITvI2 + 02y + Y 1K e@evlern + Y I1X e Xeopev |2
jL Jikl

S Y llee Pz +VIE - Yy e C®(M), (13.31)
J4

or, in the form we will use it, for any integer r,
1,2 2 -2
7702+ D IX e T V210 + Y 11X e Xk ape TV
il jk.t

S Ml PeTV[E + ITVIG Vv e C®(M). (13.32)
l

Proposition 13.1. There exist constants C, C,, Cy, such that for all r,
1
—'{||T’+1v||§ + | X2T"v|?y <4°C’CICy. (13.33)
r!

In view of (13.32), our (only) task is to commute 7" past P; with errors that can
be recursively estimated to grow “analytically,” since then after specializing v to u,
we know that P,u € A(M).

Now we have the crucial relationship (in V;)

[T, X = Z Cik Xk
p

with ¢ real analytic functions. Since P, is a quadratic polynomial in the X ; ¢, with
coefficients A (x, u) that are real analytic functions of the spatial variables x and the
solution u(x), we may write

[T.P) =Y [T h(x.u) X X0] = (T X + h[T. X?]
— (T X2 + h@X? + X +a)
with analytic functions a, a, and as. Generically, then, we may write

[T. P =) ((T)h)X?, (13.34)

where i ((T)h) denotes (at most) a first derivative (in (x, ¢)) of 2(x, u(x)) times one
of a finite collection of analytic functions of x, namely the coefficients of the X in
the bracket [T, X] mentioned above in (13.1) (and possibly one derivative of this
coefficient). There may also be fewer than two X’s on the right in (13.34). For the
rest of the paper we will assume for simplicity that &1 = h(u).
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Next, we will need an expression for the more complicated bracket

r—1 r—1
[T7.P] =Y T'[T.PIT™" "' =3 " T" o' X> 17",

=0 r’=0

only we move the /1’ to the very left yet leave X2 for the moment wherever they are,
which we denote by enclosing the X? in parentheses and placing them on the left.
That is,

Pl = ) (:) (T ) @) (X T, (1335
r’'=1

or

[T7.P] <~ (T h)(ux) (X1
o 2 r! (r—r)t-

r'=1

Now for the term (7" h)(u(x)), we will use the Faa di Bruno formula or rather
crude bounds for the results, writing

D¥g(u(x)) = W'D, + D)/ D,g(u(x)).

Writing this crudely as
Dig(u(x)) = (o + D) uf,_p g

o becomes a “counter” for the number of derivatives received by g. Then this is at

worst
k 7 ’ —k’
> (k/)g(k (DKWY, (13.36)

k'

. . b
Finally, we must analyze expressions such as Du’":

Dau/b _ Z ( a )u/(al) .. _u/(!lb)’
ai,...,dap

ar+...+ap=a

where (, “ ) denotes the multinomial expression
ai,....ap

a _ al . a!l
ap,....ap] ayl-—-aplla—3y a;)! T oaeap!’

since )_a; = a. We have

Dau/b
al Z

ait+-+ap=a

u/(ﬂl) u/(ab)

a! ap!
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Thus we have

77, P) _ Z (T h(u(x, 1)) (X)T""

, 13.37
r! =t r’! (r—r" ( )
and so (cf. (13.36))
THhwx) <~ @@ )
r/! ~ /Z;>l (r/ _ r//)! r//!
r=r"=
r h(r —r” Trl”u/ Tr'fﬁ_r,, u
Z; ( //)l , Z r{l! e r”/_r//! ’
>1 Zl —r rj/_/:r//
or in all,
[Tr, P]v B Z h(’l—r”) Trl”u/ Tr:;—f"u/ (XZ)Tr—r’V (1338)
r = (' —=rmt vt (r—=r)! '

"
]

/ l
bap o (r”+1>:r’>

To simplify the argument we have dropped the localizing functions, since for global
arguments, in which case these functions always appear on the left of the norms,
they may be brought out easily and replaced by another partition of unity, with new
X’s if needed.

We also have ignored the order of the X’s and 7’s, indicating this by putting the
X? in parentheses, not to indicate that they may not be present (though they may
not) but that they may appear with several 7"’s to the left and more to the right. We
have also dropped all subscripts. Schematically, we may then write (13.32) together
with (13.38) as

17"l + IX2T"vlls S IPT vls + 1T vls
ST Polls + IT"VIG + T, PIvls ¥v e Co(M),

(13.39)
and so
1 r+1 2y - 1 . ,
STl + XTI s ST Pyl + 1TVl
h(r’_r//) Tr]/’u/ Tr:;_r//u/ (Xz)Tr_r/v
13.40
" r>r/z—r;/>l (r, - r,/)! r{/! r;/’—r”! (V — }”)! ( )

//,, //
/1 "j

b3 ol <r”+l>=r’>
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Now for our value of s, H® is an algebra, and so the norm of the product of
derivatives of copies of u may be replaced by the product of the norms, each of
which will have the form of one of the terms on the left-hand side of (13.40).

Specializing to v = u and bounding the norm of the product by the product of
the norms, we observe that except for the term involving derivatives of /, all other
terms are of the same form, since one 7" derivative and two X derivatives carry the
same weight on the left-hand side of (13.40):

1 r r 1 r r
ST Tl H XTI < TPyl + 1Tl

LY e ne= | x2yrr=ry 1 T W
— (' —r")! (r—r) L r;-/!
r>r’'—r’">1 s s thj:—lr r;-’=r” s

(13.41)

The constant includes a power of C for each norm that follows. Note that since
the derivatives on & are of that order, this constant will be included with the
analyticity constant for /2, and in the future, constants with exponents comparable
to the number of derivatives on a function known to be analytic will be permitted
without comment.

Note that the term in the product with (X?) is analogous to the extra T" derivative
on each of the other terms. Hence these terms are similar to the left-hand side, and
could be handled at once inductively except for counting the number of them, but it
is simpler to iterate (13.41) directly, at least until all terms have order less than r/2.

Since there can be at most one term of order larger than r /2, after the next “pass”
we observe that the product will look just like the right-hand side of (13.40) again,
except that there will be one more norm of derivatives of /.

That is, applying (13.41), with r replaced by r — r’, to the term in (13.41) with
(X?), we have

1

1 -4 7 7 .
——— TN+ [ XPTTT ) S T Pyl + 1T vlo}

(r—r") r—r'l
e R =" xRy ey ¢ o/
> o = | =1 —=p)! I P!
r—r'>p/ —p/ >1 s sxo'=p" i g J s
j=1 Pj=P
(13.42)

’ 4 / 7’
: ’ (/RN ri=r =0 (A 7 :
We obtainr > r'+p'—r"—p” and ) i= k=1 (rj+p) =r"+p" soif we set
/ 17
[A—— / /—/ " / 4 =S 4 — o
s =r'+p ands” =r" + p”, we have a sum over s’ —s” and ) k=284 =

subject to the obvious subdivisions.



170 13 Nonlinear Problems
That is, over v’ + p' = s',r” + p" = 5",
1 r+1 21
;{IIT vlis + 1IX°T s}

1 r—r’ r—r’
< %m{nT Pylls + 177" vlls}
rz

LD

Cr/_r//+2h(r/_'.//) Cp/_p//_,’_zh(p/_p//)

/A | VAERPN/AN |
s/=r/+p’As”=r”+p” (r r ) (p p )
r=>r/—r’’ >1
r—r'=p/—p" =1
s'—s"" 1 _
j=1 5=
S
&SI 6 +n=y)
N 4 o
TSty T —s" 1’ (XZ)Tr Sy (13 43)
I ot 7 .
s §_on! (r—s)
s s s

Note that in using the fact that H® is an algebra, i.e., || fglls < Bl flsllglls. we
have absorbed the algebra constant with the constant C inside the norms of 4. We
further estimate the norms of derivatives of 4 (noting that each occurrence contains
at least one such derivative) by

IC*2hO(x, y w)ls < Cj L. (13.44)

We are nearly ready to iterate this procedure until even the last term has order
less than r/2; for except for the sum (the number of terms), each term has a bound
that is stable in the number of iterations; namely, the last right-hand side above is

X2Try

bounded by
Zall|

where the sum of the k’s plus 1 is at most 7 and ¢ < r is the number of terms in the
product.

As for the sum, whether after a single full pass or multiple ones, the number of
terms corresponds to at most the number of ways to partition r derivatives among at
most r functions, generally many fewer.

Denoting by D a derivative (r of them) and by u a copy of u (¢ of them), we are
faced with the number of ways to “identify” or select ¢ items (the «’s) from among
r + t items (the D’s and u’s) with the understanding that in an expression such as

or

T u
g

} , (13.45)

N

DDDDDuDDDDD uDDDDDu---DDDDD u, (13.46)
—_— —m— — — —_—
Ll n 3 Tt

r D’sand t(<r) u’s
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the D’s differentiate only the first u that follows. The answer is that there are
certainly not more than ('Jt”) < 2" < 2% = 4" ways.

Finally, since we may iterate this procedure until the maximal order of differen-
tiation on u is 1 or 2, and bound this small number of derivatives by a constant (with
at most r such terms, naturally; that is all the derivatives there were), it follows that

the left-hand side of (13.40) is bounded by
1 )
;{IIT’“VII? + XT3y <4 CTCiCy, (13.47)

which clearly yields analytic growth (of T derivatives) of the solution u, since C,
depends only on the first few derivatives of u and s is taken just large enough to
ensure that H* is an algebra. O

13.5 Mixed Derivatives: The Case of Global X

To finish the proof in the case that the vector field(s) X are globally defined, it
remains to show that we may estimate mixed derivatives as effectively as we did the
high T' derivatives.

A result of Helffer and Mattera [HM] shows that it would suffice to handle pure
powers of the vector field X, but mixed derivatives will invariably enter through
brackets of pairs of X’s. Thus this we start by using the a priori estimate (E1,)—
(E3;) with v replaced by ¢ X" (and later by a mixture of derivatives in X and in 7').

What ultimately happens is that brackets of pairs of X’s will produce T"’s, but
at most half as many, and we will be led back to (nearly pure) powers of T. The
nonlinearity of the problem introduces nothing new in this overall pattern.

When the X’s are globally defined, for example in C?, the powers of X are
treated like powers of T (e.g., with respect to the use of the Faa di Bruno formula,
especially), with the one change that an additional type of term will appear: starting
with X" +2y there will appear as an error r copies of X Tv when two X s bracket
to give a T. And this effect, the only new feature, will be repeated until all or nearly
all the X’s are exhausted. That is, we have the new scheme

X" — C"?rix?)T?,

where we recall the definition 7!! = r(r —2)(r —4)--- ~ C"/?(r/2)! But this is not
a problem, since we have just treated essentially pure powers of 7" above in (13.47).

Rather than write this case out in more detail, we proceed to the next section,
where the problem is global but the vector fields X are only locally defined. This
case incorporates many of the features of a fully local proof, though fortunately not
all! Note that the T vector field is still required to be globally given.
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13.6 Locally Defined X ;

When the vector fields X are only locally defined, we cannot afford to change
freely from one coordinate patch to another and to another basis of X’s each time
a localizing function arising from a partition of unity is differentiated, since the
constants counting the number of terms and the coefficients would grow far too fast,
namely roughly C" at each step. We will need a suitable localization of high powers
of the fields X.

We will thus work in a single coordinate patch, drop all subscripts £ (and j
and k, for simplicity), and in place of v in the a priori estimates substitute W X" u,
where the localizing function W will be specified further below. It will not need to
be differentiated very often, but the band in which it goes from being identically
equal to one to being identically zero will be of a precise width, as will subsequent
localizing functions that will be introduced below. The general result on families of
localizing functions is given by a result of Ehrenpreis [Eh]:

Proposition 13.2. For any two open sets Qo € 21, with separation d = dist
(20, ) and any natural number N, there exist a universal constant C depending
only on the dimension and a function ¥ = Wq ,o,n € CP(21),¥ = 1,
on Q¢ with

p C\"*
[DPW| < =7 NI Bl < 2N, (13.48)

though in this paper we will take N = 4 at most; thus the analyticity to be shown
in Uy will be reduced to combining the bounds on || 7"+ u||; obtained in a previous
section with the bounds

D IXPUX Ul 4+ ITVX | < C5H'r!

with W = 1 on the set where we want to prove analyticity.
To do this, we start with the a priori estimates as before: for v of compact support
where the X ; are defined, and any fixed s, we have (E3y) in the form

IX2VIT + X VI + IE—y < IPVIE + [IVII5- (13.49)

Note that we have dropped all subscripts but are working with several X’s.
Naturally we could add a term ||7'v||s to the left-hand side using the nonvanishing
of the Levi form, but it will not help us here as it did above in handling high powers
of T applied to the solution u.

This estimate will be applied to v = WX"u, and then on the right we will write
PWX"uinterms of WX Pu modulo an error, namely the commutator of ¢ X with
WX, suitably expanded.

Now the crucial brackets, analogous to (13.35), will be written

[P,UX v =a,[X> VX v+ a, V[X2 X v+ ¥[a,, X" ] X, (13.50)
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where coefficients depending on the solution « (those arising in P and here denoted
by a,) are subscripted with u, while those that depend only on the spatial variables
are not subscripted. Now

(X2, 0] =20'X + 0

(and notice that at most two derivatives appear on W and that these will fall to the
left of all other terms in the bracket and will be changed with each iteration) and

(X, X] = aT, (13.51)

and so
[X2,X"] = Crterms [X,X]X" +---

independent of u. Here underlining a coefficient indicates the number of terms of
the given type that occur, and the - -- denotes terms arising from bringing at least
the coefficient in a7 to the left of X", incurring additional derivatives of course
on the coefficient a. However, all of this is linear.

The nonlinear phenomena occur in the last term, where a, = a(x,u) is
differentiated. But this proceeds as before (cf. (13.38)): letting, for instance,
b(“)(x, u) denote derivatives of the function b in its arguments, all derivatives of
the solution u being split off to the right, we obtain

[@u, X" w af,r/_r”) X X X

T T Z (r'=rmt rl_ st (r=r)

(13.52)

r!
r=r/ =" =1 r
/ 1
ri—=r 1
Eop =

&= 6 ="
So, altogether, (13.50) becomes

[PYX v~ 2a, VXX v+a,V'Xv+ra,YaTX v+---

. 7
W a7 xry X X X2y
T Z ’_ m T ) —
" —=rm ! ri_at o (r—=r")!

r>r'—r"" >1

—
r/—r r;/=r//

&= e +n=r)

(13.53)

Now once we specialize v to u, we will take the H* norm of everything and use
the property that this space is an algebra for our choice of s. The function W in the
product on the right has served its purpose, and we will eventually introduce a new
localizing function for each term in the product (except the coefficient, which will
just be estimated), though at most one of these terms can have “order” even half of
r, and the rest will be handled inductively.
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13.7 High Powers of X ; New Localizing Functions

More precisely, we restate (13.50) after specialization and introduction of the
H* norm:

P, UX" 5'Chn wrxr wTXr
I 41, <Cu{n e, X7ul | u||s+m§

r! r! - r!
r’'=r") Y " , v
ay X"u X'=u' X" X u
+ E e
Y A " | —
ror —p =1 (r r ) ry: [ (r r ) s
,ji/:{// r},:r”

/

&z e o=

We treat the functions X 2« and " similarly—they are equivalently handled by the a
priori estimate—and for convenience only we suppose that the term with X %u is of
highest order, i.e., r —r" > r/ Vj. Noting that supp¥ € U/, and bounding the

norm of the coefficients by C e yields

L2 WX Julls _ 19/ X" ul n WX ulls |, IWTX ulls

— u

r! r! r!

r!
" —
n Z Cr/_r//+2 l—[r/fr” Xr/ l,t/ wxr=r qu
e T —_— | -
= =t il o (r—r") i
it tyr)
=T p—
==
a4
&G D ¢ +n=r")
(13.54)

Again, we note that the number of terms in the product is ' — r”, and hence the
constant arising from the algebraicity of H* will be absorbed with the analyticity
constant for the coefficients a,. Thus we restate (13.54) with this observation,
writing WX 2 in place of X?W on the left, modulo terms on the right, and associating
powers of r with derivatives of W or with powers of 7, and taking Pu = 0:

2y 2 LygWxr+2=iyl.  Ly\wrxr
[WX2X"ul, RO l | uls N il uls
R — ) (r=2)!
e X' U WX2X "y
+ Z Ci l_[j=1 ' (r—r")! ,
r>r'—r"" >1 J H3(K) HS

w4
s U
j=1"7j
1y

I @ 4=
(13.55)
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As we iterate the terms on the right without 7, the order will drop, and we will
control the coefficients and the sum below. The term with T is slightly different, but
we may always write

HwTX ull,  HWX2X"2Tu|
7 — r
(r—2)! (r—=2)!

and reapply (13.55) with T'u in place of u but with r decreased by two. Thus we
gradually increase the number of T vector fields, with 7° being balanced by ﬁ
before the norm, where

oll=o0(c—-2)(0c—4)---,

preserving the balance between remaining powers of X and the large factorial in the
denominator, and using up two X’s for each 7" until there are essentially only powers
of T, a situation we have treated above. (Of course there will be a “zigzag” effect:
sometimes pairs of X’s will generate a T and other times the X’s will differentiate
the coefficients and produce the terms at the end of (13.55) above, so both effects
will be combined.)

And as with the estimates of pure T derivatives above, iterating the “principal”
term (here the last one, the one with X2X ’_"/u) will lead to a sum with the
same bounds for the number of its terms (cf. (13.46)), and with one new norm of
derivatives of a coefficient a,,. Even when W has not been differentiated, it will be
prudent to change to a new localizing function, one better geared to the number
of derivatives appearing under the norm. For there are fewer derivatives now, and
it would create significant difficulties to have W’ contribute a factor of r when the
denominator contains only ( — 7’)! for rather general ’.

13.8 The Localizing Functions
The first localizing function, ¥ = W, satisfies

U, =1on Uy, Y eCCU), [¥P]<frk k<ps)  (13.56)
(cf. (13.60)), where we have set, fora > 0,

Uy = {(x,t) €Uy : dist((x,1),Uy) < a(distUo,U;))}. (13.57)

When the first localizing function needs to be replaced but, say, 7 derivatives
of u remain to be estimated, we shall localize it with a function identically equal
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to one on Uy, the support of W,, but dropping to zero in a band of width
% x(1— ,l.)(dist(uo,l/{f)) = % times the remaining distance to the complement of
U, i.e., supported in

Uty hya-ty = Uiy =Ug-1a-1)- (13.58)
We shall denote such a function by 1 Wy, That is, , ¥, satisfies
VYo =1lonld,, ,¥, € C(;”(uﬁ%(l,p) € U). (13.59)

Derivatives of , W, satisfy, with universal constant C,

k
|D* (,9,) | < C* (ILP) . k< ps). (13.60)

uniformly in p, o, where p(s) will be a small number depending on the s necessary
to make H* an algebra in the given dimension. Of course any other (fixed) bound
for k would do.

13.9 Taking a Localizing Function out of the Norm

While it is true that we could just write | Ww||; < c||¥||s||w]||s, for s > 1, to do so
would incur at least two derivatives on W with no gain on w. To avoid this difficulty,
we use the following finer estimates of the H* norm of product of functions.

Proposition 13.3. If W, U are two smooth, compactly supported functions with
U = 1 on supp VU then for everys < p € ZT,

WD ulls < CFuppw sup [ DY W[ oo [ DP~u (13.61)
q=<s

and
||\IJDPM||S = Cﬁsupp\p sup ”Dq\IJHLC’C ”Dp_qu”HS(supp v)- (13.62)
q=s

Thus removing a localizing function from an H* norm, while incurring up to two
derivatives on it, does not increase the total number of derivatives being measured,
and thus should have minimal impact on the estimates.

Next, we need to confront the effect of these few derivatives on a localizing
function W, which may have been chosen with a high number of derivatives (r of
them) on u in mind, and which hence adds a factor of r each time a derivative lands
on it, when the factorial in the denominator of the corresponding term may be far
smaller, e.g., (r — r’)! for relatively large r’.



13.9 Taking a Localizing Function out of the Norm 177

There are in fact several ways to handle this; one is to emphasize that at the level
of (13.37) one could endeavor to keep two derivatives to the left of the big bracket
whenever possible, so that using Proposition 13.3, those derivatives would serve to
bring the Sobolev norms on the right up to H* again, or one can proceed as follows,
the method used in the author’s earlier work [TZ]: since the number of terms in the
product in (13.54)is r’ — r”, with

P—
r=—r)+ Z (7 4+ 1), with r —r" = max {r] + 1}, (13.63)
ji=1
it follows that
=o' ="+ 1) >r (13.64)
or
k
( r ) < (r/ —r" 4+ l)k, vk, (13.65)
r—r!

a relationship we will use only for small values of k, but note that this factor, (r' —
r”+1)¥, can be absorbed in the bound of derivatives of the coefficients a,, in (13.54).

The first time we remove a localizing function from an H* norm, in (13.55) for
instance, the couple of derivatives that will fall on ¥ will produce powers of r in
view of (13.60), since initially p = 0. These will be balanced against (r —1)!, thanks
to (13.65), with small powers of (r’ —r” + 1), increasing Cj, slightly in (13.55). We
will see at the very end that the slightly different denominators in (13.60) will make
little difference in the bounds.

Furthermore, upon the next iteration of (13.55), the new right-hand side will
have the same form. That is, there will again be a product of lower-order terms
(the same ones plus new ones), a second factor of a, with derivatives that will give
possibly another constant, C, in front of the supremum and another copy of Cj, to its
appropriate power, though these constants pass into the norms of the corresponding
terms, just as in the treatment of powers of 7" above. But notice that the number of
terms in the product increases at each pass (to at most r) and that the order of the
top-order term decreases. Thus this sequence of constants will not contribute in the
end more than C’, which is also to be expected.

Handling the sum is as before as well, and we will not comment on it further
except to recall (13.46).

When the last term on the right no longer has maximal order, we turn our
attention to any of the other terms of highest order and proceed as before. The
factorials have been adjusted so that the behavior that will in the end guarantee
analyticity is that

IWX2X"ullms _ o4 Cr/2||X2T’/2M||HS<u1>
r—n - /2t
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which will be the evident outcome of the repeated iterations of (13.55), taking the
precise localizing functions into account, and which, together with the previous
results on (nearly) pure T derivatives, will complete the proof.

We should remark at the end that what was true for the first localizing function,
namely (13.65), will be a little different on the next pass, since the next localizing
function may bring not a factor of » — r’ with each derivative it receives but rather

the factor (cf. (13.60))
r—r’ , r
—(r—r)<r_1),

1—

~ | —

so that passing from r —r" to r — r’ —t’, we encounter instead of just

r
<r'—r"+1,

r—r’

an extra factor of r /r — 1, possibly to the p(s)th power; and this may keep occurring
as the order of the leading term keeps decreasing. For instance, after a few iterations,
the analogous ‘extra’ factors from (13.60) will be

( r ) r—rp r—ry—rnr
r—1/\r—r—1 r—ri—r—1

or even the p(s)th power of such a product. But there cannot be more than r terms
in the product, and each factor is far less than 2, leading to an easily acceptable
constant C” in the end.

The same procedure works at any stage. We have already seen that expanding
the term of highest order leads to a new product, but of the same form with one
new norm of derivatives of a coefficient a,, and the total number of terms, as with
the 7" derivatives, never exceeds 4", which is certainly acceptable; and the factor

(" — r” + 1)¥ just above is immediately attached to the ! " that occurs with
that product (cf.(13.53)).

This means that we may remove localizing functions from the H* norms easily
and replace them with new localizing functions, identically one on the support of the
old one and supported in a larger open set such that a derivative of the new function
is proportional to the number of derivatives still to be estimated in that term in the
sense of (13.60). And while there will appear a number of copies of the (analytic)
coefficients a, the sum of the number of derivatives they receive, and the powers of
the corresponding constants arising from the algebraicity of H*, is equal to the total
decrease in derivatives on the terms of highest order taken step by step, which is
also reflected in the number of norms in the product.

Thus the total number of derivatives appearing on coefficients will be, in the end,
equal to the total number of terms in the product of norms, and since each contains
a copy of u with one or two derivatives, this number is comparable to r. Thus this
product will be bounded by €, for suitable C,,, depending only on the first couple
of derivatives of u and on the coefficients a, (and the dimension and the initial
open sets).
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We are not quite home. For high X derivatives, in addition to being “used up”
as above, will also flow to half as many 7 derivatives, though in U;, due to the
bracketing [X, X] = T (cf. (13.51)), and the number of terms and the sums proceed
exactly as in the estimation of 7" derivatives above, in ways that have nothing to do
with the local versus global behavior. There appear new norms of derivatives of the
coefficient functions, exactly as before, and one slightly new feature, which is the
mixture between X and 7" derivatives, which is inevitable but has been seen before
in many of the author’s earlier works.

13.10 Local Regularity

We consider sums of squares of nonlinear vector fields, that is, equations such as
q
_ 2. __
P(x.u.Dyu=Y Xu=f.
1

with the new feature that the {X;} may depend in their “coefficients” on the
solution u. As a prime example of this class we consider the following case (for
r > 0):

Pu(D)v = ((Dx)2 + ("D + (x’l;(x,t,u)Dl)2> v, (t,x) € R, (13.66)

with  real-valued and real analytic in its arguments.

We shall assume our solution u to be C*°, since smoothness (starting from C?3)
follows from the arguments of Xu [Xul], which are based on the subelliptic estimate
clearly satisfied by P, and the paradifferential calculus of Bony [Bo].

13.11 Results

Theorem 13.3. If f is real analytic near (x, to), then so is any smooth solution to
(13.66).

‘We remark that the problem is significant in its own right and also because it bears
the same resemblance to general quasilinear subelliptic partial differential equations
that the sums of squares of linear vector fields did to the subelliptic complexes and
“boundary Laplacians” arising from the d; operator in several complex variables.

In particular, the local real analytic hypoellipticity of those (in the linear case)
with symplectic characteristic variety (roughly corresponding to r = 1 here), proved
independently by Treves and Tartakoff in 1978 [T4], [T5], [Tr4], propels one quite
reasonably to ask the same question in the quasilinear setting, of which the type
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of operator under study here is a simple prototype. (NB: the vector fields arising
from d() correspond more directly to d, — yd;, and 9, + x9; than to 9y, dy, x0;,
and yd, as separate vector fields; nonetheless, the “Grushin-type” operators have
always provided the most tractable models.)

13.12 Proof

Using standard arguments it is easy to prove the following a priori estimates: Vs >
0,u € C*, and compactU;,3C = Cy 14, : YV v € CS°(U),

3
2 IXIE + I, = CIPw, ]+ I3}
1
and

3 3
2 2 2 2 2
O WX+ I+ I = CUIPIE + I 1367
i,j=

where || - |y = || - s, P = P(x,u,D), X; = Dy, X = x"D,, X3 = X" =
x"h(t,x,u)D,, and C depends only on the first s 4+ 3 derivatives of u.

However, the estimate we will need uses the maximality of (13.67) rather than
its subellipticity: with X/ = X7t X2... X1in and |||v||| defined by

[vIlls = Z IX s (and |Vl gsen = Z 1X V]l s @o), for U open),
l7]<2 [7]<2
(13.68)
then for K arbitrary, 3Cx : Vv € C§°(U),
VIl + K Y 1X V]2 < ClLPwvllz + Ck[1v]o. (13.69)
[7l<1

The general scheme, as always, will be to use the a priori estimate applied to
functions v = ¢ D"'u and then to bring ¢ D™ to the left of P, modulo errors that are
handled inductively. Noting that the a priori estimate provides for maximal control
(i.e. no loss Here derivatives) in the D, direction, we limit ourselves to estimating
@D/"u. ¢ will be a smooth localizing function, namely identically equal to one in
a fixed open set Uy, where we wish to prove that the solution u is analytic, and
supported in U, the open set where the data are assumed to be real analytic. The
localizing function ¢(x, t) may be taken to be of the form ¢(¢)@(x), and terms with
derivatives on ¢(x) may be disregarded since the operator is elliptic for x # 0
where derivatives of ¢(x) would be supported.
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We work in the algebra H? in order to handle large products of norms below.
Taking Pu = 0 without loss of generality, we have from (13.69),

[l D" ul 2

= | X7D"uly + -+ < [ PeD"ullz + -+ < Y _[|[X7. @D} ull2 + -+

< Y llgk(u, Dy ®x? DI ully + Cllox™ [h(w), D}"u] D}ully + -
k=1

< C(Z le® XD ully + [lpx* (), D"u] D}ull> + ) (13.70)
k=1

where h(-) = I;z(-) and we have estimated || gk (u, Du)|| 24, by a constant. Here
the gx(u, D;u) stand for the coefficients, aside from x2", that enter when ¢ is
differentiated once or twice, and the dots “---” denote terms arising from lower-
order terms in the operator P, terms containing fewer X’s.

For now we disregard the sum on the right and pay attention to the bracket in
the last norm, the crucial one. To expand it, we need to use a different, and to us
new, version of the classical formula of Faa di Bruno for derivatives of composite
functions:

b )
u'l’i
Dih(u(t) = ) (@-1)!Hb,g,{,j}(u)]_[m, (13.71)
brj=1 j=1"/7 :
Z’ljrj=€
where
h(b)(u)
Hy g 0 (u) = , 13.72
b 4y (1) S Y B SOy 7 B ( )

so that when b =1, Hp ¢ ¢ 3 (1) = h'(u). See the previous section for the (elemen-
tary) derivation.

We don’t use formula (13.71) in this nice form, but in the following (not so nice)
one: for any g > 0,

‘ _ Hb.@,{,j}(u) ? b or;! u(’k)(rk +1)2
Dk = 3, o (rl ""'b) [1 |:(Vj + 1)2][ o(rk — 1! :|

b,rjzl j,k=1

Z[frj=l

(13.73)

The reason for introducing the squares in the denominators is that it is possible to
choose o so that

L od! o —d)! o?!
2 (d) @+ —dF+1? -+ D (13.74)

0<d<t
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hence such that

or;! ol!
Z ( )1—[ (r; + 1)2 U+ (13.75)

Y=t

The estimate (13.73) will be especially useful when we use derivatives of composite
functions in conjunction with Leibniz’s formula.

We fix o such that (13.74), and hence (13.75), is valid. But before continuing to
estimate (13.70), we remark that since 4 is analytic, it satisfies

WO ()| < C,CEk),  y e ulhy), Vk. (13.76)

However, we claim that in our setting, C, may be taken arbitrarily small. To see this,
we take
hs(y) = h(8y). us =68"u. (13.77)

Then P(u) = 8Ps(us) with Ps exactly like P but with &g instead of 4. Obviously,
the analyticity of u is equivalent to that of us. Thus, with § as small as needed (to be
chosen at the end of the proof),

WO )| < €85!,y eulth), Vk. (13.78)

Hence
1R @wlla < C8 k! wla,  Vk,  we CUh), (13.79)

with C|" depending on ||u| ;72(,) but not on §. Using this and (13.72), we have
E_IHHb,gy{kj}(M)W”z f C{’8b||w||2 A4 w e C(§’°(Z/{1), (1380)

because Vb > 1, b —ry)---(L—r  — - —rp_1) > b!

Coming back to the bracket, using (13.73), and omitting now terms designated
“...” above, namely those arising from terms with fewer X’s in the original
operator, we have

m

m _
lox (h(u). D"l D2ulls < Y ( 6) lox*(D{h(w) DY~ ull,

=1
m m
(1) (05 1T
P

Qflu(rk)(rk + 1)2 Dm—6+2u

-1 2r
x| £ Hb,i,rj (M)WC (rk — l)' t

2
(13.81)
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From here on, C may change from line to line but will be independent of m and
u, and § may also change into a fixed multiple of itself, but still may be chosen as
small as necessary at the end. Thus, using (13.80) we may continue the inequality:

_ " (m 14 b orj! o(m—1)!
_; ¢ Z Fise T U(Vj+1)2(m—€+1)2

b rj(=1)=¢t

b —1.(r
(pXZrHQ lu( A)(rk + l)sz €+2 Q l(m £+ 1)2

17 ¢b
XCrd re—nr ! (m —0)!

(13.82)

1 2

Thanks to (13.75), the first line of the right-hand side is estimated by o —+ o +1)2

Concerning the last norm, we assume, renaming the indices if necessary, that the
largest number of derivatives landing on a copy of u is m — £ + 2 and associate ¢x2"
with those derivatives. We read ¢x?" Dt”’_qu as pX 22 D;"’lu and apply the algebra
property of H?(supp ¢). So the last line above is estimated by

WSb (m e+ 1)2

” (r + ) .
(m—10)! loX* D7 ull l_[ rE— ”Dfrju”Hz(Sllppw' (13.83)

- !
We note that r; < 3, j = 1,..,b.

Summing up, from (13.69) and (13.81) we have (with X? denoting any product
of at most two X’s)

2
(m + 1)? ” (m + 1)? .
m! llleD"ulll> < ol Z ||(p(k)X2Dt “ull

k=1
(m—1L€+1)? P b
——|lpX° D" 8
+b§t}£l =0 loX D" ull2
erzlé
0<t=<m
(ry +1) r;
l_[ ! 1)!||D1/M”H2(suppzp)v (13.84)
or equivalently,
(m+1)2 ( ) k) v2 ~m—k
—lleD"ulll § — || ©X2Dull,
-1
(m—1)! (m— 1) =
(m—1L€+1)? 2 it m §b
+ sup ———||9X°D"""u
S0y XDl
er=l
0<{=m

(r
H ! 1),IID ull 12 supp ) (13.85)
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13.13 Passing to Another Localizing Function

Canonically, the first localizing function, ¢ = ¢,,, satisfies
om=1only, ¢neCEUm), |(p,(f)| <ckmF, k<4, (13.86)
where we have set, fora > 0,
U, = {(x,t) €Uy = dist((x,1),Uy) < a(distUo, U;))}. (13.87)

When a particular term in the estimate for ¢, D;"u still has D;"_(u, withm — € >
m/2, then we shall localize D" ~‘u by a function @, ,—¢ satisfying

Omm—e =1 on ul/m’ Pmm—t € C(;)o(ul) (13.88)

Now we are almost in position to take ¢ = ¢,, out of the norm in (13.85) and specify
the new function @y, ,,—¢. In fact, we have to make two remarks first, and will treat
the case m — £ < m /2 below.

Remark. While it is true that we could just write |[ew||s < c|l¢|s|lw]|s, for s > 2,
to do so would incur at least two derivatives on ¢ with no gain on w. To avoid
this difficulty, we use the following finer estimates of the H? norm of a product of
functions.

If ¢, ¢ are two smooth, compactly supported functions with ¢ = 1 on supp ¢,
then for every p > 2,

lgD?ully < C*sup | D4¢| oo |@DPul|> (13.89)
q=<2
and
lgD?ull, < C? sup DY@ Loe 1D~ 1]l 1r2(supp ) - (13.90)
q=

Remark 2. Sincem = (m — &) +ri + -+ 1, withm — € > r;, Vj, implies
b—i—lz#,i.e.,lf(l)—i—l)-’”?_(,wehave:

- —\*
sh < cOSb(m—) . 0<k<2, (13.91)

m =R =

where § = 28, co = sup,, 27" (b + 1)%.

Claim: There exist two constants C and A such that

r+ 12 117wl _

A 13.92
b - cr (13.92)
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implies

(r + 1) 1D ulll 24 -

A. 13.
P T ol (1399

Proof. Using (13.91) with k = 1, we at first rewrite (13.85) with 8% in place of
51’# and with a new constant Cy. Then assuming (13.92) for constants C, 4 > 1
to be chosen, we have (writing X2 for any product of at most two X’s)

m k m—
(m + D? |llgn D ulll> _ 9((m + 17 g XDl

(m—1)! cm c\m-nr 2 cmk

ooy OTCED XDl
bzt (m—L—1)! cmt '
Z[frj=l
0<l<m

(13.94)

Now we use (13.89) to estimate the first term on the right-hand side in (13.94):

(m + 1) llow X2 D"l
—_ 1! —k
(m—1)! s cm
_k_
<2 sup D (g 1XC0mies DV
) (m — 1)' Cm—k—q
0=¢=2

(m —k + 1) |ll@mm—i D" ulll2

<C . . 13.95
L ey N T (1399
For the second term on the right-hand side in (13.94), we distinguish two cases.

If m — £ > 7, we argue as above (which is permissible, since for m > 5 we have

I = == =10, forevery 1 < £ <7, g <2),s0 we obtain

(m—{+ 1)2 ||§0mX2D;n_E"‘||2

§b AP
(m—t€—1)! cm—t
(m —{—k + 1)2 |||(pm mf[katm_l_kumZ Sh 4b
<C * §b AP, 13.96
SO Gy e e

If, on the other hand, m — £ < % we have, from (13.90),

—_ _é_
lomX> D" ulls < sup(Crm)’ XD ull 24, ) (13.97)
q=

and now invoking the (simple but very useful) estimate (13.91) yields
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(m =L+ 1)* |gwX> D" "ul2

8> AP
(m—L£—1)! cm—t
z (m— £+ 1)? || X*D; ull 2y )
< o 8? — 0 Ab
R S iy By TR G
—l—q+1)? — L+ 1)?
< (arguing as above, since % ~ (m — )4 %)
< C38P AP, § =25 = 46. (13.98)

Summing up, from (13.94), (13.95), (13.96), and (13.98) we have

(m + 1)* ||l@w D" ul |2
m—1! Cm

Co . % b Co 2 (m — £+ 1)? ||| @mm—e D" ul||>
< 2080 AP + 22(Cy + ¢ APSP ' L .
=c™ +o(C+G )ISS?E%(m—Z—I)! cmt

(13.99)

Now we choose

Son

=A% ie,8=02A4)2=8(4), C=Co(Ci+C,+C3), (13.100)
so we obtain

o+ 7 UlgnDPulll (= € 1 LoDl
(m—1)! cm - 1<ten (m—L£—1)! cm—t ’

13.14 Reducing the Order by Half; the End of the Proof

We have reduced the order by at least one. If we are able to start again and argue
for @ m—¢ Dt’”_eu as above for ¢, D"u, and continue with localizing functions, all
with their supports in Uf; />, until the order is reduced to %, we shall obtain (again
X? standing for at most two X’s)

’

(m + 1) [[X2D"ull oy _ S G 1)2 [1X> D] ull g2, ) |
m—1)! cm = 2h - 1) cr ’
(13.101)

that is, our claim will be proved, with A > 1.
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Now to do this, we take ¢, ,—¢ = 1 on U, and Cé’o (ULJr 1 (1—i)) ,

m—{
1 k
|¢(k)_|§c m-0(14+ —— , k<4, (13.102)
m,m—{ +1
’ m
and then
Omm—tm—t—¢, =1 on u#‘*'ml—z(]_i) (13.103)
and

Pttty € €5 (Up s b (-4 st O (-4)p) (13109

m

and so on until the order of derivatives becomes < >
Denote by p the number of iterations required for this and call £y = £,

P
m+2) =Y t; < % (13.105)
0

and let W), = a if U, is the support of the pth localizing function, and so 1 — W), is
the remaining width (of the complement of /;). Computing W,, we obtain

W,=1- ]‘[ (1 ;) (13.106)
J

_ =
p'<p m=34 ¢

and it is not too hard to prove (see the next section) that

1
W, < 3 for m > 6, (13.107)
so our claim is proved with
r+10D% 5.,
A = max {sup ————|[ X" Djul|g2qq), L » (13.108)
r<6 (r—1)!

and the analytic regularity of u in U is proved.

13.15 The Width of the Critical Band

We want to compute the maximum of 1 — I /<, (1 — lp, - ). i.e., the minimum

0 *J
of I, < p(l — lp, - ) This happens when the individual fractions in the product
m=2.o tj
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m m—4 m—Y44;
are as small as possible. If Zg £; = m/2, then for a given p, we should take
ty =L,y =---=4{=1land{; = 5 — (p— 1), giving the product

(’”—1)(’”_(%—(17—1))—1)(m—("—z’—(p—l))—Z)m(%—l)
m m—5—(p—1 m—(2—(p-1)—1 m—2)

Here many, many things cancel, leaving only

m—1 -1 )
. 13.109
Sl==r= 13109

(m=1)(m=2)
2

Consider the minimum when p = 1: The minimum of occurs for

m = 4/3; this function is increasing after that, and for m > 5.3,
(m—1m-2) _ 1
m? -2

For other values of p, it is clear that W, < W), and hence at least half of the total
width always remains. Further, for the new localizing function, ¢, ,,_, m—y}»One

computes without difficulty that each derivative is essentially m — > £; ~ m/2.

13.16 The Faa di Bruno Formula

The derivation of our version of the formula of Faa di Bruno (of which there are
many) is completely natural (to us!):

DI"h(u(r)) = D"~ (u' (1)1 (u(1)))
_ Oimlzsm_l (”"m‘1 1) WD DI 1))
B lfém (Z : 1) u(ll)Dl(M7ll)h,(M(t))
- % (12} )ueopr wom o

Z (m—l) Z (m_gl_l)
1<t1<m £ -1 0<ma<m—Li—1 "2

syt DT gy 1))
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m—1 m—=Lr =1\ @) () pm—ti-tayn
D 1 2
¥ (7)) 5 (" ueenr e

1<t i<m 1<lr<m—{,

b )

Z (m— 1)'I:Ibm{fj}l?[m,

be;=1.54 0 =m

where

Lo
S m—l)(m— by —Ly) - (m =y == lp)

ﬁb,m,{lj}






Chapter 14
Treves’ Approach

In 1978, simultaneously with our result, F. Treves published a very different proof
of analytic hypoellipticity in the nondegenerate case.

The outline of the proof is natural enough: using well-known methods, the
problem is reduced to a pseudodifferential one that lives in the boundary, and then a
more general result is proved for a class of systems of pseudodifferential operators
with scalar principal part P = I; P, + B, where P, and B are (classical, analytic)
pseudodifferential operators of order 2 and 1, respectively, P; is a scalar, and [ is
the d x d identity matrix; the principal symbol o (P,) of P is assumed to satisfy:

e Its principal symbol is nonnegative and vanishes to exactly order two on its
characteristic variety Char P.

e Char P is a symplectic analytic submanifold of the cotangent bundle.

e The whole operator P is hypoelliptic with loss of one derivative.

The principal example of such systems in their own right is the complex
boundary Laplacian [J;, for which the hypotheses are rapidly shown to reduce to
Kohn’s condition Y (q) (on (p, g)-forms) and the hypothesis that the Levi form is
nondegenerate.

Treves proves the following results:

Theorem 14.1. Let the system P satisfy (1) and (2) and be hypoelliptic with loss of
one derivative; then P is microlocally analytic hypoelliptic.

Corollary 14.1. The 3-Newmann problem is microlocally analytic hypoelliptic (at
the boundary) provided the Levi form satisfies Kohn’s condition Z(q) and is
nondegenerate.

Corollary 14.2. The complex boundary Laplacian Oy is microlocally analytic
hypoelliptic provided the Levi form satisfies Kohn’s condition Y (q) and is nonde-
generate.

In slightly more detail, the proof proceeds as follows.
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After the reduction to the boundary, of dimension n + 1, the proof begins by
using Sato’s theorem to reduce the problem to consideration of the operator

n
Ps =14 ) a;Y;Y} + B,

ij=1

where the a;; form an n x n matrix of pseudodifferential operators whose principal

symbol is self-adjoint positive definite and of order zero, while B is a matrix of

firs-order pseudodifferential operators and the Y are of the particularly simple form

Y; =0d/dy; — y;0/0x, where x is written for y,1. Thus the Y; and their adjoints

should be thought of as coming from the portion of the holomorphic structure of the

ambient space that is tangent to the boundary, and y, +; from the “normal” variable.
After this reduction, the author studies the model “GruSin” operator

n
Pg =14 ) a;LiL}+B,

ij=1

where now the d;; are complex scalars and B a complex matrix with A positive
definite and self-adjoint, and

Lj=9/dy;—y;, J=n.

The assumption that —2 times no positive integral linear combination of the
eigenvalues of a;; should be an eigenvalue of B at a reference point will ensure that
Pg is invertible and that in fact the inverse has an integral kernel. And this condition
is clearly satisfied whenever the self-adjoint part of B is positive definite, since the
eigenvalues of A are all positive definite. While the bulk of the paper makes this
assumption of positivity for the self-adjoint part of B, in the end it is relaxed to the
previous condition.

This operator Pg is next inverted by means of an integral representation arising
from a heat kernel and analyzed very carefully in the major part of the paper,
with approximation theorems that finally yield a parametrix to the original problem
which lives on the boundary and hence to the original boundary value problem.

However daunting, this method has the advantage that it produces a true
parametrix, which yields, potentially, more information about the solution than a
proof that estimates higher and higher derivatives of the solution and shows that
they force the solution itself to be a real analytic function.

The method has the weakness that it may not be particularly flexible, and if any
of the hypotheses is weakened it will fail.

At some level the two approaches may well be equivalent, that of Treves being
perhaps more geometric but also more delicate in treating asymptotic series in
the analytic category, while ours requires successive corrections in the spirit of a
(noncommutative) Taylor series that has its own symplectic formulation (cf. [T5]).
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It is true that when the coefficients are pseudodifferential, our method increases
in complexity. Even nonrigid, variable, but not pseudodifferential coefficients pose
real problems, since the proper balance in our Taylor-like series is not immediately
maintained, and only by invoking an identity in binomial coefficients can it be seen
that the poor-looking unbalanced terms can be written as sums of balanced terms
and the proof can proceed. This binomial identity seems to be standard, however,
and appears in Feller’s book [Fel].

As mentioned earlier, Métivier has followed Treves’ approach to prove a similar
result for pseudodifferential operators P of order m whose characteristic set X is a
real analytic submanifold on which the principal symbol vanishes exactly to order k
(and lower-order symbols vanishing appropriately). Such an operator P must be
subelliptic with loss of k /2 derivatives. Then P is AHE, provided X is symplectic.

We note that in a previous chapter we have applied our method to this situation
as well, obtaining an “elementary” proof of Métivier’s result.






Chapter 15
Appendix

15.1 A Discussion of the Localizing Functions

We have already discussed the family of localizing functions we use. Here we
present some remarks that may elucidate their usefulness and the subtlety of the
refinements we introduced in [T4].

We recall the definition:

Given two open sets 21 € 2, in R” and an integer N, we will construct a
function ¥y € C5°(£2,) with Wy = 1 on Q and such that for some constant C
independent of the separation d between Q2 and €2»,

|DYWy| < CleFtg=ledylel 1y < 3N,

By scaling, it suffices to ignore the distance d, and then Wy is obtained by taking an
open set intermediate between the €2 ; and convolving its characteristic function with
N copies of a standard (nonnegative) bump function of integral one, but of support
proportional to 1/N. In differentiating such a convolution up to 3N times, at most
three derivatives will fall on any one bump function, and the support properties of
Wy are easily verified.

Finally, in view of Stirling’s formula, when |a| = N,

CN+1d—NN|Ol| ~ CN+1d_NN! ~ C/C/NN'

with C’ independent of N.

In the body of the text, in fact in each chapter, we found it necessary to nest many
of these open sets (denoted by w;,1 < j < log, N for N given once and for all,
with their corresponding functions ¢; = 1 on @; but in C§°(w; +1), and we denote
by d; the distance from ®; to the complement of @; 1 1).

We have seen that this can be done, by taking a suitable convolution of N; =
N/2/ copies of a standard “bump” function with the characteristic function of an
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open set containing w; but contained in w;; and whose boundary lies halfway
between the boundary of w; and the complement of w; 1, and such that

|D“p;| < (N;/dp)*,  |e| <3N;.

The factor of 3 is merely for convenience.

The reason that each N; is one-half of the previous one is that each full set of
iterations of the a priori estimate reduces the power of T by at least one-half; hence
the next time at most half the number of derivatives is even present in the estimates,
which means that the next ¢ need accept only half the number of derivatives of the
previous one.

However, it is clearly necesary that the sum of the d; be finite. In fact the sum
will be equal to the (finite) separation dy between the initial open set where we will
prove that the solution is analytic to the complement of the open set where the data
are assume to be real analytic functions.

That is, we require that

> dj =dy
J

and that in the extreme case,

log, N log, N i\ NJ2/

N/2/
[T vidn™ =[] (d/—) < NNV
j=0 j=0 J

for some constant C (this is the extreme case in which all derivatives land on the
localizing functions).

But there is one additional condition, buried in the estimates in places such as the
definition of d; above, which is to ensure that at each stage, long after N has been
replaced by N; = N/2/, we may estimate

N; N
N7 =CYN;L,

so that after we have done this log, N times, the resulting product satisfies
l_[ CNj ~ CN ,

If the corresponding left hand side is N/, estimating
NN < VN,

The tempting choice d; = dy/ 2/ will actually work here, as observed earlier;
even though at each level the equivalence does not seem sufficiently uniform, in the
ultimate product it will be (cf. (4.20), ..., (5.21)).



15.2 The Analytical Material Used 197

15.2 The Analytical Material Used

15.2.1 Some Fourier Analysis and Sobolev Spaces

For a smooth function f(x), the Fourier transform is defined by

1

; _ —ix-§
7© = G [ e

The L? Sobolev spaces H* may be defined as the completion of C{° with respect
to the norm

12
= ([, + Iy )

or the space of tempered distributions v for which ||v||; is finite.

It is not hard to conclude the celebrated Sobolev embedding theorem, that locally,
f € C", provided f € H"™ for some s > n/2, using the Schwarz inequality, and
thus that locally, C*° = N, H".

15.2.2 The Heisenberg Group

As mentioned earlier, we do not actually need the Heisenberg group in our
work. What suffices is the particular vector fields mentioned above. However, for
completeness we mention that the group law on R?"*! given by

1
(X1, y1,11) - (X2, y2, ) = (Xl + X2, Y1+ Y2, t1 + 1o + 5(x1y2—xzy1)).

yields what is known as the Heisenberg group, and a basis of vector fields that are
invariant under translation by the group action is the set of vector fields cited above.

15.2.3 Pseudodifferential Operators

Just as a partial differential operator

19

P(x.,D)= Y a,D*. D= S
loe|<m Lox
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may be defined in terms of its “symbol” p(x, &) = ZIaISm a,&”,

P(x, Dyu(€) = p(x, £)a(),

so more general “symbols” p(x, §), which may be sums of terms homogeneous of
decreasing degrees in £ (or even asymptotic sums of terms of orders going to —oc0),
define operators by the same formula and obey a calculus similar to that of partial
differential operators.

By the principal symbol p,,(x, §) of a pseudodifferential operator P, (x, D) of
degree m we mean a smooth function p,, (x, ), homogeneous of degree m in & for
|£] > 1 and such that locally in x,

DD pu(x. )] < CHIFT 4 jgymPL g = 1.

The calculus yields then that if the p,,; have degree m;, j = 1,2, then Py, Py, has
degree m 4+ m, with leading symbol p,,1 p, and hence that the bracket Py, Py, —
P, Py, has “leading symbol” identically equal to zero, and hence [Py, , Pi,] has
order at most m; + m, — 1.

We will mostly use constant-coefficient pseudodifferential operators, generally
powers of a Laplacian in one or more variables. In particular, in R"*! with
coordinates (x, ), the operator A; with symbol (1 + |z|?)"/? will commute with
functions of the other variables, while the operator A with symbol A = (1 + |£]> +
|z]?)/2 in obvious notation provides a natural bijection from H* to H*~! whose
inverse has symbol 1/1.
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