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Introduction

Since the 1960s, the theory of pseudodifferential operators has played an im-
portant role in many exciting and deep investigations into linear PDE. Since the
1980s, this tool has also yielded many significant results in nonlinear PDE. This
monograph is devoted to a summary and reconsideration of some uses of pseudo-
differential operator techniques in nonlinear PDE.

We begin with a preliminary chapter reviewing pseudodifferential operators as
a tool developed for the linear theory. This chapter sets down some of the funda-
mental results and defines a bit of notation. It is also intended to serve readers
interested in nonlinear PDE but without prior experience with pseudodifferential
operators, to acquaint them with the basics of the theory.

We then turn to an exposition of the further development which has applications
to the nonlinear theory. One goal has been to build a bridge between two approaches
which have been used in a number of papers written in the past decade, one being
the theory of paradifferential operators, pioneered by Bony [Bo] and Meyer [M1],
the other the study of pseudodifferential operators whose symbols have limited
regularity.

The latter approach is a natural sucessor to classical devices of deriving estimates
for linear PDE whose coefficients have limited regularity in order to obtain results on
nonlinear PDE. Of the two approaches, it is initially the simpler. After making some
general observations about symbols with limited smoothness and their associated
operators in §1.1, we illustrate this in §1.2, using very little machinery to derive some
regularity results for solutions to nonlinear elliptic PDE. The results there assume
a priori that the solutions have a fair amount of regularity. To obtain better results,
harder work is required. One useful tool is the symbol decomposition studied in
§1.3. The idea is to write a nonsmooth symbol p(z, &) as p* (z, &) + p®(z, £) in such
a way that an operator algebra is available for the associated operator p* (x, D)
while p®(x, D) is regarded as a remainder term to be estimated.

Chapter 2 establishes needed estimates on operators with non-smooth symbols.
The material here incorporates ideas of Bourdaud [BG], Kumano-go and Nagase
[KN], Marschall [Ma], and Meyer [M1]. Having these estimates, we return to elliptic
PDE in §2.2, obtaining full strength Schauder estimates, though of course not the
special estimates (for scalar second order elliptic PDE) of de Giorgi et al. and of
Krylov and Safanov.

The symbol smoothing developed in §1.3 and applied in Chapter 2 provides a
transition to the theory of paradifferential operators, which we expose in Chapter
3. In this chapter we take a further look at nonlinear elliptic PDE. Also, in §3.6
we use the paradifferential operator calculus to prove some commutator estimates,
including important estimates of Coifman and Meyer [CM] and of Kato and Ponce
[KP].

Chapter 4 exploits commutator estimates of Coifman and Meyer established in
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§3.6 to derive a sharp operator calculus for C! symbols, including some classical
results of Calderon. We also compare this material with a C' paradifferential
calculus.

In subsequent chapters we treat various basic topics in nonlinear PDE. Chapter 5
deals with nonlinear hyperbolic systems. We endeavor to obtain the sharpest results
on regular solutions to symmetric and symmetrizable systems, though generalized
solutions involving shock waves and such are not considered.

In Chapter 6 we establish a variant of Bony’s propagation of singularities theo-
rem. We mention one point; in showing that for a solution u € H™"7 to a nonlinear
PDE F(z, D™u) = f, microlocal regularity of order m + o — 1 4+ s propagates for
s < 1, we require u € C™*1" rather than u € H™/2t™+" This implication is slightly
more precise than the usual statement, and also highlights the mechanism giving
rise to the higher regularity. It will be clear that this material could have been
put right after Chapter 3, but since wave propagation is the basic phenomenon
inducing one to be interested in propagation of singularities, it seems natural to
put the material here.

Chapters 7 and 8 treat nonlinear parabolic equations and elliptic boundary prob-
lems, respectively. The latter topic extends the interior analysis done in Chapters
2 and 3. In both of these chapters we discuss some existence theorems which follow
by using the DeGiorgi-Nash-Moser theory in concert with the results proved here.
These arguments are well known but are included in order to help place in perspec-
tive what is done in these chapters. Also in Chapter 7 we derive some results on
semilinear parabolic equations and illustrate these results by discussing how they
apply to work on harmonic mappings.

In various applications to PDE we find different advantages in the diverse tech-
niques developed in Chapters 1-4. For example, for interior elliptic regularity,
symbol smoothing is very useful, but in the quasilinear case both C"S7";-calculus
as developed in Chapter 2 and paradifferential operator calculus as developed in
Chapter 3 seem equally effective, while in the completely nonlinear case the lat-
ter tool seems to work better. The paradifferential approach is used on elliptic
boundary problems in Chapter 8. For nonlinear hyperbolic equations, the sharpest
results seem to be produced by a combination of the Kato-Ponce inequality and
some generalizations, and C' 1S§f—calculus, developed in Chapter 4. It will be noted
that both these tools have roots in paradifferential operator calculus.

At the end are four appendices. The first collects some facts about various
function spaces, particularly Sobolev spaces, Holder spaces, and Zygmund spaces,
and also Morrey spaces and BMO. The second ties together some known results
and discusses a few new results on norm estimates of the form

IIUI|z>“
b
[ully

in borderline cases when the inclusion Y C X barely fails. This particularly arises in
a number of important cases where either X or Y is L°°. The third appendix gives

Jullx < Clully (1 +log



a proof of the DeGiorgi-Nash-Moser estimates, largely following works of Moser
and Morrey. Appendix D presents a proof of some paraproduct estimates of [CM]
needed for some of the results of §3.5-83.6, such as the commutator estimates used
to develop the C'S™-calculus in Chapter 4.

We also include a notational index, since a rather large number of function spaces
and operator spaces arise naturally during the course of the investigations described

here.

REMARK. The original version of this monograph appeared in 1991, in the Birkh&user
Progress in Mathematics series. I have made some corrections, additions, and stylis-
tic changes here. I have also added references to some further work. A companion
to this work is Tools for PDE, [[T2]], which is cited from time to time in this
revision.



Chapter 0: Pseudodifferential operators
and linear PDE

In this preliminary chapter we give an outline of the theory of pseudodifferential
operators as it has been developed to treat problems in linear PDE, and which will
provide a basis for further developments to be discussed in the following chapters.
Many results will be proved in detail, but some proofs are only sketched, with
references to more details in the literature. We define pseudodifferential operators
with symbols in Hormander’s classes S, derive some useful properties of their
Schwartz kernels, discuss their algebraic properties, then show how they can be
used to establish regularity of solutions to elliptic PDE with smooth coefficients.
We proceed to a discussion of mapping properties on L? and on the Sobolev spaces
H? then discuss Garding’s inequality, and some of its refinements, known as sharp
Garding inequalities. In §0.8 we apply some of the previous material to establish
existence of solutions to hyperbolic equations. We introduce the notion of wave
front set in §0.10 and discuss microlocal regularity of solutions to elliptic equations.
We also discuss how solution operators to a class of hyperbolic equations propagate
wave front sets. In §0.11 we discuss LP estimates, particularly some fundamental
results of Calderon and Zygmund, and applications to Littlewood-Paley Theory,
which will be an important technical tool for basic estimates established in Chapter
2. We end this introduction with a brief discussion of pseudodifferential operators
on manifolds.

§0.1. The Fourier integral representation and symbol classes

The Fourier inversion formula is
(0.1.1) fo) = [ £ e<ag

where f(£) = (2m)~ " [ f(z)e”®¢ dx is the Fourier transform of a function on R™.
If one differentiates (0.1.1), one obtains

(0.1.2) D% f(x / EXF(€)eE de,
where D* = D' --- D&, D; = (1/i)0/0z,. Hence, if

p(x, D) = Z aq(x)D®

lo| <k

is a differential operator, we have

(0.1.3) p(x, D) f(x) = / P, €) (€)™ de



where

pla,&) = ) aa(z)E".

lo| <k

One uses the Fourier integral representation (0.1.3) to define pseudodifferential
operators, taking the function p(z,&) to belong to one of a number of different
classes of symbols. In this chapter we consider the following symbol classes, first
defined by Hormander.

Assuming p, 6 € [0,1], m € R, we define S} to consist of C*° functions p(z, &)
satisfying

(0.1.4) |DEDEp(a, )| < Cap(g)mrloltoldl

for all o, 3, where (&) = (1+|£]?)'/2. In such a case we say the associated operator
defined by (0.1.3) belongs to OPS7";.

If there are smooth p,,—;(x,&), homogeneous in & of degree m — j for [£| > 1,
ie., pm—j(x, 7€) = 1™ Ipy,_i(z,€) for r,[£] > 1, and if

(0.1.5) p(2,€) ~ > pm—j(,6)

320

in the sense that
N

(0.1.6) p(@,6) =Y pmj(w,&) € ST
=0

for all N, then we say p(z,&) € S, or just p(x,§) € S™.

cl»

It is easy to see that if p(z,§) € )5, and p,d € [0,1], then p(z, D) : S(R") —

C>®(R"). In fact, multiplying (0.1.3) by 2%, writing %€ = (—D¢)®* and
integrating by parts yields
(0.1.7) p(z, D) : S(R") — S(R™).

Further mapping properties will be described below, but for now we make note of
the following.

Lemma 0.1.A. Ifé < 1, then

(0.1.8) p(z, D) : 8'(R") — S'(R™).

Proof. Given u € §’', v € S, we have formally

(0.1.9) (v,p(z, D)u) = (pv, )



where

pu(§) = (2m)™" /v(x)p(w,f)em'g dx.

Now integration by parts gives

£p,(€) = (2m) / D (v(@)ple, €)) € da,

SO
[po(€)] < Cafg)mrole=lel,

Thus if 6 < 1 we have rapid decrease of p,(£). Similarly we get rapid decrease of
derivatives of p, (&), so it belongs to S. Thus the right side of (0.1.9) is well defined.

As the case 6 = 1 will be very important in later chapters, the failure of (0.1.8)
in this case will have definite consequences.

A useful alternative representation for a pseudodifferential operator is obtained
via a synthesis of the family of unitary operators

(0.1.10) e X e Dy (1) = T u(x + p).
Given a(z, ) € S(R™ x R™), we have
/ a(q, p)e’ e Pu(x) dg dp

= (2m) 7% / a(y, f)e*iy'qe*ig'pem'qu(x + p) dy d§ dg dp
(0.1.11)
= (QW)_n/a(w,E)e_ig'pu(x + p) d€dp
=20 [ aw. e Ca(e) e

In other words,

(0.1.12) a(x,D)u = /d(q,p)eiq'xeip'Du(m) dq dp.

This can be compared to the Weyl calculus, defined by

a(X,D)u = /&(q,p)ei(q'“p'D)U(I) dq dp
(0.1.13) X |
= (2m)7" /a(§(w + y),é*) eV (y) dy de,

which has been extensively studied (see [H1]), but will not be used here.
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§0.2. Schwartz kernels of pseudodifferential operators

To an operator p(x, D) € OPS]s defined by (0.1.3) corresponds

a Schwartz kernel K € D'(R™ x R"™), satisfying

(u(z)o(y), K) = / / w(@)p(z, €)0(€)eE dt de

020 = 0 [[ [ w@ntagee 5w ay dear

Thus, K is given as an “oscillatory integral”

(0.2.2) K= (2%)_"/p(x,§)ei(m_y)'5 de.

We have the following basic result.

Proposition 0.2.A. If p > 0, then K is C*™ off the diagonal in R™ x R".

Proof. For given a > 0,
(0.2.3) (@ - y)"K = [ €€ Dgpla, ) e

This integral is clearly absolutely convergent for |a| so large that m — pla| <
—n. Similarly it is seen that applying j derivatives to (0.2.3) yields an absolutely
convergent integral provided m + j — pla| < —n, so in that case (x — y)*K €
C7(R™ x R™). This gives the proof.

Generally, if T" has the mapping properties
T:C(R™) — C®(R™), T:&'R") — D'(R"),
and its Schwartz kernel K is C'*° off the diagonal, it follows easily that
sing supp Tu C sing supp u for u € &' (R™).

This is called the pseudolocal property. By (0.1.7)-(0.1.8) it holds for T € OPS]’s
if p>0andd < 1.
We remark that the proof of Proposition 0.2.A leads to the estimate

B —k
(0.2.4) |Dy K| < Cle -y

where k > 0 is any integer strictly greater than (1/p)(m + n + |5]). In fact, this
estimate is rather crude. It is of interest to record a more precise estimate which
holds when p(z, &) € ST.
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Proposition 0.2.B. If p(z,§) € ST, then the Schwartz kernel K of p(x, D) sat-
isfies estimates

B —n—m—|B
(0.2.5) DS K| < Clz —y| 1Bl
provided m + || > —n.

The result is easily reduced to the case p(z,&) = p(§), satisfying |Dp(&)| <
C(&)™~1el for which p(D) has Schwartz kernel K = p(y — z). It suffices to prove
(0.2.5) for such a case, for = 0 and m > —n. We make use of the following simple
but important characterization of such symbols.

Lemma 0.2.C. Given p(§) € C(R"), it belongs to ST if and only if

(0.2.6) pr(&) =17 "p(ré) is bounded in C*°(1 < [£] < 2) forr € [1,00).

Given this, we can write p(§) = po(£)+ [, ¢-(e77¢) dr with ¢o(¢) € C5°(R™) and
e "7 q,(£) bounded in the Schwartz space S(R™), for 7 € [0, 00). Hence e™"7§,(z)
is bounded in S(R™). In particular, we have e=™7|¢,(2)] < Cn{2)~%, so

5(2)] < [po(2)] + Cny / et (1 4 16m2) N dr
0

(0.2.7) o
<O+ ON|Z|nm/ e(ner)T(l + 67')7N dT,
log |2|
which implies (0.2.5). We also see that in the case m+ || = —n, we obtain a result

upon replacing the right side of (0.2.5) by Clog |z —y|~!, (provided |z —y| < 1/2).

§0.3. Adjoints and products
Given p(z,§) € S5, we obtain readily from the definition that

(03.1) p(, D)o = (2m)~™ / Py, €)=V €0 (y) dy d.

This is not quite in the form (0.1.3) as the amplitude p(y,&)* is not a function
of (z,&). Before continuing the analysis of (0.3.1), we are motivated to look at a
general class of operators

(0.3.2) Au(z) = (27r)”/a(x,y,f)ei(my)fu(y) dy d§.
We assume

(0.3.3) IDYDPDga(z,y,&)| < Cup, (E)mPlolrorlBlroh
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and then say a(z,y,§) € S)', 5,- A brief calculation transforms (0.3.2) to

(0.3.4) (2m) " / 4(z, €)=V Eu(y) dy de
with

q(z,€) = 2m) ™" / a(, y, n)e @08 dy an

iDg-D

(0.3.5)
= eV Pva(a,y, )] -

Note that a formal expansion e'P¢Pv = [ +iD¢ - D, — (1/2)(D¢ - Dy)? + -+ gives

jled

(0.3.6) 9(2,€) ~ D = DEDja(@,,8)] _,-

a>0

If a(z,y,§) € S)'5, 5, with 0 < 02 < p <1, then the general term in (0.3.6) belongs

to SZ?(;(W‘S)'M, d = min(dy,02), so the sum on the right is formally asymptotic.
This suggests the following result:

Proposition 0.3.A. Ifa(z,y,§) € 52?51’52 with 0 < 05 < p < 1, then the operator
(0.3.2) belongs to OPS}s, with 6 = max(d1,02). In fact A = q(x, D) where q(z,§)

has the asymptotic expansion (0.3.6).

To prove this proposition, one can first show that the Schwartz kernel K (z,y) =
27)™ [ a(z,y, £)e*=Y) € d¢ satisfies the same estimates as established in Propo-
sition 0.2.A, and hence, altering A only by an operator in OPS™°°, we can assume
a(x,y,§) is supported on |x —y| < 1. Let

(0.3.7) b(z,n,&) = (2m) ™" / a(z,z +y,&)e ¥ dy,
SO
(0.3.8) p(x,§) = /3(:6,77,5 + ) dn.

The hypotheses on a(x,y, &) imply
(0.3.9) | DI Dyb(a,m,€)| < Crap (€)1 =plal ()=

where 0 = max (61, 02). Since J2 < 1, it follows that p(z, £) and any of its derivatives
can be bounded by some power of (£).
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Now a power series expansion of b(z, 7, +7) in the last argument about & gives

~ 1 o
bam&+m) = Y —(iDe)*b(w,n,)n°

(0.3.10) jal<N
< CylnN ()™ sup (€ + tg)m oo,
0<t<1
With v = N we get a bound
(o . 1
(0.3.11) Cleym= =N it |l < S e,

and if v is large we get a bound by any power of (n)~! for || < 2|n|. Hence
1 N « « m-rn— —
(0312)  |p(@.§) = Y. —(iDe)" Dya(e,a+y,6)l,-0| < CLg™ =07,
o) <N

from which the proposition follows.
If we apply Proposition 0.3.A to (0.3.1), we obtain:

Proposition 0.3.B. Ifp(x,D) € OPS™s, 0 < < p <1, then

P67
(0.3.13) p(z,D)" =p*(x,D) € OPSs
with
jlal
* ? o o *
(0.3.14) P &) ~ Y —DEDp(.€)"
a>0

The result for products of pseudodifferential operators is the following.

Proposition 0.3.C. Given p;(z,€) € OPSZjéj, suppose

(0.3.15) 0 <d2 < p <1 with p=min(py, p2).
Then
(0.3.16) p1(xz, D)pa(z, D) = q(z, D) € OPS;?g+m2

with 6 = max(dy,d2), and

ol
(0.3.17) a(2,§) ~ Y —Depi(w,€) Dpa(x, ).

a>0
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This can be proved by writing
(0.3.18) p1(x, D)p2(z, D)u = p1(x, D)p5(z, D) u = Au
for A as in (0.3.2) with

(0.3.19) a(@,y,§) = p1(z, pz(y,€)"

and then applying Proposition 0.3.A and 0.3.B. Alternatively, one can compute
directly that py(z, D)ps(z, D) = q(x, D) with

Q(xv 5) = (277')777“ /p1 (l‘7 n)pg(:% g)ei(w*y)-(nfﬁ) dn dy

=P Pup (2, 1)p2(y, §)|

(0.3.20)
y=z,n=¢’

and then apply an analysis such as used to prove Proposition 0.3.A. Carrying out
this latter approach has the minor advantage that the hypothesis (0.3.15) can be
weakened to 0 < d < p; < 1, which is quite natural since the right side of (0.3.17)
is formally asymptotic under such a hypothesis.

§0.4. Elliptic operators and parametrices
We say p(z, D) € OPS]s is elliptic if, for some r < oo,
(0.4.1) p(x, ) > C(&)™ for |¢] > 1.

Thus, if ¢ (§) € C*°(R"™) is equal to 0 for || < r, 1 for |{]| > 2r, it follows easily
from the chain rule that

(0.4.2) b(E)p(x, )" = qo(x,6) € S, 5"

Aslong as 0 < d < p < 1, we can apply Proposition 0.3.C to obtain

qo(x, D)p(z, D) = I 4+ ro(z, D)

(043) plw, D)o, D) = I + Fo(w, D)
with
(0.4.4) ro(x,€), Fo(w,6) € S, 7.

Using the formal expansion
(0.4.5) I —ro(x,D)+ro(x,D)* = ~I+s(x,D) € OPSS’(;
and setting ¢(z, D) = (I + s(z, D))qo(z, D) € OPS_§*, we have

(0.4.6) q(x,D)p(x,D) =1+ r(x,D), r(x,§) €S >.
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Similarly we obtain ¢(z, D) € OPS_ " satisfying
(0.4.7) p(x,D)q(z,D) =1 +7(z,D), 7(x,§)e€S™>.
But evaluating
(0.4.8) (¢(z, D)p(z, D))q(x, D) = q(x, D) (p(x, D)i(x, D))
yields q(x, D) = ¢(x, D) mod OPS~°°, so in fact

x,D)p(x,D) =1 mod OPS™
(0-49) Zix D;ZE;U, D; = I mod OPS™.

We say ¢(z, D) is a two-sided parametrix for p(z, D).
The parametrix can establish local regularity of a solution to

(0.4.10) p(xz, D)u = f.

Suppose u, f € S'(R™), and p(z,D) € OPS]s is elliptic, with 0 < ¢ < p < 1.
Constructing ¢(z, D) € OPS_ " as in (0.4.6), we have

(0.4.11) u=q(z,D)f —r(z,D)u.
Now a simple analysis parallel to (0.1.7) implies that
(0.4.12) ReOPS™ = R:& — 8.
By duality, since taking adjoints preserves OPS™>°,
(0.4.13) ReOPS™ = R:§8 — C*™.
Thus (0.4.11) implies

(0.4.14) u=q(z,D)f mod C*.

Applying the pseudolocal property to (0.4.10) and (0.4.14), we have the following
elliptic regularity result.

Proposition 0.4.A. If p(xz, D) € OPS]s is elliptic and 0 < 6 < p < 1, then, for
any u € §'(R™),

(0.4.15) sing supp p(x, D)u = sing supp u.

More refined elliptic regularity involves keeping track of Sobolev space regularity.
As we have the parametrix, this will follow simply from mapping properties of
pseudodifferential operators, to be established in subsequent sections.

§0.5. L? estimates

Here we want to obtain L? estimates for pseudodifferential operators. The fol-
lowing simple basic estimate will get us started.
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Proposition0.5.A. Let (X, u) be a measure space. Suppose k(x,y) is measurable
on X x X and

(0.5.1) / k()| dpu(z) < O / k()| du(y) < C,
X X

for all y and x, respectively. Then

(05.2) Tu(z) = / K y)uly) du(y)
satisfies
(0.5.3) | Tul| e < CP Cy/* || 1o

for p € [1,00], with 1/p+1/q = 1.

Proof. For p € (1,00), estimate

(05.4) [ ket duty) dutz)

via |uv|] < |u(z)|P/p + |v(y)|?/q. Then (0.5.4) is dominated by (C1/p)|ull?, +
(C2/q)||v]|%,. Replacing u,v by tu,t 'v and minimizing the resulting bound over

t € (0,00), we dominate (0.5.4) by Cll/pC’Ql/qHuHLpHvHLq, thus proving (0.5.3). The
exceptional cases p = 1 and oo are easily treated.

To apply this when X = R" and k = K is the Schwartz kernel of p(z, D) €
OPS[%, note from the proof of Proposition 0.2.A that

(0.5.5) |K(z,y)| < Cn|x — y\_N for |z —y| > 1
as long as p > 0, while
(0.5.6) K (z,y)] < Clz =y~ for [z —y| <1

as long as m < —n + p(n — 1). (Recall this last estimate is actually rather crude.)
Hence we have the following preliminary result.

Lemma 0.5.B. Ifp(x,D) € OP b5 p >0, andm < —n+ p(n —1), then
(0.5.7) p(z,D): LP(R") — LP(R"), 1<p<oo.

If p(z, D) € OPSYYs;, then (0.5.7) holds for m < 0.

The last observation follows from the improvement of (0.5.6) given in (0.2.5).
Our main goal in this section is to prove the following.
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Theorem 0.5.C. If p(z,D) € OPS/()”(; and 0 < 6 < p <1, then
(0.5.8) p(z, D) : L*(R™) — L*(R™).

The proof we give, following [H4], begins with:

Lemma 0.5.D. If p(z,D) € OPS;§, 0 <6 < p <1, and a > 0, then (0.5.8)
holds.

Proof. Since ||Pul|?, = (P*Pu,u), it suffices to prove that some power of p(z, D)*p(z,
= (Q is bounded on L2. But Q* € OPS;gka, so for k large enough this follows from
Lemma 0.5.B.

To proceed with the proof of Theorem 0.5.C, taking
q(x,D) = p(x,D)*p(x,D) € OPSS’(;,
suppose |q(z,&)| < M —b, b> 0, so

(0.5.9) M — Re q(z,&) > b> 0.

In the matrix case, take Re q(z,&) = (1/2)(q(x, &) + q(z,£)*). Tt follows that
(0.5.10) A(w,€) = (M — Re g(z,8))"? € 59,

and

A(CL‘, D)*A<':E7 D) =M — Q(CE, D) + ’I“(CL', D)7
(0.5.11) —(p—9)
r(z, D) € OPS, " ™.

Applying Lemma 0.5.D to r(z, D), we have
Mlul|Z2 — llp(z, D)ulz2 = | A(z, D)ullz: — (r(z, D)u,u)

(0.5.12)

> —Cllul|7-
or
(0.5.13) Ip(z, D)ul]* < (M + C)|ul|7,

finishing the proof.
From these L2-estimates easily follow L?-Sobolev space estimates. The Sobolev
space H®(R"™) is often defined as

(0.5.14) H(R™) = {u € S'(R™) : (£)%u(€) € L*(R™)}.
Equivalently, with

(0.5.15) Asu = / (€)u(e)e™ede;  A® e OPS®,
we have
(0.5.16) H*(R™) = A~5L*(R™).

The operator calculus easily gives:
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Proposition 0.5.E. If p(z,D) € OPSs, 0<0<p<1, m,s€R, then

(0.5.17) p(z, D) : H*(R") — H*~™(R™).

Note that, in view of the boundedness of operators with symbols £€*(£) %, |a] <
ke ZF, and ()*[Y, <k |§a|2}_1, we easily see that, given u € L?(R™), then
u € H¥(R™) if and only if D% € L*(R") for |a| < k, so the definition (0.5.16) is
consistent with other common notions of H*¥ when s =k € Z*.

Given Proposition 0.5.E, one easily obtains Sobolev regularity of solutions to the
elliptic equations studied in §0.4.

Calderon and Vaillancourt sharpened Theorem 0.5.C, showing that

(0.5.18) p(z,€) € 89

T2 n 2 n
o 05 p<1= p(z,D): L*(R") — L*(R").

This result, particularly for p = 1/2, has played an important role in linear PDE,
especially in the study of subelliptic operators, but it will not be used in this
monograph.

60.6. Garding’s inequality

In this section we establish a fundamental estimate, first obtained by Garding
in the case of differential operators.

Theorem 0.6.A. Ifp(z,D) € OPS];, 0<d<p<1, and
(0.6.1) Re p(z,&) > C|E|™ for |€| large,
then, for any s € R, there are Cy,C7 such that

(0.6.2) Re (p(z, D)u,u) = Collul|3m/z — CillulF-.

Proof. Replacing p(z, D) by A~™/2p(z, D)A~™/2, we can suppose without loss of
generality that m = 0. Then, as in the proof of Theorem 0.5.C, take

/
(0.6.3) A, &) = (Re p(z, &) — %C’)l ? c 52,67
S0
(0.6.4) A(z, D) A(z, D) = Re p(z, D) — %C’ +r(x, D),

r(z,D) € OPS, ™.
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This gives

1
Re (p(:c,D)u, u) = HA(va)u“%? + _OHUH%2 + (r(a:,D)u,u)
(0.6.5) 2

v

1
5Cllullzz = Culfull7.

with s = —(p — §)/2, so (0.6.2) holds in this case. If s < —(p — §)/2 = s¢, use the
simple estimate

(0.6.6) ull e < ellullfs + Ce)lull3s

to obtain the desired result in this case.

§0.7. The sharp Garding inequality

In this section we will sketch a proof of the following sharp Garding inequality,
first proved by Hormander for scalar operators and then by Lax and Nirenberg for
matrix valued operators.

Proposition 0.7.A. If p(x,§) € Sty and p(x,£) > 0, then

(0.7.1) Re (p(z, D)u, u) = —Cul2.

We begin with the following characterization of S, a variant of (0.2.6). Cover
R?" with “rectangles” R;, centered at points (z;,&;), such that |z — z;| < 1/2
and |§ — &;| < (1/2)M; defines R;; here M; = max (|&1],...,|&n|), if this max
is > 1, M; = 2 otherwise; £ = (§j1,...,&n). Let ¥, be the natural affine map
from the unit “cube” Qg in R®", defined by |z| < 1/2, || < 1/2, onto R;. Then
p(z, &) € C*°(R?") defines a sequence of functions p o ¥; € C*(Qy), and p(z, &)
belongs to ST if and only if {Mj_mp o ¥;} is bounded in C*°(Qo).

One can pick a cover R; of R?" and a subordinate partition of unity v;(z,£) > 0,
bounded in SY ;. Let

(0.7.2) qj(z, &) = (Y;p) o ;.

Then p(z, &) € St implies Mj_lqj bounded in C§°(Qo).

Now one can construct “by hand” an operator A = a;(z, D), such that a1 (z, &) €
S(R*™), [ai(z,€&)drdé =1, and (Au,u) > 0 for all u. One can take A to be given
by (0.3.2) with

(073) a(x7 Y, f) = 006_|$|26_|§|26_|y|2
and verify that this works, for some Cy > 0. Then set

(0.7.4) ar(z, &) = t"2a(t 2, t1/2%¢)
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and define p; € S(R?*") by

Thus
(0.7.6) pj = (¥;p) * b;

where b; is obtained from a;(x,&) via a linear symplectic transformation; b;(x, D)
is unitarily conjugate to a;(x, D), and hence b;(z, D) > 0. Since (¢;p)(z,£) > 0, i
follows from (0.7.6) that

pj(z,D) = /(wjp)(y, mbj(x —y, D —n)dydn > 0.
Now let

(0.7.7) P(2,€) = D _pi(,6).

It is clear that p(z, D) > 0. It is also not hard to show that

(0.7.8) p(x, &) — Pz, &) € S,

This gives (0.7.1).

Note that, multiplying p(x, D) on both sides by A™/2_ you can restate the sharp
Garding inequality in the apparently more general form: if p(x,§) € ST is > 0,
then

(0.7.9) Re (p(z, D)u,u) > —CHUH?{(m—n/z-

There is also the following variant for symbols of type (p, ) :

Proposition 0.7.B. Given 0 <6 < p <1, then p(x,§) € S}, p(x,§) > 0 implies
(0.7.1) provided m = p — .

The proof is parallel to that sketched above. One covers R?" by rectangles R;,
defined by [o —z;| < (1/2)M;°, |¢ = &| < (1/2)M].

For scalar operators, there is the following tremendous strengthening, due to
Fefferman and Phong [FP]:

Theorem 0.7.C. If p(x,§) € S, is > 0 and scalar, then (0.7. 1) holds provided
m=2(p—9).

A variant of the sharp Garding inequality, for symbols with limited smooth-
ness, will be established in Chapter 2 and applied in Chapter 6. The approach
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in Chapter 2 will be to write p(z,&) = p*(z,€) + p®(x,€) and apply Proposition
0.7.B to p*(z, &), while bounding the norm of p®(x, ). Actually, in order to state
the sharpest available result, we will apply Theorem 0.7.C to p*(z, &), but for the
application in Chapter 6 the weaker result following from Proposition 0.7.B suffices.

§0.8. Hyperbolic evolution equations

In this section we examine first order systems of the form

(0.8.1) % = L(t,x,D,)u+ g(t,x), u(0)=f.

We assume L(t,z,§) € 81170, with smooth dependence on ¢, so
(0.8.2) DI DIDEL(t,2,6)| < Cjap(€)' 1.

Here L(t,z,¢) is a K x K matrix-valued function, and we make the hypothesis of
symmetric hyperbolicity:

(0:8.3) L(t,,€)" + L(t,2,6) € 52,

We suppose f € H*(R"), s € R, g € C(R, H*(R")).
Our strategy will be to obtain a solution to (0.8.1) as a limit of solutions u. to

(0.8.4) a;E = JeLJeue + g, u:(0)=f,
where
(0.8.5) J. = p(eDy)

for some p(§) € S(R™), ¢(0) = 1. The family of operators J. is called a Friedrichs
mollifier. Note that, for any ¢ > 0, J. € OPS™°, while, for ¢ € (0,1}, J; is
bounded in OPS? .

For any € > 0, J.LJ. is a bounded linear operator on each H®, and solvability
of (0.8.4) is elementary. Our next task is to obtain estimates on u., independent of
e € (0,1]. Use the norm |lu| gs = ||A%ul| 2. We derive an estimate for

(0.8.6) %HASuE(t)H%g = 2(A°J.LJcuc) + 2(A°g, Aue).

Write the first two terms on the right as

(0.8.7) 2(LA° Joue, AN° Joue) + 2([A°, L) Joue, A° Joue).

By (0.8.3), L+ L* = B(t,z, D) € OPSY{ g, so the first term in (0.8.7) is equal to

(0.8.8) (B(t,z, D)A* Joue, A Joue) < O Jeuc||e
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Meanwhile, [A®, L] € OPSY , so the second term in (0.8.7) is also bounded by the
right side of (0.8.8). Applying Cauchy’s inequality to 2(A°g, A®u.), we obtain

d
(0.8.9) T8Oz < ClIA (B2 + Cllg®)llzr-

Thus Gronwall’s inequality yields an estimate

(0.8.10) lue@ 1 < CEOIIZ +191E 0.0,2 )

independent of ¢ € (0, 1]. We are now prepared to establish the following existence
result.

Proposition 0.8.A. If (0.8.1) is symmetric hyperbolic and
feHR"), ge C(R,H*(R")), s €R,
then there is a solution u to (0.8.1), satisfying

(0.8.11) u € LS (R, HS(R™)) N Lip(R, H*~H(R™)).

Proof. Take I = [T, T]. The bounded family
u. € C(I,H)NCHI, H*™)

will have a weak limit point u satisfying (0.8.11), and it is easy to verify that such
u solves (0.8.1). As for the bound on [T, 0], this follows from invariance of the
class of hyperbolic equations under time reversal.

Analogous energy estimates can establish uniqueness of such a solution v and
rates of convergence of u. — u as ¢ — 0. Also (0.8.11) can be improved to

(0.8.12) u € CO(R, H(R™)) N CH(R, H*H(R™)).

As details of such arguments, applied to nonlinear problems, can be found in Chap-
ter 5, we will skip them here.

There are other notions of hyperbolicity. In particular, (0.8.1) is said to be
symmetrizable hyperbolic if there is a K x K matrix valued S(t,z,§) € S, which
is positive definite, and such that S(¢,z,&)L(t,z,§) = f)(t,x,f) satisfies (0.8.3).
It can be shown that (0.8.1) is symmetrizable whenever it is strictly hyperbolic,
ie, if L € S and Li(t,z,€) has, for each (t,x,£), £ # 0, K distinct purely
imaginary eigenvalues. Proposition 0.8.A extends to the case of symmetrizable
hyperbolic systems. First order systems of this nature arise from higher order
strictly hyperbolic PDE. Such arguments as justify these statements can also be
found, applied to nonlinear problems, in Chapter 5.
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§0.9. Egorov’s Theorem

We want to examine the behavior of operators obtained by conjugating a pseu-
dodifferential operator Py € OPSTY, by the solution operator to a scalar hyperbolic
equation of the form

(0.9.1) % =1iA(t,x, D;)u,
where we assume A = A; + Ay with

(0.9.2) Ai(t,z,€) € SY real,  Ag(t,z, &) € SY,.

We suppose A;(t,z,€) is homogeneous in &, for |{| > 1. Denote by S(t,s) the
solution operator to (0.9.1), taking u(s) to u(t). This is a bounded operator on
each Sobolev space H?, with inverse S(s,t). Set

(0.9.3) P(t) = S(t,0)P,S(0, t).

We aim to prove the following result of Egorov.

Theorem 0.9.A. If Py = po(x, D) € OPSYYy, then for each t, P(t) € OPSYY,
modulo a smoothing operator. The principal symbol of P(t) (mod Sffo_l at a point

(x0,&0) s equal to po(yo,no), where (yo,no) is obtained from (xq,&n) by following
the flow C(t) generated by the (time dependent) Hamiltonian vector field

n

B 8A1 0 aAl 0
(0.9.4) Hay(t,2,6) = Z( o¢; dx;  Ox; a_gj>'

j=1

To start the proof, differentiating (0.9.3) with respect to ¢ yields
(0.9.5) P'(t) =i[A(t,z, D), P(t)], P(0)=F,.
We will construct an approximate solution Q(t) to (0.9.5) and then show that

Q(t) — P(t) is a smoothing operator.
So we are looking for Q(t) = q(t,z, D) € OPSTY, solving

(0.9.6) Q'(t) = i[A(t, 2, D), Q)] + R(t), Q(0) = P,

where R(t) is a smooth family of operators in OPS~°. We do this by constructing
the symbol ¢(t,z,£) in the form

(097) q(t,l’,f) NQO(t7m7€)+Q1(tvm7€)+'” :
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Now the symbol of i[A, Q(t)] is of the form
jlal
i

(0.9.8) Ha,q+{Ao,q} +i Z o (A(Q)Q(a) - q(a)A(a)>

lor| 22

where A(® = D?A, Ay = Dy A, etc. Since we want the difference between this
and 0q/0t to have order —oo, this suggests defining qo (¢, x, &) by

0

(0.9.9) <E . HA1>q0(t, 2,6) =0, qo(0,2,€) = polz,£).

Thus qo(t,z0,&) = po(Yo,m0), as in the statement of the Theorem; therefore
qo(t, 7, &) € ST. The equation (0.9.9) is called a transport equation. Recursively
we obtain transport equations

0
(0.9.10) (57— Ha)as(t2,0) = b;(t.2.). 4,(0,2,6) =0,
for 7 > 1, with solutions in S{rfo_j, leading to a solution to (0.9.6).

Finally we show P(t) — Q(t) is a smoothing operator. Equivalently, we show
that, for any f € H?(R"),

(0.9.11) o(t) —w(t) = S(t,0)Pof — Q(t)S(¢,0)f € H™(R"),
where H>*(R"™) = NgH*(R™). Note that

(0.9.12) % =iA(t,z,D)v, v(0)=Pyf

while use of (0.9.6) gives

(0.9.13) 88—7“: =iA(t,z,D)w+g, w(0)=Ff

where

(0.9.14) g = R(t)S(t,0)w € C*(R, H*(R")).

Hence

(0.9.15) 0 (v—w)=13A(t,z,D)(v—w)—g, v(0)—w(0)=0.

ot
Thus energy estimates for hyperbolic equations yield v(t) — w(t) € H™ for any
f € H?(R™), completing the proof.

A check of the proof shows that

(0.9.16) Py € OPS™ = P(t) € OPS™

Also the proof readily extends to yield the following:
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Proposition 0.9.B. With A(t,x, D) as before,

provided
1
(0.9.18) p > 2 0=1—p.

One needs § = 1 — p to insure that p(C(t)(x,§)) € S)'s, and one needs p > ¢ to

insure that the transport equations generate g;(t, z,§) of progressively lower order.

§0.10. Microlocal regularity

We define the notion of wave front set of a distribution v € H~*°(R") =
UsH?®(R™), which refines the notion of singular support. If p(z,£) € S™ has princi-
pal symbol p,,(z, &), homogeneous in &, then the characteristic set of P = p(z, D)
is given by

(0.10.1) Char P = {(z,£) e R” x (R"\0) : pn(z,&) = 0}.

If p(z,€) is a K x K matrix, take the determinant. Equivalently, (zq,&p) is non-
characteristic for P, or P is elliptic at (zg,&), if |p(z, &)™t < ClE|™™, for (z,&)
in a small conic neighborhood of (z¢,&p), and |¢| large. By definition, a conic set
is invariant under the dilations (z,§) — (z,r€), r € (0,00). The wave front set is
defined by

(0.10.2) WF(u) =(){Char P: P € OPS°, Pue C*™}.

Clearly WF(u) is a closed conic subset of R™ x (R™ \ 0). If 7 is the projection
(,&) — x, we have:

Proposition 0.10.A. 7(WF(u)) = sing supp u.

Proof. If zy ¢ sing supp u, there is a ¢ € C§°(R™), ¢ = 1 near x, such that
ou € C°(R™). Clearly (z¢,§) ¢ Char ¢ for any £ # 0, so 7(W F(u)) C sing supp
u.

Conversely, if o ¢ m(W F(u)), then for any £ # 0 there is a Q@ € OPS° such that
(z0,€) ¢ Char Q and Qu € C*. Thus we can construct finitely many Q; € OPS°
such that Q;u € C* and each (zo,&), |£| =1 is noncharacteristic for some @;. Let
Q= 0Q;Q; ¢ OPS°. Then Q is elliptic near ¢ and Qu € C*, so u is C* near

ZIo.

We define the associated notion of ES(P) for a pseudodifferential operator. Let
U be an open conic subset of R" x (R™\ 0). We say p(z,§) € S; has order —oo
on U if for each closed conic set V of U we have estimates, for each N,

(0.10.3) D7 Dgp(x,8)] < Capnv (&)™, (2,6 €V,
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If P=p(x,D) € OPST's, we define the essential support of P (and of p(x,§)) to
be the smallest closed conic set on the complement of which p(z, ) has order —oc.
We denote this set by ES(P).

From the symbol calculus of §0.3 it follows easily that

(0104) ES(P1P2) C ES(Pl) N ES(PQ)

provided P; € OPS;r;f&j and p; > 02. To relate WF(Pu) to WF(u) and ES(P),
we begin with the following.

Lemma 0.10.B. Let u € H=*°(R"™) and suppose U is a conic open set satisfying

WE(u)NU = 0. If P € OPS]'s, p>0, and § < 1, and ES(P) C U, then Pu € C*°.

Proof. Taking Py € OPS° with symbol identically 1 on a conic neighborhood of
ES(P), so P = PPy mod OPS~°, it suffices to conclude that Pyu € C*°, so we
can specialize the hypothesis to P € OPSV.

By hypothesis, we can find Q; € OPS? such that Q;u € C* and each (x,§) €
ES(P) is noncharacteristic for some @, and if Q@ = Q7 Q;, then Qu € C*° and
Char Q N ES(P) = ). We claim there exists A € OPS? such that AQ = P mod
OPS~°. Indeed, let Q be an elliptic operator whose symbol equals that of Q on a
conic neighborhood of ES(P), and let Q! denote a parametrix for Q. Now simply
set set A = PQ~'. Consequently (mod C®°) Pu = AQu € C*°, so the lemma is
proved.

We are ready for the basic result on the preservation of wave front sets by a
pseudodifferential operator.

Proposition 0.10.C. Ifuec H=* and P € OPS™

o5 with p >0, 6 <1, then

(0.10.5) W F(Pu) C WF(u) N ES(P).

Proof. First we show WF(Pu) C ES(P). Indeed, if (z¢,&) ¢ ES(P), choose
Q = q(x,D) € OPS® such that ¢(x,£) = 1 on a conic neighborhood of (xg, &)
and ES(Q) N ES(P) = 0. Thus QP € OPS™°, so QPu € C*°. Hence (x9,&)) ¢
W F(Pu).

In order to show that WF(Pu) C WF(u), let I' be any conic neighborhood of
WF(u) and write P = Py + P, P; € OPS]s, with ES(Py) C I and ES(P) N
WF(u) = 0. By Lemma 0.10.B, P,u € C*°. Thus WF(u) =WF(Pyu) C T, which
shows WF(Pu) C WF (u).

One says that a pseudodifferential operator of type (p,d), with p > 0 and § < 1,
is microlocal. As a corollary, we have the following sharper form of local regularity
for elliptic operators, called microlocal regularity.
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Corollary 0.10.D. If P € OPS[s is elliptic, 0 < < p <1, then

(0.10.6) W F(Pu) = WF(u).

Proof. We have seen that WF(Pu) C WF(u). On the other hand, if £ € OPS_ "
is a parametrix for P, we see that WF(u) = WF(EPu) C WF(Pu). In fact, by an
argument close to the proof of Lemma 0.10.B, we have for general P that

(0.10.7) WF(u) C WF(Pu)U Char P.

We next discuss how the solution operator e®4 to a scalar hyperbolic equation
Ou/0t = iA(x, D)u propagates the wave front set. We assume A(z,&) € S}, with
real principal symbol. Suppose W F'(u) = X.. Then there is a countable family of op-
erators pj(z, D) € OPS?, each of whose complete symbols vanish in a neighborhood
of ¥, but such that

(0.10.8) 2= ﬂ{(:c, £) : pi(z,€) = 0}.

We know that p;(z,D)u € C* for each j. Using Egorov’s Theorem, we want
to construct a family of pseudodifferential operators q;(z, D) € OPS° such that
q;(x, D)e*4y, € C*°, this family being rich enough to describe the wave front set
of e'4uy.

Indeed, let q;(x, D) = e'4p;(x, D)e~ 4. Egorov’s Theorem implies that ¢;(x, D) €
OPS°, (modulo a smoothing operator) and gives the principal symbol of ¢;(z, D).
Since p;(z, D)u € C*, we have e!*4p;(x, D)u € C°°, which in turn implies ¢;(x, D)e
C*>. From this it follows that W F(e®®4u) is contained in the intersection of the
characteristics of the g;(z, D), which is precisely C(¢)%, the image of ¥ under the
canonical transformation C(t), generated by H4,. In other words,

itA,‘

WF(e"u) c C(t)WF(u).

However, our argument is reversible; u = e~#4(e44y). Consequently, we have:

Proposition 0.10.E. If A= A(x, D) € OPS* is scalar with real principal symbol,
then, foru € H™°°,

(0.10.9) WF(e"u) = C(t)WF(u).

The same argument works for the solution operator S(¢,0) to a time-dependent
scalar hyperbolic equation.
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§0.11. LP estimates

As shown in §0.2, if p(x, D) € OPSR(;, 0 < < 1, then its Schwartz kernel
K (z,y) satisfies estimates

(0.11.1) |K(z,y)| < Clz —y[™",
and
(0.11.2) Ve yK(2,y)] < Clo—y[7" 71,

Furthermore, at least when § < 1, we have an L? bound:
(0.11.3) |Pu||2 < Kljul|rz,

and smoothings of these operators have smooth Schwartz kernels satisfying (0.11.1)—
(0.11.3) for fixed C, K. Our main goal here is to sketch a proof of the following
fundamental result of Calderon and Zygmund.

Theorem 0.11.A. Suppose P : L*(R") — L?(R"™) is a weak limit of operators
with smooth Schwartz kernels satisfying (0.11.1)-(0.11.8) uniformly. Then

(0.11.4) P:LP(R") — LP(R"), 1<p< 0.
The hypotheses do not imply boundedness on L!(R™) or on L>°(R™). They will

imply that P is of weak type (1,1). By definition, an operator P is of weak type
(q,q) provided that, for any A > 0,

(0.11.5) meas {z : |[Pu(x)] > A} < %HUH‘IM

Any bounded operator on L? is a fortiori of weak type (g, ¢), in view of the simple
inequality

1
(0.11.6) meas {z : Ju(x)] > A} < XHUHLI

A key ingredient in proving Theorem 0.11.A is the following result.
Proposition 0.11.B. Under the hypotheses of Theorem 0.11.A, P is of weak type
(1,1).

Once this is established, Theorem 0.11.A will then follow from the next result,
known as the Marcinkiewicz Interpolation Theorem.



29

Proposition 0.11.C. Ifr < p < q and if P is both of weak type (r,r) and of weak
type (q,q), then T : LP — LP.

See [S1] for a proof of this result. Also in [S1] is a proof of the following de-
composition lemma of Calderon and Zygmund. These results can also be found in
Chapter 13 of [[T1]].

Lemma 0.11.D. Let u € LY(R™) and A > 0 be given. Then there exist v,wy €
LY(R™) and disjoint cubes Qi, 1 < k < oo, with centers xy, such that

(0.11.7) uw="uv+ zkjwk, o]l + ij wellzr < 3wz,
(0.11.8) lv(z)] <27,
(0.11.9) /wk(:zr) dr =0 and supp wi C Q,
Qk
(0.11.10) > meas(Qr) < A ul|pr
k

One thinks of v as the “good” piece and w = ) wy, as the “bad” piece. What is
“good” about v is that ||v||7. < 2"Alu| L1, so

(0.11.11) | Pv]|2: < K?||v||32 < 4"K2\||ul|z:-
Hence

A\ 2 A
(0.11.12) (§> meas {:c  |Po(z)| > 5} < OMul| 1.

To treat the action of P on the “bad” term w, we make use of the following
essentially elementary estimate on the Schwartz kernel K.

Lemma 0.11.E. There is a Cy < 0o such that, for any t > 0, if |y| < t,zo € R,

(0.11.13) / ’K(ax,wo +y) — K(x,x0)| dz < Cy.

o[ >2t
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To estimate Pw, we have

Pwy(z) = /K(:c,y)wk(y) dy
(0.11.14) B

— [ 1K) = K )] unly) dy
Qk

Before we make further use of this, a little notation: Let @)} be the cube concentric
with Qg, enlarged by a linear factor of 2n'/2, so meas Q= (4n)"/2 meas Q. For
some ti > 0, we can arrange that

Qr C{x: |x — x| < tx}

0.11.15 *
( ) Vi =R"\ Q) C{z: |z — x| > 2t}

Furthermore, set O = UQ)}, and note that
L
(0.11.16) meas O < Y |||l L

with L = (4n)™2. Now, from (0.11.14), we have

[ 1Pu@) s

Yy

(0.11.17) < / / |K(z+ 2k, y) — K(z + o, )| - |wi(y + zx)| dz dy

ly| <tg, |z|>2t4
< Collwg]| L1,

the last estimate using Lemma 0.11.E. Thus

(0.11.18) / |Pw(z)|dz < 3Ch||ul|L:.

R\ O

Together with (0.11.16), this gives
A A
(0.11.19) 5 meas {x |Pw(z)| > 5} < Ch||ul|gz,
and this estimate together with (0.11.12) yields the desired weak (1,1) estimate:

C
(0.11.20) meas {z : |Pu(z)| > A} < 72 /| 11
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This completes the proof.
We next describe an important generalization to operators acting on Hilbert
space valued functions. Let H; and Hy be Hilbert spaces and suppose

(0.11.21) P: L*(R" Hi) — L*(R", Hy).

The P has an L£(H1, Hz)-operator valued Schwartz kernel K. Let us impose on K
the hypotheses of Theorem 0.11.A, where now | K (x,y)| stands for the £(H1,Hz2)-
norm of K (x,y). Then all the steps in the proof of Theorem 0.11.A extend to this

case. Rather than formally state this general result, we will concentrate on an
important special case.

Proposition 0.11.F. Let P(¢) € C®(R", L(H1, Hz)) satisfy

(0.11.22) IDEP(E) || £(ry,12) < Cal€) ™

for all « > 0. Then

(0.11.23) P(D): LP(R", H;) — LP(R", Hy) for 1 < p < co.

This leads to an important circle of results known as Littlewood-Paley Theory.
To obtain this, start with a partition of unity

(0.11.24) 1= Zgoj(g)Q

where p; € C°, (&) is supported on |§] < 1, (&) is supported on 1/2 < [¢] < 2,
and ¢; (&) = p1(2179¢) for j > 2. We take Hy; = C, Ha = £2, and look at

(0.11.25) ®: L*(R") — L3(R", (%)
given by
(0.11.26) ®(f) = (vo(D)f,1(D)f, p2(D)f,...).

This is clearly an isometry, though of course it is not surjective. The adjoint
®* : L*(R™, (%) — L*(R"),
given by
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satisfies

(0.11.28) P = I
on L?*(R™). Note that ® = &(D), where

(0'11'29) (13(5) = (900(5)7901(5)7902(5)?'“)'

It is easy to see that the hypthesis (0.11.22) is satisfied by both ®(£) and ®*(¢&).
Hence, for 1 < p < o0,

® : LP(R") — LP(R", (?)
(0.11.30) ,
o* : LP(R™, (%) — LP(R™).
In particular, ® maps LP(R™) isomorphically onto a closed subspace of LP(R", ?),
and we have compatibility of norms:

(0.11.31) lull e & | Bl Logn e2)-

In other words,
/ — 2 1/2
(0.11.32) Cylullr < | X les@yul?| < Cyllullr,
§=0

for 1 < p < oco. This Littlewood-Paley estimate will be used in Chapter 2.

§0.12. Operators on manifolds

If M is a smooth manifold, a continuous linear operator P : C§°(M) — D'(M)
is said to be a pseudodifferential operator in OPS";(M) provided its Schwartz
kernel is C* off the diagonal in M x M, and there exists an open cover 2; of
M, a subordinate partition of unity ¢;, and diffeomorphisms F; : Q; — O; C R"
which transform the operators Py, : C>(€;) — £'() into pseudodifferential
operators in OPS/%, as defined in §0.1.

This is a rather “liberal” definition of OPS]s(M). For example, it poses no
growth restrictions on the Schwartz kernel K € D/(M x M) at infinity. Conse-
quently, if M happens to be R™, the class of operators in OPS;’?(;(M ) as defined
above is a bit larger than the class OPS]"s defined in §0.1. One negative con-
sequence of this definition is that pseudodifferential operators cannot always be
composed. One drastic step to fix this would be to insist that the kernel be prop-
erly supported, so P : C§°(M) — C§°(M). If M is compact, these problems do not
arise. If M is noncompact, it is often of interest to place specific restrictions on K
near infinity, but analytical problems inducing one to do so will not be studied in
this monograph.
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Another way in which the definition of OPSs (M) given above is liberal is that it
requires P to be locally transformed to pseudodifferential operators on R™ by some
coordinate cover. One might ask if then P is necessarily so transformed by every
coordinate cover. This comes down to asking if the class OPS]"; defined in §0.1 is
invariant under a coordinate transformation, i.e., a diffeomorphism F': R™ — R™. It
would suffice to establish this for the case where F is the identity outside a compact
set.

In case p € (1/2,1] and 6 = 1 — p, this invariance is a special case of the
Egorov Theorem established in §0.9. Indeed, one can find a time-dependent vector
field X (¢) whose flow at ¢ = 1 coincides with F and apply Theorem 0.9.A to
iA(t,x, D) = X(t). Note that the formula for the principal symbol of the conjugated
operator given there implies

(0.12.1) p(1, F(),&) = po(z, F'(2)"¢),

so that the principal symbol is well defined on the cotangent bundle of M.

Alternatively, one can insert the coordinate changes into the Fourier integral
representation of P and work on that. This latter approach has the advantage of
working for a larger set of symbol classes S5 than the more general conjugation
invariance applies to. In fact, one needs only

1

A proof of this can be found in [H1], [T2]. While this coordinate invariance is good
to know, it will not play a crucial role in the analysis done in this monograph.
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Chapter 1: Symbols with limited smoothness

Here we establish some very general facts about symbols p(z,£) with limited
smoothness in . We prove some operator bounds on p(x, D) when p(z, ) is homo-
geneous in &.

In §1.2 we show that these simple results lead to some easy regularity theorems,
for solutions to an elliptic PDE, F(z, D™u) = f, under the assumption that u al-
ready possesses considerable smoothness, e.g., roughly 2m derivatives. Though this
is a rather weak result, which will be vastly improved in Chapters 2 and 3, neverthe-
less it has some uses, beyond providing a preliminary example of techniques to be
developed here. For example, when examining local solvability of F'(x, D™u) = f,
one can use a Banach space implicit function theorem to find v € H® with s large,
and then apply such a regularity result as Theorem 1.2.D to obtain local C'*° solu-
tions.

One key tool for further use of symbols introduced here is to write p(z,§) =
p#(z, &) + p®(x,€), with p# (x,£) a C* symbol, in ST, and p°(z, &) having lower
order. This symbol decomposition is studied in §1.3.

§1.1. Symbol classes

We introduce here some general classes of symbols p(z, &) which have limited
regularity in x. To start with, let X be any Banach space of functions, such that

(1.1.1) CecXcal.
We say
(112)  p(x,€) € XS = [IDEp(-&)]x < Cal)™ 1], a > 0.

For applications, we will generally want X to be a Banach algebra under pointwise
multiplication, and more specifically

feC®R), ue X = f(u) € X;
(1.1.3)
f maps bounded sets to bounded sets in X.

Such an X as we consider will usually be one of a family {X* : s € X} of spaces,
known as a scale. The set 3 will be of the form [0, c0) or (¢, o0), and we assume

(1.1.4) X5 C Xtift < s,
provided ¢t,s € X, and, if s € ¥,m € Z*, then s + m € ¥ and

(1.1.5) OPD™ : X°T™ — X
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where OPD™ denotes the space of differential operators of order m (with smooth

coefficients).

Examples of scales satisfying the conditions above are
(1.1.6) X*=C*R"), X=][0,00)
and
(1.1.7) X®=H*PR"), X =(n/p,o00),

for any given p € [1,00). In (1.1.6), C* is the space of C* functions whose k"
derivatives satisfy the Holder condition

(1.1.8) ju(z +y) —u(@)] < Cly7, |yl <1,

where s = k+ 0, 0 < o < 1. The spaces (1.1.7) are Sobolev spaces.
We say {X?®} is microlocalizable if, for m € R, s,s +m € X,

(1.1.9) OPSTy: X5 — X,

The Sobolev spaces (1.1.7) have this property provided p € (1,00). The property
(1.1.9) fails for the spaces C* if s is an integer. In such a case, one needs to use the
Zygmund spaces

(1.1.10) X*=C5(R"), ¥ =(0,00),

which coincide with C? is s is not an integer, but differ from C? if s is an integer.
Some important properties of Sobolev spaces and Zygmund spaces are discussed in
Appendix A.

We will say p(z,§) € XSg, or merely X.S™, provided p(x, &) € X ST and p(z,§)
has a classical expansion

(1.1.11) p(x,&) ~ > pi(,9)

720

in terms homogeneous of degree m — j in £ (for |£| > 1), in the sense that the
difference between p(z,&) and the sum over j < IV belongs to XSy N
As usual, we define the operator associated to p(x, &)

(1.1.12) p(z, D)u = /p(x,f) u(€) 'S dE.

We also consider p(D, x), defined by

(1.1.13) p(D.z)u = 20" [ [ &)@ € uly) dy e

We now derive some mapping properties for the operators (1.1.12)—(1.1.13), in the

case p(z,§) € X°S'. The analogues for p(x,§) € X*ST, are somewhat harder to
establish. These will be discussed in §2.1.
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Proposition 1.1.A. Assume {X*®} is a microlocalizable scale. If m € R, s €
Y, p(z,&) € X587, then

cl»

(1.1.14) p(x,D): X — X% if s+ meYX,
and
(1.1.15) p(D,x): X° — X°*"™ if s—m € .

Proof. Considering p(z, D)(1 — A)~™/2 and (1 — A)~"/2p(D, x), respectively, it
suffices to treat the case m = 0. Via such decompositions as

(1.1.16) }:ml (KO

where w; € C°(S™™1) are the spherical harmonics, such mapping properties are
easily established. The operators w;(D) have norms bounded by C(I)¥ if hypoth-
esis (1.1.9) holds, while the factors pg; have rapidly decreasing norms as [ — oo.
Note that po(D,z)u = > wi(D)(pou).

l

It is worthwhile to record the following generalization. If X and Y are two
Banach spaces satisfying (1.1.1), we say X is a Y-module if pointwise multiplication
gives a continuous bilinear map ¥ x X — X.

Proposition 1.1.B. If{X?®} is microlocalizable and p(x,&) € Y ST},
ping properties (1.1.14)—(1.1.15) hold, provided X* is a Y -module.

then the map-

In fact, it is sometimes useful to consider a scale {X*} for s in a larger interval
> (containing ), on which (1.1.1) might not hold. For example we can consider
X* = H%P(R"), for s € R. In this more general situation, if Y is a Banach space of
functions satisfying (1.1.1) and X* is a Banach space of distributions, we say X*® is
a Y-module provided there is a natural continuous product ¥ x X* — X%, It is
clear that Proposition 1.1.B generalizes to this case.

It is occasionally even useful to consider p(z,§) € Y ST, for a Banach space Y’
of distributions not satisfying (1.1.1). For such a case, one would tend to have
m < 0 and consider only p(D,x). The following result follows in the same way as
Proposition 1.1.A and Proposition 1.1.B.

Proposition 1.1.C. Let X°)Y,Z and W be Banach spaces of distributions, and
assume p(x, &) € YST'. Then

(1.1.17) p(D,z): Z — X*
provided pointwise multiplication yields a continuous bilinear map

(1.1.18) Y XxZ—W
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and

(1.1.19) OPS™" : W — X°*.

A basic family of special cases of (1.1.18) is

(1.1.20) H™*P(R") x H™(R") — H—5P(R"),
with
1 1
(1.1.21) 4=, >t 0<s<n
p g q

which follows by duality from H*? x H™? — H*%1,

§1.2. Some simple elliptic regularity theorems

Throughout this section we suppose {X?® : s € ¥} is a microlocalizable scale.
Suppose we have an elliptic differential operator of order m,

A(z,D) = Z aq(z) D,
lo|<m

with coefficients in X*, where s is an element of ¥. Then we can take p(x,§) €
X5S™, equal to A(z, &)t for |¢| large. The formal transpose of A(z, D) is given
by

(1.2.1) A(z, D)u = Z (—=D)%aq(x)u,

la]<m

and we have

p(D, ) Az, Dyu = / / p(y, O)[A(y, D)u(y)]e' =€ dy de

(122) — [ ) A DY ot 1]
=u+ Ru

where

(1.2.3) // R(y. €)ei—€ gy de.

Here

(1.2.4) R(y,€) = e A(y, D) [p(y,)e ™| — 1

= 7(y,€),

j=1
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with

(1.2.5) ri(y,€) € X518

From (1.1.15) of Proposition 1.1.A, it follows that

(1.2.6) ri(D,r): X — X5 ifs—j e,
S0

(1.2.7) R: X! — X% ifs—meX.
Now if

(1.2.8) A(z,D)u = f

then

(1.2.9) u=p(D,z)f — Ru.

Since p(D,z) : X" — X"t™ for r < s, we have most of the proof of the following
regularity result.

Theorem 1.2.A. Let A(xz,D) be an elliptic differential operator with coefficients
in X*; assume s —m € Y. Assume A(x,D)u = f € X", and assume a priori that
uw€ XY Thenu € X" providedr =s—m+k, k=0,1,....,m

Proof. Alook at (1.2.9) shows that v € X* under these hypotheses, which covers the
case r = s —m of the theorem. We now treat the casesr = s—m-+k, k=1,...,m.
Thus we suppose f € X*~™*+* By induction, we can assume u € X+~

Let ug = DPu. If | 3| < k, applying DP to (1.2.8) gives

(1.2.10) Z D%ug = DA f — Z (f) [Daq(z)]| Dy

lor|<m lor|<m
= fge X°7™M,
where in the second sum, o +~v = 3, |y| <k — 1. Now we can regard
(1.2.11) A(x,D)ug = Fg € X°7™, |B| <k,

as an elliptic system, to which the & = 0 case of our theorem applies, since u €
Xsth—l — ug € X*~1. This completes our inductive step and proves the rest of
the theorem.

Though it is desirable to have results for less regular coefficients, nevertheless
Theorem 1.2.A leads to some useful regularity results for solutions to nonlinear
elliptic PDE, as we now show. Consider the equation

(1.2.12) Z ao(z, D™ ) D = f.
lo|<m

Assume it is elliptic of order m, the coefficients a,(z,() being smooth in their
arguments.
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Theorem 1.2.B. Assume (1.2.12) holds with f € X*; assume u € X*T™1 3o
that one has aq(z, D™ 1u) € X, and assume s —m € . Then u € X5T™.

Proof. With a,(x) = aq(x, D™ 1u), the case r = s of Theorem 1.2.A applies.

Corollary 1.2.C. Ifu € X5t™1 solves (1.2.12) with f € C*, and
s—m € X, then u € C*.

We also note the following regularity result for solutions to a completely nonlinear
PDE

(1.2.13) F(z,D™u) = f,

assumed to be elliptic, F' = F(z,() being smooth in its arguments, ( = ({, : |a| <
m).

Theorem 1.2.D. Assume u € Xt™ solves (1.2.13), with f € X**! and that
(1.2.183) is elliptic. Then u € X*T™ L provided s —m € X.

Proof. Set uj = Ou/0x;. Then differentiating (1.2.13) with respect to x; gives

oF m e m of
(1.2.14) Z %(x,D u)D%uj = —Fy, (x, D u)+8xj

|| <m

:fj e X°.

As a PDE for uj, this has similar structure to the quasi-linear PDE (1.2.12), and
the analysis proving Theorem 1.2.B applies.

Clearly Corollary 1.2.C has an analogue in this case, when one assumes a priori
that u € X*T™,

The main drawback of these results is the hypothesis that s — m € X, which
requires that s > m + n/p in case (1.1.7) and s > m in case (1.1.10). We will
obtain sharper results which include the classical results of Schauder in §2.2, after
developing stronger tools in §1.3-§2.1. Here we note a simple improvement that can
be made if we use Proposition 1.1.C to tighten up the reasoning leading to (1.2.7).

Namely, suppose the scale {X® : s € X}, satisfying (1.1.1), (1.1.3), (1.1.9), is
enlarged to {X® : s € X}, satisfying (1.1.9). To get (1.2.7), one really needs in
(1.2.6) only that

ri(D, X): X571 — X°, for rj(z, &) € X318

In some cases one can get this with s — j € & \ . As noted in Proposition 1.1.C,
this happens if multiplication gives a continuous bilinear map

(1.2.15) XTI x X7t S XTI 5 =1,...,m.
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For example, if X* = H*(R"™), this holds as long as s > n/2+1 and s > (m+1)/2.
This is an improvement over Theorem 1.2.A, which would require s > n/2 + m.
Nevertheless, it is not nearly as good an improvement as will be obtained in §2.2.

§1.3. Symbol smoothing

Our goal in this section is to write a symbol p(z,§) € X°S); as a sum of a
smooth symbol and a remainder of lower order. The smooth part will not belong
to 577, but rather to one of Hérmander’s classes S7".

We will use a partition of unity

(1.3.1) 1= 4;(€), ; supported on (&) ~ 27,
J=0

such that v¥;(&) = ¥1(2179¢) for j > 2. To get this, you can start with positive

Po(€), equal to 1 for || < 1,0 for [£] > 2, set ¥; (&) = 1o(277€), and set ;(§) =
Ui(&) — U,;_1(€) for j > 1. We will call this an SY partition of unity. It is also
sometimes called a Littlewood-Paley partition of unity.

Given p(z,§) € X°S7, choose ¢ € (0,1] and set

(132) P8 = 3 ey b, 0 €)

where J, is a smoothing operator on functions of x, namely

(1.3.3) Jef(z) = ¢(eD) f ()

with ¢ € CP(R™), ¢(§) =1 for |{] <1 (e.g., » = 1)), and we take
(1.3.4) € =277,

We then define p®(z, &) to be p(z, &) — p? (x,€), so our decomposition is
(1.3.5) p(x, &) = p™ (x,8) + p°(,€).

To analyze these terms, we use the folowing simple result.

Lemma 1.3.A. If{X®:s € X} is a microlocalizable scale, then, for
e € (0,1],

(1.3.6) IDEJ.fllxs < Cg 1| £ x-
and

(1.3.7) If = Jefllxs—t < CEfllxs fors,s—teX, t>0.
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Proof. The estimate (1.3.6) follows from the fact that, for each 5 > 0,
e®' D8 ¢(eD) is bounded in OPS?’O
and the estimate (1.3.7) follows from the fact that, with A = (1 — A)/2,
A" X% — X*7 ! isomorphically, if 5,5 —t € %,
plus the fact that
e "A7'(1 — ¢(eD)) is bounded in OPSY

for 0 <e < 1.
Using this, we easily derive the following conclusion.

Proposition 1.3.B. If{X*} is a microlocalizable scale and p(x,§) € X* 10, then,
with the decomposition (1.53.5) defined by (1.5.2)—(1.3.4), we have

(1.3.8) p” (z,€) € ST
and
(1.3.9) PPz, &) € Xs_tSffo_t‘s if s,s—1t€X.

Proof. The estimate (1.3.6) yields
(1.3.10) |DEDEpH (-, €)||xs < Cuplg)mlo+o181,

which implies (1.3.8) since X* € C°. Similarly (1.3.9) follows from (1.3.7).

A primary class of symbols we will deal with is C*ST, equal to C7ST}, for
s € Rt \ Z", and contained in the latter for s € Z*. We can obtain more precise
results on the decomposition of p(z,§) € C#STY by the following supplement to
Lemma 1.3.A.

Lemma 1.3.C. Given f € C®, s> 0, we have

D2 JefllL < C|lfllcs, 18] < s,
Cem WP flles, 18] > s,

(1.3.11)

and

(1.3.12) If = Jefll~ < Cs€®|| flics-
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Proof. The first estimate in (1.3.11) (for |3| < s) is trivial. If |3] > s, we have, for
€~ 277,

IDP¢(eD) fll e <Y (IDP (D) f| 1o

1<y
(1.3.13) <Y 2N yu(D) f
1<i
<0 2127 fc..
1<i

Since Y, 2!01P179) < 2905179 for 5 < ||, we have the rest of (1.3.11). To
obtain (1.3.12), if € ~ 277 we have

(1.3.14) 11 = ¢(eD)fllr= <Y l[a(D)f = < CY 27| |

>3 1>j

S
Csy

and since 527 < C,277% for s > 0, we have (1.3.12).
Exploiting (1.3.11) gives the following improvement of (1.3.8).
Proposition 1.3.D. If p(x,§) € C*S7Yy has decomposition (1.5.5), then

DEp#(x,€) € ST for 8] < s,

(1.3.15) S5l s
SIS0 o 5] >

In the course of using the decomposition (1.3.5), we will find it helpful to have
the following generalization of X577, at least for X* = C* or Cf. For § € [0,1],
we say p(z,§) belongs to C;ST"s provided

(1.3.16) |DEp(x,€)] < Cole)m o
and
(1.3.17) IDEP(-,€)||cs < Col)mIolF=o,

We will say p(z,§) € C°ST if, in addition
(1.3.18) IDED(-,€)llos < Cal€)™ 1919 for 0 < j < s.

Thus we make a semantic distinction between C¥S7"s and C* S}, even when s ¢ ZT,
in which case C; and C? coincide.
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Proposition 1.3.E. If p(z,§) € C°ST, then, in the decomposition (1.3.5),

(1.3.19) p'(z,&) € C*ST.

Proof. That p®(z,¢) satisfies an estimate of the form (1.3.17), with m replaced by
m — sd, follows from (1.3.7), with ¢ = 0. That, for integer j, 0 < j < s, we have an
estimate of the form (1.3.18), with m replaced by m — s, follows from (1.3.12) and
its easy generalization

(1.3.20) If = Jeflles <C 77| f]

cs, 0§j<87

and from the simple estimate ||f — J.f|lci < C||fl|cs, in case s = j is an integer
(which in turn follows from the first part of (1.3.11).

It will also occasionally be useful to smooth out a symbol p(z,§) € C#57%, for
§ € (0,1). Pick v € (6,1) and apply (1.3.2), with e; = 2770079 obtaining p¥(z, £)
and hence a decomposition of the form (1.3.5). In this case, we obtain

(1821)  ple,€) € C*SYy = p*(w,€) € 57, (2, 6) € CO8T 07
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Chapter 2: Operator estimates
and elliptic regularity

In order to make use of the symbol smoothing of §1.3, we need operator estimates
on p(z, D) when p(z,§) € C*ST"5. We give a number of such results in §2.1, most
of them following from work of Bourdaud [BG]. The main result, Theorem 2.1.A,
treats the case 6 = 1. This will be very useful for the treatment of paradifferential
operators in Chapter 3.

In §2.2 we derive a number of regularity results for nonlinear elliptic PDE, in-
cluding the classical Schauder estimates, and some variants. Section 2.3 gives a
brief treatment of adjoints of operators with symbols in C’“Sll’o. In §2.4 we prove
a sharp Garding inequality for p(x, ) € C"S7. We use the symbol decomposition
p(z, &) = p"(x,€) + p°(x,€) in such a manner that we can apply the Fefferman-
Phong inequality to p*(z, D) and crudely bound p®(z, D). We also establish an
“ordinary” Garding inequality which will be useful.

§2.1. Bounds for operators with nonregular symbols

It is more difficult to establish continuity of operators with symbols in X*S577,
and other classes which arose in Chapter 1, than those with symbols in X*S7}, but
very important to do so, in order to exploit the symbol smoothing of §1.3. Most of
our continuity results will be consequences of the following result of G. Bourdaud

[BG], itself following pioneering work of Stein [S2].
Theorem 2.1.A. Ifr >0 and p € (1,00), then, for p(x,§) € C ST,

(2.1.1) p(x, D) : HT™P s HSP
provided 0 < s < r. Furthermore, under these hypotheses,

(2.1.2) p(z, D) : CEt™ — C5.

We will present Bourdaud’s proof below. First we record some implications.
Note that any p(z,§) € ST satisfies the hypotheses for all » > 0. Since operators in
OPST"s possess good multiplicative properties for ¢ € [0,1), we have the following:

Corollary 2.1.B. If p(x,§) € ST, 0 < 6 < 1, we have the mapping properties
(2.1.1) and (2.1.2) for all s € R.

It is known that elements of OPS%1 need not be bounded on LP, even for p = 2,
but by duality and interpolation we have the following.
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Corollary 2.1.C. If p(x, D) and p(x, D)* belong to OPSTY, then (2.1.1) holds for
all s € R.

The main thesis of Bourdaud [BG] is that OPST4 N (OPSTY)* possesses good
algebraic properties as well as good mapping properties. See also Hormander [H2],
[H4]; he characterizes these operators by the behavior of their symbols.

The following result will be of great use to us.

Proposition 2.1.D. Ifp € (1,00) and p(z,§) € C°ST, then

p(x,D): H™t™P — ["P

2.1.3
(2.1:3) p(, D) : CTH s C,

privided —s < r < s.

Proof. 1t suffices to take m = 0. The result follows from (2.1.1) if 0 < r < s, so it
remains to consider r € (—s,0]. For this, we make the decomposition (1.3.5), i.e.,

(2.1.4) p(x, &) = p# (2, &) + p’(x,), p¥(2.£) € 875, p'(z,6) € C°S13,

with § € (0,1). Now Corollary 2.1.B applies to p*(z, D). Meanwhile, applying
(2.1.1) to p°(x, D) with m = —sd gives

pb(a:,D) L HO7%0P HP(: Cf_S(S —C7), 0<o<s.

Picking § close to 1 then yields (2.1.3) (with m = 0) for —s < r < 0.
The following extension will also be useful.
Proposition 2.1.E. If p(z,§) € C’SS%(;, with s > 0, § € (0,1), then, for 1 <p <

0,

(2.1.5) p(z,D): H"? — H™P(: C] — C}) for — (1 =6)s <r < s.

Proof. Use the decomposition p = p* + p® having the property (1.3.21), with § <
v < 1, m = 0. Applying the proof of Proposition 2.1.D to p®(x, D), and letting
v — 1, we obtain (2.1.5).

We prepare to prove Theorem 2.1.A. Following [BG], and also [Ma], we make use
of the following results from Littlewood-Paley theory, whose proofs can be found
in §A.1.
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Lemma 2.1.F. Let f, € S'(R™) be such that, for some A > 0,
(2.1.6) supp fp C{E: A- 2L < g < A28 k> 1.

Say fg has compact support. Then, for p € (1,00), s € R, we have

(2.1.7) HikaHw SO“{i4k8|fk|2}1/2HLp
k=0 k=0

If fr = (D) f, with @ supported in the shell defined by (2.1.6) and bounded in
S? . then the converse of the estimate (2.1.7) also holds.

Lemma 2.1.G. Let fi € S'(R™) be such that
(2.1.8) supp fr, C {€: €] < A- 2"}, k>0

Then, for p € (1,00), s > 0, we have

21 IS, <l vy,

The next ingredient is a symbol decomposition to replace (1.1.16). This is nec-
essarily more complicated for symbols in C7S7" than for X*S7'. We begin with the
S¥-partition of unity (1.3.1), and with

(2.1.10) pla,€) = pla,v;(€) = pj(x,€).
j=0 J=0

Now, let us take a basis of L?(1/2 < [¢] < 2) of the form

(1—n)/2 amiklel/3, (S
|§| - 2 4 3 (|§|> - ﬁkl(g)a
and write (for j > 1)

(2.1.11) ijk:l )Bri (2 jf)wj%(f),

where wfé(ﬁ) has support on 1/2 < [£|] < 2 and is 1 on supp 1, w;#(ﬁ) =

wfé (2777L¢), with an analogous decomposition for po(£). Inserting these decom-
positions into (2.1.10) and summing over j, we obtain p(z,£) as a sum of a rapidly
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decreasing sequence of elementary symbols. By definition, an elementary symbol
in C’:S?’é is of the form

(2.1.12) q(z,€) = Qr(z)pr(8),
k=0

where ¢}, is supported on (£) ~ 2¥ and bounded in S, in fact @i (&) = p1(27FH1¢),
for k > 2, and Q(x) satisfies

(2.1.13) 1Qr(x)| < C, [|Qullcr < C - 279,

For the purpose of proving Theorem 2.1.A, we take § = 1. It suffices to estimate
the H™P-operator norm of ¢(z, D) when ¢(z,§) is such an elementary symbol.

Set Q;(z) = ¢;(D)Qx(x), with {1} the Sy partition of unity described above.
Set

k—4 k+3 [e%)
02,6 =) {D Q@)+ D> Qule)+ > Qi) }er(§)
(2.1.14) k. j—0 j=k—3 j=k+4

=q(z, &) + q2(x,§) + q3(=, §).

To estimate q(z, D)f, let fr = @r(D)f. By Lemma 2.1.F, since (£) ~ 27 on the
spectrum of Q;,

oo k—4
las (2, D) flew < CI{S 453" Qusfi YL

k=4 j=0
(2.1.15) o0
S OH{ Z4ks|fk|2}1/2”LP
k=4
< Clfllesw»,
for all s € R.

To estimate go(x, D)f, note that ||Qk;llr~ < C - 279"+ Then Lemma 2.1.G
implies

(2.1.16) laz(, D) fllizsr < C{ 4512} < CllFllre,
k=0

for s > 0.
To estimate g3(z, D) f, we again apply Lemma 2.1.F, to obtain

0o 7j—4
las(e, D) fllzz=w < CIL 4913 Qui £},
j=4 k=0
j—4

eSS S},

k=0

(2.1.17)
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Now, if we set g; = Zi;ﬁ 2(F_j)r|fk| and then set G; = 27%¢g; and F; = 27| f,],
we see that G; = Zfe;lé Q(k_J)(r_s)Fj. As long as r > s, Young’s inequality yields
1(Gj)|le2 < C|[(Fj)l|le2, so the last line in (2.1.17) is bounded by

CIIES @152 ) L < Ol Lo
7=0

This proves (2.1.1).
The proof of (2.1.2) is similar. We replace (2.1.7) by

(2.1.18) 1 £z ~ sup 2| (D) £l -

We also need an analogue of Lemma 2.1.G:

Lemma 2.1.H. If fi, € S'(R™) and supp fu C {€:]¢] < A-28F1Y then, for r > 0,

(2.1.19) I Fell e < Csup 2| fiell e
k=0 i k=0

Proof. For some finite N, we have 1;(D) Y.~ fx = ¥;(D) > fr. Suppose that
- k>j—N
supy, 2% || fx||L= = S. Then

DY n|  <cs > et <ose
k>0 k>j—N

This proves (2.1.19).

Now, to prove (2.1.2), as before it suffices to consider elementary symbols, of the
form (2.1.12)—(2.1.13), and we use again the decomposition ¢(z,&) = ¢1 + ¢2 + g3
of (2.1.14). Thus it remains to obtain analogues of the estimates (2.1.15)—(2.1.17).

Parallel to (2.1.15), using the fact that Z?;é Qr; () fr has spectrum in (£) ~ 2,
and ||Qk||L=~ < C, we obtain

k—4

cs < 021;% 2]%”% Qi S| oo

< Csup 2| fie || 1=
k>0

||Q1(I7D)f|

(2.1.20)

< C|flles,
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for all s € R. Parallel to (2.1.16), using ||Qx;||r~ < C - 279"+*" and Lemma 2.1.H,
we have

lg2(z, D) f|

c:

oo
cs < 1> 9xl
k=0

(2.1.21) < C'sup 2| gx |
E>0

< C'sup 2k5||fk||Loo <Cl|fllcs,
k>0

for all s > 0, where the sum of 7 terms

k+3

gr= > Qui()fk

j=k—3

has spectrum contained in |{] < C' - 2"“, and ||gkllre < C|l frllp<-
Finally, parallel to (2.1.17), as {;Zé Qk; [ has spectrum in (§) ~ 27, we have

j—4

lgz(z, D) fllcs < nglgzjs“z Qi fr]| oo
J= k=0
(2.1.22) L
< Csup 2767 2| fi | oo
320 k=0
If we bound this last sum by
j—4
(2.1.23) (D2 2409 sup 2% fie
k=0 K
then
j—4
(2.1.24) lgs(z, D) flle: < O(sup 27y 2’“’”‘5)) 1l
720 k=0

and the factor in brackets is finite as long as s < r. The proof of Theorem 2.1.A is
complete.

Things barely blow up in (2.1.24) when s = r. The following result is of some
use.

Proposition 2.1.1. If p(z,§) € C”"S?,l, r >0, then

(2.1.25) p(x, D) : CI¢ — CT for all € > 0.
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Furthermore, if 6 € [0,1), then

(2.1.26) p(z,§) € C’TS%(; = p(z,D): C, — C].

Proof. We follow the proof of (2.1.2). The estimates (2.1.20) and (2.1.21) continue
to work; (2.1.22) yields

j—4
lgs(2, D) flloy < Csup Y - 2%7|| fil oo

320 5—o

=CY 2| fillr=
k=0

oo
< C«Z 2]<:T . 2—I€T—k€HfHC:+E
k=0

which proves (2.1.25).

To prove (2.1.26), we use the symbol smoothing of (1.3.21), with m = 0. We get
p(x, &) = p? (x,&) + pb(x,&). We have p* (x, D) : CT — CT by Corollary 2.1.B. We
have p®(z, D) : CT — C” by (2.1.25).

Extensions of Bourdaud’s results have been obtained by Marschall [Ma]. Some
of them are summarized as follows:

Proposition 2.1.J. Suppose 1 < q < o0, s> %, 1<p<oo, meR. Then

(2.1.27) p(x,§) € H¥1SVy = p(x,D) : H™™™P — H"™P
provided
1 1 + 1 I\t
(2.1.28) n<—+——1> —s<r§s—n<———> .
p q qg P

Note that, when g = p, the condition (2.1.28) becomes

2 +
(2.1.29) n(— - 1) —s<r<s.

p
We refer to [Ma] for a proof of this and other results. Marschall also defines other
symbol classes, of the form X°ST, analogous to the definition (1.3.16)-(1.3.17),
for X* = H%P § € [0, 1], and has further results on these symbols. We also mention
related results of Nagase [N] and Kumano-go and Nagase [KN].

The case ¢ = p = 2 of Proposition 2.1.J had been obtained by Beals-Reed [BR].

We include their short proof here. As in [BR], we make use of the following:
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Lemma 2.1.K. Suppose that

(2.1.30) sup/ lg(n, )2 dn = A% < o
3
and
(2.1.31) sup/ |G (n,&)|? d¢ = B? < .
U
Then
(2132 T1n) = [ G0 — &) (€)de
satisfies
(2.1.33) ITfllez < A-B || fllre-

Proof. Simple consequence of the Schwartz inequality.

We now use this to prove Proposition 2.1.J when ¢ = p = 2 and r = s. It suffices
to consider the case m = 0. We will also assume p(z, ) has compact support in z.
Then

(2.1.34) (b, D)u)" () = / P(n— €. €)ale) de,

where p denotes the partial Fourier transform with respect to z. The hypothesis
pE HSS%O implies

(2.1.35) p(¢, &) = 9g(¢, ){(¢)™*%, with (2.1.30) holding for g.

If f=(£)%Q, then u € H® implies f € L?, and we have

(2.1.36) () (p(, DY) " (1) = / G0, )9 — €.6)1(€) de
where

B (n)°
(2.1.37) GOLE) = 1= frara

One can show that G satisfies (2.1.31), granted that s > n/2, so Lemma 2.1.K gives
a bound for the L?-norm of (2.1.36), hence a bound for ||p(x, D)u|| g, as desired.
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§2.2. Further elliptic regularity theorems

We return to the setting of §1.2, first considering an elliptic differential operator
of order m

(2.2.1) A(z,D)= ) aa(z) D%,

la|<m

whose coefficients have limited regularity. We will eschew the generality of §1.2 and
concentrate on X*® = C®. Thus A(z, &) € C*S]} is elliptic. Pick 6 € (0,1) and write

(2.2.2) Az, &) = A% (2,€) + A%(x,€)
with
(2.2.3) A% (2,€) € 87, AP(x,€) € O,

Consequently, by Proposition 2.1.E,
(2.2.4) Ab(z,D): CTT% 0T —(1—=0)s <71 < s.

Now let p(z, D) € OPS[}" be a parametrix for A% (z, D), which is elliptic.
Hence, mod C'*°,

(2.2.5) p(x, D)A(z, D)u = u + p(zx, D) A’ (z, D)u,
so if

(2.2.6) Az, D)u = f,

then, mod C,

(2.2.7) u=p(z,D)f — p(z, D)A"(z, D)u.

In view of (2.2.5), we see that, when (2.2.7) is satisfied,
(2.2.8) we Mt f e O =y e CTMT,

We then have the following.

Proposition 2.2.A. Let A(x,&) € C°ST} be elliptic and suppose u solves (2.2.6).
Assuming

(2.2.9) s>0, 0<éd<l, and —(1—-0)s<r<s,
we have

(2.2.10) we OIS fe O = u e O™,
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Note that, for |a| = m, D% € CT~% and r — és could be negative. However,
ao () D%u will still be well defined for a, € C®. Indeed, if (2.1.3) is applied to the
special case of a multiplication operator, we have

(2.2.11) acC® uelC] =aueCy for —s<o<s.

Note that the range of r in (2.2.9) can be rewritten as —s < r — ds < (1 — J)s. If
we set 7 — ds = —s + €, this means 0 < € < (2 — J)s, so we can rewrite (2.2.10) as

(2.2.12) uwe CmTE f e CF = u € O™, provided € > 0, r < s,

as long as the relation »r = —(1 — d)s + € holds. Letting § range over (0, 1), we see
that this will hold for any r € (—s + €, ¢€). However, if r € [e, s), we can first obtain
from the hypothesis (2.2.12) that u € C7**”, for any p < e. This improves the a
priori regularity of u by almost s units. This argument can be iterated repeatedly,
to yield:

Theorem 2.2.B. If A(z,§) € C*°S} is elliptic and u solves (2.2.6), and if s > 0
and € > 0, then

(2.2.13) ueCm e feCl = ue 0l for —s<r<s.

We can sharpen this up to obtain the following Schauder regularity result.

Theorem 2.2.C. Under the hypotheses above,
(2.2.14) ue Mt f e Of = uc OMTS,

Proof. Applying (2.2.13), we can assume u € C™"" with s —r > 0 arbitrarily small.
Now if we invoke Proposition 2.1.1, we can supplement (2.2.4) with

A’(x, D) : CmFs=oste L, 05 > 0.

If § > 0, and if € > 0 is picked small enough, we can write m +s—ds+e=m+r
with r < s, so, under the hypotheses of (2.2.14), the right side of (2.2.7) belongs
to C™*$ proving the theorem. We note that a similar argument also produces the
regularity result:

(2.2.15) ue H" TP fe O = ue Clrs.

As in §1.2, we apply this to solutions to the quasilinear elliptic PDE
(2.2.16) Z ao(z, D™ tu) DY = f.

| <m

Aslong asu € C™~ 15 g, (z, D™ 1u) € C*. If also u € C™ ¢, we obtain (2.2.13)
and (2.2.14). If r > s, using the conclusion u € C™% we obtain a,(z, D™ tu) €
C**1 so we can reapply (2.2.13)-(2.2.14) for further regularity, obtaining the fol-
lowing.
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Theorem 2.2.D. If u solves the quasilinear elliptic PDE (2.2.16), then
(2.2.17) ue CmTIt oMt f e 0T = ue OMtT

provided s > 0, € > 0, and —s < r. Thus

(2.2.18) we CmIE L fe Ol = ue Ot
provided

1
(2.2.19) 5> 5, r>s—1.

We can sharpen up Theorem 2.2.D a bit as follows. Replace the hypothesis in
(2.2.17) by

(2.2.20) u € OIS q gmeiter,
with p € (1, 00). Parallel to (2.2.11), we have
(2.2.21) aeC® ue HP = au e H?, for —s<o <s,

as a consequence of (2.1.3), so we see that the left side of (2.2.16) is well defined
provided s + o > 1. We have (2.2.7), with

(2.2.22) Ab(z, D) : H™"=%P — H™P for — (1 —0)s <r < s,

parallel to (2.2.4). Thus, if (2.2.20) holds, we obtain

(2.2.23) p(x, D)A®(x, D)u € g™~ 1Totosp

provided —(1 —d)s < ds — 1+ o < s, i.e., provided

(2.2.24) s+o>1land —14+0+ds<s.

Thus, if f € H?P with p > 0 — 1, we manage to improve the regularity of u over the

hypothesized (2.2.20). One way to record this gain is to use the Sobolev imbedding
theorem:

n 0s
(2.2.25) gm-ltotdsp o gm-ltop o o PR p(l + —p>.
n
If we assume f € C} with r > 0 — 1, we can iterate this argument sufficiently often
to obtain u € C™~1T7=¢ for arbitrary € > 0. Now we can arrange s +0o > 1 +¢, so
we are now in a position to apply Theorem 2.2.D. This proves:
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Theorem 2.2.E. If u solves the quasilinear elliptic PDE (2.2.16), then
(2.2.26) ue C"TIT A HMTIOP ) f e O = ue O
provided 1 < p < oo and

(2.2.27) s>0, s+0>1, r>0—1.

Note that if u € H™P for some p > n, then u € C™ 175 for s =1 —n/p > 0,
and then (2.2.26) applies, with o = 1, or even with o = n/p + €.

We compare Theorem 2.2.E with material in Chapter 9 of Gilbarg and Trudinger
[GT], treating the case of a scalar elliptic PDE of order 2. In that case, if u
is a solution to (2.2.16), Theorem 9.13-Lemma 9.16 of [GT] imply the following.
Assume u € C! and u € H*? for some p € (1,00). Then, given any ¢ € (p, 00), if
f € L9, then v € H*9. If ¢ > n, we can apply the observation above, to conclude:

Theorem 2.2.F. If m =2 and (2.2.16) is scalar, then, given p € (1, 00),
q>n,

(2.2.28) weCYNH>, feLINCT = ueCH if r>—1+ 2.
q

We note parenthetically that L? C C¥ for p < —n/q.
We also record the following improvement of Theorem 1.2.D, regarding the reg-
ularity of solutions to a completely nonlinear elliptic system

(2.2.29) F(z,D™u) = f.

We could apply Theorem 2.2.B-Theorem 2.2.C to the equation for u; = du/dz; :

8F m o, m ﬁ — f.
(2.2.30) Z %(CL‘,D u)D%j = —F, (x, D™u) + oz, = f;-

lor|<m

Suppose v € C™T5 s > 0, so the coefficients a,(z) = (0F/0¢y)(x, D™u) € C5. If
f € Cr, then f; € C*UCI~!. We can apply Theorem 2.2.B-Theorem 2.2.C to u;
provided u € C™*1=s%T€ to conclude that u € C™ T+t Uy C™*", This implication
can be iterated as long as s + 1 < r, until we obtain v € C™*".

This argument has the drawback of requiring too much regularity of u, namely
that u € C™T1=5t€ aswell as u € C™1%. We can fix this up by considering difference
quotients rather than derivatives d;u. Thus, for y € R™, |y| small, set

vy(@) = [y~ [ule +y) — u(@)];
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v, satisfies the PDE

(2.2.31) Z Doy () Dy (z) = Gy(x, D" u)
a<m
where
(2.2.32) Doy (2) = /0 STF(x,tDmu(x) + (1 —t)D™u(x +y)) dt

and G, is an appropriate analogue of the right side of (2.2.30). Thus ®,,, is in C*,
uniformly as |y| — 0, if u € C™*# while this hypothesis also gives a uniform bound
on the C™~**-norm of v,. Now, for each y, Theorems 2.2.B and 2.2.C apply to v,
and one can get an estimate on ||vy | gm+s, p = min (s,r — 1), uniform as |y| — 0.
Therefore we have the following.

Theorem 2.2.G. If u solves the elliptic PDE (2.2.29), then

(2.2.33) weCm™ts fe O = ue Mt
provided
(2.2.34) 0<s<r.

Another proof of this result will be given in §3.3; see Theorem 3.3.C.

We briefly discuss results for PDE in divergence form which hold for less regular
u than required in Theorem 2.2.B—Theorem 2.2.E. We restrict attention to the case
m = 2. Thus consider

(2.2.35) Zajajk(ﬂf)aku =/
g,k

which we assume to be elliptic. We can write this as

(2.2.36) > 9, Aj(x, Dyu = f,
J
where
(2.2.37) ajr(z) € C" = Aj(z,€) € C"S] .

Using the decomposition

Aj(@,6) = AF (2,€) + Al(z, ),

(2.2.38) _
AT (z,€) € St 45, Al(z,€) € C"S15,
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with 0 < § < 1, we have
(2.2.39) > " 9;A%(z,D) = B(x, D) € OPS; 5 elliptic .
Let p(z, D) € OPS;? be a parametrix for B(z, D). Then (2.2.36) implies
(2.2.40) u=p(z,D)f = p(x,D)d;A}(x, D)u mod C*.
Now, for g € (1, 00), Proposition 2.1.E implies
(2.2.41) Ab(z,D) : H9 = Ho~+ond
provided —(1 — d)r < o — 14 dr < r, i.e., provided
(2.2.42) l—-r<o<1l4+(1-=90)r

With these results in mind, we can establish the following, which gives an affirmative
answer to a question of Jeff Cheeger.

Theorem 2.2.H. Suppose the PDE (2.2.35) 1is elliptic, with

(2.2.43) we H™, fe H P a; €C",
where

(2.2.44) l<g<p<oo, r>0ando>1-r.
Then

(2.2.45) u€ HYP,

Proof. Looking at (2.2.40), we have p(z,D)f € H'P. If 0 < 1, (2.2.40) yields
u € H°? with ¢ = min (o + dr,1). We can iterate this to get v € H"?. From
there, we can apply (2.2.41) with ¢ = 1, to obtain A?(m, D)u € H°™%, and hence

(2.2.46) p(z, D)9; A%z, D)u € H' 9 c HYI
where
. ng orq
2.2.4 = 1+ —).
( 7 C— orq ” q( * n )

Hence u € HY% with ¢; = min (p, §). Iterating this argument a finite number of
times we obtain the desired property (2.2.45).
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One use for this is in the study of the Ricci tensor. If one uses local harmonic
coordinates on a Riemannian manifold, then the metric tensor and Ricci tensor are
related by

1 .
(2.2.48) —5 > 97" 0;0k96m + Qem(9, Dg) = Rim,
ik

where Qg (g, () is a certain quadratic form in ¢, with coefficients smooth in g. We
can rewrite this as

1 .
(2.2.49) —5 > 0,97 Okgim + Qi (9, Dg) = Rem,
ik

with a slightly different @)}, of the same nature. The goal is to presume a priori
some weak estimates on g;i, and, given certain regularity of Ry,,, deduce better
estimates on the metric tensor, in this coordinate system. Thus it is useful to
supplement Theorem 2.2.H with the following.

We consider a PDE of the form

(2.2.50) Z Ojaik(z,u)0ku + B(x,u, Du) = f,

assumed to be elliptic on a region in R™. Assume B(z,u, Du) is a quadratic form
in Du, with coefficients smooth in z,u, and a;x(x, u) smooth in its arguments.

Proposition 2.2.1. Let the elliptic PDE (2.2.50) be solved by
(2.2.51) we HY, ¢>n.

Let ¢ < p < o0 and assume

(2.2.52) fed P
Then
(2.2.53) u€ HYP,

Proof. Note that (2.2.51) implies that u € C" for some r > 0, and hence
(2.2.54) B(z,u, Du) € LY/2.

Rewrite (2.2.50) as

(2.2.55) Zé’jajk(a:)ﬁku =g=f—-B,
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with a;i(z) = ajk(z,u) € C". From (2.2.52), (2.2.54), and the Sobolev imbedding
theorem,

LY2 c b 5=

we deduce that g € H=%4, g = min (s,p). Then Theorem 2.2.H implies u € H 1.
This is an improvement over the hypothesis (2.2.51) if ¢ > n, since

1
q:n+a:>1—i:—<1—g>:>s>q(1+g).
2n 2 n n

Iterating this argument gives the conclusion (2.2.53).

This gives results on (2.2.49) complementary to the result of DeTurk and Kazdan
[DK] that, if g is C? and Ry, is C**<, in harmonic coordinates, then g is C*+2+,
It is clear that further generalizations can be established. For example, if (2.2.50)
is elliptic and (2.2.51) holds, then

(2.2.56) fEH? o> 1= uc H P,

Proposition 2.2.I can be brought to bear on some of the material in [AC]. Further
related results arise in [[AK2LT]].

To end this section, we recall and apply a result established by the DeGeorgi-
Nash-Moser theory for the divergence form PDE (2.2.35) in the case when the
coefficients a;i(x) are scalar. A proof is given in Appendix C.

Theorem 2.2.J. Suppose the PDE (2.2.35) is elliptic on Q with

(2.2.57) ajr, € L™ scalar,

(2.2.58) f=g9+) 0;f; with ge LY? fje L, q>n,
and w € HY2. Then

(2.2.59) u € C" for somer >0,

with C"-norm on compact sets bounded by ||ul| 2, || fjlla, |g||ra/2 and the ellipticity
constants.

Sometimes this can be used in concert with the last two theorems.
We recall a classical use of Theorem 2.2.J. Given a domain 2 C R", with smooth
boundary, ¢ € H*(0Q2), s > 1/2, we seek to minimize

(2.2.60) I(u) = [ F(Vu)dzx
/
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over V) = {u € H'(Q) : u = ¢ on Q}, assuming that F(p) is smooth in its
arguments and satisfies

Cy|p|* — K1 < F(p) < Calp|® + Ka
(2.2.61)

Aql¢)? < Zapjaka(p)fjfk < As¢?.

The existence of such a minimum is established in the early part of [Mor]. Such u
is a weak solution to the nonlinear PDE

(2.2.62) D 0, (80p, F)(Vu) = 0.

J

One next wants to establish higher regularity of u, first on the interior of €2. Given
y € R™, |y| small, the difference quotient

wy(x) = |yl [u(z +y) — u(z)]

satisfies the divergence form PDE

(2.2.63) Za alF () Opwy (z) = 0
with
(2.2.64) alk(z) = /1(8pj Op ) ((1 = t)Vu(z) + tVu(z + y)) dt.

Each w, € H', and we have an L?-bound on w, over any O CC , as |y| — 0.
From Theorem 2.2.J there follows a C"-bound on w, on any O CC {2, hence we
have u € C*7" on the interior of . Now uy, = Oyu satisfies

(2.2.65) Z 8;a7* () Opue = 0,
with
(2.2.66) a’*(z) = (Op; 0p, F)(Vu(z)) € C",

so the Schauder theory now kicks in to yield further regularity. Boundary regularity
will be examined in §8.3.

We remark on the fact that, in Theorem 2.2.J, even though we require u € H'2,
we can use ||ul|r2 rather than ||ul|gi2 to estimate the C"-norm. This arises as
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follows. If K CC Q, pick ¢ € C§°(£2),9 = 1 on K, and, for u € H110C2(Q) solving
(2.2.35), write

S [ wlaPasu(@)(050)(0uu) da
Q
(2.2.67) = _22/(8j¢)¢%k(3ku)u dx

+/{[2Z(6j¢)¢fj _’/’29]U+Z¢2(6ju)fj}dgg7

Q

integrating by parts. In the first term on the right, group together ¥ (0xu) and
(0j¢)u, and apply Cauchy’s inequality. Give a similar treatment to the last term.
This leads to an estimate

@268 [wavutde <C [ (V0P + 305 + 02l -Jul] de,
Q

Q

hence
(2.2.69) IVull2x) < CllullZ2q) + Cllglliz o) + CZ 15511220

for a solution to (2.2.35). Here, C' depends on the ellipticity constants but not on
any regularity of the coefficients a .

§2.3. Adjoints

It is useful to understand some things about adjoints of operators with symbols
in C"STY. The results we record here follow simply from the symbol smoothing
techniques of §1.3 and mapping properties of §2.1, plus standard results on pseu-
dodifferential operators.

We are particularly interested in p(x, D)* when p(z,€) € C"S] . Recall that, in
this case,

(2.3.1) p(z, &) =p¥ (x,€) + p(,9),
with
(2.3.2) p*(x,€) € S5

and, forr=/0+o0, 0 <o <1,

(2.3.3) DEp#(x,€) € Si 5 for [B] < L.



62

Meanwhile,

(2.3.4) pl(z,&) € CTS15.

It follows from Proposition 2.1.D that

(2.3.5) pP(x,D): HS — H® for —r <s <7, if 10 > 1.

In view of (2.3.3), the standard symbol expansion for p# (z, D)* gives
(2.3.6) p?(2,D)* — ¢*(z,D) € OPSY) s if r > 1,

with

(2.3.7) ¢ (x,8) = p* (x,8)*.

Noting (2.3.4)—(2.3.5), we deduce:
Proposition 2.3.A. Given p(z,§) € C"Stq, 7> 1, we have

(2.3.8) p(x,D)* —q(z,D): H® — H?® for —r<s<r
with
(2.3.9) q(z,&) = p(z,§)"

§2.4. Sharp Garding inequality

Let p(x,§) € C°STY be scalar, with p(z,§) > —Cp. We aim to show that, for a
certain range of positive m, p(z, D) is semi-bounded on L?; this is a sharp Garding
inequality. We will derive it simply by decomposing p(z, &) and applying known
results for pseudodifferential operators. Recall we can write

(2.4.1) p(z,&) = p* (2, &) + p°(x,¢€)
with
(2.4.2) p*(z,6) € ST, p(x,8) € C°ST5,

for any given § € (0,1). Furthermore, p®(z, D) is bounded on L?, by Proposition
2.1.E, as long as

(2.4.3) m —ds < 0.

If this condition holds, it remains only to consider semiboundedness of p* (z, D),
which belongs to OPST";. We may as well apply the best available estimate for
this, the Fefferman-Phong inequality [FP], which implies p* (z, D) is semibounded
on L? as long as

(2.4.4) m < 2(1—6).

Thus, we have semiboundedness of p(x, D) on L? as long as, for some § € (0,1),
we have m < min{ds,2(1 —§)}. Maximizing over 0 < ¢ < 1 gives 2s/(2+ s) as the
optimal value of m. We have proved:
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Proposition 2.4.A. Let p(x,§) € C*STY be scalar, and bounded from below, p(x,§) >
—Cy. Then, for allu e C§°,

(2.4.5) Re (p(x, D)u,u) > —Cy ||ul|3,
provided s > 0 and m < 2s/(2+ s).

In particular, this result applies when p(x,§) € H”’2Sf?0, oc=mn/2+s. In
this case, a strengthened version of Lemma 3.1 of Beals-Reed [BR] is obtained.
The proposition above can also be compared with Theorem 7.1 in [H2]. There
is demonstrated a semiboundedness result for a class of operators with symbols
contained in COSTOO OCQSI’? 212 with mo-+mg < 0. More precisely, using notation to
be defined in (3.3.34), it is assumed that p(x,§) € ginlo and, for |3| = 2, DPp(x,&) €
S'f?fw, with mg + mo < 0.

If p(x,&) is a positive semidefinite L x L matrix, then we cannot appeal to
Fefferman-Phong, so instead of (2.4.4) we must require m < 1 — §. Thus, in this
case, we have semiboundedness of (2.4.5) provided s > 0 and

S

2.4. < .
( 6) = 1+s

We will also have occasion to use the folowing ordinary Garding inequality, valid
for L x L systems.

Proposition 2.4.B. Let p(z,£) € C*S?y be an L x L system. Assume s > m and

(24.7) p(x,€) +p(z,)* = CIEP™L, for €] > K.
Then, for any p < m, there exist C; and Cy such that

(2.4.8) Re (p(z, D)u,u) = Cillullfm — CollullF.

Proof. 1t suffices to establish (2.4.8) for some p < m. Use the decomposition (2.4.1),
with p# € Si’?, p® € Os—tsfjg—&. For ¢ slightly less than 1, we can apply Garding’s
inequality in its familiar form to p*(z, D), and since, by Proposition 2.1.D, the
perturbation p®(z, D) maps H™ to H~™%7, provided s —t > m —~ and §t > v, we
obtain an estimate of the form (2.4.8).
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Chapter 3: Paradifferential operators

The key tool of paradifferential operator calculus is developed in this chapter.
This tool was introduced by J.-M. Bony [Bo] and developed by many others, par-
ticularly Y. Meyer [M1]-[M2]. We begin in §3.1 with Meyer’s ingenious formula for
F(u) as M(x, D)u+ R where F' is smooth in its argument(s), u belongs to a Holder
or Sobolev space, M(x, D) is a pseudodifferential operator of type 1,1, and R is
smooth. From there, one applies symbol smoothing to M (z,¢) and makes use of
results established in Chapter 2. The tool that arises is quite powerful in nonlinear
analysis. The first glimpse we give of this is that it automatically encompasses some
important Moser estimates. We re-derive elliptic regularity results established in
Chapter 2, after establishing some microlocal regularity results. In §3.3 we do this
using symbol smoothing with 0 < 1; in §3.4 we present some results of Bony and
Meyer dealing with the 6 = 1 case, the case of genuine paradifferential operators.

In §3.5 some product estimates are established which, together with the operator
calculus of §3.4, yield in §3.6 some useful commutator estimates, including impor-
tant commutator estimates of Coifman and Meyer [CM] and of Kato and Ponce
[KP]. We also discuss connections with the 7'(1) Theorem.

§3.1. Composition and paraproducts

Following [M1], we discuss the connection between F'(u), for smooth nonlinear
F, and the action on u of certain pseudodifferential operators of type 1,1. Let {t;}
be the SY partition of unity (1.3.1), and set ¥y (&) = ngk ;i (€). Given u, e.g., in
C"(R™), set
(311) U = \Ilk(D)u,
and write
(3.1.2) F(u) = F(uo) + [F(u1) — F(uo)] + - + [F(ug+1) — F(ug)] + -+
Then write

F(ukt1) = F(ug) = F(up + p41(D)u) — F(uk)

(3:1:5) — (@) n 1 (D)o,
where
(3.1.4) ma(z) = /0 F (0 (D) + s (D)) dt

Consequently, we have

F(u) = F(uo) +ka J¥r41(D)u

= M(x, D)u —|— F(uo)

(3.1.5)



where

(3.1.6) ka Yrr1(6) = Mp(u; z, ).
We claim

(3.1.7) M(z,€) € 571,

provided u is continuous. To estimate M (z, &), note first that, by (3.1.4),

(3.1.8) lm|lLe < sup|EF'(N)].

To estimate higher derivatives, we use the classical estimate

(3.1.9) ID g(h) | < C D Nlgllev—[|Bll 7= ID R 1o
1<v<y

to obtain

(3.1.10) |DEmillze < Cel Pl (o) - 2,

granted the following estimates, which hold for all u € L*:

(3.1.11) ‘|\I/k(D)u+t1/)k+1(D)u’|Loo < CHUHLOO,
and
(3.1.12) | D0 (D)u 4 t g1 (D)u]|| e < Co28 ||| £

for t € [0,1]. Consequently, (3.1.6) yields

(3.1.13) |DgM (x,8)| < Ca Slip|F’()\)|<§>_|O‘|

and, for |5 > 1,
(3.1.14) D2 DEM (3, )] < Cogl|F" | ror-1 {Jul| Y172 (€)=,

We give a formal statement of the result just established.

65
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Proposition 3.1.A. If F' is C*° and u € C" with r > 0, then
(3.1.15) F(u) = Mp(u;z, D)u + R(u)

where

R(u) = F(to(D)u) € C>

and

(3.1.16) Mp(u;x,€) = M(x,€) € S7 ;.

Applying Theorem 2.1.A, we have
(3.1.17) 1M (x, D) fllgew < K| fll#ren
for p € (1,00), s > 0, with
(3.1.18) K = Kn(Fu) = C|[F'llex 1+ [Jullz=],
provided 0 < s < N, and similarly

(3.1.19) M (2, D) f]

c: < K||f]

Cs-

Using f = u, we have the following well known and important Moser-type estimates:

(3.1.20) | E(u)|| s < Kn(F,u)||ullgse + | R(u)] zs0,
and
(3.1.21) [ F(u)llc: < Kn(F,u)llulles + [|[R(u)|lc:,

given 1 < p < 00, 0 < s < N, with Ky(F,u) as in (3.1.18); this involves the
L*°-norm of u, and one can use ||F'||c~ ) where I contains the range of u. Note
that, if F(u) = u?, then F'(u) = 2u, and higher powers of ||ul/~ do not arise;
hence we recover the familiar estimate

(3.1.22) 02| ggow < Csllulpoe - |ullprew, s >0,

with a similar estimate on [|u?||c:.
It will be useful to have further estimates on the symbol M (z,¢) = Mp(u;z,£),
when v € C™ with r > 0. The estimate (3.1.12) extends to

1D [@4(D)f + typs1(D)f]|| o < Cellfller, €<,

3.1.23
( ) Cg2’“(€_7")||f||cr, /> r,
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so we have, when u € C",
IDEDEM (2,€)] < Kap(€)™1*!, 18] <,

3.1.24

(3424 Kop{€)~1HP=r 18] >
with

(3.1.25) Kop = Kop(F,u) = Capl|F'l|ciai[1 + [[ull 2]

Also, since Vi (D) + t1pr41(D) is uniformly bounded on C”, for t € [0,1], k > 0, we
have

(3.1.26) DM, 8)ller < Karl€) ™),
where K, is as in (3.1.25), with |G| = [r] + 1. This last estimate shows that
(3.1.27) u€C" = Mp(u;x,§) € CTSRO.

This is useful additional information; for example (3.1.17) and (3.1.19) hold for
s > —r, and of course we can apply the symbol smoothing of §1.3.

It will be useful to have terminology expressing the structure of the symbols we
produce. Given r > 0, we say

p(x,€) € A"S7s <= [|Dgp(-,&)ler < Cal€)™ 1

and | D} Dgp(a,€)| < Cap (€)™ 10U 5 > 7.
Thus (3.1.24)(3.1.26) yield
(3.1.29) M(z,§) € A™SY,
for the M (z,€) of Proposition 3.1.A. If € R*\ Z*, the class A"ST" coincides with
the symbol class denoted by A" by Meyer [M1]. Clearly AOS{% = ST, and

ATST(; cC" TO N Sﬁ;.
Also from the definition we see that
p(x, &) € A"ST's = Dip(x,£) € ST for |B] < r
Sffgé('ﬁ‘_r) for |B| > r.

It is also natural to consider a slightly smaller symbol class:

(3.1.28)

(3.1.30)

(3.1.31)  p(2,£) € ApSYs <= | DEP(-,E)llorts < Cagl€)™ 115 s >0,
Considering the cases s = 0 and s = |3| — r, we see that
ApSils < A"STs.
We also say
(3.1.32) p(z,§) € "S5 <= the right side of (3.1.30) holds ,
SO
A"STs C ST
The following result refines (3.1.29).
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Proposition 3.1.B. For the symbol M(x,§) = Mp(u;x,§) of Proposition 3.1.A,
we have

(3.1.33) M(x,§) € ApSTh

provided uw € C", r > 0.

Proof. For this, we need

(3.1.34) [mg|lcris < C - 255

Now, extending (3.1.9), we have

(3.1.35) lg(W)lcres < Cligllen L+ R~ ores + 1)

with N = [r+ s] + 1, as a consequence of (3.1.21) when r + s is not an integer, and
by (3.1.9) when it is. This gives, via (3.1.4),

(3.1.36) Imllerre < Clllulloe) sup [[(Wx + tppaJullors
S

where I = [0, 1]. However,
(3.1.37) (T + thp 1) ul orrs < C - 27 |ul|or.

For r + s € Z*, this follows from (1.3.11); for r + s ¢ Z™" it follows as in the proof
of Lemma 1.3.A, since

(3.1.38) 27 S A* (U + 1) is bounded in OPSY;.

This establishes (3.1.34), and hence (3.1.33) is proved.

Returning to symbol smoothing, if we use the method of §1.3 to write
(3.1.39) M(z,€) = M¥#(z,£) + M°(x,€),
then (3.1.27) implies
(3.1.40) M#(x,€) € ST, M(z,6) € CTST5™.

We now refine these results; for M# we have a general result.
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Proposition 3.1.C. For the symbol decomposition of §1.3,

(3.1.41) p(x,€) € C"STy = p¥(a,€) € AGSTs.

Proof. This is a simple modification of Proposition 1.3.D, which essentially says
p#(z,&) € A" I"s; we simply supplement (1.3.11) with

(3.1.42) 1. f]

C:+5 S C G_SHf”C,fv S 2 Oa

which is basically the same as (3.1.37).
To treat M°(z, &), we have, for § < 7,

(3.1.43) p(x,€) € ApST, = p’(x,8) € CTST'" N AGST, € ST,

where containment in C"S{"5 o follows from Proposition 1.3.E. To see the last

inclusion, note that for p°(z, &) to belong to the intersection above implies

||D?pb('75)||cs < C<§>m*|a|7‘5r+58 for0<s<r

3.1.44
( ) C’<£>m_|o‘|+(s_’”)V for s > r.

In particular these estimates imply p®(z,&) € ST "0 This proves:

Proposition 3.1.D. For the symbol M(z,&) = Mp(u;x,£) with decomposition
(3.1.39),

(3.1.45) uweCr = M’z,€) € S{1°.

We now discuss a few consequences of making the decomposition (3.1.39). Note
that

(3.1.50) we C"NH*? = F(u) = M#(z, D)u + R, with R € H*""7,

provided r,s > 0. If we pick ¢ € (0,1), using the good algebraic, hence microlocal,
properties of OPST"s, we have the following extension of Rauch’s Lemma.

Proposition 3.1.E. Ifue C"NH%P, r;s >0, pe€ (1,00), then
(3.1.51) we HP(T) = F(u) € H?(T)

mecl mecl

provided

(3.1.52) s<o<s+r.



70

In (3.1.51), I' is a closed conic subset of T*R™ \ 0, and the meaning of the
hypothesis
uwe HP(T)

mecl

is that there exists
A(xz, D) € OPS°, elliptic on I', such that A(x, D)u € H?.
For the proof, note that
B(z, D)F(u) = B(xz, D)M#(x, D)u + B(z, D)R;

if B(x,D) € OPSO then B(x, D)R € H**"P by (3.1.50).

Using F(u) = wu?, it follows that C" N HSP N H>P(T) is an algebra, granted
(3.1.52). It has been typical to establish this result in case s = n/p + r, which
implies H*P C C" (if r ¢ Z), but there may be an advantage to the more general
formulation given above.

Results discussed above extend easily to the case of a function F' of several

variables, say u = (u1,...,ur). Directly extending (3.1.2)—(3.1.6), we have

(3.1.53) F(u) = ZL:le(x, D)u; + F(¥o(D)u)
with

(3.1.54) M;(,€) = Ekj mi (2) i1 (6)

where

(3.1.55) mi (z) = /0 1(8jF)(\Ifk(D)u+t¢k+1(D)u) dt.

Clearly the results established above apply to the M;(z,€) here, e.g.,
(3.1.56) ueC" = M;(z,§) € AySTY

In the particular case F'(u,v) = uv, we obtain

(3.1.57) uwv = A(u; z, D)v + A(v;x, D)u + Yo (D)u - Vo (D)v
where
(3.1.58) Aws,€) = 3 [WeD)ut Svia (D)ula(€).

k=1
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Since this symbol belongs to S%l for u € L*>, we obtain the following well known
extension of (3.1.22):

(3159) ||’LL’U||Hs,p S C|:HUHLooH’U||Hs,P + HUHHS,P”U||LOO:|’
for s >0, 1 <p < oo.

63.2. Various forms of paraproduct

A linear operator related to the operator M (z, D) of Proposition 3.1.A is the
paraproduct, used in [Bo|, [M1]. There are several versions of the paraproduct; one
is
(3.2.0) m(a, ) =Y (Vi-1(D)a)(Wr11(D)f).

k>1
Note that this is a special case of the symbol smoothing of §1.3, in which § = 1. In
particular, we have the following.

Proposition 3.2.A. Ifa € C", then

(3.2.1) af = n(a, f) + pa(w, D)f
with

(3.2.2) pa(z,€) € CTSI Y.

Hence, forp € (1,00),

(3.2.3) pa(x,D): H™"P — H*P (0 < s <.

Note that this result does not imply that = (f, f) is a particularly good approxi-
mation to f?; this point will be clarified below; see (3.2.13).
We will also use the notation

(3.2.4) m(a, f) =me(x,D)f =T,f,
the latter notation being due to Bony [Bo] We want to compare

Z ik ()41 (8

given by (3.1.4)~(3.1.6), with

T (2,§) = ka JVk+1(8

where
(3.2.5) mi(z) = Yi—1(D)F'(f).
Comparing this with
1
(3.2.6) mae) = [ FD)S + tha (D)) di
0

gives the following.
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Proposition 3.2.B. If f € C", M(x,§) given by (3.1.4)—(3.1.6), then

(3.2.7) M(x,8) — mpr(2,€) € Sy 7.

Proof. What is needed is the estimate
(3.2.8) ]Df(mk — Thk)‘ < Cﬁ . 2—rk+|,3\k7

given f € C", which follows from (3.2.5) - (3.2.6).

In order to establish estimates of the form (3.2.8), we use the fact that, for
reRT\Z",

g€ C" <= |[¢pp(D)g|lL~ < C-27F"

(3.2.9) .
= |[(1 = ¥%(D))g||lpe < C-27".
Thus, for F' smooth,

feC = |IF'(f) = Ye(D)F'(f)llz= < C- 27"

(3.2.10) , , L
and [[F"(f) = F'(Wx(D) f)|p < C- 277,

giving the case 8 = 0 of (3.2.8). If we write

U(D)F(f) — F(¥(D)f) = Ur(D)(F(f) — F(Tx(D)f))

3.2.11

3241 (L= WD) FWL(D)S),
and use

(3.2.12) |DW,(D)gllcr < Ca28PNg|lcr,

the rest of (3.2.8) easily follows.
Remark. (3.2.8) is related to Hérmander’s Prop. 8.6.13 in [H4|. Furthermore, one
can take f € C}.

In view of the identity (3.1.5), we have:

Proposition 3.2.C. If fe C"NH*P, r,s >0, p € (1,00), then
(3:2.13) F(f) = a(F'(/).f) + R, Re B,

Taking F(f) = f?, we see that a good approximation to f2 is 27 (f, f).
We can also treat functions of several variables, as in (3.1.53)—(3.1.54). Thus, if

f = (flv"')fL)’
(3.2.14) F(f) = w((0;F)(f), f;) + R,
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where f € C" N HP = R € H5+"P.

There are a number of variants of the paraproduct (3.2.0). For example, picking
P,Q € S(R™) with P(0) =1, Q(0) =0, one can consider

(3.2.15) m(a, f) = /OOO Q(tD)(P(tD)a - Q(tD)f)t~tdt,

which differs little from (3.2.0). With a bit more effort, one can use the simpler-
looking expression

(3.2.16) (a, f) = /0 T P(tD)a- QD) f " dt.

A generalization of (3.2.16) is used in (5.9) of Hormander [H3| to produce a variant
of the Nash-Moser implicit function theorem.
Another variant of the paraproduct is

(3.2.17) m(a, f) = ay(x,D)f
with
(3.2.18) ax (n, &) = a(n)x(n,§),

where we choose xy € C°(R™ x R™), homogeneous of degree 0 outside a compact
set, such that

1
X(1,€) =0 for || > S[¢

(3.2.19) €]
1 for |n| < 16 and [£] > 2.
One has ay(z,€) € S |, and more precisely
D¢ Dlay(x,€)| < Cap(€)™, 18] <

3.2.20
( ) Cop()P171177 18] >

if a € C". This formulation of paraproducts is the one mainly used by Bony [Bo].
It is proved in Lemma 4.1 of Héormander [H2] that, in this case,

(3.2.21) ay(z,D) € OPS] N (OPSY )"

Also Hormander has results on compositions of operators, in Theorem 6.4 of [H2].
See also Prop. 10.2.2 of [H4].
From (2.1.15) easily follows the estimate

(3.2.22) l7(a; llaer < Copllallpoe | fllzsr,
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for p € (1,00), s € R, at least when the form (3.2.0) is used. It follows from
Theorem 33 of [CM] that, for p € (1, 00),

(3.2.23) l7(a, Dllze < Cpllalle [l fllBro,

an estimate which suggests emphasizing the role of f as a multiplier rather than a.
In fact, a notational switch, with f and a interchanged in the definition of 7 (a, f),
is frequently seen. This other convention was the one originally used in Coifman-
Meyer [CM]. Closely related estimates will play an important role in §3.5, and will
be proven in Appendix D.

§3.3. Nonlinear PDE and paradifferential operators
If F' is smooth in its arguments, in analogy with (3.1.53)—(3.1.55) we have

(3.3.1) (z,D™u) = Y My(z,D)D + F(x, D" ¥(D)u),

lor|<m

where F'(xz, D™Wq(D)u) € C* and
(3.3.2) ka )¥r+1(6)

with

(3.3.3) my(z) = gf (Vi (D)D" u + thg+1 (D)D) dt.
0 «

As in Proposition 3.1.A and Proposition 3.1.B we have, for r > 0,
(3.3.4) u€ O™ = My(z,€) € ApST, € ST, NCTSY,.
In other words, if we set

(3.3.5) M(u;z,D) = > Ma(z,D)D

lor|<m

we obtain

Proposition 3.3.A. Ifu € C™", r >0, then
(3.3.6) F(z,D™u) = M(u;x,D)u+ R
with R € C* and

(3.3.7) M (u;,€) € A5STy C ST N CTST.
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Decomposing each M, (z,§), we have as in (3.1.39)—(3.1.45),

(3.3.8) M (u;2,€) = M#(2,€) + M"(z,¢)
with

(3.3.9) M#(x,8) € AgST"s C S

and

(3.3.10) M(x,€) € CST5"" NAGSTY C Sy

Let us explicitly recall that (3.3.9) implies
3.311) DM (z,8) € S5, |8 <,
3.3.11 ’
m—+4d —r
Sl,;_ (181 ), |ﬁ| > 7.

Note that the linearization of F'(z, D™u) at u is given by

(3.3.12) Lv= Y Mg(x)D",
lov|<m
where
~ F
(3.3.13) M, (x) = a—(a:,Dmu).
Ha
Comparison with (3.3.1)—(3.3.3) gives (for u € C™*7)
(3.3.14) M(u;z,§) — L(z,§) € C" ST 7,

by the same analysis as in the proof of the § = 1 case of (1.3.19). More generally, the
difference in (3.3.14) belongs to C"S"5™ 0 < § < 1. Thus L(xz,€) and M (u; z, &)
have many qualitative properties in common.

In particular, given u € C™*", the operator M (x, D) € OPSY"s is microlocally
elliptic in any direction (xg, &) € T*R™\0 which is noncharacteristic for F'(x, D™u),
which by definition means noncharacteristic for L. Now if

(3.3.15) F(x,D™u) = f,

and if A € OPS° is microlocally supported near (xg, &) and Q € OPS;Z;” is a
microlocal parametrix for M# (z, D) near (z¢, &), we have

(3.3.16) Au = AQ(f — M°(z,D)u), mod C*°.
By (3.3.10) we have
(3.3.17) AQMP(z,D) : H™ 0P mtsp 5> (.

(In fact s > —(1 — §)r suffices.) This gives the folowing microlocal regularity
theorem.
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Theorem 3.3.B. Suppose u € C™*" satisfies (3.3.15), for which (xq,&y) is non-
characteristic. Then, for any s >0, p € (1,00), § € (0,1),

(3.3.18) we H™ %P f e 0P (x0,&) = u € H" P (x0,&).

mecl

If u € C™*" solves (3.3.15) in the elliptic case, where every direction is nonchar-
acteristic, we can deduce from (3.3.18) that

(3.3.19) we HMOrHsn f e HOP € HMP,

granted r > 0, s > 0, p € (1,00). This sort of implication can be iterated, leading
to the following re-proof of Theorem 2.2.G.

Theorem 3.3.C. Suppose, given r > 0, u € C™*" satisfies (3.3.15) and this PDE
is elliptic. Then, for each s >0, p € (1,00),

(3.3.20) fEHY = uec H"P and f € C2 = u e C""*.

By way of further comparison with the methods of §2.2, we now re-derive Theo-
rem 2.2.E, a regularity result for solutions to a quasi-linear elliptic PDE. Note that,
in the quasi-linear case,

(3.3.21) F(z,D™u) = Y aq(z, D™ 'u)D = f,

|| <m

the construction above gives F(x, D™u) = M (u;z, D)u + Ro(u) with the following
properties:

u€ CM (r >0) =

3.3.22
( ) M(u;x,{)ECTJFISTOHSE+CTSTO_1HST{1.

Of more interest to us now is that, for 0 < r < 1,
(3.3.23) ue C™ M = M(u;2,£) € C"ST N ST + ST

which follows from (3.1.23). Thus we can decompose the term in C"ST% N STy as
in §1.3 and throw the term in S7"; " into the remainder, to get

(3.3.24) M (u;x,€) = M* (z,€) + M°(x, )
with

(3.3.25) M#(x,) € S7%, M'(z,8) € ST
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If P(z,D) € OPS|§" is a parametrix for the elliptic operator M#(z, D), then
whenever u € C™~1+7 N Hm=1%,P i5 a solution to (3.3.21), we have, mod C°,

(3.3.26) u= P(z,D)f — P(x, D)M®°(z, D)u.
Now
(3.3.27) P(xz, D)M"(x,D) : H™"14pP — gm=lotrop f p 4 5> 1,

by the last part of (3.3.25). As long as this holds, we can iterate this argument,
and obtain Theorem 2.2.E, with a shorter proof than given in §2.2.
More generally, consider

(3.3.28) F(xz,D™u) = Z ao(z, DIu) D%y,

lof <m

with 0 < j < m. We see that the conclusion of (3.3.23) holds if u € C/*", and then
the arguments yielding (3.3.24)—(3.3.27) continue to hold. Hence, in this case, one
has regularity theorems assuming a priori that, with p > 1, r > 0,

(3.3.29) w€ CITT A H™TIP g p >,

Under this hypothesis, we conclude that f € H*9 = v € H*T™4, etc.
In Bony’s analysis of F'(z, D™u), in [Bo], he used, in place of (3.3.1)—(3.3.3) the
paraproduct approximation:

(3.3.30) F(z,D™u) = Y w((0F/d(.)(z, D™u), D*u) + R,
o <m

where

(3.3.31) weC™" = ReC?,

and 7(a, f) is as in one of the 3 definitions of §3.2.
In addition to paraproducts, Bony considered paradifferential operators, which
can be defined as follows. Let p(z,&) € C"ST}. Then

(3.3.32) Tyu(z) = py(z, D)u
where, in analogy with (3.2.18)(3.2.19),

(3.3.33) Dx(n,€) = x(1,§)p(n, ).
Then

(3.3.34) px(z, D) € OPST, N (OPST,)* = OPSTY,
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as in (3.2.21). In fact, in Prop. 10.2.2 of [H4] it is shown that

Dﬁpx(ﬂﬁ §) € 51 1Bl <,

3.3.35
( ) Sm r+|8| 18] > .

We make a parenthetical comment. As noted above, we can write
(3.3.36) F(z,D™u) = M (u;x, D)u + Ry(u)

with Ro(u) € C°° and M (u;z, D) € OPSTY if u € C™. Consequently, the operator
norm of M (u;x, D) in L(H™T5P H®*P) 1 < p < oo, depends on |[ul|cm, for s > 0,
while for s = 0 it seems to depend on ||u[/cm+- for some r > 0. An improvement
on this is given in Proposition 3.5.G.

§3.4. Operator algebra

The operators M (u;x, D) € OPST"; which arose in §3.1 and §3.3 are not as
well behaved as one would like under composition on the left by pseudodifferential
operators. That is why decomposition into M# (x, D) + M®(z, D) was useful. The
applications we have made so far have involved such a decomposition, defined in
§1.3, choosing § < 1, so that M# (z, D) € OPSY"s has a convenient symbol calculus.

The remainder term M?(x, D) belongs to OPSY"[ " and one despairs of doing
anything with it except utilizing boundedness properties on various function spaces.

As noted, the paraproduct, defined by (3.2.0), is also an example of the construc-
tion of M#(z,£) by symbol smoothing, this time with § = 1. Bony [Bo] and Meyer
[M1] made use of the fact that M#(x, D) € OPST" has a special property that
allows a bit of symbol calculus to carry through. Though the algebraic structure on
such M#(z, D) is less well behaved than in the § < 1 case, one has the advantage
that the recalcitrant remainder term M?°(z, D) belongs to OPS"|", hence has a
(slightly) lower order than one achieves by using symbol smoothing with § < 1.

The special property possessed by M# (x, D) when it is a paradifferential opera-
tor, of the form (3.2.0) or more generally (3.3.30), is that its symbol belongs to the
class B" 57", defined as follows:

p(z,§) € B"ST") <= p(z,§) € A"ST"; and

3.4.1
( ) p(n, &) is supported in |n| < |£]/10.

Here p(n,&) = [ p(z,&)e " dz. Thus the paradifferential operator construction
writes an operator M (u;x, D) of the form (3.3.6) as a sum

(3.4.2) M (u;x, D) = M# (2, D) + M®(x, D)
with

(3.4.3) M#(x,8) € B'ST, M(z,€) € ST
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If r € RT \ Z", the class B"S7 coincides with the symbol class denoted B;* by
Meyer [M1].

We now analyze products a(x, D)b(x, D) = p(z, D) when we are given a(z,§) €
S11(R™) and b(z,§) € BST, (R™). We are particularly interested in estimating the
remainder r,(z, ), arising in

(3.4.4) a(z,D)b(x, D) = p,(z,D) + r,(x, D),
where
i~ lal
(3.4.5) po(x,&) = > —08a(w,€) - 97b(x, ).
lal<v

Theorem 3.4.A below is a variant of results of [Bon| and [Mey], established in [[AT]].
To begin the analysis, we have the formula

. 1 77a o iTn7
(3.4.6) ry(x, &) = @) /[a(m,§ +n) — MZSV Jaﬁ a(z, &) e b(n, €) dn.
Write
(347) Tu(m;é-) = Zrl/j(xag)
j=0
with
T’Vj(x,f) - /A\Vj(x7€777)§j(x75777> d77
(3.4.8)

_ / Ayj(x,€,9)B;(x,€, —y) dy,

where the terms in these integrands are defined as follows. Pick ¥ > 1 and take a
Littlewood-Paley partition of unity {gp? : j > 0}, such that ¢g(n) is supported in
In] <1, while for j > 1, ¢;(n) is supported in ¥/~ < |n| < ¥/ Then we set

Ayj(x = a(x — n* &0 ,
(3.4.9) Avj (@ 6:1) (2m)n (@, & +n) MZSV posal 75)]%(77),

B\j (xa 57 77) = B(’f}, f)ng (n)eix'”.

Note that

(3.4.10) Bj(z,8,y) = ¢;(Dy)b(z +y,£).
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Thus

(3.4.11) I1B,(.€, )i~ < OO 5.8l

Also,

(3.4.12) supp b(n, &) C {In| < plé|} = Bj(x,€&,y) = 0 for 977 > pl¢|.

We next estimate the L'-norm of 4,;(z,&,-). Now, by a standard proof of
Sobolev’s imbedding theorem, given K > n/2, we have

(3.4.13) |Au; (2, & )1 < CIT A (2, &, )

where T'; f(n) = f(¥n), so szzl\,,j is supported in |n| < 9. Let us use the integral
formula for the remainder term in the power series expansion to write

A\Vj (.’B, fa 19]7]) =

(299 1 ) .
£5(071) Z V(;; ! (/ (1—s)"* " oga(x, &+ s¥'n) ds)ﬁﬂlalno‘.
' \Jo

|al=r+1

Since |n| < 9 on the support of I’jgyj, if also ¥/=1 < pl¢|, then |99n| < pd?|¢|.
Now, given p € (0,1), choose ¥ > 1 such that

p?3 < 1.

This implies (§) ~ (¢ + s¥/n), for all s € [0, 1]. We deduce that the hypothesis

(3.4.15) 0¢a(z,§)| < Co (o=l for Ja| >v+1
implies
(3.4.16) A (z, & ) < O D (g)remv=L 1 for 9=t < pg|.

Now, when (3.4.11) and (3.4.16) hold, we have

(3.4.17) 7 (, )] < CL? TR (- €

Cr,

*

and if also (3.4.12) applies, we have
(3.4.18) (2, ) < i) o(, ey, if v+1>m,

since
Z 19_]-(1/+177’) < C|£|V+17T

951 <ple]
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in such a case.
To estimate derivatives of r,(x, &), we can write

DIDr,;(z,¢) =
(3.4.19)

Z Z (51) (f;yl) /DngglAuj(x7§7y) ’ DQQDngj(I’€7 _y)dy

B1+B2=8v1+72="

Now D51 D;“A,,j (x,&,y) is produced just like A, ;(x,&,y), with the symbol a(z, &)
replaced by D% D/*a(z,¢), and D52 D Bj(w,§, —y) is produced just like B;(z,{, —y),
with b(x, &) replaced by DQZDng(x,f). Thus, if we strengthen the hypothesis
(3.4.15) to

(3.4.20) 0802 a(,€)| < Cap()2~ 1Al for |a| > v +1,
we have
(3-4.21) | DE DY Ay (,€, )| < CF) gpramimlxlml=v=,

for 971 < p|¢|. Furthermore, extending (3.4.11), we have

(3.4.22) ID22DE Bj(2,€, )| e < CYIPImT | Db (-, €) | o
Now
J(r+1+]62] =) < vH1+4|Bz| -
(3.4.23) v < Cl¢] :
YI—1<pl€]

if v+ 1>, so, as long as (3.4.12) applies, (3.4.21)—(3.4.22) yield

(3.4.24) IDEDIr, (z, )| <C Y (gt TMITT I DEb(- € o,

Y1t+v2="v

if v 4+ 1 > r. These estimates lead to the following result.
Theorem 3.4.A. Assume

(3.4.25) a(x,§) € 81y, b(x,&) € BSTY.
Then

(3.4.26) a(z, D)b(xz, D) = p(x, D) € OPSf’Tm.
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Assume furthermore that

(3.4.27) 080¢a(z, €)| < Cag()>~1HIBL for |a| > v +1,

with po < p, and that

(34.28) IDgb(,E)ller < Cafe)™ 1.

Then, if v+ 1 > r, we have (8.4.4)—(3.4.5) with

(3.4.29) ry(z, D) € OPSYaT™2",

In particular, if (3.4.25) holds and in addition

(3.4.30) b(x,§) € B"ST,

for some r > 0, then a(x, D)b(x, D) € OPSTEW and (3.4.4)-(3.4.5) hold with
(3.4.31) ro(z,€) € STYHTT, for v

Following [M2], we next construct a microlocal parametrix. As usual, we say
q(z,&) € ST is elliptic on a closed conic set I' if [¢(z,&)| > C|§]™ on T, for [¢]

large. It is clear that in such a case there exists po(w, &) € S 1", equal to q(z, 6!
on I'.

Theorem 3.4.B. Let I'y CC I' be conic sets in T*R™\ 0. If r > 0 and q(z,€) €
B" ST s elliptic on T', there exists p(x,§) € Sy 1" such that

(3.4.32) p(z, D)q(z, D) = P(x,D) + R(z, D)
with

(3.4.33) P(z,€) € 8Y, elliptic on T,
and

(3.4.34) R(z,&) € 77,

Proof. Take any P(z,£) of the form (3.4.33), with conic support in I', and let
po(z,&) = q(z, €)' P(z,€), for ] large, po(x,§) € Sy 1". Then Theorem 3.4.A
applies to po(x, D)g(x, D). By a straightforward and standard induction one can
construct p;(z,§) € Sl_’in_j, j < [r], such that (3.4.32) holds for p = po + - - -+ pp.

We remark that p(z,§) so constructed actually belongs to A"S; *. Thus we can
write

(3.4.35) p(x,&) = p*(x,&) + p’(x,€), p* € BST, p* e ST
and hence
(3.4.36) p” (x, D)q(x, D) = P(z, D) + Ry(x, D)

with P(z, D) as in (3.4.32)—(3.4.33), and Ry (z,§) € Sy 7.
We next establish a regularity result.
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Lemma 3.4.C. If q(x,§) € B"ST", is elliptic on a conic set I and if u € H*P while
q(x, D)yu € HOP, then u € HZ.-™P(T), provided p € (1,00), s > m, and

(3.4.37) O0<o+m<s+r.

Proof. Taking p(x,§) € A"S| ", P(z,§) € SY, as in Theorem 3.4.B, we have
(3.4.38) P(z, Dyu = p(x, D)(q(z, D)u) — R(z,D)u € H7'™?,

provided (3.4.37) holds, which gives the proof

Next we obtain a result on the extent to which an operator with symbol in B"ST"
is microlocal.

Proposition 3.4.D. If q(x,&) € B"SY, and w € H*? N H;'*(T), then q(x, D)u €
H?"™P(T), provided s > m, s> 0, and

mecl

(3.4.39) s<o<s+r.

Proof. Adding K (§)™, we can assume ¢(x,§) is elliptic on I'. Set v = ¢g(x, D)u €
H3=™P oranted m < s. By Theorem 3.4.B and the comment following its proof,
given conic I'y CC I, there exists p# (z,£) € B"S " such that (3.4.22) holds, with
P(z,¢) € SY, elliptic on I'y. Hence

p (x,D)v = P(x,D)u+ Ry(x, D)u € H?,

granted s+7 > 0. Since p* (z, ) is elliptic on I'1, Lemma 3.4.C applies, to complete
the proof.

We now obtain an improvement of Lemma 3.4.C to the following microlocal
regularity result.

Proposition 3.4.E. The assertion of Lemma 3.4.C holds with the hypothesis on
¢(x, D)u weakened to q(x,D)u € H)' (T').

Proof. Tn (3.4.24), we see now that p(z, D)(q(x, D)u) € HZ ™P(T), so therefore
P(z,D)u € H°t™P under the hypotheses of the Lemma.

We can use these propositions to sharpen up some of the results of §3.1 and §3.3.
For example, using
F(u) = M#(z,D)u+ R

with M#(z, &) € B"SY,, R € H*™? given u € C" N H*P, r,s > 0, we see that
in the Rauch Lemma, Proposition 3.1.E, the condition (3.1.52) can be sharpened
to s < 0 < s+ r. Similarly, in the microlocal regularity result on solutions to a
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nonlinear PDE, F(z, D™u) = f, given in Theorem 3.3.B, one can sharpen (3.3.18)
to

(34.40)  we H™ P (O™ f e HEP (20,60) = u € H™E P (2, &).

mecl
However, this does not yield a sharpening of the elliptic regularity result of Theorem
3.3.C.

Whether these sharpenings constitute major or minor improvements might be
regarded as a matter of taste. Material in following sections should demonstrate
essential advantages of results on B"ST" described above. In the next section we
establish a commutator estimate which seems to be inaccessible by the tools used in
§3.1 and §3.3, involving operator calculus in OPST", with 0 < 1. In later chapters,
particularly Chapter 5, we use such an estimate to obtain results which are not only
sharper than those available by techniques involving use of the latter calculus, but
have a natural feel to them which should provide good evidence of the usefulness
of the paradifferential calculus.

Though we have concentrated on the study of B"S7" for r > 0, it is of interest
to note the following.

Proposition 3.4.F. If p(x,§) € BOS{’}l and 1 < p < oo, then
(3.4.41) p(z, D) : HSt™P — H*P for all s € R.

Proof. Looking at the proof of Theorem 2.1.A, reduced to the study of ¢(z,&) =
q1 + g2 + g3 in (2.1.14), we see that it suffices to consider ¢;(x, D). This is done in
(2.1.15).

Hormander [H2] shows that operators with symbol in B"STY belong to @’1’?1 =
OPST"; N(OPSTY)*. This contains the results (3.2.21), (3.3.35), and (3.4.41). The-
orem 3.4.A is generalized in [H2| to the case ¢(x, D) € @Tl' See also Bourdaud
[BG] for algebraic properties of U7

The space OPB"S] ; does not vquite form an algebra. However, it is easy to
see that, if p(z,§) € B"SY'| and q(z,§) € B"S{ have the further property of

p(n,€), ¢(n,&) being supported on |n| < |£]/30, then parallel to (3.4.4) we have
p(z,D)q(x, D) = P(x, D) + R(z, D) with

(3.4.42) P(z,€) € B°ST™",  R(x,8) € B°ST T

To see this, note that the symbol p#q of p(z, D)q(x, D) is given by

@#qxae>=<%oﬂj/p@ag+C)“<<cswm,

@#@Am£%=/ 5 — ¢, € + Qa0 €) d.

Also note that, if we start with p(z,§) € B’"Sﬁl, applying a cutoff to achieve the

further restriction on p(n,&) alters p(z,£) by an element of B’"Sﬁ 1 . Thus from
Theorem 3.4.A we have:
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Corollary 3.4.G. Ifr >0, p(x,&) € B"SY,, q(x,&) € B"ST", then
(3.4.43) p(z,D)q(x, D) = Py(z,D) + Ry(x, D)
with Py(z,€) € BOSYT”, given mod ST{F“_T similarly to (3.4.5), with v =r, and
(3.4.44) Ri(z,D) : HP — HS™™M7H+TP
for all s € R, p € (1,00). Consequently, in the scalar case,

(3.4.45) [p(x, D), q(x, D)] : HY? — H*~™7H*T%P 5 = min(r, 1).
Having discussed operators with symbols in B"S7", we now note some applica-
tions to a smaller class of operators, with symbols in a space denoted X". These

operators are the ones used by Bony in [Bo]. By definition, X" is the image of
C"S7} under a smoothing process, with § = 1, of the form

(3.4.46) a? (-, &) = Z‘I’k—5(D)a('af)T/}k+1<f)-

k>5
In case a = a(x) is independent of &, then
(3.4.47) a¥ (z,D)u = 7(a,u) = Tyu
is paramultiplication, as in (3.2.0). If we have
(3.4.48) a(@.&) = 3 a; (@)8,(8).
then
(3.4.49) a¥ (z, D)u =Y T, B;(D)u.

As in [Bo], we also denote this operator by T,. we will also denote by 7. the operator
obtained by replacing ¥;_5(D) by Ur_10(D) in (3.4.46). It is clear that, for r > 0,

(3.4.50) a(x,€) € C"Sf} = T, € OPB'Sy, T, — T, € OPB" ST,
In particular,
(3.4.51) T, — TC: C{qSP . fgs—mtnp

for all s € R, p € (1,00). From Corollary 3.4.G we have:
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Corollary 3.4.H. If a;(z,£) € C"S.)7, then

(3.4.52) T, T,, — Ty ., € OPB"STHT277 o = min(r,1).
Consequently,

(3.4.53) ToTuy — Toya, : H?P — HE7M7m2t0p

for s e R, p e (1,00).

§3.5. Product estimates

There are results more sophisticated than (3.1.59) on products that can be ob-
tained from a careful analysis of the terms in

(3.5.1) fo=Trg+Tyf +R(f,9),

where, as in (3.4.47),

(3.5.2) Trg = Z(‘I’k—5(D)f) - (Vr41(D)g),
k
and
(3.5.3) R(f.g) = (4p(D)f) - (vu(D)g)
k
where
k+5
(3.5.4) R = D (&)
{=k—5

Note that R(f,g9) = R(g, f).
A number of results on Trg and Tj f follow from the obvious fact that

(3.5.5) feL>®=T;cOPB’SY ;.
Hence
(3.5.6) 1Trgll s < Cspll fll oo gl mror

for s € R, p € (1,00). Almost equally obvious is

(3.5.7) feC =Ty e OPB St if >0,
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SO

(3.5.8) 1T gl pra=re < Cllfllgmnllgllzsr,  p>0,
for s € R, p € (1,00). Since

(3.5.9) H"P c C " for g —r=pu,

we have in particular

n
(3.5.10) ITsgllrrssvsvr < Cllf o lgllew, 7 <2,

for seR, p e (1,0).
As for R(f,g) = Ryg, we have in partial analogy to (3.5.5) and (3.5.7) that

(3.5.11) feC. = R; € OPS|, reR,
so, in analogy to (3.5.6) and (3.5.8),

(3.5.12) IR(f, )| es+re < Clf]

O: g||[_js,p7 T E R, S > —T’,

for p € (1,00), while, in analogy to (3.5.10), we have
n
(3.5.13) IR errtemrnron < Cllflarlglaer, s>,

if p € (1, 00).
More subtle results on Ry, as well as useful results on

(3.5.14) TPy =T,/

can be deduced from the following important result, Theorem 33 of [CM]:

Theorem 3.5.A. Let ¢, € S(R™), ¥(0) = 0. (Slightly more general ¢, are
handled in [CM].) Let m € L*°(R"). Then the operator

m(t)

(3.5.15) a, f) = / (o(tD)f) - ((tD)a) ™ gy

satisfies

(3.5.16) I7(a, P> < Cllallzaroll fll 2



88

There is a corresponding estimate for the discrete analogue

(3.5.17) > (e(27*D)f) - (¥(27*D)a)my.

k

The operators R(a, f) and T? f are special cases of this. Consequently,

(3.5.18) IR(f,9)l2 < CllflBarollgll 22
and
(3.5.19) 1T¢gllz2 < CllgllBmoll fl Lz

In Appendix D we establish variants of Theorem 3.5.A, strong enough to yield the
estimates (3.5.18) and (3.5.19).

Since Ry € OPS%1 is a singular integral operator for f € BMO c CY, Calderon-
Zygmund theory, discussed in §0.11, implies that (3.5.18) can be extended to

(3.5.20) |R(f,9)llee < CpllfllBaollgllzes € (1,00).

We produce an extension of this which will be useful. (See Lemma 3.5.E for further
results.)

Proposition 3.5.B. Let X" be a Banach space with the property
(3.5.21) PeOPS]y= P: X" — BMO.
Then, forp € (1,0), r € R,

(3.5.22) IR(f, 9)lle < Cllfllxr gl s—r-

REMARK. In fact, the natural choice for X" is the bmo-Sobolev space
(3.5.23) X" =5"* = (1-A)""?bmo,

where bmo denotes the local version of BMO. See [[T2]] for further discussion. Note
that the spaces H" /PP 1 € R, and C*, r = k € Z*, have the property (3.5.21).
These spaces are all subspaces of the space given in (3.5.23).

Proof. Decompose f into Z?il fe, via operators in OPS?’O, so the Fourier trans-
forms of f, lie in 2F < [¢] < 2F+2 with k = ¢ mod 20. Similarly decompose g. It
suffices to estimate each R(fs, gm ). In such a case, we can find

(3.5.24) Fr=Q4fi € BMO, Gp=Q_gnm€Ll, Qi€OPST
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such that, for each k,

(3.5.25) VR (D) fe = 27" YR(D)Fe, $i(D)gm = 2" ¢ (D)G
Hence R(fe,gm) = R(Fy, Gy,), so the estimate (3.5.22) follows from (3.5.20).

To give one example of how (3.5.22) helps to sharpen conclusions using (3.5.12),
note that, if we apply (3.5.10) and (3.5.13) to the decomposition (3.5.1) of fg, we
conclude that

(3.5.26) feH" ge H>? r< ﬁ, s<
p p
implies
(3.5.27) fg € H™T*~"/PP provided also r + s > L
p

The only term for which this extra condition is required is R(f, g); the weakness is
n (3.5.13). By Proposition 3.5.B and (3.5.25), we can extend this implication to
the case r +s=mn/p:

(3.5.28) fg € LP provided r + s = E,
p

assuming (3.5.26) holds. Of course, this also follows from the Sobolev imbedding
theorem:
n

(3.5.29) gre c /(=) g < o

together with Holder’s inequality, so it provides only a minor illustration of the
effectiveness of Proposition 3.5.B.

As a more substantial illustration, we provide a proof of the following estimate,
which for p = 2 was announced in [Che2| and applied to interesting results on the
Navier-Stokes equations.

Proposition 3.5.C. Letu € H*P, v € H™P be vector valued. Assumer < n/p, s <
n/p+1, r+s>n/p. Then

(3.5.30) divv=0=v-Vue H s n/r=1p,

Proof. Using v - Vu = div (u ® v) — u(div v), we see that, when dive = 0,

div R(u, v) Z div (¢ (D)u ® ¢i(D)v)

li—k|<5

= Y (@(D)v) - V(D)
|5—k|<5

= R(v,Vu).
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Hence, when divv = 0,
v-Vu =T,(Vu) + T(vuyv + R(v, Vu)

=T, (Vu) + Tiyyyv + div R(u, v).
The hypotheses on u and v imply

T, € OPBSTP™", Ty, € OPBSy/P~*™

so the first two terms on the right side of (3.5.31) belong to the space in (3.5.30).
Whenever r < n/p and r + s > n/p, we can apply (3.5.11) to obtain
(3.5.32) R(u,v) € H™s—n/pp,

It remains to consider the case r < n/p and r + s = n/p. Then we can apply
Proposition 3.5.B, with f =u € X7 = HYP~"P g =y € H"P, to get R(u,v) € LP
in this case, so again div R(u,v) belongs to the space in (3.5.31).

(3.5.31)

REMARK. In case n = 2, (3.5.30) is related to the “div-curl lemma” of [[CLMS]],
which implies that

divv =0, ve L? ve H'? = v-Vu € b,

where h' denotes the Hardy space. Note that forn =2, p =2, r =0, s = 1,
(3.5.30) says

divv=0,vel* vec H?=v-Vuc H " (if n=2).
To relate the two results, note that since (h!)* = bmo and H'?(R?) C bmo, we have

h'(R?) ¢ H~12(R?). On the other hand, L'(R?) is not a subspace of H~12(R?).

We record a further extension of Proposition 3.5.B.

Proposition 3.5.D. Givenr € R, let X" have the property (3.5.21). Then, for any
s €[0,00), pe(1,00),

(3.5.33) IR(f, o) ew < Cllfllxrllgll e

Proof. The content of (3.5.22) is that
Rf:H "™P — LP for f e X".
We claim Ry : H'="? — H'P for f € X". This follows from
OjRsg = Rajfg + Ry0;g.

By induction, one has Ry : H/~"P — HJP for j =1,2,3,..., when f € X". Then,
by interpolation, Ry : H*~"P — H*P s> 0, giving (3.5.33).

Above, we made use of the extension of (3.5.18) to LP-estimates, based on Ry €
OPSY . In fact, it is useful to note that, in general, (3.5.16) can be extended to L?
estimates. This is based on the following simple estimate.
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Lemma 3.5.E. If p,» € S(R"), and 7, f = 7(a, f) is given by (3.5.17), then

(3.5.34) Tof (z /K z,y)f(y) dy,
with

|Ka(z,y)| < yl ™",
(3.5.35)

Vo yKa(z,y)l < Clallcolz —y[" .

Proof. We have the formula

=Y mpar(2)2" ¢ (28 (z — y))
with A, = ¥(27%D)a, so [lax||L~ < Cllallco. From this the estimates (3.5.35) are
easily obtained.

As discussed in §0.11, it is a basic result of Calderon and Zygmund that, when
an L2-bounded operator has a kernel satisfying (3.5.35), then the operator is of
weak type (1,1), and bounded on LP for p € (1,00). Thus the estimate (3.5.16)
extends to

(3.5.36) I7(a, e < Cpllallsuoll fllze, 1 <p<oo.

Propositions 3.5.B and 3.5.D cannot extend completely to general 7(a, f), since
in particular they cannot extend completely for T’ra, but the following partial ex-
tension is very useful.

Proposition 3.5.F. Let 9,9 € S(R") and assume ¥(§) = 0 for || < co. Let
7(a, f) be given by (3.5.17). Let r € Z* and assume X" satisfies (3.5.21). Then

(3.5.37) I7(a; Hllgsr < Cllallxr [ fllge=rr, 0<s <7

Proof. First take the case s = 0. Say f = D%, |a| =r, g € LP. Write a = 2;11 ag,
with a, supported in 2% < [¢] < 28! with k = ¢ mod 10, such that there exist
by € BMO with

V(2 *D)ay = 27 " p(27FD)b,, Yk € ZT,
as in the proof of Proposition 3.5.B. Thus, denoting (3.5.17) by 7y ,,(a, f), we have

(3.5.38) Ty (ae, Dg) = 7y0., (be, 9)
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where ¢, (§) = £“¢(€). Thus (3.5.36) yields (3.5.37) for s =0. For s=j <r, f €
HI="P write

(3539) DBT(G, f) - Z C’yaT(Dvaa Daf)a
Yt+o=p3

and use induction to obtain (3.5.37) for such integers s. The general result for
0 < s < r follows by interpolation.

In particular this applies to 7(a, f) = Tta, so for example we have the estimate
(3.5.40) 1T¢gllezor < Clflls-rllgllLip, 0<s<1,

which will be useful for commutator estimates in the next section.
To end this section, we note results on the terms in the decomposition of

(3.5.41) M (u;x, D) = M# (u; z, D) + M°(u; 2, D)

for M (u;z, D) arising from F(z, D™u) as in (3.3.6), so

(3.5.42) F(z,D™u) = M(u;z, D)u mod C*°,

when the Bony-Meyer paradifferential method is used to construct M#, so

u € C™ = M*(u;x,€) € B"ST

(3.5.43) ,
M (u;x, &) € ST

Estimates of the form above for T,,v apply to M7 (u;z, D) and estimates of the
form above for R(w, v) apply to M°(u; x, D). Looking at the analysis behind (3.5.5),
(3.5.33), (3.5.37), and (3.5.40), one verifies the following. The spaces X" are as in
Propositions 3.5.B and 3.5.D.

Proposition 3.5.G. For the decomposition (3.5.41) described above for M (u;z, D),
arising as in Proposition 3.3.A, we have the following estimates, for p € (1,00) :

(3544)  [M*(u2, DYollges < Coplllullo)ullcm [ollgresms, s € R,
and, for r € R,

(3.5.45) 1M° (us 22, D)ol v < Cop([lull o) [ful| xcmer 0]l rosm—rn, 5> 0.
Furthermore, given r € Z,

(3.5.46) ||M#(u;x,D)v||Hs,p < O(|lullpe) vl xcm+r|w]| grs+m=—re, 0<s<r;
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i particular,

(3.5.47)  ||M7* (u; 2, D)o grsw < C(|Jullpo)|Jv]|gmsr ||ul| grosm-10, 0<s <1,

§3.6. Commutator estimates

In this section we establish a number of estimates, including the following two:
(3.6.1) I1P(fu) = fPullLe < CllfllLip ull o1 + Cllf || zrow |ul] 2
given P € OPS{,, s >0, p € (1,00), and
(3.6.2) IP(fu) = fPullo < Ol fllLipt 1l e

given P € OPS%}O. The first generalizes an estimate of Moser [Mo] when P is a
differential operator. Such an estimate was proved by Kato and Ponce [KP] when
P = (1 — A)*/2, by a different method than used here. The second estimate is due
to Coifman-Meyer [CM2], generalizing the case when P € OPS}, due to Calderon
[Cal]. Both these estimates will play important roles in subsequent chapters.

To begin, write, as in (3.5.1),

f(Pu) = TfPu + Tpuf + R(f, Pu)

(3.6.3) P(fu) = PTyu+ PT,f + PR(f,u).

Using Theorem 3.4.A and the observations leading to Corollary 3.4.G, we have

(3.6.4) f € Lip', PeOPS;, = [Ty,P] € OPBS;7".
hence
(3.6.5) [Ty, Plul| gree < C||fllLipt |l gre-1400, 0 €R,

for s e R, p e (1,00).
We estimate separately the other four terms on the right sides in (3.6.3). First,

(3.6.6) ueL>®=T,c0PBS},
SO
(3.6.7) |PTyfllmowr < Cllullpee||fllgotor, o ER,

for s € R, p € (1,00). Similarly, by (3.5.7),

3.6.8 weL® PeOPSS,= Tp, € OPBSS, if s >0,
1,0 1,0
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SO
(3.6.9) 1 Tpufllzor < Cllull< | flzetor, o €R,

for s >0, p € (1,00).
To estimate R(f, Pu), we can use

(3.6.10) f € Lip' = Ry € OPS;;
to deduce
(3.6.11) |R(f, Pu)laor < C|lfllzip vl go-1400, o> 0.

But since we are particularly interested in the case 0 = 0 in (3.6.1), we will appeal
to Proposition 3.5.D, with X" = X! = Lip!, to obtain

(3.6.12) HR(f, PU)HHU,P S OHfHLU?l ||U/HHsfl+U,p, o) Z 0.
Similarly, using this proposition, we have

(3.6.13) IPR(f,u) | mrow < Clflpipt |l gre-sion, o> —s,

such an estimate for o > —s following more simply from (3.6.10).
Thus the estimates (3.6.5), (3.6.7), (3.6.9), (3.6.12), and (3.6.13) yield the fol-
lowing extension of the Kato-Ponce estimate.

Proposition 3.6.A. Given P € OPS}, s >0, we have
(3.6.14)  [P(fu) = fPullies < C|fllpip lullgreseos + C L Flliesos ullzoe,
foro >0, pe(1,00).

The one point in the proof of this proposition which depends on Theorem 3.5.A,
i.e., Theorem 33 of [CM], is the estimate (3.6.12), improving (3.6.11). Thus (3.6.14)
is proved for ¢ > 0 without using this result of [CM]. We now show how it can
also be proved for ¢ = 0, independently of Theorem 3.5.A, using some simple
commutations.

The only element of (3.6.3) that did not give rise to an adequate estimate for
o = 0, without depending on Theorem 3.5.A, is R(f, Pu). However, we will find it
more convenient to estimate

(3.6.15) T, f = Tpuf + R(f, Pu),
where generally

(3.6.16) fa=Trg+TEf, TEf=T,f+R(f9)
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The advantage is that, from (3.6.6) and the obvious estimate on fg, we have

(3.6.17) T3 fllee < Cllfllz=llgllze,

without using Theorem 3.5.A. We need to prove
(3.6.18) ITE e < Cllullpeell fllree + Cllull o=t || f ]| g

Given u € H*~"P N L*°, we can write

(3.6.19) w=> A0+ A vy, AT =(1-A)2

with ||’Uj||Hsf1,p < CHUHHS*LTH ”vj’
u = A_lajvj. Write

co < Cllul|ze. Tt suffices to examine the case

P; =[PA™',0;] € OPS]', Q=PA ' cOPS; "
Now, with u = A=19,v;, since Téj.wf = 9, f — T, f, we have
(3.6.20) THf =Th ., [+ 0,18, f—T5,.0;f.
We estimate the three terms on the right. By (3.6.17),

176., 05 e < Cll0; fll= | Qujllzs

(3.6.21)
< C”fHszl ||Uj HHS*lyp,

and T}jj v f has an even simpler bound. To estimate the other term, i.e., the HP-
norm of Tgvj f, we will use the fact that

(3.6.22) veC) =T, €OPS{ !, ifs>1,
to get
(3.6.23) 10, T8, flle < Cllvsllcoll fllers», if s > 1.

Consequently, we have a proof of (3.6.1) which does not depend on Theorem 3.5.A,
as long as s > 1.

We now turn to the commutator estimate (3.6.2), which is sharper than the
s =1 case of (3.6.1). From what we have done so far, we see from (3.6.5), (3.6.12),
and (3.6.13) that, for P € OPS{ 4,0 > 0,

I1P(fu) = fPul e

(3.6.24)
< Clfllpipt lullzzor + CNPTuf | trew + ClTpuf| o
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Before, we dominated the last two terms by Cllu|| po || f|| gs+o.», using (3.6.6) and
(3.6.8). This time, we use instead (3.5.40), i.e.,

(3.6.25) 1T fllazrs < Cllole ol flluips, 0<7T<1,

to dominate the last two terms in (3.6.24) by C|| f||Lipt||u||z», in case o = 0. This
proves (3.6.2).

We mention that another path from Theorem 3.5.A to the commutator estimate
(3.6.2) is indicated in Chapter 6 of [CM].

We briefly discuss how the estimate (3.6.2) follows from the T(1) Theorem of
David-Journe [DJ]. First we recall the statement of that result. Consider a function
K on R™ x R" satisfying

|K(x,y)| < Clz —y[™",

(3.6.26) o
Vo K(z,y)| < Clo —y|™" .

Suppose K agrees on R™ x R™ \ A with the distributional kernel of an operator
T :C§° — D', satisfying the weak boundedness condition
(3.6.27) (T ¥, ¥ M) < CA"
for all ¢, in any bounded subset of C§°(R"™), where
PP () = p((z —y)/N).
Then the Theorem states that there is a bounded extension
(3.6.28) T:LP(R") — LP(R™), 1<p< oo,
provided that also
(3.6.29) T(1), T*(1) € BMO.
We recall the following property, which actually characterizes BMO :

(3.6.30) AeOPS)y= A:L> — BMO.

We claim that, if P € OPSllyo and f € Lip!, then T = [P, f] has these properties.
If P has Schwartz kernel L(x,z — y), then the Schwartz kernel of T is

(3.6.31) K(z,y) = L(z,z —y)[f(z) = f(y)],
which implies (3.6.26) from standard estimates on L. Note that

T(1) = P(f) - fPQ1) € BMO,

(3.6.32) T*(1) = —P*(F) + FP*(1) € BMO,
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by (3.6.30). It remains to verify the weak boundedness condition (3.6.27).

When P € OPSiO has symmetric Schwartz kernel, then T' = [P, f] has antisym-
metric Schwartz kernel. As noted in [DJ], the estimate (3.6.27) is easy in this case.
Furthermore, it is easy to see that P € OPSiO has a symmetric Schwartz kernel
(mod OPSY ) if and only if its symbol p(z, ) € St o is symmetric in & (mod S? ).
There is a corresponding result on antisymmetry.

Thus it remains to consider the case of p(x,§) € 51170 antisymmetric in &. Hence
we can consider P =Y D;B;(x, D), with B;(x,£) € S, symmetric in . Now we
have

(3.6.33) [D;Bj(x, D), f] = Dy, f]Bj(z, D) + D;[B;(x, D), f].

The first term on the right is obviously bounded on LP. Write the second term on
the right as (D;A"')A[B;(x, D), f], and write

(3.6.34) A[Bj(z, D), f] = [AB;(z, D), f] = [A, f]B;(z, D).

The operators AB;(z, D), A € OPS] both have even kernels (mod OPSY ), so
the case discussed above applies. Thus we have the LP-boundedness of (3.6.33),
finishing the derivation of (3.6.2) from the 7'(1) Theorem.

The T'(1) Theorem is proved in [DJ]. A discussion of background material is given
in [Ch]. We note that a key ingredient in the proof is the paraproduct, including
Theorem 3.5.A.

To close this section, we extend Proposition 3.6.A to the case s = 0. In the
derivation of (3.6.14), only the step involving (3.6.9) required s > 0. We can extend
this result to s = 0 if we replace ||ul/p~ on the right side of (3.6.14) by ||ul/p~ +
|| Pu|| . We also note that, using (3.6.25), we can estimate Tp, f and PT, f in the
H?P-norm by C||f| Lip ||u|| gre-1.», for 0 < o < 1. Thus we have the following.

Proposition 3.6.B. Given P € OPSY 5, we have
(3.6.35) |P(fu) = fPul|gor < C| fllLipt|ul|ge-1p, for0<o <1,
and, for o > 1,

1P (fu) = fPul e

(3.6.36)
< Ol fllziptull o1 + Ol fllmaw (JJull Lo + (| Pull ).
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Chapter 4: Calculus for orc'sy

In the last chapter, we developed an operator calculus and used it for several
purposes, including obtaining commutator estimates in §3.6. Here we work in the
opposite order. In §4.1 we recall the estimate (3.6.2) of Coifman-Meyer (generalizing
results of Calderon) and show how it leads to further commutator estimates for
operators with C'-regular symbols. Then we use these commutator estimates to
establish an operator calculus for symbols in C1S™. For this, Calderon’s estimates
suffice, and much of the material of §4.2 is contained in [Ca2], [Ca3]. In §4.3, we
look at a Garding inequality, more precise, though less general, than the Garding
inequality in Proposition 2.4.B.

Section 4.4 discusses relations between OPC'S™ and paradifferential operators
with symbols in Bony’s class X7".

64.1. Commutator estimates

We begin by recalling the commutator estimate of Coifman-Meyer proved in
§3.6.

Proposition 4.1.A. If P ¢ OPS}’O, p € (1,00), then

(4.1.1) 1P(fu) = fPullLe < C[[f]|Lip [l o

We will derive several generalizations of this, with implications for O PC 1527. To
begin, we obtain a generalization of (4.1.1) with f replaced by A(z, D) € OPC'SY,,
as follows. Modulo minor additional terms,

(4.1.2) Az, D) =Y ag(z)we(D),
0

as noted in the proof of Proposition 1.1.A. We have

(4.1.3) laellcr < Car(6)~M,

where C'j; is dominated by some seminorm

(4.1.4) o1 (A) = sup{ [ DEA(-, &)l - ()1 : € € R™, || < N}
Meanwhile we have a polynomial bound

(4.1.5) lwe(D)|z(zry < Cp(O), 1< p< oo

Given (4.1.2), we have

(4.1.6) [P, A(z,D)] =Y [P, acwe(D) + > ae(x)[P,wy(D)].

4 £
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We can apply (4.1.1) to [P, as]. To analyze the last sum in (4.1.6), we use the
estimate

(4.1.7) |P.we(D)][| £ 1y < ColO,

coming from [P,w;(D)] € OPSY} ,, with easily established symbol bounds. Putting
these estimates together, we have:

Proposition 4.1.B. If P € OPSllyo, A(z,€) € C'SY, 1 < p < oo, then, for some
N,

(4.1.8) H[P,A(a:,D)]uHLp < Cpﬂ-?\]’Cl (A)||ul e

1

.1, We can write

In the same way, given B(z,§) € C1S

(4.1.9) B(z,D) =Y by(x)we(D)A
4

and then

(4.1.10) [B(x, D), A(z,D)] = [bm (2)wm (D)A, ag(z)w(D)].
Z,m

Each commutator in the sum can be expanded to
(4.1.11) bm, [wm(D)A, ag]wg + ay [bmA, wg]wm.

We can apply (4.1.1) to the first term in (4.1.11). We can rewrite the second term,
using
[bmA7 Wg] = [bm7 wﬁA] — Wy [bm; A]7

and again apply (4.1.1). Thus we have:

Proposition 4.1.C. If B(z,§) € C'S},
some N,

(4.1.12) I[B(x, D), A(w, D)ulle < C1y o1 (A) - 7y oo (B)ul o

A(z,€) € C'SY%, 1 < p < oo, then, for

Here, generalizing (4.1.4), we set
(4113) 7 x(B) = swp{|DEB(-€)x - (&1l ¢ € R",Ja] < N}.
Note that, under the hypotheses above, by Proposition 1.1.B,
(4.1.14) A(z,D)B(z,D) : H**'P — H*P —1<s<1

o B(z,D)A(z,D) : H*TY? — H*P (0<s<1,

for 1 < p < oo0.
Noting that A[P, f] = [AP, f] — [A, f]P and [P, f]A = [PA, f] — P[A, f], we see
that Proposition 4.1.A implies:
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Proposition 4.1.D. If P € OPSY,, f € Lip', 1 <p < oo, then

[P, f]: H*P — H*TP 1< 5<0.

Then the analysis establishing Proposition 4.1.B and Proposition 4.1.C also gives:

Proposition 4.1.E. If P € OPS},, A;j(z,&) € C'SY, 1 <p < oo, then

cl’
[P, Aj(z,D)]: H®P — H*"P 1< 5<0

and
[A1($7D),A2(IB, D)] P — Herl,p, —1<s<0.

We end this section with a generalization of the Kato-Ponce estimate (3.6.1),
replacing f € Lip' N H*? by A(x,D) € OPC'S% N OPH*?SY, given 1 < p <
00,5 > 0. Write A(z, D) in the form (4.1.2). Then, given P € OPSY ,

(4.1.15) [P, A(z, D)Ju =[P, agwe(D)u + Zag V[P, we(D)]u.
4

By (3.5.1), with f = as, we have

(4.1.16)

[P, ae)(we(D)w)| ., < Cllacllerllwe(DYull grs-1.0 + Cllacl| e llwe(D)ul| po -

Now ay has a bound of the form (4.1.3), both in the C'-norm and in the H*?-norm.
In light of (4.1.5), we have

(4.1.17) Cllaglerllwe(D)ull gre-10 < Cpnr (€)M F 1R o (A) [l o1

Now OPS? is not bounded on L>, so we need to work with a smaller Banach space,
call it C’%, with the property that

(4.1.18) Be€OPSy = B:C) — C° C L™.
Then we have an estimate

(4.1.19) Cllaellzzer lwe(D)ullee < Conr(O)™ R pron (A)llull o -

We have then a good estimate on the first sum in (4.1.15). For the last sum, we
can use the simple estimate

[P,we (D)l < Gl [l

We have the following result:
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Proposition 4.1.F. If P € OPS{, and A(z,§) € C1S% N H*PSY with 1 < p <
00,5 > 0, then

(4.1.20) I[P, Az, D)]ullzr < Oy co (A)lull gro=1.0 + CTR pron (A)llull s, -

Whatever choice of C’% is made in (4.1.18), we note that, if

(4.1.21) ClL=A"T(CY), r=>0,
then
(4.1.22) BeOPSy = B:Cj, — C", r>0.

For r ¢ 7, this is clear from C° Cc CY and A" : C0 — CT. lf r =k € Z, u =
A~"v, v € CY, we have, for |a| <k, DYBA~Fv = Av, A € OPSY, which belongs

cl

to C° by hypothesis (4.1.18), so (4.1.22) is established. One candidate for CY is
the Besov-type space

(4.1.23) BY,, ={ueS®R"): ) [[v;j(D)ur~ < oo},

Jj=0
where {1,} is the partition of unity (1.3.1). Note that
(4.1.24) C°>BL,DC", r>0.
In fact, this is the space we will use:
(4.1.25) Cy =B,
In the 1991 version of this work we proposed instead to take

u € C’gﬁ = sgp (0" |we(D)ul|co < o0

where K is a constant which is picked to be sufficiently large. In the process of
producing [[T2]], the author realized that (4.1.25) works best. In particular, the
results of §B.2 apply to make this a good candidate.

§4.2. Operator algebra
The analysis proving Proposition 4.1.C can also be applied to products A;(x, D)B(z,
where, with j =0 or 1,

(4.2.1) Aj(z, &) e CSY

cl’

B(x,§) € C’lsfl.
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We suppose expansions such as (4.1.2) and (4.1.9) hold. Then, in analogy with
(4.1.10), we have

Ao(z,D)B Zae bon (2)wrn (D) A#
(4.2.2)
= Co(.%, D) + RO
where
(4.2.3) Co(x,&) = Ao(z,€)B(,€)
and
(4.2.4) Z ag(2)[we (D), b (2)] A" win (D).

Applying Proposition 4.1.E, keeping in mind such estimates as (4.1.3), we have the
first half of:

Proposition 4.2.A. Given (4.2.1), j =0,1,

(4.2.5) Aj(x,D)B(z,D) = Cj(z,D) + R,
where

(4.2.6) Cj(x,€) = Aj(x,€)B(x,€) € OS5,
(4.2.7) Ro: HFFSP — gsthp o 1< 5<0,
and

(4.2.8) R, : H*? — LP.

For the second half, note that

(4.2.9) Z b D)A, ag(x)]we(D)A".

Note that Proposition 4.2.A contains Proposition 4.1.C.
Next we establish a result on adjoints, more precise, though less general, than
Proposition 2.3.A.
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Proposition 4.2.B. If B(z,£) € C'S},, and B*(z,£) = B(z,&)*, then

(4.2.10) B(x,D)* — B*(z,D) : LP — LP, 1< p< .

Proof. Given the expansion (4.1.9), we have
(4.2.11) B(z,D)* — B*(z,D) = Y _[we(D)A, by(z)"],
¢

so the boundedness follows from (4.1.1) and the analogue of (4.1.3).
In a similar fashion, we can use Proposition 4.1.D to establish the following.

Proposition 4.2.C. If A(z,&) € C'SY, then

(4.2.12) A(x,D)* = A*(x,D) + R
with
(4.2.13) R:H*P — H¥"P 1 <5<0.

84.3. Garding inequality

We use the operator algebra of §4.2 to establish the following useful version of
Garding’s inequality.

Propossition 4.3.A. If p(z,&) € C'S?% is a K x K matriz valued symbol and
(4.3.1) p(w, &) = p(z,£)" > CI¢)°1
for || large, then

(4.3.2) Re (p(z, D)u,u) > Ctllullf — Callul|7-.

Proof. Without loss of generality, we can assume

(4.3.3) p(z,€) = p(x,)* > C€)?I for all z,&.
Picking C} < C, we can hence write

(4.3.4) p(z,€) — C1{6)* = a(z, £)?,

with a(x,€) = a(z,€)* € C'S}. Hence

(4.3.5) (p(z, D)u,u) = Cillullfp + (a*(z, D)u, u)
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where a?(z,€) = a(z, €)% Applying Proposition 4.2.A and Proposition 4.2.B, we
can write

(4.3.6) a*(x,D) = a(x,D)*a(x,D) + R, R:H'— L*
Hence

(4.3.7) (p(z, D)u,u) = Ci|lullzp +lla(z, D)ul[7z + (Ru,u)
and

(4.3.8) |(Ru,u)| < Csllul[ g [[ul| 2

This gives the desired estimate (4.3.2).

We can replace (4.3.1) by a more standard hypothesis on p(x, £)+p(x, £)*, though
a little care is required to do so, since the relation between p(z, D)* and p*(z, D)
is not as good for p(z,&) € C1S? as it is for symbols in C1S},.

Lemma 4.3.B. Given q(z,&) = q(z,&)* € C'S?, we can write

(4.3.9) q(z,D)=Q+R

where Q is a symmetric operator on L?, with domain H?, and

(4.3.10) R:H' — L~

Proof. There exists Cy > 0 such that p(z,£) = q(x,€) + Cp(€)? satisfies (4.3.3).
Then (4.3.4) and (4.3.6) give

(4.3.11) q(z,D) = (C1 — Co)A + a(z,D)*a(x, D) + R,

which does it. Note that it does not follow that Q@ € OPC'S?, nor that ¢(z, D) —
q(x, D)* maps H' to L?.

Consequently the hypothesis on ¢(x, &) implies
(4.3.12) Im (q(z, D)u, w)| < Cllul g |[ul 2.
Therefore, if p(z,£) € C*S? and p*(z,&) = (1/2)(p(x, &) + p(x,£)*), then
(4.3.13) Re (p(x, D)u,u) — Re (p°(x, D)u, u)| < Clluflgr[lull>-

This immediately yields
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Corollary 4.3.C. In Proposition 4.3.A, the hypothesis (4.3.1) can be replaced by

(4.3.14) p(@,€) + p(z,€)" = Cl¢’L.

§4.4. Cl-paradifferential calculus

In this section we discuss the relation of operators with symbols in C'S™ and
those with symbols in the class X7*. This is the case of Bony’s symbol class ¥ with
r = 1, which has played a role in recent work of Gerard-Rauch [GR] and Metivier
[Met2]. Recall from (3.4.32) that a symbol in ¥7* arises from one in C'S™ via a
symbol smoothing process, with § = 1, of the form

(4.4.1) = W ;) Vi41(8)-

k>0

As in §3.4, we follow Bony [Bo] and denote a(z, D) also by T,. The first basic
result is the following, part of which was stated by Metivier in (9.7) of [Met2].

Proposition 4.4.A. If a(z) € C!, then, for —1 < s <0, p € (1,00),

(4.4.2) u € H*? = au — T,u € HTHP,

Proof. We write
(4.4.3) au — Tou = Tya + R(a,u)

and use results of §3.5 to analyze the two terms on the right. From Proposition
3.5.D we have

(4.4.4) |R(a,w)||gs+1.0 < Cllal|cr||ul|gse, s> —1,
while (3.5.40) implies
(4.4.5) | Twal gs+1.0 < Cllallci||ul|gse, —1<s<0.

Thus (4.4.2) follows.
Using (4.4.2) it is fairly easy to establish:

Proposition 4.4.B. If a(x,§) € C1S™, then, for —1 < s <0, p € (1,00),

cl»

(4.4.6) u € H"P = a(x, D)u — Tyu € H¥THP.

Proof. Writing a(z,§) = ) a;(x)5;(§) with 8; € ST, it suffices to apply (4.4.2) to
a = aj(z), with u replaced by 3;(D)u.
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Using this we can relate such commutator estimates as in Proposition 4.1.E to
m;

that from Corollary 3.4.H, which implies for scalar a;(z, ) € C*S)7,
(447) TalTag — TazTal c E(Hs,P,HS—ml—mg—i—l,p)

for s € R, p € (1,00). Given Proposition 4.4.B, we see that Proposition 4.1.E is
equivalent to (4.4.7), for s € [—1,0], and my; = my = 0. Similarly, (4.4.7) implies
(4.1.1) for P € OPS},, which is Calderon’s case of Proposition 4.1.A. Of course,
we saw already in §3.6 that the full strength of Proposition 4.1.A follows from such
ingredients, so this is nothing new.
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Chapter 5: Nonlinear hyperbolic systems

In this chapter we treat various types of hyperbolic equations, beginning in
§5.1 with first order symmetric hyperbolic systems. In this case, little direct use
of pseudodifferential operator techniques is made, mainly an appeal to the Kato-
Ponce estimates. We use Friedrichs mollifiers to set up a modified Galerkin method
for producing solutions, and some of their properties, such as (5.1.43), can be ap-
proached from a pseudodifferential operator perspective. The idea to use Moser
type estimates and to aim for results on persistence of solutions as long as the
Cl-norms remain bounded was influenced by [Mj]. We provide a slight sharpen-
ing, demonstrating persistence of solutions as long as the C'!-norm is bounded.
In §5.2 we study two types of symmetrizable systems, the latter type involving
pseudodifferential operators in an essential way. Here and in subsequent sections,
including a treatment of higher order hyperbolic equations, we make strong use of
the C'S™-calculus developed in Chapter 4.

§5.1. Quasilinear symmetric hyperbolic systems

In this section we examine existence, uniqueness, and regularity for solutions to
a system of equations of the form

0
(5.1.1) 8_1: = L(t,z,u, Dy)u+ g(t,x,u), u(0)=f.
We derive a short time existence theorem, under the following assumptions. We
suppose

(5.1.2) L(t,z,u, Dy)v = ZAj(t,m,u)ajv,
J

that each A; is a K x K matrix, smooth in its arguments, and furthermore sym-
metric:
(5.1.3) Aj = Aj.
We suppose ¢ is smooth in its arguments, with values in R¥; u = u(t,x) takes
values in R¥. We then say (5.1.1) is a symmetric hyperbolic system. For simplicity
we will suppose x € M where M is an n-dimensional torus, though any compact
M could be treated with minor modifications, as could the case M = R"™. We will
suppose f € H*(M), s >n/2+ 1.

Our strategy will be to obtain a solution to (5.1.1) as a limit of solutions u. to

Ou,
ot

(514) = JsLejeus + ge, U,€<O) = fa
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where

(5.1.5) L.v = ZAJ (t,z, Jous)Ojv
j

and

(5.1.6) ge = Jeg(t, x, Joue).

In (5.1.4), f might also be replaced by J.f, though this is not crucial. Here {.J; :
0 < e < 1} is a Friedrichs mollifier. For any ¢ > 0, (5.1.4) can be regarded as
a (Banach space)ODE for u., for which we know there is a unique solution, for ¢
close to 0. Our task will be to show that the solution u. exists for ¢ in an interval
independent of € € (0, 1], and has a limit as € — 0 solving (5.1.1).

To do this we estimate the H*-norm of solutions to (5.1.4). We use the norm
llull s = ||Aul| 2. We can arrange for A® and J. to commute. We proceed to derive
an estimate for

(5.1.7) %HAsug(t)H%g = 2(A°J.LoJoue, Nu) 4+ 2(A°ge, Au).
Write the first term as

(5.1.8) 2(L A Jeug, NP Joug) 4+ 2([A°, Le | Jeue, A Joug).

To estimate the first term of (5.1.8), use

(5.1.9) (Le + L7) = = ) [054;(t, 2, Jeue)]o,

SO J

(5.1.10) 2(LoA*Joue, A Jous) < O(|| Jeus (V)] o) - | A% Toue3 2.

Next consider

(5.1.11) (A%, LJo =Y [A*(A;.0;0) — AjA*(00)],

j
where A;. = A;(t,z, Jou.). By the Kato-Ponce estimate (3.6.1), we have

(5:112) A% Leole < C 30 [ Agem
J

Oyll= + | Asellon 950l o .

Also, there is the Moser estimate
(5.1.13) [A;(t 2, w)llgs < Clwl[L) (1 + [lwl|),

and a similar estimate on ||g.||gs; compare (3.1.20). Using these estimates, we
obtain from (5.1.7) that

(5.1.14) %IIAsus(t)IIQLz < C(Ieue(®)ller) (1 + || Jeue ()1 F5)-

This puts us in a position to prove the following.
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Lemma 5.1.A. Given f € H®, s > n/2+ 1, the solution to (5.1.4) exists for t in
an interval I = (—A, B), independent of €, and satisfies an estimate

(5.1.15) lue(t)||ms < K(t), tel,
independent of € € (0,1].

Proof. Using the Sobolev imbedding theorem, we can dominate the right side of
(5.1.14) by E(|luc(t)||%.), so |luc(t)||%. = y(t) satisfies the differential inequality

(5.1.16) — < E(y), y(0)=fl%-

Gronwall’s inequality yields a function K (t), finite on some interval [0, B), giving
an upper bound for all y(¢) satisfying (5.1.16). Time-reversal gives such an upper
bound on an interval (—A,0]. This I = (—A, B) and K (t) work for (5.1.15).

We are now prepared to establish the following existence result.

Theorem 5.1.B. Provided (5.1.1) is symmetric hyperbolic and f € H*(M), with
s >n/2+ 1, there is a solution u, on an interval I about 0, with

(5.1.17) w € L>®(I,H*(M)) N Lip(I, H¥~*(M)).

Proof. Take the I above and shrink it slightly. The bounded family
u. € O(I, H)nCH(I,H*™ 1)

will have a weak limit point u satisfying (5.1.17). Furthermore, by Ascoli’s theorem,
there is a sequence

(5.1.18) ue, — w in C(I, HS"1(M))

since the inclusion H® C H*~! is compact. Also, by interpolation inequalities,
{ue : 0 < e < 1} is bounded in C?(I,H*~?(M)) for 0 < € < 1, so since the
inclusion H*~7 C C'(M) is compact for small o > 0 if s > n/2+ 1, we can arrange
that

(5.1.19) u., — u in C(I,CH(M)).
Consequently (with € = ¢,)

JoL(t,x, Joue, D)Jeue + Jog(t, x, Joue)

5.1.20
( ) — L(t,x,u, D)u+ g(t,z,u) in C(I x M),
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while clearly Ou., /0t — Ou/0t weakly. Thus (5.1.1) follows in the limit from
(5.1.4).

There are questions of uniqueness, stability, and rate of convergence of u. to u,
which we can treat simultaneously. Thus, with e € [0, 1], we compare a solution u
to (5.1.1) to a solution u. to

5.1.21 Oue = J.L(t,x, Joue, D)Joue + Jeg(t,z, Jous), u:(0) = h.
ot

Set
V=U— U

and subtract (5.1.21) from (5.1.1). Suppressing the variables (¢, x), we have

ov

(5.1.22) 5 = L(u, D)v + L(u, D)us — JoL(Jeue, D)Joue + g(u) — Jog(Jeue).
Write
L(u, D)ue — J.L(Jue, D)Jeue
(5.1.23) = [L(u, D) — L(ue, D)]ue
o + (1 — Jo)L(ue, D)ue + JoL(ue, D)(1 — Je)ue
+ J:[L(ue, D) — L(J.ue, D)|Jcue
and
9(u) — Jeg(Jeue) = [g(u) — g(ue)] + (1 = Je)g(ue)
o129 + Llg(ue) - g(Jeus))
Now write

(5125)  g(u) — g(w) = Glu,w)(u—w), Glu,w) = / glrut (L Pw)dr
and similarly

(5.1.26) L(u, D) — L(w, D) = (u—w) - M(u,w, D).

Then (5.1.22) yields

(5.1.27) % = L(u, D)v + A(u, us, Vue)v + R,

where

(5.1.28) A(u, ue, Vue)v = v - M (u, ue, D)ue + G(u, us)v
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incorporates the first terms on the right sides of (5.1.23) and (5.1.24), and R. is
the sum of the rest of the terms in (5.1.23)—(5.1.24). Note that each term making
up R, has a factor I — J., acting on either u., g(u.), or L(uc, D)u.. Thus there is
an estimate

(5.1.29) IR ()I72 < Collluc(®)llen) (X + ue(t)][Fr)rs(e)?
where
(5130) 7‘5(8) = ||I — J€||£(HS—1,L2) ~ HI — J€|’£(HS7H1).

Now, estimating (d/dt)||v(t)||2. via the obvious analogue of (5.1.9) yields

(5.1.31) %Ilv(t)llia < CH)|lv(®)]7= + S(t)

with

(5.1.32) C(t) = Cllus@) e lu@®)lor), () = [|R(t)]|72-
Consequently, by Gronwall’s inequality, with K (t) = [ C(r)dr,
(5.1.33) lv(@)][72 < e*ONIf = Rl72 + /01 S(T)e‘K(T’dT]

This estimate establishes the following

Proposition 5.1.C. For s > n/2 + 1, solutions to (5.1.1) satisfying (5.1.17) are
unique. They are limits of solutions uc to (5.1.4), and, fort € I,

(5.1.34) u(t) — ue ()l 2 < Ky — Joll oie—r 12

Note that if J. = ¢(eA) with ¢ € C°(R), ¢(A) =1 for |A| < 1, then we have
the operator norm estimate

(5.1.35) 11— Jellg(pre—1, 12y < C -1

Returning to properties of solutions to (5.1.1), we establish the following small
but significant improvement of (5.1.17).
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Proposition 5.1.D. Given f € H*(M), s > n/2 + 1, the solution u to (5.1.1)
satisfies

(5.1.36) uwe C(I,H*(M)).

For the proof, note that (5.1.17) implies that u(¢) is a continuous function of ¢
with values in H*(M), given the weak topology. To establish (5.1.36), it suffices to
demonstrate that the norm ||u(t)|| g- is a continuous function of . We estimate the
rate of change of ||u(t)||%. by a device similar to the analysis of (5.1.7). Unfortu-

nately, it is not useful to look directly at (d/dt)||[A*u(t)||3., since LA®u will not be
in L2. To get around this, we throw in a factor of .J,, and look at

d
(5.1.37) EHASJEu(t)H%Q = 2(A°J.L(u, D)u, A° Jou) + 2(A° J.g(u), A°J-u).

As above, we have suppressed the dependence on t,z, for notational convenience.
The last term on the right is easy to estimate; we write the first term as

(5.1.38) 2(A*L(u, D)u, A* J?u) = 2(LA*u, A®J?u) + 2([A%, Lu, A*J?u).

Here, for fixed t, L(u, D)ASu € H~'(M), whish can be paired with A®J?u €
C>°(M). Now we use the Kato-Ponce estimate to obtain

(5.1.39) IA®, Llul[L2 < CZ“M;’(“)HH&HUH@ + 4@l llullz: |,
J
parallel to (5.1.12). This gives control over the last term in (5.1.38). We can write
the first term on the right side of (5.1.38) as
(5.1.40) (L4 L*)A° Jou, A° Jou) + 2([Je, LA u, A° Ju).
The first term is bounded just as in (5.1.9)—(5.1.10). As for the last term, we have

(5.1.41) [T, Llw = [A;(u), J]0;w.

J
We have the estimate
(5.1.42) 1145, Jeldjwll L < Cl|Ajller llwl| L2,
following by duality from the elementary bound

(5.1.43) 1Az, Jel e < CllA; o[l fllz>-
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Consequently we have a bound
d 2 2
(5.1.44) g1 Jeu®ls = Clu®)llon)lu@®)lz-,

the right side being independent of ¢ € (0, 1]. Using time-reversal gives a bound on
the absolute value of the left side of (5.1.44). Thus ||Jou(t)|%. = N.(t) is Lipschitz
continuous in ¢, uniformly in €. As Jou(t) — u(t) in H*-norm for each t € I, it
follows that ||u(t)||%. = No(t) = lim._o N.(t) has this same Lipschitz continuity.
The proof is complete.

It is well known that in general symmetric quasilinear hyperbolic equations might
have solutions that break down in finite time. We mention two simple illustrative
examples. First consider

0
(5.1.45) 8_1; =u?, u(0,2)=1.
The solution is u(t,z) = (1 —t)~!, which blows up as t — 1. Next, consider

(5.1.46) ur +uu, =0, u(0,z) = f(x).

We see that u(t,z) is constant on straight lines through (x,0), with slope f(z)™1,
in the (z,t)-plane. However, it is inevitable that such lines intersect. At the point
of first intersection, u, (¢, z) blows up. A shock wave is formed.

We now show that, in a general context, breakdown of a classical solution must
involve blow-up of either sup, |u(t, z)| or sup, |V u(t, x)|.

Proposition 5.1.E. Suppose u € C([0,T), H*(M)), s > n/2+ 1, and assume u
solves (5.1.1) fort € (0,T). Assume also that

(5.1.47) u(®)llcr(ary < K < o0,

fort €[0,T). Then there exists Ty > T such that u extends to a solution to (5.1.1),
belonging to C([0,T4), H*(M)).

Proof. This follows easily from the estimate (5.1.44), which has the form dN./dt <
C1(t)No(t). If we write this in an equivalent integral form:

N.(t+7) < N(t) + o C1(s)No(s)ds,

t

it is clear that we can pass to the limit ¢ — 0, obtaining the differential inequality

dNy

1.4 —
(5.1.48) g

< C([lu(®)ller) No(?)
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for the Lipschitz function Ny(t). Now Gronwall’s inequality implies Ny(¢) cannot
blow up as ¢t — T unless ||u(t)||c1 does, so we are done

This result was established in [Mj] for s an integer. Proving such results for
noninteger s was one of the principal motivations for Kato and Ponce to establish
their commutator estimate in [KP].

We make the following remark on the factor of the form C(]|ul/c1) that appears
in the estimates (5.1.14) and (5.1.44). Namely, a check of the ingredients which
produced this factor, such as (5.1.12)—(5.1.13), shows that this factor has linear
dependence on the C'-norm, though possibly nonlinear dependence on the sup
norm. Hence

(5.1.49) C(lulles) = Colllull =) [ulles + 1.

Using this and an argument similar to one in [BKM], we can sharpen up Proposition
5.1.E a bit.

Proposition 5.1.F. In the setting of Proposition 5.1.E, the solution persists as
long as ||u(t)||c1(ary s bounded.

Proof. We supplement (5.1.48)—(5.1.49) with the following estimate, which follows
from (B.2.12) in Appendix B.

(5.1.50) Jult)ller < Cllu®lles [1 +1og 1“12].
[ullex
given s > n/2 + 1. Hence, if ||u(t)|/c1 is bounded, we have

dN,
(5.1.51) d—to < KNo(t)[1 +log™ No(t)],

for No(t) = ||u(t)]|%-. Since

(5.1.52) / i _ o,

T logT

Gronwall’s inequality applied to this estimate yields a bound on ||u(t)| - for all ¢
for which [ju(t)[|c: < K, completing the proof.

§5.2. Symmetrizable hyperbolic systems
The results of the previous section extend to the case

8 n
(5.2.1) Ao(t,x,u)a—? =" Atz w)du+ g(t,z,u),  u(0) =,
j=1

where, as in (5.1.3), all A; are symmetric, and furthermore
(5.2.2) Ao(t,z,u) > cl > 0.
We have:
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Proposition 5.2.A. Given f € H*(M), s > n/2+ 1, the existence and uniqueness
results of §5.1 continue to hold for (5.2.1).

We obtain the solution u to (5.2.1) as a limit of solutions . to

(5.2.3) Ao(t, z, Jsus)% = J.LeJoue + gey,  uc(0) = f,

where L. and g. are as in (5.1.5)—(5.1.6). We need to parallel the estimates of §5.1,
particularly (5.1.7)-(5.1.14). The key is to replace L?-inner products by

(524) (w, AOE (t)w), Aog(t) = A()(t, Z, JE’U,E),
which by hypothesis (5.2.2) will define equivalent L? norms. We have
(A%, Ao (DA we)
N Ue, 3 Ue
(5.2.5) dt 0
= 2(A°Oguc, Aoe (£)APue) + (ANue, Af (6)Aouy).
The first term on the right side of (5.2.5) can be written
(5.2.6) 2(A° ApeOue, Auc) + 2([A°, Ape](Que /O), APuy);
in the first of these terms, we replace Ao (Qu./0t) by the right side of (5.2.3), and
estimate the resulting expression by the same method as was applied to the right
side of (5.1.7). The commutator [A®, Apc] is amenable to an estimate parallel to
(5.1.11); then substitute for du./dt, Ayl times the right side of (5.2.3), and the

last term in (5.2.6) is easily estimated. It remains to treat the last term in (5.2.5).
We have

(5.2.7) Al (t) = %Ao(t,x, Jeuc(t, z)),
hence
(5.2.8) 1A ()| Lo (ary < C[[Jetie|| oo, | Jeus(t) || zoe ).

Of course, ||Qu./0t||L~ can be estimated by ||uc(t)||cr by (5.2.3). Consequently,
we obtain an estimate parallel to (5.1.14), namely

d S S
(Aue, AoeA*ue) < Co([Jue(t)llor) (1 + [[eue (8)]17r-)-

(5.2.9) w7

From here, the rest of the parallel with §5.1 is clear.
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The class of systems (5.2.1), with all A; = A7 and Ag > ¢l > 0, is an extension
of the class of symmetric hyperbolic systems. We call a system

(5.2.10) 6u iB t,x,u)0u+g(t,z,u), u(0)=f

j_

a symmetrizable hyperbolic system provided there exist Ag(t,x,u), positive defi-
nite, such that Ay(t,z,u)B;(t,z,u) = A;(t,z,u) are all symmetric. Then applying
Ap(t,z,u) to (5.2.10) yields an equation of the form (5.2.1) (with different g and
f), so the existence and uniqueness results of §5.1 apply. The factor Ag(t,z,u) is
called a symmetrizer.

An important example of such a situation is provided by the equations of com-
pressible fluid flow

? + Vv + — Vp =0,
(5.2.11)

dp

E—Fvvp—i—pdivvz().

Here v is the velocity field of a fluid of density p = p(t, z). We consider the model
in which p is assumed to be a function of p. In this situation one says the flow is
‘isentropic.” A particular example is

(5.2.12) p(p) = Ap7,

with A >0, 1 <~ < 2; for air, v = 1.4 is a good approximation.

The system (5.2.11) is not a symmetric hyperbolic system as it stands. Before
constructing a symmetrizer, we will transform it. It is standard practice to rewrite
(5.2.11) as a system for (p,v); using (5.2.12) one has

@%—va%—( vp) div o =0
ot

ov

——|—V v+—Vp—0
ot p(p)

(5.2.13)

This is symmetrizable. Multiplying these two equations by (yp)~! and p(p), re-
spectively, we can rewrite the system as

1810

(vp)~ o —(yp) " 'WVup — divw
(5.2.14) o
)5, = —Vp = p(p)Voo.

Now (5.2.14) is a symmetric hyperbolic system of the form (5.2.1), since, by the
divergence theorem,

(5.2.15) (div v,p) 2y = — (v, V) £2(a1)-
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Thus the results of §5.1 apply to the equations (5.2.13) for compressible fluid flow,
as long as p and p(p) are bounded away from 0.

Various important second order quasilinear hyperbolic equations can be con-
verted to symmetrizable first order systems. We indicate how this can be done for
equations of the form

(5.2.16) Ofu— Y _ BI(t,x, D'u)d;0u — Y  A*(t,x, D'u)d;0pu = C(t,x, D'u).

J J.k

For simplicity we suppose B7 and A/* are scalar. We will produce a first order

system for W = (u, ug, u1, ..., u,), where
(5.2.17) uy = O, u; =0u, 1<j<n.
We get

O = U

(5.2.18) Orug = Y BI(t, 2, W)djug + Y _ AT (t, 2, W)0jup + C(t,x, W)

8tuj = 6ju0,
which is a system of the form

ow

> Hj(t,x, W)O;W + g(t, z, W).
J

We can apply to each side of (5.2.19) a matrix of the following form: a block
diagonal matrix, consisting of the 2 x 2 identity matrix in the upper left and the
matrix A~! in the lower right, where A = (A’%), provided we make the hypothesis
that A is positive definite, i.e.,

(5.2.20) > ARt 2, W)E& > ¢

Under this hypothesis, (5.2.19) is symmetrizable. Consequently, we have

Proposition 5.2.B. Under the hypothesis (5.2.20), ifu(0) = f € H*™ (M), u;(0) €
H*(M),s >n/2+ 1, then there is a unique local solution

(5.2.21) u € C(I,H* T (M))nCY(I, H*(M))
to (5.2.16), which persists as long as

(5.2.22) [u(@)lc2ary + llue(t)]

CL(M)
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18 bounded.

We note that (5.2.20) is stronger than the natural hypothesis of strict hyperbol-
icity, which is that, for £ # 0, the characteristic polynomial

(5.2.23) % — ZBJ (t2, W)ET = > A (2, W) =0

7,k

has two distinct real roots 7 = A\, (¢, W, x, £). However, in the more general strictly
hyperbolic case, using Cauchy data to define a Lorentz metric over the initial surface
{t = 0}, we can effect a local coordinate change so that, at t = 0, (A7%) is positive
definite, when the PDE is written in these new coordinates, and then the local
existence in Proposition 5.2.B applies.

We now introduce a more general notion of symmetrizer, following Lax [L1],
which will bring in pseudodifferential operators. We will say that a function
R(t,u,z,§), smooth on R x RE x T*M \ 0, homogeneous of degree 0 in &, is a
symmetrizer for (5.2.10) provided

(5.2.26) R(t,u,x,€) is a positive definite K x K matrix
and
(5.2.27) R(t,u,z,§) ZBj (t,x,u)&; is self adjoint,

for each (t,u,z,£). We then say (5.2.10) is symmetrizable. One reason for the
importance of this notion is the following.

Proposition 5.2.C. Whenever (5.2.10) is strictly hyperbolic, it is symmetrizable.
Proof. If we denote the eigenvalues of L(t,u, z,£) = > B;j(t, z,u)§; by M (¢, u,z,§) <
- < Ag (tu,x, €), then A\, are well defined C*° functions of (¢, u,z, &), homoge-

neous of degree 1 in . If P, (t,u,x, &) are the projections onto the A, -eigenspaces
of L*,

_ 1 1
(5.2.28) Py =5 [(C— Lit,u,2,6)")7d,
Yv

then P, is smooth and homogeneous of degree 0 in £. Then

(5.2.29) R(t,u,z,§) = ZPtux§ i(tu,x,€)"

gives the desired symmetrizer.
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Note that
(5.2.30) uwe CH" = ReCMrsY.

Now, with R = R(t,u,z, D), set
1
(5.2.31) Q= 5(R+R*) + KA,

where K > 0 is chosen so that @ is a positive definite operator on L2.
We will work with approximate solutions u. to (5.2.10), given by (5.1.4), with

(5.2.32) Lev =Y Bj(t,x, Jouc);v.

J

We want to obtain estimates on (A®u.(t), Q-A%u(t)), where Q. arises by the process
above, from R. = R(t, J.uc, z,§&). We begin with

(5.2.33) %(Asue, Q:A°u.) = 2(AN°0iuc, Q-Nu.) + (Alue, Q/EASUE).

In the last term we can replace Q. by (d/dt)R(t, J.u.,z, D), and obtain
(5.2.34) |(A%ue, QA e )| < C(lfus(t) o) llue (8) I -

We can write the first term on the right side of (5.2.33) as twice
(5.2.35) (QeA°J.Ledoug, Aue) + (QA°ge, ANuy).

The last term has an easy estimate. We write the first term as

(QELEASJEUE7 ASJEUE) + (QE [A87LE]JEu57 ASJEUE)

5.2.36
( ) +([Q6ASaJE]L6JEU5,ASUE).

Note that, as long as (5.2.30) holds, with » > 0, R. also has symbol in C**7S9,
and we have, by Proposition 4.1.E,

(5.2.37) [Q-A*%, J.] bounded in L(H*™!, L?),

with bound given in terms of ||uc(t)||c1. Now Moser estimates yield
(5.2.38) [ LeJeuel | ger < Clllucllzoe) luellms + Clluellen)lfuell -1
Consequently we deduce

(5.2.39) |([QeA®, Je] Lo Joue, A%ue)| < C(fluc ()]l on) Jue ()17
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Moving to the second term in (5.2.36), note that, for L =) B,(t,z,u)0,

(5.2.40) [A®, L) =) "[A®, Bj(t, x,u)]0;v.

J

By the Kato-Ponce estimate, as in (5.1.12), we have

U”Lipl .

(5.2.41) [[A%, L]v]| . <C [HBjHLz'pl [0+ + || Bjll m+
j

Hence the second term in (5.2.36) is also bounded by C(||uc||cr)||ue |3 -
It remains to estimate the first term in (5.2.36). We claim that

(5.2.42) (QLv,v) < C(llullcx)lIv]|7--

We will obtain this from results of Chapter 4. By Proposition 4.2.C,
(5.2.43) R—R*:H®* — H*"', —1<s<0,

so in (5.2.42) we can replace @ by R. By Proposition 4.2.A,

(5.2.44) RL =C(z,D)+ S

where C(x,£) € C'S}, is i times the symbol (5.2.27), hence is skew-adjoint, and
S : L? — L?. Finally, the estimate

(5.2.45) (C(x, D)v,v) < Cllv]lz:

follows from Proposition 4.2.B.
Our analysis of (5.2.33) is complete; we have
d

(5.2.46) — (Aue, QA ue) < Cflus()llen) e ()17

From here we can parallel the rest of the argument of §5.1, to prove the following.

Theorem 5.2.D. If (5.2.10) is symmetrizable, in particular if it is strictly hyper-
bolic, the initial value problem, with uw(0) = f € H*(M), has a unique local solution
uw € C(I,H*(M)), whenever s > n/2 + 1, which persists as long as ||u(t)||c1 is
bounded.

65.3. Higher order hyperbolic equations

In §5.2 we reduced a fairly general class of second order hyperbolic equations to
first order symmetrizable systems. Here we treat equations of degree m, making
heavier use of pseudodifferential operators. Consider a quasilinear equation

m—1
(5.3.1) O u=">_ Aj(t,z, D" "u, Dy)du+ C(t,z, D™ ),
j=0
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with initial conditions
(5.3.2) w(0) = fo, u(0) = i, " u(0) = fon_1.

Here, A;(t,x,w, D,) is a differential operator, homogeneous of degree m— j. Assume
u takes values in R¥, but for simplicity we suppose A; have scalar coefficients. We

will produce a first order system for v = (v, ..., vmy_1) With
(5.3.3) vo = A", vy = AT u v = O
We have
aﬂ}o == AUl
(5.3.4)

atvm—2 = ArUm—l

OpUy—1 = ZAj(t,a:, P, Dm)A1+j_mUj + C(t,z, Pv),

where Pv = D" 1w, ie., 920/u = 0P ATy, so P € OPSY. Note that
Aj(t,x, P, D,)A =™ is an operator of order 1. The initial condition is

(535) U()(O) = Am_lfo, . ,’Uj(O) = Am_j_lfj, ce ,’Um_l(O) = fm—l-
The system (5.3.4) has the form
(5.3.6) o = L(t,z, Pv, D)v + G(t, x, Pv),

where L is an m xm matrix of pseudodifferential operators, which are scalar (though
each entry acts on K-vectors). Quasilinear hyperbolic pseudodifferential equations
like this were studied in §4.5 of [T2], though with a less precise analysis than we
give here. Note that the eigenvalues of the principal symbol of L are i\, (t,z,v,§),
where 7 = )\, are the roots of the characteristic equation

—

(5.3.7) T = > Aj(t,x, Pu, )77 =0.
j=0

We will make the hypothesis of strict hyperbolicity, that for & # 0 this equation has
m distinct real roots, so L(t, x, Pv, ) has m distinct purely imaginary eigenvalues.
Consequently, as in Proposition 5.2.B, there exists a symmetrizer, an m X m ma-
trix valued function R(t,z,w, &), homogeneous of degree 0 in { and smooth in its
arguments, such that, for £ # 0,

R(t,x,w,§) is positive definite,

5.3.8
( ) R(t,z,w,&)L(t,x,w,§) is skew adjoint.
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Note that

Pv e C' = L(t,z, Pv,&) € C'S};, and

5.3.9
(5.3.9) R(t,z, Pv,€) € C'SY,.

Since the operators ;A~! do not preserve C*, we need to work with a slightly
smaller space, C%,, as in (4.1.21)—(4.1.25), with the property that

(5.3.10) PecOPSy = P:Cy — C".

Now the analysis of symmetrizable systems in §5.2, involving (5.2.32)—(5.2.46), can
be extended to this case, with one extra complication, namely the form of [A®, L] is
now more complicated than (5.2.40). Instead of the Kato-Ponce estimate, we make
use of Proposition 4.1.F. If we write

(5.3.11) L(t,z, Pv,D)v = Z Bj(t,z,D)0;v + By(t,z, D)v
j=1

with B, € OPC'SY, then we replace the estimate (5.2.41) by

(5.3.12) IA®, L]v] 2 < CZ[W?V,Cl(Bj)IIUIIHs + N me (Bi)llvllen, |-
J
Thus we derive the following analogue of the estimate (5.2.46):

d
(5.3.13) T (N0, QeAe) < Cfloe(B)lley ) o= (B[

We have the following result.

Theorem 5.3.A. If (5.3.1) is strictly hyperbolic, with initial data f; € HST™=179(M),
s >n/2+ 1, then there is a unique local solution

we CI,HT™ Y M) nC™ (I, H*(M)),

which persists as long as ||u(t)|

o+ |ue(®) | gm—1+- -+ 107" u(t)|| 1 is bounded.

There is one point it remains to establish to have a proof of this result. Namely we
need to justify the use of the C2*~?-norm of 8 u(t) rather than the stronger C’;n_j -
norms in the statement of a sufficient condition for persistence of the solution. An
argument similar to that used in the proof of Proposition 5.1.F will yield this.

Parallel to (5.1.48) we have the estimate

(5.3.14) %Hv(t)llfw < C(lv® )o@ -
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Furthermore, parallel to (5.1.49), we have
(5.3.15) Cllv®lley) = Collv@®lleg) [Ilv@lley, +1].

Now the C’%—norm is weaker than the C""-norm for any r > 0, so the first factor on

the right side of (5.3.15) is harmless. Meanwhile, the boundedness of ||&? u(t)|| gm—s
is equivalent to the boundedness of

(5.3.16) lo(@®)llcr = Q).
Now as shown in Appendix B, if s > n/2 + 1,
(5.3.17) l(®)lley, < CQ[1+log™ [lu(t)I7-].

Consequently, as long as Q(t) < K, (5.3.14) yields the differential inequality

d
(5.3.18) EH“@)H%{S < Killo(®)[[ - [1 +log™ [[u()[1F-].

Now, by (5.1.52), Gronwall’s inequality applied to this estimate yields a bound on
|lv(t)|| = for all £ > 0 for which Q(t) < K. This completes the proof of Theorem
5.3.A.

Sometimes equations of the form (5.3.1) arise in which the coefficients A; depend
on u but not on all derivatives of order < m —1. We consider second order equations
of this nature, i.e., of the form

(5.3.19) Ofu = Z ATF(t, 2, u)0;0Ku + Z B (t,z,u)0;0;u + C(t,z, D'u).

Then the reduction (5.3.3)—(5.3.4) leads to a special case of (5.3.6):

(5.3.20) o = L(t,x, Prv,D)v + G(t,z, Pv)
with
(5.3.21) Pe€OPSY, PieOPS,".

Consequently, the symmetrizer (5.3.8) belongs to C1S}; as long as Pyv € C!, hence
as long as v € CY. Thus we can hope to improve the factor C(HUEHO#) in the

estimate (5.3.13). At first glance, the last term in the estimate (5.3.12) presents a
problem. However, if we write

(5.3.22) [A%, B;]0jv = [A*0;, Bjlv — A*[0;, Bylv,
we overcome this. Therefore, for the system (5.3.15) we obtain the improvement
on (5.3.13):

d
(5.3.23) T (A0, QeA:) < C(floe(t) g ) ve ()71

leading to the following improvement of Theorem 5.3.A.



124

Proposition 5.3.B. If (5.3.19) is strictly hyperbolic, with initial data f € H* T (M),
g € H5(M),s > n/2, then there is a unique local solution u € C(I, HST1(M)) N
CY(I,H*(M)), which persists as long as |[u(t)||cr + [Jue(t)||co is bounded.

This result is also established in [HKM], with the exception of the final statement
on persistence of the solution. Note that Proposition 5.2.B applies to equations of
the form (5.3.19), but it yields a result that is cruder than that of Proposition 5.3.B.

One way in which systems of the form (5.3.19) arise is in the Einstein equations,
relating the Ricci tensor on a Lorentz manifold and the stress-energy tensor. As in
the Riemannian case (2.2.48), if (h;) is the Lorentz metric tensor, and if one uses
local harmonic coordinates, the Ricci tensor is given by

1 )
(5.3.24) -5 > " 17%0;0khim + Qem(h, D) = Ry,

j7k

Thus one obtains a Cauchy problem for the components of the metric tensor of the
form (5.3.19), and Proposition 5.3.B can be applied. This approach to the Einstein
equations is classical, going back to C. Lanczos in 1922 and used by a number
of mathematicians; see [HKM]. On the other hand, there are reasons to have the
flexibility to use other coordinate systems, discussed in [DeT] and in recent work
of [CK].

In [FM], the Einstein equations were reduced to a first order system by such a
device as we noted in §5.2. The improvement coming from a different treatment of
the second order system was noted in [HKM].

65.4. Completely nonlinear hyperbolic systems

Consider the Cauchy problem for a completely nonlinear first order system

0
(5.4.1) a_? = F(t,z, D), u(0)= f.
We assume u takes values in R¥. We then form a first order system for v =
(V0, V15 s Up) = (u, 011, ..., 0nu).

% = F(t,z,v)
(5.4.2) v .
a_; - %:(awp)(t,m)awj + (0, F)(t, 2,0) (5 2 1),

with initial data

(5.4.3) 0(0) = (f,01f, ..., 0nf).
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The behavior of this system is controlled by the operator with K x K matrix
coefficients

L(t,x,v,D) = Z(awF)(t,lL‘,U)ae
4

= Z Bg(t, Z, U)ag.

L

(5.4.4)

We see that (5.4.2) is symmetric hyperbolic if
(5.4.5) L(t,x,v,§) = ZB@ (t,z,v)

is a symmetric K x K matrix, and symmetrlzable if there is a symmetrizer, of the
form (5.2.26)—(5.2.27), for L. In these respective cases we say (5.4.1) is a symmetric
(or symmetrizable) hyperbolic system. We also say (5.4.1) is strictly hyperbolic
if, for each € # 0, (5.4.5) has K distinct real eigenvalues; such equations are sym-
metrizable.

The following is a simple consequence of Theorem 5.2.D.

Proposition 5.4.A. If(5.4.1) is a symmetrizable hyperbolic system and f € H*(M)
with s > n/2 + 2, then there is a unique local solution u € C(I, H%(M)). This so-
lution persists as long as ||u(t)||c2 + ||Opu(t)||cr is bounded.

Similarly consider the Cauchy problem for a completely nonlinear second order
equation

(546) Ut = F(t7 xz, Dlua a;uh 83“)1 U(O) = f7 ut(o) =g
Here F' = F(t,z,&,n,() is smooth in its arguments; ¢ = ((jx) = (9;0ku), etc. As
before, set v = (vg,v1,...,v,) = (u,01u,...,0,u). We obtain for v a quasilinear

system of the form
vy = F(t,z, D'v)

OPv; = Z(@Cij)(t, z, D'v)9;0,v;
(5.4.7) ik

+ Z(@njF)(t, z, D'v)9,0,v; + G,(t,z, D'v),
J
with initial data
(5.4.8) v(0) = (f,01f,...,0nf), ve(0) = (g,019,-..,0n9).
The system (5.4.7) is not quite of the form (5.2.16) studied in §5.2, but the difference
is minor. One can construct a symmetrizer in the same fashion, as long as
(5.4.9) 7= (0, F)(t,w, D'0)&i&k + Y (0n, F)(t,x, D'0)g;7

has two distinct real roots 7 for each & # 0. This is the strict hyperbolicity condition.
Proposition 5.2.B holds also for (5.4.7), so we have:
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Proposition 5.4.B. If (5.4.6) is strictly hyperbolic, then given
feHYY(M), g HY (M), s > %n+2,
there is locally a unique solution
ue C(I,H (M))nCY (I, H(M)).
This solution persists as long as ||u(t)||cs + ||ut(t)||c2 is bounded.
This proposition applies to the equations of prescribed Gaussian curvature, for a

surface S which is the graph of y = u(z),x €  C R™, under certain circumstances.
The Gauss curvature K (x) is related to u(z) via the PDE

(5.4.10) det H(u) — K (z)(1+ |Vul2) "% =0,

where H(u) is the Hessian matrix,

(5.4.11) H(u) = (0;0ku).

Note that, if F(u) = det H(u), then

(5.4.12) DF(u)v =Tr[C(u)H (v)]

where C(u) is the cofactor matrix of H(u), so

(5.4.13) H(u)C(u) = [det H(u)]I.

Of course, (5.4.10) is elliptic if K > 0. Suppose K is negative and on the hyper-
surface ¥ = {x,, = 0} Cauchy data are prescribed, u = f(z'), Ou = g(z'), 2’ =
(1,...,%p—1). Then OxO0ju = 0x0;f on ¥ for 1 < j,k <n—1, 0,0;u =0;g on X
for 1 < j < n, and then (5.4.10) uniquely specifies 92u, hence H(u), on 3, provided

det H(f) # 0. If the matrix H(u) has signature (n — 1,1), and if ¥ is spacelike for
its quadratic form, then (5.4.10) is hyperbolic, and Proposition 5.4.B applies.
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Chapter 6: Propagation of singularities

We present a proof of Bony’s propagation of singularities result for solutions to
nonlinear PDE. As mentioned in the Introduction, we emphasize how C” regular-
ity of solutions rather than H™/?T" regularity yields propagation of higher order
microlocal regularity, giving in that sense a slightly more precise result than usual.
Our proof also differs from most in using ST calculus, with § < 1. This simplifies
the linear analysis to some degree, but because of this, in another sense our result
is slightly weaker than that obtained using B"ST"; calculus by Bony and Meyer; see

also Hormander’s treatment [H4] using 5’{”1 calculus. Material developed in §3.4
could be used to supplement the arguments of §6.1, yielding this more precise re-
sult. In common with other approaches, our argument is modeled on Hormander’s
classic analysis of the linear case.

In §6.2 we give examples of extra singularities, produced by nonlinear interac-
tions rather than by the Hamiltonian flow, and discuss a little the mechanisms
behind their creation. It was the discovery of this phenomenon by [La] and [RR]
which generated interest in the nonlinear propagation of singularities treated in this
chapter.

In §6.3 we discuss a variant of Egorov’s theorem for paradifferential operators.

We do not treat reflection of singularities by a boundary, though much interesting
work has been done there, by [DW], [Lei], [ST], and others. A description of progress
made on such problems can be found in [Be2].

§6.1. Propagation of singularities

Suppose u € C™*7(Q) solves the nonlinear PDE
(6.1.1) F(x,D™u) = f.
We assume r > 0; this assumption will be strengthened below. We discuss here
Bony’s result on propagation of singularities [Bo]. Using (3.3.6)—(3.3.10), we have
the operator M (u;x, D) = M# (x, D) + M®(z, D) = M# + M?, and u satisfies the
equation
(6.1.2) M#u=f+R,
where R = —M"%u mod C°, with M? € OPS{’?{&, hence
(6.1.3) Rec O™ alsou € H" P — R € H°T"P if g > 1.

Recall from (3.3.9) that

(6.1.4) M# € OPAST's C OPS’s N OPC" ST,
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and, if r =0+ 0, £ € ZT, 0 < o < 1, then, on the symbol level,

(6.1.5) DIM#* € S7% for |8 < ¢, DJM¥* e ST for |8 = £+ 1.
We will use the symbol smoothing decomposition with § < 1.

To study propagation of singularities for solutions to (6.1.1), we hence study it
for solutions to the linear equation (6.1.2). Our analysis will follow Hérmander’s
well known argument, with some modifications due to the fact that M?¥ is not a
pseudodifferential operator of classical type. In another context, such a variant
arose in [T3]. We will set A = (1 — A)*/2 and
(6.1.6) P=i" M#A'"™ € OPA}S] 5 C OPS{ sNOPC" S .

More generally, for o € R, set

(6.1.7) P, = A’PA"7 € OPS} ;.
Using the properties (6.1.5), we have the following.
Lemma 6.1.A. Suppose r > 1. Set

(6.1.8) P=A+1iB, A=A", B=DB".
Then B € OPS?ﬁ. Furthermore, for each o € R,

(6.1.9) P—P, € OPSY ;.

If a(z, ) is the real part of the complete symbol of A, given in Lemma 6.1.A,
then (provided r > 1),

(6.1.10) a(z,€) € St5, A—a(z,D) € OPSY,
and, if r=/+0, 0 <0 <1,
(6.1.11) DPa(z,€) € St s for |B] < ¢, DPa(x,¢) € Sig” for |B] = ¢+ 1.

We will examine propagation of singularities for P, but we will want to interpret
the results in terms of the symbol of the linearization of the operator F'(x, D™u).
Thus, set

(6.1.12) a(z, &) = ) %(x, D™u)ex(€)tmm,

|| <m
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We need to compare a(z,§) and a(z, ). Note that
(6.1.13) a(z,€) € C"S1 ,

and if we use the smoothing method of §1.3 to write

(6.1.14) a(x, &) = at (z,€) + ab(x, &)
with
(6.1.15) i (z,6) € St 5, @'(x,€) € CTS",

then, as a consequence of (3.3.14) and Lemma 6.1.A,
(6.1.16) a(x,§) —a*(x,€) € 815", p=min(ér, 1).

The analysis of propagation of singularities, following Hérmander [H1]|, begins
with the basic commutator identity, assuming (6.1.8) holds:

(6.1.17) Im (CPu,Cu) = Re ({i 'C*[C, A] + C*BC + C*[B, C]}u, ).
If B is bounded on L2, then, using
1
(CPu,Cu)| < [|CPull* + [ Cul,

we get the basic commutator inequality:

(6.1.18) Re ({i7'C*[C, A] — MC*C}u,u) < ||CPull* + |[(Wu,u)),
where
(6.1.19) M= HBH+}1, W = Re C*[B, C].

C will be a pseudodifferential operator, described more fully below. By convention,
Re T = (1/2)(T + T%).

Now to establish microlocal regularity of u in a conic neighborhood of a certain
curve 7y in T*Q\ 0, the strategy is to construct C' and ¢(z, D) of order u, such that
o(z, &) is elliptic on 7 and, roughly,

(6.1.20) Re {i7'C*[C, A] — MC*C}(z,€) — p(x,&)? + E(z,£)* > 0,

for a certain E(z,£) € S* supported on a conic neighborhood of one endpoint of
v. Then we want to apply the sharp Garding inequality to (6.1.20), and use the
result together with (6.1.18) to estimate ¢(z, D)u in terms of CPu, E(x, D)u, and
a small additional term.
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Arranging (6.1.20) brings in the Poisson bracket and Hamiltonian vector field,
defined by

Hgc={c,a}(z,¢§)
(6.1.21) B Oc 0a  Oc Oa
=255, 9, ~ 95,05, )

since (1/7)[C, A] has {c,a}(z,§) for a principal symbol, in a sense which, for the
symbols considered here, will be made precise in Lemma 6.1.B below. The curve
alluded to above will be an integral curve of Hj.

Following Hérmander, we produce the symbol ¢(zx,§) of C in the form

(6.1.22) c(x, &) = cxnel(z,§) = d(x,ﬁ)ekf(m,ﬁ) <1 + 529(% §)2>—1/27

where A > 0 will be taken large (fixed) and e small (tending to 0). Note that

(6.1.23) Hsc? — Mc? = 2d.(Had.)e*M + d2e*M [2\H; f — M]
where
da = d<€g>_1
and
(6.1.24) Had. = (eg)~ ' [Had — €*(eg) " *(Hag)d].

With these calculations in mind, we impose the following properties on d, f, g :
(6.1.25) d(z,€) € S*, f(z,€) € 5% g(z,€) € S,

all homogeneous for |£| large,

(6.1.26) Hzf > 1, Hzd > 0 (except near q), Hzg <0, d >0,
and
(6.1.27) Hs; > |€|* on T, d supported in T, g elliptic on T,

for |£] > 1, where T is a small conic neighborhood of the integral curve 7, running
from p to ¢, and T a slightly bigger conic neighborhood. Here (by slight abuse
of notation) we let H; denote the Hamiltonian vector field associated with the
principal part a;(z,&) of the symbol (6.1.12). We assume r > 2, so H; is a C'-
vector field, with well-defined integral curves. It is easy to arrange (6.1.25)—(6.1.27),
in such a fashion that, if H; flows from p to ¢ in v, then d vanishes on a conic surface
Y transversal to 7y, intersecting v at a point just before p. Having first made Hzd > 0
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everywhere on the integral curves through ¥, make a modification in d(z, §), cutting
it off on a conic neighborhood of ¢g. Thus one has (for A large)

(6.1.28) (c{c, a} — MCQ)(x,f) > goa(x,f)z - E(m,§)2

where ¢ (2,€) = p(x,&){eg) ™1, with ¢, E € S#, ¢ elliptic on v, and E supported
on a small conic neighborhood of q.

Now, to relate this to (6.1.20), we need to replace a by a(z,§), the real part of
the complete symbol of A, given by Lemma 6.1.A. Then (provided r > 1), we recall
that a(x, ) satisfies (6.1.10); furthermore, if r =4+ 0, 0 < 0 < 1,

(6.1.29) Dfa(x,¢) € Sis for |8] < ¢, DPa(x,€) € Si}“ for |3] =€+ 1.

Using this, we deduce the following.
Lemma 6.1.B. Ifr > 1 and C € OPSY, then

(6.1.30) {c,a}(z,&) € S50 Cr_lsf,o
and
(6.1.31) Re (i7'C*[C, A])(x,€) - efe,a}(,€) € ST 7.

If r > 2, the difference (6.1.31) belongs to Sffg_(z_é).

Proof. Straightforward check of symbol expansions.

By (6.1.14)—(6.1.16), we have a—a € C”“Sll’gp, where p = min(dr, 1), hence, given
C e OPSY,,

(6.1.32) H{e,a}(z, &) —{c,a}(z,&)| < KPP, if r > 1.

We therefore have the following rigorous version of the result stated loosely in
(6.1.20):

Lemma 6.1.C. Assume r > 2, and let v be an integral curve of Hg, from p to
q, I' a small conic neighborhood of v, T' a bigger conic neighborhood. There exists
ce(x,§), bounded in S{L’O, of the form (6.1.21), such that, with C' = C; = c.(x, D),

(6.1.33) c{c,al(z, &) — Mc(z,£)? — ¢ (2,€)* + E(z,8)* > —K(£)**,

where E(x,§) € SH is supported on a small conic neighborhood of q, c(z,§) is

supported on I', and

(6.1.34) pe(@,€) = (eg(2,€)) (2, 6),
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with ¢ elliptic of order p on T, g satisfying (6.1.27).

Consider the symbol Q(z, &), defined to be the left side of (6.1.33). We have
(6.1.35) Q(z,€) € ST nCr S,

by (6.1.30), so we can apply the sharp Garding inequality of §2.4, to obtain

(6.1.36) Re (Q(z, D)v,v) > —Cy||v||%2
provided
(6.1.37) p<(r—1)/(r+1)and pu < p/2.

In light of Lemma 6.1.B, we can replace c{c, a}(x, D) in Q(z, D) by Re (1/i)C*[C, A],
and still have the estimate (6.1.36), provided also

§
(6.1.38) pw<l-— 2 (if r > 2).

However, this condition follows automatically from the second part of (6.1.37). If
these conditions hold, we get a lower estimate on the left side of (6.1.18), yielding

(6.1.39)  lpe(z, Dvlz> = | E(z, D)vll72 = Cillv]|Zs < |CePulZs + [(Wo,v)].

Now, if W is given by (6.1.19), with C' = C. bounded in OPSY,, we have a

priori that W = W, is bounded in OPSi’fS_(l_é), given B € OPSR(S, but in fact,
we can say more. From (6.1.5) it follows that, for the symbol b(x,&) of B,

(6.1.40) Dgb(z, &) € S 5 for | < £ —1,

if ¢ <r<¥¢+1. Thus

(6.1.41) r > 2 = W. bounded in OPSi’fs_l,
and hence

2
(6.1.42) (W, )| < Caflol® ,_,.

Thus (6.1.39) yields the estimate

(6.1.43) lee(z, Dyvlz> < C-PulZs + K]z,
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assuming p — 1/2 < 0. Provided r > 2, we can take p =1/3, 6 € [1/3,1), and have
(6.1.37)—(6.1.38) hold. The estimate (6.1.43) holds provided a priori that v belongs
to L2. Taking ¢ — 0 then gives v € H* microlocally along v, provided that Pv € H#
microlocally along v and that v € H* microlocally on a conic neighborhood of the
endpoint q. This exhibits the prototypical propagation of singularities phenomenon.
Note that we can construct 3(z,&) € SY, supported on a small conic neighborhood
of 7, equal to 1 on a smaller conic neighborhood, and then v; = B(x, D)v belongs
to H*, while Pv; coincides with Pv microlocally on a small conic neighborhood of
7.

Now this argument works if P is replaced by P, of (6.1.7), for any o € R. The
difference P— P, satisfies (6.1.9), and its symbol also has the same property (6.1.40)
that b(x,£) does. Therefore, microlocal cut-offs and iterations of the argument
above yield the following.

Proposition 6.1.D. Let v € D' solve M#v = g. Let v be as above. If g belongs
to H° microlocally on v and v € H™ 117 microlocally near q, then v € H™~1+°
microlocally on .

By (6.1.1)—(6.1.3), we can use this to establish our propagation of singularities
result for solutions to nonlinear PDE. We have:

Theorem 6.1.E. Let u € C™T"(Q), r > 2, solve the nonlinear PDE (6.1.1), and
let v be a null bicharacteristic curve of the linearized operator, q € ~. Assume

fel™,

(6.1.44) uwe H™e
on §2, and
(6.1.45) e Hmtots

microlocally at q, with
(6.1.46) 0<s<r.

Then u satisfies (6.1.45) microlocally on .

It is clear that the assumption » > 2 can be weakened for restricted classes
of operators F'(z, D™u), particularly in the semilinear case; (6.1.44) can also be
weakened in the semilinear case, since what is behind it is (6.1.3).

§6.2. Nonlinear formation of singularities

In [RR] there appear examples of the formation, in solutions to nonlinear wave
equations, of extra singularities, arising from nonlinear interactions rather than
propagated by a Hamiltonian flow. We will discuss a few simple examples here.
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Many other examples can be found in [Be2] and references given there. Our ex-
amples involve systems of equations. There are in the literature many examples of
a similar nature for solutions to scalar equations, but generally you have to work
harder to demonstrate their existence.

We begin with a simple 3 x 3 system in one space variable:

oru — Oyu =0
(6.2.1) Ov+0,v =0
oyw = uw
Take initial data
(6.2.2) u(0,2) =H(1—2z), v(0,z)=H(1+=z), w(,z)=0,

where H(s) =1 for s >0, H(s) =0 for s < 0. Clearly u(t,x) and v(t,x) are given
by

(6.2.3) u(t,z) =H(l—xz—1t), v(t,z)=H1+z—1),

and then w is obtained as

(6.2.4) w(t,x):/o u(s, z)v(s, x) ds.

Thus u is singular along the line x4+t = 1 and v is singular along the line z —¢ = —1.
For ¢t < 1, w is singular along the union of these two lines; one would typically
have this sort of singularity if uv were replaced by a linear function of v and v in
(6.2.1). However, for ¢ > 1, w is also singular along the line x = 0. Indeed, for
-1 <x <1, t>1, we have explicitly

(6.2.5) w(t,z) =1—|x|.

This is the extra singularity created by the nonlinear interaction at t =1, x = 0.

The next example involves second order wave equations in two space variables.
Thus, with A = 92/02% + 8% /023, let

2, .
U  Aw—0,  j=1,2,3
ot? J
(6.2.6) ,
0“v
72 Av = ujusus

and set initial conditions such that u;(¢,x) are piecewise constant, jumping across
a characteristic hyperplane ¥, taking the value 1 on one side {; and the value 0
on the other side, in such a fashion that P = Q1 N Qs N Q3 looks like an inverted
“pyramid,” with vertex at p = (1,0,0) = (¢, 21, x2), and such that ¢ > 1 on P. For
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v, set the initial condition v(0,z) = v:(0,2) = 0, so v = 0 for ¢t < 1. Note that there
are constant coefficient vector fields X;, parallel to the faces of P, such that

L =X XX3 = L(ul’LLQUg) = (Sp
where 9, is the point mass at the vertex p of P. Hence w = Lwv satisfies

0%w
(6.2.7) 52 Aw =0p, w(t,z)=0fort<1.
Hence w is given by the fundamental solution to the wave equation, with a well
known singularity on the forward light cone C, emanating from p. Since applying L
cannot increase the singular support, it follows that w in (6.2.6) also has this extra
singularity along the cone C,.

The examples above can be modified to produce smoother (not C'*) solutions,
more directly illuminating the results of §6.1, which involve solutions with enough
regularity to be continuous. It is also possible to extend results of §6.1 to apply
to classes of discontinuous solutions, for classes of semilinear equations. In the
quasilinear case, the phenomena become essentially different. For example, for 3 x 3
quasilinear equations in one space variable, if two shocks interact, the interaction
often produces, not a third weaker singularity, but rather a third shock; cf [L2]. An
analogue of this stronger sort of interaction arises in the rather subtle problem of
interaction of oscillatory solutions to quasilinear equations; cf [Mj4] and references
given there, and also [JMR].

In the examples given above it is clear that the mechanism behind the formation
of extra singularities in the solutions to the PDE (6.2.1) and (6.2.6) is the creation
of extra singularities in taking nonlinear functions F'(u), i.e., WF(F(u)) can be
bigger than W F'(u). Typically, elements in WF(F(u)) \ WF(u) intersected with
the characteristic variety for the PDE are propagated. In light of the formula

F(u) = Mp(u;z, D)u mod C*°,

this illustrates the failure of Mp(u; 2, D) € OPSY; to be microlocal, though it is
pseudolocal, since Proposition 0.2.A continues to hold, which is consistent with the
fact that F'(u) is C* on any open set where u is C'*°.

§6.3. Egorov’s theorem

We want to examine the behavior of operators obtained by conjugating a pseu-
dodifferential operator Py by the solution operator to a “hyperbolic” equation of
the form

ou
3.1 — = iA(t,z, Dy)u,
(6.3.1) 5 = (A2, Dou

where we assume

(6.3.2) A(t,z,€) € 7St 4
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is of the form A = A; + A with A; real (scalar) and
(6.3.3) Ag €787

For simplicity we first look at the case where A = A(x, D) does not depend on t.
The conjugated operators we want to look at then are

(6.3.4) P(t) = ™ Py e7 4,

We will be able to get a rather precise analysis when ¢ in (6.3.2) is not too large,
using a more elaborate version of the analysis given in §0.9. Then the § = 1 case
will be analyzed via symbol smoothing.

Let X be the Hamiltonian field H4,; by (6.3.2) the coefficients of 9/0x; belong
to "SY 5 and those of 8/9¢; belong to "~ S] 5, if r > 1. Given (9, &), let Q be the
region |z — xg| < 1, |€ — &| < (1/2)|&0]. Map this by the natural affine map to the
“standard” region R, defined by |z| < 1, [¢] < 1. Let Y be the vector field on R
corresponding to X; Y depends on (xg,&y). With z = (z,§), we have

0
(6.3.5) Y(z2) = Zyj(z)a—
=1 %
with
|IDYY,(2)| < C for |of <7 —1,
(6.3.6) =
o Co M'®==D for |a| > r —1,
where
(6.3.7) M = |&)°.

We will assume that » > 2, so there is a uniform bound on the first order derivatives
of the coefficients of Y.

We want to examine the flow generated by Y :
dF
dt
We need to estimate the z-derivatives of F. Note that Fy = D, F(z)v; satisfies

(6.3.8) Y(F), F(0,z)= 2.

dF
(6.3.9) d—tl = DY(F)Fy, F(0,2) = .

This gives uniform bounds (independent of M) on F; = D, F, for |t| < Ty. Then
Fy = D?F(2)(v1,v9) satisfies
dF,

(6.3.10) — = DY (F)Fy + D*Y (F)(Fy,v2), F5(0,2) =0.
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Consequently

(6.3.11) |D2F| < ¢ M=)+
More generally,

(6.3.12) |DIF| < C; MU=+,

Note that if we had r < 2, we would be saddled with the useless bound |D,F| <
C ™,

With these estimates, we are in a position to prove the following. Let C; be the
flow generated by Hy, .

Proposition 6.3.A. If (6.3.2)(6.3.3) hold, with r > 2, then

(6.3.13) px,§) € 5y = p(Ci(,£)) € 575,

where p =1 — 4.

Proof. We need estimates in each region €2 as described above. Let ¢ be the asso-
ciated function on R (¢ depends on (xg,&p)). The hypothesis on p implies

(6.3.14) 1D%q(2)] < Caléo|™ M

recall M = |&|°. We claim qo F(t, z) has the same estimate. This follows from the
chain rule and the estimates (6.3.12).

We now construct inductively the symbol of a pseudodifferential operator Q(t),
which we will show agrees with P(¢) in (6.3.4), for restricted ¢, using an argument
parallel to that in (0.9.7)- (0.9.10). We start with the assumption § < 1. We look
for

(6.3.15) Qt,x,&) ~Qolt,z,&) + Qu(t,z, &) + -,
beginning with

(6.3.16) Qolt, z,€) = Py(Ci(w,€)) € ST,

by (6.3.13). We want to construct Q(t) solving

(6.3.17) Q'(t) = i[A(z, D), Q)] + R(t), Q(0) = P,

where R(t) is a family of smoothing operators. The symbol of [A(x, D), Q(t)] is
asymptotic to

(6.3.18) Hp,Q+{A0,Q} +1i Y é[A(“)Q(co - QWA

|| =2
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where A (x,¢) = Dg(z,8), Awy(z,§) = i~ D2 A(z, &). We want the difference
of 0;Q(t,x,£) and (6.3.18) to be asymptotic to zero. Thus we set up transport
equations for Q; (¢, z,€) in (6.3.15), j > 0, beginning with

(6.3.19) 0Qo/0t — Ha, Qo =0,  Qo(0,z,8) = Py(x,§),
which is solved by (6.3.16). The transport equation for @); will hence be
0Q1/0t — Hp, Q1 ~ {Ao,Qo} + Z i, [AQo(ay — Q(()Q)A(a)]
(6.3.20) jaz2 &
= Bi(t, z,§),
with initial condition
(6.3.21) Q1(0,2,£) =0.

It is necessary to examine By (t, z, ). As long as (6.3.3) holds, or even more generally
whenever Ag € S?yé,

(6.3.22) Qo € ST = {Ag, Qo} € Sy .

For this to be useful we will need p > ¢, i.e., § < 1/2. Continuing, we see that
(6.3.23) A Qoo € STl gma1H2 g g > 2,

while

o m—+1+6(|a|—2)—p|la
A(Q)Q(() ) c Sp,5 (la]=2)—p| ]
c Syt if |of>2,

provided (6.3.2) holds with r > 2. We see that Bj(t,x,{) has order strictly less
than m provided § < 1/2, so p > 1/2.
Higher order transport equations are treated similarly, and we obtain

m—(2p—1)j m—(p—9)j

(6.3.25) Qj(t,z,6) € STy 1T = g temo

provided p =1 —6 > 1/2. Thus @Q, given by (6.3.15), satisfies (6.3.17), with R(t)

smoothing. To complete the analysis of (6.3.4), we need to compare Q(t) with P(t).

Consider

(6.3.24)

(6.3.26) V(t) = [Q(t) — P(t)]e?™ = Q(t)e!* — e p,.
We have

(6.3.27) V'(t) = iAV (t) + R(t)e'™, V(0) =0.
Thus, for any u € D', v(t) = V(t)u satisfies

(6.3.28) % =iAv+g(t), v(0)=0,

where g(t) = R(t)e®u is smooth. Hence standard energy estimates show v(t) is
smooth, so V(t) € OPS~°°. We have proved the following Egorov-type theorem.



139

Proposition 6.3.B. If A satisfies (6.3.2)~(6.3.3) with r > 2 and Py € OPS]"s with
p=1—-35>1/2 then

(6.3.29) P(t) =e"* Py e " = P(t,z,D) € OPS}
and
(6.3.30) P(t,2,6) — Po(Cy(,€)) € Sy 72,

where Cy 1s the flow generated by H 4, .

We now look at conjugates

(6.3.31) P(t) = ™ py e71M
where
(6.3.32) M(z,€) € AySy,, M = M + M, M, real, My € AjSY ;.

Using the symbol smoothing of §1.3, write

(6.3.33) M(x,€) = A(x,€) + B(z,€)
where
(6.3.34) A(z,€) € AySi s, Blx,€) e S17™.

The symbol A(x, &) satisfies (6.3.2)-(6.3.3). Provided r > 2, we can take § slightly
less than 1/2 so that

(6.3.35) B(z,€) € 877, y=r6—1>0.
We can apply Proposition 6.3.B (with a slight change of notation), analyzing
(6.3.36) Q(t) =" Py e "™ = Q(t,x, D) € OPS 5,

given Py € OP5275. We now want to compare the operators (6.3.31) and (6.3.36).
Note that

(6.3.37) Q'(t) =i[A,Q(t)], P'(t)=1i[A Pt)]+ R(t)
with

(6.3.38) R(t) =i[B,P(t)] : H® — H*'Y, for s > —.
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Consequently, if we set

this time we have

V'(t) = iAV (t) — R(t)e™, V(0) = 0.

Hence
V(t): H — H*™.
Therefore
(6.3.39) etM Py MM _ oA pyem#A L g s HYY for s > —7.

It is possible to apply this result to study propagation of singularities, in analogy
with the proof of Proposition 0.10.E. Indeed, suppose u € HZ, ,(T), so if Py € OPS°
has symbol suported inside I'; Pyu € H?. If A satisfies the hypotheses of Proposition
6.3.B, e'*4u is mapped to H? by P(t) in (6.3.29). Thus, if C;I" contains a cone Iy,
we deduce that e®®u € HZ ,(T';). We also claim that, if M satisfies (6.3.32) with
r > 2,

(6.3.40) (e"™M Pye™"M) (e"™Mu) € H if 0 > —7.
This follows from:

Lemma 6.3.C. If M(z,€) satisfies (6.3.32) with r > 2, then
(6.3.41) ™ HY —— HY s> —.

Proof. Given u € H®, ey = v(t) satisfies
(6.3.42) % =iAv+iBv, v(0)=u.

As long as (6.3.35) holds with v > 0, standard linear hyperbolic techniques apply
to (6.3.42), yielding (6.3.41).

Given (6.3.40), we can use (6.3.39) to conclude

(6.3.43) Pt)(e™u)e H if s<o <s+7
provided
(6.3.44) ue H®, s> —n.

Thus, under these hypotheses,
(6.3.45) ™y € HT ().

This yields a propagation of singularities result along the lines of Theorem 6.1.E,
but substantially weaker, so we will not write out the details.
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Chapter 7: Nonlinear parabolic systems

We examine existence, uniqueness, and regularity of solutions to nonlinear par-
abolic systems. We begin with an approach to strongly parabolic quasilinear equa-
tions using techniques very similar to those applied to hyperbolic systems in Chap-
ter 5, moving on to symmetrizable quasilinear parabolic systems in §7.2. It turns
out that another approach, making stronger use of techniques of Chapter 3, yields
sharper results. We explore this in §7.3, treating there completely nonlinear as well
as quasilinear systems. For a class of scalar equations in divergence form, we make
contact with the DeGiorgi-Nash-Moser theory and show how some global existence
results follow.

In §7.4 we consider semilinear parabolic systems. We first state a result which
is just a specialization of Proposition 7.3.C, which applies to a class of quasilinear
equations. Then, by a more elementary method, we derive a result for initial data
in C1(M). Neither of these two results contains the other, so having them both
may yield useful information. As one important example of a semilinear parabolic
system, we consider the parabolic equation approach to existence of harmonic maps
M — N, when N has negative sectional curvature, due to Eells and Sampson. In
outline our analysis follows that presented in [J], with some simplifications arising
from taking N to be imbedded in R* (as in [Str]), and also some simplifications in
the use of parabolic theory.

§7.1. Strongly parabolic quasilinear systems

In this section we study the initial value problem

(7.1.1) % = ZAjk(t,x,Diu)ajﬁku + B(t,z,Dlu), u(0) = f.

gk
Here, u takes values in R¥, and each A% can be a symmetric K x K matrix; we
assume A7% and B are smooth in their arguments. As in Chapter 5 we assume for
simplicity that x € M, an n-dimensional torus. The strong parabolicity condition
we impose is

(7.1.2) > Atz Dyu)g e > Col¢l*L.
Jk
The analysis will be in many respects similar to that in §5.1. We consider the

approximating equation

Que _

(7.1.3) o = Je > At w, Dy Jeue) 00 Jeue + JB(tx, Dy Jeue)

- JELEJEus + B57
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which, for any fixed e > 0, has a solution satisfying u.(0) = f. To estimate
|ue(t)|| =, we consider

d
(7.1.4) %(Asug, ANu.) =2(A°J.LoJ.ue, APus) + 2(A°B., Au,).
The last term in (7.1.4) is easy. We have

(7.1.5) (A°Boy Nug) < C(|| Jeue|lon) || Jete || s+t - || Jetiel| ms-

To analyze the first term on the right side of (7.1.4), write it as 2 times

(7.1.6) (AM°LoJoug, N Jeue) = (LA Joug, A Joue) + ([A°, Le| Jeue, A Joue).
Applying the Kato-Ponce estimate to

(7.1.7) [A*, L] =Y [A*, A% (t, 2, D} J.u.)]0; 0,

we dominate the last term in (7.1.6) by

(7.1.8) CllJeuelle2) | Jevell s - || Jeue| -

Now, to analyze the first term on the right side of (7.1.6), write

(7.1.9) Le =) 0;A"(t,x,D}Jcu)0, + Y _[A7*(t, 2, D} Jcu.), 9]0k

The contribution of the last term of (7.1.9) to the first term on the right side of

(7.1.6) is also seen to be dominated by (7.1.8). Finally, by hypothesis (7.1.2), we
have

(7.1.10) — Y Re (9;47*9v,v) > Co|| V|72

Putting these estimates together yields for (7.1.4) the estimate

(7.1.11)
d

E(Asustsus) < _Clyljauslﬁlsﬂ + C(||Jeue ||l o2) | Jeuel| s+ - || Jeue 7

1
< _501 ||J6u6||2HS+1 + Cl(HJEUE”CQ)”JEUE||%IS-

From here, standard arguments entering the proofs of Proposition 5.1.B, Propo-
sition 5.1.C, and Proposition 5.1.E apply, to yield:
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Proposition 7.1.A. Given the strong parabolicity hypothesis (7.1.2), if f € H*(M)
and s >n/2+ 2, then (7.1.1) has a unique solution

(7.1.12) w€ L>®(I,H5(M)) N Lip(I, H*"%(M))
for some interval I = [0,T),T > 0. The solution persists as long as ||u(t)|c2 is
bounded.

The argument establishing u € C (I, H*(M)) in Proposition 5.1.D does not quite
yield that result right away in this setting, since it used reversiblity, valid for hy-
perbolic PDE but not for parabolic PDE. In this context, that argument does yield
right continuity:

(7.1.13) t; \\tin I = u(t;) — u(t) in H*-norm.
In particular, we have continuity at ¢ = 0. In fact, we have
(7.1.14) ueC(I,H*(M)),

continuity at points ¢ € (0,7") following from higher regularity, which we now
establish.

In fact, for any S < T, if we integrate (7.1.11) over J = [0, S), we obtain a bound
on [, [|Jetue(7)||3esadr, if s > n/2 42, so that |ullc2 < Cllulgs and || Joue(t)] -
gets bounded. Passing to the limit € — 0, we have

(7.1.15) u € L*(J, H¥TH(M)).

This implies that u(t;) “exists” in H*T*(M) for almost all t; € J. We expect that
u(t) coincides with the solution v to (7.1.1), with v(t1) = u(t1), for ¢t > 1, implying
we can replace s by s+ 1 in (7.1.12) and (7.1.14), at least on (¢1,T). Iterating this
heuristic argument leads to the following regularity result, for which we provide a
rigorous proof.

Proposition 7.1.B. The solution u of Proposition 7.1.A has the property
(7.1.16) u € C((0,T) x M).

Proof. Fix any S < T and take J = [0,S5). Passing to a subsequence, we can
suppose that, with v;(t) = J., uc, (),

(7.1.17) ||’Uj+1 _'UjHLQ(J,HS'H(M)) < 277,

Thus, if we consider

(72.18) (1) = sup v (Do < for(®)laross + 3 oy (t) = 03(0) [sross,
J j=1
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we deduce that ® € L?(J), and in particular ®(¢) < oo almost everywhere. Let

T ={te J:®(t) <oo}. Thus, for any t; € T, {J;,uc,(t1) : j > 1} is bounded in
HsT(M). Tt converges to u(ty) in H~2(M); hence u(ty) € H*T1(M). By unique-
ness, the solution v to (7.1.1), v(t1) = u(t1), which belongs to C([t1,S), H51(M)),
coincides with u(t) on [t1,.5). We can iterate this argument, to get u € C(I,C*°(M)),
and then (7.1.16) easily follows.

It is of interest to look at the following special case of (7.1.1),

ou

(7.1.19) %=

ZAjk(t,a:,u)aj@ku + B(t,z,DXu), u(0)=f,

in which the coefficients A7* depend on u but not its derivatives. Consequently the
bound (7.1.8) can be improved, replacing C(||J-uc||c2) by C(]|J-ucl|cr), and this
leads to a corresponding improvement in (7.1.11). Hence we have:

Proposition 7.1.C. If (7.1.19) is strongly parabolic, and if f € H*(M),
s >n/2+ 1, then there is a unique solution

we C(0,7), H*(M)) N C=((0,T) x M),
which persists as long as ||u(t)||cr is bounded.

§7.2. Petrowski parabolic quasilinear equations

We continue to study the initial value problem (7.1.1), but we replace the strong
parabolicity hypothesis (7.1.2) with the following more general hypothesis on

(721) LZ(t7v7'x7£) = —ZAJk<t,ZL','U)§7£k,
3.k
namely
(7.2.2) spec La(t,v,2,8) C {z € C: Re z < —Col¢*}

for some Cy > 0. Again we will try to produce the solution to (7.1.1) as a limit of
solutions u. to (7.1.3). In order to get estimates, we construct a symmetrizer.

Lemma 7.2.A. Granted (7.2.1), there exists Py(t,v,x,§), smooth in its arguments,
for & # 0, homogeneous of degree 0 in &, positive definite (i.e., Py > ¢l > 0), such
that —(PyLs + L5 Py) is also positive definite, i.e.,

(7.2.3) —(PyLy + L5Py) > C|€*T > 0.

The symmetrizer Py, which is not unique, is constructed by establishing first that
if Ly is a fired K x K matrix with spectrum in Re z < 0, then there exists a K x K
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matrix Py such that Py and —(PyLo+ L5 Py) are positive definite. This is an exercise
in linear algebra. One then observes the following facts. One, for a given positive
matrix Py, the set of Ly such that —(PyLa+ L3 Py) is positive definite, is open. Next,
for given Lo with spectrum in Re z < 0, the set {FPy : Py > 0, —(PyL2+ L5Py) > 0},
is an open convex set of matrices, within the linear space of self adjoint K x K
matrices. Using this and a partition of unity argument, one can establish the
following, which then yields Lemma 7.2.A.

Lemma 7.2.B. If M. denotes the space of real K x K matrices with spectrum in
Re z < 0 and P;; the space of positive definite (complex) K x K matrices, there is
a smooth map

o My — 73;5,

homogeneous of degree 0, such that, if L € M} and P = ®(L), then —(PL+L*P) €
Pi.

Having constructed Py(t,v,z,§), note that

u € C? = L(t,D}u,xz,¢&) € C'S% and

7.24
( ) Py(t, Diu,z,€) € C*SY,.

Now, with P = Py(t, Dlu,z, D), set
1 * -1
(7.2.5) Q=5(P+P")+ KA,

with K > 0 chosen so that Q is positive definite on L?. Now, with u. defined as
the solution to (7.1.3), u.(0) = f, we estimate

(7.2.6) %(Asus, Q:A°u.) = 2(A°0pue, Q-Nu.) + (Aue, Q;Asug),

where Q. is obtained as in (7.2.5) from P. = Py(t, D1 J.u.,x, D). In the last term
we can replace Q. by (d/dt)Py(t, DLJ.u.,x, D), and obtain

(7.2.7) |(A%ue, QLA ue)| < Clfue ()l co)llue (1)1 Fre -

The C3-norm arises from the equation (7.1.3) for du./Ot.
We can write the first term on the right side of (7.2.6) as twice

(7.2.8) (QeA°J.LoJeoue, A¥ue) + (QA° B, Au.),
where L. is as in (7.1.3). The last term here is easily dominated by

(7.2.9) Cluc®lle) 1Tt o - (Ol -
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We write the first term in (7.2.8) as

(QeLsAS Jsuea A® Jsue) + (Qs [Asy Ls]Jeu57 ASJEuE)

7.2.10
( ) + ([QEAS’JE]LEJEU€7ASUE)7

just as in (5.2.36), except now L. is a second order operator. As long as (7.2.4)

holds, P. also has symbol in C'SY%, and as in (5.2.37) we can apply Proposition
4.1.E to get

(7.2.11) [Q-A%, J.] bounded in L(H*™!, L?),

with a bound given in terms of ||u.||¢2. Furthermore, we have

(7.2.12) | LeJeue || mro-1 < C(lluell o)l Jeve | o + Clluello2) | Jeue | me,
so we can dominate the last term in (7.2.10) by

(7.2.13) C(llue(®)llc2) | Jere|| ot - luellae

Moving to the second term in (7.2.10), we can use the Kato-Ponce estimate to get

(7.214) A Eollze < C 7 (1A% i - lolless + 147 ] o - ol
ik

Hence the second term in (7.2.10) is also bounded by (7.2.13).

This brings us to the first term in (7.2.10), and for this we apply the Garding
inequality, Proposition 4.3.A, to get

(7.2.15) (QeLev,v) < —Collvllzn + C(llucllc2)vl|Z-

Substituting v = A®J.u. and using the other estimates on terms from (7.2.6), we
have

d
%(ASUE, QeASuE) S _OO||J€UE||2HS+1

+ C(Jluellos)luella- |

| Jetie || s+ + HUEHHS}

which we can further dominate as in (7.1.11).

From here, all the other arguments yielding Proposition 7.1.A and Proposition
7.1.B apply, and we have the following.
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Proposition 7.2.C. Given the parabolicity hypothesis (7.2.1), if f € H*(M), and
s>n/2+ 3, then (7.1.1) has a unique solution

(7.2.16) we C([0,T), H*(M)) N C>®((0,T) x M)

for some T' > 0, which persists as long as ||u(t)||cs is bounded.

§7.3. Sharper estimates

While on the face of it §7.1 seems to be a clean parallel with the analysis of
hyperbolic equations in Chapter 5, in fact the results are not as sharp as they can
be, and we obtain sharper results here, making more use of paradifferential operator
calculus. We begin with completely nonlinear equations:

(7.3.1) U~ F(tx D), u(0) = .

for u taking values in RX. We suppose F' = F(t,z,(), ¢ = (Coj : |a| 2,1 <j < K)
is smooth in its arguments, and our strong parabolicity hypothesis is:

(7.3.2) ~Re ) STF > ClE)PI,

lor[=2

for £ € R™, where Re A = (1/2)(A + A*) for a K x K matrix A. Using §3.3, we
write

(7.3.3) F(t,z, D?v) = M(v;t,z, D)v + R(v).

Thus, for » > 0,

(7.3.4) v(t) € C*" = M(vit,z, &) € AyST, C C"ST NSt
The hypothesis (7.3.2) implies

(7.3.5) — Re M(v;t,x,€) > C£]PT > 0

for |£| large. Note that symbol smoothing in x gives

(7.3.6) M(vit,x, &) = M¥#(t,2,6) + M°(t, z,€)

and, when (7.3.4) holds (for fixed t)

(7.3.7) M#(t,2,8) € AjSTs, MP(t,x,€) € S71™°.

We also have

(7.3.8) — Re M#(t,x,€) > C|£|*T >0
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for |£] large.
We will obtain a solution to (7.3.1) as a limit of solutions u. to
(739) 8(:;; = JEF(t,.’E,D?CJEuE), UE(O) = f.

Thus we need to show that u.(t,z) exists on an interval ¢t € [0,T) independent of
e € (0,1] and has a limit as ¢ — 0 solving (7.3.1). As before, all this follows from
an estimate on the H*-norm, and we begin with

SN (D)3 = 2N TF (1,2, Do), Auwe)
= (A°*McJeue, A¥Joue) + 2(A° R, A Jeug).
The last term is easily bounded by
Cllue(®)llze) [l Jeue ()72 +1]-

Here M. = M(J.u.;t,x, D). Writing M, = M# + M? as in (7.3.6), we see that

(A MP Joue, A Jou.)
(7.3.11) = (A5 *MPJoug, AT T )

< O(|Jeuello2er )| Jette || groer—rs || Jette || o+
for s > 1, since by (7.3.7), M? : HsT1=7° — H5~1 We next estimate
(A°MZ# Joug, A Jou,)
= (M7 A Joug, A Joug) + ([A%, M7 T ue, A° Jou.).

By (7.3.7), [A*, M7] € OPSf”?_T, if 0 < r < 1, so the last term in (7.3.12) is
bounded by

(7.3.10)

(7.3.12)

(7.3.13) (AHA®, MF)oue, A )
< Cllluellez+r) | Jete || rasi—r - [ Jeue| gresr.
Finally, Garding’s inequality applies to M :

(7.3.14) (MZFw,w) < =CollwlF + Crlluclloz+r)[lwlZ-.

Putting together the previous estimates, we obtain

d 1
(73.15)  lue® e < —5ColTetelFrars + Cllluellons) I ette 3pusrs,

and using Poincare’s inequality, we can replace —Cy/2 by —Cp/4 and the H+1=79-
norm by the H®-norm, getting

d 1
(7.3.16) Zillee @l < =5 CollJeue ()37
+ O (Jlue ()]l 24| Jeue (8) | 77

From here, the arguments used to establish Proposition 7.1.A and Proposition 7.1.B
yield:
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Proposition 7.3.A. If (7.3.1) is strongly parabolic and f € H*(M),s > n/2 + 2,
then there is a unique solution

(7.3.17) we C(0,T), H*(M)) N C*((0,T) x M),
which persists as long as ||u(t)|| o2+~ is bounded, given r > 0.

Note that if the method of quasilinearization were applied to (7.3.1) in concert
with the results of §7.1, we would require s > n/2 + 3 and for persistence of the
solution would need a bound on ||u(t)||¢s.

We take another look at the quasilinear case (7.1.1), i.e., the special case of

(7.3.1) in which

(7.3.18) F(t,z,Du) =Y A*(t,z, Dju)0;0ku + B(t,z, Dju).

We form M (v;t,x, D) as before, by (7.3.3). In this case, we can replace (7.3.4) by
(7.3.19) v e CH" = M(v;t,z,&) € ASSil + Si}’".

Thus we can produce a decomposition (7.3.6) such that (7.3.7) holds for v € C1*".
Hence the estimates (7.3.11)—(7.3.16) all hold with constants depending on the
CY norm of u.(t), rather than the C*T"-norm, and we have the following im-
provement of Proposition 7.1.A—Proposition 7.1.B.

Proposition 7.3.B. If the quasilinear system (7.1.1) is strongly parabolic and f €
H*(M), s > n/2 4+ 1, then there is a unique solution satisfying (7.3.17), which
persists as long as ||u(t)||cr+r is bounded, given r > 0.

We look at the further special subcase of (7.1.19), where
(7.3.20) F(t,x, D?u) = ZAjk(t,x, u)0;0u.
In this case, if r > 0, we have
(7.3.22) ve(C" = M(v;t,x,§) € ASSil + S%ET,

and the following improvement of Proposition 7.1.C results.

Proposition 7.3.C. If the system (7.1.19) is strongly parabolic and f € H*(M), s >
n/2 + 1, then there is a unique solution satisfying (7.3.17), which persists as long
as ||u(t)||cr is bounded, given r > 0.

It is also of interest to consider the case

ou _
ot

Arguments similar to those done above yield:

(7.3.23) ZajAjk(t,x,u)ﬁku, u(0) = f.
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Proposition 7.3.D. If the system (7.8.23) is strongly parabolic, and if

(7.3.24) feH M), s> g +1,

then there is a unique solution to (7.3.23), satisfying (7.3.17), which persists as
long as ||u(t)||cr is bounded, given r > 0.

For (7.3.23), the DeGiorgi-Nash-Moser theory has the following implication,
when the coefficients A% are scalar. (A treatment can be found in Chapter 15
of [[T2]].)

Theorem 7.3.E. Suppose (7.3.24) holds on [to,to + a] x M, with scalar coefficients
satisfying
Nolé]> <At m,u)E58 < Mg

Then u(ty + a,x) = w(x) belongs to C™ for some r > 0, and there is an estimate
(7325) ”U}“Cr S K(CL, )\0,)\1)||U(t0,-)||Loo.

In particular, the factor K(a, Ao, A1) does not depend on the modulus of continuity
of AIF.

This produces a global existence result; compare Theorem 8 of [Br].

Proposition 7.3.F. If (7.3.24) is a strongly parabolic scalar equation, the solution
guaranteed by Proposition 7.3.D exists for all t > 0.

Proof. An L*°-bound on u(t) follows from the maximum principle, and then (7.3.25)
gives a C"-bound on u(t), for some r > 0. Hence global existence follows from
Proposition 7.3.D.

Let us also consider the parabolic analogue of the PDE (2.2.62), i.e.,

ou

> AR (Vu)ddku,  u(0) = f,
with |
A*(p) = Fppc (D)
Again assume u is scalar. Then Proposition 7.3.B applies, given f € H*(M), s >
n/2 + 1. Furthermore, uy = Jyu satisfies

Oue _

3.2 =
(7.3.27) -

> 0, AM(Vu)Oug,  ug(0) = fr = O, f.

This follows by applying 0 to (7.3.26) and using the symmetry of F, p, », in (j, k,¢).
The maximum principle applies to both (7.3.26) and (7.3.27). Thus, given u €
C([0,T], H?) N C*>=((0,T) x M),

(7.3.28) u(t, @) < ([ fllzee,  fue(t, 2)] < | fell=, 0 <t <T.
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Now the De Georgi-Nash-Moser theory applies to (7.3.27) to yield
(7.3.29) lue(t, )crory <K, 0<t<T,

for some r > 0, as long as the ellipticity hypothesis from (2.2.61) applies. Hence
again (via Proposition 7.3.B) there is global solvability:

Proposition 7.3.G. If F(p) satisfies (2.2.61), then (7.3.26) has a solution for all
t >0, given f € H*(M), s >n/2+ 1.

§7.4. Semilinear parabolic systems
Here we study equations of the form

(7.4.1) % = Au+ F(z,Dlu), u(0)=f.

We suppose u(t,x) takes values in R*, t € [0,T), * € M, and A is the Laplace
operator on M, acting componentwise in u, though clearly A can be replaced by
more general second order strongly elliptic operators. We begin by stating the
following result, which is merely a specialization of Proposition 7.1.C.

Proposition 7.4.A. If f € H(M), s > n/2+1, then there is a unique solution to
(7.4.1), uw € C([0,T), H*(M))NC>®((0,T) x M), which persists as long as ||u(t)| o
s bounded.

Though this has been established, we record another proof of the persistence
statement here. Note that

(7.4.2) F(z,Dlu) = A(u;z, D)u + R(u)

with R(u) € C* and

(7.4.3) u € C' = A(u;z, D) € OPSY ;.

Now we have

(7.4.4) %HASUH%Q = 2| A% w2, + 2(ASF(z, Diu), A*u).
We can dominate the last term by

2\|As+1uHL2-HAS_1F(x, Dlu)HLz
(745> < As+l 2 As—lF Dl 2
< AT uf|ze + ] (z, D )|z

The first term on the right side of (7.4.5) can be absorbed into the first term on
the right side of (7.4.4). Meanwhile, (7.4.2)—(7.4.3) yield

(7.4.6) IA*T F (2, D u)l|72 < Cllullon) [lullFs +1]
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SO
d S 1 S
(7.4.7) T8 ulle < =S lullfen + C(lulle) [IA™l72 + 1],

which implies the persistence given a bound on ||u(t)||c-
Note that, if we do not use (7.4.2)—(7.4.3) but instead appeal to the Moser
estimate

(7.4.8) 1F (2, DY) [[Fre - < Cllullen) [Ilulle + 1],

we again have the estimate (7.4.7).
We derive further results on solvability of (7.4.1), making more specific use of
the semilinear structure. We convert (7.4.1) to the integral equation

u(t) = et® te(t*S)A x u(s))ds
749 () = '+ / F(z, D"u(s))d

= Wu(t).

We want to construct a Banach space C([0, 7], X) such that ¥ acts as a contraction
map on a certain closed subset, and hence possesses a unique fixed point. Suppose
there are two Banach spaces X and Y of functions (or maybe distributions) with
the following properties:

e'® is a continuous semigroup on X,

(7.4.10) e Y — X fort >0 and HetAHE(Y,X) c L*([0,1],dt),
®: X — Y is locally Lipschitz, where ®(u) = F(z, D'u).

Given these hypotheses is it easy to show that, if first £ > 0 and then T > 0 are
picked small enough, and

(7.4.11) X ={ueC(0,T], X) : u(0) = f,[Ju(t) — fllx < e},

then ¥ : X — X and is a contraction map here.

As an example, let X = C"(M), r > 1, integer or not, and let Y = C"™1(M). Tt
is easy to verify all the hypotheses in (7.4.10) in this case, as long as F' is smooth
in its arguments. We have the following result.

Proposition 7.4.B. Given f € C" (M), r > 1, the equation (7.4.1) has a solution
(7.4.12) we C([0,T],C"(M))NC>((0,T) x M).

The only point left to establish is the smoothness result. But it is easy to see
that ¥ : X — C((0,7),C"tP(M)) for any p < 1. Hence u € C((0,T),C"t?).
Replacing t = 0 by t = t, € (0,7) and f by u(t,) and iterating this argument
yields smoothness.

Note that the persistence result of Proposition 7.4.A is the same as that given by
the proof of the last result, which is persistence given a C'-bound on u(t). On the
other hand, the solvability given only f € C! is not obtainable from Proposition
7.4.A. The following consequence of Proposition 7.4.B is useful.
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Corollary 7.4.C. If (7.4.1) is solvable with a uniform bound ||u(t)|c: < K1, for
all t > 0, then there are uniform bounds

lu@®)llce < K, t =1

We now turn to an important example of a semilinear parabolic system, arising
in the study of harmonic maps, first treated by Eells and Sampson.

Let M and N be compact Riemannian manifolds, N C R*. A harmonic map
u: M — N is a critical point for the energy functional

(7.4.13) E(u) = / |Vu(z)|? dV (z),
M

amongst all such maps. Such a map, if smooth, is characterized as a solution to
the semilinear equation

(7.4.14) Au —T'(u)(Vu,Vu) =0

where I'(u)(Vu, Vu) is a certain quadratic form in Vu, taking values in the normal
space to N at u(x). For this calculation, see [J] or [Str], or [[T1]], Chapter 15. Denote
the left side of (7.4.14) by 7(u); it can be shown that, given u € C1(M, N), 7(u) is
tangent to N at u(x). Eells and Sampson proved the following result.

Theorem 7.4.D. Suppose N has negative sectional curvature everywhere. Then,
given v € C°(M, N), there exists a harmonic map w € C*°(M, N) which is homo-
topic to v.

In [ES], the existence of w is established via solving the PDE

(7.4.15) % = Au —T'(u)(Vu,Vu), u(0)=n.

It is shown that, under the hypothesis of negative sectional curvature on N, there is
a smooth solution to (7.4.15) for all ¢ > 0, and that, for a sequence t;, — oo, u(ty)
tends to the desired w.

Given that 7(u) is tangent to N for u € C*°(M, N), it follows that u(t) : M — N
for each ¢ in the interval [0,7") on which the solution to (7.4.15) exists. In order to
estimate V,u, Eells and Sampson produced a differential inequality for the energy
density e(t,z) = |V u(t,z)|. In fact, there is the identity

de _ Ae = —|Vdu|* —

T (du - Ric™ (e;), du - e;)
(7.4.16)

NN =

+ (RN (du - ej,du - ex)du - ex, du - e;),
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where {e;} is an orthonormal frame at 7,M and we sum over repeated indices.
Given that N has negative sectional curvature, this implies the inequality

Oe
4. —_— — <
(7.4.17) iy Ae < ce.

If f(t,z) = e “te(t,x), we have Of /0t — Af < 0, and the maximum principle yields
f(t,$) < | f(0, ')||L°°7 hence

(7.4.18) e(t,z) < || Vv||] .

This C! estimate implies the global existence of a solution to (7.4.15), by Proposi-
tion 7.4.A, or by Proposition 7.4.B.

For the rest of Theorem 7.4.D, we need further bounds on u, including an im-
provement of (7.4.18). For the total energy

1
(7.4.19) E(t) = e(t,x)dV (z |Vul? dV (z
| [ -4 f

we claim there is the identity

(7.4.20) / ‘ ‘ v (z

Indeed, one easily obtains E'(t) = — [(u;, Au)dV (x). Then replace Au by u; +
I'(u)(Vu, Vu). Since u; is tangent to N and I'(u)(Vu, Vu) is normal to N, (7.4.20)
follows. The desired improvement of (7.4.18) wil be a consequence of the following
estimate.

Lemma 7.4. E Let e(t, ) 0 satisfy the differential inequality (7.4.17). Assume
that E(t) = 3 f (t,z)dV(x) is bounded. Then there is a uniform estimate

(7.4.21) e(t,x) <e® Kle(0,)||p=, t=>0,
where K depends only on the geometry of M.

Proof. Writing de/0t — Ae = ce — g, g(t,x) > 0, we have, for 0 < s <1,

e(t+s,z) = e*PHe(t, —/ e(S_T)(AJFC)g T,x)dT
(7.4.22) ( ) (t.2) 0 (r.2)

< e*BFe(t, 1).

Since e*(A7) is uniformly bounded from L'(M) to L>(M) for s € [1/2,1], the
bound (7.4.21) for t € [1/2,00) follows from the hypothesized L'-bound on e(t).
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We remark that a more elaborate argument, which can be found on pp. 84-86
of [J], yields a explicit bound K depending on the injectivity radius of M and the
first (nonzero) eigenvalue of the Laplace operator on M.

Since Lemma 7.4.E applies to e(t,z) = |Vu|? when u solves (7.4.15), we see that
solutions to (7.4.15) satisfy

(7423) Hu(t)Hcl < K1||U||Cl, for all ¢ > 0.
Hence, by Corollary 7.4.C, there are uniform bounds
(7.4.24) [u(®)l[ce < Kellvller, 21,

for each ¢ < oo. Of course there are consequently also uniform Sobolev bounds.

Now, by (7.4.20), E(t) is positive and monotone decreasing as t " oco. Thus
the quantity [, |us(t,x)[*dV (z) is an integrable function of ¢, so there exists a
sequence t; — 0o such that

(7.4.25) llue(t;, )|z — 0.
From (7.4.24) and the PDE (7.4.15) we have bounds

Hut(tv )HHk < Ck;
and interpolation with (7.4.25) then gives

Therefore, by the PDE, one has for u;(x) = u(t;, z),
(7.4.27) Auj —T(u;)(Vuy, Vuy) — 0 in H72(M),

as well as a uniform bound from (7.4.24). It easily follows that a subsequence
converges in a strong norm to an element w € C°°(M,N) solving (7.4.14) and
homotopic to v, which completes the proof of Theorem 7.4.D.

It is fairly easy to go on to show that there is an energy minimizing harmonic
map w : M — N within each homotopy class, when N has negative sectional
curvature, but Hartman has established a much stronger result, on the essential
uniqueness of harmonic maps; cf. [J], §3.4.

We pursue a little more the method used to establish Proposition 7.4.B, in the
case when F(z,Dlu) has extra structure such as is possessed by T'(u)(Vu, Vu)
appearing in (7.4.15). Thus we assume

(7.4.28) F(z,Du) = B(u)(Vu, Vu),
a quadratic form in Vu. In this case, we take
(7.4.29) X=HY" Y=L q=p/2, p>n,

and verify the three parts of the hypothesis (7.4.10), using the Sobolev imbedding
result n
HY cL>®, H*cL"Wr=sd for p>n, 1<qg<—.
s

The latter inclusion implies that H*P/2 C LP for some s < 1, given p > n, and
this yields the needed operator norm bound on e*® : LY — H"P. We obtain the
following.
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Proposition 7.4.F. If (7.4.28) is a quadratic form in Vu, then the PDE

ou

(7.4.30) e

= Au+ B(u)(Vu,Vu), u(0) = f,

has a solution

u € C([0,T], H**) N C*>((0,T) x M),

provided
f e HY(M), p>n.

The smoothness is established by the same sort of arguments as described before.
Note that the proof of Proposition 7.4.F yields persistence of solutions as long as
|u(t)|| g1» is bounded for some p > n.
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Chapter 8: Nonlinear elliptic boundary problems

We establish estimates and regularity for solutions to nonlinear elliptic boundary
problems. In §8.1 we treat completely nonlinear second order equations, obtaining
L?-Sobolev estimates for solutions assumed a priori to belong to C**7" (M), r > 0.
The analysis here is done on a quite general level, and extends readily to higher order
elliptic systems, by amalgamating the nonlinear analysis in §8.1 with the approach
to linear elliptic boundary problems taken in Chapter 5 of [T2]. In §8.2 we make
note of improved estimates for solutions to quasilinear second order equations. In
§8.3 we show how such results, when supplemented by the DeGiorgi-Nash-Moser
theory, apply to solvability of the Dirichlet problem for certain quasilinear elliptic
PDE.

§8.1. Second order elliptic equations

We examine regularity near the boundary for solutions to a completely nonlinear
second order elliptic PDE, with boundary condition to be prescribed later. Hav-
ing looked at interior regularity in §2.2 and §3.3, we restrict attention to a collar
neighborhood of the boundary 0M = X, so we look at a PDE of the form

(8.1.1) 8§u = F(y,, D2u, Di(‘?yu),
with y € [0,1],2 € X. We set

8.1.2 v1 = Au, vy = 0yu
(8.1.2) : Uy

and produce a first-order system for v = (vq,v3),

% = AU?7
(8.1.3) 83
6—; = F(y,x, DA™ vy, Dyvg).

An operator like T = A or T = D2A~! does not map C*+1+7 (I x X) to Ck*+7(I x
X), but if we set

(8.1.4) CHH(I x X) = | CF7 (I x X),
e>0

then

(8.1.5) T : CFHH (I x X) — CFH(I x X).

Thus we will assume u € C?T7*+. This implies v € C'*"+, and the arguments
D2A~1v; and Dlvy appearing in (8.1.3) belong to C™*. We will be able to drop
the “4” in the statement of the main result.
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Now if we treat y as a parameter and apply the paradifferential operator con-
struction developed in §3.3 to the family of operators on functions of x, we obtain

F(y7x7D:%A_1vl7D:}ch) - Al(v;y;x7D$)U1

8.1.6
( ) + As(v;y,z, Dy)ve + R(v),

with (for fixed y) R(v) € C*(X),

(8.1.7) Aj(viy,z,8) € A6511,1 - Cﬂ0511,0 N 511,1
and
(8.1.8) DfAj € 51171, for |B] <, Sij(lﬂ\—r)’ for |B| > r,

provided u € C?*"F,
Note that if we write F' = F(y,z,(,n), (o = DSu (|a| < 2), no = D3oyu (la] <
1), then we can set

(8.1.9) By(v;y,x,6) = > STF(DiA_lvl,Divz)fa@_l
laj<2

(suppressing the y- and z-arguments of F') and

oF

(8.1.10) By(v;y,2,8) = Y a—(DgA—lvl,D;w)ga.
<1 7

Thus

(8.1.11) veC"t = A; - B; €C"S1.

Using (8.1.4), we can rewrite the system (8.1.3) as

? = AUZ;
(8.1.12) (%y

a_; = A (z,D)vy + As(z, D)vs + R(v).
We also write this as

ov
(8.1.13) ay = K(v;y,z,D;)v+ R (ReC™),

where K (v;y,x,D,) is a 2 X 2 matrix of first-order pseudodifferential operators.
Let us denote the symbol obtained by replacing A; by B; as K, so

(8.1.14) K—-KeCsi"
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The ellipticity condition can be expressed as
(8.1.15) spec K (v;y,x,&) C {z € C:|Re z| > C|¢|},

for |£| large. Hence we can make the same statement about the spectrum of the
symbol K, for [£| large, provided v € C*™+ with r > 0.

In order to derive L?-Sobolev estimates, we will construct a symmetrizer, in
a fashion similar to §7.2. In particular, we will make use of Lemma 7.2.B. Let
E = E(v;y,z,€) denote the projection onto the {Re z > 0} spectral space of K,
defined by

(8.1.16) E(y,z,€) = % /(z — f((y,x,ﬁ))_l dz,

Y

where v is a curve enclosing that part of the spectrum of K (y,z,£) contained in
{Re z > 0}. Then the symbol

(8.1.17) A=(2E-1K eC"S}

has spectrum in {Re z > 0}. Let P € C"SY be a symmetrizer for the symbol A.
Thus P and (PA + A*P) are positive-definite symbols, for || > 1.

We now want to apply symbol smoothing to P, A, and E. Tt will be convenient
to modify the construction slightly, and smooth in both z and y. Thus we obtain
various symbols in ST, with the understanding that the symbol classes reflect
estimates on D, ;-derivatives. For example, we obtain (with 0 < ¢ < 1)

(8.1.18) Ply,z,§) €8s P—PeC"S}°
by smoothing P, in (y, ). We set

(8.1.19) Q= =(P(y,z,D,) + P(y,x,Dy)*) + KA~

N | —

with K > 0 picked to make the operator @ positive-definite on L?(X). Similarly,
define A and E by smoothing A and F in (y,z), so

Aly,z,6) € S5, A—AeCsiy™,

(8.1.20) . ) 5
E(y,z,§) € S5, E—-FEE¢€ C"S15°%,

and we smooth K, writing

(8.1.21) K =Ko+ K’ KyeSi; K'eCs;7nsi™.
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Consequently, on the symbol level,

A=(2E - 1)Ko+ A", A" e 515",

(8.1.22)
PA+ A*P > C[¢|, for [¢] large.

Let us note that the homogeneous symbols K, E, and A commute, for each (y, z, £);
hence the commutators of the various symbols K, E, A have order < rd units less
than the sum of the orders of these symbols; for example,

(8.1.23) [E(y,2,€), Koy, z,€)] € 5157

Using this symmetrizer construction, we will look for estimates for solutions to
a system of the form (8.1.3) in the spaces Hy (M) = Hy s(I x X), with norms

k
(8.1.24) 0l = Y 105A 7 0() 1721 x)-
j=0

We shall differentiate (QA*Ev, A*Ev) and (QA®(1 — E)v, A*(1 — E)v) with respect
to y (these expressions being L?(X)-inner products) and sum the two resulting
expressions, to obtain the desired a priori estimates, parallel to the treatment in
§5.2 of [T2].

Using (8.1.13), we have

di(QASEU, A°Ev) = 2 Re(QA°E(Kv + R),A°Ev)
Y

(8125) _|_ (Q/ASE’U, ASE'U)
+ 2 Re(QA°E'v, A°Ev).

Note that given v € C**"*,r > 0, Q' and E’ belong to OPSf’(;. Hence, for fixed
y, each of the last two terms is bounded by

(8.1.26) Cllo@) I gess/2-

Here and below, we will adopt the convention that C' = C(]|v||gi+-+), with a slight
abuse of notation. Namely, v € C'*"+ belongs to C'T"*¢ for some € > 0, and we
loosely use ||v||gi+-+ instead of [|v||c1+r+-.

To analyze the first term on the right side of (8.1.25), we write

(QAME(Kv+ R),A°Ev) = (QA°EKgv, A°Ev)
(8.1.27) + (QA° K, A°Ew)
+ (QA°ER, A°Ev),
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where the last term is harmless and, for fixed y,

(8.1.28) (QA*EK" v, A*Ev)| < C|lu(y)|

2
Hs+(1—=78)/2)
provided s + (1 —r0)/2 — (1 —rd) > —(1 — d)r, that is,

1 1
(8.1.29) 5 > 57 + §r5,

in view of (8.1.21).
Since E(y, z,&) is a projection, we have E(y,x,£)? — E(y,z,£) € Sl_’g‘s and

E(y,x,D) - E(y,z,D)* = F(y,z, D) € OPS 7,

(8.1.30) .

o = min (rd,1 —9).
Thus
(8.1.31) QEK, = QAE+G; G(y) € OPS{°.

Consequently, we can write the first term on the right side of (8.1.27) as
(8.1.32) (QAEA®v, A*Ev) — (GAv, A*Ev) + (Q[A®, EKov, A*Ev).
The last two terms in (8.1.32) are bounded (for each y) by

(8.1.33) C||U(?J)||§{s+<1—a)/2-

As for the contribution of the first term in (8.1.32) to the estimation of (8.1.25),
we have, for each y,

(8.1.34) (QAEAN°v, A°Ev) = (QAN Ev, A°Ev) + (QA[E, A°|v, A®v),
the last term estimable by (8.1.33), and
(8.1.35) 2 Re(QAAN*Ev, A*Ev) > C1||Ev(y)||4e11/2 — Caoll Ev(y) |-,

by (8.1.22) and Garding’s inequality. Keeping track of the various ingredients in
the analysis of (8.1.25), we see that

2
Hs+1/2

= CallvW)Frer o2 — CsllRW) 17,

d
sgy g @NER N 2 GIEG)

where Cj = Cj(||v||01+r+) > 0.
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A similar analysis gives

d
—(QA°(1 — EYyv,A°(1 — E)v
sran  dy @R A= B
< -Cyf|(1 - E)v(y)“%—ls+l/2 + C2H’U(?J)H§{s+<1—o/2> + Cs||R(y)||7--

Putting together these two estimates yields

1
§Clllv(y)H§{s+1/2 < CHEv@) 71172 + C1ll(1 = E)o(y)[[Fes1/
(8.1.38) di(QASEv ASEv) — —(QAS(l — E)u,A*(1 — E))
+Callv(y )||H5+<1fa>/2 + C3l|R(y) 1 -

Now standard arguments allow us to replace H5t(1=9)/2 by H' with t << s. Then
integration over y € [0, 1] gives
C1l[vllg sr1/2 < A Eu(1)][Z2 + [A*(1 = E)v(0)]1Z2

(8.1.39) g
+ Ca|lvl|5,+ + Cs]

Recalling that
(8.1.40) [0IR,s = AT *0llL2 ary + 1Ay 012 ()

and using (8.1.13) to estimate J,v, we have
(8.1.41) vl _ype < C[HEU(DH%{S + (1 = E)v(0)l[7 + [0]I5¢ + I RIG s -

with C' = C(||v||c1+r+), provided that v € C**™ with r > 0 and that s satisfies
the lower bound (8.1.29). Let us note that

Oy [IA% (1 = Byo(D) |3 + | A* Bo(0) 3]
could have been included on the left side of (8.1.39), so we also have the estimate
(8.1.42) (1 — E)v(1)||3. + || Ev(0)]|3. < right side of (8.1.41).

Having completed a first round of a priori estimates, we bring in a consideration
of boundary conditions that might be imposed. Of course, the boundary conditions
Ev(l) = f1,(1 — E)v(0) = fy are a possibility, but these are really a tool with
which to analyze other, more naturally occurring boundary conditions. The “real”
boundary conditions of interest include the Dirichlet condition on (8.1.1):

(8.1.43) w(0) = fo, u(l)=fi,
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various sorts of (possibly nonlinear) conditions involving first-order derivatives:
(8.1.44) Gj(z,D'u)=f;, aty=3 (j=0,1),

and when (8.1.1) is itself a K x K system, other possibilities, which can be analyzed
in the same spirit. Now if we write D'u = (u, d,u, yu) = (A" vy, 0, A" vy, vg),
and use the paradifferential operator construction of §3.3, we can write (8.1.44) as

(8.1.45) H;(v;z,D)v =g;, aty=j,
where, given v € C1+7+,
(8.1.46) Hj(v;w,§) € Agt"SY, c CMsYon sy .

Of course, (8.1.43) can be written in the same form, with Hj;v = v;.
Now the following is the natural regularity hypothesis to make on (8.1.45);
namely, that we have an estimate of the form

Z lo()|r: < C[HEU(O)H%s + 11 - E)v(l)H%s}
(8.1.47) ’

+ O Y[ (v, DG+ o) |

We then say the boundary condition is regular. If we combine this with (8.1.41)
and (8.1.42), we obtain the following fundamental estimate:

Proposition 8.1.A. If v satisfies the elliptic system (8.1.3), together with the
boundary condition (8.1.45), assumed to be regular, then

(8.1.48) 1012 4-1/2 < C[3 Ngsli3e + ol + IRIZ]
J

provided v € Hy 4_1/2 N CYr r >0, and s satisfies (8.1.29). We can take t << s.
In case (8.1.44) holds, we can replace ||g;||ms by ||fi|lms, and in case the Dirich-

let condition (8.1.43) holds and is regular, we can replace ||g;||ms by || f;l|gs+1 in
(8.1.48).

Here, we have taken the opportunity to drop the “4+” from C'*"+; to justify this,
we need only shift r slightly. For the same reason, we can assume that, in (8.1.1),
u € C%*7, for some r > 0. In the rest of this section, we assume for simplicity that
s—1/2eZt U{0}.

We can now easily obtain higher-order estimates, of the form

(8.1.49) 102012 < C[3" 1951w + 0l + IR
J
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for t << s —1/2, by induction from

v i,371/2 = |’UH12<71,5+1/2 + ||ayUHZfl,sf1/2=

plus substituting the right side of (8.3) for dyv. This follows from the existence of
Moser-type estimates:
HF(a W1, wZ)Hk,sfl/Q

< C(llwrllpe, llwellzoe) [lwills,s—1/2 + llwellk,s-1/2],

for k,k+s—1/2>0. If s —1/2 € Z* U {0}, such an estimate can be established
by methods used in §3 of Chapter 13 in [[T1]].

We also obtain a corresponding regularity theorem, via inclusion of Friedrich
mollifiers in the standard fashion. Thus replace A®* by A = A®J, in (8.1.25) and
repeat the analysis. One must keep in mind that K°® must be applicable to v(y) for
the analogue of (8.1.28) to work. Given (8.1.21), we need v(y) € H? with o > 1—r.
However, v € C'17 already implies this. We thus have the following result.

(8.1.50)

Theorem 8.1.B. Let v be a solution to the elliptic system (8.1.3), satisfying the
boundary conditions (8.1.45), assumed to be reqular. Assume

(8.1.51) veC r>0,
and
(8.1.52) g; € HTF1(X),
with s —1/2 € Z+ U{0}. Then
(8.1.53) v € Hys_1/9(I x X).
In particular, taking s = 1/2, and noting that
(8.1.54) Hyo(M) = H*(M),
we can specialize this implication to
(8.1.55) g; € HF12(X) = v € H*(I x X),

for k=1,2,3,..., granted (8.1.51) (which makes the k = 1 case trivial).

Note that, in (8.1.36)—(8.1.38), one could replace the term || R(y)||%. by the prod-
uct ||R(y)|| gs—1/2 - ||[v(y)]| grs+1/2; then an absorption can be performed in (8.1.38),
and hence in (8.1.39)—(8.1.41) we can substitute ||R||g,s—1/2’ and use ||R||i_1’5_1/2
in (8.1.49).

We note that Theorem 8.1.B is also valid for solutions to a nonhomogeneous ellip-
tic system, where R in (8.1.13) can contain an extra term, belonging to Hy_1 s_1/2,
and then the estimate (8.1.49), strengthened as indicated above, and consequent
regularity theorem are still valid. If (8.1) is generalized to

(8.1.56) d7u = F(DZu, D,dyu) + f,

then a term of the form (0, f) is added to (8.1.13).

In view of the estimate (8.1.11) comparing the symbol of K with that obtained
from the linearization of the original PDE (8.1.1), and the analogous result that
holds for H;, derived from G, we deduce the following:
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Proposition 8.1.C. Suppose that, at each point on OM, the linearization of the
boundary condition of (8.1.44) is regular for the linearization of the PDE (8.1.1).
Assumeu € C?*T7 r > 0. Then the regularity estimate (8.1.49) holds. In particular,
this holds for the Dirichlet problem, for any scalar (real) elliptic PDE of the form
(8.1.1).

§8.2. Quasilinear elliptic equations

We establish here a strengthened version of Theorem 8.1.B when u solves a
quasilinear second order elliptic PDE, with a regular boundary condition. Thus we
are looking at the special case of (8.1.1) in which

F(y,z,D2u, D:0,u) = — ZBj (z,y, D*u)9;0,u

(8.2.1) ’

=" 4% (z,y, D'u)d;0ku + Fi(z,y, D'u).
7,k

All the calculations of §8.1 apply, but some of the estimates are better. This is
because when we derive the equation (8.1.13), i.e.,

v

(8.2.2) 3

= K(v;y,z,D)v+ R (R€e C™)

for v = (v1,v2) = (Au, dyu), (8.1.5) is improved to
(8.2.3) ue O™ —= K ¢ ASSil + S%ET (r>0).

Compare (3.3.23). Under the hypothesis u € C™"!, one has the result (8.1.17),
A € C78%, which before required u € C?*7. Also (8.1.20)-(8.1.22) now hold for
u € CY7. Thus all the a priori estimates, down through (8.1.49), hold, with
C = C(||lul]|¢i++). One point that must be taken into consideration is that, for
the estimates to work, one needs v(y) € H? with ¢ > 1 — r, and now this does
not necessarily follow from the hypothesis u € C'*". Hence we have the following
regularity result. Compare the interior regularity established in Theorem 2.2.E.

Theorem 8.2.A. Let u satisfy a second order quasilinear elliptic PDE with a reg-
ular boundary condition, of the form (8.1.45), for v = (Au, 0yu). Assume that

(8.2.4) weC*HY"NH ,, >0, r+o>1.
Then, for k=10,1,2,...,

(8.2.5) gj € H¥"Y3(X) = v e H*(I x X).
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The Dirichlet boundary condition is regular (if the PDE is real and scalar) and
(826> u(]) :fj er+S(X) == er,s—l/Q(IXX)7
if s > (1 —r)/2. In particular,

u(j) = fj € H**V2(X) = v e H*(I x X)

8.2.7
(8.2.7) — uc H"(I x X).

We consider now the further special case

F(y,z, D2u, DLo,u) = — ZBj (x,y,u)0;0,u

J

(8.2.8) .
- Z Ajk(x’ Y, u)ajaku + Fl(:)j? Y, DlU)

gk
In this case, when we derive the system (8.2.2), we have the implication

(8.2.9) ueC"(M) = K € A;S1, + 517" (r>0).

Similarly, under this hypothesis we have A € C"SL. etc. Therefore we have the

cl»
following.

Proposition 8.2.B. Ifu satisfies the PDE (8.1.1) with F' given by (8.2.8), then the
conclusions of Theorem 8.2.A hold when the hypothesis (8.2.4) is weakened to

(8.2.10) veC'NH 4y, r74+0>1

Note that associated to this regularity is an estimate. For example, if u satisfies
the Dirichlet boundary condition, we have, for k > 2,

(8.2.11) lull e ary < Crllwllergzy) ulons 172000 + Il L2an)]

where we have used Poincare’s inequality to replace the H; ,-norm of u by the
L?-norm on the right.

68.3. Interface with DeGiorgi-Nash-Moser theory

We resume the discussion begun at the end of §2.2 of a class of quasilinear elliptic
PDEs whose study involves first the DeGiorgi-Nash-Moser regularity theory and
then Schauder type extimates. The version of Theorem 2.2.J for bounded regions,
with Dirichlet boundary conditions, is the following. Suppose M is compact with
smooth boundary 0M.
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Theorem 8.3.A. Let u € H'(M) solve the scalar PDE

(8.3.1) 28 a;i(z &zgu-g—l—za fj on M,
with g € LY/?, fi €LY, g>n=dim M, and a;;, € L>°(M) satisfying
(8.3.2) Mol€P <) ai(@)€8 < M€,

for constants X\; > 0. Suppose ulopr = o € CHOM). Then u € C"(M) for some
r >0, and

(8.3.3) luller < K (Ao, Aty M) [llgllorz + Y 1fjllze + lellerons -

A proof of this is given in Appendix C.
We want to establish existence of smooth solutions to the nonlinear elliptic PDE

(8.3.4) ®(D%*u) = Z Fyip (Vu)9;0,u =0o0n M, u= ¢ ondM,
which we derived in (2.2.62) as a PDE satisfied by the minimizer of
(8.3.5) I(u) = /F(Vu) dx

M

over the space Vsol. Assume ¢ € C°(M). We continue to assume F is smooth and
satisfies

Cilp* — L1 < F(p) < Calp|* + Ko,
(8.3.6)

A€ <) Fpp ()66 < Aof¢].

We use the method of continuity, showing that, for each 7 € [0, 1], there is a
smooth solution to

(8.3.7) ®,.(D*u)=00on M, u= ¢ ondM,
where

&, (D*u) = 7®(D*u) + (1 — 7)Au
(8.3.8) "
= ZAJT (Vu)0;0,u
with
(8.3.9) AR (Vu) = 7F,p, (Vu) + (1 — 7)80.

Clearly (8.3.7) is solvable for 7 = 0. Let J be the largest interval containing {0}
such that (8.3.7) has a solution u = u, € C°°(M) for each 7 € J. We will show
that J is all of [0, 1] by showing it is both open and closed in [0, 1]. The openness
is the relatively easy part.
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Lemma 8.3.B. If 1y € J, then, for some e > 0, [19,70 +¢) C J.
Proof. Fix k large and define

(8.3.10) U:[0,1] x VE — H**(M)

by ¥(7,u) = ®,(D?u), where

(8.3.11) Vj = {u€ H*(M) : u= ¢ on OM}.

This map is C' and its derivative with respect to the second argument is

(8.3.12) DoV (19, u)v = Lo,

where

(8.3.13) L:Vy=HnH} — H"2(M)
is given by

(8.3.14) Lo =) 0;AF(Vu(x))dv.

L is an elliptic operator with coefficients in C*°(M), when u = u,,, clearly an
isomorphism in (8.3.13). Thus, by the implicit function theorem, for 7 close enough
to 7o there will be u., close to u,,, such that ¥(7,u,) = 0. Since u, € H*(M) solves
the regular elliptic boundary problem (8.3.7), if we pick k large enough we can apply
the regularity result of Theorem 8.1.B to deduce u, € C*°(M).

The next task is to show that J is closed. This will follow from a sufficient a
priori bound on solutions u = u,, 7 € J. We start with fairly weak bounds. First,
the maximum principle implies

(8.3.15) [ll oo (ary = [l o onr),

for each v = u,, 7 € J.
Next we estimate derivatives. For simplicity we take M = [0,1] x T"~1. Each
= Oyu satisfies

(8.3.16) >0 A (Vu) Oy = 0,

where A7%(Vu) is given by (8.3.9). The ellipticity, which follows from hypothesis
(8.3.6), implies a bound

(8317) ||u€||H1(M) SK, 1 SES’I’L—L
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provided 0y is tangent to OM for 1 < ¢ < n—1, since uy = dpp on OM. Also, a fairly
elementary barrier construction bounds Vu|gys, and then the maximum principle
applied to (8.3.16) yields a uniform bound

Now Theorem 8.3.A enters in the following way; it applies to uy = Oyu, for
1 </ <n—1. Thus there is an r > 0 for which we have bounds

(8.3.19) luellgrary < K, 1<€<n—1.

Recall from the end of §2.2 that such a property on all first derivatives of a solu-
tion to (8.3.4) led to the applicability of Schauder estimates to establish interior
regularity.

In the case of examining regularity at the boundary, more work is required, since
(8.3.19) does not include a derivative 9,, transverse to the boundary. Now, using
(8.3.7), we can solve for 6,,%u in terms of 0;0,u, for 1 <j <mn, 1 <k <n—1. This
leads, via a nontrivial argument, to the estimate

(8.3.20) lull s iz, < K.

This result, due to Morrey, will be established below.
Granted (8.3.20), we can then apply the estimate (8.2.11) to w = Vu, satisfying
> 0, A% (w)Oxw = 0. Thus, for any k,

(8.3.21) IV ul| e (ary < K-

Therefore, if [0,71) C J, as 7, /' 71 we can pick a subsequence of u,, converging
weakly in H¥+1(M), hence strongly in H*(M). If k is picked large enough, the
limit u; is an element of H¥*1 (M), solving (8.3.7) for 7 = 71, and furthermore the
regularity result Theorem 8.2.A is applicable; hence u; € C°°(M). This shows that
J is closed.

Hence, modulo a proof of Morrey’s result (8.3.20), we have the proof of solvability
of the boundary problem (8.3.4).

In order to prove (8.3.20), we will use the Morrey spaces, discussed in §A.2. We
will show that

(8.3.22) / |Vug|>de < CR"2*t?" 1<0<n-—-1.

BrNM
This implies (see (A.2.10)) that

(8.3.23) OkOpu € MP(M) for 1 </ <n-1, 1<k <n,
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where p € (n,00) and r € (0,1) are related by 1 — r = n/p. Now the PDE (8.3.7)
enables us to write d2u as a linear combination of the terms in (8.3.23), with
L°°(M)-coefficients. Hence 02u € MP(M), so

(8.3.24) V(0nu) € MP(M).
A fundamental result of Morrey is that
(8.3.25) Vo € MP(M) = v € C"(M).

This is proved in §A.2; see Theorem A.2.A. Thus d,u € C"(M), and this together
with (8.3.19) yields (8.3.20).
It remains to consider (8.3.22); we will establish such an integral estimate with

uy replaced by vy = up — @y, with ¢y = 0pp. This will suffice. For vy, we have the
PDE

> A (Vu)dhve =Y 05 f;,
(8.3.26)
= A (Vu)oppe € L=(M).
k
For any y € M, a center for concentric balls Br and Byg, (which may reach outside
M), choose a positive function 1 € C}(Bar) such that
(8.3.27) v =1on Bg, |ViY|<2/R.
Pick a constant ¢ such that
(8.3.28) c=wve(y) if Bor C M; ¢=0 if BorNIM # (.
Hence ¢ (z)?(ve(z) — ¢) € H}(M). We estimate

(8.3.29) Z/Q/z(x)zAjk@ng - Ogvp dx
M

from above, substituting vy — ¢ for v,, integrating by parts and using (8.3.26). There
follows readily a bound

(8.3.30) V(@) Vo2 de < C [ [9(z)? + |V [* (ve — ¢)?] da.
| /

M

Compare (2.2.67)—(2.2.68). Now the Holder estimates (8.3.19) imply that (v,—c)? <
K R?" on Bsg, so from (8.3.30) we get

/ (Vg2 de < C[R™ + R"% - R*]
(8.3.31) B

—242
S C/R’I’L + ’I",
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from which (8.3.22) follows. This proves Morrey’s result, (8.3.20).

As noted, to have 9y, 1 < ¢ < n—1, tangent to M, we require M = [0, 1] x T* L.
For M C R™,if X =Y by0, is a smooth vector field tangent to M, then ux = Xu
solves, in place of (8.3.16),

Z @A”(Vu)@kux = Z 8ij

with F; € L calculable in terms of Vu. Thus Theorem 8.3.A still applies, and the
rest of the argument above extends easily.
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A: Function spaces

§A.1: Holder spaces, Zygmund spaces, and Sobolev spaces

Here we collect a few facts about various function spaces used in the paper. More

details can be found in [S1], [Tr], [H4].
If 0 < s < 1, we define C*(R™) to consist of bounded functions u such that

(A.1.1) u(z +y) — u(z)] < Clyl*.

For k = 0,1,2,..., we take C*(R") to consist of bounded continuous functions u
such that DPu is bounded and continuous, for |[3| < k. If s =k+7r, 0 <7 <1,
we define C*(R™) to consist of functions v € C*(R") such that, for |3] = k, D"u
belongs to C"(R™).

To connect Hélder spaces to Zygmund spaces, we use the Sy partition of unity
introduced in §1.3, 1 = Z;io ¥; (&) with 1, supported on (£) ~ 27, and 9, (&) =
P (2179€) for j > 1. It is known that, if u € C*, then

(A.1.2) sup 255(|4p (D)u| L < 0.

To see this, first note that it is obvious for s = 0. For s = £ € Z" it then follows
from the elementary estimate

(A.1.3) Cr2¥[i(D)u(z)| < ) [¢r(D)Du(x)| < Co2*|n(D)ulz)].

lor| <2

Thus it suffices to establish that « € C* implies (A.1.2) for 0 < s < 1. Since 91 (z)
has zero integral, we have, for k > 1,

AL [V (D)u(r)| = /wk u(z —y) —u(z dy‘

<c / ()] - lyl* dy,

which is readily bounded by C 27%%,
Conversely, if s is not an integer, finiteness in (A.1.2) implies u € C*. It suffices
to demonstrate this for 0 <s < 1. With W, () = >, ¥;(§), if |y[ ~ 27k write

u(z +y) — u(z) = / y V(D) + ty) dt

+ (I = Ui(D)) (u(z +y) — u(x))

(A.15)
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and use (A.1.2)-(A.1.3) to dominate the L* norm of both terms on the right by
C - 27k since |V, (D)ul|p~ < C - 2079k,

This converse breaks down if s € Z*. We define the Zygmund class C? to consist
of w such that (A.1.2) is finite, using that to define the C7-norm. Thus

(A.1.6) Cs=CsifseRT\z*, C*cCF kezt.
It is known that C7 is an algebra for each s > 0. Also,
(A.1.7) PeOPSTy=P:C; — C;™™

if s, —m > 0. This is proved in §2.1. In fact, one can define C{ by finiteness of
(A.1.2) for all s € R, and then (A.1.7) holds without restriction. In particular, with
A=(1-A)Y2

(A.1.8) A™ : C} — C;7™ is an isomorphism.

The basic case O} can be characterized as the set of bounded continuous v such
that

(A.1.9) lu(z +y) + u(z —y) — 2u(z)| < Klyl.

This is Zygmund’s original definition.
For 1 < p < o0, s € R, the Sobolev spaces H*P(R"™) can be defined as

(A.1.10) H*P(R™) = A~°(LP(R")).

It is then true that, for s = k € Z*, u € §'(R"),

(A.1.11) u € H*P(R™) <= D*u € LP(R") for |a| < k.
There is a natural duality

/ 1 1
(A112) HOP(RY) ~ HOV (RY), 4 =1
p D

There is a characterization of H%P(R™) analogous to (A.1.2), namely that

(A.1.13) 12 4 (D)} 2,
k=0

be finite. This is a consequence of the Littlewood-Paley theory of LP. In fact, for
s = 0, the equivalence of the norm above with ||u||z» is established in §0.11; see
(0.11.32). For more general s, it follows from the simple estimate

(A.L.14) 12" | (D)u(x)| < [ (D)A u(w)] < Co2" |y (D)u(a)].
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A complementary result, used in Lemma 2.1.G, is that, with Wy.(§) = >, ¥e(§),

> 1/2
(S} s
k=0 Ly

(A.1.15) Hi‘l’k(D)kaHw < Cop
k=0

for 1 < p < co. To prove this, writing fr = A %u and VU (D)ug = Z];:o Ye(D)ug,
the Littlewood-Paley estimates show that the left side of (A.1.15) is

(A.1.16) ~ H{g}w Z“k| }1/2‘

which by (A.1.14) is

i ~[{E st S}

Thus, with wy, = 2% f;,, we need to show that

ar1s) {4 D) za Y| <a,
£=0

in other words, we need so show continuity of

Lr

{i ’wklz}l/z‘

e’

(A.1.19) (D) : LP(R", (*) — LP(R", (?)

where

Te(€) = oy (€)27 R 1>k

(A.1.20)
0 , <k

It is straightforward to verify that

ZIDng J<cE s>,

(A.1.21)

Z|D5er Hl<c), s>,
SO
(A.1.22) IDET()| p(ey < CstE) T, s> 0.

Hence the vector valued Fourier multiplier result, Proposition 0.11.F, yields (A.1.19),
and completes the proof of (A.1.15).
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There are a number of useful “Sobolev imbedding theorems.” We mention

(A.1.23) H*P(R") C L"P/("=sP)(R™), 5 < n/p.
Also
(A.1.24) H*P(R™) C L>(R"), s>n/p.

In fact, (A.1.24) can be sharpened and extended to
(A.1.25) H*P(R") Cc C;(R™), r=s—n/p,
valid for all s € R.

§A.2. Morrey spaces
Let p € (1,00) and define s € (1 —n, 1) by
n
A21 1l—s=—.
(A.2.1) p

By definition, the Morrey space MP(R™) consists of f € L*(R™) such that

(A.2.2) / |f(z)|dx < C RS
Br

for any ball Br of radius R < 1 centered at any point y € R™. If ) is a subset
of R, we say u € MP(Q) if its extension by 0 outside 2 belongs to MP(R™). The
notation involving p arises from the fact that, for {2 bounded,

(A.2.3) LP(Q) € MP(Q),

as a consequence of Holder’s inequality. The role of Morrey spaces depends on the
following result of Morrey.

Theorem A.2.A. If Q is smooth and bounded, uw € H"'(Q), then
(A.2.4) Vu e MP(Q), p>n=uc C5Q)

where p and s are related by (A.2.1).

In light of (A.2.3), this result is a bit sharper than the Sobolev imbedding theo-
rem

(A.2.5) H*?(Q)c C*(Q) for s =1— E, p>n.
p
By taking an “even reflection” of u across 02, it suffices to prove (A.2.4) for Q =

R™, u having compact support. This can be done as a consequence of the following
results.
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Lemma A.2B. Let p(A) =e ', f € Liomp(R™). Then
(A.2.6) f € MP(R™) <= p(rv—-A)|f| <Cr 5, re(0,1].

Proof. Exercise.
Proposition A.2.C. Ifge &' (R"), 0 < s <1, then

(A.2.7) g€ C*R") = |p(rvV—A)(V=Ag)|p= < cr T re(0,1].

Proof. This follows easily from the characterization (A.1.2) of C*(R™).

Corollary A.2.D. If f e L! R™), then

comp (

(A.2.8) feMPRY), p>n= (—A)"V2f cC".

Proof. p(rv/=8)((=A)V2(=A)72f) = p(rv/=A) f, and |p(rv/=A) f| < p(rv=B)|f|
Hence, if f € MP(R™), the criterion (A.2.7) applies to g = (—A)~1/2f.

Now, to prove Morrey’s Theorem, note that

Vu € MP(R") = V(-A)"Y2y e C®

(A.2.9) .
—uec (C°.

It is useful to note that, given ¢ € (1,00), f € LY., ,(R"), s=1-n/p e (0,1),
(A.2.10) / |f(z)|9de < C R" 1% = f e MP(R").

Br

Indeed, this follows easily from Holder’s inequality. We denote by MP(R™) the
space of functions satisfying (A.2.10).

§A.3. BMO

Given f € L, (R™), and a cube @ with sides parallel to the coordinate axes, we
set

(A3.1) fo=1QI"! / (@) dz, |Q)= vol(Q).
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and say f € BMO if and only if

(A32) sup Q| / (@) — folde = Il a0
N Q

is finite. A constant has BMO-seminorm 0; (A.3.2) defines a norm on BMO
modulo constants. Clearly L™ C BMO. It was shown by John and Nirenberg [JN]
that, for a cube ) such as above,

(A.3.3) meas {z € Q : |f(z) — fo| > A} < C e~MIflzmo,

Also, for any p < oo,

(A3.4) QI / @) — folP dz < CollfBaro.
Q

Fefferman and Stein [FS] established many important results on BMO. We men-
tion a few here. Define

(A35) ) =sup {Q1 [ 1)~ foldw: @52},
Q

the sup being over all cubes containing z. Then, for p € (1, c0),

(A.3.6) 1/ |e < Coll fllzr-

Of course, f# € L™ if and only if f € BMO. Another very important result of
[F'S] is that f belongs to BMO if and only if it can be written in the form

(A37) f = 4o + Z Rjgj7 g; S LOO(Rn)a
j=1

where R; are the Riesz transforms; (R;g) " (§) = (&/1£])g(&).
Another important result in [F'S] involves a connection between the space BMO(R™)
and Carleson measures on Riﬂ. If Q is a cube in R™, set

(A.3.8) T(Q)=A{(z,y) € R?fl xe@, 0<y <lQ)}

where £(Q) is the length of a side of Q). Then a positive Borel measure on R?fl is
called a Carleson measure provided that, for all cubes @@ C R"”,

(A.3.9) n(T(Q)) < ClQl.



178

The Carleson norm is

(A.3.10) Iplle = sup QI u(T(Q)).

Let ¢ € S(R™), ¥(0) = 0. Given f € S'(R"), y > 0, set u(y,z) = ¢¥(yD)f(x). It
is shown in [FS] that, if f € BMO, then |u(x,y)|?y ™! dz dy is a Carleson measure,
and

(A.3.11) [lul?y~" dzdyl|, < CllflErmo-

We sketch a proof of this result, which will be used in Appendix D.
If @ C R™ is a cube, let 2Q) denote the concentric cube with twice the diameter
of Q. Since ¥ (yD) annihilates constants, we can alter f so that [ f(z)dz = 0.
2Q

Write f = fo + f1 where fy is the restriction of f to 2Q). Then

/ (D) folx) Py~ dr dy < / $(yD) foly~ dady
(A.3.12) T(Q) RO+

< Cllfollz:

since one has the simple general estimate
A31 T loDylz: 2 < clol?
(A.3.13) Dyl < Ol

Now || fol|7= is equal to

(A3.14) / (@) — Faol? dz < Ol f1Zar0lQ)
2Q

by (A.3.4). On the other hand, using (A.3.3), it is not hard to show that

(A.3.15) [4(yD) f1(2)| < C|fllBaro TZ?)’ reQ,

which together with (A.3.12), (A.3.14) yields the desired estimate (A.3.11) on the
integral of |¢(yD) f(z)|? over T(Q).
Finally we mention complements to (A.1.24) and (A.2.4), namely

(A.3.16) Vue M"(R") = u € BMO,
and

(A.3.17) H"/PP(R™) ¢ BMO, 1<p< .
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B: Sup norm estimates

¢B.1. L°° estimates on pseudodifferential operators

As is well known, an operator P € OPSY ; need not be bounded on L>. We
will establish a number of results on || Pul|z«, starting with the following, which is
essentially given in the appendix to [BKM].

Proposition B.1.A. If P € OPSRO, s >mn/2, then

(B.1.1) 1Pull 1 < Clluf|zos - [1 +log W}

]| Lo

We suppose the norms are arranged to satisfy ||u||p~ < ||u||fs. Another way to
write the result is in the form

1
(B.1.2) 1Pul| 1o < O |Ju]| szo +C’(log g)||u||Loo,

for 0 < e < 1, with C independent of e. Then, letting €’ = |lu p/||ul|z: yields
(B.1.1). The estimate (B.1.2) is valid when s > n/2 4 4. This can be proved by
writing P = Py 4+ P, with P, = PUq(eD), U1 =4 as in (1.3.1), and showing that

1
(B.1.3) |Prullz~ < C(log = )lulle, | Peullae < CEfulla-.

Rather than include the details on (B.1.3), we will derive (B.1.2) from an estimate
relating the L>°, H*, and C? norms, which has further uses.

It suffices to prove (B.1.2) with P replaced by P+ cI, where c is greater than the
L?-operator norm of P; hence we can assume P € OPSY  is elliptic and invertible,
with inverse Q € OPS? ;. Then (B.1.2) is equivalent to

1
lullz= < €& fulle + € (log ) 1Qull o=

Now since Q : C? — (C?, with inverse P, and the C%mnorm is weaker than the
L°°-norm, this estimate is a consequence of the following result.

Proposition B.1.B. Ifs > n/2+ 4, then
1
(B.1.4) [l e < O |l s +C’<10g g)||u||cg.

Proof. Recall from (A.1.2) that [Jul[co = sup;-q ||¢J(D)u||Loo Now, with ¥; =
> 0<; Yo, write u = W;(D)u+ (1 — ¥;(D))u; let € = 277. Clearly

(B.1.5) 15 (D)ullpe < jllullco-
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Meanwhile, using the Sobolev imbedding theorem, since n/2 < s — §,

(1 = ¥;(D))ullpe < C||(1 = ¥;(D))ul| gre-s

(B.1.6) < C277°|(1 = Wy(D))ullas,

the last estimate holding since
(B.1.7) {27°A7°(1 — W;(D)) : j € Z"} is bounded in OPSY,,.
The same reasoning shows that, if 1 < p < oo,
5 1 . n
(B.1.8) ul[ e < Ol mrer + C’(log g) Jullos if 5> 46

Note also that the arguments involving P in the proof of Proposition B.1.A work
for P € OPS%[;, 0 < 6 < 1. Hence Proposition B.1.A can be generalized and
sharpened to:

Proposition B.1.C. If P € OPS?,(S, 0<d<1,andifl <p<oo, s>n/p, then

Iodies]

(B.1.9) |Pul| o < Clluflco - |1+ log
[ullco

The estimates (B.1.8)—(B.1.9) complement estimates of Brezis-Gallouet-Wainger
[BrG], [BrW], which can be stated in the form

(B.1.10) ul| e < O[] gren +C<log g) ] g ave
given

n
(B.1.11) s> —+40, q€2,00),

p

and a similar estimate for g € (1, 2], using (log 1/&?) Y4 This has a proof similar to
that of (B.1.4) and (B.1.8). One uses instead of (B.1.5) the estimate

(B.1.12) 105 (D)ul| g < C3 YA | 1a,

in case 2 < ¢ < 00, and the analogous estimate for 1 < g < 2.

The estimate (B.1.10) for p = ¢ = 2 was used in [BrG] to produce a global
existence result for a “nonlinear Schrodinger equation.” Its role was to provide an
energy estimate for which Gronwall’s inequality would provide global bounds, in a
fashion similar to [BKM] and to (5.3.18).
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§B.2. The spaces C), = B__
As in (4.1.23)—(4.1.25), we set
(B.2.1) Cl, =B, = {u €S (R : Y 27|y (D)ul| = < oo}.
Jj=20
It is elementary that
(B.2.2) B, ,cC’c L™,
Techniques similar to those in §2.1 yield
(B.2.3) P B;”l” — B, 4

whenever P € OPBST, s € R, and whenever 0 < s < r and P € OPC"STY.
Details can be found in Chapter I, §12 of [[T2]]. Our purpose here is to establish a
result including (5.3.17), which is the 7 = 1 case of the estimate

u o+r n
(B.2.4) lull g < C||u||cr(1 +log ””L*) o>
’ ullcr 2

We will establish this and some related estimates. First note that by (B.2.3) and
parallel results for C7 and H?t" | it suffices to establish the case r = 0 of (B.2.4).
In turn, given H? C C® for 0 =n/2+ s, s € (0,1), it suffices to show that

(B.2.5) |lullgo = < C|lullco <1—|—10g M), s > 0.
ol : [ufl o
This in turn is a consequence of:

Proposition B.2.A. If s > 0, then

1
(B.2.6) lullps,, < Ce*llullc: +C (10 2 ) ullce.

Proof. With ¥;(D) as in the proof of Proposition B.1.B, we have

I = W5(D))ullps,, <C Y [[$e(D)ul e
(B.2.7) £>5-2

< C27||uf

Csy

and

195 (D)ullgo,, <C > |[e(D)ul e
(B.2.8) £<j+2

<O +2)lullco-

Taking j such that 277 ~ ¢ gives (B.2.6).
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C: DeGiorgi-Nash-Moser estimates

In this appendix we establish regularity for a class of PDE Lu = f, for second
order operators of the form (using the summation convention)

C.0.1 Lu = b"'9;a’%b dyu
J

where (a’*(x)) is a positive definite bounded matrix and 0 < by < b(x) < by, b
scalar, and a’* b are merely measurable. We will present Moser’s derivation of
interior bounds and Hélder continuity of solutions to Lu = 0, from [Mo2], in §C.1-
§3.2, and then Morrey’s analysis of the inhomogeneous equation Lu = f and proof
of boundary regularity, in §C.3-§C.4, from [Mor]. Other proofs can be found in
[GT] and [KS].

We make a few preliminary remarks on (C.0.1). We will use a’* to define an
inner product of vectors:

(C.0.2) (V,W) = V;a?* Wy,
and use bdx = dV as the volume element. In case g;;(x) is a metric tensor, one

can take a’* = ¢7% and b = ¢'/2; then (C.0.1) defines the Laplace operator. For
compactly supported w,

(C.0.3) (Lu,w) = —/(Vu, Vw) dV.

The behavior of L on a nonlinear function of u, v = f(u), plays an important
role in estimates; we have

(C.0.4) v=f(u) = Lv = f'(u)Lu+ f"(u)|Vul?,

where we set |V|? = (V,V). Also, taking w = ?u in (C.0.3) gives the following
important identity. If Lu = g on an open set 2 and ¢ € C3(£2), then

(C.0.5) /¢2|Vu|2dV = —2/(1/}Vu,uv¢) dV — /¢qudV

Compare (2.2.67). Applying Cauchy’s inequality to the first term on the right yields
the useful estimate

(C.0.6) %/w2|Vu|2dV < 2/\uy2va\2dV—/¢2gudv.

Given these preliminaries, we are ready to present Moser’s analysis.
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§C.1. Moser iteration and L*° estimates

Consider a nested sequence of open sets with smooth boundary
(C.l.l) QoD"’DQjDQj+1D"'

with intersection @. We will make the geometrical hypothesis that the distance of
any point on 0,1 to 9Q; is ~ Cj~2. We want to estimate the sup norm of a
function v on O in terms of its L2-norm on )y, assuming

(C.1.2) v > 0 is a subsolution of L, i.e., Lv > 0.
In view of (C.0.4), an example is
(C.1.3) v=>1+u)Y? Lu=0.

We will obtain such an estimate in terms of the Sobolev constants v(£2;) and Cj,
defined below. Ingredients for the analysis include the following two lemmas, the
first being a standard Sobolev inequality.

Lemma C.1.A. Forv e H'(Q;), k <n/(n—2),

(C.1.4) Wl Z2,) < Q) [IVOlIZE @, + 0175 @,)]-

The next lemma follows from (C.0.6), if we take ) = 1 on 2,41, tending roughly
linearly to 0 on 0€);.

Lemma C.1.B. Ifv > 0 is a subsolution of L, then, with C; = C(£;,Q;41),

(C15) HVUHL2(QJ'+1) S C]HUHL2(QJ)

Under the geometrical conditions indicated above on €2;, we can assume
(C.1.6) Q) <0, Cj < CG*+1).

Putting together the two lemmas, we see that, when v satisfies (C.1.2),

10" (1720, 1) < 7(Qj41) [Cf“HvH%’%mj) + ol F o, 0
(C.1.7)

< %(C5" + Dllvl g,
Fix k € (1,n/(n — 2)]. Now, if v satisfies (C.1.2), so does

(C.1.8) v; =v",
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by (C.0.4). Note that v; 11 = v5. Now let

1/k7
(C.1.9) N; = H/U”LQNj(Q y = ”UJHL2(Q )
SO
(C.1.10) [v][ o (0) = limsup Nj.
j—o0

If we apply (C.1.7) to vj, we have
(C.1.11) 05411 Z 200, ) < 0(CF + Dllvjl| 75 o, )-

Note that the left side is equal to NV ﬂ‘fl and the norm on the right is equal to
sz“ﬁl. Thus (C.1.11) is equivalent to

1/ki+1
(C.1.12) N2, < [70(05“ + 1)] N2,
y (C.1.6), C7" +1 < Co(j* + 1), so
0 1/k7T1
limsup N} < H ['yoCo 4 4 1)} Ng

Jj—00

C.1.13 s .
( ) < (70Co) /=Y [eXPZH_J_l log(j*" + 1) | N§

j=0
< K*Ng,

for finite K. This gives Moser’s sup norm estimate:

Theorem C.1.C. Ifv > 0 is a subsolution of L, then

(C.1.14) [0l (0) < Kl[vllL2(00)

where K = K (79, Co,n).

§C.2. Holder continuity

Holder continuity of a solution to Lu = 0 is obtained as a consequence of the
following Harnack inequality. Let B, = {x : |z| < p}.



Proposition C.2.A. Let u > 0 be a solution of Lu = 0 in Bs,.. Suppose
(C.2.1) meas {x € By : u(z) > 1} > cg'r™.
Then there is a constant ¢ > 0 such that

(C.2.2) u(z) > c™ " in Bys.

This will be established by examining v = f(u) with

(C.2.3) f(u) = max{—log(u +¢), 0},
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where ¢ is chosen in (0,1). Note that f is convex, so v is a subsolution. Our first
goal will be to estimate the L?(B,)-norm of Vv. Once this is done, Theorem C.1.C

will be applied to estimate v from above (hence u from below) on B, /5.

We begin with a variant of (C.0.5), obtained by taking w = 92 f’(u) in

The identity is

(C.2.4) /wa"|Vu\2 dV +2 /(W’Vu, V) dV = —(Lu,* f').

(C.0.3).

This vanishes if Lu = 0. Note that f/Vu = Vv and f°|Vu|? = |V, if v = f(u).

Applying Cauchy’s inequality to the second integral, we obtain

(C.2.5) /w - &][vof?av < 5%/|v¢|2dv.

Now the function f(u) in (C.2.3) has the property that
(C.2.6) h = —e 7/ is a convex function;
indeed, in this case h(u) = max {—(u +¢),—1}. Thus
(C.2.7) 71— P =l > 0.

Hence (C.2.5) yields (with 62 = 1/2)

(C.2.8) /w2|W|2dv < 4/|V¢|2dV,

after one overcomes the minor problem that f/ has a jump discontinuity. If we pick

1 to =1 on B, and go linearly to 0 on 0Bs,, we obtain the estimate

(C.2.9) /|W|2 dV < Cr"2

B,
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for v = f(u), given that Lu = 0 and that (C.2.6) holds.

Now the hypothesis (C.2.1) implies that v vanishes on a subset of B, of measure

> ¢y 1y Hence there is an elementary estimate of the form

(C.2.10) r—"/v2 dV < CTQ—"/WUFdV,
BT Br

which is bounded from above by (C.2.9). Now Theorem C.1.C, together with a
simple scaling argument, gives

(C.2.11) v(x)? < C’T”/v2 dV < C}, z € B,js,
B,

SO

(C.2.12) u+e>e  for v € By,

for all e € (0,1). Taking ¢ — 0, we have the proof of Proposition C.2.A.

We remark that Moser obtained a stronger Harnack inequality in [Mo3], by a
more elaborate argument.

To deduce Hélder continuity of a solution to Lu = 0 given Proposition C.2.A is
fairly simple. Following [Mo2], who followed DeGiorgi, we have from §C.1 a bound

(C.2.13) lu(z)] < K

on any compact subset O of Qq, given u € H'(Qy), Lu = 0. Fix 2y € O, such that
B,(zo) C O, and, for r < p, let

(C.2.14) w(r) =supu(z) — igfu(:z:),
where B, = B, (z). Clearly w(p) < 2K. Adding a constant to u, we can assume
1
(C.2.15) supu(z) = —infu(x) = zw(p) = M.
B, B, 2

Then uy =1+ u/M and u_ =1 —u/M are also annihilated by L. They are both
> 0 and at least one of them satisfies the hypothesis (C.2.1), with r = p/2. If for
example u, does, then Proposition C.2.A implies

(C.2.16) uy(z) >c tin By,
SO
1 .
(C.2.17) —M(l — —) <wu(z) <M in B,,.
c
Hence
(C.2.18) w(p/1) < (1= - (o)
— 26 )
which gives Holder continuity:
T\ 1
2. < - - _ — ).
(C.2.19) w(r) < w(p)(p) , « log, <1 2c>

We state the result formally.
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Theorem C.2.B. If u € H(Qq) solves Lu = 0 then for every compact O in Qq,
there is an estimate

(C.2.20) [ullce o) < CllullL2(9q)-
In fact, we can show that Vu|o belongs to the Morrey space MY, with p =
n/(1 — r), which is stronger than (C.2.20), by Theorem A.2.A. To see this, if Br

is a ball of radius R centered at y, Bar C €2, then let ¢ = u(y) and replace u by
u(xz) — cin (C.0.6), to get

1
(C.2.21) §/w2|Vu|2dV < 2/|u(:13) — c]2| V|2 dV.
Taking 1 = 1 on Bg, going linearly to 0 on 0Bsg, gives

(C.2.22) / |Vul?dV < C R" 212",

Br
as asserted. Compare (8.3.31).

§C.3. Inhomogeneous equations

We take L as in (C.0.1), with a/* measurable, satisfying
(C.3.1) 0 < Nolé? <) a?*(2)g6 < Ml
while for simplicity we assume b,b~! € Lip(Q). We consider a PDE
(C.3.2) Lu=f.
It is clear that, for u € H} (),
(C.3.3) (Lu,u) > C Y [[9;ull3e,
so we have an isomorphism
(C.3.4) L:H}(Q) = HYQ).

Thus, for any f € H~(£2), (C.3.2) has a unique solution u € H} (). One can write
such f as

(C.3.5) =Y 0595 g;€L*Q).
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The solution v € HE(£2) then satisfies

(C.3.6) ||U||%I1(Q) < CZ ||9j||2L2'

Here C depends on 2, A\g, A1, and b € Lip(Q).
One can also consider the boundary problem

(C.3.7) Lv=0onf{), v=won 0L,

given w € H'(), where the latter condition means v —w € H} (). Indeed, setting
v = u + w, the equation for u is Lu = —Lw, u € H}(Q). Thus (C.3.7) is uniquely
solvable, with an estimate

where C has a dependence as in (C.3.6).
The main goal of this section is to give Morrey’s proof of the following local
regularity result.

Theorem C.3.A. Suppose uw € H'(2) solves (C.3.2), with f = d;g;,
gj € M3J(R2), g >n, ie.,

n—2+4+2u
3. 12av < K2( L .
(C.3.9) /ygj\ dV_K1<R> L O<p<l
B,
Then, for any O CC Q, u € CH(O). In fact
n—242p
3. 2qv < K2( L .
(C.3.10) /|Vu| dV_K2<R)

B,

Morrey established this by using (C.3.6), (C.3.8), and an elegant dilation argu-
ment, in concert with the results of §C.2. For this, suppose Br = Br(y) C 2 for
each y € O. We can write u = U + H on B where

LU =) 0g; on Br, U € Hy(Bg),

(C.3.11)
LH=0on Br, H—u¢c H}(Bg),

and we have
(C312)  IVUlasa < Cillgllizsms  IVH a5 < Call Vullzasp,
where [|g[3. = [lg;]|32. Let us set

(C.3.13) [Ellr =1 Fl2(B,)-
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Also let k(g;, R) be the best constant K; for which (C.3.9) is valid for 0 < r < R.
If g, (z) = g(Tx), note that

k(gr, 718) = 7"%K(g, S).
Now define

¢(r) =sup{||VU| s : U € H}(Bs), LU = Zﬁjgj, on Bg,

(C.3.14)
k(g;,5) < 1,0 < S < R}.
Let us denote by ¢g(r) the sup in (C.3.14) with S fixed, in (0, R]. Then @g(r)
coincides with ¢g(r), with L replaced by the dilated operator, coming from the
dilation taking Bg to Br. More precisely, the dilated operator is

LS = bg 8]‘ a‘ék b;l 8k,

with
alf (x) = a’*(R™1Sx), bg(x) =b(R™Sz),

assuming 0 has been arranged to be the center of Bg. To see this, note that, if
T=S/R, U.(z) =77 'U(rx), and g;,(z) = g;(Tx), then

LU =) 0;g; <= LsU; = Y _0ig;r.

Also, VU, (z) = (VU)(r2), so ||VU;||s/r = 7"/%||VU||s.

Now for this family Lg, one has a uniform bound on C in (C.3.6); hence ¢(r)
is finite for r € (0,1]. We also note that the bounds in (C.2.20) and (C.2.22) are
uniformly valid for this family of operators. Theorem C.3.A will be proved when
we show that

(C.3.15) o(r) < A pn/2=1tn,

In fact, this will give the estimate (C.3.10) with u replaced by U; meanwhile such an
estimate with u replaced by H is a consequence of (C.2.22). Let H satisfy (C.2.22)
with 7 = pg. We take p < pg.

Pick S € (0, R] and pick g; satisfying (C.3.9), with R replaced by S and K; by
K. Write the U of (C.3.11) as U = Ug + Hs on Bg, where Us € H}(Bs), LUs =
LU =3 0,9; on Bg. Clearly (C.3.9) implies

(C.3.16) / g2 dV < K? <%>n—2+2u<%>n—2+2u'
B,
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Thus, as in (C.3.12) (and recalling the definition of ¢), we have

S n/2—1+p
|VUs||s < AlK(§>

Y

(C.3.17)

S
IVHs||s < 42| VU5 < AsKp( ).

Now, suppose 0 < r < S < R. Then, applying (C.2.22) to Hg, we have
IVUlr < [VUslly + [IVHs||:

(0318> S\n/2—1+pu r S r\n/2—1+uo
<K(Z — “Y (= .
<x(z) o)+ aie(E) (5)
Therefore, setting s = r/R, t = S/R, we have the inequality
n/2—1+po
3. < n/2=1+p (5 id
(C.3.19) o) < 20 (2) 4 Age(t) (7) ,

valid for 0 < s < t < 1. Since it is clear that ¢(r) is monotone and finite on (0, 1],
it is an elementary exercise to deduce from (C.3.19) that ¢(r) satisfies an estimate
of the form (C.3.15), as long as p < po. This proves Theorem C.3.A.

§C.4. Boundary regularity

Now that we have interior regularity estimates for the inhomogeneous problem,
we will be able to use a few simple tricks to establish regularity up to the boundary
for solutions to the Dirichlet problem

(C.4.1) Lu = Zﬁjgj, u = f on 09,
where L has the form (C.0.1), Q is compact with smooth boundary, f € Lip(d9), g;

L1(Q), g > n. First, extend f to f € Lip(2). Then u = v + f where v solves

(C.4.2) Lv = Zajhj, v =0 on 01,
where
(043) 8jhj = Ojgj - b_l(‘)jajkb 8kf

We will assume b € Lip(2); then h; can be chosen in L? also.

The class of equations (C.4.2) is invariant under smooth changes of variables
(indeed, invariant under Lipschitz homeomorphisms with Lipschitz inverses, having
the further property of preserving volume up to a factor in Lip(2)). Thus make a
change of variables to flatten out the boundary (locally), so we consider a solution
v € H' to (C.4.2) in x, > 0, |z|] < R. We can even arrange that b = 1. Now
extend v to negative x,, to be odd under the reflection z,, — —z,. Also extend
a’*(z) to be even when j, k < n or j = k = m, and odd when j or k = n (but not
both). Extend h; to be odd for j < n and even for j = n. With these extensions,
we continue to have (C.4.2) holding, this time in the ball |z| < R. Thus interior
regularity applies to this extension of v, yielding Holder continuity. The following

is hence proved.
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Theorem C.4.A. For L of the form (C.0.1), elliptic, with b € Lip(Q) and a’* €

L>(Q), a solution u € H'(Q) to (C.4.1), with g; € LI(Q), ¢ > n, f € Lip(dQ),
has a Holder estimate

(C.44) lullen @y < €[ Ngsllza) + 11 lniom)
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D: Paraproduct estimates

In §3.5 a paraproduct estimate of Coifman and Meyer, stated as Theorem 3.5.A,
played an important role. We prove some related results here. For the sake of
brevity, we establish a result which is a bit simpler than Theorem 3.5.A, but which
nevertheless suffices for all the applications in §3.5. To begin, let ¢, ¥, p € S(R™),
and set

Proposition D.1.A. If ¢,v,p € S(R™) and (0) = p(0) = 0, then

(D.1.2) (a, f) :/0 Ro((Qua) - (Pof)) ¢ dt
satisfies an estimate

(D.1.3) I7(a, > < Cllallzaroll fll 2

Theorem 3.5.A dealt with a variant of (D.1.2), without the R;.
To begin the proof of Proposition D.1.A, pick ¢ € L?(R") and write

(T(CL
(D.1.4) Z/OO /(Ri‘g)(Qta)(Ptf) =1 du dt

1/2 1/2
/ /|R g(a) 2t~ 1d:vdt / /|Qta| P, f| t—ldxdt) .

Given that p(0) = 0, it is easy to see that

(D.1.5) | IRali o e < Clll
so we bound the square of (D.1.4) by

(D.1.6) Cloliz= [ [ 1Puf @) dutt. ).
where

(D.1.7) du(t, r) = |Qsa(z)*t™! dz dt.

Now, if a € BMO(R"™), u is a Carleson measure, i.e., for any cube @ C R™, of
length £(Q), if we set T(Q) = {(t,z) : x € Q,0 <t < ¢(Q)}, then

(D.1.8) n(T(Q)) < K vol(Q).

A proof of this is sketched in §A.3, where it is stated as (A.3.11). The best constant
= |lpllc in (D.1.8) satisfies

(D.1.9) lille < CllallE o
To proceed, we have the following result of Carleson.
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Lemma D.1.B. If pu is a Carleson measure on RT’l, then
(D.1.10) [ PP dute,t) < Clule [ 5@ .
Rn

where M f is the Hardy-Littlewood maximal function.

The proof of the Lemma is essentially elementary. Using a Vitali covering argu-
ment one shows that, for all A > 0,
A
(D.1.11) w{(x,) : |Pf(z)] > A} < O meas {a: eR": Mf(z) > 5}.
It is classical that || M f||7. < C||f||32, so with (D.1.10) in concert with (D.1.6),
one has a bound
(D.1.12) (7(a, ), 9)| < Cllalsaoll fll2llgll L2,

establishing (D.1.3).
The following result will suffice to establish the estimate (3.5.18) on R(a, f).

Proposition D.1.C. Let p,1 € C§°(R™) be supported on 0 < K < |¢| < L. Then,
with Py and Q¢ as in (D.1.1),

(D.1.13) 7(a, f) = / (Qia) - (Pof)ttdt
0
satisfies the estimate (D.1.3).

Proof. Pick p € C§°(R™), equal to 1 on |{]| < 2L. With R; = p(tD), we have

(D.1.14) (Qia) - (Prf) = Rt((Qta) ) (Ptf))~

Thus (D.1.13) actually has the form (D.1.2). However, here we do not have p(0) = 0.
But, looking at the first integral expression in (D.1.4) for (7(a, f), g), we see that
we can interchange the roles of f and g, and then the arguments leading to the
estimate (D.1.12) go through.

Similarly, the following result will suffice to establish the estimate (3.5.19) on
Tfa.

Proposition D.1.D. Let ¢ € C§°(R™) be supported in || < K. Suppose @) €
C§°(R™) vanishes for |£| < K. Then again (D.1.13) satisfies the estimate (D.1.3).

Proof. Under these hypotheses, there exists p € C§°(R™), such that p(0) = 0 and
such that (D.1.14) holds, so again (D.1.13) actually has the form (D.1.3). This time
all the hypotheses of Proposition D.1.A are satisfied, so the desired estimate holds.

We can put together Propositions D.1.C and D.1.D to get the following common
extension:
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Proposition D.1.E. Take ¢, ¢ € C°(R"™), and assume (§) = 0 on a neighbor-
hood of the origin. Then (D.1.13) satisfies the estimate (D.1.3).

Proof. For some K, L € (0,00), we can write

(D.1.15) (&) =0 on {§:[§] < K},
and
K
(D.1.16) @ = @142, supppr C{E: €] <K}, suppys C {7 <[l < L}-

Apply Proposition D.1.C with ¢ replaced by ¢s and apply Proposition D.1.D with
@ replaced by @1, to obtain the result.

REMARK. Proposition D.1.C extends without effort to the case
(D.1.17) v, € C°(R™),  ¢(0) =9(0) =0,
but is is not clear how this could lead to an easy improvement of Proposition D.1.E.

Further arguments leading to the full proof of Theorem 3.5.A can be found in
Chapter 6 of [CM].
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Index of notation

We use pseudodifferential operators, associated to symbols via (1.1.12), for sym-
bols p(z, &) belonging to a number of symbol spaces. We list these symbol spaces
here and record where their definitions can be found. We also use a number of
linear spaces of functions and distributions, similarly listed below.

We mention another notational usage. We use 0™u to stand for the collection
of 0% = 0%u/dx®, for |a| = m, and we use D™ u to stand for the collection 0“u
for |a] < m. Another common notation for the latter collection is J™u, called the
m-jet of u, but I could not bring myself to join the jet set.

symbol where defined

P (0.1.4)
XS, (1.1.2)
XST} (1.1.11)
Cs 8y (1.3.16)-(1.3.17)
C*STs (1.3.18)
A" Sy (3.1.28)
Ap STy (3.1.31)
TSy (3.1.32)
S (3.3.34)
B"STY (3.4.1)
nm (3.4.32)
space where defined
(O (1.1.6), (A.1.1)
o (1.1.10), (A.1.2)
H#P (1.1.7), (A.1.7)
H'P, (3.1.51)
BMO (3.6.30), (A.3.2)
CY (4.1.18), (B.2.1)
o (4.1.21)
BY., (4.1.23)
MP (A.2.2)

(
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We also include references to some miscellaneous notation of frequent use in the

paper.

notation

(€)
p#(x,€)
p*(z,€)

Je

M (u;x, D)
m(a, f)
T.f
R(f,9)
(a, f)

TR

A
{c,a}(z,&)
H,

where defined

(
(
(
(
(3.1.15), (3.3.6)
(3.2.0), (3.2.15)
(3.2.4)
(
(
(
(
(
(
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