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MICROLOCAL REGULARITY THEOREMS
FOR NONSMOOTH PSEUDODIFFERENTIAL OPERATORS
AND APPLICATIONS TO NONLINEAR PROBLEMS

BY
MICHAEL BEALS! AND MICHAEL REED?

ABSTRACT. The authors develop a calculus of pseudodifferential operators
with nonsmooth coefficients in order to study the regularity of solutions to
linear equations P(z, D)u = f. The regularity theorems are similar to those of
Bony, but the calculus and the methods of proof are quite different. We apply
the linear results to study the regularity properties of solutions to quasilinear
partial differential equations.

Introduction. In this paper we continue our study of the regularity of solutions
of P(z, D)u = f where P(z, D) is a nonsmooth pseudodifferential operator. In [1],
a simple commutator lemma and Rauch’s Lemma allowed us to prove a microlocal
propagation of regularity theorem, analogous to Hérmander’s theorem, in the case
where the highest order term of P(z,D) is a smooth classical pseudodifferential
operator. We then showed how this result could be applied to semilinear partial
differential equations. In this paper we develop a calculus to handle the situa-
tion when the highest order term of P(z, D) is nonsmooth and apply the results
to quasilinear partial differential equations. Our results for quasilinear equations
are similar to those of Bony [4], but our methods are quite different. Bony uses
the Littlewood-Paley theory and the machinery of paradifferential operators. We
develop a simple calculus for certain classes of nonsmooth symbols which is analo-
gous to the classical calculus of pseudodifferential operators except that, because of
limited regularity, expansions have only finitely many terms. We believe that the
calculus and linear theorems which we develop will be useful in a variety of other
contexts.

In §1 we introduce a class of nonsmooth symbols and develop a partial calculus.
Very general symbol classes typically yield weak theorems which do not give very
much information in applications. Very restricted symbol classes may handle spe-
cific applications but are unlikely to be of general use. We have attempted to avoid
both of these pitfalls by defining symbol classes which are simple, which yield the
information we want in our nonlinear applications, but which are sufficiently gen-
eral that they may be useful in other contexts. They are the microlocal analogue
of classes of symbols with “rough coefficients” which have been used previously in
the context of elliptic equations; see for example Beals, Fefferman and Grossman
[2].
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In §2, we apply the calculus to give an easy proof of a regularity theorem for
elliptic operators with nonsmooth coefficients. The disadvantage of the result is
that we can only deal with coefficients in appropriate H® spaces for s > n/2 and
the hypotheses and conclusions are all in terms of the L? category. The advantage,
besides the ease of proof, is that our theorem applies in all space dimensions and
to elliptic operators of any order. For comparisons with the standard theory, see
Gilbarg and Trudinger [6].

In [1], our proof of the analogue of Héormander’s theorem on the propagation of
singularities followed the outline in Hormander [7] and Nirenberg [9]. That method
was possible because the highest order symbol was smooth, so that a microlocal
cutoff bp(z, §) € S{’,O could be found such that the principal symbol of the commu-
tator [bg, pm(z, D)| vanished. If p,, is nonsmooth then a smooth by will not satisfy
this restriction. However, as noted by Bony, the strong Garding inequality allows
the choice of a by satisfying weaker conditions. We thus begin §3 by proving the
strong Garding inequality for symbols in the classes introduced in §1. We then fol-
low the general approach of Hormander [8] in proving the microlocal propagation
of regularity results. The key technical tool is the partial calculus developed in §1.

In §4 we show how the linear results of §1, 2 and 3 can be used in nonlinear
problems. First, we apply them to general quasilinear partial differential equations
(Theorem 4.1). Then we consider the example

Ut — Z b,'j(Vu)aiaju =0
in detail. Finally, we treat the coupled elliptic-hyperbolic quasilinear system
Y ai(w)did;v = g(u,v),
Ugt — Ebij(v)aiaju = f(u,v).

The analysis of these examples makes clear the necessity of the microlocal hypothe-
ses and conclusions in the linear theorems developed in this paper.

It is appropriate to conclude this Introduction with some general remarks about
the usefulness of the methods of this paper in nonlinear problems. First of all,
it is known that in a variety of special situations singularities do not interact and
spread to the extent permitted by the general theorems of this paper. These special
situations include: one space dimension, Rauch and Reed [12]; special initial data,
Bony [3], Rauch and Reed [13]; special structural conditions on nonlinear terms,
Rauch and Reed [11].

Secondly, the great drawback of the Fourier analytic methods of this paper in
nonlinear problems is that to use the methods solutions must be in H® for appro-
priate s > n/2. Fourier analysis takes place most naturally in the L? category and

it is difficult to build a general machine for controlling (u2)”= @ *4 if @ is not in L!
(hence s > n/2). But many questions about nonlinear partial differential equations
are naturally posed in non-L? categories and many interesting phenomena (like
shocks) guarantee that some important solutions will be in H® for s < n/2. These
questions and solutions cannot be analyzed by the methods of this paper. We can
only treat relatively weak singularities.

Nevertheless, there are many interesting phenomena in the creation, interaction,
and spreading of these weak singularities. We have tried to show, in this paper and
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its predecessor [1], that the ideas of Fourier analysis and classical pseudodifferential
operators can be extended naturally to nonsmooth categories of symbols and then
applied to certain aspects of these nonlinear problems.

1. A calculus for nonsmooth operators.

DEFINITION 1.1. We will say that a distribution u is in H® N H] (o, &) if there
exist ¢(z) € C°(R™) with ¢(zo) # 0 and a conic neighborhood K of & in R™\ {0}
such that

(€)°(¢m)" (&) € L*(R™)
and

()"xx(&)(dp)"(€) € L*(R™).

If v is a closed set in T*(R") \ 0, we shall say that v € H* N HJ,,(v) if u €
H*NHE,(z,¢) for all (z,€) € v. We always set (£)2=1+) ¢2

Nonsmooth operators of the form a(z)p(z, D), where a(z) € H* N H] () and
p(z,§) € ST is a smooth symbol, are typical of those arising in nonlinear appli-
cations. If a(z) € H*t* N H 1 *(4) and p(z, D) is a partial differential operator of
order k, then the composed operator p(z, D) o a(z) has a symbol with the finite
expansion . <, (1/a!)Dga(z)8¢p(z, §), which is a sum of symbols with coeffi-
cients in He+tk-lol 0 HTHE=lel(yy " But if p(z, £) is pseudodifferential, the usual
complete asymptotic expansion p o a(z, §) ~ 3, (1/a!)DZa(z)0¢p(z, £) cannot be
taken, since for |a| > k the coefficients no longer have the desired smoothness of at
least H* N HY,,(7). Therefore we break off the expansion at step k, and set

2,6 =poalz, = 3 2Da(2)0gn(s,§)

|| <k

Such remainders will not in general be of the form a(z)p(z, £). Thus we define a
symbol class (with very weak hypotheses on the behavior in £) which will include
such remainders.

DEFINITION 1.2. S™7(~) is the collection of symbols a(z, £), smooth in &, such
that

(1.1) a(z,§)/(O)™ € H° N Hyy ()

as a function of z, uniformly in &. In other words, for each (zg,79) € 7 there exist
#(z) € Cg°(R™) with ¢(zo) # 0 and a conic neighborhood K of 79 such that

(1.2) (m)*(¢a)"(n, €)/(€)™ € L*(dn) and
(m)"xx (n)(¢a)”(n, €)/(€)™ € L*(dn)

with norms independent of £.

Classes of nonsmooth symbols with local rather than microlocal assumptions in
z and conditions on ¢ derivatives are used, for example, in Taylor (14, Chapter IV,
§5]. But the minimal hypotheses of Definition 1.2 are sufficient for many purposes,
in particular for proving that operators of order zero are bounded on H® N H ()
for appropriate s and r.
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THEOREM 1.3. Letn/2 < s <r < 2s—n/2 and suppose a(z, ) € S™>"(x),
0 <m < s. Then a(z,D) s a bounded operator from H® N H,(vy) to H*=™ N
H ™ ()

LEMMA 1.4. Suppose that
C?= sgp/lg(n, &)? dn < oo

and

c = sup [ 6(n, ) de < o.
n
For h € L?, define

(Th)(n) = / G, €)gln — &, E)h(€) dé.

Then | Thl|z < CoCalhll.

PROOF. Simply write ||Thl|y = supy sy, <1 | [ f(Th)(n) dn|, interchange integrals
and use the Schwarz inequality. O

PROOF OF THEOREM 1.3. For u € H° N H] ,(~), we can assume that u and
a(z, &) have compact support in z near o, where (zg, {) € . Then,

a(z, D)u(z) = / ¢ €a(z, €)a(€) de,

(1.3)
(aw)~ () = / a(n - €,€)a(€) de,

where the hat on a denotes the partial Fourier transform with respect to the first
variable. Throughout the paper, d¢ is normalized to absorb the factor (27)~".
Since a € S™"3,

a(s, &) = g(¢, )™/ (s)*
where sup; [ ¢%(¢, £) d¢ < co. Define h = (¢)*@. Then h € L? and we have

(14) (m)*~™(aw)~ () = / G(n, €)g(n — &, E)h(E) de

where
G(n, &) = M)~ ™/(n—&)*(&)*™™.
Simple estimates and Holder’s inequality show that sup,, [ G(n, §)?d¢ < co. Thus,
by Lemma 1.4, we conclude that (n)*~™(au)”(n) € L? which proves that a(z, D)u
€ Hs—™,
Now let K be a conic neighborhood of &, where (zg, &) € =, which is small
enough so that the estimates in Definitions 1.1 and 1.2 hold for « and @ on K. Let

K be a strictly smaller conic neighborhood (denoted K CC K from now on). We
must show

(1.5) Xi(m)(n)" "™ (au)"(n) € L*.
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To do this, we set x = Xz, X1 = XK, X2 = Xk< and write

o xa©a OE™ | xels)el, (™
0= T e

o x1(Oha(§) | x2(ER2(E)
B I T
where g; € L?(d¢) uniformly in ¢ and h; € L?. Thus,

18  xm)m e )= ¥ / Gii(n, E)g:(n — €, )by (€) de

1,7=1,2

where

xmxa(n = Hxa(§m) ™

Gu(n,§) = in = il |
G12(n,§) = X(")er(’" ‘éfgz(éz)(sﬁ_)mm"m,
G (n,€) = X(">X§7§n €>§)<x€1>(§)<n) |
Gaa(n, §) = X(")ng" s>§)<>?>(€)< o

G1: is handled just as G was above. On supp Gi2, { € K¢ and n € Kso(n—¢) >

c(n). Therefore
c

{n = &m (&)~
Similarly, (¢) > ¢(n) on supp G2i, so
Ga1 < c/(n—¢§)°.

Finally, (n — &) > ¢(n) and (£) > ¢(n) on supp Ga2 and since r = 25 —n/2 — ¢ for
some € > 0, we can estimate

G2 <

Gaa < c/(E)™/2Fe.

Thus, for each ¢, j, sup, [ GZ(n,¢)d¢ < oo, so by Lemma 1.4, we conclude that
(1.5) holds. O

Theorem 1.3 contains as a special case (simply take a(z, £) = a(z)) the following
result [10].

RAUCH’S LEMMA. H*N H] ,(y) is an algebra for n/2 < s <r <2s—n/2.

Also, by writing a(z, ) = (a(z, £)(§)™){£) ™™, we see that Theorem 1.3 implies
that the operators in S%*7(~) are bounded on H*~™ N H; ™ (y) for 0 <m < s.

We now develop a partial calculus for the operators with symbols as in Definition
1.2. It is useful to keep in mind for motivation two cases which arise in applications.
We often wish to compose with an operator of low order, say a microlocal cutoff of
order zero or the operator corresponding to the reciprocal of a microlocally elliptic
symbol. In this instance, it is useful to allow both of the symbols to be composed
to be nonsmooth. On the other hand, in hyperbolic problems the symmetrization
procedure makes it necessary to commute nonsmooth operators with operators like
A", where A has symbol (). For these higher order operators it is only necessary
to consider compositions in which the factor on the left has a smooth symbol.
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LEMMA 1.5. Letn/2<s<r<2s—n/2, let k>0 be an integer, and assume
that a(z,&) € S™othrk(y) and Ogb(z,€) € Sk-1*lor(v) for |a| < k. Then
b(z, D)a(z, D) is an operator with symbol bo a(x, &) € S™Hki®T () satisfying

{boa(:c, -, i-,agbpga(z, g)} € S™i%T(y).

le<k
PROOF.
boa(z, Dju(e) = [ &= b(a, )aw) () de
= [[ = bta, pate - s syate) s de.
Thus
Goau)” = [[ b ¢, 9a(e - 5,9a(s) de s
= [ 5 - .6+ 9ate, a0 e
On the other hand,
82bD%a(z, D)u(z) = / ¢=$92bD2a(z, )i(s) d
and

(@geDza)"(n) = [ (658D%0)"(n ~ ,9)als) ds

= [[ agvtn - s - €. 9eate, syatc) de .
So, defining
r(z,D) = boa(z, D) - Y ~85bDa(z, D),

la|<k

we have

rw = [ {5(n—§—€,§+£)- > isa(agbr(n—g—f,g)}
ol <k
X a(¢, C)ils) e ds.

By Taylor’s theorem, the right-hand side is

>ef[{f (- 0028 (0 — s — 6+ t6) it x €7al5)als) deds

lee|=Fk

(if k = 0 the term in braces is replaced by b(n — ¢ — &, ¢ + €)). Therefore,

(L7) (ru)"(n) = / #n — 5, <)) de,
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where

[ S eal [[a- 0000+t de b D2ar (6 ) de

o lal=k
#(n,¢) = if k#0,

/5(n—§,§+£)fi(£,§)d€ if k = 0.

Let K cC K be small conic neighborhoods of &, where (zo, &) € v, with K
small enough that the estimates in Definition 1.2 hold for 9gb and a on K. Set
X = Xg> X1 = XK, X2 = Xke- We must show that

(m)°t(n,¢) _ 2 ()" x & ()7(n,¢)
1.8 L 2D0) e L2 (dn),
U8 Trgm e T g,
By (1.1) and the assumption on 8¢b for |a| = k, the integral kernels in the definition
of #(n, ¢) can be written

x1n—8g1(n—¢&,6¢) |, x2(n—&galn—&,&¢)
(n—&r (n—¢&°
where g;(n, £,¢) € L?(dn) uniformly in £, ¢. And, by (1.1) and the assumption on

D2a for |a| = k,
a v~ oy = X1(Ehi (&)™ | x2(E)ha( ) ()™
(Dza) ({,g) - (6),- <£>3

where h;(¢,¢) € L?(d€) uniformly in ¢. Now (1.7) and the same argument as in
the proof of Theorem 1.3, this time with ¢ as a parameter, yield (1.8). O

COROLLARY 1.6. Letn/2 < s <r < 2s—n/2, let k > 0 be an integer, and
assume that a(z,£) € Smrkisthrtk(y) and 8gb(z,€) € STIolor(v) for |a| < k.
Then b(z, D)a(z, D) is an operator with symbol bo a(z, £) € S™HK37 () satisfying

€ L*(dn) uniformly in ¢.

_|_

+

{boa(a:, - éangg‘a(z, g)} € Smie ().
|la|<k
PROOF. Let {xi(£€)} be a smooth partition of unity on R™ with xo supported
near zero, x; supported on [{| > -;— and homogeneous of degree 0 on |£| > 1 for
1# 0. Then a(z,D) = Y_ a(z, D)x:(D). The term a(z, D)xo(D) is handled easily,
so it can be assumed without loss of generality that |¢;] > 1 on suppa. Let
D, = (1/1)3/8z;. By Leibnitz’s rule,

k
D¥ o a(z, D) = a(z, D)D¥ + Z ¢; kD¥77 o (Da)(z, D)
7j=1
and we have
b(z, D)a(z, D) = b(z, D)D* o a(z, D)D; *

k
— Y csublz, D)DE~ o (Dia)(z, D)DT*,
J=1
Since 9¢ (b(z, €)&;77) € Sk-i—lelior(y) for |a| < k - j and (Dja)(z,€)¢r* €
Smistk—jr+k=J(~), the result follows immediately from Lemma 1.5. O
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LEMMA 1.7. Letn/2 < s <r < 2s—n/2, p >0, and let k > 0 be an
integer. Assume that a(z, £) € S™ TRk (y) and b(z, €) € SEE*. Ifboa(z,§) is
the symbol of the composed operator b(z, D)a(z, D), then there are symbols r(z, £),
7(z, §) € S™*7(v) and p(z, €),p(x, §) € Si'g, such that

{boa(z, D)- Y éagwga(z,p)} = r(z, D)p(z, D) + p(z, D)7 (z, D).

|laj<k

PROOF. Let 7y, be the symbol of boa(z, D) — 34 <k(1/a!)d¢bD2a(z, D).
Then from (1.7),

1
minn, &)= [ ¥ { | (1—t)k-l(a?br(n—g,g+te)dt}(D:a)A(£,g)de

|a|<k

with the usual modification if k = 0. Since (ag‘b)A(n —&,¢+t€) is rapidly decreasing
in n — &, it is easily seen that it suffices to consider the case b(z, £) = b(£). Then

(19) (P i)™ = / Fneln — € €)i(€) dé,

where

1
S o /0 92b(& + tn)(D2a) (n,)dt if k #0,

Pt (1, 6) = § |a1ok
9gb(E +nla(n, &) ifk=0.

By the assumption on b,

(1.10) |0gb(€ +tn)| < e((E)* + (m)*)

for |a] = k, 0 <t < 1. Define
o _ Pmtu(n = & Ox (€] = Inl)
2 _Am ( —E,E) (€|<||)
T(n_§,€)=r +ull] <n>“Xl n ]

Then (1.9) implies that

(P )" () = / #(n — € €)(€)Pa(€) dE + (n)* / Hn - €, €)a(e) de
= (r(D)*u)™(n) + (DYFu)"(n).

From (1.9) and (1.10) it follows that

#m, I <C ) I(DFa) (n,€)| and [F(n,€)| <C Y |(Dga)™(n,€)l
lal=k la|=k
so by the assumption on a, 7(z, £) and 7(z, ) are symbols in ™7 (). Finally,
Tm-Hl(zv D) = ’I'(:L‘, D)(D)# + (D)”';"(:B, D)

as desired. O
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COROLLARY 1.8. Letn/2 < s <r <2s—n/2, p >0, and let k > 0 be
an integer. Assume that a(z,€) € SmHRethrtk(y) and b(z,€) € Sty. Then the
conclusions of Lemma 1.7 hold.

PROOF. As in the proof of Corollary 1.6 it suffices to assume that |£;] > 1/2 on
supp a and write

k
a(z, D) = D¥a(z, D)D7* + > ¢;x D} ~?(Dia)(z, D)D5*.
j=1

Since b(z, £)¢F7 € Si"gk_j, and Dia(z,£)ér*F € §misth—ir+k=3i(~) the result
follows immediately. O

The class of standard symbols, which includes all of those arising in the nonlinear
problems to be considered below as well as appropriate expansions and remainders
as given in the calculus lemmas above, may now be defined.

DEFINITION 1.9. For k > 0 an integer, ST t%7+k (1) consists of those sym-
bols a(z, £) of the form

am+k(2, €) + amik-1(2, &) + -+ + am(z, §),

where am(z, &) € S™*"(y) and, for 0 < j <k, am+;(z, &) = Y 05,1(2)Pm+j,(z, &)
with aj(¢) € H*Y N H2 (y) and prji(z, €) € S'""".
One can easily see that

S;;l+k;s+k,r+k(7) c Sm+k;s+k,r+k(,7) +Sm+k—l;s+k—l,r+k—l(

4.4 Sm;s,r(,y) c Sm+k;3"('y).

%))

And, since
{HH N HER ()} - (H T 0 H ()} € HY 0 H ()
for 0 < j <k, n/2<s<r<2s—n/2 it follows that for such s,r, the prod-

uct of an element of STT¥ A4k () with an element of S4tF ok, "+ (5) is in

gmtut2kistkrtk())  The useful features of the calculus of operators with these
symbols are summarized below, extending the commutator lemma (corresponding
to the case k = 1) of [1].

THEOREM 1.10. Letn/2 < 8 <1 < 23 —n/2 and let k > 0 be an integer.
Assume that a(z, £) € STkisthr+k ()

(i) If 9gb(z,€) € Sst|a|'8+k "tk () for |a| < k, then b(z, D)a(z, D) is an operator
with symbol bo a(z, £) € SRRtk () satisfying

1 ,
boa(z,) = D —0gbDIam;(z,€) b € S™().
0<y<k
|l <y

(ii) If b(z, &) € S{$7, > 0,0 < j <k, then

boa~ 3 ~0¢bD3ans: { (z, D) = rlz, Dip(z, D) + i(z, D)z, D)
T
al<i

where 7,7 € S™1*7(v) and p,p € St
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(i) If m = 0 and k > 1, then the adjoint of ax is an operator with symbol
ai(z,€) € 53" (), and

{ak(2,€) —Tr(z, )} € SpFHerhTbrHRT(y),

PROOF. (i) and (ii) follow immediately from Corollaries 1.6 and 1.8, Lemma
1.7 and the algebraic properties of the symbols noted in the paragraph above. For
(iii), since k > 1, ax = )~ ak1(z)pk,i(z, §) so ax(z, D) = _ p; i(z, D)ak,(z), with
Pra(z,§) € S¥o- The result now follows from the calculus of smooth pseudodiffer-
ential operators and Lemma 1.5. O

In applications, the case k = 1 is used when only the principal symbol of the
composition of two operators is of concern, for instance as in [1] or when inverting in
microlocally elliptic directions. But in general hyperbolic problems, the principal
symbol of the commutator of certain operators must be kept under control (see
Hoérmander (8], Nirenberg [9]). Thus the terms of next lower order in the expansion
of the compostions must be retained, corresponding to the case k = 2 above.

The assumptions in Lemmas 1.5 and 1.7 are optimal in the sense that, if k terms
in the expansion for the composition are kept and the remainder is to be bounded
on the appropriate H® N HY ;(v) space, then the coefficients must be smoother of
order k. For example, take m = 0, k = 1, 4 = 0 in Lemma 1.5 or 1.7. Let
a(z,€) = a(z) € H**9 N H7(v) and take b(D) = D, a first order differential
operator. Then D o a(z) — a(z)D = (Da)(z), and this operator is, in general,
bounded on H* N H} () only if j > 1 (and n/2 < s < r < 28 —n/2). On the
other hand, if s is not too much larger than n/2 and only the local spaces H*® are
involved, rather than the microlocal spaces, then the smoothness hypotheses for the
analogue of Corollary 1.8 (and of Corollary 1.6, though this property will not be
needed) may be relaxed. The conclusions will be weaker, implying for example that
if bo(€) € SP, a(z) € H® and p1(€) € S1 ¢, then bo(D)a(z)p1 (D) —a(z)bo(D)p1(D)
has order less than one, rather than order zero as for classical pseudodifferential
operators.

DEFINITION 1.11. Let S™*(U) for U C R™ denote the space of symbols as in
Definition 1.2 without the microlocal hypotheses, that is,

S™(U) = S™*(U x R™\ 0).
LEMMA 1.12. Letn/2 < s <n/2+1, 4 >0, and let k > 1 be an integer.
Assume that a(z, ) € S™Hketk=1(U) and b(z,€) € Sty. If boa(z,€) is the

symbol of the composed operator b(z, D)a(z, D), then for 0 < § < s —n/2 there are
symbols r,7 € S™H1=82=8(U) and p,p € St satisfying

{b oa— Z %angga} (z,D) = r(z, D)p(z, D) + p(z, D)r(z, D).
lal<k

Moreover, if p = 0 and 6§ > 1/2, there are symbols 1o € S™+%*~4(U) and po €

5'117625 such that the remainder above equals po(z, D)ro(z, D). In particular, for

m = p = 0 the remainder operator maps H (U) to HS. T (U).

loc

PROOF. In order to prove the last statement, notice that if s < (n+1)/2, it
follows that s — & > s — 1+ 6, and since r,7 € S'=%°=5(U), by Theorem 1.3, r and
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7 map H, (U) to Hi '*é(U). On the other hand, ro: HY . (U) — Hi’(U) and
po(z, D): HL P (U) — H '8 (U), so the case (n+1)/2 < s < n/2+1 also follows.
To prove the main result, it suffices, as in the proof of Lemma 1.7, to assume

that b(z, €) = b(€). As in (1.9),

{(boa— ) g(agb)(a:a)) u} (1) = [ Fmsun - & €)0E) de

laj<k
where
(1.11) .
Pmiu(n— &€= > ca/o (1= )*1(Bgb)(& + t(n — €))(n — )*a(n — &, ) dt.

|a|=k
And we may also write
(112) Fmiuln - €€) = blma(n — £:6) = 3 - (OED)(ENn — €)°a(n — &)
la|<k
Now define r and 7 by
Fmtu(m — & E)X(I€] > In])

fin—§¢8) = (g)m
Aro — fm+ ("7 — €a E)X(I&' < |7l|)
rn—¢§¢) = : (n)» :

Then (Tm+,u) (7) = (r(D)*u)"(n) + ((D)#7u)" (n) so we need just check that r
and 7 are in S™+1-%2=8(UJ). Setting 7 = n — £, it follows from (1.11) and (1.12),
respectively, and the hypotheses on a and b that

. (é)m+k
(1.13) |#(r, §)| < osgltlgl Wﬂl(ﬁ £,

77, )] < <§§Z'f:_'°l (1+ > %) 02(7,)

(1.14) lal<k
m+k T k—1
<ol 1+ et

where g; € L%(dr) uniformly in ¢. Consequently,
[#(7, ©)/()™+17°| < M(r, €)g(r,€),
where g € L?(dr) uniformly in ¢, and

(ﬁ)k—l+6 . 1 L 1
M(r, &) < =(ye=r—min (02‘:21 e o <r><e>k-l> '

If |7| > 1|¢|, then

(1/(r)* + 1/(r)(€)F~1) < C/(r)(&)*F
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so M < (6)%/(r)* < C/(r)*%. Andif |r| < 3|¢|, E+trm Efor 0<t < 1,50
M < C/{E ()=t < C/(r)*~%, since § < 1.
Thus r € §S™+1=%=8(U/). A similar proof shows that 7 € Sm+1-8is=5([).
Finally, suppose that 4 =0 and 6 > % If we define
Fo(n — €,€) = Fmu(n — €€)/ () 7%,
then
(rm+ute) () = (D)~ *rou) (n),

so we need just check that 7o € S™*85=8(UJ). This is proven, as above, by using
(1.11) and (1.12) and the properties of b and a to show that (7)°~®|fo(r, £)[(£)~(m+9)
< Cg(t, €) where g € L?(dr) uniformly in £. O

2. Linear and nonlinear elliptic theorems. The calculus developed in §1
allows an easy proof of the following microlocal elliptic regularity theorem.

THEOREM 2.1. Letn/2 < s<r <2s—n/2. Assume that
a(x {) c SY?+1;3+1,7+1
bl 8 *

Suppose
(i) v e Ht™ N H ™ (po),
(ii) f € H* N Hy,(po),
(iii) a(z,D)v = f.

Then, v € Ht™ N HIA™ 4 (pp).

PROOF. Since a € STH1*tL™ 4t py we may write a = @iy + @ where
am41 € STHEFLTHL Let by € SP, have support near enough to po so that a1
is elliptic on supp bp. Set

co = bo(z, E)(€)™ ! am1(z, ).
Since H**+! N H ! (po) is an algebra, it follows easily that
d¢co(z,€) € §lelis+ 150y for all o
By Theorem 1.10(i), there is a symbol r(z, £) € S;7**"(po) such that
co(z, D)a(z, D) = bo(z, D)(D)™*! 4 r(z, D).
Thus (iii) implies
(2.1) bo(z, D)(D)™*'v = co(z, D) f — r(z, D)w.

Theorem 1.3 implies that co(z, D)f € H* N H],, and r(z, D)v € H* N H],,. There-
fore (2.1) and the standard microlocal elliptic result imply that v € H*t*™ N
Hy ™+ (po). O

We now present several local elliptic theorems, both linear and nonlinear, which
follow easily from Theorem 2.1. The full (microlocal) strength of Theorem 2.1 will
be used in the proof of the propagation theorem in §3 and the examples in §4.
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THEOREM 2.2. Let L = ZOSIaIS'H ba(z)D*™ for some integer | > 0 and
suppose that L 1s elliptic at zo, i.e. Y, _g ba(Z0)E* > c|¢|®*. Suppose that
s>n/2+2l and

(i) uw € H*(zo),

(il) f € H*(zo), be € H*(z0) for all a,

(ili) Lu = f.

Then u € H*+2(zy).

PROOF. Let &y be given and let 0 be a directional derivative for which &g is
noncharacteristic. Applying 0 to both sides of (iii), we have

Y ba(z)DOu=08f - > ba(x)D*du

|ae|=21 |a|<2l
= ) (8ba)(z)D%u € H* 2 (zo).
0<lal<2t
Setting v = (1 — A)'u and A(z,D) = Y|, =2 ba(z)D*8(1 — A)~ we find that
A(z,D)v € H*"%(x0) and A(z,¢) € SO+Lis+1(zp) since b, € H® DO Ho~2+1,
Furthermore, A(z, §) is elliptic at (zo, &); so by Theorem 2.1,
ve Ha—2l N H:n~l2l+1(z0, &0)

which implies that
u € H® N HE (2o, &o).
Since &y was arbitrary, we have u € H°*!(z9). Repeating this procedure yields

u€ H* ¥ (z0). O
A quasilinear analogue of Weyl’s lemma follows immediately from Theorem 2.2.

THEOREM 2.3. Assume |B| < 2l — 1 and suppose that u € H%(xg), s > n/2 +
20+ |B|, s a solution of

(2.2) Z ba(T,u,...,DPu)D = f(z,u,..., DPu)

|a|=21
in a neighborhood of xg. If bs, f € C*® and if L = Z|a|=2l ba(z,u, ..., DPu)D™ is

elliptic at zo in the sense that

Y bal(zo,u(zo), -, DPu(zo))E™ > e(1 + [€])2.
|a|=21
for & large, then u € C™ near xp.

PROOF. Simply apply Theorem 2.2 repeatedly. O

3. Propagation of singularities. We shall prove first the analogue of the
strong Garding inequality for symbols in S™*(U). The proof is particularly sim-
ple because very few conditions need to be checked to verify that remainders are
in §0is,
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LEMMA 3.1. Letn/2 < s, 0 < & < 1, and suppose that p(z, &) € S&°+2¢(U)
and satisfies p(z, £) > 0. Then, for all u € HO(U) with compact support in U,

(31) Re(p(z, D)uv u) > —C”u”%{o(U)'

PROOF. As in Taylor [14, Chapter VII], let (D, z, D) be the Friedrichs sym-
metrization of p. Set r(z,D) = b(D,z,D) — p(z, D). Suppose that we can prove
that r € $%¢(U). Then by Theorem 1.3, r(z, D) is bounded on HZ_ so (3.1) would
follow since (b(D, z, D)u,u) > 0.

Let g be a smooth nonnegative even function, supported in |¢| < 1, satisfying
J ¢%(¢)d¢ =1, and define

PI6.9)= ot (z%;—l,%) ,

b(,2,6) = [ Fn,)plas) P& ) ds.

Then,

(6(D,2, D)) (n) = [ Bnvm = &, €)ale) e
Thus,

(r(@, Dw)n) = [ 70 - & €)ae) de
where
#(n, €) = b(n + &1, €) —B(n, €)

(32) = [ For+ € 980, O (.00 ds = (0, ©)
(33) = [ Fn+ € 0b(n.5) ~ ln, ©)F (6,00 ds

+ / (Fn+ &) — F(&)}p(m )F (<) de

since [ F2(¢,¢)d¢ = 1. We need to show that

(34) (n)°|#(n, €)| < Cg(n, &)

where g € L2(dn) uniformly in £&. On supp F(&,¢), |¢ — €| < (€)1/2, so for large ¢
we have ¢ ~ &. It follows from (3.2) and the assumptions on p that

(35) e (ng%g(n, £)

80 (3.4) certainly holds for || > 1|¢|. From now on assume that |n| < 3|¢|. Then,
for 77 on the segment between 0 and n and for (&,7) € supp F, we have

(3.6) ¢RENTHE K- <(OY2 [—¢€ <cm+ &2

Now, for ¢ ~ &,

B(n,¢) = B(n, €) = (s = €) - Vep(n, €) + O(Is — €1*|9Fp(n, €)])
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and, since F is even,
[ FO+ € )at0) - bl ) (E ) de
= Ve, €)- [(s = OF(n +8,5)  F&,5)) de
+0(132p(n,€)) [ Is — EPIF( + &) — F(&, o)l ds.

It follows from (3.3) and the assumptions on p that

[#(n, €)| < M(n, €)3(n, €)
where §(n, £) € L%(dn) uniformly in &, and

©F [(ls—el | lo—eP
M(n, &) = ()sm / ( i )IF(n+€,§)—F(ﬁ,c)IF(ﬁ,c)dc

+

[Fa+ 69~ Fle)FEs) dg' .

Let My, My, M3 be the parts of M corresponding to ¢ — £[(€)~2, |¢ — £|2(£)~2 and
the second integral, respectively. F satisfies

©  (s—€\ . be) ¢
Vel = Tt (fw) GRS ((gewz) !

= e (i) ()

where g; € C, a(€) = O((£)™1), b(€) = O((£)~'/2). Now, from (3.6), we have
C{)®
Mo = Tyeaeey
Writing F(n + &,¢) — F(§,¢) =n- VeF(@ + &,¢), and using (3.6), we have

(&) (m)
S e

And, because
F(n+&5) = F(§,¢) =n-VeF(€,¢) + O(In[*02F (€ +7,¢))

v | ¥ (g o (k) =0

since q is even, it follows from (3.6) that

M; < C((€)°/(6)"+)({n) + (m)*/(€)).

Putting together these estimates on the M; with (3.5) shows that, for any a with
0<a<l,

and

©° ()
Ir(n,ﬁ)l_m((g)) 4aln,€)

for |n| < 1|¢|, for some g, € L?(dn) uniformly in £. The choice o = ¢ yields (3.4)
as desired. O
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We now prove the main result on propagation of singularities for equations with
nonsmooth coefficients. As in the smooth case, the key ingredient is the microlocal
cutoff which reduces the microlocal problem to a local one. We note that if a(z, ) €
SM+%9+2(17) has real principal symbol am42(z, £) homogeneous in ¢ of degree
m + 2 and s > n/2, then by Sobolev’s lemma, Vzanmi2 € CH(U x R™\ {0}) and
Veamtz € C2(UxR™\{0}). Thus, if U is a small neighborhood of the characteristic
point (zo, &) of a2, there is in U x R™\ {0} a unique C? null bicharacteristic ~y
of am42 through (zo, o) defined by the equations £ = Veamy2, € = —Viamio.

THEOREM 3.2. Letn/2 < s<r <2s—n/2. Assume that
afz,€) € SR ()

has real principal symbol ap,+2 which ts homogeneous of degree m+2 in £, and that
~ 1s the null bicharacteristic through the characteristic point (xo, o). If:

(i) ve H**™ N HIA™(v),

(i) v € H**™ N HI ™4 (20, &o) for some 0 < e < 1,

(ii) f € H* N H,(3),

(iv) a(z,D)v = f.
Then v € HSt™ N HT™1(y).

PROOF. We may assume that the assumptions hold with ~ and (zo, &) re-
placed with conic neighborhoods I' and T, respectively. By replacing a(z, ¢)
by a(z,£)(¢)"™"! and v by (D)™*'v, we may assume that m = —1. Then
a(z,€) = a1(z, &) + ao(z, &) + a—1(z, &) where a; has order j, and smoothness
Hs+ti+ln H:n-*l-j+l(,y)'

Let e§(¢) = (1+6]¢|%) /2 for 0 < 6 < 1. For each 6, ef € Sy and the collection
{ef} is a bounded subset of SP. Also, D¢ef = i6¢(1+ 6|€]?)~1e§ = 78 ,€§, where
{r®,} is a bounded subset of S{ 3. By Theorem 1.10,

e§(D)a(z, D) = a1(z, D)e§(D) + (Vzar(z, D) - 121 (D))e§(D)
+ ao(z, D)€y (D) + a_y 5(z, D)
= a;(z, D)e$(D) + do s(z, D)e§(D) + a_1 6(z, D)

where {dg s} C S%°t1"(T) and {a_; 5} € S~1*7(T) are bounded subsets. Set
vs = e§(D)v and fs = —a_1 s(z, D)v+e5(D)f. Thenvs € H*NHT,, (') (with norm
depending on é) and by Theorem 1.3, fs € H* N H! ,(T') with norm independent
of 6. The equation (a(z, D)+ ao,s(z, D))vs = fs holds and from the hypotheses it
follows that vs € H*~1 N H7(T') and vs € H.;'T¢(T) with norms independent
of 6. Thus, it suffices to assume that a(z, £) € SL°T2"*2(I') and

()ve H1nH (D),

(ii) v € H;1*¢(Ty) for some 0 < € < 1,

(iii) f € H* N HE, (D),

(iv) a(z, D)v = f,
and that ”U”H:n—‘l-fe(,y) is finite, and to prove that ||v||H;l—ll+5(,1) depends only on
the norms of a,v, f in (i), (ii) and (iii). Finally, by induction it suffices to replace
(i) and (ii) by

(i) ve H*=1n H~*/%(1),
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(i) v € HE,(To),
and to estimate ||v||gr (,). Here a > 0,7 =14+ /2 <7 <r—1+¢, and we can
assume that o < 1.

If the Hamiltonian vector field H,, is zero at (zo,&o), v is the point (zo, &),
while if H,, has the radial cotangent direction, ~ is the ray (zo,7&), r > 0. In
either case nothing needs to be proven, so we assume that H,, is neither zero nor
radial.

Following Bony [4, §6], we can find (since a; € C?) a bi(z, ) € S} which is
real, homogeneous of degree 7, with support in T', such that H, b2 > 0 on T'\ T
and Hy,,b% > 0 on +\To, and a by € S with Hg, b > 1 on T. Let b™) = bzeMbo,
Then

§Ha, (b)) = M(Ha, bo) (b3¢*¥*°) + §(Ho, b3)e*M*

> M) + (&) on v\ To
> M(bM)? on T\ Ty.

It follows that there are symbols bo;, ez € Sﬁ% with bo; supported on Ty, e
supported on I' and elliptic on ~, such that

(3.7) 1H,, (68)2 — M(b™)? 4 bz > ey
Note that the principal symbol of (l/i)bf:M)(z, D)*[bf:M)(z, D),as(z, D)) is
§Hay (00"0)2(z,€) € ST THTH(T).
Thus,
Re %(bgM).[bgM),al]v,v) = Im((bgM)al'u, bgM)'v) - (albg.M)v,bgM)v))
= Im(bgM)alv,bgM)v) - %((al - a’{)bgM)v,bgM)v)
= Im(—bgM)aov, bgM)v) + Im(bgM)f, bgM)v)
— %((al - a{)bgM)v,bgM)v).
Since a;(z, £) is real, Theorem 1.10(iii) with m = 0 and k = 1 implies (a; —aj) €

§%s7(T). (Note that here we have only used the fact that a; € STV T (T)
rather than S$5°t%7*2(T).) Therefore

1 .
5rl(@r —a})pr"v,6"0v)) < Collby™vo

with Cy independent of M, by Theorem 1.3 and the hypothesis on a. Further,
[Em (50 £,6800)]| < Cag + 68030
by (iii). Finally,
(bgM)aov,bgM)v) = (agbgM)v,bgM)v) + ([bgM), aolv, bgM)v).
For the first term on the right,

[{aob™ v, bMv)| < €1 68140
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by Theorem 1.3 since ap € S%*+t1r+1. By Theorem 1.10(ii) with p = 7 — 1,
j=1,k =1 m = -1, we have [b,(:M),ao] = aoppM) + (MG, where ag,do €
SOisr (M) 5(M) Sf,f,l. Since supp bgM) C T, for appropriate b(()M) € 89, with
suppbgM) c T, by(z, D)bgM)(z,D) = bgM)(z, D) so

(68", aolv, b)) = (6™ (aop™) + 5 M) ao)v, b{*v).
Since agp™) € SF‘I;”'(F), Theorem 1.3 and (i) imply ”bgM)aop(M)v”Hl_a/, <
Cwm, and since ao: an_ll’r_an (r)y—- an_ll’r_a/z (T'), we have
166"5 Va0 gr1-er2 < Cir.

Thus,
(B, a0, 5 0)] < Cag + 10l

Together the above estimates yield
1 -
(38)  Re— (b ", a1)o,v) < Cor + (Co+ C1 + DB vl

Now fix M > (Co + C; + 2) and drop the M-indices. The a priori assumption
on v implies that the right-hand side in (3.8) is finite, so

Re<<%b$[b;,a1] - Mb;b;) v,v> <C.

For ey; and by; as in (3.7), it follows from the hypotheses on v (since (be;v,v) < C)
that

(3.9) (e2(z,D)v,v) + Re < <%b;[b;, ai] — Mbzb; + by — 62;> (z, D), v> <C.
By the calculus of smooth pseudodifferential operators,

(3 10) %A—F+a/2b; [b;, GI]A—F+a/2

= biya/2(2, D)ay_#1a/2(7, D) — bay2(T, D)aiyay2

where by € St o, a; € SLs+%™+2(1) From Theorem 1.10(ii), with k = 2, and with
' =lLp=7+a/2-1,m=—-1-7F+a/2fora_siqpand j =0, p=0a/2
m = -1+ /2 for a;1q/3, it follows that
biya/2(T, D)ai_#1a/2(T, D) = ba/2(T, D)aiya/2
= (terms of order 1 + a) + (terms of order «) + r(z, D),

where
r(z,D) = ag-1(z, D) + pr+a/2-1(, D)a—i1a/2(z, D)

+ pa/2(z’ D)a—l+a/2(z: D)

Here a; € $5*™(T), p; € S} . From (3.10), the terms of order (1 + &) sum to zero
and the terms of order a give

3Ha, b3 (z,€)(6) 7>+ € ST (D).
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Let by € S?,O have support in T', by > 0, bp = 1 on supp by U supp ba; U supp ez;.
To estimate ) i
|(bo(z, D)r(z, D)AT=%/2v, by(z, D)AT~*/20)],

we write
r(z, D)AF""/2 = af—1+a/2(-’t, D) +Pf+a/2—1(93» D)ao(z, D)
+pa/2(x’ D)a_1+#(z, D).

Since r > ¥ — 1+ «a/2, and ¥ — /2 > # — 1 + /2, Theorem 1.3 and the hypothesis
on v are easily seen to imply that |(borA™=*/2v,boA7=*/2p)| < C. And from (3.10),
(3.9), the calculus of smooth pseudodifferential operators, and the properties of by,
we conclude that

(3.11) (e2¢(z, D)v,v) + Re ({1 H,, b2 (z, D)A~ 27+
— A2 (Mbb; + by — ear)ATHO/? )
X boAT=%/ 2y, bpAT"*/2y ) < C
since H,, b%(z, €) = H,, b%(z, £)bo(z, £). The operator in braces has symbol
(5Ha, b2 — M + by — e7) (2, )(€) 757+ € SFH17H(D) € s/ 2%(U)

for small § > 0, since r > s and we can assume that 2a < s + 1 — n/2. Moreover,
the principal symbol is nonnegative by (3.9). Since bo(x, D)A7~*/2v € H® by the
hypotheses on v, and we can assume that by(z, £) has compact z-support, Lemma
3.1 and (3.11) imply that

(62;(.’13,D)’U, ’U) < C.

Thus the norm of v in H/ () depends only on the norms of a, v and f in the
hypotheses. O

The final linear propagation result to be considered, with local instead of mi-
crolocal hypotheses, treats the case where s is near n/2, and is the analogue of
Theorem 2 in [1]. For a(z, &) € ST (U) with real homogeneous principal
symbol and n/2 < 8, Vzam42 € C? for small 6§ > 0, so if U is a small neighborhood
of the characteristic point (g, o) of @42 there is a C119 null bicharacteristic ~
(possibly not unique) of am42 through (zo, &o).

THEOREM 3.3. Letn/2 < s < n/2+ 1. Assume that a(z,€) € Sy+¥°tH(U)
has real principal symbol a,,+2 homogeneous of degree m + 2 and that the null
bicharacteristic ~ through (zg, &) is unique. If

(i) v e H**™(U),

(ii) v € H3™1¢ (0, &) for some € < s —n/2,

(i) f € H*(U),

(iv) a(z,D)v = f,
then v € HZT™1e(y).

PROOF. We follow the proof of Theorem 3.2, indicating the necessary modifi-
cations. Again replace v and (zo, &) with T’ and To, and take m = —1, a(z, &) =
a1(, £) +ao(z, £); this time with a; € S4°17(U). If we define e§(&) as before, then
by Lemma 1.12 with k = 2, m = —1, u = 0, we have

eg(D)a(z, D) = ay(z, D)eg(D) + do 5 (z, D)eg(D) + rs(z, D)
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where r5: H3 ' (U) — HE'H6(U) and {ag s} € S%°(U) uniformly in 0 < § < 1.

1

We have use(cicthe fact t}i;% if € < 1, then rs(z,D) € S~*~¢(U): H}(U) —
HY Me(U), while if e > 1, rs(z, D) = po(z, D)ro(z, D), where ro € S™1+e9=¢(U):
H Y (U) — Hf(U) and po € 811,626: H f(U) — HE'T(U). As before it then
follows that we may assume a priori that v € H_'*¢(U), and that a(z,D)v = f
where a(z, £) € SL*T(U) and

(i) ve H*-1n H=*/2(T),

(i) v € HE,(To),

(iii) f € HT(U)
for some a >0 and s — 14 /2 <7< s—1+¢e. We must show that ||v]|g () is
bounded by a constant depending only on the norms of a, v and f in (i), (ii) and

iii).
( {Ne fix a < 1 min(s — n/2,1 — ¢). Exactly as before, since a; € C'*2, there are
symbols bgM) € Sl bor, €27 € 512,% supported on I', with ey; elliptic on ~, such
that
LHo, (68)2 = M) + baz > e,

(3.12) Re %(bf:M)‘ [bgM),al]v, v) = Im(—bgM)aov, bgM)v) + Im(bgM)f, bgM)v)

1 * M M
— 5 (a1 = a} )b, b)),

The second and third terms on the right satisfy the same estimates as before, since
a; is real and Theorem 1.10(iii) with m = 0 and k = 1 implies (a; — a}) € S%*(U).
We have

(6 agw, bMv) = (agb{™v, b)) + (b, aglv, b v),
with the first term on the right estimated as above. And, from Lemma 1.12 with
u=7% k=1 m=—-1and § = /2, we have [bgM),ao] = ¢(z, D) where c(z, D) =
¢—a/2+7(2, D) + pi(z, D)c_a/2(z, D) with ¢; € S44~*/2(U) and p; € S{,. From
Theorem 1.3 and the hypotheses on v and f, if by € S?’O has support in T', bg = 1
on supp bgM), then

|(bo(z, D)e(z, D)v, b )| < Car + 68 0] gro.
Thus we again have
1 .

Re (b 6", a1]v,v) < Car + (Co + Cr + 2Bl
and so by the a priori assumption,
(3.13)  (e2#(x, D)v,v) + Re((: b2 [bz, a1] — Mb}bz + ba; — eq7)(z, D)v,v) < C.
Again

%A‘”"/:'b; (b, ag]A-FHor2 — %Halbg(x, D)A=?"+e 4 1(z, D).

By Lemma 1.12 with k = 2, § = o, and the two cases {y =F+ a/2,m=—-1—-F+
a/2} and {u = a/2, m = -1+ a/2},
T(:l:, D)AF_Q/2 = cF—a/Z(xa D) + p‘?+a/2(zv D)C_a(.’lt, D)
+pa/2($, D)Cf—a(z; D)
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where ¢; € S5°=*(U) and p; € S} . Since 7 < s—1+z, it follows that s—a > 7+a/2,

and so Theorem 1.3 implies r(z,D): H*~! N Hi, */*(T) — HC (T). Thus for by
with support on I, by the hypotheses on v and f,

|(borAT=%/20, boAT=%/20)| < C.
As before, it follows from (3.13) that
(e27(z, D)v,v) + Re ({3 Hq, b%(z, D)A~ 22
— ATTH/2(MbED; + boi — egi) ATTT/2 )
X boA"~/ 2y, boAT" /2y ) < C.

The operator in braces has symbol in §%°(U) C §%"/2+8+2({)) for small § > 0
by the choice of a. By (3.12) and Lemma 3.1 the a priori estimate holds. O

4. Application to quasilinear hyperbolic problems. In this section we
show how Theorems 2.1, 3.2 and 3.3 can be combined with a simple iteration argu-
ment to yield information about the propagation of weak singularities in quasilinear
hyperbolic equations. We refer to the singularities as weak since we must assume
that our solutions are H? for some o > n/2. Therefore shocks are not permitted.
Thus these results describe the propagation of weak singularities in regions away
from shocks, or, if the data are relatively smooth, in all of R™ before the onset of
shocks.

We will study quasilinear equations of order y =m +2, m > —1:

(41) 3 balz,uDu,..., D*"'u)D%u(x) = f(z,u, Du,..., D*"'u).
|e|=p

We suppose that b,(-) and f are C* functions and that we are given a function
u € HtF1(0) with s > n/2 which satisfies (4.1) in an open set 0. The symbols

Du, ., D=1y, indicate that by (z,u, Du, ..., D*~'u) and f(z,u, Du,..., D*"1u)
may depend on all derivatives of u up to order u — 1. For z € 0, £ € R™\ {0}, let

p(z,€) = Y ba(z)E®

la|=p

Since u € H**#+1 we have p € C2. Thus for each o € 0 and & € R™ \ {0} such
that p(z0, o) = 0, the solution of &(t) = V¢p(z, £), ¢(0) = a0, £(t) = —V.p(z, &),
£(0) = &o is a well-defined bicharacteristic strip, at least for small ¢. let v denote
a compact connected piece of this bicharacteristic strip containing (zo,%o) so that
the projection of 4 onto its first coordinates lies entirely within 0. We know by
hypothesis that u € H*t#+1(0). The question we wish to answer is this: suppose
that, in addition, we are given that u € H'-**2(po) at po = (2o, &) € ~y for some
r > s. When will it be true that u € H,',fl"“"2 at p; for all p; € 4?

We cannot apply Theorem 3.2 directly to (4.1) because the coefficients b, and f
are not smooth enough compared to u. We get around this difficulty by differen-
tiating the equation. Let 0 be a first order constant coefficient partial differential
operator such that pg € Chard. Then p & Chard for all p € N N~ where N is a
neighborhood of py. If we can propagate improved regularity along N N~, then, by
piecing together finitely many such arcs we can propagate along all of 4. Thus we
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may assume without loss that p & Chard for all p € 4. We now apply 9 to (4.1)
three times, obtaining successively equations of the form

(42) Zba(DM—lu)Daau — gl(D“U),
(43) Z ba (D”—IU)D082U = g2(D“u)Dl‘+1u,
(44) Zba(D"_lu)Daa:au = gg(D"u)D"+2u + g4(D"+1u).

The expressions on the right sides of (4.2)-(4.4) stand for sums of C* functions
of {DP3%u} which have the orders of derivatives indicated. The point is that
the highest order terms on the right side of (4.4) are linear in D#*2y and have
coefficients of the form g3(D*u). Thus (4.4) may be written

(45) Y ba(D* 'u)D*0%u+ Y {ha(D* 'u)D*0%u + ko(D*~'u)DH~ 0%}

la|=p la|=p
= (DM 1y)
where hq, ko, | are C*® functions and I(D#*1u) is a shorthand way of writing
(z,u,..., D**1y). In differentiating the equations the many uses of the chain rule

and Leibnitz rule are legitimate since the hypothesis that u € H**#*! guarantees
that in each term at most one factor is in H? for 0 < n/2. As usual, let A =
(I—A)'/?, and set w = A%y and Py = 33A~3. Then w satisfies a(z, D)w = | where

a(z,D) = { Z ba(D“‘lu)D"‘} Py + Z hg(D*u)Qp.
lal=p B

Here Qg are classical pseudodifferential operators of order . —1, and P, is a classical

pseudodifferential operator of order zero which is elliptic in a neighborhood of ~.

We can now use Theorem 3.2. Set r = s. Then,

(4.6) we B™ 0 H3™ (),

ba(D¥71u) € H*T2 0 HIH2 (),
hg(D*u) € H*t1 n H (),
s0 a(z, D) € STH%+27+2 Gince
a(z,D)w = [(D**1u) € H* N HL,(v)
all the hypotheses on a(z, D) in Theorem 3.2 are fulfilled. Thus, since we know

that u € HT#*2(pp) for some po € v and some r > s, then w € H21™*+!(po) and
we conclude from Theorem 3.2 that

4.7)

(4.8) we H YN HS™ (p) Vpeny
and
(4.9) we HtHHin o2 (p) p e+,

Thus we have propagated some improved microlocal regularity of u along . By
(4.9) and Rauch’s Lemma (as in Theorem 1.3), if r < min(s + 1,2s — n/2 — ¢),

bo(D*'u) € H*t2 N HI 2 (),
(4.10) hg(D*u) € H**' N HI (),
I(D**'u) € H® N HE, (7).
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Finally,

(4.11) w € HIA™ 4 (po).

Thus, the hypotheses of Theorem 3.2 are fulfilled so we conclude that
(4.12) we HA™(y), ue H3*3(y).

Now we can use Rauch’s Lemma again to improve the microlocal regularity of the
coefficients and then use Theorem 3.2 again, as long as r < 2s —n/2. We have thus
proven the following theorem in the case 0 = s+1>n/2+ 1.

THEOREM 4.1. Let O be an open region of R™, and let n/2 < 0 < p <
20 —n/2. For zo € O, suppose that po = (o, &) 3 on a null bicharacteristic vy of
Ciaj=p ba(z,u,. .., DF ) D, Ifu € Ho#(0) satisfies (4.1) andu € H" #(po),
then u € H?T#(p) for allp € 4.

REMARK. If ¢ > n/2 + 1, the null bicharacteristic strip is unique. If n/2 < ¢ <
n/2 + 1, we assume that it is unique.

PROOF. It remains to handle the case where n/2 < ¢ < n/2+1. In this case we
may not differentiate the equation three times since that would result in products
of the form ¢;¢2 where ¢; € H® for s < n/2. We can, however, differentiate with
0 twice to obtain

Y ba(D#'u)D*0%u + ho(D#u)D*Bu + ko( D u)DH~10%u = I(DHu).
lee|=p

If we now set w = A%u and Py = 02A~2, then w satisfies

Y ba(D*'u)D*Pow + Y _ h(D u)Qpw = I(DHu)
la|=p

where the Qg are classical pseudodifferential operators of order u — 1. Since u €
Ho*# we have D#u € H?, 50 bo(D*~1u) € H°+1 and h*(DHu),l(D*u) € H®.
Setm=u—2ande=p—0<o—n/2. then

> ba(D*'u)D*Po+ ) _ hg(D*u)Qp € SpHHH

|a|=p

so the hypotheses of Theorem 3.3 are satisfied with o replacing s. Therefore w €
HZ+™+(p) for all p € v, which yields u € H2 #(p) forallpey. O
EXAMPLE 1 (THE QUASILINEAR WAVE EQUATION). Consider the equation

(4.13) Ut — E bij(Vu)BiBju =0.

Suppose that (4.13) has a solution u € H°*2 ¢ > n/2, in a region R whose
domain of dependence contains a ball B at t = 0 (see Figure 4.1). We suppose
that Y- b;;(Vu)&i&; > c|£|? and that the initial data are in H°*2 overall, but C*
outside of B. What further regularity properties of u can we derive? Since Vu is
C1, there is a well-defined forward characteristic hypersurface emanating from each
point of B. On the union of these hypersurfaces, denoted by II in Figure 4.1, we do
not expect the solution to be better than H°*2. In region I the solution is C* by
finite propagation speed. Consider a point z; in region III. By applying Theorem
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4.1 on the backward bicharacteristic curves from z; (for example, from z; to zg),
we see that

(4.14) we HoP2 N H2 2426 (g ¢1)
for any characteristic direction &; at z; and any € > 0.

c™ Xo HO " c™
FIGURE 4.1

Now suppose that £ is a noncharacteristic direction at z;.
Differentiate once in (4.13), as in the proof of Theorem 4.1, to obtain

a(Vu)D?0u = b(D?*u).

Set w = Au € H°*!; then a(z,D)w = f, where a € SLT°*! and f € H®. So
Theorem 2.2 implies that w € H7+' N HZ?(zy, £2), and hence

(4.15) u€ HP2 N HI T3 (x4, &).

Since this is true for any elliptic direction &3, (4.15) and (4.14) imply that u €
Hmin{o+3,20-n/2+2-¢} ot 3, If 0 + 3 < 20 —n/2 + 2 — € we can simply apply the
above procedure again to conclude that u € H°+3n H,‘:j‘l(:vl, &2) for elliptic direc-
tions £2. We can continue to apply Theorem 2.1 to improve the regularity in elliptic
directions until it is better than the regularity in the characteristic directions, so
we find that u € H20-"/2+2-¢ 3t 1, € region III for all € > 0.

In the linear case, u would be C*° in region III. In the quasilinear case, the inter-
action of the singularities on the characteristic hypersurfaces in region II produces,
in general, new weak singularities which propagate into region III. We have shown
that these new singularities have strength at most H2e—n/2+2-¢

EXAMPLE 2 (A COUPLED ELLIPTIC-HYPERBOLIC SYSTEM). We will show
how to use Theorems 2.1, 4.1, and Rauch’s Lemma to derive regularity results for
the system

(4.16) Y ai;(u)d:8;v = g(u,v),

(4.17) Ut — E bij(v)0:0;u = f(u,v).

We suppose that a;j, b;j, g, f are C* functions and that u and v are H°*! solutions
of (4.16), (4.17), 0 > n/2, in aregion R as in Example 1 and Figure 4.1. We suppose

that
Y as(wEg > e(1+1€P),
Ebij(v)'sifj > c(1+1¢]%)
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in R so that (4.16) and (4.17) are elliptic and hyperbolic, respectively. As in
Example 1, we assume that the data at ¢t = 0 for (4.17) is H°*! overall and C*®
outside the ball B, and ask what improved regularity for u and v holds.

In region II, the union of forward light “cones” from B, we do not expect u to
be better than H°*+!; by Theorem 2.2, v is in H°*3 there. In region I, both » and
v must be C* by the following simple iteration argument: First improve v locally
using (4.16) and Theorem 2.2; then improve u locally by using (4.17) and a domain
of dependence argument (or as in Example 1); now improve v again and so forth.

Let z; be a point in region III and let £; be a characteristic direction for (4.17) at
z1. Let  be the backward bicharacteristic strip through (zy, £;); the corresponding
bicharacteristic curve from zo to z; is depicted in Figure 4.1. We improve the
microlocal regularity of v and v on « by a three-step process: suppose by induction
that w € H°+1 N H211(5) and v € H+3 N H242 (), where p < 20 —n/2.

(i) We improve the microlocal regularity of v on ~ by using (4.16) and The-
orem 2.1 (the microlocal elliptic theorem) twice. Differentiation of (4.16) yields
a(z, D)w = h, where w = A%v € H° N H? (v), a € Sy°t1°+ h e H° N H? ().
Hence w € H?}'(), and v € H°3 n H21 ().

(i1) Because of (i) and Rauch’s Lemma, b;;(v) has been improved along . We can
therefore improve the microlocal regularity of w on « by using Theorem 3.2 (the
microlocal hyperbolic propagation theorem) and (4.17). We have b(z, D)u = f,
where b € SZETDFTH(HI¥2 1 ¢ e ot n HPEY(4) and therefore u € HOH1 N
H 2 ().

(ili) Since u and v have both been improved along v, we can use Rauch’s Lemma
to improve f(u,v),g(u,v) and a;;(u).

Since a;;(u) and g(u,v) are improved on ~ we can return to (i) and improve
v further. We can continue this process until it is no longer possible to improve
a;j(u), f, g because the hypotheses of Rauch’s Lemma are no longer satisfied. We
conclude that

(418)  weHTHNHTMNy), v e BN nH T ()

for all € > 0.

Suppose now that & is a noncharacteristic direction for (4.17) at z;. We then
improve u and v microlocally at (z1,§2) by using the equations (4.16), (4.17) and
Theorem 2.1 as we did in Example 1:

we HoH  H2-n/242=¢ (g 6,
ve HoH3 N H2 /23 (4, &),
From (4.18) and (4.19) we have

u€ H2"/2H2=¢ 4 g,

vE H2a—n/2+3—e at

(4.19)

for all € > 0.

Notice that it is important in this example that the hypotheses of the elliptic
regularity theorem permit microlocal hypotheses on the coefficients. The coefficient
aj(u) will never be better than H locally in region II. But it can be improved
microlocally which allows us to improve v microlocally and so forth. We remark
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that we have treated the case a,; = a;;(u) and b;; = b;;(v) for the sake of simplicity.

MICHAEL BEALS AND MICHAEL REED

The more general case a;; = a;;(u, Du,v, Dv), b;; = b(u, Du,v, Dv) can be handled
by differentiating the equations as in Example 1.

10.

11.

12.

13.

14
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