IV

Local solvability of vector fields

In this chapter we study in detail an important class of locally integrable vector
fields: those which are locally solvable. The most basic question one can ask
concerning the solvability of a vector field L is whether, given a smooth
right-hand side f, there exists a solution, at least locally and not subjected
to any additional condition, of the equation Lu = f. For real vector fields
very satisfactory theorems stating local existence of solutions under very
mild hypotheses of regularity have been known since long ago, and it came
as a surprise when Hans Lewy published in 1956 his now famous example
of a nonlocally solvable vector field. Indeed, if f € C*(R?) is conveniently
chosen, the equation

(0, +id, — (x+iy)d )u=f, (x,y,2) eR’

does not have distribution solutions in any open subset of R* ([L2]). In the
first part of this chapter we focus on vector fields in two variables; in this
case, a priori estimates are known to hold under weaker assumptions on the
regularity of the coefficients than in the general case. In Section IV.1 we
motivate condition () with simple examples and prove a priori estimates
in L? and in a mixed norm that involves the Hardy space h'(RR). While the
first kind of estimate gives, by duality, local solvability in L?, 1 < p < oo,
the latter kind gives local solvability in L*[R; bmo(IR)] which serves as a
substitute for local solvability in L™, a property that is not implied by (P),
as is shown by the example described at the end of Section IV.1.1. On the
other hand, in some applications—this is indeed the case for the similarity
principle described in the Epilogue—solvability in the larger space of mixed
norm L*[R; bmo(RR)] suffices. Some technical properties of the space h'(R)
that are useful for the proof of a priori estimates will only be presented later in
Appendix A. In Section IV.2 we still consider vector fields in two variables
and study the existence of smooth solutions when the right-hand side is
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150 Local solvability of vector fields

smooth. The sufficiency of condition () for local solvability in any number
of variables is discussed in Section I1V.3, while Section IV.4 is devoted to its
necessity.

IV.1 Planar vector fields

We shall consider vector fields defined in an open subset () C R?

9 9
Lu=A(x, )2 4+ B(x, )2 (IV.1)
ot dx

with complex coefficients A, B € C*({)) such that
|A(x, )|+ |B(x, )| >0, (x,1) € Q. (Iv.2)

Since our point of view is local, most of the time the behavior of L outside
a neighborhood of the point under study is irrelevant. This means that we
can modify the coefficients of L off that neighborhood in order to assume
that they are defined throughout R? and we shall often do so. The sort of
properties of L we shall be interested in will not change by multiplication of
L by a nonvanishing factor. Since (IV.2) implies that either A or B does not
vanish in a neighborhood of a given point (assume as well that it is A), we
may multiply L by A~" and obtain the new vector field L = A~'L which has
the form

du
at

i .
Lu=2 4 Bx, 2. (IV.3)
dx

Write B(x, t) = a(x, ) + ib(x, t) with & and b real, and assume that they are
defined for |x| < p, |t| < p.

LEMMA IV.1.1. In appropriate new local coordinates ¢ = x, s = s(x, t) defined
in a neighborhood of the origin, the vector field L assumes the form

T (IV.4)
ds

Lu= ,

with b(&, s) real-valued.
Proor. Consider the ODE

dx .
3 = atn . x(0)=¢

dt_

— =1, t(0) =0,
e 0)
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with solution (x(§, s), #(¢, s)) given by

x(é.5) =€+ [ a(x(¢, 0), 0) do,
1, s) =s.

Observe that x(&,0) = & so (dx/3€)(0,0) = 1; also (d7/9¢)(0,0) = 0 and
(01/95)(0,0) = 1 so the Jacobian determinant det[d(x, ¢)/d(&, s)] assumes the
value 1 at x = s = 0, granting that (&, s) <— (x,¢) is, at least locally, a
smooth change of variables. The chain rule gives

d d ox d

ad +alx 1) d
- = alx, Y] e T o
ds ot 0x o0& 9€ ox

s0 in the new coordinates we have L = d, + i(lNJ/(c?)c/ﬁf))(?§ =d,+ibd,. [

The reductions just described show that in the study of local problems for a
planar vector field L with smooth coefficients we may always assume that L
is of the form

F 9
L=—+ib(x,)— V.5
g T (v-5)

with b(x, t) real and defined for all (x, t) € R

DEFINITION IV.1.2. Let L be a vector field defined in an open set Q) C R?,
p € Q. We say that L is locally solvable at p if there exists a neighborhood
U = U(p) such that for all f € C*(Q) there exists u € D'(Q) such that Lu— f
vanishes identically on U. If L is locally solvable at every point p € Q) we
say that L is locally solvable in Q).

REMARK IV.1.3. Observe that Definition IV.1.2 means that given p there
exists a fixed open subset U 3 p such that for every f € C*({)) there exists
u € D'(Q) such that the equation Lu = f holds on U. A moment’s reflection
shows that we would get an equivalent definition by requiring instead that
for every f € CX(U) there exists u € D'(U) such that Lu = f in U. It is
less evident that we also get an equivalent definition if we require that for
every f € C*(Q) there exists u € D'(Q)) such that Lu — f vanishes on a
neighborhood U(p, f) of p that may depend on both f and p. However,
a category argument shows that if this happens we may always take U
independent of f for fixed p and the apparently weaker requirement is in fact
equivalent to that given in Definition IV.1.2 (¢f. Theorem VIL6.1).

In order to acquire some insight on local solvability let us consider the
simpler case in which the coefficient b(x,r) of the vector field (IV.5) is
actually independent of x, i.e.,
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ad d
L= E + lb(l) a S
and we wish to study the local solvability of L in a neighborhood of the
origin. In other words, we wish to find a distribution u such that Lu = f
where f € C*(R?) is given. We shall perform a partial Fourier transform in
the variable x and denote by  and ? the transforms of u and f respectively,
so the transformed equation becomes

dir_ b(t)éii=f, where f(£ 1) = / e ™ f(x, ) dx.
dr R

Using a standard formula for the linear ODE with parameter ¢, we find a
solution

t R t
W 1) = fT . eBO-BOEF (£ o\ ds,  where B(f) = /0 b(7)dr.

Changing the endpoint of integration 7(£) amounts to adding a solution of
the homogeneous equation for each value of the parameter £. Thus, we see
that it is very easy to find (many) solutions of the transformed equation, but
in order to get a solution of the original equation we need that u(¢, ) be
tempered in &, at least for 7 in a certain range |¢| < 7, so that we can define
u as the inverse partial Fourier transform of u. The difficulty comes from
the risk of growth at infinity arising from the factor e B0~56)¢; notice that
since & — ?(f, s) is in 8(R) uniformly in s its rapid decay can overpower a
factor of polynomial growth but to control factors with exponential growth
by the decay of ? is not possible. A sensible attitude to avoid exponential
growth is then to search for conditions that allow—after a convenient choice
of T(§)—that (B(t) — B(s))é < 0 whenever |¢t| < T and s is in the interval
with endpoints 7(£) and . Of course, the sign of (B(f) — B(s))¢ does not
change if ¢ is multiplied by a positive number so we need only define two
values for T(§): T(§) =T+ for £ >0 and T(§) = T~ for £ < 0. Let us
concentrate first on the case & > 0. We need to find Tt such that for all
|t| < T and s in the interval with endpoints {T™, t} the following inequality
holds:

B(t) — B(s) = / "b(r)dr < 0.

We immediately see that if b(7) < 0 it will be enough to set 7+ = —T to
obtain what we wish! Similarly, if b(7) > 0 the choice 7" = T does the
job, because to require that s be in the interval with endpoints {7, ¢} simply
means that t < s < 7. So, if 5(0) # 0 we may take 7 small enough so that
b(7) does not vanish in (—7, T) and then define T+ = £T according to the

https://doi.org/10.1017/cB &2 BRTIAAS BoRks (nking G frembridas ddpivarsityFress, 2009


https://doi.org/10.1017/CBO9780511543067.005

IV.1 Planar vector fields 153

sign of b(0). Let us assume now that 5(0) = 0. If b(7) does not change
sign in (=T, T) for some T > 0 we already know how to proceed. What if
b(t) changes sign in (=T, T)? Well, suppose there is a point 7, € (=T, T)
such that b(1) > 0 for 7 € (—T, ,] and b(7) <0 for 7 € 1, T]. In this case,
we take 7% = 1, and notice that [ "b(t)d7 < 0 both for 7, < s < t and for
t < s < t,. It is easy to convince oneself that those are all the cases for which
a good choice of T+ is possible. Indeed, if b(7,) < 0 and b(7,) > 0 for some
—T < 7y <1, <T no choice of T* will work. We would be forced to take
T > 1, to guarantee that f; b(t)dt <0 for t < s, s,1 close to 7, but this
would imply that f; b(t)dT> 0 for r < s, s, t close to 7,. In other words, we
must prevent that b(t) changes sign from minus to plus as t increases. The
analysis of the case & < 0 and the choice of 7~ will tell us that we must as
well prevent that b(7) changes sign from plus to minus as ¢ increases and both
conclusions imply together that b(7) cannot change sign at all.

REMARK IV.1.4. If we were studying the local solvability of the differential/
pseudo-differential operator

d
L=——b()|D,|,
= —b(nID,
where |D,| is the operator defined by |@(§, 1) = |€[u(é, 1), this would lead
us to consider the ODE
du

o —blga=7

and to require that (B(7) — B(s))|&| < 0. This time the sign of & does not
matter and we are only forced to prevent sign changes of b(7) from minus to
plus.

Let us return to the problem of finding a solution to the equation Lu = f
when the coefficient b(¢) does not depend on x and we further assume that
t — b(t) does not change sign for |¢| < T. Assuming that b(¢) > 0, a solution
is given by u(x, 1) = u*(x, 1) +u~(x, r) where

1 =5} [ —~
(e = /0 /T HEFBO-BOEF (£ 5) dsdE, (IV.6)

1 0 t ~
W (x,1) = — / / e EHBO-BOER (£ ) dsdé, |t <T.  (IV.7)
27 ) ot
The exponential in the integrals that define u™ and u~ is bounded by 1 because

the exponent always has nonpositive real part. The integrand is bounded by
| £ (&, 5)|, which is rapidly decreasing in & as |§| — oo, in particular, u(x, f)
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is continuous and bounded. Differentiating under the integral sign we always
obtain integrable integrands, showing that our solution u € C*(R x (=T, T)).

DEFINITION IV.1.5. We say that the operator L given by (IV.5) satisfies
condition (P) at p = (x,, t,) if there is a neighborhood (x,— 0, x,+ ) x
(ty =0, ty+0) of p such that for every x € (x,— 0, x,+ 0) the function
(ty—6,t,+0) > t — b(x, t) does not change sign. If L satisfies condition
(P) at every point of an open set Q) we say that L satisfies condition (P) in Q.

The importance of this definition comes from the following:

THEOREM 1IV.1.6. The operator L given by (IV.5) is locally solvable at p if
and only if it satisfies condition (P) at p.

We will not prove Theorem IV.1.6 here. The ‘if’ part of the theorem will
follow from Corollary IV.1.10 presented later in this section while the ‘only
if” part will be discussed in Section IV.4 under the assumption that L is
locally integrable.

REMARK IV.1.7. In the case of a coefficient independent of x, if condition
() is satisfied in a rectangle (), it follows that either b(7) > 01in Q or b(r) <0
in (), but this is not the general situation. For instance, if b(x, ) = x we see
that L satisfies condition () in R? but b is positive for x > 0 and negative
for x < 0.

REMARK IV.1.8. If L satisfies condition (%) in a rectangle () centered at p
and x(x, r) € C2(Q)) is identically 1 in a neighborhood of p, replacing b(x, )
by x(x, 1)b(x, 1) gives an operator L that satisfies condition () everywhere
and coincides with L in a neighborhood of p. Furthermore, it is apparent that
L is locally solvable at p if and only if L is locally solvable at p. Thus, when
studying the local solvability of an operator that satisfies condition () in a
neighborhood of p we may assume without loss of generality that b(x, ) is
compactly supported and condition () is satisfied in R>.

Returning to the case in which the coefficient b(¢) is independent of x,
observe that the solution u of Lu = f furnished by (IV.6) and (IV.7) when
b > 0 may be written in operator form as u = Kf, K = K* 4+ K. Take a
test function ¢ € C*(R x (—7,T)) and set f = Lo and u = Kf. We see
that Lu = f = L¢. Moreover, since ?(f, t) =0 for |t| > T we see that u is
supported in R x [T, T]. Thus w = u — ¢ satisfies Lw = 0 and vanishes for
t < —T. By uniqueness in the Cauchy problem we conclude that ¢ = KL¢.
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Using Parseval’s identity it is easy to derive that for fixed t < s < T the L*(RR)
norm of

X (ZW)—I /0 eix§+(B(t)7B(s))§/f\(€;’ S) df

is bounded by || f(-, s)

12»)- This implies

T
1K FC Dz < [ 1G9y ds. v € R lr] <T.

Integrating this inequality in ¢ between —7 and T we obtain

T T
S UK ) iy ds <27 [ 1G9z s

The same inequality holds for K—, so we obtain the following mixed norm
estimate:

IKf W rper 2@y < CT N o1y 2y (Iv.8)
Now apply (IV.8) to f =L¢ and Kf = ¢ € C*(Rx (-7, 7)) to get the a
priori inequality
lellop-rnee) < CT L@l i-rm2@), @€ CORX(=T,T)). (IV.9)
Observe that the transpose 'L defined by (Le, ) =< ¢, 'Ly > for all test
functions ¢, ¢ € C>(R?) is given by
'L=-—L,

so (IV.9) may also be written as

”@”L‘[(—T,T);LZ(]R)] <CT ”tLQD”L‘[(—T,T);LZ(]R)]’ (IV.10)

for every ¢ € C*(R x (=7, 7)). It is a remarkable fact that essentially the
same formulas that yield an a priori estimate for the simple case in which b
is independent of ¢ also give, in spite of technical complications, the same
a priori estimate for the case of a general b(x, 7). We will prove a priori
estimates like (IV.10) for a general vector field (IV.5) that satisfies condition
(). More precisely,

THEOREM IV.1.9. Let L given by (IV.5) satisfy condition (P) in a neighbor-
hood U of the origin and fix numbers p and q satisfying 1 <p < oo, 1 < g <oo.
Then, there exist T, > 0, a > 0, and C > 0 such that for any 0 < T < T, the
following a priori estimate holds for every ¢ € C*((—a, a) x (=T, T)):

el og—r.1: L0y < CT ' L@ ag—7.1:10 ) (IV.11)

Moreover, the constants T, and C depend only on p, q, and b, |1~
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Before embarking on the rather long proof of Theorem IV.1.9, let us state a
standard consequence that implies the local solvability of L.

CoroLLARY IV.1.10. Let L given by (IV.5) satisfy condition (P) in a neigh-
borhood of the origin, let 1 < p’ < oo and 1 < g’ < oo be given. Then there
exist Ty > 0, C > 0 such that for any 0 < T < T, and f(x,t) € L [R; L” (R)]
there exists u € LY [R; L” (R)], with norm

||u||L‘I’[R;LP'(]R)] = CT”f”Lt/’[R;LP’(R)]]
that satisfies the equation

Lu=f in Rx(-T,T). (Iv.12)

Since LY [R; L” (R)] ~ L (R?) when p' = ¢/, L is locally solvable in L for
any 1 < p’ < oo.

ProoF. We shall use the notation Q. =R x (=T, T). Let p, ¢ be the conjugate
exponents, p=p'/(p'—1), g=¢'/(¢ —1). Take C and T, as granted by
Theorem IV.1.9 and for some 0 < T < 7|, consider the linear functional

"LC¥(Qy) > 'Lo(x, 1) > A('Lg) = / fe 1) e, 1 dadr.
R
The inequalities

[A(Lo)| < ”f”L‘I'[R;Ll’/(R)]||QD||L‘I[R;L1’(]R)] = CT”[LqD”L‘/[R;LP(IR)]

show that A is well-defined and continuous in the LY[R; L”(R)] norm. By
the Hahn—Banach theorem this functional can be extended to the whole space
L4[R; L?(R)] without increasing its norm that is bounded by CT'. By the Riesz
representation theorem this extension is represented by integration against a
function u € LY[R; L” (R)] with norm |l ;o)) < CT. For ¢ € CZ(Qy)

we have
f u(x, 1) Lo(x, t)dxdt = A("Lop) = / f(x, 1) @(x, 1) dxdt,
R2 R2
which means that Lu = f in ) in the sense of distributions. U

IV.1.1 A priori estimates in L’

To prove Theorem I'V.1.9 let us start by observing that we may assume without
loss of generality that b(x, r) has compact support, L satisfies condition (P)
everywhere, and ||b, [/~ &) < C||b,[|1~)- The transpose 'L of L is given by
'L =—L—ib, so if an a priori estimate like (IV.11) is proved for L instead
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of 'L it will easily imply the estimate for ‘L since the contribution of the
bounded zero-order term ib, can be absorbed by taking 7|, small enough. In
other words, it is enough to prove (IV.11) with L in the place of ‘L.

When dealing with the case b(r) we already saw the advantage of consid-
ering separately the cases & > 0 and & < 0 (microlocalization) and this corre-
sponds to writing 1 = H(§) + H(—§), where H(§) is the Heaviside function,
defined as H(¢) =1 for £ > 0 and H(¢) =0 for ¢ < 0. It will be convenient—
although not strictly necessary—to substitute this rough partition of unity by a
smooth one, so we consider a test function y € C*(—2,2) such that y(§) =1
for |£] <1 and set

e J1=x@®. i g0,

vO=1 i e-o
and

_ .o it £>0,

Vo= 1—x(&), if &<o,

so we have 1 = y(§) + ¢ (&) + ¢ (€). Given ¢ € (R, x R,), for each fixed
t we have a decomposition

@(-, 1) = Pop(-, ) + P (-, 1) + P~ ¢(-, 1)

] (IV.13)
= @0(" t) +§D+(" t) +o ('v t)7
where
1 ; ~
Pop(r. 1) = o [ ¢ XOBE 1) dE.
Protn i =5 [ €Ut ©FE N
Protn i =5 [ €U (@B aE
Set B(x, 1) = [, b(x, 7)d7 and define
Kl =5 [ [ eesonn-seneg o7 (&, 5) dsag
S (IV.14)

2
where T(x) = T if sup, b(x, 1) > 0 and T(x) = —T if inf, b(x, r) < O (notice
that these conditions exclude each other because ¢ — b(x, t) does not change

sign). The function 0 < ¢ (£) < 1 is supported in [0, c0) and chosen so that
@t (€) =1 for & in the support of ¢+ (&). This implies that PTP* = P*. If

=/t feix§+(B(x,t)—B(x,x))|§|p/:r‘\f(g, 5) dé ds,
T(x) VR o
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sup, b(x, t) =inf, b(x, t) =0 we set T(x) = T. In particular, 7(x) is constant on
the open set inf, b(x, ) < 0 and also constant in its complement. It follows that
if T(x) is not continuous at the point x then 7 — b(x, t) vanishes identically.
Since the integrand in the definition of K+ vanishes for £ < 1 we had the
right to replace ¢ by |£| in (IV.14). We now recall that the Fourier transform
of the Poisson kernel of the half upper plane {(x,y) € R*: y > 0}

Iy
P(x)=——>—
}(x) T y2 +x2
is
/ e P (x)dx = e,
R

This is still true for y = 0 if we interpret P,(x) as a limit in the distribution
sense: Py(x) = lim , P, (x) = 6(x) = Dirac’s delta. In view of this fact, a
common pseudo-differential notation for the convolution P, * g is e Pxlg,
Thus, for x, ¢, s fixed, the inner integral in (IV.14) may be written as the
convolution P, « f+ with f*(x,s) = P* f(x, s) and y = B(x, s) — B(x, 1), i.e.,
as e~ (BO)=BenID 7+ Notice that B(x, s) — B(x, f) > 0 when s belongs to
the interval with endpoints {z, T(x)} because of the way T(x) was defined.
For any function g(x) in L?(R), let us write g*(x) = sup,_ |P, * g(x)|. We
thus have

IK* fx, 1)| < [ (7Y (xs)ds. (IV.15)

It is well known that g*(x) < Mg(x), where M denotes the Hardy—Littlewood
maximal function

1 x+r
Mg(x) =swp - [ |g(n]ds

r=o X—r

and that || Mg||,, < C,l|g|

s 1 < p < oo. This shows that

LP(R) ds

1K FC D ey < € [ I i ds <€ [ IAC.9)

where we have used that P+ is bounded in L”(R) for 1 < p < oo because it
is a pseudo-differential operator of order zero. Raising the inequality to the
power ¢ and using Holder’s inequality we get

1K FC DN ney < CTY N N oy ry ey

so integrating between —7 and 7" with respect to ¢ and taking the 1/gth power
we obtain

IK*f

vp-r.r:er@] < CTNf | ag-r. i @y- (IV.16)
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Next we have to see the effect of K on Lo, ¢ € C*(Q;) = CX (R x (=T, T)).
Observe that since ¢(x, +T) =0 it follows that ¢ (&, £7) = PT¢(&, +£7) =0,
in particular ¢ (¢, T(x)) =0 for any ¢ € R. Let us compute

K of(x,1)= f r / et (B -peese) 497 (6. 8) dE L
T(x) /R ds 2ar

Note that we have used that P*¢* = ¢*. We integrate by parts in s. The
boundary term is

1 .
5o et @ nag=¢* ()

and the integral term is
[ B B9l eI
= [ [ @ me il iy ) (g7 (€, 5) 5 ds.
T(x) /R 2
Since |€| = £ on the support of ¢ and ifc,/o-I = g/o? we have

t
K*or (x, 1) = ¢ (x, 1) — i/ b(x, s)e~ B9 -BEDID o+ (. 6) ds.
T(x)
(IV.17)

We may erte b(X, s)ef(B(x’S)*B(x’[))‘Dx‘(P;’ — [b, e*(B(X’S)fB(Xal))‘Dx‘] goj:_‘_
e~ (Bl =Bx0)IDdpet . Thus, (IV.17) may be rewritten as

K Lot(x,t) =t (x,0) + Rt @™ (x, 1) (IV.18)
where
t
Re*(x,1)= / [b, e” B =BeDIPN] oF (x, 5) ds. (IV.19)
T(x)

It follows from (IV.16) and (IV.18) that

||€D+||L4[R;LN(JR)J = ||K+L¢+||L4[R;LH(R)] + ||R+¢+||L4[R;LP(R)]

(IV.20)
= CT||L(P+”L‘I[R;LF(R)] + ”R+‘P+”L‘I[R;LF(R)]?

so (IV.20) will imply (IV.11) for ¢™ with L in the place of 'L if the error
term || R* @™ || 4z, 1o(=) can be absorbed. At this point we need

LEmMA IV.1.11. Let b(x), x € R, be a Lipschitz function with Lipschitz
constant K, ¢ € §(R). There is a constant C > 0 such that

sup [b, e_elDXl] @,

>0

= CpK||§D||Lﬂ(R)~
LP(R)

https://doi.org/10.1017/cB &2 BRTIAAS BoRks Bnking G frembridas ddpivarsityress, 2009


https://doi.org/10.1017/CBO9780511543067.005

160 Local solvability of vector fields

ProoF. We have
[b.e 2] 0,(0) = [ (b(x) = bD)IP,(x = )¢ () dy.
After an integration by parts we may write
[b,e’lev*l]gox(x)

(Iv.21)
=P, x(b'e)(x) + / (b(x) = b()[P,] (x = y)e(y) dy.

As we already saw, sup,_, |P,x (b'¢)| < M(V'¢) < ||V'| .~ Me, where M is
the Hardy-Littlewood maximal operator. The second term may be majorized
by K|Q.||e|(x) where

—2x?
(1+x2)%
Since the function |Q(x)| has an integrable even majorant it follows [S1]
that sup,_ |Q,| *|¢| < CM(¢). Therefore, |[b, e~*>+I] ¢/ (x)| < CMg(x) and

the L” boundedness of the Hardy—Littlewood operator M grants the desired
estimate. O

0.00=100/e), 0 =x ()=

We may now estimate the error term in (IV.20). Since

‘ [b, e~ (BB g+ (. S)‘ < sup
y=>0

[b, e_Y‘Dx‘] goj(x, S)‘
it follows from (IV.19) and Lemma IV.1.11 that
T
IR Dlley < € [ 1™ 9) ey d:
We already showed that from this inequality follows the estimate

IR @™ | a—r.1y:10 @) < CT N N aper, 15200

Taking account of (IV.20) we obtain

o™ Lopr.y:2r@y < CTNLET | pagr.17: L0y + CTN@T N Log—1.77: 107 -

Write L™ = LPT¢ =P Lo+][L, P*l¢ = P"Lo+[—bD,, P*]¢p. Since P*
is a pseudo-differential of order zero, P* is bounded in L?(R) and so is the
commutator [—bD,, PT] with norm proportional to ||b, |,~ (see [S2, page
309], for the continuity in L? which implies the L” continuity, 1 < p < oo, by
the Calderén—Zygmund theory). Thus,

||€D+ ”Lq[(—T,T);LP(R)] = CT”LQD”L‘/[(—T,T);LP(R)] + CT||€D||L4[(—T,7);LW(R>]-
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In a similar way, we may prove

||99_||m[(7r,7);m(m)] = CT||LQD||L4[(—T,T);LI’(]R)] + CT”@”L‘I[(—T,T);LP(R)]'

It remains to estimate ¢, which is easier. We define

ey L dE
Kof(x, t)= [T /Re[x§+(B(x,z)fB(x,x))épof(g, 5)

d
—ds,
2
and notice that ﬁ()? (& 5)= )((f)?(f, s) is supported in | €| < 2 so the exponen-
tial remains bounded independently of the sign of the exponent. Reasoning

with K, as we did with K* we derive

”QDOHL‘I[(—T,T);LI’(R)] = CT”LGD”Ltz[(fr,n;ur(m)] + CT”QD”L‘![(—T,T);L/’(R)]'
Since ¢ = ¢, + ¢t + ¢~ we obtain

el zap-r.m: oy < CTILON Lap—r.17: 10y + CT @l ag—7,79:10 07>
which implies, assuming that CT;, < 1/2 and 0 < T < Ty, that

el Lop—r.m: Loy < 2CT L@l op1.19: 10 ) -
This proves Theorem IV.1.9.

REMARK IV.1.12. Although the coefficient b(x, r) was assumed to be smooth
in the proof of estimate (IV.11), all steps can be carried out assuming only that
b(x, t) is continuous and b, is bounded, so Theorem IV.1.9 and its Corollary
IV.1.10 remain valid under these hypotheses.

Consider a finite rectangle U = (=7, T) x (=T, T). In view of Corollary
IV.1.10, for every f € L”(U) we may find u € L?(U) such that Lu = f in
U. Since L?(U) decreases as p increases from 1 to oo the value of p may be
considered as a degree of regularity of the functions that belong to L?(U). If
we fix a function f € L*(R?), Corollary IV.1.10 tells us that for any p < co
we may find a function u, € L”(U,), U, = (=T(p), T(p)) x (=T(p), T(p))
solving the equation Lu, = f in U,. Unfortunately, 7(p) — 0 as p — oo, so
we cannot hope to find a convergent subsequence of the sequence of solutions
U, p= 1,2,3, ... The question arises whether we can find a local solution of
Lu = f with u € L*. The answer, in general, is no—as the following example
shows. Consider the smooth function of one variable

B([)::exp(—l/t), ?f >0,
—exp(l/r), if <0,

with derivative

b(1) = B(1) = exp(1/l),

https://doi.org/10.1017/cB &2 BRTIAAS BoRks Bnking G frembridas ddpivarsityress, 2009


https://doi.org/10.1017/CBO9780511543067.005

162 Local solvability of vector fields

and define the differential operator on R?
d a
L= a_l‘ — lb([)a
It is easily verified that L satisfies condition () and L' = —L. The func-
tion B(t) is strictly increasing for —oo < f < oo and has an inverse S3(s) :
(—=1,1) = (—o0, 0) given by B(£|s|) = £1/|log|s||. There is a homeomor-
phism W(x, s) = (x, B(s)) : R x (=1,1) > R x (—o0, c0) which is a diffeo-
morphism for 0 < |s| < 1. Let u € L*(R?) and f € L*(R?) be such that

Lu=f (IV.22)

in the sense of distributions and set

v(x,s) =u(x, B(s)),  g(x,s)= JO. B(s))

slog? s

LEMMA IV.1.13. Let L, u(x,t), f(x,1), v(x,s), g(x,s) be as above. Then,

v(x,s) € L™, g(x,s) € L},. and
d 1
—v==-g for —l<s<l, (IV.23)
0z 2
in the sense of distributions. In particular, if w is any solution of
ad
—w=g,
P 8

in a neighborhood of the origin, w must be essentially bounded in a neigh-
borhood of the origin.

ProOF. If U is an open subset of R? and V = W~'U, then V is an open subset
of R x (—1, 1) and its Lebesgue measure is given by

= / ; dxds.

v |s|log |s|
It follows that the Borel measure w(X) = m(W(X)) is absolutely continuous
with respect to the Lebesgue measure on R x (—1, 1), since |s|~"log™* |s| is
locally integrable in R x (—1, 1). Thus, v(x, s) and g(x, s) are measurable, v
is bounded, g is locally integrable, and for every ¢ € C*°(R x (—1, 1)) we
have the identity

2fv(x s)

as follows from the change of variables (x, s) = (x, B(¢)) in both integrals.
Indeed, ¥(x, 1) = ¢ (x, B(t)) is a test function and (IV.24) becomes (u, L' ¢p) =
(f, ¢), which is precisely (IV.22). Furthermore, if w/2 is a local solution of

3¢>(x 5)

dxds = / g(x, s)d(x, s) dxds, (Iv.24)
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(IV.24) it follows that w — 2v is holomorphic in a neighborhood of the origin
and w must be locally bounded. O

By the lemma, we will have our example if we show that for an appropriate
choice of f € L*, equation (IV.23) has a solution which is not locally bounded
in any neighborhood of the origin. We choose f so that F = fo W is the
characteristic function y of the sector K described in polar coordinates by
0<r<1/2,0<6<m/4. Hence, g= B x € L (R?) and a solution w(x, s)
of (IV.23) is obtained by convolution of g/2 with the standard fundamental
solution of the Cauchy—Riemann operator. Thus,

x—x

1 1
Rw(x, s) = — dx'ds’.
(% 5) 2o Jk [x=xP+]s—5 ¢In*s

We see that for (x, s) = (0, 0), the integral above is given by

1 w/4 a1/2 _ 0 1 /4 1
o= [ a0
2mJo Jo  rsin@log(rsinf) 2w Jo  sinflog[(sin 6)/2]

= —0

and it is easy to conclude that fw cannot be essentially bounded in any
neighborhood of the origin. Indeed, if (x,,s,) is any sequence such that
x, <0 and (x,,s,) — (0,0), the integrand in Rw(x,, s,) remains negative
and by Fatou’s lemma liminf , .\ 0 Rw(x,,s,) < Rw(0, 0) = —cc. Hence,
w(x, s) cannot remain essentially bounded in {(x, s) : x <0, x*>+s* < &£} for
any € > 0.

Take ¢’ = oo and write p instead of p’ in Corollary IV.1.10. If f € L™ we can
obtain local solutions of Lu = f in L*[(—T, T); L?(R)] for any 1 < p < oo but,
as we just saw, we cannot find in general a solution u € L*[(—T, T); L*(R)] ~
L*(Q;). Many results in analysis that hold for 1 < p < oo and fail for p = oo
become true if L is replaced by a space of functions of bounded mean
oscillation. In our situation the remedy is to replace the space L™ by the
space bmo(R), dual of the semilocal (or localizable) Hardy space h!(R).

IV.1.2 A priori estimates in A'

We recall some facts about the real Hardy spaces H'!(R), a particular instance
of the spaces introduced by Stein and Weiss in [SW], and its semilocal
version h!'(R) introduced by Goldberg [G]. In many situations H'(R) is
an advantageous substitute for L!(R) ([S2]), as the latter does not behave
well in many respects, for instance, concerning the continuity of singular
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integral operators. Let us choose a function ® > 0 € C*([—1/2, 1/2]), with
J @dz=1. Write ®,(z) = &' ®P(z/¢), z € R, and set

Maf(z) = sup [(®,x£)(2)I.

<E<X®

Then [S2]
H' R)={feL'(R): MyfcL'(R))}.

A space of distributions is called semilocal if it is invariant under multipli-
cation by test functions. The space H'(R), is not: yu may not belong to
H'(R) for 4y € C*(R) and u € H'(R). A way around this is the definition
of the semilocal (or localizable) Hardy space—better suited for the study of
PDEs—A'(R) ([G], [S2]) by means of the truncated maximal function

m(I)f(Z) = Osup |(CI)8 *f)(z)|,

W(R)={feL'(R): mefeL (R)},

which is stable under multiplication by test functions (we will systematically
denote by § the Schwartz space of rapidly decreasing functions and by &
its dual, i.e., the space of tempered distributions). It turns out that if ® is
substituted in the definition of 4'(R) by any other function ® € §(R) only
subjected to [ @ # 0, this will not change the space h'(R). Moreover, h'(R)
is a Banach space with the norm

I W = lmaf 1l

and H' C h' C L'. Of course, this norm depends on the choice of ® but
different ®’s will give equivalent norms, moreover, if A C § is a bounded
subset, there is a constant C = C(A) > 0 such that [[m,f |1 < Cllmgf]
for all f €8 and ¢ € A. In fact, more is true: denoting by M f(x) =
SUpgc 4 My f(x) the grand maximal function associated with 4 it follows
that | M f < Cllmaf|.:-

We now describe the atomic decomposition of 4! (R) ([G], [S2]). An A!(R)
atom is a bounded, compactly supported function a(z) satisfying the following
properties: there exists an interval / containing the support of a such that

(D) la(z)| <|1|7", a.e., with |I] denoting the Lebesgue measure of I;
(2) if |1] < 1, we further require that [ a(z)dz =0.

Any f € h' can be written as an infinite linear combination of k' atoms,
more precisely, there exist scalars A; and h' atoms a; such that 3°;|A;| < oo
and the series ) ;A;a; converges to f both in h' and in 8'. Furthermore,
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[Nl ~inf 3>, |A;|, where the infimum is taken over all atomic representa-
tions. Another useful fact is that the atoms may be assumed to be smooth
functions. A simple consequence of the atomic decomposition is that ' (R) is
stable under multiplication by Lipschitz functions b(x): if a satisfies (1) with
|I| > 1 it follows that a(x)b(x)/||b|| .~ also does. If |I| < 1 and the center of [ is
xo we may write a(x)b(x) = b(xy)a(x) + (b(x) — b(x))a(x) = B, (x) +B,(x).
Then B,(x)/||b||,~ satisfies (1) and (2) (with the same I) while B,(x)/K satis-
fies (1) for the interval I’ of center x, and length 1, where K is the Lipschitz
constant of a(x). It follows that f > bf is bounded with constant < ||b||,~ + K
in A'(R). A refinement of this argument shows that 4'(R) is stable under
multiplication by more general continuous functions including Holder func-
tions, as we now describe. Let w be a modulus of continuity, meaning that
w : [0, 00) —> R is continuous, increasing, »(0) =0 and w(2¢) < Co(t),
0 <t < 1. Consider the Banach space C,(R) of bounded continuous functions
f:R — C such that

LG~ )]
fle, = sup 2 TN
o=

>

equipped with the norm [|f{|c, = [ f|l;~ +|f]c,- Note that C,, is only deter-
mined by the behavior of w(¢) for values of ¢ close to 0. We will show in
Lemma A.1.1 in the Appendix that if the modulus of continuity w(7) satisfies

1 ph 1\
Z/ w(t)dth(l—HogE) , O<h<l, (IV.25)
0

then h'(R) is stable under multiplication by functions € C, (RR). Note that the
modulus of continuity w(r) =", 0 < r < 1, that defines the Holder space C",
satisfies (IV.25).

Consider now a first-order linear differential operator in two variables

J d
L=—+ib(x,t)—+c(x,1), x,teR. (Iv.26)

ot ox

We assume that for some 0 < r < 1

() c(x, 1) € C"(R?);
(i) b(x, 1) is real and of class C'*", i.e., for all multi-indexes |a| <1, D*b
is bounded and D*b € C"(R?);

(iii) for any x € R the function t — b(x, t) does not change sign.
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Of course, (iii) means that the operator L given by (IV.26) satisfies condition
(). We now introduce the space L![R,; 2'(R,)] of measurable functions
u(x, t) such that, for almost every ¢ € R, x — u(x, t) € h'(R) and

[l dr = € < oo
R

The dual of the space L'[R; h'(R)] is (canonically isomorphic to) the space
L®[R; bmo(RR)] (see page 174).

When proving a priori estimates for norms involving Hardy spaces, the role
of the coefficient c(x, r) will be small and its contribution may be absorbed.
For that reason, it is convenient to assume initially that c(x, f) =0 and we
shall do so for a long time in the computations that follow. We will withdraw
the temporary hypothesis only after we have proved our estimates with the
additional assumption that c(x, 7) = 0.

PrOPOSITION IV.1.14. Let the operator L given by (IV.26) with ¢(x,t) =0
satisfy (ii) and (iii), and let o > 0 be given. Then there exist operators
K,R:C*((—a,a) x (=T,T)) — L'[(-=T, T); k' (R,)] and constants C > 0
and T, > 0 such that

KLu=u+ Ru, (Iv.27)
”KM”L][(—a,a)x(—T,T)] = CT”””L‘[R;h‘(JR)]’ (Iv.28)
[ Rull i arx 1.1 < CT Ul gty (Iv.29)

forallue C([—a,a]l x[-T,T]), 0 < T < T,.

This is a technical proposition that does not have an immediate duality conse-
quence due to the fact that the norm on the left-hand side of the estimates is
a weaker norm than that on the right-hand side and it should be regarded as
an intermediate step towards a better estimate to be obtained later. The proof
of Proposition IV.1.14 is similar to that of Theorem IV.1.9; in particular, the
operators K and R referred to in (IV.27) were implicitly used in its proof, for
instance, K = K"+ K~ +Kj,, R=R"+ R + R, with K* given by (IV.14),
R* given by (IV.19) and so on. So the first step will be to prove the analogue
of (IV.27) for K*. This will follow from a slight modification of (IV.15). Let
us consider a restricted maximal function
8" (x) = sup [Py xg(x)].
0<y<I

Notice that the sup is now taken for values of y between O and 1 instead
of 0 <y < oo as we did in (IV.15), but we keep the same notation g > g*.
Assuming without loss of generality that b(x, ) has compact support and
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taking 7 small we may assume that |B(x, r) — B(x, s)| < 1 in formula (IV.14),
so we get

\K*u(x, 1)| < /_ (@) (x5 ds. (1V.30)

Before we continue with the proof of the estimates, we state and prove
some lemmas. The first one deals with the nonlocal space H'.

LemMA IV.1.15. Let Q € C'(R) be an integrable function such that
C
' <—, eR
0= e
for some C > 0. Then, for some C > 0,

[ Mofx)dx= [ supl, % (0l dx < Cllf . | H'R).
R R y>

ProoF. By the atomic decomposition we may assume that f(x) = a(x) is an
H'-atom supported in an interval (x, — r, x,+ ). Assume initially that x, = 0.

We have
C
— xeR,

Q) < 1€, - =
and we easily derive that
/_z Mya(x)dx < C.
Recalling that [ a(x)dx =0 we may write
@+ = [ a@)(Q,(x2)~0,(1)dz.

By the mean value theorem, we get for |z| < r
Cr
< —
2 +§2 - §2
for some & € (x —r, x+r). If |x| > 2r, it follows that |£| > |x|/2. Thus,

10,(x—2) = Q(X)I_—IQ(f/y)ZI_

Cr
sup[(Qyxa)(X)| = —,  [x][>2r,
y>0 X

and
/ Mya(x)dx < C /wdt<c
a(x)dx r — .
|x|=2r ¢ - 2r 2~

This shows that f Mya dx < C. In the general case we consider a trans-
lated atom d@(x) = a(x+ x,) which is centered at the origin and observe that
[Myall, = ||[Myd|,: because Mya(x) = Mya(x+ x,). O
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We return to the semilocal Hardy space h' in the next lemma.

LEMMA IV.1.16. Let 0 < a < oo, let P be the Poisson kernel in Ri and let Q
be an integrable function satisfying |Q'(x)| < C/(1+ |x|?) as in the previous
lemma. There exists C > 0 such that

[ s 1P f0ldx < Cllf ey, e (B),

aO0<y<l

[, 5w 10, f)1dx = C I ey, feh'R).
—a <y<
Proor. The first inequality follows from the second one, as P satisfies the
hypothesis required for Q. To prove the second inequality we need only show
that there exists C > 0 such that
/ sup |Q,*a| < C
—a 0<y<l
for all h'-atoms a. Let a be an h'-atom supported in the interval 1 = (x, —
r,xo+ 7). If r>1/2 we observe that

Sup I(Q, xa)(¥)] = Sup lall =10yl < I Qlw < 12l < C.

O<y<l O<y<l1

so the integral we must estimate is majorized by 2Ca. If » < 1/2 the atom a
must satisfy the moment condition and it is also an H'-atom so the required
inequality holds even for @ = oo by the proof of Lemma IV.1.15. O

In view of (IV.30) and the first inequality of Lemma IV.1.16 we obtain

||K+u||Ll[(7a,a)><(7T,7)] < CT|ju* N 2 st ) - (Iv.31)

To obtain a similar inequality for Rt we use (IV.19) to derive

T

[R*ux.0l= [ sup

=T 0<y<l

[b,e71P]uf (IV.32)

We already saw that
[b,e_""D*‘]qu(x, 1)

= P, (byu")(x, t).../w

O,(x—y)u*(y, 1)dy

=P, (b)) + [ 0,(x=9)B (v, u* (v, 1) dy,
with
1 dpP —2x?
0,(x) = ;Q(x/y), O(x) = Xa(x) = Ux0)y
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and
b s _b bl .
I G R T R,
lg (y’t) = X=)Y
b.(x,5), if y=x.

Using once more Lemma IV.1.16 we see that the norm in L'[(—a, @) x
(=T, 7)] of the term P, * (b, u™)(x, t) is dominated by

”bxu+||L1[R;hl(R)] = ||M+”L1[]R;h‘(]R)]

where we have used that multiplication by b, € C" is a bounded operation
in h'(R). Concerning the second term, observe that it may be written as a
convolution Q * (B8 u™)(x) (note however that the factor 8* depends on the
point at which the convolution is evaluated). The main tool to estimate the
second term is

LEMMA IV.1.17. Let 0 < a < oo. Let Q € C'(R) satisfy

c
10W[+1QW)| = 75+ *<R
for some C > 0 and assume that B € L*(R?) is such that for some K > 0
[y — Xl
|x — x|

s [x—=xo| = 2]y — x|

1B(x,y) = B(x, xo)| = K

Then there exists C = C(B, Q) > 0 such that, for every f € h'(R), the
inequality

[ sup 10, (B' (0| dx = Cllf ey holds

aO<y<l
with B*(y) = B(x, y)-

PROOF. Let a be an h'-atom, with s(a) C 1= (xo—r, xo+7r). If r>1/2 we
have

[ 0@ awlax= [ suw [ 0,(~B (@a()dz|ax

<y< <y<l

< [ 1Bl lall~1Q, ) dx
< 2a]Bl-1Qll. -

Let us tackle the case r < 1/2 assuming initially that x, = 0. The estimate

2r

[ sup 10, (Ba) ()] dx = Crlall = €

2r 0<e<l
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is, as usual, easily obtained. Keeping in mind that [ a(y)dy =0 and writing
Q. (x—y)B*(y) — Q. (0B (0) = (Q:(x— y) — . (x))B*(0)
+0.(x—y)(B*(y) —B*(0))

we get the estimate
10, *(B*a) ()| = / 1(Q:(x = y)B*(y) = Q:(x)B*(0)[ |a(y)[ dy
/—SHPIQ((X /& Bl [yl la(y)|dy

[yl<r

+[ 5 s l0(—/ol

MES | x]

la(y)|dy.

Since |x| > 2r and |y| < r imply that |x — y| > |x|/2, using the decay of Q
and Q' we see that

1 c ¢
squIQ((x Nol= 5w
1 CE C
— — S ==
g‘syng((x y)/e)l < PRI

for |x| > 2r so

0 (B'a)()| = C(B. Q) [ lat|dy
= C(B. 0.

Thus,

[ swlexBawiar=c@.or [ i=cp0.

[x]>2r 0<e<l

In the general case, we reason as before with a@(x) = a(x+ x,), which is an
atom centered at the origin, and B(x, y) = B(x+ x,, ¥+ x,), which satisfies
the same inequalities as B(x, y), then observe that

0, (B a)(x) = Q, * (B"a)(x — xo)
SO

| sup 10, %(B'a) ()] dx= [ sup |0, (B@))|dx < C(B, ).

O<e<l O<e<l O
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REMARK IV.1.18. A function B(x,y) satisfying the hypothesis of Lemma
IV.1.17 can be obtained by setting

b(x)—b(y) .

- 9’ f 9’
B'(y) = x—y iy

b'(x), if y=ux,

if b(x) and b'(x) are bounded, as is easily seen.

Returning to the estimate of the second term Q, * (8*u")(x) in the expres-
sion of [b, eP+Ju* we point out that Lemma IV.1.17 can indeed be applied
for any fixed 7 to B(x, y) = B*(y, ), so using Lemma I'V.1.17 and (IV.32) we
get

IR ull prg—acyx -y = CT N | 1 ey - (Iv.33)

Using (IV.31), (IV.33), their analogues for K—, K,, R~, R, and the fact
that P* and P, are pseudo-differential operators of order zero acting on the
variable x, so the norm of u™, u~ and u, in h'(R) are bounded by that of u, we
may prove estimates (IV.28) and (IV.29) concluding the proof of Proposition
IvV.1.14.

Consider now a test function ¢ € C*([—a, a] x [—T, T)). It follows easily
from (IV.27) that

el —aayx-7.m = IKLO|| 1ij(—a,ayx(-7,1] T IRPI L[~y x (~7.7)]
which, in view of (IV.28) and (IV.29), implies

”qD”Ll[(fa,a)x(fT,T)] =Cr (||L€D||L1[R;hl(nz<)] + ||€0||L1[R;hl(m)]) . (Iv.34)

Notice that we cannot absorb the term ||@|| iz, 1)) by taking T small because
it involves a stronger norm than that of the left-hand side. Thus, we wish to
obtain a similar but sharper estimate in which the norm [@|| .1z (=) also
appears as well on the left-hand side. To/_zg:hieve this we make use of the
mollified Hilbert transform H defined by H f=0- ,\/)I?? , where H denotes
the usual Hilbert transform, xy € C*(-2,2), ¢ =1, for |£| < 1. Here the
usefulness of H , which is a pseudo-differential operator of order zero, derives
mainly from the fact that it can be used to define an equivalent norm on
h?(R) without appealing to maximal functions, as granted by the following
estimates (cf. [G]):

CllHS I < Il < Gl +IHS ), f € h'(R).

Another ingredient is the following lemma.
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LEMMA IV.1.19. Let r(D) be a pseudo-differential of order zero with symbol
r(x, &) = r(€) independent of x. Assume that for some C > 0 the following
inequality holds:

1A < CAL N +1rDf ). feh'.
Let K be the kernel of r(D) and for each & > 0 write
r(D)f(x) =< x(e (x—)DK, f>+ < (1—-x(e(x—))K, f>
=1 (D)f(x) + 7 (D) f(x),

where x € CX(—=2,2) with x(y) =1 for |y| < 1. Then there exists €, such
that for all 0 < € < g, there exist constants C, = C,(g), C, = C,(¢g) > 0 such
that

Il = Gl e + M7 (D) flln) < Gl F - (Iv.35)

Prookr. For each € > 0, r{ (D) is a pseudo-differential operator of order zero,
thus bounded in A', so

1Al + U PVl < 1 s + 7 (D)l < Co(@) 1S -

On the other hand, ||75(D)f|l,1 < [|K5||.i ]l and ||K5|, — 0 as e — 0.
Therefore, there exists &, > 0 such that ||[K4||,; < 1/2C for 0 < & < g;. Thus

171 = CAUflLs + 1D )
1
< € (Ul + 17 D Vi + 56111

1
< CUA N ANy OV Flle) + S 1 W -
which implies

1A s < 2CCF M+ 77 (D)) O

REMARK IV.1.20. Notice that {(D) is given by convolution with a distribu-
tion supported in the interval (—2/&, 2/¢), in particular if u € &'([—r, r])—
i.e., if u is distribution supported in the interval [—r, r|—r{ (D)u is supported
in the interval [—r —2&~!, r +2&7'].

We are now able to prove a stronger estimate. We will show that there exist
constants C and T, > 0 such that for any 0 < T < 7 and ¢ € C*((—a, a) x

(-=T.7)),
lelormney < CTILON -7, r,)) - (Iv.36)

https://doi.org/10.1017/cB &2 BRTIAAS BoRks (nking G frembridas ddpivarsityFress, 2009


https://doi.org/10.1017/CBO9780511543067.005

IV.1 Planar vector fields 173
Given ¢ € CX((—a, a) x (=T, T)) set

Ho( (6 = (1 - )@ He( (&)

where H is the Hilbert transform and y € C*(—2,2), x(¢§) =1 for |€| < L.
The symbol of H is equal to h(£) = ¢+ (£€) — i (£), where ¢ and y~ are the
symbols of the operators P and P~ already used. We see that Hisa pseudo-
differential operator satlsfylng the hypotheses of Lemma IV.1.19 and we
may write it as a sum H = HS—I-HE where H‘8 E'((—a,a)) > &((—d,a))
satisfies (IV.33), i.e.,

leCs Dy < CULC Dz aay + IHT €C Dl Caran)s (Iv.37)
for some C > 0. Since ;Ifgo(x, 1) € C*((—d',a")x (—T,T)), applying (IV.34)
(with @’ in the place of a) to Hf ¢ we get
”HISQD”L'((7T,T)><(—a’,a’))
<CT (”LHISQD”L‘((—T,T),h‘(RX)) + “HISQD”L‘((fT,T),h‘(RX)))' (IV.38)

Since LH F= H FL+[L, H 7] and, invoking Proposition A.2.2 in the Appendix
A, we may claim that Hf as well as [L, HF] are bounded operators in 7' (R,).
It follows from (IV.38) that

”HISQD”L‘((—T,T)x(—a’,a’))
< CT(ILell i rmnmy T 1Pl rmme,y)  (IV.39)
Integrating (IV.37) with respect to ¢ and using (IV.39) we see that
||§D||L1((—T,T),h1(RX)) = C(||‘P||Ll((—r,7)x(—a,a)) + ||Hf‘P||L1((—T,T)x(—a/,a/)))
< CT(lell o —rmyn ey T IL@l L1 i (=,)-
It is now enough to choose 7|, such that CT <1/2if T < T, to get
lelormnmy < 2CTILell i r.mm®,))

as desired. We may now state

THEOREM IV.1.21. Let the operator L given by (IV.26) satisfy (i), (ii) and
(iii) and let a > 0. Then there exist constants C > 0 and T, > 0 such that

Nl rmn ey < CTINLUll 1m0 (=, (Iv.40)
forallue C*([—a,a]l x[-T,T]), 0 < T <T,.
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ProoF. We have already proved (IV.36) assuming that c(x, f) = 0 which is
the same as (IV.40). In the general case we write L = L, + ¢ and since (IV.36)
holds for L, we obtain

lall o rmem oy < CT (1Lt pr—rmym ey + lettl ormim e,y)
<CT (”Lu”Ll((—T,T);h‘(]R*)) +C, ”u”Ll((—T,T);hl(JRX)))

as multiplication by a C” function is a bounded operator in the space
L'((=T, T); h'(R)). Taking T small so that CC,T < 1/2, we obtain (IV.40).
O

The a priori inequality (IV.40) has a standard duality consequence which we
now describe. The dual of /' (R), denoted by bmo(R), may be identified ([G])
with the space of locally integrable functions f(x) such that sup;,,_, |[1|™" [, |f —
fi| <ooand sup; ., [I|™! [, |f| < oo, where we have denoted by I an arbitrary
interval and by f, the mean of f on I. In particular, bmo(R) is contained
in BMO (R), the space of bounded mean oscillation functions. Then, (IV.40)
implies local solvability in L*([—T, T],bmo(R,)) for the formal transpose
L'. Now, L and —L' have the same principal part, so L and —L' satisfy
simultaneously the hypotheses of Theorem IV.1.21. Summing up,

THEOREM 1V.1.22. Let the operator
0 ad
L=—+4ib(x,1)— t
Py ~+ib(x, )8x +c(x, 1)

satisfy (i), (ii) and (iii). There is a neighborhood U = (—a, a) X (=T, T) of
the origin such that for every function f € X = L*(R,, bmo(R,)) there exists
a function u € X which solves Lu = f in U, with norm

[/l 2, bmocz,)) < CT I Il (r, bmo(r, ) -

In particular, the size of u can be taken arbitrary small by letting T — 0.

We conclude this section by proving consequences of Theorems IV.1.21
and I'V.1.22 that can be stated in a more invariant form that does not depend on
a special coordinate system. In Theorems IV.1.21 and IV.1.22, the operator
L has a special form which is instrumental in obtaining a priori estimates
with minimal assumptions on the regularity of the coefficients but, at least
heuristically, after a suitable change of variables any first-order operator of
principal type has this form as we saw in Lemma IV.1.1. On the other hand,
for operators with rough coefficients this change of variables imposes a loss
of regularity on the coefficients of the transformed operator. One should also
observe the loss of derivatives caused in the process of deriving estimates in

https://doi.org/10.1017/cB &2 BRTIAAS BoRks (nking G frembridas ddpivarsityFress, 2009


https://doi.org/10.1017/CBO9780511543067.005

IV.1 Planar vector fields 175

terms of the original variables from estimates obtained in the new variables by
the behavior of local Hardy norms under composition with diffeomorphisms.
For this reason we now deal with operators having C*™" coefficients in
the principal part. Since we are dealing with mixed norms, the roles of ¢
and x cannot be interchanged and we must consider changes of variables
that preserve the privileged role of ¢. Consider a general first-order operator
defined in an open subset () C IR? that contains the origin

9 9
Lu:A@Jh§+Buﬁbg+qun

with complex coefficients A, B € C**"(Q), 0 <r <1, C € C,(Q). Assume

that the lines ¢ = const. are noncharacteristic, which amounts to saying that

|A(x, )| > 0, (x, 1) € Q. Since the properties we are studying do not change

if L is multiplied by a nonvanishing function of class C**", we may assume

without loss of generality that A =1, i.e.,

ou ou

Lu=—+B(x,t)— + C(x, 1) u.

u 8t+ (x )8x+ (x,)u

Write B(x, 1) = @(x, t) +ib(x, f) with & and b real. In convenient new local
coordinates & = £(x, 1), s = t, the expression of L is

L=0d,+i(b/(0x/3€))d; + C(x(£, ), 5) = 0, +ibd, +c,

where b is real of class C'™" and ¢ € C,. If L satisfies the Nirenberg-Treves
condition () so does L, due to the invariance of this property that will be
discussed in the next section (the coefficients are supposed to be smooth for
simplicity in that section but the arguments adapt to the present situation).
Multiplying the coefficients b and ¢ by a cut-off function y > 0 € C*(R?)
that is identically equal to 1 in the neighborhood of the origin we now have an
operator L’ with smooth coefficients and globally defined in R? that satisfies
the hypotheses of Theorem IV.1.21 and agrees with L in a neighborhood of the
origin. Thus, the a priori estimate (IV.40) holds for L’ in the variables (&, s).
Let u/(¢, s) € C(R?) be supported in a sufficiently small neighborhood of
the origin and set u(x, 1) = u'(&(x, 1), ), where (x, 1) — (£, s) is the inverse
of (¢, 5) = (x, ), thus of class C?*". Invoking the invariance of 4'(R) under
diffeomorphisms of class C? discussed in Proposition IV.3.1 we conclude that
if u’ is supported in a convenient neighborhood of the origin we have

Co [ I Dlgeydr = [ 1G9y ds < o [ llaC D)l do

and this shows that the a priori estimate (IV.40) for L’ implies an analogous
estimate for L, using the fact that Lu(x, t) = L't/ (&(x, t), t). Summing up,
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THEOREM 1V.1.23. Let L given by
Lu=A(x, t) +B(x t) +C(x fu

be defined in a neighborhood ()f the origin, with complex coefficients A, B €
C*r(Q),0<r<1, CeC,(Q). Assume that the level curves t = constant are
noncharacteristic for L and that L satisfies the Nirenberg—Treves condition
(P). Then there exist constants a >0, C > 0 and T, > 0 such that

”u”Ll(IR IR = CT”Lu”Ll(IR JhU(RY))?
for all ue C*([—a,al x [-T,T]), 0 < T < T,. Hence, for every function

feX=L*R,, bmo(R,)) there exists a function u € X which solves Lu = f
in a neighborhood U of the origin, with norm

lullx < CT | f1lx-

IV.2 Solvability in C*

In the last section we introduced the local solvability condition () in Defi-
nition IV.1.5 assuming that the vector field L was in the special form

9 9
L="2 yib(x, = V.41
o Tibte D (IV.41)

with b(x, ) real, smooth, and defined for all (x, f) € R?. However, to require
that ¢t — b(x, f) does not change sign is not per se a coordinate-free definition
because we are demanding that a particular coefficient (namely, b(x, t)) does
not take opposite signs on sets of a special kind (namely, {x} x R). It order to
find more invariant ways to formulate condition () it is convenient to find
larger sets on which b(x, f) keeps its sign unchanged. Assume that L given
by (IV.41) satisfies (). Then the sets

T={xeR: suph(x,t)>0}and A~ ={xeR: infb(x,1) <0}
t t

are open and disjoint, and the complement of its union F = R\ATUA™ is a
closed set with the property that b(x, 7) =0 on F x R. Write A" and A~ in
terms of their connected components

f=U@ e, A =U b)),
J J
Ifxe (aj , b; ) there exists t € R such that b(x, £) > 0 so we see that b(x, t) >0
on (a;,b}) x R and similarly b(x, ) <0 on (aj,b;) x R. There is an easy
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way to describe invariantly the open sets Q+ (aj, ; ") xR and Q5 =
(aj, b;) x R: they are the orbits of dimension two of the pair of vector flelds
{X =90L,Y = JL}. Indeed, O is a union of vertical lines, so invariant
under the flow of X, and it is also invariant under the flow of Y because Y
vanishes on its boundary, so if p € Q7 the @ orbit O(p) of {X, Y} through
p is contained in Q/i Now, O(p) is an orbit of maximal dimension, thus
open and connected, and being invariant under the flow of X it is of the
form (a,b) xR with a7 <a < b < b;. Since {a} xR is contained in the
boundary of O(p), b(x, t) must vanish 1dentlcally on {a} xR soa¢ (aj, by
and similarly b & (a7, b7), which proves that Q% = O(p). On the other hand,
the sets {x} x R, x € F, are precisely the orbits of dimension one of {X, Y}.
Since a; ,bf, a; b € F we see that a two-dimensional orbit is bounded
by two one- d1mens10nal orbits in case its orthogonal projection onto the x-
axis is a finite interval, by one one-dimensional orbit if its projection has
exactly one finite endpoint and, of course, the boundary is empty if the
projection is the whole real line. To give a coordinate-free formulation of the
fact that b(x, t) does not change sign on two-dimensional orbits we look at
X AY € C*(R*; AX(T(R?))). Since A*(T(R?))) has a global nonvanishing
section e; Ae,, X AY is a real multiple of e, A e, and this gives a meaning to
the requirement that L A IL does not change sign on any two-dimensional
orbits of {NL, IL}. Note that when L has the form (IV.41) we have seen that
this happens if and only if L satisfies ().

Consider now a vector field defined in an open subset Q C R?

Lu= A(x, r) +B(x r) (IV.42)
with complex coefficients A, B € C*({)) such that
|AGx Y[+ [B(x, )| >0, (x,1) € Q.

DEFINITION IV.2.1. We say that the operator L given by (IV.42) satisfies
condition (P) in Q if RL AL does not change sign on any two-dimensional
orbit of L, i.e., on any two-dimensional orbit of the pair of real vector fields
{ML,3IL}.

The previous discussion shows that the coordinate-free Definition 1V.2.1
reduces to Definition IV.1.5 when L is in the form (IV.41).
Let ¢(x, t) € C*(R?), set

Z(x, 1) =x+ip(x, 1), (Iv.43)
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and consider the vector field
0 ip(x,1) 9 d Z 0
ot l+ip(x,0)dx  dt Z ox
Thus, Z(x, ) is a global first integral of L, i.e., LZ =0 and dZ # 0 everywhere.

(IV.44)

LEMMA IV.2.2. Let Z(x, t) and L be given by (IV.43) and (IV.44) respectively.
Then, L satisfies (P) in R* if and only if R > t = ¢@(x,t) is monotone for
every x € R.

Proor. We have

_9_ ee 9 ___ % 9
at 14+¢?ox’ 1+¢20x’
SO
, a 0
gay &y 9 9
1+¢2 ox ot

Note that X and Y are linearly dependent at a point if and only if ¢, vanishes at
that point. Thus, the one-dimensional orbits of L are vertical lines x = constant
on which ¢, vanishes identically. Since the two-dimensional orbits of L are
bounded by 0, 1 or 2 one-dimensional orbits we see that each two-dimensional
orbit Q;, j=1,2,..., is of the form (a;, b;) x R. If L satisfies () then ¢,
does not assume opposite signs on €}, say, ¢, > 0 on €); so 1> ¢(x, 1) is
monotone increasing for all a; < x < b;. If x € (a;, b;) for any j it follows
that the point of coordinates (x,0) belongs to a one-dimensional orbit, so
@, (x,1) =0, —o0 <t < o0, and f > ¢(x,1) is constant. This shows that
t+— ¢(x, t) is monotone for every x € R. Conversely, assume that # — ¢@(x, f)
is monotone for every x € R and let (a;, b;) x R be a two-dimensional orbit.
Given x, € (a;, b;) we have that 7 — ¢,(x,, ?) has a consistent sign, say
@,(xp, 1) > 0. We must show that ¢,(x, ) > 0 for all a; <x< bj. Indeed,
if ¢,(x;,1) <0 for some x, € (a;,b;) and t € R, it is easy to see that there
exist an intermediate point x, between x, and x, such that ¢,(x,, r) =0 for
all + € R. Then {x,} xR is a one-dimensional orbit and must be disjoint
of the two-dimensional orbit (a;, b;) x R, a contradiction to the fact that
x, € (a;, b)). O

From now on, we assume that L given by (IV.44) satisfies condition (%) and
we wish to find a local solution Lu = f with u € C® when f € C*. We start
from estimate (IV.11) in Theorem IV.1.9, with L in the place of 'L, g = p =2.
There exists a, T, C > 0 such that, for every u € C*((—a, a) x (=T, 7)),

e, 1) 2e0) < L, )2 (IV.45)
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Modifying ¢(x, t) outside a neighborhood of the origin as in the proof of
Theorem IV.1.9, we may assume that ¢, and ¢, are compactly supported and
that a = co. The a priori estimate (IV.45) may be extended using Friedrichs’
lemma to any u € L2((—T, T) x R) such that Lu € L*((—T, T) x R).

We wish to extend (IV.45) in two ways: first, we want to know that the
inequality is still valid when u(x, t) is not regular enough to be in L*(R?)
although Lu(x, f) is known be in L?(R?); second, we wish to consider esti-
mates for Sobolev norms. We write

M=z, D=—L*—AM",

where A > 0 is a large parameter. Then L and M commute, which implies
that L and D also do so. A consequence of this fact that can be expressed in
terms of their respective symbols €(x, 1, &, 7) =i(t+ A(x,1)§), A=—-Z2,/Z,,
d(x,1,&,7)=—(C+Am*)(x, 1, &, 1), m(x, 1, &, 7) =iZ ' (x, 1)§, is expressed
by the identity

{€,d}(x,1,&, 1) =0, (x,t,& 1) e R
where {£, d} denotes the Poisson bracket performed in all variables. Note that

ZZ+A,

dx,t,€,7)=1" —2—§ +—— 7z

&
so for A large |Jd| < CNd and also d(x,t, &, 7) =0 implies 7= ¢ =0,
i.e., D is a uniformly elliptic second-order operator with smooth bounded
coefficients.

Consider a pseudo-differential operator P(x, t, D, D,) of order s and type
(p, 6) = (1,0) with symbol p(x, 1, &, 7), that is,

Pu(x,t) = / et p(x, 1, €, 1) U(&, T) dédT.

1
(2m)?
The first term in the expansion of the symbol of the commutator [L, P] is given
by —i{¢, p}(x,t, §) by a well-known formula from the calculus of pseudo-
differential operators. Thus, [L, P] is a pseudo-differential operator with the
same order s. However, if p(x,t, §) = F(d(x, t, §)) with F holomorphic on
the range of d, it follows that

(¢, pY(x,t, &, 1) ={l, Fod}(x,1,&,7) = (F od) {€,d}(x,1,&,7) =0

We see that in this case [L, P] has order s — 1, i.e., it commutes with L to a
higher degree than in the general situation, a fact we will explore. We already
saw that the range of d(x, ¢, &, 7) is contained in a closed cone of the complex
plane of the form |Jz| < C Mz and it follows that for any real € > O the range
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of 1+ €d(x,t & 1) has positive real part. Consider the pseudo-differential
operator P¢(x, t, D,, D,) with symbol

x(1)
(I+ed(x,t, & 1)’

where x(f) € C*(—T7,T) and x(t) =1 for |¢| < (3/4)T. We point out that
P¢(x, t, D, D,) has order —1 for € > 0 although {p¢} is not a bounded subset
of S[('). On the other hand, {p€}, 0 < € < 1, remains in a bounded subset of
S{ o which implies that the norm of P¢ in £(L*(IR?)) is bounded by a constant
independent of 0 < € < 1, € R. By the observations made before, the commu-
tator [L, P¢] has order —2 for fixed € > 0 on the open set R x (—37/4,3T/4)
and order —1 uniformly in € > 0, which implies that {[L, P€]} is a bounded
subset of £(L*(R?), H~'(R?)), where H~! denotes the Sobolev space of order
—1. Furthermore, P¢ — [ weakly as € — 0.

Consider now a distribution u(x, 1) € H ' (R?) supported in R x (—7/2, T/2)
and assume that

pi(x, 1,6, 7) =

o Luc L*(R?).

We will show that u € L*>(R?). Indeed, set u, = P€u. Then, u, € L*(R?) and
Lu, = PLu+[L, Plu € L*(R?). Note that the last inclusion is uniform in €
and that [L, P]u — 0 in L. Applying (IV.45) to u, we obtain

luell 2@y < CllLuell 22y < Cy.
Since u, — u weakly as € — 0 we conclude that [|ul|;2) < C; and
lluell 22y < CllLue] 1252

for all u € H-'(R x (=T/2,T/2)) such that Lu € L*(R?). Similarly, if u €
H:7 YR x (=T/2,T/2)), s € R, is such that Lu € H:(R x (—=T/2,T/2)) we
conclude that u € H*(R?*) and

el ey < oLl + sy (IV.46)

To prove (IV.46) we apply (IV.45) to u, = B°u where B¢ is the pseudo-
differential operator with symbol

: _ X +dxn € 1)
Pt 6D = S e £ 1)

and reason as before. Note that b* — b = y(1 +d)*? in the symbol space
St and that [lul|; ~ ||Bu||,. if B is the pseudo-differential with symbol
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b and u € H(R x (=T/2,T/2)). Furthermore, [L, B] has order s —1 on
R x (=T/2,t/2). Letting € — 0 we obtain

I1Bull 2z2) = CUIBLul| 2z2) + [ Ly Blull 12 g2))
which gives (46). A consequence of (IV.46) is that

uc&Rx(=T/2,T/2)) and Luec H'(R?)

imply that u € H*(R?).

Indeed, if u € &'(R x (—T/2, T/2)) there exists some o < s such that s—o =k
is an integer and u € H? (R x (—=T/2, T/2)). Then Lu € H*(R?) C H* *(R?)
and (IV.46) implies that u € H**+!(R?). Repeating this process k times
we conclude that u € H*(R?) as wanted. Observe that this implies that u €
E'(Rx (=T/2,T/2)) must be smooth if Lu € C*.

Another consequence is that if u € &' (R x (—=T/2, T/2)) satisfies Lu =0
it must vanish identically (a fact that also follows from uniqueness in the
Cauchy problem). Indeed, Lu = 0 implies that u € C*(R x (—7/2, T/2)) and
(IV.45) shows that u = 0.

Let K denote a closed ball of radius r < T/2 centered at the origin of R?
and let us prove that for any s € R

||u| HS(R2) < C(S)”Lul HS(R2)» ue CSO(K) (IV47)

Fix s € R and assume by contradiction that for every j =1, 2, ..., there exists
u; € C*(K) such that [[u;|| ys@e) = 1 and || Lu; || ys(z2y < 1/j. Passing through
a subsequence we may assume that u; — u in H*~'(R?) with Lu = 0 and this
implies that u = 0. On the other hand, (IV.46) gives

C,
1< I + G, [luj || g1 g2

which, letting j — oo, contradicts that u = 0. Using Friedrichs’ lemma we
may extend (IV.47) to

ull w2y < C() Lt s g2y, if u and Lu € H(K). (IV.48)

Let us now prove that for every f € C®(R?) there is u € C*(IR?) such
that Lu = f in K. Denote by C*(K) the quotient of C*(IR?) by the subspace
of those functions which vanish on K to infinite order. This is a Fréchet
space and its dual may be identified with &'(K), the distributions in &'(R?)
supported in K.
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In order to identify the dual of C*(K) with &£'(K) it is convenient to
introduce the pairing

(u(x, 1), v(x, 1)) = / u(x, 1) v(x, 1) dZ(x, 1) Adt
- / u(x, ) v(x, £) Z,(x, £)dxdt,

for which L and —L are formal transposes of each other, i.e., (Lu,v) =
—(u, Lv), u, v € C*(R?). This pairing can be extended to u € C*(R?) and
v e & (R?) and if v € &'(K) the value of {Lu, v) only depends on the residue
class [u] of u € C*(R?) in C*(K) and [u] — (u,v) is clearly continuous.
Conversely, given a continuous linear functional A on C*(K), the contin-
uous linear functional C*(R?) 3 u > A([u]) is represented by a compactly
supported distribution v € &' (R?) such that A([u]) = (u, v), u € C*(R?). Since
(u, v) must vanish when u vanishes to infinite order on K we see that v is
supported in K. Furthermore, it is clear that v =0 if A =0.

Consider the continuous linear map 7 : C*(K) —> C>(K) defined by
T{u] = [Lu], where [u] denotes the residue class of u € C*(R?) in C*(K).
Then the range of T is dense; in fact, if w is a continuous linear functional
on C*(K) such that (u, T{u]) =0, [u] € C*(K), regarded as an element of
&'(K), w satisfies the equation Lu = 0 which implies that w = 0. Thus, to
show that T is onto we need only show that the range of T is closed and by
the Banach closed range theorem for Fréchet spaces this will follow if we
prove that the range of the dual operator 7" is closed for the weaks topology.
However, C*(K) is reflexive, a consequence of the reflexivity of C*(R?), and
in this case it is enough to prove that the range of 7" is closed for the strong
topology (see, e.g., [T1], chapter 37). Let the sequence u; = T'v; = —Lv,,
v; € &'(K), converge to u € &'(K). There exist s such that {u;} C H*(R?)
and ||u;|l 4 < C, j=1,2,... This implies that v, € H*(R?) and by (IV.48)

V1l s < C)Imjllgs < C.

Passing through a subsequence we may assume that v; is convergent in
H*'(R?) to some v € H'(K), showing that T'v = —Lv = u so u is in
the range of 7’. Thus, the range of 7’ is closed and so is the range of T,
which must be equal to C*(K). In other words, for every f € C*(R) there is
u € C*(R) such that Lu — f =0 on K. Finally, if c(x, 7) is a smooth function
we see that we may smoothly solve Lu+ cu = f in K. If v, w are smooth,
L(e™"w) = e "(Lw — wLv). If we choose v € C* such that Lv = ¢ on K and
then take w € C* such that Lw =e"f on K, we see that u = e™"w satisfies
Lu+cu=f on K.
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Most of the results we have proved so far in this section are summed up
in the following:

THEOREM 1V.2.3. Assume that L is a smooth vector field defined in an open
subset Q of the plane and let c(x,t) € C*(Q). If L satisfies (P) in Q and it
is locally integrable then every point p € Q) has a neighborhood U such that
the equation

Lu+cu=f, feCr(U)

may be solved with u € C*(U). Conversely, if L is locally solvable in C%
then L is locally integrable.

ProoF. Only the converse part has not been proved already, and we prove it

now. Assume that

du du
Lu=A(x,t)— +B(x,t)—
u=A(x )8t+ (x )ax

with complex coefficients A, B € C*({)) such that
|A(x, )|+ |B(x,1)| >0, (x,1) e

is locally solvable in C*. Given a point p € (), that we may as well assume to
be the origin, we wish to prove the existence of a smooth function Z, defined
in a neighborhood of the origin, such that LZ =0 and dZ # 0. Set
0A(x,1)  OB(x,1)
d(x,1) = 5 + p
and find u € C*(Q) such that Lu = d in a rectangle U centered at the origin.
Then the 1-form

o = B(x, )e "™ dr — A(x, H)e "™ dx

is closed, since
d(Be™)  d(Ae™)
e
Furthermore, w does not vanish. Since U is simply connected, there exists

Z € C*(U) such that dZ = w. So dZ #0 in U and also LZ = (L, w) =
e "(Ad,+ Bd,, Bdt — Adx) = 0. O

e "d—e"Lu=0 inU.

REMARK IV.2.4. The assumption in Theorem IV.2.3 that L is locally inte-
grable simplified the construction of smooth solutions but a much more
general result is known. In fact, condition () alone, formulated in the appro-
priate way, implies smooth local solvability for operators of principal type of
arbitrary order ([H5]).
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IV.3 Vector fields in several variables

We consider vector fields defined in an open subset 1 C R"™*!, n > 1, that
contains the origin,

ad " a
Lu=A(x, )=+ 3 B,(x, ) o (IV.49)
or o ox;
with complex coefficients A, By, ..., B, € C*(£)) such that
|A(x, )|+ |B;(x, )| >0, (x,1) € Q. (IV.50)

Jj=1
As in the case n = 1 discussed in Section IV.1, we may assume locally that
A =1 and then apply a several-variables analogue of Lemma IV.1.1, namely

LeEmmA IV.3.1. In appropriate new local coordinates x = (x,,...,x,), t,

defined in a neighborhood of the origin, the vector field L assumes the form
u " u

Lu=—+4i) bi(x,t)—, Iv.51

u % + l; (x )5xj ( )

with b;(x, s) real-valued.

As before, it is useful to write L = X +iY with X =NL and Y = JL and
to refer to the orbits of the pair of real vector fields {X, ¥} as the orbits
of L. Note that since X and Y do not vanish simultaneously then L cannot
have any orbits of dimension zero. Let 3 be an orbit of L of dimension
two and assume that ¥ is orientable. There exists a global nonvanishing
section p € C®(2; A*(T(2))). Both X and Y are tangent to 3 so they may
be considered as sections of the tangent bundle 7(3) — 3 that produce a
section X A'Y of the bundle A\?7(3) — 3. Then X A Y = bp, where b is
a smooth real function defined on 3. If the real function b does not assume
opposite signs on 3, we say that X A Y does not change sign on X. Note that
if p, is another nonvanishing section of A\*T(3) — 3 then p, = Ap with
a smooth real A # 0 and since 2 is connected either A > 0 or A < 0. This
shows that the notion ‘X A Y does not change sign on 2’ is independent of
the generator p.

DEeFINITION IV.3.2. We say that the operator L given by (IV.49) satisfies
condition (P) in Q if and only if

(1) the orbits of L in Q have dimension at most two;
(2) the orbits of L of dimension two are orientable and RNL A IL does not
change sign on any two-dimensional orbit of L.
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It is clear that the above definition is coordinate-free. We will now see that
it is invariant under multiplication by a nonvanishing factor.

PropPoOSITION 1V.3.3. Let L given by (IV.49) satisfy condition (P) in Q and
let h € C*(Q) be a complex nonvanishing function. Then L' = hL satisfies
(P) in Q.

Proor. Write h = a+ i3 with «, B € C*(Q) real. Then, L' = X'+ iY’ with
X' =aX—BY and Y = aY + BX. The orbits of L and L’ are identical
because both L and L’ generate the same bundle, so L’ has no orbits of
dimension higher than two. Let X, be an orbit of L’ of dimension two. Since
3, is also an orbit of L, X A Y does not change sign on %, and it follows that
X'AY' = (a*+ B?)X AY does not change sign on X, either. O

If L is written in special coordinates in which it has the form (IV.51), condi-
tion () may be expressed in a more concrete way that extends Definition
IV.15.

PrOPOSITION 1V.3.4. Let L be given by (IV.51) in Q = {|x| < r} x (=T, 7).
Then L satisfies (P) in Q if and only if the following holds:
forevery x=(x,...,x,) €{|x|<r}and £ =(&,,..., &, eR",

the function (=T, T) > 1+ Y b;(x, 1)§; does not change sign. ~ (IV.52)
j=1

ProoOF. We begin by showing that if L is given by (IV.51) in Q the orbits
of L of dimensions one and two have a simple description. Since X = 9, the
orbits of X in Q are the vertical segments {x,} x (=T, 7). Thus, if (x,, )
belongs to an orbit 3 it follows that {x,} x (—7,T) C X and this implies
that every orbit of L of any dimension may be written as a union of vertical
segments. If 3 is a one-dimensional orbit, X and Y are linearly dependent
at every point of % so ¥ =3, bjax/ must vanish identically on 2, leading
to the conclusion that 3 = {x,} x (=7, T) for some x, € {|x| < r} such that
bi(xg,t) =0 for all 1 < j <n, |t| <T. Conversely, if b;(xy,t) =0 for all
1 <j<n,|t| <T then {x,} x (=T, T) is a one-dimensional orbit.

We may write Y = (b,, ..., b,) and denote by Y - ¢ the inner product in R”
of Y and é = (¢, ..., &,). With this notation (IV.52) states that r — Y(x, 1) - &
does not change sign.

If 3 is an orbit of dimension > 2 that contains the point (x,, #,) there must
be a point (x,, #,) € % such that ¥(x,, t,) # 0 for otherwise (x,, #,) X (=7, T)
would be a one-dimensional orbit intersecting 3, which is not possible.
Consider the maximal integral curve 7y in {|x| < r} through the point x,
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of the vector field Y(x, t,), x € {|x| < r}. Then y x (=T, T) is a closed subset
of 3, which is also a two-dimensional manifold. Thus, if the dimension of 3, is
two we conclude by connectedness that 3 =y x (—T, T), in particular every
two-dimensional orbit of L is orientable. Observe that Y(-, #,) does not vanish
in vy (otherwise y would reduce to a single point) and set v(x) = Y(x, t,).
Then p =vAd, € \*(2) never vanishes.

Assume now that L satisfies () and we wish to prove (IV.52) for some
xo and ¢ fixed. If (x,, #,) belongs to a one-dimensional orbit for some 7, €
(=T, T), then Y(x,,t) =0 for |f| < T and obviously 7+ Y(x,, f) - ¢ cannot
change sign. Hence we may assume that Y(x,, ;) # 0 for some ¢, € (-7, T),
s0 (xg, 1) € 2 where %, is an orbit of L of dimension two on which X A Y
does not change sign. Let y be the integral curve of v(x) = ¥(x,1,) in
{|x| < r} through the point x,. Then X =y x (=7, T) and p = v A d, generates
A*(2) at every point of 3. Let (x,,7) € 3. Since Y is a horizontal vector
tangent to y x (=7, T) we see that Y(x,, 1) = A(x,, £)V(x,). Furthermore,
X AY(xq, 1) = 3, A AM(xg, 1)V(X) = A(xg, 1) p(xy, 1), so either A(x,, f) >0 on
(=T7,T) or A(xy,t) <0 on (=T, T). This proves that the vector-valued map
(=T, T) >t Y(x,, ) does not change direction and ¢ — Y(x,, 7) - & does not
change sign for any ¢ € R” and |x,| < r.

Conversely, let us prove that (IV.52) implies condition (). Fix a point
(xo» tp) € {|x|] < r} x (=T, T) and assume that it belongs to an orbit 3 of
dimension > 2. If Y(x,, r) =0 for all |f| < T then the dimension of X would
be one, so changing 7, we may as well assume that Y(x,, f,) # 0. Let y be
the integral curve through x, of the vector field v(x) = Y(x, t,) in {|x| < r}.
Then, for every x € vy, Y(x, 1) = A(t, x)v(x) with A > 0. Indeed, if for some
x €y and 1, € (=T, T) the vectors Y(x,#,) and v(x) were not parallel or
were parallel but pointing in opposite directions, they would lie on different
half-spaces determined by a hyperplane {n: n-£& =0}, i.e., Y(x,1,)- & and
Y(x, t,) - £ would have opposite signs, contradicting (IV.52). In particular, this
shows that both X and Y are tangent to y x (—7, T), which makes y x (=T, T)
invariant under the flow of X and Y. This shows that 3, C y x (—T, T) and
since the orbit has dimension > 2 and the latter set is connected we conclude
that 3, = y x (=T, T), which shows that there are no orbits of dimension > 2.
Also, X AY(x, 1) = A(x, 1)9, AV(X), (x, 1) € 2, so X AY does not change sign
on X. O

We are now able to extend Theorem IV.1.9 to any number of variables.

THEOREM IV.3.5. Let L given by (IV.49) satisfy (IV.50) and condition (P)
in a neighborhood of the origin and fix 1 < p < oo. Then, there exist a
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neighborhood U of the origin and a constant C > 0 such that the following
a priori estimate holds for every ¢ € C=(U):

@l o1y < Cdiam (supp @) [ L] 1o(gns1)- (IV.53)

Moreover, the constant C depends only on p and the L*® norms of the
derivatives of order at most two of the coefficients of L. Furthermore, a
similar inequality holds with 'L in the place of L.

Proor. The proof of this theorem requires six steps. Since Theorem IV.3.5
follows from Theorem IV.1.9 when n = 1, we will assume in the proof that
n>2.

The first step. Renaming coordinates if necessary we may assume that
A(0, 0) # 0. Then, dividing by A in a neighborhood of the origin and applying
Lemma IV.3.1 we put L in the form (IV.51). The new vector field thus
obtained still satisfies condition (%) by its invariance under multiplication
by nonvanishing factors and change of coordinates. If ¢ is a test function
supported in a small neighborhood of the origin and @ is the diffeomorphism
induced by the change of variables, the L” norm of ¢ and the L” norm
of ¢ o® are comparable because the Jacobian determinant det(d") satisfies
¢, < |det(®')| < ¢, in a neighborhood of the origin for some positive constants
¢, ¢,. Note that the derivatives of order k of the coefficients b i J = 1,...,n,
may be estimated in terms of bounds for the derivatives of order up to k+ 1
of the original coefficients A, By, ..., B,, as one extra derivative is consumed
by the change of coordinates. Furthermore, by multiplying the coefficients b;,
j=1,...,n, by anon-negative cut-off function equal to 1 on a neighborhood
of the origin, we may assume that b, ..., b, € C>*(R"""). Hence, it is enough
to prove the theorem when L is given by (IV.51) and its coefficients are
compactly supported, provided that we prove that the constant C in (IV.53)
depends only on p and the L* norms of the derivatives of order at most one
of the coefficients of L.

The second step. We assume that L is given by (IV.51) and its coefficients
are compactly supported, then denote by E(x t) the vector field in R” given
by 327, b;(x, 1)3/dx;. In view of Proposition IV.3.4 and its proof, the fact
that L verifies () implies that there exists a unit vector field v(x) defined
on R" such that

b(x, 1) = |b(x,)|(x), xeR"teR.
Note that v(x,) may be defined arbitrarily if l;(xo, t) =0 for all ¢. Set

N= !xeR”: b(x,1)=0, |f| < 1} (IV.54)
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and

p(x) =sup|b(x.7)|, xeR",

[t]<1
so that N is precisely the set where p(x) vanishes. From now on we use the
notations Q@ =R" x (—1,1) and O, =R"x (=T, 7),0< T < 1.

LEMMA IV.3.6. Let x be the characteristic function of N. Then Ly =0 in the
sense of distributions.

ProoF. Let ¢ € CX(£)). Then
ve ’L¢>>=—/ @ +iy bd, o+ipy d, b;dxds
Nx(=1,1) = / = 7

=_fo71 o,(x, ) drdx =0

where we have used that 377, d, b; vanishes a.e. on Nx (=1, 1). Indeed, if
(0b;/3x;)(x,, 1y) # O for some 1 < j <n and (x,, %) € Nx (=1, 1), by the
implicit function theorem there is an € > 0 such that the set {x: b;(x, 1)) =
0} N{|x —x,| < €} is a hypersurface. Thus, p(x) > 0 a.e. in {|x — x| < €}.
This shows that {p = 0}N{}_; d, b; # 0} has measure zero. O

In view of Lemma IV.3.6, [L, x] = 0 so to obtain (IV.53) it is enough to
prove separately the inequalities

”XGD”LP(]R"H)] = CT”LXQD”LP(RH')]’ ¢ e Cr(Qy), (IV.55)
11 = 0@l ) < CTILA =)l @€ CH@Qp).  (V.56)

The third step. We prove inequality (IV.55). The proof of (IV.55) is easy
because Ly¢ = yLo = x¢,, sO

X(xX)p(x, 1) = f ; L(x@)(x, s)ds.

Hence,

t
IXCeCs Dl o eny < /4 ILO@) G ) oy ds

< DL = X)@ll e

with p'~' 4+ p~! = 1. Raising both sides to the power p and integrating with
respect to ¢ between —7 and T we obtain (IV.55) with C =2.

The fourth step. We introduce a partition of unity that reduces the proof of
inequality (IV.56) to the proof of local estimates for test functions. Note that
the function (1 — y)¢ is not even continuous which, of course, is a source
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of trouble. The main idea to overcome this difficulty is to write (1 — ) as a
series of convenient test functions supported in Q\N.
We start by proving some lemmas.

LEmMMA IV.3.7. Let p(x) and N be as defined above.

(1) The function p(x) is Lipschitz and

Vol < VDl - (IV.57)
(2) Outside N the vector 1(x) is locally Lipschitz and satisfies
B, 2|V, b -
[Vo(x)] = 2Vl for x ¢ N. (IV.58)
p(x)

PrOOF. Let x,y € R" and let t € [—1, 1] such that p(x) = |B(x, 1)|. Then
p(x) = |b(x, )| < [b(y, )] +[b(y, 1) = b(x, )|
<P+ Vb= x = yl.
This shows that p(x) — p(y) < ||Vx5||m|x—y| and interchanging x and y
we are led to |p(x) — p(y)| < ||V, ]| .~|x —y| for all x, y € R". This implies
(IV.57).

Next, given x, € N select || < 1 such that p(x,) = |Z(x0, )| > 0. Then
|b(x, t)] is positive and differentiable in a neighborhood of x,, so

5 b vh o VBl 2vE],.
V()] = | V.2 (. )] < | 222 4 p el | 2IVOIL

|b] |b] |b]? p(x)
where we have used that |V,|b|| < |V,b]|. This proves (IV.58). O

In the sequel, cube will mean a closed cube in R”, with sides parallel to the
axes. Two such cubes will be said to be disjoint if their interiors are disjoint.
If O is a cube with side length ¢ and A > 0 is a positive number, AQ will
denote the cube with the same center as Q and side length equal to AZ.

LEMMA IV.3.8. Ler f:R" — R™ be a Lipschitz continuous function with
Lipschitz constant 0 < u < 1, i.e., |f(x) — f(V)| < ulx—y|, x,y € R". Assume
that F = f~1{0} is not empty and set O = {x € R" : f(x) > 0}. There exists
a collection of cubes F ={Q,, Q,, ...} such that

(1) UQ=0=R"F;

J
(2) the Q; € F are mutually disjoint;
(3) diam Q) < inf f(x) = sup f(x) = 5diam (0)
J Q;
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ProoOF. Let Q, denote the family of cubes with side length one and vertices
with integral coordinates. For every integer k we define

0, =270 Qe9))

so the cubes in Q, form a mesh of cubes of side length 27 and diameter
/n27%. Bach cube € Q, gives rise to 2" cubes € 9, by bisecting the sides.
Set for any integer k

O, ={xeR": 2n27% < f(x) <4/n27%}.

Note that 0, C O and O = J, O,.
We now define

F=J{Qe9: 0nO, #0).
k

Let Q € F,NQ,. There exists x € Q such that 2,/n27*% < f(x) < 4/n27*.
Given y € O we have

f(x) = ply — x| < f(y) < f(x) +ply — x|,

so using that u < 1 and |y — x| < \/n27% = diam (Q) we get
diam (Q) < iléff(x) < sup f(x) < 5diam (Q).
Q

Since f(y) > 0 on Q it follows that Q C . Also, given y € O there exists
a unique k such that y € 0, and y also belongs to some Q € Q, because
U{Q € 9,} =R", so y € Q and Q € F,, which shows that | J{Q € F,} = O.
Thus, the cubes of F, satisfy (1) and (3) although they may not be disjoint.
To obtain the required collection & we must discard from F, the superfluous
cubes, which is easy because if two distinct cubes in F, are not disjoint one
contains the other. Namely, if Q,, O, € ¥; are not disjoint, then 0, € Q, and
0, € 9, with k; # k,, so if, say, k; > k, it turns out that O, C Q,. Hence,
if Q € &, is contained in some other cube Q' € F, we discard Q and apply
the same procedure to Q’, discarding it if it is contained in a bigger cube of
F, and keeping it in the opposite case. For a fixed cube Q, this process stops
after a finite number of steps, otherwise the cubes Q C Q' C Q" C --- would
fill R”, contradicting that F # (. Thus, each cube Q € ¥ is contained in a
maximal cube of F, and the collection & of those cubes of F, which are
maximal satisfies (1), (2), and (3). O

We now need a more detailed discussion of the family & defined in the
previous lemma. Although two distinct cubes Q, and Q, € & are always
disjoint in the sense that they have disjoint interior their intersection may be
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nonempty, as they could share a vertex, an edge, or some k-dimensional face,
k < n. In this case we say that O, and Q, touch.

PROPOSITION IV.3.9. If two cubes Q,, Q, € F touch, then
1
1 diam (Q,) < diam(Q,) < 4diam (Q,).

Proor. Let O, and Q, € F have a common point x in their boundaries
and assume without loss of generality that diam (Q,) > diam (Q,), so their
respective sides £, and £, are related by £, = 27%¢, for some integer k > 0.
If z € O, we have

f(2) < f(x) +p/nty < /nt,(5+27%) < 6/nty,

where we have used that Q, satisfies (3) of Lemma IV.3.8 to estimate f(x).
Now, (3) applied to Q, gives diam (Q,) < sup,.,, f(z) < 6diam (Q,). Since
the quotient diam (Q,)/diam (Q,) is a power of 2, the latter estimate implies
that diam (Q,)/diam (Q,) < 4. O

ProprosiTION IV.3.10. If Q € F, less than 12" cubes of F touch Q.

PrROOF. Let Q € F have side £ =27%. There are exactly 3" — 1 cubes in O,
that touch Q and each one of them contains at most 4"~! cubes that belong
to O, and touch Q. Since by Proposition IV.3.9 the cubes of F that touch
QO may only have the side lengths ¢, £/2, or £/4 it is easily seen that the total
number of cubes of F that touch Q is < (3" —1)4"~! < 12", O

The family F that disjointly fills up O with closed cubes gives rise to a cover
by open cubes that has the bounded intersection property. We fix 0 < e < 1/4
and for any Q € & denote by Q* the cube with the same center as Q but with
side dilated by the factor 14 e. Let O, and Q, € & do not touch. We claim
that Q7 and Q, cannot intersect. Indeed, the union of Q, with all the cubes
of & that touch Q, (among which Q, is not) contains, by Proposition IV.3.9,
the cube (5/4)Q, whose interior contains Q7. This shows that QN Q, = ¥.
Consider now a point x € O and select Q € F such that x € Q. If x € i
for some Q; € & then QN Q] # @, which implies that Q and Q; touch.
Then Proposition IV.3.10 shows that x belongs to at most 12" cubes Q7. If
z € Q" then f(z) > inf, f —pnediam (Q) > (3/4)diam (Q) > (3/5)diam (Q*).
Similarly, f(z) < 5diam (Q) + pediam (Q) < 5diam (Q*). Thus, for every
Q € F we have

%diam (0" < iIQlff(x) < sup f(x) < 5diam (Q"). (IvV.59)
o
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This estimate implies that O* C @ and since the interior Int (Q*) D Q we see
that {Int (Q*)} is an open cover of @ with the bounded intersection property.

LEMMA IV.3.11. Let N C R" be the closed set defined in (IV.54) and let
O<p=<1 1<p<oo There exists a covering of R"\N by open cubes

with sides parallel to the coordinate axes {Int (Q’;)}, j=1,2,..., such that
the intersection of 12" cubes of the family is always empty and for any
j=1,2,..., we have the estimate:
1
5diam (Q7) = Mig,f p(x) < psup p(x) < 5diam (Q7). (IV.60)
' i o '

7
Furthermore, there are functions ¢; € C*(R"\N) such that {qbf } is a partition
of unity in R"\N subordinated to the covering {Int (Q*;)} and for a certain
constant C > 0,

Ve[l 1 < i=12,... (IV.61)

C
diam (Q7)’
PrOOF. From now on we assume without loss of generality that || VXZJH e < 1.
We apply Lemma IV.3.8 with f(x) = up(x) so F = N. The hypotheses are
satisfied because the Lipschitz constant of p(x) is 1 by (IV.57) and the
complement of N is bounded so N # (). Thus we obtain the collection F of
disjoint cubes {Q;} which, dilated by the factor 1+ &, yields the associated
collection {Q7} of cubes whose interiors cover R"\N, have the bounded
intersection property, and satisfy (IV.59). This proves (IV.60). Fix a function
0 < € C*(R") supported in |x| < (I +¢&)/2 such that ”(x) is smooth
and ¢(x) = 1 if [x| < 1/2 (such a function is easily constructed). If Q; € &,
denote by x; its center and by ¢ its side length. Then i;(x) = ((x—x;)/¢;) €
C(Int(Q7)) and ¢;(x) =1 on Q;. We have

(V]| C
Vi~ < < .

J

(IV.62)

Note that ¥ =3, d/f is smooth and > 1 in R"\N. Let us estimate VW(x) on
the support of ;. If x € Q7 and ¢ (x) # O for some k € Z it follows that
QiNQ; # #. We know that 0; is contained in the union of Q; with those
cubes of & which touch it and the same can be said about Q,. This implies
that there are cubes O and Q,, in & such that

(1) Q; touches Q;
(2) O, touches Q,;
(3) @, NQy # ¥ so they either coincide or touch.
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Applying Proposition 1V.3.9 three times we obtain that diam(Q,) > 473
diam (Q;) and Proposition 1V.3.10 tells us that there are less than N = 123
integers k such that Q7N Q; # . This shows that at most N terms ¢ (x) of
the infinite sum that defines W(x) are not zero if x € supp (¢;). Thus, using
the analogue for i} of (IV.62) we obtain

4NC
sup |[VP(x)| < sup |[Vyh (x)| < - — < — —.  (IV.63)
o Xk: o " Xk: diam (Qf) ~ diam (Q5)
Since
1
V=P (x)] < ;ll‘l’f“'/”||Lx|V‘I’(X)| = [V ()],
because W > 1, (IV.63) implies
Cc
sup |V\I’_1/p(x)| < ETISENE (IV64)
0 diam (Q7)
Set
iﬂj(x)
¢;(x) = W/r(x)

Then, {d)f } is a partition of unity in R"\N with the required properties. Indeed,
to prove (IV.61) we use the Leibniz rule and invoke (IV.62) and (IV.64). O

The fifth step. We prove estimate (IV.56) when ¢(x, 1) is supported in Q7 x
(=T,T), Q; € F. Assume that ¢ is supported in Q; x (=T, T) for a certain
cube € F; the value of T < 1 will be chosen momentarily. Since we are
assuming that ||Vj)||Lw <1, (IV.58) yields

- 2
[Vu(x)| < — forx ¢ N.
p(x)

This shows, in view of (IV.60), that |Vd(x)| < 4u/diam (Q7) on Qj. Further-
more, R"\N is bounded so diam (Q7}) < C, j € Z. Hence, v(x) is approximately
constant on Q7 if u is small; this allows us to rectify its flow as follows. Since
v is a unit vector, we may assume without loss of generality that at the center
x; of 0% we have v;(x;) > 1/y/n. Then, |v;(x;) —v,(x)| <4p < 1/(2y/n)
for u fixed once for all, small but independent of j, and we may assume that
v,(x) > 1/(24/n) on Qf. Solving the differential equations

dx;  vi(x)

—_— . 0: iy .:2,..., IV65
dy,  vi(x) %0 = / " ( )

we obtain a change of variables on a neighborhood of Qj given by x; =y,
x; = x;(¥15 Y2, ..., ¥,), 1 <j < n, where the right-hand side denotes the
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solution of (IV.65). In the new coordinates v(x(y)) = v,(x(y))d/dy, and L
assumes the form

d d
— —1ib , 1) —
i G007

with b, > 0, since (b,(x(y), 1),0,...,0) = b(x(y), f) implies b, (x(y), ) =
|b(x(y), t)]. Set B(y, t) = b,(x(y), t). Then, by the chain rule,

VB~ < ClIV.y |1~ < €'

because the Lipschitz constant of the change of variables y > x(y) is bounded
by a constant independent of j, as follows from the fact that the right-hand
side of the ODE (IV.65) is bounded by Cu. Now we apply Theorem IV.1.9
with p = ¢ to the vector field

Jd d
L, =——iB(y,t)—

IV.66
ot ay, ( )

that we regard as a vector field in two variables depending on a parameter
¥ =(y3,...,,). For some constants C and T,, whose size only depends on
V.0~ we get for any 0 < T < T,

G, YT < CTIL @, V)T @€ CP(Q) x (—T, 1)),

where the L” norms are taken in the variables (y,, t) and the map y — x(y)
takes Q;r- onto Q7. Integrating this estimate with respect to y’ we get

leliz, < CTILi@lL, ¢ € CZ(Q) x (=T, 1))

Observing that the absolute value of the Jacobian determinant of y — x(y)
is close to 1 uniformly in j € Z*, the latter estimate implies in the original
variables (x, 1)

lelz, < CTILel;,, @€ CZ(Q] x (=T, 1)), (Iv.67)

which may be regarded as estimate (IV.56) for ¢ € C*(Q; x (=T, T)).

The sixth step. We prove (IV.56) in general. Let ¢ € )7 and set ¢; = ¢ ;¢
where {¢;} is the collection of functions described by Lemma IV.3.11. We
have

(L= xCle(x, DI =3 |d;(1 = x(x)e(x, I

Integrating this identity and taking account of (IV.67),

I =xelz, =2 1¢,(1=x¢lz, < CT Y IIL(;0)lz
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< CT|(1=x)Lell;, +CTZ (L) =x)ell]s

where we have used the Leibniz rule and the fact that } ; qbf = 1. The second
term on the right-hand side is dominated by CT||(1 — x)¢||7,. Indeed,

- - C
IL$;(x)| =[b(x,1)-V.;(x)] = Sgplbl V.l < e G

in view of the definition of p, (IV.60) and (IV.61). Hence, |L¢;(x)|” < C
and since |L¢;(x)|” =0 except for at most 12" values of j we also have
Zj |L¢j(x)|1) < C. Thus,

1(1=x)ell;, < CT|(1—x)Le|;, + CT|(1—x)el,

and the last term can be absorbed as soon as CT < 1/2. This proves (IV.56).
We have already seen in steps 1 and 2 that (IV.53) follows in general once
(IV.55) and (IV.56) are proved for L of the form (IV.51), so the proof
of Theorem IV.3.5 is now complete for L and we may also replace L by
—L+c(x, 1) in (IV.53) if ¢(x, t) is any bounded function provided we shrink
the neighborhood U of the origin, in particular, we may replace L by the
transpose operator ‘L = —L —idiv, b. O

As usual, we obtain by duality

COROLLARY IV.3.12. Let L given by (IV.49) satisfy (IV.50) and condition
(P) in a neighborhood of the origin and fix 1 < p < co. Then, there exist
R, and C > 0 such that for every 0 < R < Ry and f € LP(R"™) there exists
u € LP(R™1) with norm

”u”LF(R”“) = CR”f”LP(JR"H)
that satisfies the equation
Lu=f for|x|*+t <R (IV.68)

Moreover, the constants C and R, depend only on p and the L* norms of
the derivatives of order at most two of the coefficients of L.

Let us assume now that we are dealing with a locally integrable vector field
L in an open set of R"*! that contains the origin. After an appropriate local
change of coordinates (x, t) we may assume that there are functions Z;(x, 1),
j=1,...,n defined on a neighborhood of the origin of the form

Zi(x,t) =x;+ip;(x,1), j=1,...,n,
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with @;(x, ) smooth and real satisfying

goj(0,0) = VXQDJ«(O,O) =0, j=1,...,n,

such that
LZ,=0, j=1,....n.
We denote by Z the function Z = (Z,, ..., Z,) with values in C" and similarly
write ¢ = (¢, ..., ®,), 0 Z(x,t) = x+i@(x, t). The n x n matrix
de,/0x, dep,/dx,
Pr = .
0, /0x, e e, /0x,

vanishes at the origin and after modification of L outside a neighborhood of
the origin we may assume that the functions ¢;(x, t) are defined throughout
R™*! have bounded derivatives of all orders, and satisfy

1
@ (x, )]l < 3 (x,1) e R,

This implies that the matrix Z, = I +i¢, is everywhere invertible and we
write Z'(x, 1) = (u; (x, 1)). Then the vector fields

n 9 )
szg,u,jk(x,t)a—xk, j=1,...,n (IV.69)
commute pairwise and the vector field

A t—
L= 81,;k(x)

commutes with M,, ..., M, and is proportional to L if

A(x. 1) = —zzmx 0% (x.).

Furthermore, M,,...,M,, L are linearly independent at every point and
generate TR"*!. Multiplying L by a nonvanishing factor we may assume
that L=1L,.

We now extend Theorem 1V.2.3 to several variables.

THEOREM IV.3.13. Assume that L is a smooth vector field defined in an open
subset QO C R and let c(x,t) € C*(Q). If L satisfies (P) in Q and is
locally integrable then every point p € Q has a neighborhood U such that
the equation

Lu+cu=f, feC’()

https://doi.org/10.1017/cB &2 BRTIAAS BoRks (nking G frembridas ddpivarsityFress, 2009


https://doi.org/10.1017/CBO9780511543067.005

1V.3 Vector fields in several variables 197

may be solved with u € C*(U). Conversely, if L is locally solvable in C*
then L is locally integrable.

Proor. The construction of smooth solutions is a straightforward extension
of the two-dimensional case. We write

D=—L*~ANM*+---+M?),

where M,, ..., M, are given by (IV.69) and A > 0 is a large parameter. Since
L=L, and M; commute, j = 1,..., n, it follows that L and D commute. If
£(x,1, &, 7) denotes the symbol of L, m,(x, ¢, §) denotes the symbol of M;
and d(x,1, &, 7) = —(C+A(mi+---+m?))(x, 1, & 7) is the principal symbol
of D, we have

{g, d}(x, t, f, T) =0, (x’ t, é?’ T) 6R2(n+1).

For large A > 0, D is a uniformly elliptic second-order differential operator.
Consider, for fixed s € R, the pseudo-differential operator

Bu(x, 1) = e p(x, 1, € T)U(E, T) dédT

1
(2m)+! /RN -
with symbol

x()(1+d(x, 1, 7))
(1+ed(x,1,& )"

where x(7) € C*(—T, T) and x(r) =1 for |¢t| < (3/4)T. Here we choose T so
that the estimate

b(x,t, &, 1) =

[ (x, )| 2@y < ClILu(x, )| i 22 (Iv.70)

holds for every u € C*(R" x (=T, T)) for some C > 0, as guaranteed by
the proof of Theorem IV.3.5. The estimate can be extended to any u € L?(R"
(=T,T) x (=T, 7)) such that Lu € L2(R"(—T, T) x (=T, T) by Friedrich’s
lemma. It follows that b* — b= x(1+d)** in the symbol space S} , and that
lull, ~ || Bul|,- if B is the pseudo-differential with symbol b and u € H:(R" x
(=T/2,T/2)). Furthermore, [L, B] has order s —1 on R x (—=7/2,t/2). If
ue H ' (R" x (=T/2,T/2)) is such that Lu € H'(R" x (—=T/2,T/2)) we
may apply (IV.70) to B€u. Letting € — O we obtain

| Bull 2@ty < CUIBLul| 201y + | [L, Blutl] 12zoe)
which implies that u € H*(R"*!) and

el oy < CollLtl ety + Ntlgseory). (AVT1)
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Once (IV.71) is known, general arguments lead to an a priori estimate

il ety < Coll L] gy (IV.72)

if ue H™'(R" x (—T/2,T/2)) is such that Lu € H*(R x (—7/2, T/2)) and to
the existence of local smooth solutions, as described in the proof of Theorem
IV.2.3. We leave details to the reader.

While the method to obtain smooth solutions starting from the existence of
L? solutions is essentially the same independently of the number of variables,
the proof that smooth local solvability implies local integrability is rather
different if n =1 or n > 2. In the proof of Theorem IV.2.3 it was shown that,
for n =1, solving Lu = f for a specific f obtained from the coefficients of
L was enough to produce locally a smooth Z such that LZ =0 and dZ # 0.
Nothing like this is available if n > 1 and we must proceed indirectly. Assume
that L given by (IV.51) is locally solvable in C* and we wish to find n first
integrals with linearly independent differentials defined in a neighborhood of
a given point p that we may as well assume to be the origin. The first step
is to find a complete set of approximate first integrals, namely, n smooth

functions Zj‘.‘, j=1,...,n, such that LZ_’]i‘ = f; vanishes to infinite order at
the origin—i.e., f;(x) = O(|x|*), k =1,2,...—and dZ{(0),...,dZ}(0) are
linearly independent. To find Zj‘.t we solve first the noncharacteristic Cauchy
problem
{ LU, =0,
U, (x,0) =x i

in the sense of formal power series. The coefficients of the formal series
U; corresponding to monomials that do not contain 7 are determined by the
initial condition U;(x,0), i.e., they are all zero with the exception of the
coefficient of x; which is 1. The coefficients of monomials of the form i x
are determined from LU; = 0 inductively on ¢. Once the formal series U,
has been found we take as Z_’]i‘ any smooth function that has U; as its Taylor
series at the origin (the existence of such a function is usually called Borel’s
lemma). By their very definition Z#, ..., Z* are approximate first integrals.
To obtain exact first integrals by correction of Z¥, ..., Zﬁ we must solve the
equations Lu; = f;, j=1,...,n, in a neighborhood of the origin and then
define Z; = ij —u;. Clearly, LZ; =0, so the problem is now to verify that
dz,(0),...,dZ,(0) are linearly independent. This will be guaranteed if we
can make sure that [du;(0)| is small. Let K be a ball centered at the origin
such that LC*(K) = C*(K) and let F denote the subspace of C*(K) of
the (equivalence classes of) functions % such that Lh = 0. Then L defines
a continuous linear map from C*(K)/JH onto C*(K) which, by the open

https://doi.org/10.1017/cB &2 BRTIAAS BoRks (nking G frembridas ddpivarsityFress, 2009


https://doi.org/10.1017/CBO9780511543067.005

IV.4 Necessary conditions for local solvability 199

mapping theorem for Fréchet spaces, has a continuous inverse. This means, in
particular, that given € > 0 there exists 6 > 0 and m € Z* such that for every
f € C*(K) such that |DPf||; < & for all |B| <k there exist u € C*(K)
such that Lu = f and ||du||;~ ) < €. Let x(x, 1) € CZ(R"*") be equal to 1 for
|x|*+7* < L and set f; ,(x, 1) = f;(x, 1) x(px, pt). Since f; vanishes to infinite
order at the origin we see that, choosing p big enough, || D? fipll= < & for
all [B| < k. Choose now u; such that Lu; = f; , and ||du;||;~, < €. Since

5P
fi,p=1; for [x[*4+1* < 1/p we see that the functions Z; = Z¥ —u;, j=1,....n
form a complete set of first integrals in a neighborhood of the origin if € is
taken small enough. O

IV.4 Necessary conditions for local solvability

In this section we discuss the necessity of condition (%) for the local solv-
ability of a locally integrable vector field. Assume that L defined in ) C R"*!
by (IV.49) is locally solvable in the sense of Definition IV.1.2. We will
show that L must satisfy condition () in Q. In doing so, due to the local
nature of the problem, we may assume that L is given by (IV.51) and that
Q =B x (—T,T) where B C R" is a ball centered at the origin. We may also
assume that there is a vector-valued function Z(x, t) = (Z,(x, 1), ..., Z,(x, 1))
defined in a neighborhood U of Q such that LZ;, = 0, j=1,...,n and
II—Z.| <1/2 in Q, where I denotes the identity matrix. In particular, the
form dZ, A--- AdZ, does not vanish in () and the pairing

C®(Q) x C=(Q) 3 (f,v) > / fv det(Z,) dxdt
is nondegenerate. The formula
/ fLvdet(Z,)dxdr = — / Lfvdet(Z,)dxdr, v, feC*(Q)

means that L and —L are each other’s formal transpose with respect to this
pairing. The formula is also valid by continuity if v € 2'()) provided that
we replace the integration by the standard duality between distributions and
test function, i.e.,

(Lv, fdet(Z,)) = —(v,Lfdet(Z,)), feC’(Q), veD'(Q). (IV.73)

One of the basic tools in the study of necessary conditions for local solv-
ability is Hormander’s lemma ([H6]), of which we give the following version.
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LEMMA IV.4.1. Let L be as described above and suppose that for every
f € C2(Q) there exists u € D'(Q) such that Lu = f. Then, for any compact
set K C Q) there exist constants C > 0, M € Z* such that

[ fodewz)dade| =€ X D5 flle X IDE Lol (V.T4)

la|=M |Bl=M

for all f,ve CX(K).

ProoOF. Let K CC ) with nonempty interior be given and consider the bilinear
form (IV.73) restricted to pairs (f,v) € C*(K) x C*(K). Endow the first
factor with the topology defined by the seminorms || D, f||;~—so it becomes
a Fréchet space—and the second factor with the countable family of semi-
norms ||ny,Lv|| 1. Our solvability hypothesis implies that the latter topology
is Hausdorff, indeed, if v e C*(K) is such that Lv =0 we may choose for
any f € C*(K) a distribution u € D'(£2) such that Lu = f, so we have

(f,vdet(Z,)) = (Lu,vdet(Z,)) = —(u, Lvdet(Z,)) =0

for any f € C*(K), which implies that v = 0. For fixed v, the bilinear form
clearly depends continuously on f. The solvability hypothesis implies that
the dependence on v is also continuous for f fixed. Indeed, we may assume
that f = Lu for some u € D'({)). Hence

/ Svdet(Z,)dxdr = (Lu, fdet(Z,)) = —(det(Z,)u, Lf)

in view of (IV.73), which shows the continuity with respect to f for fixed v.
A bilinear form defined on the product of a Fréchet space and a metrizable
space which is separately continuous is continuous in both variables. This
proves (IV.74). O

The last lemma shows that in order to prove that L is not solvable it is
enough to violate the a priori inequality (IV.74). We now describe a method
to violate (IV.74) provided we find a solution & of the homogenous equation
Lh =0 with certain geometric property. Let g € C°(Q)) be a real function
and K CC Q be compact. We say that g assumes a local minimum over K if
there exists @ € R and V open, K C V C () such that

(1) g=aonk,
(2) g>aon V\K.

Note that we may always replace the open set V with one of its open subsets
with compact closure that contains K. In this case, still denoting the new set
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by V we have

infg=a, > a.
avg 1

Then, taking a < b < a, we see that the set W = {g < b} NV has compact
closure contained in V and g > b > a on V\W.
The proof of the next lemma shows how (IV.74) may be violated.

LEMMA IV.4.2. Assume that there exists h € C*(Q) such that

(i) Lh=0;
(ii) Nh assumes a local minimum over some K, CC (.

Then there exists f € CX(Q) such that Lu # f for all u € D'(}).

Proor. By Lemma IV.4.1 it will be enough to show that for a convenient
choice of K CC €, (IV.74) cannot hold for all f,v € C*(K) whatever the
choice of M € Z" and C > 0. By hypothesis i/ assumes a local minimum
over K, CC () for some homogeneous solution /. Subtracting a constant we
may assume that 2 =0 on K, and %th > & > 0 on V\W for some open sets
VO W DK, such that K =V cC Q. Select { € C>(K), 0 < { <1, such that
{=1on W and set, for a large parameter p > 0,

v, (x, 1) = {(x, H)e "0,

Since e ?"*) is a homogeneous solution, Lv, = e ?"L{. Furthermore, L{ is
supported in K\W so it follows that

> IDE L, I~ < CpM e (IV.75)
|Bl=M

Next, choose ¢y € C*(V), 0 < <1, such that y = 1 on K, and Rh(x, 1) < &/2
on the support of . Define

P(x, 1) N
)= — 2 ¢P (o)
L= z.@n)®
Then
> DE fo s < CpMes’?. (IV.76)
la|<M

On the other hand, since { and ¢ are positive in a neighborhood of K,

/ v, det(Z,) dxdt = / {Cx, (x, 1) dxdt = ¢ > 0

which together with (IV.75) and (IV.76) shows that (IV.74) cannot hold for
the pair (f,,,v,) € CZ®(K) x CZ(K) if p is large enough. O

https://doi.org/10.1017/cB &2 BRTIAAS BoRks Bnking G frembridas ddpivarsityress, 2009


https://doi.org/10.1017/CBO9780511543067.005

202 Local solvability of vector fields

Our next task is to produce solutions of the homogeneous equation Lhz =0
whose real part assumes a local minimum over a compact set assuming that
condition () does not hold. We will first discuss this in the case n =1,
which is technically simpler and the geometric ideas involved are easier to
spot. Suppose n =1, L=0,—(Z,/Z,)d,, Z = x+ip(x, 1), (x,1) € R:. We
know by Lemma IV.2.2 that if () does not hold then # > ¢(x,, t) is not
monotone for some x,, or equivalently that # — ¢, (x,, t) takes opposite signs
and, in particular, vanishes for some #,. The simplest situation occurs when
@ (x0, ) = 0 and @, (xg, 1p) # 0. If @, (x, 7)) = A > 0, ¢, (xo, t)) = B and
@, (x0, ty) = C set, for A > 0 to be chosen later,

x —xo +i(e(x, 1) — @(xy, 1))
1 +ip,(xo, o)
h(x, t) = w*(x, ) —iAw(x, t).

w(x, t) =

Note that w(x,, t,) = 0, w,(x,, ty) =0, w,(x, t,) = 1—which implies that
Sw, (x4, t,) = O—and it is also clear that Lh = 0. Let us write u(x,?) =
Nh(x, 1), so

u(x, £) = (Mw(x, 1)* — (Sw(x, 1))* + A Jw(x, 1)
and it follows that u(x,, t,) = u,(x,, t,) = u,(x,, t;) = 0. Then,

u, (Xg, 1) =2 (Mw,(xy, 1,))> +cAC=24cAC,
utt(xO’ 1y) = AJw,, (X, tO) =cA QDn(xO’ f)) =cAA >0,
i (X0, 1g) = cA @, (xg, 1y) = cA B,

where ¢ = (14 ¢2(x,, 7,))~" > 0, which shows that the Hessian of u at
(xo, t) s positive definite if A > 0 is small enough. Then 9/ has a strict
local minimum at (x,, t,), i.e., the hypotheses of Lemma IV .4.2 are satisfied
if we choose K| = {(xq, ,)}. If ¢,,(x, t,) = A < 0 we reason similarly, taking
A < 0 and small.

The previous discussion shows that when looking for a homogeneous solu-
tion & whose real part assumes a local minimum over a compact set we may
work under the assumption that

¢, (x,1)=0 = ¢, (x,1)=0. (Iv.77)

Assume that condition () does not hold in any square centered at (0, 0).
Then given € > 0 we may find points (x,, t,), (x,, f,) in the cube Q centered
at the origin with side length € such that, say, #, < t,, ¢,(x,, ;) <0, and
¢,(x,,1,) > 0. We consider homogeneous solutions of the form
Z(x,t)—Z(x,,0)

h(x, t xO) = (Z()c, [) —Z()CO, O))Z —iA Zx(x()’ 0)
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and the difficulty is to show under assumption (IV.77) that for an appropriate
choice of |A| <1 and |x,| <1 our function 4 assumes a local minimum over
a compact set. Writing % in terms of its real and imaginary parts,

h(x, t; xo) = u™(x, t) +iv°(x, 1),
we obtain

w(x, 1) = (x = x0)* = [(x, 1) = @(x,, )]
+Acle(x, 1) = ¢(xg, 0) = @, (xg, 0) (x = o) ] (Iv.78)

where ¢ = (14 ¢*(xy,0))™" > 0. A straightforward computation shows that
d.u™(xy,0) =ul(x,,0) =0. Since u? (0, 0) =2+ A¢,, (0, 0) we may assume,
taking A small but fixed and shrinking Q, that u}% > 0 on Q. Then the
connected component v, that contains the point (x,, 0) of the level set

{(x,): ul(x,1)=0}

is a smooth curve that intersects transversally the x-axis at (x,, 0). Hence,
the curves vy, foliate a neighborhood of the origin and shrinking € > 0 if
necessary we may assume (| <e ¥y, 2 Q- From now on we will assume that
|x,| < €. Note that the vector field
= 0w 0

it us Ix
is tangent to the curve y* along y* so this curve may be realized as the graph
of a function x = x* (), |7| < €,. Let us take a closer look at the behavior of
u* on the curve vy, . For any (x', 1) € y, we have that u*(x,#) =0 and
u?(x', 1) > 0 so x = u*(x,t) attains a strict minimum precisely at x = x’
(geometrically, the graph of x > u™(x, ') looks like a parabola pointing
upwards with vertex at x"). Hence, there is a tubular neighborhood V of vy,
such that

(IV.79)

min ™ (x, ) = min u™(x, 7).
v Yxo

Thus, if we can find points (x}, #}), (xg, %), (x5, #3) in 7y, such that 7} <1, <1,
and

u™(xy, 1)) > u(xy, ty),

u™ (xy, 1)) > u(xy, ty)
it follows that there is a compact set K C y* such that u*(x, ) assumes a

local minimum over K. To study the variation of u™ along vy, we consider
the parameterization y, (s) = (x™(s), s) and differentiate

u?(x*(s), )
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with respect to s. Since u°(x*(s), s) = 0, we obtain

%ux" 0¥y, (8) = ;" 0¥, (5) = [, (A = 2(@ = ¢(x¢. 0)*)] 0 7, ().

Shrinking € < €, we may assume that 2|¢(x, ) — @(xy, 0)|* < c|A|/2. Thus,
u' is monotone along vy, if and only if ¢, does not change sign on vy, .
Hence, if for some curve y, we find points (x|, #}), (x3, ;) in 7, such that
1 <ty @.(x), 1)) <0, @,(x3,75) > 0, then for A > 0 and small the curve v,
will contain a compact subset K over which u* assumes a local minimum,;
if, instead, ¢,(x}, 1) > 0 and ¢,(x}, ;) <0 we take A <0 in the definition of
h to achieve the desired homogeneous solution. To see that such Yso exists,
consider the quadrilateral Q" having as horizontal sides the segments ¢ = d-€
and as ‘vertical’ sides the curves vy, with x, = +e. Then @’ is the union
of the curves vy, , —€ < x, < €. Assume by contradiction that ¢, does not
change sign along any of these curves. We may decompose Q into three
disjoint sets: the union Q°, of the curves Y., that contain at least one point on
which ¢, > 0, the union Q" of the curves Y., that contain at least one point
on which ¢, < 0, and the union Q) of the curves Yy, on which ¢, vanishes
identically. Observe that (0, and Q° are open sets and neither Q’, nor Q" can
be empty, for this would imply that ¢, does not change sign on some square
containing the origin and condition () would be satisfied in that square,
contradicting our assumptions. Since Q’, and Q°\Q’, are invariant sets (i.e.,
they are a union of the curves v, that intersect them) so is the boundary of
Qi. Let p be a boundary point of Q’, and let y, be the curve passing through
p. We claim that vy, is a vertical segment. Indeed, y, C Q) since it cannot
meet O, UQ" . So ¢, vanishes identically on Y., and also does ¢, because of
(IV.77). Let g € v,,. If ¢i} () # O the set S = {¢, = 0} is a smooth curve in
a neighborhood of ¢ and since ¢,, =0 on S we conclude that the intersection
of § with a neighborhood of ¢ must be a vertical segment, in particular, the
tangent to vy, at g is vertical. Assume now that 0 (q) = 0. Differentiating
twice (IV.78), first with respect to x, then with respect to ¢ and evaluating
the result at ¢ we get u,, (¢) = 0 because ¢,(q) = ¢,,(g) = 0. Then the vector
field £ given by (IV.79) reduces to 9, at g. Thus the velocity vector of vy, is
always vertical and v, is itself the vertical segment {x,} x (—€, €).

Let us return to the points (x,, t,), (x,,,) in the cube Q centered at the
origin with side length € such that f, < 1,, ¢,(x,,#,) <0 and ¢,(x,, 1,) > 0.
Then trivially (x,, 7,) € Q° and (x,, t,) € Q. so there exists a point (x,, 7)) €
dQ’, such that ¢, < 1, < 1,. But, as we have seen, this implies that Ve, =
{x,} x (—€,€) and ¢,(x,, 1) =0 for |t| < €, which is a contradiction. Thus,
for some |xo| < €, ¢, assumes opposite signs on 7y, , ™ is not monotone
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on v, , and h(x, f; x,) is a homogeneous solution whose real part assumes a
local minimum over a compact set.

Essentially the same approach works in a higher number of variables
although the proofs are technically more involved. The following elementary
lemma about real quadratic forms in R? will be useful:

LEMMA IV.4.3. Assume that the real quadratic form
q,(x,y) = Ax* +2Bxy + Cy*, (x,y)eR*, A,B,CeR

has positive trace A+ C > 0 and set

G (x,y) =0 [(CT_A —i—iB) (x+iy)2:| -

(x* —y*) — 2Bxy.

2
Then
ai(e ) +ax(e ) = ST @)
is diagonal and positive definite.
ProoFr. The assertion is self-evident. O

We consider a vector field L given by (IV.51) defined on
Q=Bx(-T,T)CR"xR, B={xeR": |x|<é}

and assume that there exist n first integrals Z,, ..., Z,, LZ; =0, j=1,...,n,
with dZ,, ..., dZ, linearly independent in (). We write
z=(Z,,....Z,)

and further assume that det(Z,) # 0 in Q, Z(0,0) =0 and Z,(0,0) = 1. We
also use the notation

b(x, 1) = (by(x, 1), ..., b,(x, 1)).
LeEMMA IV.4.4. Assume that there exists (X, t;) € ) and & € R" such that

(i) bxgs 1) - € =0;

(ii) b,(xo, 1) - & #0.

Then there exists f € CX(Q) such that Lu # f for all u € D'(Q}).

Proor. By Lemma IV.4.2 we need only show that there exists a solution A
of Lh =0 such that %k assumes a local minimum at p = (x,, #,). Set Z' =

(Z), ... Z,) = Z (x5 1) [ Z(x, 1) = Z(x9, 1)]. Then LZ, =0, j=1,....n,
Z'(p) =0, Z'.(p) = I. Then, the change of coordinates x' = x —x,, 1’ =1 — 1,
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shows that there is no loss of generality in assuming from the start that
(x5 19) = (0, 0). Write ®;(x, 1) = Z;(x, ) — x;, so ®;(0,0) = 9, ®;(0,0) =0,
j=1,...,n. Set

W(x, 1) =Z(x,1)-&E= Xn: §Z,(x,1).

j=1
Then LW =0 and in view of (i) we get

"D,
0=LW(0.0)=3 <a—tf(o, 0) +ib,(0, 0)) = i®,(0,0)- &

where ® = (®,,...,P,). Hence, $(0,0) = ®,(0,0) = ®,(0,0) =0. We
distinguish two cases.

Case 1. 5(0, 0) = 0. Differentiating with respect to ¢ the equation LW =0
we obtain ®,,(0,0)- &+ il;, (0,0)- ¢ =0 and using (ii) we derive

‘(\S(Dtt(()? 0) : f #0.
Set

h(x, 1) = Z3(x, t) +- -+ Z2(x, 1) —iIA W(x, 1),
u(x, 1) =Rh(x, 1) =[x+ RPP* — |ID(x, 1)* +AID(x, 1) - €

Thus, u(0,0) =0, u,(0,0) =0, V,u(0,0) =0 and if we choose A with the
same sign as y = JP,(0,0) - £ it follows that the Taylor series of u at the
origin is

u(x,y)=x+---+x+ |)\y|t2+)\chxjt+~~
j=1
where the dots indicate terms of order > 2. Thus, the Hessian of u at the origin
with respect to (x, 7) is positive definite and u has a strict local minimum at
the origin for |A| small.
Case 2. Ej(O, 0) £ 0 for some 1 < j < n. After a linear change in the
x-variables we may assume that

bl(0,0) =1,
b(0,0) =0, j=2,...,n,
é: :(0’52""’§n)'

Since (ii) implies that & # 0 this case can only occur if n > 2. Set

W(x, 1) = iZ(x, 1) & = iigjzj(x, ).
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Proceeding as in Case 1 we obtain W, (0,0) = %W, (0,0) =0, for j =
1, ..., n. Differentiating the equation LW = 0 with respect to ¢t we obtain
32W(0, 0) +id, W(0,0) = b,(0,0)- & #0
while differentiation with respect to x, gives
d,. W(0,0)+id;  W(0,0)=0

Using both equations to eliminate the term 6MI W(0, 0) and replacing & by —¢
if necessary we obtain

ZRW(0, 0) + 8 gﬁW(O 0)=2y=>0.
Applying Lemma IV .4.3 to the quadratic form
q,(xy, 1) = GRW(0, 0)° +287  RW(0, 0)zx, + a7 | RW(0, 0)x;

we find a complex number { such that g, (x,,t) +R[{(x; +if)?] is posi-
tive definite. Since d, Z,(0,0) =1 and it follows from LZ,(0) =0 that
d,Z,(0,0) = i the Taylor expansion in the variables (x,, r) of {Z} is

{Z3(x1,0,...,0,8) = R[L(x, +it)*]+---

Thus,
ROW +ZD)(x,,0,...,0,1) = y(£ +x]) + -

If we now set

h(x,t)=Zi(x, 1) +---+Z2_ (x, ) + A (W(x, 1)+ {ZD),
u(x, 1) =NRh(x, 1)

we may check as in case (i) that Lh = 0 and that for A > 0 small u = Rh has
a positive definite Hessian at the origin. U

REMARK IV.4.5. Lemma IV.4.4 has the following geometric interpretation.
Writing L = X +iY with X and ¥ real we have that X =4,, ¥ = b, and [X, Y] =
b,. Then conditions (i) and (ii) at p = (x,, 7,) mean that [X, Y](p), X(p). and
Y(p) are not linearly dependent. Indeed, if AX (p)+ BY(p)+C[X,Y](p) =

the obvious fact b- X = b X =0 implies that A =0 so [X, Y](p) and Y(p)
would be collinear, contradicting (i) and (ii). This implies that the orbit %,
of the pair of vectors {X, Y} that passes through p cannot have dimension
< 2. In fact, the three vectors [X, Y](p), X(p), and Y(p) belong to T,(X) so
dim 2 <2 would force a linear relationship between them. Hence, (i) and (ii)
of Lemma IV.4.4 imply that dim 3 > 3, which violates (1) of condition (P)
in Definition IV.3.2.
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In order to find a solution /& of Lh = 0 with the property that its real part
assumes a local minimum over a compact set we need only worry about those
cases not covered by Lemma IV.4.4, i.e., we may always assume that

o, (x,1)- (=0 = @, (x,1)- =0, (x,1)eQ, EeR". (Iv.80)

Let us assume that L does not satisfy condition () in any cube centered on
the origin and let us try to produce the required homogeneous solution /. As
in the case of two variables we will look for solutions # = u+ iv such that the
Hessian matrix u,, is everywhere positive definite and the critical points of
x — u(x, t) are located on a certain curve vy so that when looking for a local
minimum of u we only need to direct our attention to the restriction u/,. Then,
assuming by contradiction that u is monotone on 7y and that this happens for
all the functions u of this type, we must conclude that L is forced to satisfy
(%) in some neighborhood of the origin. The first step is then to show the
abundance of solutions of this type, which is taken care of by the next lemma
that describes a family of solutions depending on two parameters, x, € B
and n € R". The general form of these solutions is based on the function A
introduced in case (i) of Lemma IV.4.4.

LEMMA IV.4.6. If T and 6 are small enough there exists a smooth function
heC*(Qx BxR"),

h(x, t; x9, M) = u(x, 1; X9, M) +iv(x, 1; X5, M)

with u and v real such that

(i) Lh=0in Q for all (xy,n) € BxR";
(i) 14, (x5 03 0, 1) = 0 and v, (xp, 05 xg0 1) =
(iii) u,,(x, 1; x4, M) is positive definite at all points (x, t) € Q for all (x,, M) €
B xR

Proor. Set

h(x, 1 x0, ) = A (140?72 3 2(Z(x, 1) = Z(x, 0))?

j=1

+in-Z ' (x, 0)[Z(x, ) — Z(xy, 0)].

Since 4 is a polynomial in Z,, ..., Z, it is apparent that (i) holds. Differenti-
ating h with respect to x and evaluating the result at (x, 1) = (x,, 0) we get
h (xy, 0, X9, M) = in which shows (ii). Finally, write (1 + |9|*)""?u =F =
Af +g.Then fisindependentof nand f, (0, 0, 0, n) = 2A[, I =identity matrix,
so f,, has n eigenvalues > A > 0 on Q2 x B x R" if T and & are chosen small.
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Since g, is uniformly bounded in {2 x B x R”, taking A large we obtain that F,
is positive definite in £} x B x R", which implies the positivity of u,,. O

We regard the function / defined in Lemma IV.4.6 primarily as a function
in the variables (x, f) that depends on the parameters (x,,, 17), whose geometric
meaning is furnished by (ii). To the function & we associate the real vector
field V defined for (x, 7, x4, m, ) € QO x B x R" x R" by

d J J
V=——A(, t,xo,n)-a—~|—B(x, t,Xps M) —
X

ot i3
where A =(A,,...,A,), B=(B,,...,B,) are defined by
A= u;xl Uyss
B=v,—v,A.
Note that the jth component of Vi, is (Vu,); = u,, — (u A) ;= u,, —u,, =0,
j=1,...,n so u, is constant along the integral curves of V. A similar
computation shows that (V(§ —v,)); =0, j=1,...,ns0—v, is also constant

along the integral curves of V. It follows that V is tangent to the submanifold
of 1 x BxR" xR" of dimension 2n+ 1

={(nt.x.m 8 ux.tx.m)=0, &=v.(x,15x,.n)}
Since (xy, 0, xy, 7, M) € 2 by (ii) of Lemma IV.4.3 the partial derivative of
(x, 2, X0, M, &) > (u(x, 1, %0, ), E— v, (x. 1, X0, M)

with respect to (x,,m) at (0,0,0,0,0,0) is the identity. Thus, 3 may be
parameterized by (x,t, §) for |x| < &, |t| < T}, |€] < &, as the graph of a
smooth map

()C, t? g) = (xo(x’ t? g)? n(x’ t’ 5))

with values in {|x,| < 8,} x {|n| < 6,}. We may assume, if 6 and T are further
shrunken, that the image of |x| < 8, |t| < T}, |£] < 6, by the map

(x’ t’ g) i ('x()(x7 t? g)’ t? T’('x’ t, 6))
covers Q) x B x {|&| < &}. Thus, the vector field

V, = a%—a(x, t, f)-%+ﬁ(x, t, 5)% (Iv.81)
where

a(x, 1, &) = A(x, 1, %, (x, 1, €), m(x, 1, §)),
B('x’ t’ g) = B(x’ t’ xo(x, t? g)’ n(x’ t’ 5))
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agrees with V on 3—in particular, V, is tangent to >—and its coefficients do
not depend on x, and 1. Fix x, € B and |7n| < § and consider the function of
u(x, t, xy, n) as a function of (x, 7). By (iii) of Lemma IV.4.6 the roots of the
equations u,(x, t; xy, n) =0, & —v,(x, t; x5, ) = 0 determine a smooth curve
Yxon I (x, 1, €)-space contained in 3 that passes through the point (x,, 0, 7).
The curves Y, , may be parameterized as ¥, ,(s) = (x(s; x, 1), 5, §(s3 X, 1))
and they foliate X as x,, i vary. The vector field V, is tangent to Vion at
every point of ¥, , so we may parameterize Y, , so that its velocity vector is
V.. The projection of y, , on (x, f)-space gives a curve vy, , passing through
(x9,0) on which u, vanishes and u,, is positive definite. Hence, there is a
tubular neighborhood V of v, , such that

mvin u(x, t; xy, n) = min u(x, t; xy, ).
on
Thus, if the restriction of u to vy, , assumes a local minimum over a compact
subarc K of vy, , we will also have that u itself assumes a local minimum
over K. In order for the restriction of u to vy, , to assume a local minimum
over a compact subarc K we must find points ¢, < t, such that

%[M(X(S; X0, M) $)](1) <0 and %[u(x(s; X0, M) $)](12) > 0.

Now, writing x(s; xy, 7) = x(s) and &(s; x,, 1) = £(s) to simplify the notation,

L3060, 9) = (K. 5 ¥ 1) S 3(6) 4 14,(9), 5 9, )
= u,(x(s), 53 X9, 1)
= b(x(). 5) v, (x(s). 51 X9, )
= b(x(s). ) - £(5).

Note that the identity u, = b v, is just the real part of the equation LA =0. This
reduced the problem of finding a homogeneous solution %z = u + iv whose
real part assumes a local minimum over a compact set for an appropriate
choice of (x,, 1) to the problem of finding a curve Y, , such that the function
q(x,t, &) = Z(x, t)- & changes from negative to positive along ¥, ,,.. Thus, from
the fact that (%) is not satisfied in any neighborhood of the origin—which
amounts to saying that any cube centered at the origin contains an integral
curve of X = g, along which ¢(x, 7, §) changes sign—we must derive that
there exists an integral curve of V, along which ¢g(x, f, §) changes sign. The
tool to compare the changes of sign of a function along the integral curves of
two different vector fields is provided by
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LEMMA IV.4.7. Let U C RN be an open set, X and V, Lipschitz vector fields
in U and q € C'(U) a real function such that

(1) q(x) =0 implies Xq(x) <0;
(2) g(x) =0 and dg(x) =0 imply that X(x) = V,(x).

Assume that the integral curves 7y of V, have the following property:

(o) if g(x) <O for some x € vy then q(y) < 0 for all points y € 'y that lie ahead
of x in the order determined by the flow.

Then, the integral curves of X also satisfy property (e).

We postpone the proof of Lemma IV.4.7 and continue our reasoning. We
apply the lemma with U given by |x| < ,, |t| < T}, || < 6,, |x,] < 6,
Il <8, N=4n+1, X=4,, V, given by (IV.81) and ¢(x, 1, &) = b(x, 1) - &.
Let us check that hypotheses (1) and (2) in the lemma are satisfied. From
(IV.80) we get (1). Assume now that g(x, z, £) = dg(x, t, £) = 0 at some point
(x,t, &). Since ¢ is independent of (x,, 7) we may say ¢ and dg vanish at
p=(x,1,%xp,m, & €2, xg=x(x, 1, &), n=m(x,1, &) and since V, =V on 3,
and X and V, do not depend on (x,, i) we need only prove that V(p) = X(p).
From g(x, t, §) = dq(x, t, £) = 0 we derive that Z)(x 1) =0, Z)t(x, 1)-£=0,
b, (x.1)-£=0, j=1,....n. The real part of Lh =0 is u, = b- Vv which,
differentiated with respect to x;, gives u,, (x,1, &) =0, so the coefficient A; of
d/dx; in V satisfies A (x, 1, xo, n) = 0. Similarly, differentiating v, +b-Vu=0
we getthat B=v,—v A=v,6 = —I;x U, — uxx(l;) =0at (x,1,&) s0 V. (p)=
V(p) = d, = X(p) which proves (2). Since L does not satisfy () there is an
integral curve of X contained in U on which ¢ changes sign from minus
to plus. Then, by Lemma IV.4.7, V, cannot possess property (e) showing
the existence of a curve ¥, ,, along which l;-f changes sign from minus to
plus as required to show that u(x, t; x,, 17) assumes a local minimum over a
compact set of ), which, by Lemma IV.4.2 implies that L is not solvable in
). Summing up,

THEOREM 1V .4.8. Assume that L, given by (IV.49), is locally solvable in Q).
Then every point p € Q has a neighborhood U such that L satisfies condition
(P)in U.

To complete the proof of the theorem we must prove Lemma IV .4.7.
We start by recalling that if f: (a, b) — R is a continuous function we
define

D" f(x) = lim sup —f(x +2) — f(x)
e\0 &
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which may vary in the range [—o0, oo]. The mean value inequality states that
if f € C[a, b] there exists ¢ € (a, b) such that f(b) — f(a) < D* f(c)(a—b).
If f(a) = f(D) it is enough to choose ¢ € (a, b) so that f(c) = inf f(x) and
the general case is reduced to this one by subtracting the affine function
fla)+ (x—a)(f(b) — f(a))/(b—a). It follows that if D" f(x) <0, x € (a, b),
then f(x) is monotone nonincreasing.

Let V be a Lipschitz vector field in U C RY, that is, |V(x) — V(y)| <
K|x—y|, x,y € U. We denote by ®,(x), the forward flow of V stemming
from x, i.e., the solution ®,(x) defined in a maximal interval 0 < ¢ < T(x) of
the ODE

{ GO () =V(@,(x)),
D, (0) =ux.

Let F C U be a closed set. We say that F is positively V-invariant, or just
V-invariant for brevity, if

xeF = ®,(x)eF forall re€]0,T(x)).

The characterization of V-invariant sets given below is due to Brézis ([Br]).
The following properties are equivalent:

(i) F is positively V-invariant;
dist (x + eV(x), F)
m =

o v . -
(ii) Vx € F, 161\0 0

€
Indeed, assume (i). Then
dist (x + eV(x), F) - |x 4+ eV(x) — D (x)]

€ €
D, (x) —x
€

= [V(x) -

and the right-hand side converges to 0 as £ N\ 0.
Conversely, assume that (ii) holds. To prove (i) it is enough to show that
the Lipschitz continuous function f: [0, T(x)) — [0, oo) defined by

J(@) = dist (P, (x), F)

vanishes identically. This will follow if we prove that e~ f(¢) is nonincreasing
for some A > 0, since f(0) = 0. Thus, it is enough to show that

Df (e~ f)(r) = e™(Df f(1) = Af(1)) <0,

which in turn is implied by D; f(r) < Af(z). Fix t € (0, T(x)) and choose
z, € F such that f(r) = |®,(x) — z,|. For small & > 0 we have

[+ &) = dist (P, (x), F)
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= |q)t+s(x) - q)s(zt)| + |q)£(zl) —Z< 8V(Z,)|
+dist(z, + eV(z,), F).

Now |®,, . (x) =D, (z,)| = | P (P,(x)) — P,(z,)], so by Gronwall’s inequality,
|, (@, (x)) = D, (z,)] < e*|D,(x) —z,| =" f(1),
for £ > 0 small, where K is the Lipschitz constant of V. Thus,

fi+e) =) _ (e -1)f()

D,.(z,)—z
+ %—V(z,) +

dist(z, +&V(z,), F)
&

and letting £ \ 0 we get D f(r) < Kf(r), since the right-hand side’s middle
term obviously — 0 and the last one also does because we are assuming that
(ii) holds. This shows that =% f(¢) is nonincreasing and proves (i).

We now prove Lemma IV .4.7.

Proor. Let U™ be the V, -flow out of the set {x € U: g(x) < 0}, i.e., a point
x e U™ if x = ®,(y) for some y € U with ¢g(y) <0 and 0 <7 < T(y), where &,
is the flow of V,. Hence, U~ is an open set and {g(x) <0} c U~ C {g(x) <0}
because of (e). By its very definition, U~ is positively V,-invariant and so is
its closure F = U~ Indeed, if x € F there exist a sequence (x;) C U~ such
that x; — x. If 0 < 7 < T(x), then 0 < ¢ < T(x;) for large j because s — T(x)
is lower semicontinuous. Then ®,(x;) € U~ by the V,-invariance of U~ and
®,(x) =lim; @, (x;) € U~.

To prove the lemma we will show that F' is X-invariant, which clearly
implies that X has property (o) because F C {g(x) < 0}. We must show that

lim dist (x + eX(x), F) _
e\0 &

0, xeF. (Iv.82)
If g(x) <O this is trivially true, since x+ ¢X(x) € F for small & > 0. If
q(x) =dg(x) =0, (2) implies that X(x) = V,(x) so

dist(x +eX(x), F) _ dist (x + &V, (x), F)
e €

and the right-hand side — 0 as & | 0 because F is V, -invariant.

If g(x) = 0 and dg(x) # 0, the set {g(y) =0} NW is a C' manifold where
W is a convenient ball centered at x. It is easy to find a smooth unit vector
field N(y) that meets {g(y) = 0} transversally and points toward {g(y) < 0}, so
Ng < 0on WN{g(y) =0}. Let ¥,(y, A) denote the flow of the vector X* = X +
AN, A > 0. Then, (1) implies that X*¢(y) <0 on WN{g(y) =0} for any A > 0.
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Note that no integral curve of X*, A > 0, that stems from a point in W N {g(y) <
0} can cross WN{g(y) =0} (this would amount to traveling against the flow
at WN{g(y) =0}) and this implies that g(W¥,(x,A)) <0 for A >0, >0
small, in particular W,(x, A) € U~. Hence, V,(x,0) = lim,, V,(x,A) € F
where the limit holds by the continuous dependence on the parameter A.
Thus, the flow W, (x, 0) of X does not exit F for small values of # > 0, which
easily implies (IV.82), as in the proof of ‘(i) = (ii)’ of the characterization
of flow-invariant sets. O

Notes

A few years after the publication of Hans Lewy’s example [L1], Hormander
([H6], [H7]) shed new light on the nonsolvability phenomenon explaining it
in a novel way. Although his results are set in the framework of general order
operators of principal type we will describe its consequences for vector fields.
He proved that if a (nonvanishing) vector field L is locally solvable in ) then
the principal symbol of the commutator [L, L] between L and its conjugate
must vanish at every zero of the principal symbol £(x, &) of L. A vector field
with this property is said to satisfy condition (). For the Lewy operator
condition () is violated at every point. If the coefficients of L are real
or constant [L, L] vanishes identically. This was a most remarkable advance
because it explained a phenomenon that had appeared as an isolated example
in terms of very general geometric properties of the symbol, an invariantly
defined object. However, it turns out that condition (') does not tell apart
the solvable vector fields from the nonsolvable ones among some examples
considered by Mizohata ([M]), which we now describe. Let k be a positive
integer and consider the vector field in R? defined by

a .0
M, = 5 — 1y e
If k =1 condition () is violated at all points of the x-axis so, in particular,
M, is not locally solvable at the origin. For k > 2 condition () is satisfied
everywhere. On the other hand, it follows from relatively simple arguments
that M, is locally solvable at the origin if and only if & is even ([Gr], [Ga]).
The principal symbol of M, is m; = —i(nq— iy*§). The crucial difference
between k odd and k even is that in the first case the function y* changes
sign and in the second case it doesn’t. Nirenberg and Treves ([NT]) elabo-
rated these examples and identified a property that turned out to be the right
condition for local solvability of vector fields, i.e., condition (). When L

https://doi.org/10.1017/cB &2 BRTIAAS BoRks (nking G frembridas ddpivarsityFress, 2009


https://doi.org/10.1017/CBO9780511543067.005

Notes 215

satisfies () the arguments in [NT] allow Lu = f to be solved locally
with u in the Sobolev space L>~! for f € L?. This result was improved
by Treves ([T2]) to L? solvability, i.e., u can be taken in L?. Concerning
the regularity of the coefficients, it was shown in [Hol] that if L is in the
canonical form
I [ — b u

M—E—Fl; j(x,t)gj, (a)
with b; real-valued and Lipschitz and satisfies () then it is locally solvable
in L2. Since there is loss of one derivative in the process of obtaining coordi-
nates in which L has this form one must require, in general, that derivatives
up to order one of the coefficients of L be Lipschitz. However, in two vari-
ables (i.e., when n = 1) it is possible to prove L?* solvability directly without
assuming that L is in the special form (a) ((HM1]). Hence, planar vector
fields with Lipschitz coefficients that satisfy () are locally solvable in L2,
This result is essentially sharp in the sense that there are counterexamples to
L? solvability and to the existence of L? a priori estimates if the coefficients
are only restricted to belong to the Holder class C* for any 0 < a < 1 ([J1],
[HM1], [HM2]). Whether any vector field with Lipschitz coefficients that
satisfies () in three or more variables is locally solvable in L? is an open
problem at the time of this writing.

It is a characteristic feature of locally solvable operators of order one that
the L? a priori estimates that they satisfy can be extended to L” estimates
for 1 < p < oo, a fact that turns out to be false for second-order operators
in three or more variables (for results in that direction see [Li], [K], [KT1],
[KT2], [Gu], [Ch1]). Solvability in L? for vector fields was first considered in
[HP], where the method involved pseudo-differential operators and demanded
smooth coefficients. On the other hand, using the method of H. Smith ([Sm]),
L? a priori estimates in the range 1 < p < oo can be proved in one stroke
under the same regularity hypothesis on the coefficients initially known to
guarantee just L? estimates ([HM2]). This is the point of view used in the
presentation of a priori estimates in this book, although for simplicity we
have not included the proof that in two variables L” estimates for vector
fields with Lipschitz coefficients are valid without assuming they are in
the canonical form (a) ([HM2]). The proof of a priori estimates in several
variables is reduced, thanks to the geometry of () that prevents the existence
of orbits of dimension higher than 2, to two-dimensional a priori estimates
that are glued by a partition of unity associated with a convenient Whitney
decomposition in cubes. The presentation in this chapter owes much to the
discussion in [S1] about decomposition of open sets in cubes.
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While it is true that for any locally solvable vector field L and 1 < p < o
the equation Lg = f can locally be solved in L” if f is in L”, this is false,
in general, for p = oo as we saw in the example after Remark IV.1.12 that
was taken from [HT2]. This difficulty can be dealt with by introducing the
space X = L= (R,; bmo(RR,)) of measurable functions u(x, r) such that, for
almost every 1 € R, x — u(x, 1) € bmo(R) and ||u(z, )||pme < C < oo for a.e.
t € R, where bmo(RR) is a space of bounded mean oscillation functions, dual
to the semilocal Hardy space h'(R) of Goldberg. This was first observed
in [BHS], where it is proved that for a substantial subclass of the class of
locally solvable vector fields L, the equation Lu = f can be locally solved
with u € X if f € L™. This result was later improved by showing that for
any locally solvable vector field L the equation Lu = f can be locally solved
with u € X for any f € X ([daS], [HdaS]) which can be regarded as an ersatz
for p = oo of the L local solvability valid for 1 < p < co. The presentation
in Section IV.1.2 follows closely [HdaS] but replaces lemma 4.5 of that
paper—which is true but incorrectly proved—by Lemma IV.1.17 which is
sharper.

A priori estimates in L? easily give a priori estimates in L>* for any s € R
but the absorption of lower-order terms requires shrinking of the neighborhood
in which the estimate holds in a way that makes its diameter tend to zero
when |s| — oo. Therefore, the technique of a priori estimates gives solutions
of arbitrary high but finite regularity for smooth right-hand sides. Using
a different approach, Hérmander ([H9]) proved solvability for differential
operators of arbitrary order that satisfy () by studying the propagation
of singularities of the equation Pu =0 mod (C*), showing the existence
of semiglobal solutions, i.e., solutions defined on a full compact set under
the geometric assumption that bicharacteristics do not get trapped in the
given compact set. Furthermore, the solutions can be taken smooth if f is
smooth. In Sections IV.2 and IV.3 of this chapter, the construction of smooth
solutions is simplified by the assumption that the vector fields are locally
integrable. Since vector fields that satisfy () are indeed locally integrable,
the local integrability hypothesis is superfluous, however this fact depends on
the difficult and long theorems on smooth solvability by Hormander ([H9],
[HS]). Thus, it would be interesting to have a shorter ad hoc proof of the
local existence of smooth solutions for vector fields that satisfy () without
invoking local integrability.

Concerning the necessity of (%), Nirenberg and Treves had shown in their
seminal paper [NT] that local solvability implies () for vector fields with
real-analytic coefficients and conjectured the same implication should hold
for smooth coefficients. This state of affairs remained unchanged for 15 years
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until Moyer ([Mo]) removed in 1978 the analyticity hypothesis for operators
in two variables in a never published manuscript. His ideas, however, were
applied by Hormander [H4] to extend the result for operators in any number
of variables with smooth coefficients. The discussion of the necessity of ()
in Section IV .4 of this chapter is again simplified by the assumption of local
integrability and follows the presentation in [T3] (see also [T5] and [CorH2]).
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