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1. Introduction

This article consists of a number of observations about smooth, complex vector fields
on a smooth manifold M, with special emphasis on their local solvability. The case of
a vector field without critical points (i.e. nowhere zero) is well understood. We focus on
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a vector field L that vanishes on a subset of M, to which we refer as the critical set
of L (and denote by Crit L). Little is known on this topic. Some results about linear
vector fields in R™, i.e. vector fields whose coefficients are linear functions, can be found
in [7,8], and in the more recent articles [15,16]. It is remarkable that the solvability (or
lack thereof) of such a restricted class of vector fields is unknown (at least, to the author)
in dimension n > 3, beyond the real coefficients case.

Since the general case is a vast terra incognita the purpose of this article is to isolate
a class of complex vector fields on M that hold some promise of being manageable. Our
choice of such a class is based on a microlocal concept: that of microlocal principal type,
defined by the property that the differential in phase-space of the symbol of the vector
field (denoted by o(L)) is linearly independent from the symplectic one-form & - dz. A
prototype of this class is the rotation vector field x10/0x9 — 20/dx1 in R? (which, by
the way, is not locally solvable at the origin); a prototype of the complementary class,
the vector fields not of principal type, is the radial vector field Z?:1 x;0/0x; (which,
by the way, is locally solvable at the origin). In the two-dimensional case, when M is
a surface, the principal type property ensures that the critical points of L are isolated
(Corollary 3.20). The same is true when the coefficients are real; moreover, in the latter
case, the principal type property requires that the dimension n of the base manifold M
be even (Proposition 3.4).

Off its critical set every vector field is of principal type. At a critical point g the differ-
ential of the symbol o(L) is equal to the differential of its linear part L, (in which every
coefficient of L is reduced to the homogeneous part of degree 1 of its Taylor expansion
at ). This linear part (mainly viewed as a vector field in the tangent space T, M = R"
and obviously an invariant of the vector field L at p) plays a central role in the present
work; and justifies devoting some effort (in the future) to the study of complex linear
vector fields in dimensions higher than 2. So far the case of planar complex linear vector
fields is completely settled (Theorem 3.21). It reveals the role of the Meziani invariant
(see (3.25)). Extending the result to higher dimension may require the identification of
invariant(s) of the same type.

The last subsection of the paper focuses on the case where L, is elliptic in the comple-
ment of the origin T, M\{0}: in this case (which requires dim M = 2 and is automatically
of principal type) L is locally solvable at @, in the L?-sense, actually (Theorem 3.27).
This fact points to a class of complex vector fields on surfaces that is very stable and
ready for some global analysis: the vector fields L that are elliptic in M\ Crit L and whose
linear part L, is elliptic in the complement of the origin T,,M\{0}, whatever p € Crit L.
They all are locally solvable everywhere in M; we tentatively give them the name of
quasi-elliptic.

If p is a critical point of a vector field L of principal type the bicharacteristics that
intersect the cotangent space T M are completely contained in 7)M; their base pro-
jection is the single point {p}. This reveals a noteworthy feature of vector fields with
critical points and the contrast they present with the established theory of differential
operators P(x, D) of principal type. We refer particularly to Theorem 26.11.3 in [3],
stating, as a sufficient condition for semiglobal solvability, that P(z, D) satisfy the local
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solvability condition (P) and that the base projections of every one of its ‘bicharacter-
istics’ (per force of dimension 1 or 2) escape from every compact subset of the base,
i.e. not be ‘trapped’. What transpires, so far, in the cases of vector fields with critical
points where necessary and sufficient conditions for local solvability have been found (see
Theorems 3.8, 3.21 and, as just mentioned, 3.27), is that non-solvability can be equated
with the property that all bicharacteristics are trapped. It is tempting to conjecture, at
least in the case of a real vector field L, that local solvability holds at a critical point p
if and only if, given an arbitrary neighbourhood N (p), at least one integral curve of L
escapes from N (p).

2. Basic concepts and known results

2.1. Vector fields with critical points: principal type

Throughout this article M denotes a smooth (i.e. C*), connected manifold; dim M =
n > 2. We use standard notation: C*°(A) stands for the space of smooth functions in
the open set A C M; C°(A) for the space of test functions (i.e. smooth and compactly
supported) in A; D'(A) for its dual, the space of distributions in A. All functions and
distributions are assumed to be complex-valued, unless specified otherwise.

We shall be concerned with a complex vector field L of class C* in the manifold M,
mainly with its local solvability. We shall look at a special class of vector fields with
critical points. We denote by Crit L the set of critical points of L. Most of the time we
reason in a local coordinate chart (U, z1,...,x,), in which

L= Zaj(m)amj, (2.1)

where 0,;, = 0/0z; and a; € C*(U). We denote by &1,...,&, the coordinates in the
cotangent spaces at points of U with respect to the basis dzq,...,dx,. In these local
coordinates the symbol of L will be the linear functional with respect to &,

o(L)(z,€) =) a;(2)§;. (2.2)
j=1

(We omit the customary factors v/—1 as we shall not make use of the Fourier transform.)
The symbol of L is equivariant under changes of local coordinates and thus defines a
C* function in the cotangent bundle T* M. By the characteristic set of L we shall mean
the null set of o(L) in the complement of the zero section, T*M\0; it will be denoted

by Char L.

We shall denote by 7 the base projection T*M\0 — M. Obviously, ?(Crit L) C
Char L.

We will now make use of the symplectic one-form 7 = £ - dz. In local coordinates
Z1,...,Ty we have 7 = &1 dxy + - -+ + &, dx,. The chain rule shows that this definition

is invariant under coordinate changes. The differential dr is the fundamental symplectic
two-form on T* M.
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Definition 2.1. The vector field L is said to be of principal type at a point p € M if
the differential do(L) and the symplectic one-form 7 are linearly independent at every
point of Char L N THM.

Definition 2.1 is relevant when p € Crit L. Indeed, L is of principal type at every point
p & Crit L, actually in a stronger sense than that in Definition 2.1: the differential of
o(L) with respect to the ‘fibre’ Varlables deo(L) = Z?:l a;(x)d¢; in the local chart
U, z1,...,2,), is nowhere zero in 7 (p)

At a critical point p of L in U we have do(L) = d,o(L) and, according to (2.2),

do(L)AT = Z ojk(z,§)dx; Aday, (2.3)
1<j<k<n

where we have used the notation

- 51 da;
(0.9 =Y (G2 @8 - 52 wg )6 24

i=1

For L to be of principal type at € U N Crit L means that, to each £ € R™\{0}, there is
a pair of indices (j,k), 1 < j < k < n, such that o, x(z,&) # 0.

Remark 2.2. Obviously, if L is of principal type at « € U NCrit L necessarily d,o (L) =
> oj=1 & da; # 0 whatever £ € R™\{0}. In other words, the differentials da; at = must
be linearly independent over the field R. In particular, if the vector field L is real this
means that = is an isolated critical point. If the vector field L is real and of principal
type in M then Crit L is a discrete set.

Proposition 2.3. If L is of principal type at p € Crit L, then there is an open neigh-
bourhood of p in M, N(p), such that L is of principal type at every point of N (p).

Proof. Let the local chart (U, x1,...,x,) be centred at p € Crit L (meaning that 1 =
- = o, = 0 at p). The hypothesis is that minj¢|—; |0 x(0,&)| > 0 for some pair of indices
J» k. We will then have min¢—y |0 x(2,§)| > 0 for every x sufficiently close to 0. O

There is an equivalent definition of plrincipal type in terms of the Hamiltonian vector
field of o(L). In an open subset £2 C 7 (U) and a function g € C>°(£2) the Hamiltonian
vector field of g is given by

— g dg 0
99 9 99 Y 2.5
z} 0¢; axj dz; 0 (25)

Assume that g is real-valued; a null bicharacteristic of g is an integral curve of Hy in {2
on which g vanishes (g is constant along any integral curve of H,). We have

o
Hyry =L~ Z ajfjafk (2.6)
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It is readily checked that, at critical points of L in U,

- 0 0 0
Hyp) /\Z&a?i = Z Uj,k(xvf)aigj/\aigk- (2.7)
i=1 1<j<k<n

Comparing with (2.3) shows that, for L to be of principal type at p € Crit L it is necessary
and sufficient that the Hamiltonian field Hy(ry and the radial vector Y. | &(9/0¢;) be
linearly independent at every point of TZM.

Remark 2.4. If all the local coordinates x1,...,x, vanish at p the radial vector field
in &-space Ty M, 307 €0, is the Hamiltonian field of —rd, = — 371" | 20,

Let the local chart (U, x1,...,x,) be centred at p € Crit L. We introduce the vector
field
n
Ly =Y ajxeda;, (2.8)
jk=1
where 9
aj
ajp = .
3k al'k( )
We might want to view (2.8) as a vector field in U, in which case L — L, vanishes to
second order at g. From this standpoint changing the coordinates x; might result in an
expression of L, whose coefficients are not any more linear. Not so if we view L, as a
vector field in T, M and if we associate to a change of coordinates in ¢ the tangent linear
transformation in 7, M. In this sense the following definition is coordinate free.

Definition 2.5. We shall refer to the vector field L, in T, M as the linear part of L at
the critical point p.

We deduce the following proposition immediately from (2.3) and (2.4).

Proposition 2.6. For L to be of principal type at a point @ € Crit L it is necessary and
sufficient that L, be of principal type at every point of T,M.

Corollary 2.7. For L to be of principal type in M it is necessary and sufficient that L,
be of principal type at every point of T, M whatever p € Crit L.

Let us continue to reason within the local frame (U, z1,...,z,) and introduce the
Jacobian matrix A(z) with entries

- 8ai

aij(r) = oz, (z);

AT(x) will stand for the transpose of A(z). With this notation we can rewrite (2.4) as
follows:

k(@) = (AT (2)€) 16, — (AT (2)€)r&;- (2.9)

We see that the quantities o are the components of the 2-vector £ A AT (z)¢. We can
state the following.
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Proposition 2.8. For L to be of principal type at a critical point x € U it is necessary
and sufficient that the complex matrix AT (x) not have any real eigenvector.

In particular, if L is of principal type at a critical point € U then R" Nker AT (z) =
{0}. This does not mean that det A(z) # 0, as shown by the example L = z0; in the
plane.

Example 2.9. The rotation vector field dy = x10,, — 120,, in R? is of principal type
at the origin. Indeed,
do(0p)|z=0 = {2 drr — &1 day

and 7 A do(9p)|e=0 = (€7 + £3) dz1 A dy does not vanish off the zero section of T*R2.

Example 2.10. The radial vector field r0, = Z?Zl 70, in R™ is not of principal type
at the origin, since do(rd,)|p=0 = 7.

A complex vector field L can be of principal type and still have a critical set that is a
submanifold of positive dimension, as shown in the following.

Example 2.11. The vector field in R3?,
L= 3318302 — .’L‘gaa;l + iIlawS, (2.10)

is of principal type in R3. Indeed,

has the eigenvectors (0, —i,1), (i,1,0), (—i,1,0).

A vector field L can be of principal type and still have a critical set that is highly
singular, as shown in the following.

Example 2.12. Let the function ¢ € C*>°(R) have only zeros of order greater than 1.
The vector field in R3,

L =210, — ©20,, + (iz1 + ¢(23))0us,

is of principal type in R?. Indeed, the linear part of L at every point (0,0, x3) € R? such
that ¢(x5) = 0 is given by (2.10). It suffices then to apply Proposition 2.8.

The set Crit L may have singularities even if L is of class C* and of principal type.

Example 2.13. Consider the vector field
L =110y, — 220y, + (23 — 23 4+ i21)0y, + (25 — 25 — i20)0,,

in R*. The transpose of the matrix associated to the linear part of L at the origin,

0 1 i O
Ag‘ _ -1 0 0 —i ’

0 0 0 O

0 0 0 O
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has the eigenvectors (0, —i,1,0), (—1,0,0,1), (i,1,0,0), (—i,1,0,0), implying that L is of
principal type at 0 (again by Proposition 2.8). We have

Crit L = {x € RY; 2y = 2o = 25 — 23 = 0}.

2.2. Basics on local solvability

Below we will make use of the Sussman foliation of M defined by L. Let g(L) denote
the real Lie algebra generated by the vector fields Re L and Im L for the standard com-
mutation bracket. Let us say that two points of M are L-connectable if they can be joined
by a continuous path consisting of finitely many arcs of orbits of vector fields belong-
ing to g(L); to be L-connectable is an equivalence relation among points of M. The
main theorem of [11] states that every equivalence class for this relation is an immersed
submanifold of class C*° without self-intersections (called an L-leaf below) having the
property that the tangent space at every one of its points contains the ‘freezing’ of g(L)
at that point. (In the analytic category the tangent spaces are equal to the freezing of
g(L) at the points. The L-leaves form what is often called the Nagano foliation defined
by L. See [9].) The one-dimensional L-leaves will also be referred to as the orbits of L; at
every point of every orbit of L, Re L and Im L are collinear and at least one of these two
vector fields does not vanish. The critical points of L are the zero-dimensional L-leaves.

Definition 2.14. The vector field L is said to be locally solvable at a point p € M if
there is an open neighbourhood N (p) of p such that to each f € C(N(p)) there is
u € D'(N(p)) verifying the equation Lu = f in N'(p); L is said to be locally solvable in
an open subset A of M if L is locally solvable at every point of A.

Local solvability theory (see [10], [13, Chapter VIII] and [3, Theorems 26.4.7 and
26.11.3]) tells us that the following holds.

Theorem 2.15. Assume that the vector field L does not have any critical point in an
open subset A of M. The following properties are equivalent:

(LocSolv) L is locally solvable in A;

(P) V¢ € C, the function Im(Co (L)) does not change sign along any null bicharacteristic
of Re(Co(L));

(P") the dimension of the L-leaves in A does not exceed 2 and (1/2i)L A L does not
change sign on any two-dimensional L-leaf in A.

Implicit in (P’) is the orientability the two-dimensional L-leaves, making sense of the
property that (1/2i)L A L not change sign on such an L-leaf.

Remark 2.16. In (LocSolv) we could have replaced L by L — x; the zero-order term
X € C*(A) has no effect on local solvability (provided L has no critical points in A).
Indeed, if L is locally solvable in A we can find a C* solution of the equation Ly = x
in every suitably small open subset U of A [3, Theorem 26.11.3]. Whatever u € D'(U),
L(ue™?) =e %(L — x)u.
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Remark 2.17. Given an open subset A of M the space L% (A) of locally square-
integrable functions in A can be defined by using local coordinates. Let us denote by
L%(A) the subspace of L? (A) consisting of the compactly supported functions. The
vector field L is then said to be locally L?-solvable at a point o € M if there is an
open set A 3 p such that to each f € L2(A) there is u € L2 _(A) verifying (in the
distribution sense) the equation Lu = f in A. It follows from the general result in [1]
that (LocSolv) in Theorem 2.15 can be replaced by the property that the vector field L

is locally L2-solvable in A (for a direct proof see [13, § VIIL8]).

Remark 2.18. The vector field L can be locally solvable without being of principal
type, as is the case for 70, = Z?:l 20, in R™ (Example 2.10). A different example is
L = a(x)0,, when a € C¥(R™) vanishes to high order on a proper analytic subvariety
V # @. Indeed, the equation Lu = f € D'(R™) has a solution verifying 9., u = g where
g € D'(R™) is such that ag = f. The existence of such a g is proved in [4].

Remark 2.19. The hypothesis, in Theorem 2.15, that L has no critical points cannot
be replaced by the hypothesis that L is of principal type. The vector field 8 in R? is of
principal type (Example 2.9) but the existence of a distribution solution u of the equation
dpu = f € C(R?) requires f027r f(rcosf,rsinf)dd = 0 for every r > 0.

As before Crit L stands for the set of critical points of L in the manifold M.

Proposition 2.20. Suppose L is of principal type in M. If L satisfies condition (P) in
M\ Crit L, then L satisfies condition (P) in M.

Proof. Let p € Crit L be arbitrary; then 7Y M C Char L and the Hamiltonian field of
o(L) is tangent to Tj; M. This implies that any_blicharacteristic of Re(Co(L)) (0# ¢ € C)
that intersects 75 M is entirely contained in 7 (p) C TjyM and o(L) = 0 on it. The
claim ensues. O

Proposition 2.21. Let o € Crit L be arbitrary and assume that the linear part L, is of
principal type in the tangent space T,M. If L, does not satisfy condition (P) in T,,M
then, given an arbitrary open neighbourhood U of g, L does not satisfy condition (P) in

U\{p}.

Proof. The hypothesis that L, is of principal type in the tangent space T, M allows us
to apply Proposition 2.20 to L,, (in the place of L): if L, does not satisfy condition (P)
in T, M then it must not satisfy condition (P) in T, M\ Crit L,. Let (U, x1,...,x,) be
a local chart centred at p such that (2.12) is valid. Possibly after a linear change of the
coordinates x1,...,x, we may assume that

CritL, = {z € T,M; 21 =--- =, =0} (2.11)

(When dealing with L, we let « vary in T, M = R™.) The symbol of L,, as a function in
T*(T, M) has the expression (see (2.8))

o(Ly) = Zzaj,kxjgk, (2.12)
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where 5
ag
ajr = 2—(0).
J 633j
We assume that condition (P) is violated at a point 2° € T, M\ Crit L, i.e. such that
D |2

k=1"'j=1

We can then find ¢ € C and an open set U such that ° € U C T, M\ Crit L, and that

Vo e U, i

k=1

£ 0. (2.13)

Z Re(Caj i)z,

Jj=1

The homogeneity (of degree 1) with respect to x in (2.13) allows us to assume that U
is an open cone. (Cones in a vector space are subsets invariant under dilations = — Az,
A > 0.) Possibly after replacing z° by another point in U we may assume that Imo(¢L,,)
changes sign at a point (z°,£°) € Char L, along the null bicharacteristic v of Re({L,,)
that passes through that point. The bicharacteristic 7y is defined by the Hamilton—Jacobi

equations
dz =
ditk Z e(Caj k)T, k=1,...,n,
d¢; - ,
ditj = 7ZR6(<a]‘,k)€ka J = 17"'ama (214)
k=1
d
%:O7 k:m—i—l,...,n,
complemented by the initial value conditions
z(0) = z°, £(0) =¢&°. (2.15)

Thanks to (2.13) we see that the base projection of « is a curve that stays within
T, M\ Crit L,,. Below we denote by (z(t),£(t)) the solution of (2.14) that satisfies (2.15).
It is convement to introduce the n x n matrix A with entries Re({a; ) if 1 < j < m and
Oifm<j<n,and k=1,...,n. We have

a(t) = a2, £(t) = e A0, (2.16)

where AT denotes the transpose of A.

The symbol o(¢Ly) and therefore also the equations (2.14) are invariant under
the transformation (z,&) — (A 7'z, A¢). The solution of (2.14) with the initial value
(A71z°, AE°) is (A ta(t), AE(¢)). The bilinearity of o(L,,) entails

) A&
Imo(CLy) (A" (t), AE(1) = Im o (CLy) (2(t), £(1))- (2.17)

Let us assume for simplicity that Imo((L,,) > 0 in the semicurve 4+ described by
(x(t),€(t), 0 <t < T, and Imo({L,) < 0 in the semicurve v~ described by (z(t),£(t)),
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—T <t < 0. (We are reasoning, here, in an analytic context, L,, being a vector field with
linear coefficients.) We conclude that, if the number ¢ > 0 is suitably small, there are
numbers t; and to, —T < t; < 0 < ty < T, such that

—Imo(CLy) (A ta(t), A(t)) = Imo(CLy,) (AN T a(ta), A(ta)) = ¢ (2.18)

whatever \ > 0.
Now consider

m n

Reo(CL)(z,£) = > > Re(Cajx) x]gﬁchk )Er, (2.19)

j=1k=1 k=1

where ¢ € C*°(U) vanishes to second order at g, i.e.

Vo €U, |pg(x)| < const.|z|?. (2.20)
From (2.13) we derive that
Ade¢ Reo(CL)(A™ =33 Re(Cajn)zy + A Y pp(A72%) #0. (2.21)
Jj=1k=1 k=1

From (2.19) we derive that there are positive numbers A, and C, and a smooth
function [Ao,+00) > A — &*(\) € R™\{0} such that [£*(\)—¢&°| < CA™! and
Reo(CL)(A\~ta®,£%()\)) = 0. Since o(CL)(x,€) is linear with respect to ¢ we have

Reo(CL)(A 1z, A% (N)) = 0. (2.22)

Consider now the null bicharacteristic 45 of Rec(¢L) through (A~1z°, A¢*(N)); it is
described by the solution (z(t, A),&(t, X)) of the Hamilton—-Jacobi equations associated
with Reo(CL) such that (z(0,)),£(0,)\)) = (A12°, A¢*()\)). Actually, it is convenient
to consider the functions Z(t, ) = Az (t, \), £(t,A) = A71€(¢, A). In vector notation they
satisfy the equations

if ATE 4+ AB(N D),
Iy (2.23)
S AL w(N 1) E
% E+U(AT ),
where @ = (¢1,...,¢n) and ¥(z) is an n X n real matrix whose entries are C*° functions
in I/ that vanish on ¢/ N Y. Moreover,
(2(0,1),€(0,A)) = (2°,€"(N). (2.24)

Note at this point that, if [t] < 7 and A > X, the vectors Z(t, \) and &£(t,\) stay in
compact subsets, of &/ and R™ respectively.
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By subtracting (2.14) from (2.23) and using (2.16) and (2.24) we obtain, still in vector

notation,
%(i(t, A) —x(t) = AT(iz(t, A) — z(t)) + AP(ATLE(E, N)),
%(5(2& A) = E(1) = —A(E(t,N) — 2(8) + (AT N)E,
2(0,A) —2(0) =0,  £(0,)) —£(0) =& () — ¢,
whence

E(t,\) — z(t) = A/Ot = G 15 (s, \)) ds,

£t N) —E(t) =e " (N) - &) + / e AW (A 3 (s, 0))E(s, ) ds.

0

We get, for some constant C' > 0 and all |t| < T,

|Z(t,A) — 2(t)] <O ‘S|U<pT(|53(S,/\)|2),

€60 — €(6)] < X (1+ sup [€(s,V)]).

|s|<T

We derive that if )\, is sufficiently large and if A > A, then

sup |Imo(CL)(#(t A), (1 N) — Imo(CLy) ((t),£(t))] < 5.

|t|<T
Combining this with (2.18) we conclude that

Im o (L) (Z(t1, A), £(t1, N)) < —
Im o (L)(&(t2, A), €(t2, A)) > Le,

&)

thus proving that Im o (L) changes sign along . O

Corollary 2.22. Assume that the linear part L is of principal type in the tangent
space T, M. If L, does not satisfy condition (P) in T, M, then L is not locally solvable
in M\ Crit L.

3. Some special classes of vector fields

3.1. Essentially real vector fields

Definition 3.1. We say that a C> vector field in M is essentially real if L and L are
collinear at every point of M (i.e. L A L vanishes identically in M).

To say that L is essentially real is equivalent to saying that every L-leaf is either an
orbit (a one-dimensional, smooth, immersed submanifold) or a critical point of L.
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Lemma 3.2. If an essentially real C*° vector field L in M is of principal type at a critical
point @, then there is ¢, € C\{0} such that c, L, is real.

Proof. Suppose L has the expression (2.1) in a local chart (U, x1,...,x,) centred at @
and let A be the n x n matrix with entries

Oa;
ajk = 8752(0)‘

We have

1 - - _
EL ANL= Z Im( Z ajmak,qxpxq)@xj A Oq,, + O(|2]?).

1<j<k<n p,q=1

If L AL =0 then, for every pair of indices j, k,

Ve € R, Z Im(a; pak,q + aj,q0k,p)Tpze = 0. (3.1)
P,q=1

Putting p = ¢ in (3.1) yields a;par, € R for all pairs j, k, implying that for each
p = 1,...,n, there is a complex number A, such that a;, = b;,\, with b;, € R,
j=1,...,n, and therefore det A = Ay - -- A, det B, where B = (b; ) 1< p<n- I D # q we
derive from (3.1)

(0j.pbr,q = bjqbrp) Im(ApAg) =0

for all j,k = 1,...,n. But det B # 0 implies that b; bk q 7# b; bk for some j, k. It
ensues that Ay = sqA1 with s4 € R for each ¢ = 2,...,n, proving the claim. (]

Remark 3.3. The conclusion in Lemma 3.2 is generally not valid if we remove the
principal type hypothesis. Example: L = (z; + ir2)d,, in R2,

Proposition 3.4. If an essentially real C*° vector field L in M is of principal type at
some critical point p then the following properties hold:

(1) dim M is even;
(2) p is an isolated critical point of L;
(3) the origin in T, M is an isolated critical point of L.

Recall that L is of principal type at a critical point p € M if and only if the linear
part L, is of principal type in T, M (Proposition 2.6).

Proof. Same notation as in the proof of Lemma 3.2; after division of L by ¢, we may
assume that the matrix A is real. If L is of principal type then (by Proposition 2.8) the
transpose AT, and therefore also its transpose, A, must be injective when acting in R,
whence properties (2) and (3). Furthermore, AT cannot have any real eigenvector, which
is impossible when dim M is odd. |
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Proposition 3.5. If an essentially real C* vector field L in M is of principal type in
M, then there is a unique Lipschitz continuous map §: M — [0, 7) such that e’L is a
real vector field. The restriction of 6 to M\ Crit L is C™.

Proof. Let p € M\ Crit L be arbitrary. If L|, = (L|,, then necessarily ¢ = e2i0(v)
for some 0(p) € R and @ L|, € T, M; if we require 0 < § < 7 then 6 is uniquely
determined, and thereby smooth in M\ Crit L. Consider now an arbitrary point p €
Crit L. Suppose L has the expression (2.1) in the local chart (U, 1, ..., x,) centred at ;
we then use the same notation as in the proof of Lemma 3.2. After division either by
lco| or by —|c,,| we can assume that the coefficients of the vector field L° = el L, are
real and that the constant 6, satisfies 0 < 6, < m. We view provisionally L, as a vector
field in U (in the coordinates ;) and use the fact that L — L, vanishes at least to second
order at x = 0. We obtain, for x # 0,

eiQ(m)L — ei(&(m)—ep)eiepr + O(ll‘|2)
Since both €?(*) [, and ei%Lp are real vector fields we deduce that
PRLES
k=1
Since det A # 0 we get |0(x) — 0,| < const.|z|, which proves that §(z) converges to 6,

as x — 0 and that we can extend 6 as a Lipschitz continuous function in M, smooth in

M\ Crit L. 0

sin(f(x) — 6,,)

<const.|z]?, j=1,...,n.

Proposition 3.5 yields a simple sufficient condition for the local solvability of L.

Theorem 3.6. Let L be an essentially real C*> vector field of principal type in M and
let p € Crit L. If div L|, # 0, then L is locally L*-solvable at ¢ (see Remark 2.17).

The value of div L at a critical point g is independent of the choice of local coordinates;
we have div L|, = div L|o = tr A, the trace of the matrix A.

Proof. According to Proposition 3.5 we can find a Lipschitz continuous function
6: M — [0,7) such that the coefficients of e’ are real. Assuming that L is given
by (2.1) in the local chart (U, z1,...,x,) centred at p, we obtain

div(eL) = Z ds, (e%a;) = &’ (divL + iz ajaxjﬁ> .
j=1 j=1
Since 0,0 € L> and |a;(z)| < const.|z| we obtain

|div(eL) — ¢©) div L|o| < const.|z|. (3.2)

Integration by parts yields, for every ¢ € C°(U),

2Re/eie(LLp)@dx = 7/|ga\2div(eieL) dz. (3.3)
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Combining (3.2) and (3.3) yields, for some constant C' > 0 independent of ¢,

|diVL|o|/|<p|2dx<2‘Re/<pL*(e—19<p)dx +C/|g0\2|x|da:,

where L* is the adjoint of L. After contracting U about p we may assume that
C'supy |z] < %\div L|o|; we conclude, by the Cauchy—Schwarz inequality and after sub-

stituting ey for ¢,
/|tp\2dx < /|L*<p|2dx

where C” = 16/(|div L||?); (3.4) entails the existence of a linear map L*C®(U) > L*¢ —
¢ € C(U) bounded for the L% norm. It can be extended as a bounded linear map G*
of L2(U) into itself. The adjoint G of G* satisfies LG f = f for every f € L?(U). d

: (3-4)

Remark 3.7. A natural question is whether results such as Theorem 3.6 can be extended
to first-order differential operators of the type L+ x, x € C*°(U). In this context the role
of div L must be played by the subprincipal symbol of L. The same observation should
also apply to those results in the sequel that depend in some way or other on div L.

3.2. Vector fields with linear coefficients

The role of the linear part L, in the study of vector fields of principal type justifies
that of vector fields in R™ with linear coefficients; for the sake of brevity we shall refer to
these as linear vector fields. The next statement (a direct consequence of [8, Theorem 1]J;
see also [15, Theorem 2]) characterizes the local solvability of real linear vector fields.

Theorem 3.8. Consider a real vector field in R™ of the form
L= ajxw;on, (3.5)
jk=1
(a;x € R). The following properties are equivalent:
(a) L is not locally solvable at the origin of R";
(b) the closure of every orbit of L in R™\ Crit L is compact;

(c) each point x° € R™\ Crit L lies in a torus Ty. C R™\ Crit L such that every orbit
of L that intersects T,o is a geodesic of Tyo;

(d) the real matrix A = (aji)i<jk<n Is semisimple and its non-zero eigenvalues are
purely imaginary.

When we apply Proposition 3.4 to L, (assumed to be of principal type) we have
Crit L = {0}, n = 2m (Proposition 3.4). Thus, if L, is not locally solvable in T, M
there is a linear change of the coordinates x; such that, for each 2° # 0,

Tpo ={z € T, M,; x? +xfn+j = (15)2 + (xfn+j)2, j=1,...,m}
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equivalently, every eigenvalue of the semisimple matrix A = (a; x)1<;j k<n 18 purely imag-
inary and different from zero.

Consider a general (a priori, not of principal type or locally solvable) ‘linear’ vector
field (3.5).

Lemma 3.9. If the real vector field (3.5) is of principal type the same is true of

L/ = Z aj’kaikawj. (36)
Jik=1

Proof. The hypothesis is equivalent to the property that the real matrix A" does not
have any real eigenvector, in turn equivalent to the property that A does not have any
real eigenvalue. O

In dealing with vector fields of the form (3.5) (whether their coefficients a; ; are real
or complex) it makes sense to use spherical coordinates in R”: r = (22 + - - 4 x2)/2,

Yz;; of course, wf + -+ +w?2 = 1. It is convenient to introduce the vector fields

w; =1"
Xj’k = (.Ujawk — wkaw]. = ‘Tjamk — mkﬁxj, Xk’j = —Xj’k (1 <g< k< n); (37)

they span TS"~! at every point w € S"~!. It is immediately seen that

L=Qw)rd, — Z, (3.8)
where we use the notation
Qw) = Z Ap, gWplq, (3.9)
p,q=1
Z= 3 o)Xk, (3.10)
1<i<k<n
n
07 k(W) = (aj wn — ag wi)we. (3.11)
=1

(Concerning 037 s see (2.4).) The coefficients of Z are complex-valued, cubic polynomials
in the variables w; since the U;k are quadratics. The sum in (3.10) is symmetric with
respect to the indices j, k.

Let us denote by || - || and (-,-) the Hermitian norm and scalar product in the com-

plexified tangent spaces to S"~! (or to R™).

Proposition 3.10. For every w € S" 1,

n

1Z11? =

J=1

2

Z G;k(w)wk (3.12)

k=1
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Proof. We avail ourselves of the following equalities:

X5kl = wf +wi,

( ]Jca ):wkwq 1f1<]<m1n(k7Q)<nv k#Q7
(X, Xp k) = wjwp if 1 <max(j,p) <k <n, j#p,
(Xjp, Xpj) = —wpwp,  if1<p<j<k<n,
( ]k,qu):—ijq ifl1<j<k<qg<n,
and (X, Xp ) = 0 in all other cases. We deduce from this:
1Z]1* = oy Xp.a)
w J k pq J ky»<Ap,q
1<j<k<n 1<p<g<n
_ b2, 2 b b
DR T R DD DI PR
1<j<k<n 1<j<k<n j<b<n
£k
b2, 2 b b
+ Z |og kl"wi; + Z Z 05 k00 pWjwe
1<j<k<n 1<j<k<n 1<l<k
£
_ b gb —
0} k0P jWhWe a kak JWiWe.
2<j <k<n 1<0<j 1< <k<n k<f<n
Taking a; L= —0 ; Into account we get
n n n n
2 _ b2, 2
1Z117 =D D logalPud + 30D D o ko) e
j=1 k=1 J=1k=11<<n
£k
n n n
=220 50 e
j=1k=1¢=1

whence (3.12).
Corollary 3.11. The following properties of a point w € S*~! are equivalent:
(i) w is a critical point of Z;

(i) o’?’k(w) =0 for every pair (j,k), 1 <j<k<n

Proof. That (ii) = (i) is a direct consequence of (3.12). Actually, (3.12) shows that

(i) is equivalent to the system of equations

We derive from (3.11):

b b b
w0, (W) — wjoy (W) = wpo; ,(W).
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Since >/ wi = 1 combining (3.13) and (3.14) yields
n n
U;,k(w) =wj Z 0';:71)(0.))&}1, — Wi Z a§7p(w)wp, (3.15)
p=1 p=1

proving that (i) = (ii). O

Proposition 3.12. Suppose the vector field (3.8) is real. For L to be of principal type it
is necessary and sufficient that the vector field Z (defined in (3.10)) not have any critical
point in the sphere S~ !.

Proof. Lemma 3.9 states that L is of principal type if and only if the vector field (3.6)
is of principal type. Applying (2.3) with L’ in the place of L equates this property to

do(L')Atlo= Y 05 4(&)da; Aday #0,

1<j<k<n
which means (by Corollary 3.11) that Z nowhere vanishes in S"~1. O

Remark 3.13. Proposition 3.12 provides another proof of property (1) in Proposi-
tion 3.4. Indeed, on an even-dimensional sphere every smooth real vector field has critical
points.

Remark 3.14. The hypothesis that (3.8) is of principal type does not impose any
requirement on the zeros of the quadratic form Q(w). It does not preclude that ¢ vanishes
identically, as in the following example (in R??):

p

L= Z)\j(.%‘jaa;erj — xp+j8wj), 0 75 )\j e C. (316)

j=1

Proposition 3.15. Suppose that the vector field (3.8) is real and of principal type. For
L to be locally solvable at the origin it is necessary and sufficient that the quadratic form
() not vanish identically.

Proof. To say that Q(w) = 0 for all w € S"~! is the same as saying that a;j, = —ay ;
for all j,k =1,...,n, i.e. the matrix A is skew-symmetric (and thus semisimple). Since
L is of principal type n must be even (Proposition 3.4) and det A # 0. It follows that the
eigenvalues of A are purely imaginary and that none is equal to zero. It suffices then to
apply Theorem 3.8. O

3.3. Hypoellipticity off the critical points: vector fields of principal type on
surfaces

Let L be a complex, smooth vector field in M and let A be an open subset of M.
We recall that L is said to be hypoelliptic in A if, given any open set V C A and any
distribution v in A, Lu € C*°(V) = u € €*°(V). The following terminology is also used:
L is hypoelliptic at a point p € M if there is an open neighbourhood U of p in which L
is hypoelliptic.
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The following facts are known.

e If L is hypoelliptic in A then its transpose LT is locally solvable in A [14, Theo-
rem 52.2].

e If L does not have critical points in A the hypoellipticity (as well as the local
solvability) of L and that of its transpose LT = —L—div L are equivalent properties.

o If L is elliptic in A (see next subsection) then L is hypoelliptic in .A.

Remark 3.16. It is proved in [6] that if L has analytic coefficients and g is a critical
point of L then L is not hypoelliptic at g. It is natural to conjecture that the same is
true when the coefficients are just C*.

There is an analogue of Theorem 2.15 for hypoellipticity (on all this see [12]).

Theorem 3.17. Assume that the vector field L does not have any critical point in an
open subset A of M. The following properties are equivalent:

(He) L is hypoelliptic in A;

(Q) V¢ € C, the function Im({o (L)) does not change sign along any null bicharacteristic
of Re(Co (L)) and does not vanish identically on any arc of such a bicharacteristic.

Proposition 3.18. Assume that the C*° manifold M is connected. If L is hypoelliptic
in some open subset A of M then dim M < 2.

Proof. If L is hypoelliptic in A then A\A N Crit L is open and non-empty; thus we
may as well assume that AN Crit L = @. As pointed out above this demands that L
be locally solvable in A, therefore the dimension of the leaves in the foliation defined
by the real vector fields Re L and Im L cannot exceed 2 (Theorem 2.15). This being the
case, there is an open and dense subset A’ of A in which the dimension of the leaves
is locally constant (either 1 or 2); A’ can be covered with analytic coordinates charts
(U, x1,...,2,) in which

L = a1(2)0s, + a2(x)0y, (3.17)
with a1,as € C¥(U). If n = dim M > 2 any distribution « in U such that Op,u = 0,
j =1,2, is a solution of Lu = 0, which proves that L could not be hypoelliptic. ([l

In the remainder of the article we assume that dim M = 2: M is a smooth, connected,
orientable surface.

Let (U, z1,22) be a local chart in M centred at a critical point p of L (given by (3.17)).
It is convenient to use the natural polar coordinates inU, r = \/a% + 23, 6 = arg(x1+izs).
We have (see (3.8)—(3.11))

L, = Q(cosb,sinb)ro, — 0'272(COS 0,sin 0) 0y, (3.18)

where we have used the notation
Q(cosb,sinf) = ay 3 cos? 0 + as2 sin? 6 + (a1,2 + az,1) cosfsin b, (3.19)
crb(cos 0,sin6) = —ay 95in” 0 + ag 1 cos? @ — (a1, — ag,2) cosOsinb. (3.20)
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Note that both (3.19) and (3.20) are periodic functions of period 7. The coefficients in
(3.18) are related to each other:

2Q(cosb,sinf) = div L, + Jg [ab(cos 0,sin0)]. (3.21)
A special feature of the case n = 2 is that
O’?}Q(COS 0,sinf) = o1 2(—sinb, cos ), (3.22)

with o1 2 defined in (2.4); (2.3) and (3.22) directly imply the following.

Proposition 3.19. Let L be a C* vector field in the surface M. Its linear part L,
given by (3.18), is of principal type if and only if 0?’2 (cosB,sinf) # 0 for all § € R.

Corollary 3.20. If L is of principal type in the surface M then every critical point g
of L is isolated and the origin in T, M is an isolated critical point of Ly,.

Proof. The claim follows then directly from Proposition 3.19 and from the fact that, in
a neighbourhood of p, we have

L=1L,+0(r?
= (Q(cosb,sinb) + rF(r,0))ro, — (0?72 (cos8,sin @) + rG(r, 0))0y (3.23)
with F' and G smooth functions in some cylindrical set [0,e) x S. O

The principal type property (of L at p) is equivalent to the fact that the range of the
map [0,7) > 6 — O’?,Q(COS 0,sinf) € C is an ellipse € that does not pass through the
origin (but might be reduced to a compact straight-line segment). This property allows
us to introduce the following function of 6:

9
K(0) = L/ bL (3.24)
2im Jo o} 5(cost,sint)

It is proved in [16] that the value of K () is independent of the choice of coordinates in
U centred at p. The same is true of the quantity

to = (div L) K (m) + % al_igrlo arg 0’?72((308(7( —¢),sin(r —¢)) — % arg 03’2(1, 0), (3.25)
first introduced in [5] to analyse normal forms of planar vector fields elliptic in the
complement of a circle. In [16] p,, is called the Meziani invariant of L; here we refer to
it as the Meziani invariant of L at g.

The main result in [16] (Theorem 3.21 below) concerns (complex) linear vector fields
in M = R2. The critical set of a linear vector field L (assumed not to vanish everywhere)
is either {0}, when L is of principal type, or a straight line through the origin, when L
is not of principal type. The class of linear vector fields of principal type can be further
subdivided into two distinct subtypes, called (IN-E) and (OUT-E) respectively in [16],
depending on whether the origin in the plane lies ‘inside’ or ‘outside’ the convex hull of
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the ellipse €. It is then proved that the linear vector field L is of type (IN-E) if and only
if K(m) =0. It ensues from this and from (3.24) that the Meziani invariant of L is equal
to £1if L is of type (IN-E) and to (div L) K () if L is of type (OUT-E). In [16] the value
oo was assigned to the Meziani invariant of a linear vector field in the plane that is not
of principal type.

Theorem 3.21. Let L be a linear vector field in the plane which is locally solvable in
R?\ Crit L. The following properties are equivalent:

(1) L is not locally solvable at the origin;

(2) L is essentially real (Definition 3.1) and not locally solvable at the origin (see
Theorem 3.8);

(3) the origin is an isolated critical point of L and the Meziani invariant of L at the
origin vanishes;

(4) L is of principal type (OUT-E) and div L = 0.

3.4. Quasi-elliptic vector fields

Back to a general (connected, orientable) surface M. More can be said when the
complex vector field L is elliptic in M\ Crit L and of principal type at every p € Crit L
(hence in M). The reason is that we have at our disposal the normal forms in [5] and
in [2]. We recall the classical definition: L is said to be elliptic in A if its symbol o (L)
does not vanish at any point (z,£) € T*M such that z € A, £ # 0. This is equivalent
to the property that L and L are linearly independent, i.e. L A L # 0, at every point
of A: in a sense, ellipticity and essential ‘reality’ of a vector field (Definition 3.1) are
diametrically opposed properties.

We shall continue to reason in a local chart (U, z1,2z2) centred at p, with associated
polar coordinates r, 6, where L has the expression (3.23). If we assume that L is of
principal type at @ there are positive constants € and ¢, such that

r<e= |0’?72(COS 0,sin ) + rG(r,0)| = co. (3.26)

Using the notation
Q(cosb,sin ) + rS(r,0)

&(r,0) = 3.27
(r,9) 0572 (cos8,siné) + rF(r,0) (8:27)

we see that the vector field
L’ = —(0] 5(cosf,sin6) + rG(r,0)) 'L = 9y — r&(r,0)d, (3.28)

is well defined and smooth in the (cylindrical) open set I'. = {(r,0) € R x S; r < ¢}
Below p, stands for the Meziani invariant of L at p; its definition (3.25) can be restated
by the formula

1 m™T—E

Mo = 61_13_10 ; $(0,0) do. (3.29)

Using (3.28) we can say that L is elliptic in an open set A C U\{p} if and only if
Im @ # 0 at every point of A.
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Proposition 3.22. The following properties are equivalent:
(1) Ly, is elliptic in T, M\{0};
(2) V0 € [0,2n], Im(0} ,Q)(cos b, sin ) # 0.

In the notation of (3.28), property (2) can be restated by saying that Im (0, 6) # 0
for all 6 € [0, 27].

Corollary 3.23. If the vector field L, is elliptic in T,M\{0} then L, is of principal
type.

Proof. Recall that L, is of principal type if and only if 0'?72(008 0,sin6) # 0 for every
6 € [0, 27). 0

Corollary 3.24. If the vector field L, is elliptic in T,M\{0} then there is an open
neighbourhood V of p such that L is elliptic in V\{p}.

Proof. The hypothesis entails Im &(r, 0) # 0 for small > 0 and for all 6 € [0,27]. O
Proposition 3.25. If L, is elliptic in T, M\{0} then Re i, # 0.

Proof. We know that L, is of principal type (Corollary 3.23). By (3.29) we have

mT—E
— _ -1
Repy, = —m E1_1>r_r|r10 ; Im &(0, 0) d6. (3.30)
The claim, then, follows directly from the hypothesis that Im ®(0,6) # 0 for all § €
[0, 27]. O

We now apply Theorem 1.3 and Lemma 4.2 from [2]. We select a ‘cylindrical’ set
I'. ={(r,0) e Ry x [0,27]; r < e} such that (r,0) € I. = (rcosf,rsinf) € U.

Lemma 3.26. Let L be a C* vector field in M and let p € Crit L; assume that L,
is elliptic in T,M\{0}. Then, for each integer N > 1 there is a CV diffeomorphism
V — V', with V and V' open neighbourhoods of {0} x S! in I., that preserves {0} x S
and transforms the vector field (3.23) into r(r,)Lo, with both r(r,0) and k(r,0)~*
belonging to L*° and

Lo = 09 — ipproy (3.31)

if p, € C\Q; and
Lo = 9 — i(pg, + r™>@2p(r. 0))r0, (3.32)

if no =p/q (0#p € Z and 1 < q € Zy coprime). In (3.32) r™>@2)p(r, 9) € CN=1(V').
We are now in a position to prove the following.

Theorem 3.27. Let L be a smooth vector field in a surface M and let p be a critical
point of L. If L, is elliptic in T, M\{0} then there is an open neighbourhood N (p) of p
such that to every f € L2 _(N(gp)) there is u € L2 (N(p)) verifying Lu = f in N (p).

loc loc
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Proof. It suffices to prove the following statement.

Let Lo be the planar vector field given by (3.31) or by (3.32). Let A, = {(r cosf,rsinf) €
R%; 7 < e}. If e > 0 is sufficiently small, to every f € L?(A.) there is u € L*(A.) such
that Lou = f in A..

Indeed, in local polar coordinates centred at o we have L = —x(r,6)Lo.
We denote by (-,-) the Hermitian product and by || - || the norm in L?(R?).

Case I: 11, € R\{0}.

We can assume that the expression of L, is (3.32) with the understanding that b = 0
if p, ¢ Q, or that p, = p/q, with 0 # p € Z and 0 # ¢ € Z, coprime. With the notation
¢’ = max(q,2) we have

LY = —L,—divL,
= —0p +i(p + 7 b(r, 0))rd, + 2i(n, + 7 Y(r,0)),

where ¢ = (¢’ + 1)b + 3rb,. We have, for an arbitrary ¢ € C°(A,),

' 2 , 2
1EZ@12 > 186ell? + (lisol — 7 sup [b]) " rdveel|? + 4 (|pso| — & sup [4]) [l
Ag Ae
+ 2Re(idge, (1 + 9 b(r, 0))rOrp + 2(pug + 17 (1, 6)))
+4Re((y + 77 b(r, 0)rdrp, (g + 17 (7, 0)) ). (3:33)
Since ¢’ > 2 we can select € > 0 sufficiently small to derive from (3.33) the estimate
1L el* > H10el* + FulIrorel® + 5 i llell”
+ 20, Im(r0, 0 + 2¢, Op) + 4;@ Re(rdre, ). (3.34)
We observe that

Re(ro,¢, ) = —l¢|%, (3.35)
2 Im(rd, ¢, dpp) = (10,0, ) — (Dpep, 70,0) = —(p, Do) = —iIm(p, Dpep),

whence, by (3.34),
IZe ol = R118eell® + §upllrdrell® — el (0, 1000)| — g1 lll*. (3.36)
On the one hand, we get, by applying the Cauchy—Schwarz inequality,

ol [(2,1060)] < luol el 100ll < 5100 ll* + g ll2l1?)-

On the other hand, by (3.35) we have ||| < ||[70r¢||. Combining these estimates with
(3.35) yields
ol llell < ClILS oI, (3.37)

where C' = /8|u,|~!. A standard argument enables us to deduce from (3.37) the L%
solvability of L. in A..
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Case II: Im p, # 0.
Here we have

LY = -0y + ipero, + 2ip,

whence
L@l = 100l1” + lng ?70rp + 201 + 2Re(ing Do, 0 + 2).
We derive from this and from (3.35)
1L @ll* = 190l1* + g 00+ 200]|* +2(Re p) (1050, ) —2(Im pr,) Re(Dpp, 10,0+ 20).
The fact that Re(9pp, 70, + 2¢) = 0 implies
ILS @11 = 1180911 + |1 *[lr0rp + 20011 + 2(Re 1) (100, ).
We also derive from (3.35):
Irdr e + 2011 = [[r0rl* + 4lloll* + 4 Re(rdr o, @) = [lr0,l* = N oll?,
whence
ILS @11 > [[16¢ + 2(Re prg) o1 + (Im pa,) [0 0 + 260> > (T pr)? ]|
The sought conclusion ensues. O

Remark 3.28. Contrary to what happens in M\ Crit L there is no gain of regularity at
critical points. Example: a non-smooth solution of the equation z9;h = 0 is z~!, while a

non-smooth solution of the equation z9;h = 1 is e 212182,

Theorem 3.27 shows that, on a surface, a class of complex vector fields with critical
points and good local solvability properties is the one now defined.

Definition 3.29. We say that the vector field L on the surface M (both L and M of
class C*) is quasi-elliptic if L is elliptic in M\ Crit L and L, is elliptic in T, M\{0}
whatever p € Crit L.

A corollary of Theorem 3.27 is that a quasi-elliptic vector field L is locally L?-solvable
everywhere in M.
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