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SOLVABILITY NEAR THE CHARACTERISTIC SET
FOR A CLASS OF PLANAR
VECTOR FIELDS OF INFINITE TYPE

by Adalberto P. BERGAMASCO and Abdelhamid MEZIANI

0. Introduction.

We are concerned with the solvability of a planar complex vector field
L. We assume that the characteristic set, 3, of L is a simple closed curve
and that L is of infinite type along 3. The equations dealt with here are of
the form

(0.1) Lu=f, Lu=pu, and Lu=pu-+ f.
These equations are considered in a full neighborhood of .

It should be noted right away that such a vector field L satisfies
the Nirenberg-Treves condition (P) (since it is tangent to X and elliptic
away from X). It follows then that the above equations are locally solvable
in a neighborhood of each point. Thus the problems are relevant only in
a (semi) global setting. Note also that such vector fields do not satisfy
the Hormander condition near ¥ (see Theorem 16.11.3 in [H]). New
obstructions to solvability appear in this setting. The first obstruction is of
a topological nature. Since we are seeking solutions u in an annulus (with
a non trivial fundamental group), the periods of p and of f on ¥ have to
satisfy certain relations. Another obstruction, of number theoretical nature,
appears for the C“-solvability of a class of vector fields.

Keywords: Characteristic set, complex vector field, infinite type, solvability.
Math. classification: 35F05, 30G20.



78 Adalberto P. BERGAMASCO & Abdelhamid MEZIANI

The results contained in this paper generalize those contained in
[BgM], [BuM1], [BhM2], [M1], [M2], and [M3]. The approach and the
motivation for this work are related to those in the papers [BT], [B1],
[B2], [BCH], [BCM], [BCP], [BgM], [BHS], [BhM1], [BuM2], [CH], [M1],
[M2], [M3], [T1], [T2] and in many others.

The sections are organized as follows. In section 1, we recall the
necessary background and the reduction to models. In sections 2 and 3,
we consider the solvability of Lu = f in the C“ and C*° categories. In
section 4, we study the equation Lu = pu, and in section 5, the equation
Lu=pu+ f.

Part of this work was done during a visit of the second author to the
Federal University of Sao Carlos, and during a visit of the first author to
Florida International University. They are grateful and would like to thank
the members of the host institutions for the support provided during the
visits. The first author was partially supported by CNPq and FINEP.

1. Preliminaries.

In this section, we recall the necessary definitions and the motivation
for the model cases. The definitions and background material about local
solvability can be found in [T2].

Let

0 0

1.1 L= —+5b —
(1) ae.9) 5 + 0w
be a vector field in R? with a,b smooth (C* or C¥). We assume that the
coefficients a,b are C-valued and that they do not vanish simultaneously
(L is free from singularities). Let L be the complex conjugate vector field;
I B

1.2 L= —+b —.

(12) @) + W)
The vector field L is elliptic at a point p € R? if L and L are independent
at p. If L is elliptic at each point of a region €, then it is equivalent (in
Q) to the CR operator /0%, and the pde’s associated with L are therefore
well understood in Q. Denote by © the set of points where L and L are

dependent:
(1.3) 3= {p € R L, and L, are dependent}.

Y is called the characteristic set of L (or of the structure defined by L).
This set can be split into those points where L is of finite type and those
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SOLVABILITY OF PLANAR VECTOR FIELDS 79

points where it is of infinite type. L is of finite type at a point p € X
if the Lie algebra generated by L, L, and their successive Lie brackets,
generates the complexified tangent space CT,R?. Otherwise L is of infinite
type. Thus, L is of infinite type at p means that the vector fields L, L, and
Z are dependent at p, where Z is any vector field of the form

Z = [X1, [XQ, [ e [Xn—th] o ]]

where the X’s are either L or L, n is any positive integer, and [, ] denotes
the Lie Bracket.

From now on, we will assume that ¥ is a smooth simple closed curve
and that L is of infinite type at each point of 3. It follows that L is tangent
to X at each point p € X. It can be proved that in the real analytic category
(this follows from the local canonical representation of vector fields, see [T2]
for example) that for a given p € 3, there are coordinates (s,t) centered
at p, such that in a neighborhood of p, the expression of L with respect to
the these coordinates has the form

a(s,t) (% + is]ﬁ(s,t)%) ,

with « and (8 nonzero functions, § real valued, and j a positive integer.
It follows at once that L satisfies the Nirenberg-Treves condition (P) (see
[NT] or [T2]). As a consequence, equation (0.1) is solvable (in the C* or C¥
category) in a neighborhood of each point p € . In this paper we consider
the solvability of (0.1) in an open neighborhood of the characteristic set
Y. As will be seen in the following sections, there are obstructions to such
solvability.

With our hypothesis that ¥ is a smooth simple closed curve, we
can assume that ¥ is a circle in the plane. Equation (0.1), in a tubular
neighborhood of the characteristic set, can thus be viewed as an equation
in a ring

(1.4) Ac=(—¢, €) x S' C R x §*
where the characteristic set is the circle
»={0} x S*.
We will assume that L satisfies the homogeneity condition L A L
vanishing to a constant order 1 +n € Z* along the characteristic set 2.

Normal forms for such vector fields have been obtained in [M3] for the case
n =0 and in [M4] for the case n > 0 (see also [CG] for the case n = 0.)

TOME 55 (2005), FASCICULE 1



80 Adalberto P. BERGAMASCO & Abdelhamid MEZIANI

Now we describe briefly the model vector fields. In view of our
assumptions, we can assume that, in a neighborhood of ¥, L has the
expression

0

_ 2 _ gantl i
(15) L, = 90 (s a(r,@) or

where (r,0) are the canonical coordinates of R x S',a € C*, and
Ra(0,0) # 0 for every § € S1. When n = 0, a complex number A € Rt +iR
is invariantly associated to L (see [M3]). It is shown in [M3] that L is
equivalent to the model vector field

0 0
1. T\ =)A= —ir—
(16) AT T o
when S\ # 0. This result is generalized in [CG] to include the case A € R

except for those values of A that are well approximable by rationals.

When n > 0 it is shown in [M4] that there exist a unique polynomial
P(r) of degree at most n — 1 with #P(0) < 0 and a unique number p € C
such that L is equivalent to the vector field
rntl 0

0 .
(1.7) Fn = 00 Z7“P’(T) —nP(r) + urm or’

Note that the function

(1.8) Fo(r,0) = exp <e(r)” [% + plog |r| + zG]) ,

where €(r) = r/|r|, is a C* first integral of R,, (see [M4] for details).

The study of equations (0.1) in a neighborhood of ¥ is then reduced to
corresponding equations for the vector fields T and R, in a neighborhood
of the circle {r = 0}.

By using Fourier series, it is seen that in order for the equations

(1.9) Thu = f;
(1.10) Rou=f,
to have a C° solution in the above ring, the function f must satisfy the

compatibility conditions
2m

(1.11) £(0,6)d6 = 0
0

in the case of equation (1.9), and
2 b 7

(1.12) / (o) 0,040 =0, j=0,....n
0 T
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SOLVABILITY OF PLANAR VECTOR FIELDS 81

in the case of equation (1.10). Thus when dealing with equations (1.9) and
(1.10), we will assume that the right-hand side satisfies the compatibility
conditions.

Equation (1.9) has been studied in [BhM2], [M3] and [BgM]. In
[BhM2], C° solutions are considered. In [M3] it is proved, in particular,
that if A ¢ Q, f is C* and satisfies (1.11), then for every k € Z*, equation
(1.9) has a C* solution defined near the characteristic circle. In [M4] the
kernel of R,, is completely described. When n > 0, the paper [BCP] also
considers the C'*° solvability of the equation Lu = f, where L is an operator
such as (1.5) for which the coefficient a is assumed to be real-valued and
is allowed to vanish on segments of the characteristic circle. The results of
[BgM] will be described in sections 2 and 3. In the next section, we study
the problem of finding analytic solutions for equations (1.9) and (1.10)
when f is analytic.

2. Analytic solvability.

In this section we consider the analytic solvability of the model
operators T\ and R,. It turns out that R, (n > 1) is never solvable in
the analytic category and that T) is solvable in the analytic category when
either A ¢ R or else A is an irrational number not well approximable by
rational numbers (see below).

For the operator Ty it was already proved in [BhMZ2] that if A €
RT + 4R and X\ ¢ R, then T} is analytically solvable, and if A € Q then it
is not analytically solvable. We recall here a result in [BgM] for the case of
irrational A : analytic solutions exist for every analytic function f satisfying
(1.11) if and only if X satisfies a diophantine condition. We also prove that,
for every n > 1, there exist C* functions f satisfying (1.12) such that
equation (1.10) has no C* solution.

We first describe a diophantine condition (DC) for o € RT, namely,
we say that (DC) holds if the following equivalent conditions hold:

Qi .
(DC), 3C >0 ’exp(i%‘y) - 1] > 0t Ve zt
(DC),  3IC >0 |j+akl=>C' VjeZ", VkeZ

It can be easily proved that (DC); and (DC), are equivalent and that if «
satisfies (DC) then so does 1/a (see [BgM]).

TOME 55 (2005), FASCICULE 1



82 Adalberto P. BERGAMASCO & Abdelhamid MEZIANI

An irrational number « is said to be an exponential Liouville number
if, for some ¢ > 0, the inequality

(2.1) )a - g‘ < exp(—eq)

has infinitely many rational solutions p/q, with p € Z and q € ZT; to say
that the same is true for every € > 0 is equivalent to saying that the number
a does not satisfy the diophantine condition (DC).

We are now ready to state the result about the analytic solvability of
T). For the proof of this result see the proof of Theorem 2.1 in [BgM].

THEOREM 2.1([BgM]). — Let A = a € RT\Q. Equation (1.9) has
a real analytic solution u defined near ¥ for every real analytic function f
satisfying the compatibility condition (1.11) if and only if the invariant a
satisfies the diophantine condition (DC).

Our next result concerns the analytic solvability of the operator R,,.

THEOREM 2.2. —  For every n > 1, there exists f € C¥ satisfying
the compatibility conditions (1.12) such that the equation (1.10) has no
C* solution in any neighborhood A, of ¥.

Before we proceed with the proof of the theorem, we prove a lemma
about an o.d.e. with an irregular singular point.

LEMMA 2.1. — Given n € ZT, ag € C* and a,, € C, there exist
holomorphic functions f defined in a neighborhood of 0 € C such that the
differential equation

(2.2) z”“% — (ap + anz")v = f(2)

has no holomorphic solution in a neighborhood of 0.

Proof. — We prove the lemma for f(z) = 2P with p a nonnegative
integer to be chosen later. We prove that any power series solution has
radius of convergence equal to 0. Suppose that

(2.3) Z v

j=0

is a series solution of (2.2). Then
n—1 00

(2.4) =3 agvez® + Y [(k =1 — an)ve_n — aguy] 2F = 27
k=0 k=n
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‘We obtain
2.5 v =0, for k +nZt
( ; p
and
1 o p—a, + ¢
(2.6) vp = and  vppy = ——0 (pm+a1 + n), m > 1.
0 ag

We now choose p so that p — a, + fn # 0,V¢ € Z*; for instance, it
suffices to require p € Z* with p > Ra,,. Then the series

o0 o0 o0

(2.7) E vz = g Vpmn 2P T = 2P E bpw™,
7=0 m=0 m=0

where w = 2™, and by, = Vp4mn, has radius of convergence equal to zero

since the ratio

(2.8) 'b’l’): !

Ypt(m+1)n
vp +mn

_|p—an +mn|

|ao|

as 1m — OoQ.

Proof of Theorem 2.2. — Consider the equation

(2.9) Rou = afr)e”

with a real analytic in a neighborhood of 0 € R. The function a(r)e®
satisfies the compatibility condition (1.12). We are going to show that, for
an appropriate choice of the function «, equation (2.9) has no real analytic
solution in a neighborhood of ¥. In order for a function u to solve (2.9), its

Fourier coefficient

1 27 )
2.10 =— 0)e=" do
(210) () = = [ o)
needs to satisfy the o.d.e.
n+1 d
(2.11) iy (r) — i ! = afr).

rP'(r) —nP(r) + purm dr

We rewrite this o.d.e. as

(2.12) rnﬂ% — e(ryus (r) = iclr)a(r)
r
where ¢(r) is the polynomial
(2.13) c(r)y=rP'(r) —nP(r)+ pur" =co+c1r + -+ cyr”
with ¢(0) = —nP(0) # 0. We study the complexification of (2.12):
di JUSRN o
(2.14) e~ OmQ) = i@(0)a(o),

TOME 55 (2005), FASCICULE 1



84 Adalberto P. BERGAMASCO & Abdelhamid MEZIANI

where ( = r + ir € C and 4, ¢, & are the complexifications of u, ¢, a. By
means of a holomorphic change of variable, we transform (2.14) into an
equation as in lemma 2.1. For this we consider the holomorphic function
F(¢, X) defined in a neighborhood of 0 € C? by

—Co Co
2.1 F((,X)= ———— "log(l+ X —
Q15)  F(CX) = e+ e og(1+ X) + &
+ ! C+--+ %;QCW—Q + 1L
n—1 2
The function F' satisfies
oF

By the implicit function theorem, there exists a holomorphic function X (¢)
with X (0) = 0 defined in a disk |[¢| < p such that

(2.17) F(¢,X(0) =0, ¢ [Cl<p.
Now consider the new variable
(2.18) z=((1+ X(Q)).

A direct calculation shows that
cot+cpzdz  cotei( 4+ e
ontl E - (ntt :
Hence it follows that, with respect to the variable z, the o.d.e. (2.14) takes
the form

(2.19)

dw

(2.20) Z"HE —(co+ cnz™)w = f(2)
where
(2.:21) f(z) = 16(C(2))(co + cnz").

For the choice of the function «
; rP(1 4+ X (r))P
o+ car™(1+ X(r))P

(2.22) a(r) =—

with p € ZT, we obtain
(2.23) f(z) =2".

It follows from lemma 2.1 that the corresponding o.d.e. (2.20) — and
consequently (2.14) — has no holomorphic solution. This implies that (2.11)
has no real analytic solution w;(r) hence (2.9) has no real analytic solution
u(r, 9). O
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SOLVABILITY OF PLANAR VECTOR FIELDS 85
3. ('* solvability.

In this section, we consider the C*° solvability of the vector fields T’
and R,. It turns out that T} is not solvable in the C'*° category while R,
is always solvable.

For T we have the following result the proof of which can be found
in [BgM].

THEOREM 3.1([BgM]). — Let A = a +ib € RT + iR. Then there
exist C* functions f satistying (1.11) so that equation (1.9) does not have
C*° solutions in any neighborhood of ¥.

For the vector field R,, we have the following theorem.

THEOREM 3.2. — If ¢ is small enough then, for every f € C*™(A)
satistying (1.12), there exists u € C*°(A.) such that (1.10) holds.

To prove this theorem, we need two propositions.

PROPOSITION 3.1. —  Let D(0, R) be the disc with center 0 and
radius R in C and let F(z) € C°(D(0, R)) be such that
(3.1 hm (log B |> F(z)=0, Vg>0.
Then the inhomogeneous CR equation
oU  F(z)
3.2 — =
(32) 0z z
has a solution U € C°(D(0, R)) such that
1\¢
(3.3) zhi%(bg |z|> U(z) =0, Vg>0.
Proof. — Let
-1 F(¢ .
oo ve-= [ Maa  c-crm
m D(0,R) (—=z

Since F' € C°(D(0, R)), V is in the Holder class C%(D(0, R)), for every
0 < a <1 (see [V]) and V solves the CR equation

Vz:=F.
It follows from (3.1) that there is C' > 0 such that
1

(3.5) V¢ € D(0, R).

< i
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86 Adalberto P. BERGAMASCO & Abdelhamid MEZIANI

Hence

21
(3.6) ‘// dfd ‘ C/ / rdrd& 27761'.
D(0,R) C2 r2(log1)?  log &

Define the function W by
(3.7 W(z)=V(z) —V(0) — az,

where

(3.8) - = o

Note that a is well defined because of (3. ); in fact, a = %—Z(O). Note also
that W satisfies

(3.9) W:=F.

Now we need an estimate for the behavior of W at 0. We have

0= [ ot

(3.10) 2 F(O)
== — 22 __d&dn.
T //D(O,R) C2(¢C—2) <dn
Hence
|2]?
(3.11) W< 2o,
where
(312 1= [ T

Given ¢ > 0, let p € R* such that p > 2¢ + 1. Define the function
G, € C°(D(0,R)) b

(313) Gyl2) = (108 ) P
Let

My = max |Gp(2)]

We have then

|Gp(Q)|
Ig/[wﬁ>Kac—;(mgﬁ)N%%

dedn
- //D<0R 16216 = 21 (log )"

I¢]

(3.14)

ANNALES DE IINSTITUT FOURIER
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Let D(0, I— be the disc with center 0 and radius m and let

g
DO, [¢[2]¢ — 2] (k’g m)

(3.15) déds
2=
PO.RNDO [¢21¢ - 2| (log i)
In D(0, %) we have [ — z| > 7' and so
dédn 2 drd9

(3.16) A ‘Z| //D(O Iz1y |q2 10 p |Z| / / log

& 1] |
Thus

2 1 4

(3.17)  Ji(2) < —(27) = T

To estimate J2(z), we let

a(z) = 2| (log %)qﬂ . A=D(z0a(2)

and
(3.18) At =AN (D(07 R)\ D(0, §)> :
We write
(3.19) Jo(2) = J3(2) + J3(2),
where
1 d¢dn )

22(2) = //A+ I€]2]¢ — 2] (10 ﬁ)w

(3.20)

- o
PO, (PO hua®) [¢[21C - 2| (log )"

Il
In A", we have % < [¢] € |2| + a(z), hence

1 2 1
— < — and log—

> log
[SRE] Iq

2] +a(z)
We have then

1 2
(3.21) <

CRIc =2l (log )" 1212 (log i ) 16 — 21

TOME 55 (2005), FASCICULE 1
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Therefore

1 dédn
J2(2)<| 2 logHJr //AJr ¢ — |
// dédn dra(z) y
ale=2l 1o (log b))
In D(0, R) \ (D(0, Z)u A+) we have |¢ — z| > a(z). Hence
// _ d&dn
D(0 R)\ D(0, 12 uA+) |¢|2 (1Og \CI)
// dfdn _ R
po.m (2 (log ) @)

where C(p, R) is a positive constant depending only on p and R. It follows
from (3.22) and (3.23) and from

N

| | 1Og\\+az

(3.23)

(3.24) 1| < Mp(Jy + J2) < M, (J1(2) + J3(2) + J3(2)) -
that
(3.25)  |I(5)| < —2 Baz) ¢

+ -
p—1 p alz )
12| (1og %) 2P (log ) 1)

q+1
where A, B, C are constants independent of z. We use a(z) = |z (log ﬁ)

to obtain
(3.26)

q+1
A B (log %) C
[1(2)] < =+ 5+

o ) e s - (H(b;)q“)) 21 (s )
Iz

We have then

(3.27)
q+1
A B|Z| log ﬁ Clz
|W(Z)| < (1 |z|>p—1 + ( L ) p + <1 |1|>q+1‘
m | log 15 ﬂ(log - ) 7\ log 7
1 \z\(1+(log ﬁ)” ) 1
Set
(3.28) U(z) = Wiz)

ANNALES DE IINSTITUT FOURIER



SOLVABILITY OF PLANAR VECTOR FIELDS 89

Then U € C°(D(0, R)) and satisfies

(3.29) g—g Fi ?)

Furthermore,

1\? (Alog ‘71‘)(1
(3.30) <log m) U< ———

T (log %)p_l

1 2q+1
) P rlog ﬁ
IOg | ‘ + IOg W

Since

1 1 1 1
(3.31) log — + log T = 5 log —,

|2 L\ T2 ]

1+ (log W)

for |z| small, and since p > 2¢+1, then it follows from the above inequalities
that

(3.32) hm <log P ‘> U(z)=0.
The proof of the proposition is complete. O
PROPOSITION 3.2. —  Let g(r,0) be a C* function defined in the

annulus A = {(r,0); —e < r < €} such that g is flat along the circle
Y = {r = 0}. Then, for € small enough, the equation

(3.33) Rpv=yg
has a solution v € C*°(A.). Furthermore, v is flat along ¥.

Proof. — Consider the diffeomorphism determined by the first inte-
gral of R,
=+ * P(T) 3

(3.34) @: AT — D*(0,6(¢)); P(r,0) =exp o + plogr +i0|,
where A} = (0,¢) x St and D*(0,6(¢)) = {z € C; 0 < |2] < &(e)}, with

RP

0(€) = exp <# + %uloge) .
€

Note that if we set z = ®(r, ), then

(3.35) |2| = exp (éR];ET) + Rulog 7'> .

TOME 55 (2005), FASCICULE 1
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By solving this equation for r, we find
(3.36) r=A(|z])
for some function A € C¥((0,d(e)) and satisfying

1
n

3.37)  A(z]) ~ [-RP(O)]/" (log %) as || = 0.

The expression for 6 is

)

(3.38) 0 =argz— SP(4 (| — Spulog A(|z]).

|2

A(lz])"

The pushforward of the equation R,u = g in AT gives rise to the CR
equation

o _Ge)

0z 2iz

(3.39) B(A(|z])),

where
tP'(t) — nP(t) + ut"

(340)  G()=9(®7'(2) and B() = gomis— oyt )

Note that B(A(|z])) is C* in the interval (0, (¢)) and it is continuous
up to 0. It follows from the flatness of g along r = 0 and from the continuity
of B(A(]z])) that

1
(3.41) lim G(2)B (A(|2))) (log —)p —0, Vp>0.
z—0 |Z|
We rewrite the above equation as
oU  H(z)
42 — =
(342) 0z z

where the function

(343) H(2) = 5=G(2)B(A(|2])) € C (D"(0,8(e))) N ¢ (D*(0,3(6))

and

(3.44) lim (1og| |) H(z)=0, VYq>0.

It follows from Proposition 3.1 that equation (3.42) has a solution

(3.45) U e C= (D*(0,5())) N C° (D*(O, 5(6)))
such that

1\¢
(3.46) llir(l)(log |z|) U(z) =0, Vg>0.
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Now define the function u™(r,0) € C>*(Al) by

(3.47) ut(r,0) = U(®(r,0)).
Then u™ satisfies
(3.48) R,ut =g in AF,
and furthermore
: u+ (rﬂ 9) 1

Thus ut € C*(AF UX) and u" vanishes to infinite order along 3.
An analogous argument gives a solution v~ to the equation
(3.50) Rou =g inA; =A.Nn{r <0}
with u~ € C*°(A7 UX) and v~ flat along X.
Define u € C*(A.) by

(3.51) u=u" inAf, and u=u" in A].
Then u is flat along the circle ¥ and solves (3.33). O
Proof of Theorem 3.2. — We write our operator R, from (1.7) as
0 . 7]
n — A, "Th a
B = 5g =i b5,
where
1
3.52 b(r) = ;
(3:52) () rP'(r) — nP(r) + pr’
in particular,
1
(3.53) b(0) = ————
(—=nP(0))

hence Rb(0) > 0.

Let f(r,0) € C*(A.) and assume that f satisfies the compatibility
conditions (1.12). Let 3, , 1;(0)r7 be the Taylor expansion of f with
respect to r; that is,

197 f .

Let >, ber™ be the Taylor expansion of b; thus by # 0. We solve
the formal equation

(3.54) R, (Z uj(e)rj> ~ " o),

j=0 j=0
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or, equivalently,

j—n
(3.55) Zu;rj — Z {Zibjnﬂug}rj ~ ijrj.

3=0 jzn+1 “4=1 7=0
We are led to

(3.56) u(0) = £;(0), j=0,...,n,
and

j—n
(3.57) wi(0) =i bi_n_olue(0) + £;(0), j=n+1.

=1
We use (1.12) and obtain the general solution of (3.56) in the form
(358) uj(ﬁ):vj(9)+0j, 7j=0,...,n,
where C is a constant and

6
(3.59) v;(0) = / fi(o)do, j=0,...,n.
0
The first equation in (3.57), namely,
(360) U;1+1 = iboul + fn+1 = ib(ﬂ)l + Z'b()Cl + fn+17
has a solution u,; € C*°(S?) if and only if
2m

(361) {ibo?)l (9) + ibgC1 + fn+1(9)}d9 =0,

0
and this holds for a unique value of C;, namely,

1 27 )
(362) Ci = 2— {—’01 (9) + Zb0f7L+1(0)}d9.

7Tb0 0
We obtain
(363) un+1(9) = Un+1(9) + Cn+1,
where C), 11 is a constant and

6
(3.64) Va1 (0) = / h 1 (0)do,
0

with
(365) hn+1 = ibgvy + 1bgC1 + fn—i-l'

We prove by induction on j > n + 1 that there is a unique choice of the
constant Cj_, in uj_, = vj_, + Cj_y, such that the equation for u; in

ANNALES DE IINSTITUT FOURIER



SOLVABILITY OF PLANAR VECTOR FIELDS 93

(3.57) has a solution u; € C>(S"). Note that the equation for u is of the
form

(3.66) (6) = hy (0),
where
j—n—1
(3.67) 1;(0) = ibo(j—n) (05— n+Cj—n)+i D bj—n_el(ve(0)+Co)+f;(6),
=1
and vi,...,vj—1 and Ci,...,Cj_,—1 have already been uniquely deter-
mined. It suffices then to choose
1 27 j—n—-1
Cjn = m/o [bO(J 1n)vj—n( Z bj—n—elue(0 fy( )}
We obtain
(3.68) u;(0) = v;(0) + Cj,

where C} is a constant and

0
(369) vj(ﬂ) = /0 hj(O')dO’,

with h; given by (3.67). This concludes the proof of the solvability of
the formal equation (3.54). We use Borel’s theorem to obtain a function
u € C*°(A.) having the expansion ), u; (0)r7; it follows that g = R,u—f
is flat at » = 0. Now Proposition 3.2 yields w such that R,w = g; we obtain
R, (u —w) = f. The proof of the theorem is complete. O

4. The equation Ryu = pu.

In this section we seek nonzero solutions to the equation
(4.1) Ryu=pu in A,

where R, is the vector field defined in (1.7), A, is the ring (—e, €) x S1,
and p € C*(A,) is a given function. The corresponding problem for the
vector field Ty, was studied in [M3]. Our main result for this equation is the
following:

THEOREM 4.1. —  If € is small enough, then equation (4.1) has a
solution v € C*°(A¢) with u # 0 on {r = 0} if and only if p satisfies
1 27
4.2 — 0,0)do € Z
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and

27 b 7 )
(4.3) /O (5) p(0,0)d0 =0, j=1,...,n.

Before proving this theorem, we fix some notations that will be used
throughout the remainder of the article. We write the Taylor expansion

(4.4) p(r.6) ~ 3 p; (O)r

j=0

and define, for j > 0,

0
(4.5) Py(0) = /O pi(0)do,

(4.6) Aj=o5= | pi(6)db,

and

(4.7) Q;(r.0) =Y Pu(0)r*.

k=0
We remark, for further use, that P; is periodic if and only if A; = 0, and
that e is periodic if and only if Ao € iZ, which is the same as (4.2). We
also remark that (4.3) is the same as saying that A\; =--- =\, = 0.

Proof of Theorem 4.1. — We first prove the necessity. Let u €
C>(A¢) be a solution to (4.1) with u # 0 over {r = 0}. Then ug(6) = u(0, 6)
satisfies
(48) U6 = PolUg.

Clearly, (4.8) has a nontrivial solution if and only if (4.2) holds. We proceed
to prove (4.3) by contradiction. If (4.3) does not hold then there is a
unique integer N with 1 < N < n such that Ay # 0, and, if N > 1,
then A\ =--- = Ay_1 = 0. Set

Then the functions e"(®) P (6),..., Py_1(6) are 27-periodic. Set
w(r,0) = u(r,0)e” -0

where Q1 is defined in (4.7). Then u = we®~-1, and (4.1) becomes
(4.9)

88_15 + (JZX_:_: pk(G)Tk)w —ir"Tth(r) (88—1: + (Z:Z_:: yP,,(G)r”_1>w) = pw.
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From (4.9), we obtain
ow d &

where the notation f~() g means that the Taylor expansions, in the
variable 7, of f and g agree to order > ¢. Write

w(r,8) ~ Y w;(0)r,

>0

and obtain from (4.10)

wy + - 4w ) (o™ 4 - pur™) (wo 4+ wiT + - - F wpr™).
Hence

wh + wir 4 -+ wr™N v pwopnr™ .
Thus
0=wp(0) = =wy_(0);

in particular, wy () = Cy, with Cy # 0 by assumption. We also have
(4.11) wy = pywy = Copn -

Now (4.11) has a periodic solution if and only if Ay = 0, a contradiction
which completes the proof of necessity.

We now prove the sufficiency. Look for a solution of the form
u(r,0) = v(r,0)eH ),
Then (4.1) becomes
(4.12) R,v = pu,

where p(r,0) = p(r,0) — po(¢). Note that p satisfies fozﬂ p;(0)dd =0, j=
0,...,n. Now Theorem 3.2 implies the existence of ¢ € C*°(A,) such that
R, = p. It follows that v = e¥ is a solution to (4.12) and u = e*710 is a
solution to (4.1); clearly, u # 0. The proof is complete. O

5. The equation Ryu =pu+ f.

In this section, we consider the C°° solvability of the equation
(5.1) Ryou=pu+ f in A,

with R, and the ring A as in the previous section and where p, f €
C>(A,). The corresponding equation for the vector field T is considered
in [M3]. We will use the notation established in section 4. Our first result is
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THEOREM 5.1. —  Assume that p satisfies (4.2) and (4.3). If €
is small enough then, given f € C*(A.), equation (5.1) has a solution
u € C™(A,) if and only if f satisfies

) .
T 9N
JR— _Qn — -
(5.2) /0 (67") (fe=9)(0,0)dd =0, j=0,...,n,
where Q,, is as in (4.7).

Proof. — As in the proof of Theorem 3.2, there is ¢ € C*°(A,) such
that Ryo(r,8) = p(r,0) — p(0,0). Moreover, we have ¢(0,0) = C, for some
constant C since

dyp 1y 0P _
%(T, 9) - b(T)E(rv 9) - p(?”, 9) _p(079)7
hence at » = 0 we obtain ‘g—g(o,e) = 0. Thus we may assume that

©(0,0) = 0 (replace, if necessary, ¢(r, ) by ¢(r,0) — ©(0,0)).

Set h(r,0) = o O+¢(0) "and u = hv. Then equation (5.1) becomes
f
x

Now (5.3) has a solution v € C*°(A,) if and only if % satisfies the following
conditions:

(5.4) /02w (%)j (%) (0,0)d0 =0, j=0,....n.

It remains to show that (5.4) is the same as (5.2). For this it suffices to
prove that

(5.3) Rov =

(%)j(Po-i-go—Qn)(O,@) =0, j=0,...,n.

For 57 = 0, this is immediate. Straightforward computations show that

Rn(P0 + ¢ - Qn)(rv 9) = O(rnJrl)v

(5.5)

hence

5ot o= Qu)(r,0) = O™,

now an integration yields
Py(0) + ¢(r,0) — Qu(r,0) = O(r" ),
from which (5.5) follows immediately. The proof is complete. O

Remark 5.1. — The conditions in (5.2) involve only the derivatives
(%)kf(o,e) and (%)fp(o, 0), k¢=0,...,n.
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From now on, we restrict ourselves to the situation where either (4.2)
or (4.3) fails; hence, if Ao € iZ, then there is an integer j with 1 < j < n
such that A; # 0. Our next goal is to study the solvability, modulo flat
functions, of equation (5.1).

Given f € C*(A,), we say that (5.1) is solvable modulo flat functions
if there is u € C*°(A,) such that

(5.6) R,u—pu—f isflat at r =0.
When this happens we write
(5.7) R,u ~ pu+ f.
PROPOSITION 5.1. —  Assume that either (4.2) or (4.3) fails. With

the above notations we have, for e small enough:

(1) If A\g ¢ iZ, then (5.1) is solvable modulo flat functions for every
feC>®(A).

(2) Assume that Ao € iZ. Let N be the smallest integer with
1 < N < n such that Ay # 0. Assume, furthermore, that either

1< N <n,
or else
N=n, and X\,+ilby#0, Vle{l,2,...}.
Then (5.1) is solvable modulo flat functions if and only if f satisfies

0

(5.8) /Ozﬂ (E)j(fe*QNfl)(o,e)de —0, j=0,...,N—1.

(3) Assume that \g € iZ. Let N be the smallest integer with
1 < N < n such that Ay # 0. Assume, furthermore, that

N=mn, and M\,+ilobg =0, forsome {y€ {1,2,...}.
Then the set of all f € C*°(A,) for which (5.1) is solvable modulo

flat functions make up a subspace having finite codimension equal ton+ 1.
More precisely, f must satisty, in addition to

(5.9) /U% (%)j(fe*%ﬂ)(o,o)da —0, j=0,...,n—1,

a condition bearing on the derivatives of f of order up to n + .

Example 5.1. —In the special case when b(r) = 1 and p(r, 0)=—ir",
we have £y =by =1 and the additional condition is simply fo% frnt1(6)do =0.
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Proof of Proposition 5.1. —  Assume first that g ¢ iZ. Write
U(T, 9) ~ Zj>0 Uj (H)TJ7 and f(’f, 9) ~ Zj)O fj(@)?“J. Then
(5.10) Ryu~pu+ f
means
j—n
11 =3 {5 ity eatu b ~ Z(Zm% )i+ Y g
j=0 jen4+1t =1 j=0 Jj=0
We obtain
J
(5.12) u; :Zpguj_g—l—fj, j=0,...,n,
=0
and
] _
(5.13) u; = Zpguj_g +1 Z bj—n—elue+ f;, j=2n+1l
=0 =1

Since Ay € iZ, the first equation in (5.12), namely, uy = pouo + fo, has a
unique periodic solution for any given fy. Let now j > 1 and assume that
ug, - .., uj—1 have been found. The equation for u; in (5.12) or (5.13) is of
the form u) = pou; + g, where g; = ") pewj—¢ +1 ) 371 bj—n—elug + f;
is a known function in C*°(S). Since Ao ¢ iZ, there is a unique solution
u; € C*°(S'), and the proof is complete in the first case.

Assume now that Ay € iZ, and let N be as in the statement. Set
w(r,0) = u(r,0)e"@v-1"9 Note that e/, Py,..., Py_; are in C=(S").
Now equation (5.1) is the same as

=y (]:z_::pkw)rk>w — ™t p(r) (6;_1: + (2 VPV(Q)T”l)w>

= pu+ femON1,
or, equivalently,
(5.14) R,w =pw+g,

where g = fe~9~-1 and
N-1 N—-1
p(r, 8) pr(0)r* + ir" () vP,(0)r"~ 1
k=0 v=1
Note that

0) ~ > pr(0)r* +ir"To(r) Y wP,(0)r

k>N v=1

ANNALES DE IINSTITUT FOURIER



SOLVABILITY OF PLANAR VECTOR FIELDS 99

Now w solves formally (5.14) if and only if

(5.15) > wirl = 3" {Jznibjnﬂwg}rj

3>0 jentl S e=1
N-1
N {Z pert 4 i (D) 3 ypyrvl} (S wr) + g,
k>N §>0 v=1 320 320
For each 7 = 0,1, ..., we obtain an equation for w; which must have

a solution in C°°(S!) if we are to have formal solvability of (5.1). The first
N equations are

(5.16) wi=g;, j=0,....,N—1,

and they have periodic solutions if and only if

2
/ g;(0)d0 =0, j=0,...,N—1.
0

This completes the proof of the necessity of (5.8) in case (2) and of (5.9)
in case (3).

We now concentrate on case (2) and prove the sufficiency of (5.8).
Assume that (5.8) holds. Then the general solution of (5.16) is

wj(ﬁ):wj(9)+0j, j=0,...,N -1,

where C is a constant and
0
;(6) :/ g;(@)do, j=0,... N—1.
0

Let us consider the next equation arising from (5.15), namely, why =
PNWo + gn, or, equivalently,

(5.17) wy = pnCo + pnido + gn-

Now (5.17) has a solution wy € C°°(S1) if and only if
2

(5.18) {pnCo + pnio + gn }(0)dO = 0.

0
There is a unique value of Cy, namely,

-1 27 27
Co = / pNﬁ)odG-i—/ gndo |,
277)\]\/' 0 0

0
such that (5.18) holds. We obtain wy () = wxn(0) + Cn, where Cy is a
constant and Wy (6) = foe hy(o)do, with hy = pnCo + pnwo + gn-
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More generally, for indices j such that N < j < n, we prove by
induction on j that there is a unique choice of the constant C;_ in

(5.19) wj—n = Wj—n +Cj—n
such that the equation for w) has a solution w; € C°°(S'). Now, if
N < j < n, the equation for wj arising from (5.15) is of the form
w; = Z%:N pewj—¢ + g5, Or
(5.20) w; = pNwi-N + Xj
where x; € C°°(S') depends only on g;,wy,...,w;—n—_1 and has already
been uniquely determined.
_ 2 . 2

It suffices then teo choose Cj_n = ﬁ{foprwj_Ndﬁ + Jo " x;d6}.
We obtain w;(0) = [ hj(o)do 4+ C;, with hj = pnCj_n + PNWj_N + X
which concludes the induction procedure when N < j < n.

We now consider the indices j such that j > n 4+ 1. In this case the

equation for w; is of the form

Jj—n
(5.21)  wj—i» bj_n_elwy

=1
j j—n—1N-2
= Z Dewj_g + 1 Z Z v+ 1)Pp1bp—pWj_n_1-k + gj.
=N k=0 v=0

Note that some of the summations in the last formula may be vacuous;
for instance, if N < j < n, then (5.21) becomes (5.20), whereas if
0 < j < N —1, then it becomes simply (5.16).

Note also that, up to this point, we have already chosen values for
the following constants: Cy, ..., C,_n (it may be the case that N = n, and
hence that we only have chosen Cj).

Let us consider first the case when N < n. In this case, the equation

" is, as before, of the form

for wj

w; =DPNWj—N + Xj,
hence there is no problem in this case.

The remaining case is when N = n. In the situation (2) of our
proposition we then have that A\, + ilby #0, V¢e{1,2,...}.

The equation for wj, for j > n + 1, is of the form
(5.22) wh = [Pn +i(j — n)bo]wj—n + X;.
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where x; has already been uniquely determined. The assumption that
An +ilbg #£ 0, V¢ € {1,2,...} is precisely what is needed for the above
equation to have a (unique) solution in C'°°(S*) The proof is complete in
case (2) of our statement.

We finally move on to case (3) of our proposition; then there is
ly € {1,2,...}, such that A, + ilgby = 0. Now, if the index j satisfies
n+1< j <n+¥—1, then the equation for w§ is of the form (5.22) above;
since the coefficient of w;_,, in (5.22) has nonzero average, we again have
unique solutions . In the next equation, which corresponds to j = n + £,
such a coefficient vanishes and we are left with

w;H—éo =X
where x has already been uniquely determined (in other words, all the
constants Cy, ..., C¢,—1 have already been uniquely chosen.) Thus the only
possibility for the existence of a periodic solution is if fo% x = 0, which
is precisely the condition alluded to in our statement of Proposition 5.2.
After this, there will be no further trouble, for in the remaining equations
the average of the coefficient of w;_, in the right-hand side does not vanish
if j > n+4£y+ 1. The proof is complete. O

We have now reduced our problem of solvability of (5.1) to the case
where f is flat at » = 0, and, furthermore, either Ay ¢ Z, or A; # 0 for
some j = 1,...,n. Our next goal is to reduce to the case of a simpler term
of order zero.

PROPOSITION 5.2. —  Assume that either (4.2) or (4.3) fails. Define
the integer N as follows:
(1) if Ao ¢ iZ, set N = 0

(2) if Ao € iZ, let N be the smallest integer with 1 < N < n such
that Ay # 0. If € is small enough and if the equation

(5.23) Rw = { > )\kr’“}w +h

k=N
has a solution w € C*®(A) for every flat h, then (5.1) has a solution
u € C*(A,) for every flat f.

Proof. — Write p(r,0) = Y_}_opk(@)r® + r"Tix(r,0), with x €
C*(A). Set

~ 0
Br(0) = pi(6) — A, Pk<e):/oyak(a)da7 R —
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SR () =l P 9= 1

Note that ¢ is flat and eP"(G),Pl 0),.. .,ﬁn(e) are 2m-periodic. Equation
(5.1) is equivalent to

(5.24) Ryv=pv+y,

where p(r,0) = p(r,0) — ZZ:O Pe(O)rF 4+ irtb(r) S0 P, (0)rY 1. We
may write p(r,0) = Y23y Apr® + p?(r, 0), where pf(r, 0) = " {x(r,0) +
i, vP,(#)r*~'}. Now Theorem 3.2 applies to yield ¢ € C>(A,) such
that R, = p* in A.. Set w = ve™%® and h = ge~%. Then (5.24) becomes

R,w = { Z )\krk}w + h.

k=N
Note that the function h = fe=%¥~9n is flat. The reduction is complete. O

We now deal with the solvability of (5.23). A few words about the
proof are in order. The proof uses Fourier series in the variable . One
obtains wg(r) in terms of hx(r). One is then led to estimate the Fourier
coefficients wy(r) and their derivatives. The key ideas for the estimates
are inspired in the paper [BCPJ; note that the main concern in [BCP]
was with operators of the form L = & — ir"*1b(r,0)2, with b real-
valued, and with the equation Lu = f, that is, no term of order Zero was
present, and therefore the results there cannot be applied to our operators
in a straightforward manner. Furthermore, at this point of the present
paper, our operators have been simplified considerably along the way and,
therefore, it is now possible to use partial Fourier series and to compute
explicitly the solutions to the corresponding ode’s.

PROPOSITION 5.3. —  Assume that either (4.2) or (4.3) fails. Define
the integer N as follows:
(1) if Ao ¢ iZ, set N = 0

(2) if A\g € iZ, let N be the smallest integer with 1 < N < n such that
An # 0. Then the equation (5.23) has a solution w € C*(A,) for every
flat h.

Proof. — We will write the term of order zero as >_,_, Axr* where,
if N > 1, it is understood that 0 = A\g = --- = Ay_1. We write the Fourier
series
(5.25) w(r,0) = Zwk(r)eike, and h(r,0) Z By (r)et*?,

keZ keZ
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In order to solve (5.23) we must solve, for each k € Z, the ordinary
differential equation ikwy — ir" T1o(r)w), = (Ao + A7+ -+ + Xr™)wy + Ay,
or
(5.26) wy, + qwg = gk, k €Z,
where

qr(r) = —r=" " (rP'(r) = nP(r) + pr") [(k + ido) +idar 4 -+ ik,

and
gr(r) = ir=""Y(rP'(r) — nP(r) + pur™)hg(r).

Notice that the function g(r,0) = ir="=1(rP'(r)—nP(r)+pur™)h(r, 0)
is also C*° and flat at r = 0.

We may write
n—1
w(r)= > e’
l=—n—1

where g, _n—1 = nP(0)(k + iXg). Take ®4(r) to be the following primitive
of gy :

an =< Qk,e—ﬂ“z
O (r) = In(r '1)—1-{ Z +Z}7€ )

n
l=—n (=1

The coeflicient of r =™ in & (1) is —P(0)(k+1i)o). Now equation (5.26)

is equivalent to
d

a(wkeq”“) = gpe®x.
We divide the analysis in two regions, namely,
REGIONI: 0<r <R,
REGION II: —R < r <0.
We further divide the study in three cases, depending on the value of
R(=P(0)(k +iXo)),
namely,

CASEL  R(—P(0)(k+iX)) <0,
CASETL. R(—P(0)(k +iX)) > 0,
CASE TII. R(—P(0)(k + iX)) = 0.
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In cases I and II, we may assume that R is so small that the term
—P(0)(k+1iXo)r~™ dominates the other terms in ®(r); more precisely, we
have
(5.27) Py (r) = —=P(0)(k +ido)r™" (1 + vu(r)),
and the following holds: given any ¢ > 0, there is R > 0 such that
|r(r)] < o, for all 0 < r < R, and for all k£ in cases I and II. We may

also assume that R is so small that 8P, (r) is monotonic over the interval
(0, R).

Notice that, since RP(0) < 0, there exist kq, ks € Z such that case
I occurs for all k¥ < ki, while case II occurs for all k > ks; also, case III
occurs for at most one value of k.

We first concentrate on the region I and analyze each of the three
cases there. In each case, we will write an explicit formula for the solution
wy, to equation (5.26).

Case . 0<r <R, R(—P0)(k+iX)) <0 (k<ky).
Define
(5.28) wi(r) = / ge(s)e® =8 Mgs 0 <r <R k<k.
0

We will prove that Vv, j € Z,., Vk < k1, one has
(5.29) sup{|r_”wl(€j)(r)|; 0<r< R} < 00.
and that VN, v,j € Z, one has
(5.30) sup{\k;Nr_”w,(Cj)(rﬂ; 0<r<R, k<ky, k# 0} < 0.

Recall that we have assumed that R is so small that ®®y(r) is monotonic,
hence we have

RDy(s) — RPx(r) <0, 0<s<r<R

It is not difficult to see that wy, defined by (5.28), is C*° in the open
interval (0, R), and that it satisfies equation (5.26) there.

Let us prove the estimates for j = 0. We have

|EN = g (r)] < / r*”e%q”“(s)*m’k“)|kNgk(s)|ds
0

N

/ s'r 7Y kN sV gr(s)|ds
0

< rsup{|kVsVgr(s)]; 0 < s <7}
< Rsup{|kNs"gr(s)); 0<s< R, k <k} <M < o0,
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where we have used the fact that g is C* on [0, R) and is flat at = 0.

Note that, if kg > 0, then we must also take care of the case
k = 0 in (5.29) here. Clearly, a computation similar to the one above
shows that for every v € Z,, there exists M = M(v) > 0, such that
|r~Ywo(r)| < M, 0 <r < R. This completes the proof of estimates (5.29)
and (5.30) in the case j = 0.

We now prove the estimates in the case of j = 1. We have, for each
0 <r < R, and each k < kq,

(5.31) wy(r) = / (—ar(r)gr(s)e™ =" ds + gy (r).
0
We have, for some constant C' > 0, and for all k& # 0,
(5.32) [r" i (r)] < Cl.
Therefore, we obtain, for each 0 < r < R, and each k < ki, with k& #£ 0,

KN (1)

N

C’/ sttty N gyl (s)|ds + KN e gi(r)

0

< rCsup{[ENTls™ " lgu(s)]; 0 <s <7, k <k} 4 [ENr 7 gu(r)]
<M < o0,

where we have used again the fact that g is C* on [0, R) and is flat at
r=0.

A similar proof works for the other values of j.

When k£ = 0 a similar computation shows that Vv, j € Z, there exists
M = M(v,j) > 0, such that

rwi (1)) < M, Y0 <r<R.

We have concluded the proof of (5.29) and (5.30).

It then follows from (5.29) that, for each k < k; and each j = 0,1, ...,
the limit lim,._,q+ w,(fj ) (r) exists and is equal to 0, which in turn implies that
each such wy, defines a function which is C* in [0, R) and is flat at » = 0.
In fact, the full strength of the estimates (5.29) and (5.30) imply that the
function Y-, . wi(r)e® is in C>([0, R) x S') and is flat along r = 0.

This concludes the analysis of case I.

Case II. 0 <r < R, R(—P(0)(k+1iXo)) >0 (k= ko).
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Define
R
(5.33) wi(r) = —/ ge(8)e2 =g 0 <r <R, k> k.

It is clear that wy, defined by this formula, is C*° in the open interval
(0, R), and that it satisfies the ode there. In fact, wy is a product of two
smooth functions on (0, R), that is,

R
wi(r) = —e T ></ gi(s)e® ) ds.
T
The relevant estimates in case II are
(5.34) sup{|k:N7“_”w,(€j)(7°)|;0 <r<R,k>ks} <o,

where k3 > ko will be chosen later.

As in [BCP], it will be useful to decompose wy, into two integrals,

namely,
wi (1) = Wwi,1 + Wk,2,

where

2r
(5.35) wa(r) = _/ g1 (5)e®+) () g
and

R
(5.36) wia(r) = _/ i (5)e®+E) () g

2r

Let us first prove the estimates for wg 1(r) and for j = 0. Let us
observe right away that in the integral defining wy 1, we have r» < s, and
RPy(s) — RPy(r) < 0, hence

2r
(5.37) |ENr ™ wp 1 (7)) S/ sV eRPR () =RER () LN =V ) (6)|ds

2r
/ Y s gi (5)]ds

T

N

<rsup{|[kNs Vgr(s)); T <s<2r}
< Rsup{ |k s Vgi(s)]; 0<s <R, k>ko}
<M < o0,

where we have used the fact that g is C* on [0, R) and is flat at » = 0.

Before we begin studying the component wyo(r), we study the
function e¥*(") where

\Ilk(r) = %@k(QT) - %@k(r)
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We claim that the function ¢¥*(") is flat at r = 0.

To prove this, let 0 > 0 be a small number to be chosen later. We
take R > 0 as in the discussion following (5.27). From (5.27) we obtain the
estimate

ROk (r) — anr™"| < ayor™",

where ay = R(—P(0)(k +iXg)) > 0.

It follows that RP,(2r) < ai(l 4+ ¢)27"r~", hence RP,(2r) —
ROy (r) < —ar~™{1 —o — (1 +0)27"}. Now choose ¢ so that 0 < 0 <
(2™ —1)/(2" + 1) and take the corresponding R. We obtain, for every
0 <r < R, and for every k in case II, ¥y (r) < —ayor™"

\I/k(T) < —%(—P(O)(k‘ + i)\()))&T_”,

where 6 =1 —0 — (14 0)27" > 0. This completes the proof of our claim.

, Oor

We now claim that there exist @ > 0 and k3 > 1 such that
(5.38) Ui(r) < —akr™, 0<r<R, k=>ks.

The proof is straightforward; indeed, we have
R(—=P(0)(k +1iXo)) = R(—P(0))k + RP(0)SNg + SP(0)RAo.
Now we require k3 > 1, k3 > ko, and
—RP(0)ks = 2|RP((0)SA\g + SP(0)RAo|
to obtain,
Up(r) <27 RP(0)kr™", 0<r <R, k>ks,
which is (5.38), with o = —RP(0)/2.

We are now ready to estimate the term wy o, still in the case j = 0.

We have
R
[ 5(r)] < / P |ge (5)]REH)REL( g
2r

R
< / T7V|gk(s)|6§R<I>k(2r)7§nq)k(r)d8
2

I

R
2

T
< (R —2r) x sup{|gx(s)|;s < R} x rveVe()
< R x sup{\gk(s)|;s < R} X sup{r‘”eqjk(r); 0<r< R}.

hence
[r ™ w2 (r)] < M < oo.
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Furthermore, for k > k3, we have

DU

‘kN ka y|g )‘ %@k(s)—%ék(r)ds

2.
/ K gi(s)|r ¥ ds
2r

< (R—=2r) x sup{|gx(s)|;s < R} x kNr=Ve k"
< R x sup{|gr(s)]; s < R}
x sup{kNr Ve "0 < r < Rk > ks}.
We may (and will) assume that R < 1; since k3 > 1, we have

kNT7V < (krfn)N ,

N

(5.39)

—n

where N’ > max{N,v/n}, and therefore we obtain the estimates

kN,r,—z/e—ockr < (kT_n)N e—ock:r

)

sup{kNr Ve *" 0 < r < Rk > ks} <sup{sV e % s> 0}.

It follows that
(5.40) KN wg o (r)| S M < oo, 0<r <R, k=ks.

The conjunction of (5.37) and (5.40) yield, in the case j = 0, the
estimates in (5.34), namely

sup{|ENr Y wi(r)];0 < r < R,k > k3} < o0.

We now address the estimates (5.34) in the case j = 1, namely we

claim that
sup{|ENr~w},(r)];0 < r < R,k > k3} < o0.

It is easy to see that

R
w(r) == [ Calgnl)e s + g, (r),
which we may write as
Wy, = Uk,1 + Uk2 + Gk,

where

2r
ug,1(7) :/ ai (1) gr(s)e®+ =20 g

R
u,2(r) :/ ar (1) g (s)e®r =2 g,
2

r
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Let us comment briefly on how one proves these estimates. First of
all, we recall from (5.32) that for some constant C' > 0, and for all k& # 0, we
have [r" g, (r)] < C|k|. The term qx(r) in ug 1(r) can be absorbed in the
estimates, in the same way as it was taken care of in the estimate of (5.31).
More precisely, we have 0 < s < 2r in the integral, hence r—¢ < 2¢s7¢, and
SO

g ()] < Clklr ="t < 2Okl

2r
|kNT'7V'U/k»11(T)| < CQVJrnJrl / Su+n+lrfz/7nfl|kN+1sfyfnflgk(S)|dS
T

< rC2V T sup{ KN sl ()50 < s < 1k > ks)
<M < .

Similarly, we have
R
|I<:Nr_”uk72(r)| <C PV N LW (r) lgr(s)|ds
2r

and, from this point on, the proof continues as in (5.39).
Finally, the third term has already been estimated before.

The proof for smaller values of k and for larger values of j is similar
and will be omitted.
i0

We reach the conclusion that the function >, . wi(r)e is in

C>([0, R) x S*) and is flat along r = 0.

Case III. 0 < r < R, RN(—P(0)(k+iX)) =0.

Recall that this case occurs for either one or no value of k. If there is
no k such that ®(—P(0)(k+iXg)) = 0, then nothing needs to be done. From
now on, we assume that there is then a (unique) value of k, say, k = kq,
such that R(—P(0)(k + iXo)) = 0. What we must prove is that, for this
value of k, the estimate (5.29) holds. In other words, we must prove that
for k = k4, and Vv, j € Z, one has

sup{|r*”w,(€j)(r)|;0 <r <R} <oo.

In other words, we have to prove that this wy is C* on [0, R) and is flat
at 0.

In this case, we have to look at the other terms appearing in the
expression of gy.

Sub-case III.1. There is £ € {—n, —n+1,...,—2} such that Rgx ¢ # 0,
and Rqy,m =0, for m < L.
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In this case, a procedure similar to that used in cases I and II works
to produce a flat solution; the term exp[Rgy r**1/(¢ + 1)] dominates the
others in a neighborhood of 0 and it absorbs all the powers of r~!that
appear when we differentiate the function ¢ (7).

Sub-case II11.2. { = —1, that is, Rgx,—1 # 0, and Rgy,, = 0, for
m < —1.

In this case, the procedure is also similar to the previous ones, one
difference being that we do not have a flat function arising from the
exponential, but rather, we obtain a finite (in general, non-integral) power
of r. More precisely, we have

Raw(r) = Rar,—1)r~ (1 + O(r))

Rop(r) = Rk, —1) In(r) + 717 + -+ yur™
e§R¢k(T) — /r-ER(Ik,—l en Tty

Another difference is that one formula suffices for the solutions, namely,

wi(r) = / ge(s)e =% Mgs 0 <r < R.
0

Since gy is C*>° and flat and since e®* has at most a finite power singularity,
it follows that the product gze®* is likewise C>° and flat; the same is true of
the primitive for gr(s)e® ) ds and also of its product with e=®#(") which
is equal to wg.

Sub-case II1.3. £ > 0, that is, Rqy ,m, = 0, for m < 0.

The proof in this case is omitted, since it is very similar to that of
case 1I1.2.

Summing up, we conclude that each function wy(r) is in C*°[0, R)
and is flat at 7 = 0; furthermore , the function w(r,8) = 3", .7 wi(r)e® is
in C>([0, R) x S') and is flat along r = 0.

By similar arguments, one obtains a function w(r,#) which is in
C*([-R,0) x S') and is flat along r = 0. The functions obtained then
glue smoothly to produce a function w(r, §) which is in C*°(—R, R) x S1),
is flat along r = 0, and solves equation (5.23). The proof of Proposition 5.3
is complete. a

By combining Propositions 5.1, 5.2 and 5.3, we easily obtain our
second result about equation (5.1).

THEOREM 5.2. — Assume that either (4.2) or (4.3) fails. Then, for
€ small enough, the following statements hold true.
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(1) If \g ¢ iZ, then equation (5.1) has a solution u € C*(A,.) for
every f € C™(A,).

(2) Assume that Ao € iZ. Let N be the smallest integer with
1 < N < n such that Ay # 0. Assume, furthermore, that either
1<

N <mn, orelse N=mn, and \,+ilby#0, Vle{l,2,...}.

Then, given f € C*°(A,), equation (5.1) has a solution u € C*°(A,) if and
only if f satisfies (5.8).

(3) Assume that Ay € iZ. Let N be the smallest integer with
1 < N < n such that Ay # 0. Assume, furthermore, that

N =n, and M\,+ilobg =0, forsome £y {1,2,...}.

Then the set of all f € C*(A,) for which (5.1) is solvable make up a
subspace having finite codimension equal to n + 1. More precisely, f must
satisfy, in addition to (5.9), a condition bearing on the derivatives of f of
order up to £y.
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