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1. Introduction.

In this paper, we are concerned with the hypoellipticity and the solvability
in a Gevrey class. Let G° be a Gevrey class of order g, 1<9<c. For a
domain £ in R™ and a differential operator P on 2, P is said to be (G’-) hy-
poelliptic in £ if, for any subdomain £’CQ and any distribution ¥ <=D’(2’) such
that PusG(Q’) it follows that uc=G’(£2’'). We say that P is (G°-) globally
hypoelliptic in 2 if, for any u=D’(Q) such that PusG(Q) it follows that uc
G9(£2). Though hypoelliptic operators are globally hypoelliptic, there are
considerable gaps between these notions. In fact, the hyperbolic operator
(0/0x,—710/0x,)* on T*=R*/2rZ? x=(x,, x.)&T? is globally hypoelliptic for
some real value ¢ (cf. Greenfield-Wallach [4]).

In Section 2, we discuss solvability, hypoellipticity and non hypoellipticity
in G° for operators satisfying a resonance type condition (R). In fact, we give
equations which are G?-globally hypoelliptic for ¢ near 1, and that are not G°-
globally hypoelliptic for large ¢. We note that such examples are known for
local hypoellipticity. But, our example does not follow from such examples
because global hypoellipticity does not necessarily imply local hypoellipticity.

In Section 3, we study the resonance type condition (R) in Section 2. By
Greenfield’s example, we immediately see that (R) is not necessary for the
global hypoellipticity, in general. Instead of (R), we introduce a so-called
Siegel condition in G° (cf. [3.2)), which is weaker than (R). We consider
equations treated in [16], namely, equations satisfying the condition (A.1) which
follows. Then, the Siegel condition is necessary and sufficient for G?-global
hypoellipticity. We also give an example such that we cannot drop (A.l), in
general (cf. Remark 3.3). We also note that hyperbolic equations as well as
elliptic equations may satisfy the condition

The last section is devoted to the study of the solvability of semilinear
equations. As applications of the arguments in §§3 and 4, we show the exis-
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tence of periodic solutions for hyperbolic equations whose ratio of periods is not
rational (cf. Example 4.2.).

2. Solvability and hypoellipticity under resonance type restriction.

We consider the following equation on the torus 7T*=R*®/2rZ>%,

(2.1) Pu = (Dz+ia(x)DyYu—(aDy,+bju = f(x, ),

where D,=:7'0,=:i7'0/0x, a, b=C, (x, y)&T?, and where a(x) is a real-valued
real analytic 2z-periodic function on R.

We assume that a(x) does not change its sign and a(x) is not identically
equal to 0, and without loss of generality we demand

(2.2) a(x) =0, x=R.

We set w:Szxa(r)dr, k(n)=an+b, A(n)="rk(n)"?, where we take the branch of
A(p) such that Im A(9)<0. Then we assume

(R) o) +2rid(n) & 2miZ, Ny = Z, and an+b+ 0 for all n=Z.

For a domain C7? and 1<o<c0, we define G?(Q) the set of all smooth
functions f in £ such that, for any compact set KC £, there exists C>>0 so
that

sup 0%,,/(x, )| = C'*"* Y (al)’,

(z.y)EK
for all a=Z%, where Z, is the set of nonnegative integers. Here, if 6=c we
put G°(2)=C>(2). If we set f,,:STzf(z)e‘i”’dz, n<Z°*, then the above condi-
tion is equivalent to

Sl;plfﬂecmlllul <C,

with another constant C>0. For ¢>1, we denote by G’(2) the space of ¢-
ultradistributions (cf. [6]). We say that L is G°(T®)-solvable if, for any
fE=Go(T?), the equation Lu=/f(x) has a solution u in G°(T?). We determine
the integer % by

2k =max{s; Ix=T, 0%a(x)=0, 05I< 71, 0ia(x)#0},
and we set g,=2+2/(2k—1). Then we have the following
THEOREM 2.1. Suppose that the conditions (2.2), (R), and 1<e6<0, are

satisfied. Then, the operator P is G7-globally hypoelliptic and G°(T*?)-solvable
with a trivial kernel ker{P; G°(T?*)—-G°(T?*)}={0}.
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ProOF. We shall prove the solvability. Suppose that u solves with
feG(T?), ¢=1. Performing the discrete partial Fourier transformation with
respect to y in the equation we get

(2.3) (Da+ia(x)pP—k(p)alx, ) = f(x, 7), 7SZ.
From the well-known formulas in the theory of ordinary differential equations,

we can write formally, for each p=Z,

(24) ﬁ(x, ﬂ) — __S; eA(z.s.n)S_in_«xj(_%]S)E(_@f\(s’ 77)d5
7

"(—B()?)e‘“z'ﬁ’i"7>+i“<’7)+C(77)eA(x'577"7)_”“’7)
where 8,=n(1—sign (y)), A(x, s, ﬂ):ngza(i’)dr. Here, sign (n)=1 (if 5>0); =0

(if p=0); =—1 (f 7<0).
In order to obtain 2z-periodicity of @(x, ) (p=Z) in x, we need two con-
ditions

a2z, n)—u(0, ) =0, @2z, n)—a0, )=0.

Let us assume, for the moment, 7>0. Then, by (2.4) and the periodicity of
a(x) we have the system of equations for B(%n) and C(7),

a.(p)Bn)+a(n)C(n) = Fi(y),
B(n)B(n)+B-(n)C(n) = Fu(n)+Fi(p)nallr),

(2.5)

where
a.(n) = e 1 B.(9) = +id(p)a.(y), o= Az, 0, p)p7,

T

Fi(p)= (2(7]))“52 edCm 8 M gin((2r—s)A(n))f(s, p)ds,

Fi(p) = SZ’“em-& m cos (2x—s)A(p)f(s, 7)ds .

It follows from (@) that (2.5) has a unique solution
_ A F(p)+F(n)+Fi(p)pax)

26 B) 28:(7) ’
' Cly) = — A Fi(n)+F(n)+ Fi(n)na2xz)
v 26-(n) '

We need to estimate the growth of B(y)and C(y): If feGY(T?), 1=0<0,,
then we have, for some M>0

(2.7) |Bp)| = M™tem¥inite, [ C(y)| £ MTle™imive,

for all p=Z.
By (&), the absolute values of the denominators, |3.(%)| of (2.6) are bounded
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from below by some positive constant. On the other hand, since f<Go(T?) we

have, for f(s, ,]):SZ”f(s, y)et1vdy,

(2.8) | (s, p)| < K-l Kiniuie

for all = Z, and all 0=<s<2z, where K>0 is independent of s.
It follows from |A(n)|~|%n|'* as |n|—oco that

(2.9) et gin(2r—s)An)| = C eXp(IZﬂ:—s]CIInI‘/Z—I—Irjlgina(r)dr).

If a(») does not vanish at »=2x, then it follows from that the right-hand
side of (2.9) is estimated by Cexp(—el2zx—s||yp|) for some >0, if |y]| is
sufficiently large. Hence, by (2.6) and (2.8) we get

On the other hand, if a(r) vanishes at r=2x exactly of order 2%, then the
right-hand side of (2.9) is bounded by

(2.10) Cexp(|2n—s|Cylp|**— |2z —s|***C4l7p|)

for some C,>0, if 7 is sufficiently large. If s and % satisfy [2x—s|**|{9|"*> L
for some large L>0, we see that the term is bounded by
Cexp(—e|2zr—s||n|Y?) for some £>0. If otherwise, we have |2z—s|**|y|'?
< L. Hence, the term is estimated by C exp(Ci|yp|¥/2-1/2®) for some
C{>0 independent of 7. These estimates, together with (2.6), (2.8), (2.9), and
the definition of &, show We note that one deals similarly in case 7<0.
Hence, is valid for all y=Z. We also note that the same arguments
apply to the integrand of the first term in the right-hand side of (2.4). We
have the same estimate as [(2.7).

It follows from (2.4) and [2.7) that the formal solution a(x, ), x&T, p= Z is
a discrete partial Fourier transform of the G’-function u(x, y)=31,ez(x, 9)e'¥".
This proves the solvability, and, in fact, G°-hypoellipticity of P, because the
adjoint operator P* is of the same type. [

REMARK 2.2. (a) We note that the conditions and (R) in Theorem
" J2.7 are superfluous for the G7-global hypoellipticity of P. Indeed, we can re-
place them by b++0. In this case, we replace ¢, by ¢,=2+2/(k—1), where k
is the maximal vanishing order of a(x). This follows from the arguments of
for the local hypoellipticity. We note that and (R) are necessary in
order to assure the solvability.
(b) We point out that, in the case f=G?(T?) one obtains in the same way
a solution u=G(T?). In fact, we have the estimate, max{|B(y), |C(n)|}<
L.e8'11% Ye>0 in the line of considerations in [3].
(c) We note that the previous assertion is valid for operators of the type
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m-1 .
P=(D;+ia(x)D )"+ E) Bix, DyXDz+ia(x)D )"~

where Bj(x, D,) are analytic differential operators of order j, 0<;<m—1, as
in [3], and where a(x) does not change the sign.

Next, we consider the relation between global hypoellipticity and the Gevrey
index ¢. Let us consider the operator

(2.11) P, = (D;+ia(x)D,?—b(x)D,,

where a(x)=0 is a 2z-periodic real-valued real analytic function on R having
zero of exact order 2k at x=0. Here, b(x) is given by, for |x|Zx

b(x) = —(cx***+idy® for |x|<1/4, supp b(x) & [—1/2, 1/2],

and periodically extended on R, where u= N, 2u<k, ¢>0, and deR/{0}. Then
we have

THEOREM 2.3. The operator (2.11) is G(T?)-hypoelliptic for 1=0<0,=
2+2/(2k—1), but is not G°(T*)-hypoelliptic if 0, <0< 00, 0,=2+4+4pu/{2(k—2p)+1}
>0a,.

REMARK 2.4. We note that the operators are the first examples of
global (non) hypoelliptic operators with such properties. The class of operators,
G°-hypoelliptic for ¢ close to 1, that are not G’-hypoelliptic for ¢>>1 locally
in R* is known. (See in [3], L. Rodino [8], L. Cattabriga-L.
Rodino-L. Zanghivati [2], T. Okaji [7], as well as S. Baouendi-F. Treves
for two analytic vector fields.)

PrRoOOF OF THEOREM 2.3. The hypoellipticity follows from Remark 2.2 and
the standard arguments. According to the classical results on asymptotics for
ordinary differential equations (cf. [137), there exists a solution u(x, ), p=Z,
to the ordinary differential equation,

(2.12) Py = (Dy+ia(x)plv—blx)pv =0.
v(x, n) has the form, denoting a(x):g:a(s)ds,

(2.13) v(x,n) =exp(alx)p—CQRu) ' x*n'?—idxn'*)q(x,n), nEZ,, |x|£1/4,

where ¢(x, P)~27,¢-{x)p~//* is an analytic classical symbol in 7% such that,
for some constant R>0,

(2.14) lotq(x, p)| < R*™Y, [=0,1,2,-,9p>1,

with q_,(x) verifying transport equations, ¢”;(x)+60(x)g_;(x)=¢";::(x), q-;0)=0,,
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(0;0 stands for the Kronecker symbol), j=0, 1, --+, ¢,:=0, 6(x) being a real
analytic function expressed through b(x). One obtains the estimates in a
standard way, solving consecutively the transport equations and taking into
account the analyticity of 6(x).

Evidently, a(x)=x**"a,(x) with m;<a,(x)<m, for some m;>0 and m,>>0.
We choose X(x)=G'*, 0<e«], and ¢(x)=G'**(R) so that

Supr;(—-OO’ 51]’ ~X:1 on (_OO) 52]’ O<52<51<< l,
suppp S [—1/2,1/2], ¢ =1 on [—1/4, 1/4].

(2.15)
We put
(2.16)  w(x, 1) = exp(alx)y—Cx*(2p) ™y *—idxy*)(x, 9P(x)X(xy"),

where 8=2(2(k—p)+1). Then W(x, y)=21,ez,0(x, n)e'¥” satisfies PW =G (T?),
while (0, 0)e C*sing supp W, i.e., W is not smooth at x=y=0. Indeed, it
follows from the assumption C>0 that W is a distribution on 7. The condi-
tion ¢(0, 0)#0 and the definition of ¢ and X implies that (0, 0)= C*-sing supp W.
In order to show that PW <G’ we note, by (2.13), and (2.16) that
(2.17) PW = 3 P,(u(x, n)(x)X(xn' %))tV

7624

= %J (De+ialx)pu(x, n)Dz+ialx)p)P(x)X(xn'?))etvr
+ ;v(x, NI D o 4ia(x)n)(P(x)X(xn  ))etv1 = F.

We estimate the exponential factor of v(x, »). It follows from (2.13) and p<k
that,

(2.18) a(x)n—(C/2m)x*n"? < myx 1y —(C/2p)x2 7/
— x2y771/2(m2x2(k—/A)+1771/2_C/2ﬂ) .

It follows from the definition of X(x%'%) and (2.15) that x**~m+pi2L5y2,
By taking 0, sufficiently small, the right-hand side of is bounded by
—C4p)~'x*p'?. On the other hand, P,(v¢X) does not vanish only if ¢==1 or
X=#1. This implies that the term —C(4p)*x**n'/* is bounded by —K»n'/: for
some K>0. Since all terms in F are in G'** with respect to x, and since the
differentiations with respect to x and y yield only some powers of % it follows
that FeG°. [

3. Necessary and sufficient conditions.

In Section 2 we have shown G?-hypoellipticity and G?-nonhypoellipticity
under the resonance condition (R). In this section, we consider the necessity
of (R).
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Let m=1 be an integer, and let pn,() be a polynomial of degree m, pn(7)
=2la1=m @an® with a,=C, and let gz(n) be a function on Z¢ such that, for
some C>0, |gg(n)|=C<{np>™ " for all p=Z¢. We denote by ¢gs(D) the pseudo-

differential operator with the symbol ¢gs(5). We consider the following operator
on T%:

@3.1) P, D)= % a.D"+ 5 bix)gsD), bs=GiT).

We expand bg(x) into Fourier series, bg(x)=33,b3,,¢"*, and we define [
as the smallest closed convex cone with apex at the origin which contains all
7 such that, bg ,#0 for some B. If b;=0 for all 8, then we set [»={0}. We
set P(N)=pm(9)+Zis1sm-1D5,0q5(n). Our major premise is

(A.1) I'» is a proper cone, that is, /» contains no ray.
Moreover, we assume

(A.2) For every é=R*\{0} such that p.(§)=0, we have 6-V:p.(&)=0 for all
0= ['e\{0}.

THEOREM 3.1. Suppose (A.1) and (A.2). Then, Pis G*-globally hypoelliptic,
if and only if a Siegel condition
(3.2) lim 1917 log|p(n)| =

n-o0, EZ

is satisfied.

REMARK 3.2. (a) For the operator P in (R) implies Indeed,
we have, p(n)=(n,+iwn:)*—k(n:), p=(91, n). Since w#0 by (R), we have
We note that P satisfies (A.2), but does not satisfy (A.1).

(b) (A.2) is too strong for the proof of [Theorem 3.1. Indeed, if d=2 we can
replace (A.2) by (A.2); pn(6)#0 for Yé=I'p\{0}. In the general case, d=3,
we assume: For every 6=/ and §=R?, |§|=1, and pn.(§)=0 we have L«(6)
#0. Here L.(0) is the localization of pn(7) at p=& defined by, for &, 0=R?,

(3.3) pm(+10) = L{O)3*+00H),

where ¢=¢(§) is a nonnegative integer, and Lg6)%0. Furthermore, we assume
the regularity on the roots of p(n). We set S(n, {)=t™p(t™'y), and take a vector

0 such that p,(0)+0 and write y={,0+. We factor S0+, ¢) as a poly-
nomial of ;:

(3.4) SGO+T, 1) = 11 (G4, D)™

Then, we assume that the roots A,{’, t) (=1, ---, j,) are smooth with respect
to ¢’ and t. Under these assumptions, is valid for s such that,
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1<s<q/(g—1), where g=max.q(§). Finally, we note that (A.2) is equivalent to
say that p is simple characteristic and microhyperbolic (cf. [5])).

REMARK 3.3. (a) The assumption (A.1) is essential in [Theorem 3.1. In
fact, the Mathieu operator M=D3%-+2 cos x, on T? satisfies the generalized (A.2)
in Remark 3.2 and does not satisfy (A.1) and[3.Z) Nevertheless, we can show
the global G?(T*#)-hypoellipticity of M, (1= ).

(b) By modifying the proof of [Theorem 3.1, we can prove the solvability
of under (A.1) and (A.2). In fact, P(D)u—/f is uniquely solvable in
GS(T'*), if and only if p(n)+0 for all y=Z¢, and is satisfied.

Preliminary lemmas. For ¢>0 and é= R%, we define an e-conical neighbor-
hood C(&;¢) of &€ by C(&; e)={ncR*; lIy/llnll—Ell<e}, where |-| denotes the
usual /*norm in R% Then we have

LEMMA 3.4. Let I be a closed convex cone with apex at the ovigin, and let
Y be a closed set on the sphere ||&|=1 such that X\+1"—=¢g. Then, there exists
c¢>0 depending only on X and I such that ||0]/I|<16ec for every EG X, every
small €>0 and every {(#0) and C+60(0=+ 1) in C(E; ¢). Moreover, if { is not
necessarily in C(E3 &), then it follows that |L4+0|=c||l|] for V8Os £ 1

This lemma is a slight modification of Lemma 4.1 of [15]. So we omit the
proof.

LEMMA 3.5. a) For a=0, b=0, and s=1 we have a'’*4+b"*=(a+b)'"",
b) Let teR. For {=Z® (d=2), we set < =1+|{|. Then we have that
BYX YT —d'! for all 8, nEZ°.

PrROOF. a) is proved by elementary computations. In order to prove (b),
let us suppose |0|=|n|, >>0. Then

14101\?
@<y = (Fey) = (B=lnl+17 £ (8—nl+1) = G—p>".

The other cases will be proved similarly. O

PROOF OF THE SUFFICIENCY OF THEOREM 3.1. The proof is done by the
similar method as in the proof of the sufficiency of in [16]. Indeed,
we use Gevrey estimate in place of C=-estimate. Hence, in order to avoid the
repetition we give a rough sketch of the proof. Throughout the proof, we set
g=1/s.

We take a closed convex proper cone, /' with apex at the origin such that
the interior of I' contains I'»\{0}, and that (A.2) is still valid, if we replace
Ieby I We set '=I'NZ*% and we take e= —I'\{0} and n=I". We define
2.(0) (n=0, 1, 2, ---, =) by
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(3.5) 1.00)=1if 56770-—f and e:0 < n+te-no; =0 if otherwise,

where the dots denote the usual inner products in R¢. We denote by X.(D)
the pseudodifferential operator with the symbol X,(6). We note that X.—1 on
Z? when n—oco in I

For =R, and u(x)=suz;e"**<D'(T?), we define the norm |u|. of u by

(3.6) lul. = supexp(z|o])usl,
sczd

if the right-hand side is finite. We define ¢(d) by ¢(0)=1 if o satisfies p(0)=0;
#(0)=0, if otherwise. Since p(d) vanishes only for a finite number of d’s in
Z4, by @ has a compact support. We take & so that ||bgl..<<co for all B.

We want to show the following estimates; for any &>0, there exist con-
stants C,, C, and N such that, if u&D’, ||Pul,s.<co then

(%) X DYA =X DNuells = CllX DL —Xn(D)Puellsc
(%) XDl = Cull Prtllirac+Collgullorae ,

for all n=N,. Here, the constants C, and C, are independent of p=1I. If we
can prove these estimates, then, by letting n,— oo, noef in (%) and by noting
that X.—1, we have that |ul,<oco, if |Pull,+s.<Ccc. This proves the assertion.

The proofs of (%) and (x+) are done by modifying the methods of the proof
of the corresponding two estimates in the proof of [Theorem 2.1 of [16], where
we replace all C*-estimates with G?-estimates. This will be done by use of

Lemma 3.9, [

In order to prove the necessity, we prepare a lemma. For yp'eZ?, and I’
and a vector ¢ given in the definition of X,(d), we define ¢,(0) (n=1, 2, -+, o)
by ¢n(0)=1 if d=p’+ 1 and —e-(0—7%")<n; ¢.(0)=0 if otherwise. Let p(%) be
as in[Theorem 3.1|, and let P,(D) be the corresponding pseudodifferential operator.
We write P=Py(D)+P,(x, D). Then we have

LEMMA 3.6. Suppose (A.1) and (A.2). Then we have
a) If p(n)+0 for Vnen’—,kf’, then, for any f=G° there exists a solution u
of the equation P(¢.u)=¢.f given by

3.7) b = é Q*Pi'¢.f, Q= —P3P,.

Every Fourier coefficient of ¢.u is determined by a finite number of terms in the
right-hand side of (3.7).

b) If p(p")=0 and p(n)#0 for Vnen’-{—f, then the smooth solution of the
equation P(¢p.u)=0 is given by ¢ u=37,Q"¢,u.

Proor. We have Py(¢.u)=¢.(1—¢@,)Pi(¢.u). Since P3' exists on ¢.C*, it
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follows from the equation Pdou=¢./ that Pi'¢ef =@t —Q¢.u. Hence, if we
can show the convergence of the sum in we have the assertion, because
QP =¢(1—¢,)Q"Pg. By (A.2) with £€=60, we see that p,(&)+0 in I'»\{0}.
Hence it follows that pn(9)#0 if (1—¢u(7))d(n)#0 for sufficiently large n.
Noting that @ is at most of order —1 we have, for some ¢ >0, r<1 and every
k=1, |Q™*gl,<7t*|Q"gll, with g=Pj'¢.f, which proves the convergence.

In order to prove b), we consider the equation P(¢g.u)=0. We set ¢=
Po(1—¢).  Since Pi(Pou)=Pipu)+Piu, it follows that Ppu +Piu=—Pi(J,u).
Noting that P, is invertible on ¢D’ we have that (/—Q)¢u)=Q¢,u. Then the
solution is obtained by iteration.

PROOF OF THE NECESSITY OF THEOREM 3.1. We divide the proof into
three steps.

Step 1. Let us suppose that is not satisfied. First, we suppose that
p()=0 for infinitely many n=Z¢ We want to show that, for any { with
p(O)=0, p(xn)+0 for sufficiently large y={+ s, where I'p=IpNZ? If other-
wise, there exist distinct 9,E+I'p, such that p(9.)=0, 7./l9.l—3E= %, to
vield p.(§)=0, a contradiction to (A.2).

We take nleCJrfp such that, it attains the minimum of e-(»—{) among
pel+Tr, p(p)=0, where e is given in the definition of 2,(8). If p(n,+2’)=0
for some 7’cI'pN{0}, then, we have that %49 —{=l -+ Ik, and that
e-(n:1+9'—0<e-(5,—L) by definition, which contradicts to the choice of #..
Hence we have p(y;+7)#0 for all y=I'»\{0}. Repeating this argument, we
can choose n,=Z¢ in such a way that, for k=1, 2, ---,

(3.8) p(pi) =0, plnetn)=0  for Ynel {0}

Without loss of generality, we may assume that n,/||5.|->3&¢& = s, |&]=1.

Step 2. By (3.8) and [Lemma 3.6, there exist u(x ; n,)=G* (k=1, 2, --) such
that Pu(x; p:)=0. We set ar=]u(-, 7¢)lo. In view of we can find {,&
7:+1'p such that a, is equal to the absolute value of the Fourier coefficient
ug, of u(x; ne). If {|C:1}, is bounded, then there exists {&Z* such that {=
7n,+0, for infinitely many 6, I's. Since :/]79:]|—& it follows that 6,/[6 .|
——&= ['p, which is impossible. Therefore, we may assume that |{,|<|{ ] <,
£r/ 18| —3E" as k—roo,

We want to show that &'+ 71 We write {,=%,+0, for some §,& .
Since 7, is in a small conical neighborhood of §& =+ I'p, it follows that &' ¢& — I
Suppose &’'=1. Without loss of generality, we may assume that {,+;.
Then we write
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u(x; 9p) = ZZZQ”sb;uJI— 3 Qo = u+QA+R, R= > Q*iu .

v=N 41 y=N 41

We take N so large that {¢.u, e’#">=(A,, ¢*+*>, by Lemma 3.6. We note
that Q is elliptic in the Fourier support of Q¥¢.u. It follows that || 4°R||=
14:QQ¥Pu| < Kya, for some K,>0 independent of 2, where A4={zx). On the
other hand, it follows from ||A,|=a, and & <= ['p that, |A°QA,|< K,a, for some
K,>0 independent of k. Hence, we have [|A(Jou—@u)|=<L>a, <(K,+ Ks)as,
a contradiction to the definition of .

Since {7.} is in a conical neighborhood of &, §¢&+ 1%, it follows from
that the number of 7,’s contained in {,—Ip is at most of poly-
nomial order of [{;|]. We thus find an integer %(2) such that %,&f,— /[ for
k=k(2). Moreover, we may assume that L, &9+ . Indeed, if otherwise,
then we have {,=%,+0, for 30,=I's. Since ,/|{,|—&’ it follows that 6./]6 ]
—&'e[p=1I% a contradiction to a choice of &. In the same way, we can
choose a sequence {k(n)}, k(1)=1 so that 0, &Liy— [ for k=k(n+1), L&
Nrort+ L p for v=1,2, -+, n—1.

We define

(3.9) u(x) = ettt = S ulx; Nkn))Arind -
Z n=1

Since Jlu(-; p#)loar'=1, |v¢| is bounded by the number of ;s contained in
{— T It is of some power of ||, by which implies veD’. We
have Py=0, by definition. Moreover, since Liny&ENror+ L for n#y it follows
that Iv;km[:l, v=1, 2, ---, that is v&C™>,

Step 3. Now, let us assume that there exists 5,=Z% and p>0 such that
0<p(n)l = exp(—pln:l'"), ln:l=k (k=1,2,-+). We may assume that
Ne/llpell—E¢& = s, and that p(n+7,)#0 for Vo I'p.

By Lemma 3.6, there exists a solution, u(x; 9:)=2u,e'7*=G* of Pu=/f,
f=0y-9,.0¢7%. We define a, and a subsequence {k(n)} as in Step 2. Since
Uy, =1/p(n:), we have that a,=|p(9.)| '=exp(plln.l'/?). Then, the functions
v(x) and f(x) given by and f(x)=%-1a5&> €Xp(Enpyx) satisfy Pv=Ff,
ve D'NC®, fEGF, a contradiction. [

4. Solvability of nonlinear equations on compact manifolds.

Let £ be an n-dimensional compact closed real analytic Riemannian mani-
fold, and let P be an analytic differential operator of order m. We suppose that
there exist s>n/2, 0<d<m, and a left inverse @ of P such that

(4.1) Q: H¥(Q)—> H*™(2),

where H°(Q) denotes the Sobolev space of order ¢. In order to have analytic
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hypoellipticity, we demand that there exist positive numbers s, and 7 such that
$
(4.2) IlQulls+m_a§Tsjgojlllul!s_j, s€Zy, $=sq.

Obviously, implies the analyticity of Qf if f is analytic.
Consider the following semilinear equation on M,

4.3) Lu=Putgu)=7r,
where g(u)eCYR, R), [=[s]+1, and
(4.4) glu) = 0O(u?), for |u|«1.
THEOREM 4.1. Suppose (4.1) and (4.4). Then, there exists an ¢ >0 such that,
for every feHXM), ||flls<e (4.3) has a solution ws H*™ % M). Furthermore,

if (4.2) holds then we can choose a solution u to be real-valued C* (resp. real
analytic) function on M if f and g are C* (vesp. real analytic).

ProoF. Evidently, we can reduce the equation to
(4.5) u=Ku)+F, F=0f, Ku)=—-0Q(gu).
We use the classical iteration scheme
(4.6) up = Kluyp_)+F, k=12, u,=F.

We want to show that 3¢, >0 verifying with N=s+m—o
(4.7) luelw = co, k=01,

if [|fls<e for sufficiently small ¢>0. Indeed, [4.7) with £=0 follows from [4.2)
Now, let us assume that |u;|y<2¢e=c,<1, 0<;<k. Since ||F|xy=gqe, ¢ being
the norm of @), we have, by induction

lseally = 1K(up)v+ge < Cllg(uy)l v +ge
= allu;lv)’+ge = clg’e®+ge = 2ge,

if ¢ is small enough. We have used the fact that (4.4) and the smallness ofju
imply [[g(w)llv=c([lu]~)* for some ¢>0.
It follows from (4.4) and that, writing simply ||-| instead of ||,

N prr—urll = clffur—ussDCuell Nl o) < dgelus—uel .

By taking e<(8¢c)™!, we see that the contraction method holds for the integral
equation (4.6). Clearly, the solution of (4.6) u= H™(M) solves the semilinear
equation as well. If is valid for all s>n/2, then f&C=(M) implies
F=C>(M). Moreover, if u=H*(M) then Q(g(u))cH**™™%, By repeating the
same arguments, we can show that ue C(M).
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If holds, one estimates H*® norm of u—the solution of (4.6) in the next
way

(4.8) luls = R**'st,  s=0,1,2, -,

where the constant R>0 depends on 7 and ¢, ¢ appears in the inequalities:
1flls, glls=c*+ts!, s=0, 1, ---. Since these estimates imply analyticity of u, we
have proved [Theorem 4.1. O

ExaMPLE 4.1. Let P be as in [Theorem 211, a=0. Then holds. The
proof is an easier version of the considerations from [3; Theorem 4.17.

ExAMPLE 4.2. Let us consider the existence of periodic solutions for (4.3)
with P given by,

(4.9) P= T1(3:~t,,) onT*.
j=1

If all z; are rational, and if the order of P is two, then the existence of periodic
solutions is proved in by variational methods. But, it does not work well,
if some r; is irrational. Here, we apply [Theorem 4l1 for operators of order 4
with irrational z;.

For the sake of simplicity, we assume that z; (j=1, ---, 4) are real irrational,
distinct, and are algebraic numbers of degree 2, i.e. ++/a;/b, for some integers
a; and b;. By the elementary theory of numbers, r; satisfy, for some ¢>0
independent of , |9, —7;1.| >c(I .| +19.1)7" for all =22, j=1, 2. This implies
and [4.2) By [Theorem 4.1, has a periodic solution. We note that
the same argument works, for operators with variable coefficients which have
constant coefficients principal parts.
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