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A NEW PROOF OF OKAJI’'S THEOREM
FOR A CLASS OF SUM OF SQUARES OPERATORS

by Paulo D. CORDARO & Nicholas HANGES (*)

ABSTRACT. — Let P be a linear partial differential operator with analytic coef-
ficients. We assume that P is of the form “sum of squares”, satisfying Hormander’s
bracket condition. Let g be a characteristic point for P. We assume that ¢ lies on
a symplectic Poisson stratum of codimension two. General results of Okaji show
that P is analytic hypoelliptic at q. Hence Okaji has established the validity of
Treves’ conjecture in the codimension two case. Our goal here is to give a simple,
self-contained proof of this fact.

RESUME. Soit P un opérateur différentiel analytique, de la forme “somme de
carrés”, avec la condition d’Hérmander réalisée. Soit ¢ un point caractéristique de
P. On suppose que g est un point d’un “symplectic Poisson stratum” de codimen-
sion deux (au sens de Treves). D’apres le théoréme d’Okaji, P est hypoelliptique
analytique en g. Autrement dit, la conjecture de Treves est vraie en codimension
deux. On donne dans ce travail une preuve élémentaire de ce fait.

1. Introduction

Let M be a real analytic manifold and let Xg,..., X, be real valued,
real analytic vector fields on M. We study an operator P of the form “sum
of squares”. That is P has the form

(1.1) P=X2+ - +X,°2
DEFINITION 1.1. — We say that P is analytic hypoelliptic (in the strong

sense) on M if for every open O C M we have the following: Pu analytic
on O implies that u is analytic on O. Here w is a distribution on O.
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We always assume that the X, satisfy HOrmander’s bracket (“finite
type") condition. That is, at each point of M, the Lie algebra generated by
the X; (under the commutation bracket) has dimension equal to dim M.

Under these conditions a classical result of Hérmander [7] guarantees the
hypoellipticity of P. However analytic hypoellipticity will not hold unless
further assumptions are made.

If we assume that X, the characteristic set of P, is a symplectic manifold
and that the principal symbol of P vanishes precisely to second order on ¥,
then P is analytic hypoelliptic. This follows from results of Treves [16] and
Tartakoff [15]. Further work in this direction was done by Métivier [10]. All
this work assumes that the characteristic set is a symplectic manifold and
that the principal symbol vanishes uniformly on the characteristic set.

Very general results on analytic hypoellipticity were obtained by Okaji
[11] in the symplectic case, allowing non-uniform vanishing of the principal
symbol.

However, there are examples when the characteristic set is symplectic,
and analytic hypoellipticity fails. See Oleinik [12], Hanges — Himonas [6]
and Cordaro — Hanges [3]. These examples motivated Treves to introduce
the Poisson stratification of the characteristic set.

1.1. The Poisson Stratification of X

For simplification we assume that P is defined in an open subset 2 of
RN and let iFj,j =0,...,v (i = v/—1) denote the symbols of the X;. The
characteristic set of P is defined as

Y={peT*Q\0: Fi(p)=0,j=0,...,v}.

It is a theorem of Treves [17] that ¥ can be decomposed in the following

way:
(1) There exist connected, pairwise disjoint analytic submanifolds ¥; C
Y such that
X =UX;.
Furthermore, the union is locally finite.
(2) For each j we have
T,%; NT,%;*

has constant dimension at each p € 3; (here TpEjJ‘ denotes the
orthogonal space with respect to the natural symplectic form on
Q).

ANNALES DE L’INSTITUT FOURIER



SUM OF SQUARES OPERATORS 597

(3) There exists, for each j, an integer n; such that F; vanishes on
Y, for all [I| < nj, but for each p € X;, there exists I with |I| =
n; such that Fr(p) # 0. Note that if I = (¢1,...,44), then F; =
{Fi17'"7{Eq_1aFiq}7"'}'

(4) Each X, is maximal with respect to properties (2) and (3).

Each ¥; is called a Poisson stratum of 3.

1.2. Treves’ Conjecture

Treves’ conjecture [17] asserts that the following statement is true:

(S) For P to be analytic hypoelliptic on € it is necessary and sufficient that
every Poisson stratum of ¥ be symplectic.

Treves’ conjecture is consistent with all known results. However, the ana-
log of the conjecture is not true in the global sense or in the sense of germs.
See Cordaro—Himonas [4] and Hanges [5]. Also, the contribution of Bove,
Derridj, Tartakoff [1] is a very interesting generalization of [5]. Indeed,
these papers have motivated Treves to give a more generalized conjecture,
see [18]. For this we need to introduce the concept of bicharacteristic leaves.

On each stratum X; the association p — 1,%; N Tijl defines a vector
subbundle of 7'>; which is closed under Lie brackets. By the Frobenius
theorem we can foliate 3; by leaves £ such that TL = (TS; N TS5 )|,
Such leaves L are called bicharacteristic leaves of the operator P.

The generalized Treves conjecture can be stated as follows:

(C) For P to be analytic hypoelliptic on Q it is necessary and sufficient
that every bicharacteristic leaf is vertical and relatively compact in T*(2.

Note that here vertical means that the set is either empty or projects

(under the canonical projection 7 : T*Q — Q) to a point.

1.3. The main result

The following theorem is our main result, which follows from the work of
Okaji [11]. In particular this establishes Treves’ conjecture (in the positive
direction) in the codimension two case. Our goal here is to give a simple,
self-contained proof of this.

THEOREM 1.2. — Let Q C R"™ be open and let Xy,...,X, be real
valued, real analytic vector fields on 2 which satisfy Héormander’s condition.
Let P have the form (1.1) with ¥ the characteristic set of P. Let p € 3. We
assume that near p, X is a symplectic Poisson stratum of codimension 2.
Then P is analytic hypoelliptic at p.

TOME 59 (2009), FASCICULE 2



598 Paulo D. CORDARO & Nicholas HANGES

This means that whenever u € D'(Q), with p ¢ WF4(Pu), it follows
that p ¢ WF4(u). Note that D'(£2) denotes the space of distributions on
) and W F4(u) denotes the analytic wave front set of w.

The proof of Theorem 1.2 is given in the next three sections. In sec-
tion 2 the geometric assumption is discussed. We make a detailed study
of symplectic Poisson strata of codimension two. In particular we choose
local coordinates which are convenient for the analysis. In sections 3 and 4
we prove the regularity result. We work in special coordinates given in sec-
tion 3. We use a version of the FBI transform specially suited to our needs.
A key tool is the Green’s function for an associated ordinary differential
operator. Finally we employ a simple symbolic calculus based on the work
of Sjostrand [14] to estimate error terms.

Finally we remark that once the operator P of Theorem 1.2 is written
in the special coordinates of section 3, then the regularity result proved
in section 4, also follows from the main result of [11]. Our methods are
much different from those of [11] and it is our belief that our technique will
extend to strata of higher codimension. We can also obtain optimal Gevrey
regularity results in the codimension two case with our techniques. This
result will appear elsewhere.

2. The Geometric Hypothesis
2.1. Preliminaries

Let U be an open set of R?YN equiped with the standard symplectic
structure. We assume given real-analytic functions Fy, ..., F, on U and we
let

Y={peU: Fj(p)=0,j=0,...,u}
In other words, X is the locus of the ideal I spanned by Fy, ..., F),.

Given p € U we shall denote by I, the ideal of germs of real-analytic
functions at p spanned by the germs Fy ..., F, of the functions Fy, ..., F),
at p.

Given k£ > 1 we shall consider the ideals I’; spanned by the germs of
Poisson brackets of length £ < k at p

Fj={F;,.. {F;,Fj}...}, T = (o, Je)
Thus we have an ascending chain of ideals I, = Ig - I}, C...C I]; C
Ik+1 C
»
Needless to say that the ideals I’; are generated by global sections.

ANNALES DE L’INSTITUT FOURIER
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Our main hypothesis, which will be assumed throughout, is the validity
of the microlocal version of the Hérmander finite type condition, that is,
for every p € U there is k € N such that I’; equals the space of germs of all
real-analytic functions at p. The smallest k& for which this property holds
is then denoted by p(p).

LEMMA 2.1. — p is upper semicontinuous.

Proof. — We must show that each point py has an open neighborhood V}

such that p(p) < p(po) for p € Vy. Since the germ of the constant function 1

at pg belongs to szf"))

Vo of pg, such that

there are aj, real-analytic in an open neighborhood

Y aFr=1 iV,
where Fr are multiple Poisson brackets of the functions Fp, ..., F, of length
< p(po). But then, for any p € Vj, the germ of the constant function 1
at p belongs to the ideal spanned by the germs of the F; at p. Hence

p(p) < p(po)- O

We shall then say that X satisfies property (x) with respect to I if p is
constant on X.

2.2. A model

We now take 2 C R™*+! an open neighborhood of the origin, where
the coordinates are written as (z,t) = (x1,...,2Zm,t) and let U = Q x
(R™+1\ {(0,0)}), where now the coordinates are written as (x,t,&,7) =
(1, oy Tmy 6,81, -+, Em, 7). We shall take

21) Fo=7,  Fi@t0)=fi(zt=Y ap@ )& j=1...,u
=1

We assume that, in an open and conic neighborhood Vj of pg= (0, 0; &, 0),
¥ is a symplectic manifold of codimension 2. Thus we can assume that %
is defined, in Vp, by the equations 7 = 0, t — A(z,£) = 0, where X\ is real-
analytic in a conic neighborhood Wy of (0,&y) and positively homogeneous
of degree zero. In other words we are assuming

ENVo =A{(z,A(2,€);£,0) : (2,8) € W}

We shall also assume that ¥ satisfies property (x) with respect to the ideal
generated by fo,..., fu, in Vo.
We start by proving the following;:

TOME 59 (2009), FASCICULE 2
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LEMMA 2.2. — Let g be a real-analytic function in Vi vanishing in 3N
Vo. If p € N Vy and if (0yg9)(p) = 0 then the Hamilton vector field H,
vanishes at p.

Proof. — Indeed we have g(z, A(z,§),&) = 0 for all (z,£) € Wy. Differ-
entiation of this expression with respect to x; and &, proves the result. [

LEMMA 2.3. — Let p € ¥ N Vy and suppose that, for some r > 1, we
have (07 f;) =0in XNV, forall j =1...,p and all s € {0,...,r — 1}
and that (0] f;)(p) =0 for all j =1 ..., . Then every Poisson bracket of
length < r vanishes at p.

Proof. — Lemma 2.1 implies that Hp: s, vanishes at p forall j =1,...,u
and all s =0,...,r — 1. Consider then a general Poisson bracket of length
o<r

F= Hfig Hfia,l s Hf'il fio-

Ific, = ... =4 = 0 then F = (97 f;,) vanishes at p by hypothesis.
Otherwise let i, be such that i, € {1,...,p} and iy = i1 = ... =ig41 =
0. We then have

F=(0,)"""Hy, G
for some G. Now given any g we have

atHg - Hgat + [8t7Hg] == Hgat + H@tg.

Applying this remark to the expression of F' we see that F' can be expressed

as a sum of terms, each of them starting as H; i withj =0,...,0—q.
] fiq

Since ¢ > 1 it follows that ¢ — ¢ < 0 —1 < r — 1 and hence F' vanishes

at p. O

We then have

PROPOSITION 2.4. — Let k = p(p) for p € ¥NVy. Then there are jo and
V{, an open neighborhood of py = (0, 0; {o, 0) in ¥NVy, such that Of f;, # 0
inVjandd'f; =0onVy foral0<p<rkandj=1...,pu.

Proof. — There is € N such that 07 f; = 0 on ¥ NV, for every p =
0,1,...,6and 7 =1,..., and such furthemore that (8tﬁ+1fq)(A) # 0 for
some g and some p € XN Vy. From Lemma 2.3 we obtain §+1 = k. We now
claim the existence of jo € {1,..., u} such that (95 f;,)(po) # 0. Indeed if
this were not true Lemma 2.3 would again imply that all Poisson brackets
of length < (8 vanish at py and consequently p(pg) > 6 = p(p), which is a
contradiction. g

Application of Taylor’s formula then gives

ANNALES DE L’INSTITUT FOURIER
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COROLLARY 2.5. — Same hypotheses of Proposition 2.4. We can write,
for (x,t) near (0,0) and & in a conic neighborhood of &,

fil@,t,€) = (¢ = M@, €)" Ej(,) +0 ((t = A, €)" " [¢])

where E; is positively homogeneous of degree one and
B(x,6) =) Bj(,€)°
j=1

is an elliptic symbol of degree 2 defined in a conic neighborhood of (0, &)
in R™ x (R™\ {0}).

Remark 2.6. — Still under the hypotheses of Proposition 1, since every
Poisson bracket of length < x — 1 vanishes identically on ¥ NV}, we in
particular have

W{fi,fu}=0in XNV forall j,kand all 0 <p < Kk —2.

Thus
{fja fk}(x,tag) =0 ((t - A(xag))ﬁil‘a)
for (x,t) near (0,0) and & in a conic neighborhood of .

3. Proof of Theorem 1.2 (beginning)
3.1. First reduction

We recall that we are dealing with a “sum of squares operator” of the
form (1.1) which is defined in an open subset 2 of RY. Here Xo, X1,..., X,
are real-analytic, real vector fields defined in 2. Our main hypotheses are
the following:

[H1]  The vector fields Xo, X1,..., X, satisfy Hormander condition.

[H2] Near a characteristic point po € T*Q \ 0 the characteristic set is
a two-codimensional symplectic manifold which satisfies property (x) with
respect to ideal generated by the symbols of the vector fields Xo, ..., X,,.

Assume, without loss of generality, that the base projection of pg is the
origin. [H1] implies in particular that one of the vector fields does not vanish
at the origin. We choose local coordinates (1, ..., Zm,t), where N = m+1,
in such a way that Xy = 0/0t. Let

)

X; :bj(z,t)8t+2aj7k(x,t)8xk, i=1,...,u.
k=1

TOME 59 (2009), FASCICULE 2
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According to our previous notation we can write
0
Xj = bj(.’]?,t)g + fj(x,t,aw).

If we denote the dual coordinates as (&1, ...,&m,7) it follows that the
characteristic set of P is defined by the vanishing of the functions (2.1).
Define a positive definite matrix D, (x,t) by

1
A,

Z D]k € t)U]Uk—|U|2 ZAJ) t 1/2 Uj )

jkl

where v = (v1,...,v,) € R* and A =14 Y b7,
By a direct computation it can be seem that

P=Q+a®(z, )0 + Y [b3(x, ) f(,1,05) + ¢ (2, )0 f) (@, 1, 0:)]

j=1
where a®, b} and ¢} are real-analytic and real-valued and @ is the operator
2

j( ) ) '($,t,az)

=

j=1
13
+ 3" Dyl ) fi(x,t,00) fu(w,t,0)
7,k=1

We shall now perform a diffeomorphism near the origin in R™*! of the
form

(3.1) ' =a'(z,t), t' =t

such that the vector field 0/0t + > b;fi(z,t,0;)/A becomes 0/0t'. We
consider the local (symplectic) diffeomorphism of 7*Q defined near A =
(0,0,&0,0) and associated to (3.1): it can be written as

(z,t,&,7) — (2, 1,&,7") = x(2,t,§,7)

where

(3.2)
n
o =a(x,t), t'=t & =M(xt)E Z

fi@,t.6)

and M (x,t) is the transpose of the matrix (92'/0z)~! at (w,1).

ANNALES DE L’INSTITUT FOURIER
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We write A = Aoy, f} = fjox7 !, etc... Since x is a symplectic
diffeomorphism, property () remains true for the ideal I generated by f]g7
j=0,1,...,u, where f; are given by (2.1). We have

w bﬁ
foal ¢ ) = ZAu f”xtf)
and then it is easily seem that the ideals I% (¢ = 0,1,...,) are also spanned

by the germs at X of the Poisson brackets of length q of the functions
T, f17 e fﬂ Consequently, the conclusions of Corollary 2.5 hold for the
functions f]rj substituted for f; and the variables (2',t',&’,t’) substituted
for (z,t,&, 7).

As a further remark we observe that in the new variables P can be
written as

P =AML t) |02 + Z D (@ ) fE( 0 fE (2t )

7,k=1
ﬁ B bﬁ o
—+a LL‘ t 815/4’21411 7tvar’)

+Z['ﬂ ) a0, )+c;.ﬁ(x',t’)(@tfj)ﬁ(x',t’,aw,)}.

J=1

Since finally we have

bﬁ
(0uf3) = (Hpof;)! = Hys ff = 00 f} - g {;ﬁf,& f;‘}

b b b
{A’;fﬁ,f}} = I {A’;,f}?‘} + 2 {s )

we can apply Corollary 2.5 and Remark 2.6 to reach the conclusion that

and

we can assume P written as
n
(3.3) P=07+ Y Aj(z,t)X; Xy +b(x, )0, +Y
G, k=1
where:

(1) X, and Y are real-analytic, real vector fields in 9/0z1,...,0/0zm
defined in €;

TOME 59 (2009), FASCICULE 2



604 Paulo D. CORDARO & Nicholas HANGES

(2) There exists C' > 0 such that

1
(A0,0) = > Aji(x,1)0;6), > C|6)?,

7,k=1

for all 8 € R* and (x,t) € ;
(3) b is a real-valued, real-analytic function;
(4) The characteristic set is defined by the equations 7 = 0, f;(z,t,&§) =
0, where f; are such that X; = f;(z,t,0;).
(5) The conclusions of Corollary 2.5 hold for f;.
(6) If Y = g(x,t,0,) then
|g(x,t,§)\ =0 ((t - )\(fcaﬁ))ﬁfl|§|)

for (z,t) near (0,0) and ¢ in a conic neighborhood of &g.

3.2. Final Simplification

By Corollary 2.5 we may write
= fi(x,t,0z) Zbl z,t)0z ,

where

(3-4) filz, t,€) = (t — Az, &))" Ey(x,€) + O((t — M=, )" ¢]),

for (z,t) near (0,0) and £ in a conic neighborhood of &g.
Next we study the growth of each individual bé- (z,t). We will show that
foralll=1,...,pand j =1,...,m we have

(3.5) bj(a,t) = O ((t — A, €))"),

for (z,t) near (0,0) and ¢ in a conic neighborhood of &g.
Indeed, differentiating with respect to &; yields

oA

9%;

Differentiating again with respect to &; shows that (0A/0;)E; vanishes

when t = A(z, £), and (3.5) follows.
We now define A\o(x) = A(z,&). It follows from (3.5) that

(3.6) bj(z.t) = O ((t = Xo(2))"),

b, t) = (t = @, €)' 5= (2,€) Be(x,€) + O ((t — Az, €))").

ANNALES DE L’INSTITUT FOURIER
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for (x,t) near (0,0) and all [, j. A similar statement (with x — 1 in place of
) holds for the coefficients of the vector field Y. More precisely, we have

Fila,t,€) = (¢ = Ao(2)) " E}(2,€) + O ((t = Ao())"[€])
where, by Corollary 2.5,

7 7
(3.7) Z (z,&)? ZE (2,&)
j=1 7j=1

for all & near the origin.
We now make a change of variable near the origin in (x,t) space. We
define new coordinates (y, s) as follows:

y=z, s=t—N(z).
Notice then that the corresponding covector changes as
(0,0) = (€ + 7(VAo) (@), 7)-
In particular (&p,0) is fixed under such transformation.

We start with P in the form (3.3). In the new variables (y,s) we can
write

X; :dj(y,5>%+fj (y,5,0y), Y =c¢ (y,s)%Jrg (y:5,0y)

where d*(y, s) = (di(y, ), ..., d%(y, s)) = O(s"), and g* (y, 5,1) = O(s" ! |n])
for s near 0. Notice moreover that

£y, s,m) = s"E3(y,n) + O(s" ).
Hence, we can write [cf. (3.3)]

W

Gk=1
+b*(y, $)0s + 9" (y, 5,0y)

m
= GO+ 1 (y,5,0,)Y" + D Ajily )7 (y, 5,0, fi (4. 5,0y)

jk=1
+ 07 (y,8)0s + 97" (4, 5, 0y).-
Here G* =1+ (A*d*,d*) and {47} (y, s)} denotes the quadratic form

tA*d*,9>>2

RE S 60— (A%6,0) — (<A d ’9>2+G<*

which is still positive definite in a small neighborhood of the origin in the
(y, s)-space since d*(y, s) = O(s"*). Furthermore g**(y, s,n) = O(s*~|n|).

TOME 59 (2009), FASCICULE 2
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It follows then, that after a new local diffeomorphim

(y,S) = (I,t) = (x(y,s), 5)

which changes the vector field 95 + h*(y, s,0y) into J;, we obtain the fol-
lowing form for P/G* near the origin:

(3.8)

m
P/G* =07 + %% > A (,1) Z;(w,t,0x) Zi (2,1, 05) + 1" W (x, t, 0,)
k=1
+ b(.f, t)@t

where A7, is positive definite for (z,t) near (0,0),

Zj (CE, t, 5) - f;(y(ma t)a t, B(IE, t)g)/tﬁ,

W(z,t,€) = g"(y(x,t),t, Bz, )€) /t*
and B(z,t) denotes the transpose of the matrix (0x/dy) at (y(x,t),t). Since

x(y,t) can be chosen in such a way that x(0,0) = 0 and that dx/Jy is the
identity at the origin we have

Zj(l‘,t,fo):Ej(y(l‘,t),go)—‘r()(t), j:l,...,l/

when (z,t) is near the origin. Hence (3.7) implies the existence of a constant
C > 0 such that

(3.9) > A, ) Z;(a,1,6) Zi(x,4,€) > CleP
k=1
for (x,t) near the origin and & conically close to .
We summarize what we have reached in the following key result:

PROPOSITION 3.1. — Same hypotheses as in Theorem 1.2. We can choo-
se local coordinates (x,t) € R™ x R (m 4+ 1 = N) near the origin in such
a way that p = (0,0;&,0) and, up to a non vanishing analytic factor, the
operator P can be written as

(3.10) P =07+ > ajn(w,t)0s,0n, + "1 Y bj(,£)0s, + b(x, )0,
J,k=1 j=1

where k > 1 is an integer, aji, b;, b are real-valued, real-analytic functions
defined near the origin and, for some constant C > 0,

m

(3.11) > ajr(z, )€ = ClE)?

jk=1

for (z,t) near (0,0) and ¢ in a conic neighborhood of &g.

ANNALES DE L’INSTITUT FOURIER
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4. Proof of Theorem 1.2 (conclusion)

Thanks to Proposition 3.1, the proof of Theorem 1.2 will follow if the
following slightly more general statement can be proved:

PROPOSITION 4.1. — Let P have the following form
(4.1)
m m
P =0+t Z @ik (2,1) 0y, Oy, +1°71 Z bj(x, )0, +a(x,t)0; +b(z,t),
7,k=1 j=1

where x > 1 is an integer and a;i, bj, a, b are real-analytic functions defined
near the origin, with a;i, b; real valued (a, b are allowed to be complex
valued). Assume also the validity of (3.11) for (x,t) near the origin and ¢
conically close to &. Then if u(x,t) is a distribution near the origin such
that (0,0;&p,0) & WF4(Pu) it follows that (0,0;&p,0) € WF4(u).

From now on we shall work under this set-up.

4.1. A preliminary reduction

Let u be a distribution near (0,0) € R™*! such that
(4.2) (0,0:80,0) € WEA(Pu).

Our goal is to show that (0,0;&p,0) ¢ WFa(u). We now make some pre-
liminary reductions involving w.

After multiplication by a smooth cutoff function we may assume that
u has compact support, with (4.2) still satisfied. We now apply Corol-
lary 8.4.13 of [8]. Let I' € R™*! be a small (so that I' contains no points
of the form (0, 7)), closed, convex, proper cone containing (£p,0) as an in-
terior point. Then there exist uj,us € S’(R™*1), the space of tempered
distributions, such that u = u; + uo and

(4.3) WFEs(u) CR™M xT

and

(4.4) (0,0560,0) ¢ WE4(uz).

It follows then that

(4.5) (0,0;£0,0) & WE(Pu).

Furthermore we see that (0,0;&0,0) ¢ WF4(u) if and only if (0,0;&p,0) ¢
W F4(up). It is important to note that u; has well defined traces on all
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hyperplanes ¢ = tg, since I' avoids the normals to these hyperplanes; this
follows from Theorem 8.2.4 in [8], whose proof also implies that u; is a
smooth function in ¢ valued in the space of distributions in x.

Next let x(xz) = x € C§°(R™) with x = 1 near z = 0. Note that
(0,0;£0,0) ¢ WFE4(P(xu1)) and that (0,0;&,0) ¢ WFE4(u) if and only
if (0,0;&0,0) ¢ W F4(xu1). Next we will cut in the ¢ variable. Let (t) be a
smooth function with compact support, depending only on ¢. Assume that
 is identically equal to 1 near the origin. We have

(4.6) P(pxur) = oP(xu1) + ¢" xu1 + 2¢' (xu1): + ap'xus .

Because of (4.6), we see that (0,t;&0,0) ¢ WFa(xu1) for all ¢ # 0 and
small. Indeed, the characteristic set of P is defined, near (0,0;¢&y,0) by
t = 7 = 0. Hence it follows from (4.6) that

for all ¢t € R, as long as the support of ¢ is small enough.

Summing up, we have the right to assume, from the beginning, that
u € &(R™H) N C®(Ry, D'(R™)) has support contained in an arbitrarily
small neighborhood of the origin in R™*! and that

(4.8) (0,2 60,0) & WFa(Pu)

for all t € R.
Notice moreover that, if (Pu); € D’'(R™) denotes the trace of Pu at t
then

(4.9) (0;&0) & WEA((Pu)e)
for all t € R (cf. Theorem 8.2.4 in [8]).

Remark 4.2. — Our assumptions show that I' = C°, where C is an open
convex cone, and C° denotes the dual cone. We now apply Theorem 8.4.15
of [8]. Tt follows that if U is a small neighborhood of the origin in R™*+!
and if V is an open convex cone with closure contained in C U {0}, then
there exist a function f holomorphic on U x iVj, of slow growth, such that
u = lim, 5 (0,0) f(- + 1y, 4 is). Here the limit is of course taken when
(y,s) € V5 and exists in the sense of distributions on U. ()

(1) Here, for § > 0, V5 denotes the truncated cone {(y,s) € V: |(y,s)| <}
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4.2. The FBI transform

We introduce the FBI transform of u, defined by
(4.10) ul(aut,€) = [ 7 eI 2y, yay,

Note that, for each & € (R™\0) fixed, I[u] is a smooth function of ¢ valued
in the space of entire functions of z in C™. By the standard characterization
of the analytic wave front set via the FBI transform it follows from (4.9)
that there exist C' > 0 and an € > 0 such that if |z] < ¢, then

(4.11) [I[Pu](z,t,€)| < Celél,

for all ¢ € R and for all £ in a conic neighborhood of &.
Our goal is, of course, to derive a similar estimate for I[u].
We have the following formulas for I]u]:

(4.12) 110, u] = (02, + &)1 [u],
and
1
(4.13) Iy;u] = (mazj + zj) Iu)].
Note that (4.13) follows from
(4.14) (y; — 2;)e" e lElGE—v?/2 - ﬁ@? (e*iy-§*|£|(zfy)2/2> .
é‘ J
It follows that we have, for all «,
(4.15) (y — 2)%e W lGE—0?/2 = | (emivE—lel=—v)/2)
where we define the partial differential operator F, = F, <%‘, ‘%az) as
follows:
| =]
a! 1 2
(4.16) F, = () =28,
o 2 Fia—297 \[g
Observe that, given a = (aq,...,qy,), the sum is taken over all 8 =

(B1,...,Bm) such that 0 < 26; < a;.
Formula (4.15) follows from the following one—variable version. If ¢ € R
and m is a positive integer we have

m—t> m! 1 d m=2j 42
(4.17) t"e :(_2)m Z '(7”—2])'<dt> (e™").

0<L2j<m J
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This formula follows by induction. It is clearly true for m = 1,2. Now we
assume true for m and m — 1. Since

tm+16_t2 _ Ttm—le—ﬁ _

d, . .

DN | =

(4.17) follows by induction hypothesis.

Next let a(z,t) be smooth function of ¢ € R valued in the space of
holomorphic functions of z € U. Here U is a neighborhood of the origin in
C™. We also assume that there is h > 0 such that

sup {|0%a(z,t)| : (z,t) e U x R} < hlelFtal, aez™.
We wish to compare I[au] with al[u]. If, say, |z| < 1/(2h) on the support

of u we can write

Hau)(z,1,€) — alz O1u](,£,€)
= [erweraer 3 EXED ey, .
a#0 ’

for z in a neighborhood of the origin in C™. Note that given § > 0, there
exist C > 0 and € > 0, such that

—y-E— z—y)? 8?& Z7t « —€
(4.18) /e velelcu/2 3 #(y_z) uly, )dy| < Ce—el
ol >ale]

for z near 0, ¢t € R and all £ large. So we see that we may truncate such
sums as above, modulo an exponentially decreasing error, which leads us
to introduce the operators

A

(4.19) Rosg= Y 5
1<G<0¢] €]

where A; is the differential operator of order j given by:

0ga(zt) (=1,
(4.20) Aj= Y oL m(aﬂﬂ)!az s,

lo—B|=4, 28<

Formula (4.18) can then be written as
(4.21) Ifau] ~ (a4 Rg s)1ul,

where ~ means that the difference is exponentially decreasing in || uni-
formly for z near 0 and ¢t € R.
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4.3. A Formula for I[Pu]

We wish to write I[Pu] in terms of I[u]. Since u is compactly supported
we can assume that the coefficients of P in (4.1) have been extended for
all t € R as a compactly supported function of ¢, real-analytic near the
origin in R™*!. Using our formulas, and assuming that the support of u
is contained in an appropriately small neighborhood of the origin, we see
that there exists a partial differential operator Q = Q(z,t,&,0,,0;) such
that

(4.22) QI[ul(z,t,&) ~ I[Pu(z,t,£)
for (z,t) near (0,0) and & € R™. We see that @ can be written as follows :
(4.23)

m

Q(z,t,€,0.,0,) = 97 +t** Z (ajr(z,t) + Ra,, 5) (i85 + 02,) (i€ + 0,)
j k=1

S 12 (2,t) + Ry, 5)(i&; + 0;)

+ (a(z, t) + Ra )0 + (b(2,t) + Ry 5).
Next we introduce the change of variable

s = et/

We denote by Q#(z,s,¢,0,,0,) the transformed operator. We have the
following

(4.24)
|§| 2/(K+1)Q# 62 + 52K|§| - Z (ajk + Rajk,é)(igj + azj)(igk + 8zk)
7,k=1
+ 5 e TN Y (b + Re, 5)(i&; + 02))
j=1

+ 17V D (0 4 Ry 5)05 + 1€]7 D (b + Ry ),

where, by abuse of notation, we denote the transformed coefficients and
operators (e.g. a, R, ) by the same letters.

Note that all terms are of order zero in &, or of lower order. We first
examine the term of order precisely zero. We will write, for example,
a(z,t) = a®(z) + ta(z,t) near the origin. We see that the term of order
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Zero is

(4.25)

02 —s* Z a k(2 ﬁéik s 121)0 |§| = 0% —5*"E(2,&)—is" (2, 6),
k=1

where £ and ¢ are defined by left hand side. Note that £ and ¢ are real for
real z, and positively homogeneous of degree 0 in &, with £ > 0 in a conic
neighborhood of (0,&p) in R™ x (R™\ {0}) [cf. (3.9)].

Next we discuss the terms of negative order. We define operators T3,
j=1,2,3,4, as follows

(4.26) Ty = —s2etl|g| 71/ (e+1) Z Jkﬁgﬁk
7,k=1

(427) T, = Sm‘§|71/(/€+1 Z ( ‘§| | zj) + |§|*2/(H+1)(6+Rb,5);
(4.28) Ty = |¢| 7Y D (a + R, 5)0s ;

(4.29) Ty=s> Y aj ( =10, +i 5’“2 9., + Qazjazk)
= € € €]

S CRII
i ; wo (1 70) (6 + i

s TN R ( az>.
Z O\l T 1el T

If we finally define T# = —(T1 + Ty + T3+ Ty), we see that

(4.30) |72/ HNQF = g# —T#,
where we have written

(4.31) 0" = q# (5,05 2,6) = 02 — §°E(2,€) —is" p(2,).

4.4. The Green function for the operator ¢#

We now study the Green’s function for ¢#. Note that ¢# can be trans-
formed into the operator ¢ given by

(4.32) q(s,05;2,€) = 02 — s* —i€(2,€) " ?p(z,£)s" !
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The operators ¢ and ¢# are related as follows: ¢ f# = 0 if and only if
qf =0, where f and f# are related by the formula

(4.33) FH(532,6) = f(sE(2,0)V 2 2.¢)

(recall that automaticaly f and f# are entire functions of s).

We first analyse the Green’s function of ¢. First observe that this operator
is injective on the Schwartz space for each (z,§) fixed, because ¢ and £ are
real valued for real z. Also, the coefficient of s"~! is positively homogeneous
of degree 0 in ¢ and hence is uniformly bounded for z near 0 in C™ for ¢
in R™\ {0}.

Following the arguments in [2], almost without change, we have, when
K is even, two linearly independent functions f, g, both in the kernel of ¢
such that
(4.34)

f(5:2,6) = (1/2)s~ TREDELIT AL L0 (1s)], 5 - oo

(4.35)
J(52,8)==(1/2)(=s) " WED 2 BITHEID 140 (1/5)], 5 - —oo;

(4.36)
9(s5:2,€) = —(1/2)s™ FWED 2T D[4 O (1/5)], 5 — +oo;

(4.37)
9(5:2,€) = (1/2)(=s)"CFHED LTIV 1 £ O (1/5)], 5 = —oo,

where we have written (2, &) = o(z,£)/E(z,&)'/2.

Similarly, when k is odd, we have two linearly independent functions f, g,
both in the kernel of ¢ such that
(4.38)

F(s52,6) = (1/2)s~ (G 28"/ (D (1 L O (1/5)], s — +o00;

(4.39)

F(852,6)=—(1/2)(—s)~HWE /2= 1sI"H (4D 11 L0 (1/5)], s — —oc;
(4.40)

9(52,€) = —(1/2)s” HVEDRLITHED 11 0 (1/5)], 5 = oo
(4.41)

9(s;2,6) = (1/2)(—s) "W ED 2 D 1 4 0 (1/5)], 5 — —oc.

The terms O(1/s) are uniform for z near 0 in C™ for £ in R™ \ {0}:
this follows from Theorem 6.1 of Sibuya [13], since the same is true for the
coefficient of s*~! in (4.32). Similar uniform asymptotics are valid for the
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derivatives of f and g. These series can be obtained by formal differentiation
of the given series.
We introduce G, the Green’s function for q. We have

G(s,8"52,6) =W(z,6)  g(s; 2,6) f(s'52,)H(s — 8') + g(s'; 2,€)
f(s;2,6) H(s' = s)],

where H denotes the Heaviside function

and W denotes the Wronskian of f and g.
The asymptotics for f and g show that there exists a constant C' > 0
such that

CTHLW(z 8 <C
for for z near 0 in C™ for ¢ in R™ \ {0}.

Using the aymptotics above, (or following arguments of Menikoff [9]), we
have C' > 0 such that

+oo )
(4.42) / |7 |G(s,8;52,6)|ds’ < C, 0<j <2k,

for all s € R, z near 0 in C™ and ¢ in R™ \ {0}.
We denote by G# (s, s'; z, &) the Green’s function for ¢#. We see that we
have

(4.43)  G#(s,512,8) = W#(2,9) 7" [g7 (512, f# (/s 2, )H(s — &)
+ 97 (52, 7 (s;2,)H(s' — 5)]

where W#(z,¢) denotes the Wronskian of f#, g#. Clearly we have C' > 0
such that

CTIWH (29[ < C
for z near 0 in C™ and ¢ in R™ \ {0}.
We now obtain the analog of (4.42). There exists C' > 0 such that

+oo )
@iy [ e sl <0 0<<m

— 00

for all s € R, z near 0 in C™ and ¢ in R™ \ {0}.
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4.5. Final Estimates

We begin by defining
U#(z,5,€) = Iu(z, sl¢] 7/, ¢),
VH#(z2,5,6) = |€] 72/ HVI[Pu](z, s/ 7/ D €.

We now make use of formula (4.22). We see that we have

(4.45) QFU ~ |¢|Y/ (st Dy #,
Making use of (4.30) and (4.31) we obtain

(4.46) (% —T*)U# ~V#
and hence

(4.47) (I — GFTH)\U# ~ GHV#,

Here G# will denote both the operator and the Green’s function for ¢#.
Recall that I[u] has compact support in ¢. We choose x € C§°(R) such
that

Iul(z,t,€) = x(O)I[u](2,, )
for all (z,t,&). Define x#(s,£6) = x(s|¢|~"/(+1). Hence it follows from
(4.47) that we have

(4.48) (I —X*GHFTH\U# ~ xTGHVH,

It follows by induction that we have
N-1
(4.49) U# ~ (x #G#T# NU# + Z #G#T# X*GHVH#,
7=0

forall N >1

Now we introduce the spaces where we shall work. First choose p > 0
small, such that y is supported in the interval {|¢| < p}. Let H(7) denote
the Banach space of all continuous functions on the closure of B, x R,
which are holomorphic on

(4.50) B ={2e€C":|z|<7,j=1,...,m}

for each s € R and vanish for |s| > p|¢|'/(*+1). We must keep in mind that
the spaces H(7) depend on &.
If v(z,s) € H(T) we set

llv|l- = sup{|v(z,s)|: 2 € Br,s € R}.

TOME 59 (2009), FASCICULE 2



616 Paulo D. CORDARO & Nicholas HANGES

We wish to estimate ||(x*G#T#)M||. ., for 0 < 7/ < 7, where || - ||,
denotes the norm in the space of bounded linear operators between H(7)
and H(7') and M is an arbitrary positive integer.

We begin by studying x#G#T;. We have, for v € H(7) and 7 small
enough,

|GG (0) (2, 5:)] = \x (sle /) [ G5 (s, ) T 0,5, 0

<Cp ( 116 2,0) ds'> ol

by (4.26) and (4.44), since |s||¢]7*/ 1) < p on the support of v. Hence
there exist C' > 0 and 79 > 0, depending only on the operator P, such that

(4.51) IO GFT)M |- < (pO)™M,

for all M and 0 < 7 < 79.

Using similar arguments, we may also estimate x#G#S, where S is the
first term in 7%. We see that there exist C > 0 and 0 < 7/ < 7, such that
for all M > 1 we have

(4.52) I *G# )M ||, < || M/ HDOM,

The second term in T} is ||~/ ("1 (b+ Ry, 5) and we see that x*G# (b+
Ry 5) can be written as
B?
(4.53) XFGHb+ Rys) = Y @

0<y<I¢]

where Bf satisfies the following : there exist D > 0 and 7y > 0 such that
we have
DI jj

4.54 B ||, < :
( ) || 7 | ’ (,7__7_/)3

forall j > 0and all 0 < 7 < 7 < 79. Since

B#...B*
# # M __ J1 M
(4.55) FGFO+ Rys)M = Y e
0<je<€|
we have
D§ Jitetim
4.56 #CH(b+ Rys))M||rr < ,
(4.56) I6*GH b+ Ro )M .. Z —
L=
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We choose § > 0 and 0 < 7/ < 7 such that D§/(7 — 7') < 1 and then we
obtain

(4.57) I*G# (b + Ry 5))M || < CM

for some constant C' > 0.
Thus, from (4.52) and (4.57), there are 0 < 7/ < 7 and C > 0 such that,
if > 0 is small enough,

(4.58) IO#GFT)M |77 < g~/ T CM,

Next we estimate (x#*G#T3)" using the same methods, combined with
the asymptotics (4.34) - (4.41) for the derivatives of f and g and the anal-
ogous estimate of (4.44) for OG# /0s'. We see that there exists C' > 0 and
0 < 7’ < 7, such that for all M > 1 we have

(4.59) IO GFT) M| < €T OM.

Finally we estimate (x# G#T,)". We see, using the estimates (4.44), that
X#G#T4 can be written as

B¥#
(4.60) XFGHT =) L,
= leP

where B]## satisfies the following : there exist D > 0 and 75 > 0 such that
we have
Diji

4.61 B¥#|| < —L
(4.61) 1B} |lr, o

)

forall j > 1 and all 0 < 7/ < 7 < 79. It then follows, as before, that for all
M

)

D6 j1+“'+jM
(462) I0CHGHT)M [ < S0 ( > |

-7
Jez1

Since j > 1 in the summation we see that given € > 0 we can choose § > 0
and 0 < 7/ < 7 such

(4.63) | GFT)M [ < €M

If we combine estimates (4.51), (4.58), (4.59) and (4.63) we obtain the
following: there exist 0 < 7" < 7, § > 0, C' > 0 such that

(4.64) IO GFT) M| < 2(0p)M

for all M > 1 and all large £ in a conic neighborhood of &;.
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From this the proof of Proposition 4.1 can be easily concluded. It follows
from (4.11) and (4.49) that there exist C,n > 0 such that
(4.65)

[U#]l < IOHFCHFTF)NU# |0+ Ce™El < 2(Cp)N | UH|| + Ce .

We know that we have, for some C > 0 and R > 0,
JU# ], < CeRel

Hence, if p > 0 is small and N > |£] we see that there exists a new
constant C' > 0 such that

(4.66) |U#||, < C (e—|£| n e—n|s|)

for £ in a conic neighborhood of &. Then (0,0;&y,0) ¢ W F4(u) and the
proof is complete.

BIBLIOGRAPHY

[1] A. Bovg, M. DERRIDJ & D. TARTAKOFF, “Analytic hypoellipticity in the presence of
non-symplectic characteristic points”, J. Funct. Anal. 234 (2006), no. 2, p. 464-472.

[2] P. D. CorDARO & N. HANGES, “Impact of lower order terms on a model PDE in two
variables”, in Geometric analysis of PDE and several complex variables (Providence,
RI) (A. M. Soc., ed.), vol. 368, Contemp. Math., 2005, p. 157-176.

, “Symplectic strata and analytic hypoellipticity”, in Progresss in Nonlin-
ear Differential Equations and Their Applications (Birkh&duser, ed.), Phase Space
Analysis of Partial Differential Equations, vol. 69, 2006, p. 83-94.

[4] P. D. CORDARO & A. A. HIMONAS, “Global analytic regularity for sums of squares

of vector fields”, Trans. Amer. Math. Soc. 350 (1998), no. 12, p. 4993-5001.

N. HANGES, “Analytic regularity for an operator with Treves curves”, J. Funct.

Anal. 210 (2004), no. 2, p. 295-320.

[6] N. HANGES & A. A. HimMoNAs, “Non-analytic hypoellipticity in the presence of
symplecticity”, Proceedings of the AMS 126 (1998), no. 2, p. 405-409.

[7] L. HORMANDER, “Hypoelliptic second order differential equations”, Acta Math. 119
(1967), p. 147-171.

, The analysis of linear partial differential operators I, Springer—Verlag, 1983.

3]

=

[9] A. MENIKOFF, “Some examples of hypoelliptic partial differential equations”, Math.
Ann. 221 (1976), p. 167-181.

[10] G. METIVIER, “Analytic hypoellipticity for operators with multiple characteristics”,
Commun. Partial Differ. Equations 6 (1981), no. 1, p. 1-90.

[11] T. OkAJI, “Analytic hypoellipticity for operators with symplectic characteristics”,
J. Math. Kyoto Univ. 25 (1985), no. 3, p. 489-514.

[12] O. A. OLEINIK, “On the analyticity of solutions of partial differential equations and
systems”, Astérisque 2/3 (1973), p. 272-285.

[13] Y. SiBUYA, Global Theory of a Second Order Linear Ordinary Differential Equation
with a Polynomial Coefficient, North—Holland, 1975.

[14] J. SIOSTRAND, “Singularités analytiques microlocales”, Astérisque 95 (1982), p. 1-
166.

ANNALES DE L’INSTITUT FOURIER



SUM OF SQUARES OPERATORS 619

[15] D. TARTAKOFF, “On the local real analyticity of solutions to [J; and the §—Neumann
problem”, Acta Math. 145 (1980), p. 117-204.

[16] F. TREVES, “Analytic hypoellipticity of a class of pseudodifferential operators with
double characteristics and applications to the —Neumann problem”, Commun.
Partial Differ. Equations 3 (1978), p. 475-642.

[17] ———, “Symplectic geometry and analytic hypo-ellipticity”, Proceedings of Sym-
posia in Pure Mathematics 65 (1999), p. 201-219.

, “On the analyticity of solutions of sums of squares of vector fields”, in

Progress in Nonlinear Differential Equations and Their Applications (Birkhauser,

ed.), Phase space analysis of partial differential equations, vol. 69, 2006, p. 315-329.

(18]

Manuscrit regu le 7 février 2008,
révisé le 10 juillet 2008,
accepté le 17 juillet 2008.

Paulo D. CORDARO

Universidade de Sao Paulo

Sdo Paulo, SP (Brazil)
cordaro@ime.usp.br

Nicholas HANGES

Lehman College

Department of Mathematics/CUNY
Bronx, New York 10468 (USA)

nicholas.hanges@lehman.cuny.edu

TOME 59 (2009), FASCICULE 2


mailto:cordaro@ime.usp.br
mailto:nicholas.hanges@lehman.cuny.edu

	1. Introduction
	1.1. The Poisson Stratification of 
	1.2. Treves' Conjecture
	1.3. The main result

	2. The Geometric Hypothesis
	2.1. Preliminaries
	2.2. A model

	3. Proof of Theorem 1.2 (beginning)
	3.1. First reduction
	3.2. Final Simplification

	4. Proof of Theorem 1.2 (conclusion)
	4.1. A preliminary reduction
	4.2. The FBI transform
	4.3. A Formula for I[Pu]
	4.4.  The Green function for the operator q#
	4.5.  Final Estimates

	Bibliography

