Lecture Notes of
Seminario Interdisciplinare di Matematica
Vol. 4(2005), pp. 79 - 85.

Analytic hypoellipticity for a class of sums of squares of vector fields with
non-symplectic characteristic variety

by David S. TARTAKOFF

Abstract®. Recently, N. Hanges proved that the operator
P =0; +t*As + 95

in R? is analytic hypoelliptic in the sense of germs at the origin and yet fails to be
analytic hypoelliptic ‘in the strong sense’ in any neighborhood of the origin (there is no
neighborhood U of the origin such that for every open subset V of U and distribution u
in U, Pu analytic in V' implies that u is analytic in V'). Here 0; = 0/0t, 0g(z) = iDp(z) =
210/0x2 — 220/021,x = (x1,22), and A, = 8%/0x3 + 9*/023. We give a very short L?
proof of this result?, obtained jointly with A. Bove and M. Derridj, which generalizes easily
and suggestively to other operators. It is striking that these operators have non-symplectic
characteristic varieties. Finally we point out that these results are consistent with Treves’
conjecture.

1. INTRODUCTION AND GENERALIZATIONS

In his recent paper [3], Hanges considered the operator
4
(1.1) Py =07 + 1Ay + 030y = Y _ X
1

in R® where Op(z) = 210/0x2 — 20/0x1 and made the interesting distinction between
analytic hypoellipticity in the germ sense and a.h.e. in the strict sense. Hanges proved
that the operator P was not analytic hypoelliptic in the strict sense in any open set U
containing the origin, i.e., did not have the property that for any open subset V of U, if
Pu is analytic in V' then so is the solution u, yet had the property that if Pu was analytic
in some neighborhood of the origin then the so was u in a (possibly smaller) neighborhood
of the origin. He ties this result to the conjecture of Treves concerning the Poisson strata
of the operator P, namely that if one writes P = 2411 X J2 and considers the successive
strata where 1) all X; vanish, 2) all X; and their first brackets vanish, 3) all X, and their
first and second brackets vanish, etc., then the operator should be analytic hypoelliptic in
the strict sense if and only if all these strata are symplectic. In the case of the particular
operator being considered here, not even the characteristic variety is symplectic, being
given by t =7 = x12 — x2&1 = 0.
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Here we give a very elementary, and flexible, proof of the affirmative part of his result
and argue that the negative part is entirely reasonable as well, though we avoid entirely
the mention of so-called Treves curves, which foliate the characteristic variety of P, in our
proof. We hope to pursue related, but more degenerate, examples in a future paper.

The generalizations we consider may be motivated by observing that while the “added”
term 83(1) in P, which suggests the celebrated non-analytic hypoelliptic example of Baouen-
di and Goulaouic,

3
(1.2) Ppe =0} +1°0; + 05 = > _ 7,
1

differs from this example in one essential factor—the integral curves of 9, are non-compact
yet those of 0y which start close to the origin remain close. Hence a propagation of
singularities result may be rephrased in terms of a germ result on analyticity.

To put the matter differently, the L? proof of propagation of singularities for Pg¢ hinges
(writing 4D = 9) on the fact that in estimating localized high derivatives of a solution u
in the z-direction, ¢(x,y)D2u, via the L? a priori estimate (we take ¢ independent of ¢
since for t # 0, the operator is elliptic), one encounters and cannot avoid the derivation
(and bracket)

> ZjeD2uli> S [(PeewDiu, eDiu) 2| S
J

SO 25, eDRullfe + -+ S
J
< @' Drullzz + -
When the value of j is 3, i.e, we are trying to estimate D, derivatives of v and encounter
a y-derivative of ¢ with no gain in the number of z-derivatives, we cannot proceed, even
with Ehrenpreis type localizing functions, to obtain analytic growth. Unless, of course,
the y-derivative of the localizing function is supported in a region where the solution is
known to be analytic already.

However, if the localizing function ¢ could be written as a function independent of the
y-variable as well, this situation would not arise and analyticity would follow (after some
calculation, admittedly, but elementary calculations with no sophisticated ingredients.)

This is what occurs when the open set under consideration is global in the “y-direction”,
as in proofs of analyticity which are local in some variables and global in others, as on a
tube or torus, or when the vector field D, is replaced by a vector field whose integral curves
remain in any neighborhood of the point under consideration, as in Hanges’ example, where
D, is replaced by Dg.

Thus the following generalization of Hanges’ example suggest themselves rapidly: in
(t,z) € R®* x R*, and with 8; = 9/dx;,

k
(1.3) P = A+ ‘t|2A$ + Z aij(x,t)(xiaj — xjai)2
ij=1

for positive definite and analytic matrix valued function a;x. Note the critical feature of this
operator that the Laplacian in © commutes with each of the angular operators z;0; —z;0;.
Actually, in terms of estimates what is crucial is that there be a C“ basis, { X}, of vector
fields in the 2 variables in in R* \ {0} such that any bracket, [X;, i8¢ — ;] be a linear
combination of the angular vector fields x;0; — z,;0; (over which we have coercive control).

We also remark that when a;;(x,t) = 1, then it is not hard to see that the last sum is
a constant multiple of the Laplace Beltrami operator on the unit sphere.

Still more generally, let us consider k vector fields X1,..., X in the z— variables with
analytic coefficients (of z,t) and s vector fields Y1, ...,Ys in the z— variables which may
be singular but have analytic coefficients . Let zo € R* be a fixed point and denote by
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U C R* an open neighborhood of zo. Without loss of generality we may suppose that
zo = 0. We assume that
1- The {0/0tm, X;}j=1,...r span the tangent space on every point (¢,z) € R x U,
R

yeees

with z # 0.
2- Yi,...,Y; have a compact closed family of integral manifolds which foliate U.
3 - We assume that the following commutation relations hold:
(1.4) [ati,Xd = C" linear combination of the Y, % ,and tX , Vm,/{,
and for some C* positive definite quadratic form A in the X;’s, with coefficients
independent of the ¢ variables,
(1.5) [A,Y:] = C¥ quadratic expression in the Y, % ,and tX , V.
Consider then the operator
k s
(1.6) Po=Ac+ [t > ai XoX; + Y biViY5,
ij=1 ij=1

where a;;(t,z) and b;; (¢, z) are C* positive definite matrices. We will show that we may
argue as in the particular case to obtain the result that P> is analytic hypoelliptic in the
sense of germs at the origin.

Note that assumption 2 implies that we may choose a localizing function constant on
the integral curves of Y1, ...Ys, of Ehrenpreis type, identically equal to one on any given
compact subset of U but vanishing outside of U.

We state our theorem:

Theorem 1.1. Let us consider the operator Pa> as in (1.6), where the coefficients aij, bij
are real analytic in a neighborhood of the origin. Let U be a meighborhood of the origin
with the properties in Assumptions 1-3 above. Let Pou = f hold on the same open set U,

with f € C*(U). Then u is also in C¥(U).

2. PROOF IN THE CASE OF HANGES’ OPERATOR (1.1)

As remarked above, we may take localizing functions to be independent of ¢, since were
a derivative in ¢ to land on such a localizer, one would be in the region where the operator
was clearly elliptic and the analyticity of the solution w is well known. We denote such
an Ehrenpreis type localizing function by ¢(z) = ¢n(x) subject to the usual growth of
its derivatives: |D%p| < C1*HFIN1l for |a| < N, where the constant C is (universally)
inversely proportional to the width of the band separating the regions where ¢ = 0 and
p=1.

Next, since P is C'*° hypoelliptic we may assume that u is smooth and proceed to
obtain estimates for DYu and D7 v near 0.

The a prioriestimate for P, while subelliptic, is more importantly maximal: for v € C§°,

2
IDevlz2 + Y 1tDx vl 72 + | Doyolze (+ [lvlli/2) <
(2.1) 1

< C(Po,v)| + ClolZz -
Setting v = @ DYu, to begin with, we obtain

2
|DepDYullf2 + Y [tDa; 0Dl L2 + | Doy DY ulg2 (+lloDFullt)s) <
1

< C|(PpDYu, pD}u)| + C|leDful|f2 <
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4
< ClDf Pu,pDiu) 2| + C Y |([X7, ¢Dfu, o D¥u)| + Clle DY ul[72 -
1

Now crucial in the brackets are the quantities (recall that we may take ¢ independent of
t, and clearly to localize in © we may take it to be purely radial in (z1,x2) i.e. we choose
© to be constant on the integral curves of X4), so that X4¢ =0,

[X1,9D}] = [X4,9D}] =0,

and
[Xj,¢Df] = t¢' D} —p eD.DI™" | j=2,3.

In the first case, we may ignore the factor ¢ and recognize the passage from one power
of D: to a derivative on ¢ as an acceptable swing, which, upon iteration, will lead to
CPTIN? ~ CPT'p! when p ~ N. The second term takes two powers of D; (e.g., X; from
the estimate and one power of D; and produces a factor of p and a ‘bad’ vector field D,.
Tterating this will yield p!! DE/?u ~ p!*/2DE/?y, on the support of .

On the other hand, setting v = Lngju, with perhaps ¢ = p/2, or, better, v = (pAg/2u,
where we write A, = Zj Dij,

2
IDepA2ul[72 + Y (1D, 0AY *ull2 + | Doayp A2 *ul g2 + (+loA% ?ul} 2) <
1

< OPoAY *u, pAY?u)| + CllpAY ?ul[7 <
4
< CUpAY?Pu, o AL Pu) 2| + C Y (XS], AL, o AL + Clle AL *ul7 2
1

and now the crucial brackets are
(X, 0AY% =0, [XI,0AY?]=0
and
(X7, pAY?] = 2X;t0' AY? — PoPIAY? | =23
(where we have used rather heavily the fact that X4 = 0 since ¢ depends only on z, and
radially so, and that in fact [Dg, Az] = 0.)
This last line leads to two kinds of terms, namely, for j = 2,3,

(22Xt AY 20, oAV )

and
(# @AY P, pAY )

Morally, these terms show the correct gain to lead to analytic growth of derivatives,
namely one must think of tA'/? as an X, with j = 2 or j = 3, and so in the first term
above one merely integrates by part noting that X; = —X; and obtains, after a weighted
Schwarz inequality, a small multiple of the left hand side of the a priori inequality and the
square of a term with one derivative on ¢ and tA'/? and ¢ reduced by one, though one
more commutator is required to make the order correct, and this will introduce another
derivative on ¢ and ¢ again decreased by one unit, etc. The second term is of a different
character, though the same observation reduces us essentially to

(Xp® AL/ x oAl /2

in which instead of each copy of ¢ receiving one derivative, we have two derivatives on one
copy and none on the other. Fortunately, the Ehrenpreis-type cut-off functions may be
differentiated not merely N times with the usual growth but 2N or 3N with no change—
so in the above inner product we include a factor C N with the copy of ¢ which remains
undifferentiated and a factor of (CN)™! with the other. The estimates work out just as
before.
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3. PROOF IN THE GENERAL CASE (1.6)

The general case is not more complicated than the first, simplest case, with A; =
ZZ Dfm requiring us to consider each t-variable separately; A, is replaced by

m=1
Zf,j:l a;j(t,x)X;X; and the square of the angular derivative by the sum
27 j=1 bij(t, 2)YiY;. Thus we merely give a brief sketch of the proof.

We have an a priori estimate of the form

l ¢ k s
SODgull® + >0 Tt Xnul* + > IVaul® + fluf?/2 <
j=1 1

j=1h=1 j=

(3.1)
< C (|(Pau, w)| + [Jull®) -
Let us write, as introduced above,
A = a positive definite quadratic expression in the X;

and
k

A = Z Qij (t, CC)XZXJ .
ij=1
Analogously to what has been done before we denote by ¢ a cut-off function of Ehrenpreis
type, constant on the integral manifold of the fields Yi,...,Ys and independent of .
The problem of estimating the growth rate of the derivatives of w then reduces to
estimating

lpA® 2l

for every natural number ¢ < N, where [9%p| < CFleINIel for 0 < |a| < 3N.
‘We have thus to examine the structure of the commutator

(P2, pAY?) = [A, + |t? A+ B, oAY?]
where we wrote

B =Y bi(t,n)Y3Y; .

i,j=1

The above quantity becomes:

[Ac+ 24+ B, oA = £ o[a, AJAY2 1124, A"+

+% It p[A, AJAY? 7! + o[B,AY?) =Ty + To + T5 + T,

modulo lower order terms whose treatment is easier. Let us look at each term in the above
formula, denoting by ‘elliptic’ any term which contains, in the inner product, two factors
of the form maximally estimated by the operator, namely two factors each of the form
Y,tX, or 8/0t. Such terms will be subject to the a priori inequality (after an integration
by parts) in a recursive manner and will cause little trouble.

3.1. T1. Since the commutator appears in a scalar product, taking one t-derivative to the
other side, we have to estimate, for some coefficient a(x),

al(¢[De., AJAY> " u, Dy oA u)| ~ q{p[ Dy, , a XA Pu, Dy pAY?u)| .

But by (1.4), this bracket is elliptic, hence the factor of ¢ balances the decrease in the
exponent of A and will iterate analytically.
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3.2. T5. We have to estimate
([P TA, PIAY 2w, AT 2w)]
The commutator in the left hand side factor of the above scalar product leads to an
expression of the type
20([t* Xi' A, oA Pu)| ~ 2(Z AOD 2w, ZpA )|
with elliptic Z modulo (easier) lower order terms. Here we used just the form of A.

A weighted Schwarz inequality shows that this term iterates analytically, since with the
Ehrenpreis-type localizing functions, a derivative on ¢ balances a decrease in q.

3.3. T3. We have to estimate the scalar product
(3 1P plA, AJAY> " u, oA 20)

Since
k k
[A7 A} = Z Z [a’ininfaXaXﬁ] =
(32) i,j=1a,B=1

=2 S 0
=> aX’[X,X] =) aX’{X or 5%
again modulo lower order terms, using assumption 3, part 1.
Now one of the X factors raises ¢/2 — 1 to ¢/2 — 1/2 = (¢ — 1)/2, with the factor of
¢ balancing the decrease from ¢ to ¢ — 1, and the other two X’s (or one X and one 9/t
which is better, combine with t? to produce Z2, with Z elliptic. Thus this inner product,
as well, iterates analytically.

3.4. Ty. Since
e[B, A ~ LolB, AT

the estimate of Ty boils down to computing the commutator [B,A] and estimating the
resulting terms. But this goes as before in view of the second part of assumption 3, since
the bracket contains a product of three vector fields, two of which are elliptic and one
serves to convert A9/271 to ALGTD/2,

This ends the proof of the Theorem in the general case.

4. REMARKS VIS-A-VIS THE CONJECTURE OF TREVES

The conjecture of Treves states, in this context, that the operator P should be analytic
hypoelliptic at the origin if and only if all layers of the Poisson stratification are symplectic.
The first of these layers is the characteristic manifold, which is patently non-symplectic
in all of these cases. And the operators are analytic hypoelliptic in the sense of germs at
the origin.

The distinction is crucial. For to contradict Treves’ conjecture, there would have to
exist an open neighborhood V' of the origin, in which one could have analytic data with a
non-analytic solution. And that may still well be the case. What we have shown is that
for neighborhoods of the origin of a certain geometry relative to the operator, analytic data
forces analyticity of the solution.

It is well known however that in the case of the operator P» there is in general propaga-
tion of the analytic wave front set (or rather of the analytic regularity) along the Hamilton
leaves of the characteristic manifold (which are non trivial in this case), see e.g. [1].

From the above proof we may see that the analyticity of the solution is forced, in some
“adapted” open set, by a “global” phenomenon, that might be described by saying that
the analytic singularities of the solution in the open set under consideration comes from
points outside the open set lying on some Hamilton leaf of the characteristic manifold.
This is actually prevented by the “large scale” geometry of the open set.
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It can thus be asserted that, far from being in contradiction with Treves’ conjecture,
the present result is in complete agreement with it and points out the importance of the
geometry of the non-symplectic strata of the Poisson-Treves stratification.
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