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Abstract

In this paper we study a class of variable coefficient third order partial differential operators
on R"*!, containing, as a subclass, some variable coefficient operators of KdV-type in any
space dimension. For such a class, as well as for the adjoint class, we obtain a Carleman
estimate and the local solvability at any point of R**!. A discussion of possible applications
in the context of dispersive equations is provided.
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1 Introduction

In this paper, we will continue the investigation of some variable coefficient PDOs (partial
differential operators) built from a system of real smooth vector fields, initiated in the works
[13, 15, 18, 19] (see also [12, 14, 17]). Since when the celebrated works by Kolmogorov
[31] first, and by Hormander [24] afterwards, about the hypoellipticity of operators written
as sums of squares of vector fields were published, a lot of connected problems have been
investigated. In particular, Hormander’s hypoelliptic theorem in [24] opened up the study of
sub-Laplacians on Lie groups (see [40]), of parametrices for such operators, of sharp estimates
in appropriate functional spaces (see the pioneering works [23, 40]), but also, among other
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questions, that of the local solvability of closely related models (see, for instance, [13, 15,
18, 19, 35, 39] and references therein).

In the series of works [13, 15, 18, 19], the authors focus on the local solvability of some
classes of degenerate second order PDOs built from a system of real smooth vector fields
and a somewhere vanishing function. The use of the vanishing function is twofold: on one
side it adds degeneracy to a model which is already degenerate by itself, on the other side
it permits to include in the treatment some operators generalizing the Kannai operator, that
is operators having a changing sign principal symbol. The introduction of the vanishing
function requires a price to pay, price which is given in terms of conditions on the lower
order terms of the operators (see [12, 14, 17] for an overview of such results). Nevertheless,
the classes studied in these works encompass different lower order terms, which makes it
possible to include parabolic-type operators, Schrodinger-type operators, a blend of the two,
and some prototypes with non-smooth coefficients.

What we do in the present paper, is to take inspiration by these works and by the form of
some operators relevant in physics, and build a class of operators of order three (instead of
two) starting from a system of smooth real vector fields. Let us say right away that we will not
involve any additional somewhere vanishing function, since the model under consideration
is already highly degenerate and complicated without this adjustment.

Besides the connection with the aforementioned previous works, the interest for such
kind of operators has several motivations (see [30] and references therein). One of them
is represented by the applications to variable coefficient dispersive equations of KdV-type,
where we refer to KdV-type operators as those of the form id; + L(¢, x, Dy), with £ being
a third order PDO with smooth coefficients.

In the last decades variable coefficient Schrodinger equations have attracted lots of attention.
Smoothing and Strichartz estimates have been proved under different hypotheses (see [2, 11,
20-22, 29, 34, 37, 41] and references therein), nonlinear problems have been solved (see
[11, 20, 21, 25, 29, 34]), and uniqueness results have been proved (see [7, 8, 10, 27] in the
constant coefficient case, and [3, 16] and references therein for variable coefficient cases).
For KdV-type equations the investigation has not been pushed that far, possibly because of
the unknown real analogue of this equation in dimensions higher than two, and also because
variable coefficient third order equations can be much more challenging to study. Here we
wish to start a local analysis of some variable coefficient cases, and prove Carleman type
estimates to be employed to reach uniqueness results. Let us underline that such estimates
have a pivotal role in establishing uniqueness properties, not only at a local (in space) level,
but also for global results. In the context of dispersive equations, results for KdV and ZK
(Zakharov-Kuznetsov) equations can be found, for instance, in [4, 9, 26, 28, 36, 44], while
for nonlocal operators we refer the interested reader to [27, 38]. Note that all these cases
deal with constant coefficients operators, while here we are concerned with the situation
where the coefficients are variable. As far as the author knows, there are no results in the
space variable coefficients setting, at least when the coefficients appear in the highest order
part of the operator of KdV-type. Recently, some results on p-evolution equations in one
space dimension have appeared in [1]. In that work the operators under investigation have
time-dependent coefficients in the leading part, and the class includes KdV operators (since
the space domain is one dimensional) with time variable coefficients in the leading part, but
not ZK operators. Here we are concerned with space-dependent coefficients in any space
dimension.

An other motivation driving this work is that of the local solvability problem for multiple
characteristics PDOs. This problem is very hard to attack, and general results often require
precise geometrical conditions on the characteristic set. We refer the interested reader to [43]
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for a nice overview of the classical local solvability problem, and to [5] for the resolution of
the Nirenberg-Treves local solvability conjecture.
Let us give a description of the family of operators we will be considering in this paper.
Given a system of vector fields {i X ; (x, D)}I.VZO on R"*+! - where N is a positive integer
not necessarily equal to n orn + 1, and D = (D1, ..., Dyy1) = (=idy;, ..., —10y,,) -
such that

o the vector fields i X ; (x, D), j =0, ..., N, are smooth and real;

e the vector fields iX;(x, D); j = 1,..., N, form a global involutive distribution, that
is, [ X7, Xm](x, D) = —[iX;, i X,,] is uniquely determined by a linear combination with
smooth coefficients of the vector fields {i X ;(x, D)}, n,foralll,m =1,..., N,
and for all x € R*t!;

e X is nondegenerate, namely it is nowhere vanishing on R**+1;

.....

we define Pj as the third order PDO of the form

N
Pi(x,D):= X1 Y _XiX; + Xo. (1.1)
j=1

The latter is the class of operators we will be dealing with, which, depending on N and on
the choice of the system of vector fields, includes (linear) KdV-type operators of different
kind.

We have already mentioned that our goal is to prove Carleman estimates for such class of
operators. To be precise, we will not only obtain Carleman estimates for the class of operators
represented by Py, but also for the adjoint class, that is the family of operators P obtained
by taking the adjoint of P;, namely

n
Pf =) "XiX; X} + X, (1.2)
j=1

which coincides with P; up to a differential operator of order two.

The main motivation for the Carleman estimate for Pl* ,is our interest in the local solvability
of P;. We recall that the role of Carleman estimates—which is well-known to be determinant
in the analysis of unique continuation problems (see, for instance, [32] and [42])—is also
crucial to prove local solvability properties of partial differential equations with variable
coefficients. An estimate of this sort for an operator P, yields a local solvability result for
the adjoint operator P*. Hence, we can take advantage of the Carleman estimate for P} to
get the local solvability of P;.

The connection between our operator P; and some important operators coming from
physics, can be seen by analyzing the following two examples: the (linear) KdV operator
and its higher dimensional generalization, the ZK operator. The (linear) KdV operator is
described by i P; with N =n =1, R+ = th,x’ iXo = 0;. and i X; = —9,. However, by
taking i X1(x) = a(x)dy, with a(x) # 0 for all x € R, then we get an operator, again of
the form Py, that describes a variable coefficient KdV operator. If we consider N = n = 2,
R = R, x R%, iXo = 0 and iX; = —0,,, j = 1,2, then i Py describes the ZK
operator. Again, by taking nonvanishing space-variable coefficient real vector fields satisfying
condition (Hp) in (2.1) below, we get a variable coefficient ZK model.

Note that both the classical KdV and the ZK operator (with constant coefficients) are built
by taking an elliptic operator in R, i.e. the Laplacian in R and RR? respectively, and then
using the two vector fields i Xo = 0; and i X| = 0y, to define a third order operator. Observe
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that P; is built exactly the same way, but employing variable coefficient real vector fields
instead of constant coefficient ones. In fact, to define P; we take operators being sums of
squares, that is Zl/\/: 1 X;‘?X j (not necessarily elliptic in a subspace of dimension 7 of the
n + 1-dimensional domain), and cook up a third order operator by using X and Xo. An
example of variable coefficient KdV-type operator in a three-dimensional Euclidean space
domain, can be constructed, for instance, by using the canonical basis of the Lie algebra of
the Heisenberg group. Let

. . X2 . X1 .
iXo =0, lX1(x,t)=8x1—33X3, le(x,t)=8XZ+73m, i X3(x) = 0Oy,

be four real smooth vector fields, where i X, i X, are the generators of the stratified Lie
algebra h = b1 @ by of H!. Then {i X j};=1 is a global involutive distribution in R#

1,x°
3
*
L=) XX,
j=1
is an elliptic operator on R?, and
3
Xjp Y XiXj+Xo, jo=12.3,
j=1

is a variable coefficient KdV-type operator of the form P; for every choice of jo = 1, 2, 3,
since X j, is nondegenerate for all jo =1, 2, 3.

The examples above show that P;-type operators include KdV and ZK variable coefficient
PDOs. However, our class is not limited to be just a generalization of KdV-type operators
in any space dimension, since we are free to choose n > 3, N < n + 1, but also i Xo # 0;,
giving rise to a very wide family of degenerate operators.

Let us finally conclude this introduction with the plan of the paper. Section 2 is devoted to
the the main results of this work, specifically Theorem 2.8 about a Carleman estimate for P;
and for P, and Theorem 2.10 giving a local solvability result for both the aforementioned
operators. Section 3 is dedicated to explicit examples of operators of the form under study and
of KdV-type. The last section, Sect.4, contains final remarks and the discussion of possible
applications in the context of dispersive equations.

2 Carleman estimate and local solvability for P, and P;"

We recall once more that in this section we are concerned with the proofs of the main results
of the article: a Carleman estimate for P; and Pl*, and a local solvability result for these
operators. The Carleman estimate is the most important result of the paper, in that it is the
key tool to get the solvability property. Moreover, it can find applications in other problems
of our interest, like in uniqueness/unique continuation problems for dispersive equations.
On the other hand, the investigation of the local solvability of highly degenerate operators
is quite complicated, thus our results represent a step ahead in the understanding of certain
kind of operators.

Before stating and proving our theorems, let us make precise the objects we are working
with. Recall that, on ]RZ'H , X =(X1,...,Xn, Xp+1), n > 1, we define the operator P; as

N
P1:X12X§Xj+Xo, 1<N<n+l,
j=1
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where

n+1
Xj(x, Dy) = Zajk(x1»~-~axn+l)Dk, Vi=1,...,N
k=1

n+1
X;f(xa DX) = Zajk(xlv . 'axl’l+1)Dk +dj(xl7 et 7xn+1)
k=1

n+1

= Xj(x, D)+ di(xr, .., xap1), di(x) := Y Dpajp(xi, ..., Xat1),
k=1

Vi=1,...,N

with Dy = —idy := —idy,, and ajx € COR" 1), forall j,k=1,...,n+ L.
The condition we shall assume on the system of vector fields on R”*! which make up P
is the following:

..... N, 1 < N < n+1,satisfies
condition (Hy) if the distribution I'({i X;},=1, .., &) is a global involutive distribution, that
is, forall j,k =1, ..., N, there exist (uniquely determined) c[]k € COO(R’H'] ,IR),l =
I,..., N, such that

N
[X;. X, D) =Y /" 0 Xi(x. D), Vx e R, (2.1)
=1

where [X, Y] := XY — Y X denotes the commutator of the operators X and Y.

In other words (H;) amounts to the global involutivity of the system of real smooth vector
fields {in}JA.’:1 on R,

Remark 2.1 Due to the global involutivity of the system, and the fact that N > 1, there exists
at least one vector field i X ) € {iX j}ﬁ'v:l being nondegenerate on R"*!, or, equivalently, a

nowhere vanishing vector field on R"*! in {i X il ?’: |- By possibly renaming the vector fields,
we can always assume jo = 1, so we will use this convention in the rest of the paper when
assuming condition (Hj) on a system of vector fields. This assumption will be crucial to
derive the Carleman estimate below, and thus the solvability result as well. Note also that,
if N <n+1and I'({iX;}) is a global involutive distribution of rank = N, then X is
nondegenerate in R+ for all j=1,..., N, and we are free to take any vector field in the
system as the one playing the role of X . Finally, observe that the requirement N < n + 1 is
not restrictive. Indeed, when the system is globally involutive and the rank of the distribution
iSM <n+1,thenif N > n+ 1 we can rewrite P; interms of M < n+1 < N vector fields
in the second order part.

Remark 2.2 Notice that formula (2.1) holds true independently of the rank of the distribution.
If the system of vector fields satisfies (H;), and the rank of '({i X;};=1, . n) =M < N <
n + 1, then

,,,,,

M N

[Xj. X1, D) = > /" 0 X, D) = f* ) X, (x, D),
=1 =1

where some coefficients will be identically zero. Since we will not care about the precise
rank of the distribution, we will simply use (2.1).

@ Springer



2806 S. Federico

Remark 2.3 An additional remark is that, by imposing only (H;) on the system of vector
fields, P; generates a class of operators larger than the one of KdV-type operators, in that the
latter is modeled by using a system of vector fields satisfying the additional conditions

e Xo(x,D)#0, VxeR"™,

o [X;,Xo]l=0, Vj=1,...,N,

o X;(x,D)=X;(x1,...,x5, D1,...,Dy), Vj=1,...,N,

e N=nand}_, XX j is elliptic on R,
Since we will be giving a local solvability result for Py and P;", for completeness we
recall here the definition of HS — H¥ locally solvable partial differential operator at a point
X0 € 2, where, adopting the usual notation, H*(£2) will denote the standard Sobolev space
of order s.

Definition 2.4 Let P be a partial differential operator with smooth coefficients defined on an
open subset 2 of R”, and let xg € Q. We say that P is H® — H® locally solvable at xq if

there exists a compact K containing xo in its interior Uk, such that, for every f € Hl;g ()

there exists u € HZ;j/(Q) for which Pu = f in Ug. We say that P is H® — HY locally
solvable in €2, if it is locally solvable at each point of €.

When P is HS — H* locally solvable at xg with s = 5" = 0, we will just say that the
operator is L2 — L? locally solvable at x.

Notations. Below N will always be a positive integer, A will be a real number, whereas
A ={aji(x)} j=o,.,~n will denote the variable coefficient matrix containing the coefficients

=1,
of the vector fields i X j, for j =0, ..., N. For a matrix A as above and « € N+ oy,
we define
IV¥AllLo@ == sup [8%jillLo), YR C R,
N
i=1,...n+1
where 8% f = 9" ...9,"}". Throughout the paper we will write || - [z, || - lz2, || - |z

without specifying the set 2 where the L°°(£2), L23(), and the H*(2) norms are taken.
Given that we will be working with compactly supported functions, the set 2 will be the
fixed support of the function (or its interior), so we omit it for simplicity. However, note that
we can take V¥ AL = V¥ Al oo (n+1y in the coming estimates when A has cr (R™*1)
coefficients.

Given a partial differential operator P, we will write (P f)g to indicate the multiplication
of Pf and g, meaning that the operator P is applied to the function f only, while P fg means
that P acts on the product fg, that is on everything appearing on the right of the operator.
For example, for two vector fields i X and /Y, we will have Xfg = (Xf)g + f(Xg), and
(Xf)Yg = (Xf)(Yg).

Finally, we shall use the notation I" ({i X _,'}j.v
of vector fields {iX.,-}’,yzl.

In order to prove our Carleman inequality for P; and for P, we will make use of the
subsequent fundamental lemma.

Lemma2.5 Ler f € C(R"™), N > 1, and » > 1. Let also Py be as in (1.1) and {i X j}}_,
satisfying (Hy). Then, for every compact set K of R"T\, there exists a positive constant
Ck = Cx ({19% fllLoo k) Hal=0,1,2, {IIV¥All L (k) Hal=0,1,2) Such that, forallu € C°(K),

Im(e_)‘fPlu, e_kfu)

1) for the distribution spanned by the system
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N N
Z Tu e uy+ 3 ((=iXiHIXj fPe M u e u) = A Cxlle™ ul)3,
j=1 j=1

where

Qj = Qjx. D)= (M=iX\ f)+id/2) X’ X,+chk XiX;
k=1

— IMXGXUN X +1/2(¢) = (Xid)) +2(Xjdy) + did; ) X
2.2)

. i1 . i1
with c,{ , as in (2.1), and c;. = Z,iV:l(va:] cljk + (Xkclj-l) + dkc’]‘.1 — deC/{ ) €
C®@R"™ ! iR) forall j,k=1,...,N.

Proof We start the proof by computing the quantity
Im(e_)‘fPlu, e_kfu).
Writing
e_)\fPl (x, D)u = e_)\fPl (x, D)e)\fe_’\fu = Plf(x, D)e_’xfu,

then

P/ (x, D) = Pi(x. D+ ADf) = (X1 + (X1 /) Y _(X; + A(X; )
j=1
(X +MX; )+ Xo+A(Xof) ]
= (X1 + A(X1/)) i(X}‘ — A(X; )X+ A(X; ) + Xo + MXo f)
j;l
= X1 +AX1 M) [Xij_, +AX5(X, =X )X = 22X f)z] +Xo + MXof)
j=1

N
= (X A0 Y [X5X 42X )+ 2 = 220G 0] + Xo + (Ko )
j=1

™=

= PL+ X1 ) [2d; (X)) + M) = 220G 2]+

1

J

™=

+AX1f) [xjxj +Ad; (X )+ MX3f) — Az(xjf)Z] +A(Xof)

1

J

N
=PI+ Y] My ) + A3 = 2 ] X+

Jj=1

N
+ Z [)»(dej)(xjf) +Adj(X1X; f) +X(X1X§f) - QAZ(Xjf)(Xlxjf)]
Jj=1
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N N
AKX Y XX+ () Y [y (X )+ 32X ) + 236X )|+ 2o f)
j=1 j=1
=P+ Lo+ Li+ Lo,

where Ly, L1, Lo are the partial differential differential operators of order 2, 1, and 0, given,
respectively, by

N
Ly = Ly(x, D) = A(X1 ) Y XiX;
=1
N
Li=Li(x,D) =Y [,\dj(xjf) +MXTf) - )L2(Xjf)2] X
j=1

=

Lo=Lo(x):=) [x(xldj)(xjf) A (X1 X ) + X1 XTF) = 22X )X X )+

QNG )+ 32X + 336X D] + 1Ko f)
By the calculations above
Im(e_)‘f Piu, e_’\fu) = Im(Ple_’\fu, e_)‘fu) + Im(Lze_)‘fu, e_kfu)
+ Im(Lle_)‘fu, e_kfu) + Im(Loe_kfu, e_’\fu),

so, for simplicity, we handle each term on the right-hand side separately.
Recall that, since the system of vector fields {i X ;};—1 .. n is globally involutive, that is

satisfies (Hy), forall j = 1,..., N, there exist ¢;' € C®*(R""!,iR),k = 1,..., N, such
that

(X}, X1] Z ' Xy
By the same token, there exist some c e C®R"! jR),I =1,..., N, such that

J1.Jk 5
(X}, (X}, X1]] ch o' X
k=1
Now, on putting v := ¢~*/u, and using the previous observation, we have

N
2ilm(Pre ™ u, e u) = 2i Y " Im(X1 X5 X v, v) + 2i Im(Xov, v)
j=1

N
-y ((x]xjfx, — XXX — XEXjd)w, v) + ((Xo — XJ)v, v)
j=1

~.

(QIXj, X11Xj + X, [X;, X1l + d,[X;, X1] — (X1dj)Xj)v, v)

M= 11

<<d] X;Xj + 2(de])Xj +d]dej + (Xijjd]) + (de])dj)l), U) — (dov, v)
1

J
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N N N N
=- Y ed'xiXpo-d Y XX - Y @ xwown - Y (KelHxe, v)
k=1 j=1 k=1 k=1
N " n
3 W X0 =Y <( — (X1d)) +2(Xjdy) + did; )X v, v>
k=1 =1

N
-y (((ijjdl) + (X;dy)dj) v, v) — (dov, v).

j=1

Adopting the notation || - |z = || - [[z(k), We get

N . N
! 1
Im(Piv, v) = § (ic] Xk Xjv, v)+5d1§ (X7Xjv,v)

-
I

jok=1 j=1
i o Al Ik k1 k1
+§Z<Z ¢; —i—(Xkcj)-i-dij )le),l))
j=1 “k=1 =
[ n
+ 3 2 ( — (X1d)) +2(X;d1) + did; )va, v)
1

+
o~
Mz

(X3X5dn) + (X diyd; ) v, ) + 5 (dov. v)
1

-
I

\ |/P_1\2

(i XrX;+ d1X $X+i/2(e) = () +20d) + did; ) X; v, u)

Knanz, 2.3)

where ¢;(x) 1= YL (DL, + (Xeck!) + dick! — 2dke]")(x), while Cx denotes a
constant dependlng on the L°°(K)-norm of some smooth functions, specifically functions
depending on the coefficients of the vector fields i X ; and on their derivatives. Abusing of the
notation, below we shall write C g for any constant of this form, that is any constant depending
on the L*°(K)-norms of f, of the coefficients of the vector fields iX;, j =0, ..., N, and
of the derivatives of these functions. Sometimes Cg will also depend on the L°°(K)-norm
ofcf;l,k,l= l,...,N,j=....,n+1.

As for the term containing L, recalling that f is a real function and that X f takes purely
imaginary values, we obtain

N
Im(Lyv, v) = Im(A(X1 /) Y X5X;jv,v)
j=1

—AZ( (X1 NX5Xj = X5X (= X1 ), v)

j=1

=A

Mz

(X0 NX5X v 0) =i (X X1 )X v, v)

Il
-

m~ <

((szlf)+(x X1 ) +dj(X;X1 1)), v)}
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N
=% ((—ixlf)xjxjv, V) — i ((X; X1 )X v, v) — Cxlvl3. (2.4)
=1

By similar considerations
1 - 2 2
Im(Liv,v) = % Z [k<(d1dj(Xjf) —di(X )+ (X1dj(X; ) = (X1X5))v, v)
j=l1
+ Az((dl(Xjf)z +2(X; H(X1X; ), v>]
> —22Ckllvll7a. (2.5)

and

N
Im(Lov, v) > A3 Z (—iX1 OIX; fIPv.0) + A(—i(Xo f)Hv. v) — A Ck 3,

N
Z (=i X1 OIX; fPv,v) = A Ck Iv][72. (2.6)

Finally, by (2.3), (2.4), (2.5), (2.6), and the fact that > > 1, we can find a new suitable
positive constant Cg such that

N N
Im(e™ P, e u)y = Y (Qjv.0) + 27 Y ((—iX1 )X, fPv.v) = 22Ck o]

j=1 j=1
Vu € C°(K),
with
Q; =0, D)= (x(-inf)Jridl/z)Xij+Zlck X;X;
k=1
— (G XIDX +i/2(ch = (Xid)) +2(X;d)) + did; ) X
This completes the proof. O

The same result as Lemma 2.5, with suitable small adjustments, is still valid for the
operator P, the adjoint of P;. We state the precise result in Lemma 2.6 below.

Lemma26 Let f € COMR"), N > 1, and » > 1. Let also P|" be as in (1.2), and
{iX; } _, satisfying (Hy). Then, for every compact set K of R+, there exists a positive

constant Ck = Ck ({I0° flliL &) }a=0.1.2.  {IIV¥AllLo(k)}al=0.1,2) such that, for all
u € CP(K),

Irn(e_)‘fP*u e u)

N N
Z Tu e uy+ 033 (=iXaHIXj fPe M u, e u) = A2 Cxlle™ ull3,
j=1 j=1
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where

N
. i1 .
Q;(x,D) = Qj(x, D) —i § c (X7 Xk + Xg X)) —icX;
k=1

= (M=iX1f) +idi/2) XX — ch X5 X;

—IMX ;X1 )X +z/2<c — ¢ = (Xud)) +2(X; d1)+d1d)

with ¢f', as in 1), ¢] = YN, ((Xkc,{‘) + (Xpe]H) + Xk + (X;;c’;.l)) c
CoRMH, iR) forall j,k=1,...,N,and Q}, c}, asin(22)forallj =1,...,N
Proof To prove this lemma we make use of Lemma 2.5. By standard arguments we have

n N )
PG DY=PIX, D)y 30 XX+ D [l Xt X5 X)) — e X + (Xeth X

j=1 k=1

N N

=Y (X1dpX;+ Y ((Xjdyd; + (X5 X1d))) + do.
j=1 j=1

where ¢/ € C®(R"*1,iR) are such that

(X}, X1] Z ck '
Next, as in the proof of Lemma 2.5, we compute
Im(e_’\fPl*u, e My = Im(Pl*fe_’\fu, e,
where
Pl = e Pt = Pi(x, D + ADf)

=p/ +d12X X, + Z (el X+ X X)) + (= of e+ (xpeh) X, |
jk=1

_Z(dej)xj

20 (X jdnd; + (XJXdD) +do+dy 3 [3dj (X ) 420G ) = 22017

N N
j=1 j=1

+ 3 e - x))

Jj.k=1

X )X — Xi) + AXGXi ) + AXEX f) = 2)»2(Xjf)(ka)]

—AZ{Z ofldi — (XD (X ) + (Xd)) (X f)}

k=1
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Using the same notations as in the proof of Lemma 2.5, we have

N
m(P{ v, v)=Im(P{ v, v)+ > Im<( XEX+ X3 X )~ (e de— X5k X ), v)
jk=1
N
= > Im((X1dj)X v, v) — A2Ck |[v]1%,
j=1

N N
> Z(ij, V) + AN X fIvl,+ ) Im (c,il(x;*xk + X;X))v, v)

jk=1
<Z L — (Xpchh) X v, v)
Im((X1d;)X;jv, v) — A*Ck vl (2.7)

where Q; is as in (2.2).
Next, we define g;(x) := Z,](V:l(c dk — (X* kl)) and have that, since g; and (Xd;)

are real valued functions, and since the ck ! take purely imaginary values, then
1 2
Im (g;X;v,v) = % ((Xjg) + (djgp)v,v) = =Cxklvll7a, (2.8)
1
Im((X1dj)Xv,v) = _Z<((ijldj) + (X1d})d;)v, v) > CK||U||L27 2.9

and

m (e (XX + X{X v, v) = (= ie] (X Xe+ X X)), v)

_%((((chlil)‘i‘(chI{]))Xk-i-((Xkc )"F(X* /1)) > )

(((chk )dy, +(Xkck )d +(XkX] +X;'<XkC/{l))U7U>,

\S) \

which gives

N N
3 Im(e] XXk + XiXppv.v) = Y (—ic] (XIXe + X[ X ), v)
k=1 k=1
i N
=5 2 (€ Xjv.v) = Ckllvl, (2.10)

j=1

where

N
= > (XeeH + X + Xdkh) + (xgekh).
k=1

@ Springer



Carleman estimates for third order operators of KdV and... 2813

Inserting the last three inequalities, that is (2.10), (2.9) and (2.8), into (2.7), and using that
A > 1, by rearranging the indices we conclude

N
3
Im(P v, v) = > (@), v) + 2|1 1X1 12012, — 22Ck [v]12..

j=1
with
N
Q(x,D) = Q;(x,D) —i Zc,{l(xjxk +X; X)) —ic)X;
k=1

N
= (M=iX1 ) +id1 2) XX, = Y ie] X5 X
k=1

—IMX; X1 )X+ i/z(c; — ¢ — (X1d)) +2(X;dy) + dldj)x,-, @.11)

thatis Q’j differs from Q ; in the coefficients of the second termin (2.11), and in the appearance
of the function c; - c;.’ instead of c;. in the last term in (2.11). This completes the proof. O

Remark 2.7 The estimates proved so far do not necessitate of the nondegeneracy of X;. The
global nonvanishing requirement on X will come into play in the subsequent results.

In the next theorem we will consider both the case when the system of real smooth vector
fields {i X; }f\’: | satisfies (Hj), and the case when the system has the additional property to be
locally elliptic, that is in an open set. Recall that the system is elliptic at a point xo whenever
iX1(xp, D), ...,iXn(x0, D) generate the whole tangent space at that point, namely, in our
case, R"*1. When this happens, the operator given as the sum of the squares of the vector
fields, i.e. Z?[:l X’;Xj, is elliptic in a sufficiently small neighborhood of xg. Of course,
the system is said to be elliptic in an open set U if it is elliptic at each point of U. The
global ellipticity property - the ellipticity at each point of R”*! - is stronger than the global
involutivity in (H;). We can have globally involutive systems which are not globally elliptic.
An easy example is given by the vector fields i X; = dy, and i X, = x29,, in R?, which
commute and generate a globally involutive system, but form an elliptic system at any point
of Rz\{x € R?; x, = 0} and not on the whole RZ.

Theorem 2.8 (Carleman estimate for P; and P}") Let f € COR"H, {iXi}iN=1 be a system
of real smooth vector fields satisfying (Hy), and K a compact subset of R"1. Then,

(1) If f € C*®(R") is such that there exists Cy > 0 for which
—iX1f(x)>Cop>0, VxeKk,
then there exist Ly = Ag(K) > 1 and C = C(K) > 0 such that, for every A > Ay,

e/ Piullds, e ™ Puul?y = Calle™ ull},, Vu € CF(K).

(ii) If the system of vector fields {iX;}!_, is elliptic in a neighborhood of K, and if there
exists Co > 0 for which

—iX1f(x)>Co, VxeKk,
then there exist Ly = Ao(K) > 1 and C = C(K) > 0 such that, for every A > Ay,

le™ Prula. ™ Prulfa = Chlle™ ully. V€ C(K).
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Proof The proof relies on the use of Lemmas 2.5 and 2.6 when dealing with the statement
for Py and for P|" respectively. Below we shall give a detailed proof of the result for P,
and we omit the one for P;*. This is done because the proofs of the estimates for P;* and
for P; are exactly the same, up to the appearance of different constants depending on the
L°°(K)-norm of some smooth functions (because the difference between the estimates in
Lemmas 2.5 and 2.6 is just in the appearance of possibly different smooth coefficients in Q’j
and Q ;). Since there is no substantial change in the two cases, we focus on Pj.

By Lemma 2.5, for all > > 1, given a compact K of R"” on which —i X f > Co > 0, we
have

Im(e_}‘fPlu e_xfu)

N
Z T ey + 20 X f12 e ul, = 22 Cklle ™ ul,, Vu e C§(K),
with

N
Q) =0Q;@. D)= (M—iX1f) +idi/2)XIX; + Y ic] XiX;
k=1

+ (= IACGX ) + /20— (Xd)) +2(Xd) + did)) )X,

where i c,i 1, i c,/c, k =1,..., N,are smooth and real valued functions. Therefore, once A is big
enough, the proof of (i) and of (ii) depends on the estimate we can prove for the second order
term Z;’-lee(Q je_’xf u, e*/u). Then, let us focus on this term and show how different
hypotheses lead to different lower bounds.

In the sequel we will use again the notation v := e~*fy. First observe that, by Cauchy—
Schwarz inequality,

N
2 Re((—iX1f)X;Xv,v) = ( o——> an vl = g5 max | 1XGX e il

A NV A A L S
80
= <Co - 5) Z||va||iz — rcollvll2,. 80 € (0, 11,
j=1
with ¢ = co(80, {110% fllL }a1=0,1,2> {IV*All L }jo|=0,1,2), and

. N N
%Z(le;‘fva, v) — Z ic,{l(X,’fva, v)

Jj=1 j.k=1

N~

N N
> (@xw, Xjm = Xjo, Xdow) = 3 el X0, Xio)
j=1 Jok=1
N
—Z Xjv Z(szck )v)
k=1

J

V

, N
> (||d1||Loo+c1N+ >Z|X]U||L2—8, Ivll72,
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with a new positive constant C1 := max; y—1,.. n{ |c,i |}, and where C is a positive constant

.....

depending on all the L°°-norms of the functions X ;d; and X kc,il. By similar considerations,

(( —iMX ;X1 ) +i/2(c); = (X1d)) +2(X jd) —I—d1dj)>X.,‘v, v)

§ N C
> &3 X ullT, = A2 5K ull7,, W81 € (0, 1],

where C is a different suitable positive constant depending on the L*°-norms of f, a i, c}
and of their derivatives. Therefore,

N s & 1 1 81
0 2 2 2
E (Qjv,v) = A <Co 375" Xlldllle - XCIN ey ) X vlly. —A%erlvll}2,

with ¢ = ¢1(80, 85, 81, {118% fll > Haj=0,1,2, {I V¥ All L }a|=0,1,2). Then, choosing A >
4(C1N + ||dy ||Lx)C61 big enough, and &, 8(’), 81 sufficiently small, so that

50+86
2

1 81 _ Co
— Z(CIN + |ldy | 1~) — 2+ = =2,
/\(1 + lld1llL>) 225

we get

N Co N

2 2 2
;(ij, v) > A Zl 1X;v172 = A Ckllvll7..
Jj= Jj=

where Ck is a new positive constant since we have fixed Jo, 8(’), 81.
The estimate above yields

N
_ _ Co 3
tm(e™ Pru, e™u) = =2 X vl + 330X 12 vlge = A2Cillvliz,
Jj=l1

hence, if A > max{4(C N + ||di[|1)Cy ', 2Ck /C3} =: ho = ho(K), we have

N
af A f Co Ck
A X 2 2 2
Im(e ™ Pru, e fu)zx721||xjv||Lz+k - IIIZ,
j:

where, recall, Cg is a constant depending on some fixed constants N, g, 86, 81 and on the
L®-norms on K of f,a ks c;., and of their derivatives.
Finally, by Cauchy-Schwarz inequality,

Co Cx &

—A 2 2 2 2

lle fPlulle 225<?»*2 EI||XJ'U”L2+()‘ > —E)IIUIILz),
iz

which gives, taking § small enough and not necessarily depending on K (since we can always
assume CTK - A > 1 and take, for instance, § = 1/2 < }»2%(), we reach

N
_ Co Ck
le™ Pruligs = 223 IX ol + 22 = vllZ, (2.12)
j=1

which proves part (i) of the theorem.
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To prove part (ii) of the statement, we apply the Garding inequality on the first term on
the right hand side of (2.12), that is

N
D IX vl = Cllvlig, Vv e CR(K).

j=1
This completes the proof. m}

Remark 2.9 (The case N = n = 1) Note that when N = n = 1 (Hy) is trivially satisfied. For
the same reason, result (i) does not apply to this case, since X| alone cannot generate R2.

An immediate application of the Carleman estimates in Theorem 2.8 is the following local
solvability result.

Theorem 2.10 Let{iX; }5\’:1 be a system of vector fields satisfying (Hy) such that X1(x, D) #

0forallx € R"*!. Letalso Py and P} beasin(1.1) and (1.2) respectively. Then the following
propetrties hold.

(i) Py and P{ are L% — L? locally solvable at any point of R"+1,
(i) If{iX; }?’:1 is elliptic at xy € R, P| and P are Hl—L? locally solvable at x.

Proof The proof is based on the use of Theorem 2.8 and of some standard functional analysis
argument. More specifically, the H® — L? local solvability of Pj at a point x € R"*1, is
equivalent to the validity of the following solvability estimate for the adjoint P;*: there exists
C > 0 and a compact K containing x in its interior Uk, such that

IPfull2 = Cllullg-s, Vu € Cg°(Uk).

The solvability estimate, Hahn-Banach and Riesz representation theorems, alltogether give
the result (see, for instance, Lemma 1.2.30 in [33]). Since X; is nondegenerate (see also
Remark 2.1), given Cy > 0 and xo € R**!, it is always possible to find a smooth function f
and a compact set K C RrH containing xq in its interior, such that i X1 f (x) > Co > 0 for
allx € K. Moreover, if {i X ; }?’:1 is elliptic at xq, one can always choose K sufficiently small
so that the system of vector fields is elliptic in a neighborhood of K. Hence, by the Carleman
estimate for Pf", for x¢ € Rt and for the compact K chosen as above and containing xo

in its interior, there exists Ag(K) > 1 and C > 0 such that, for all > > A,
e Pfll;2 = Clle™ ullg-s, Yu e CF(K), (2.13)

where s = 0 in case (i) and s = —1 in case (ii). By estimating from above and from below
e *f on K with positive constants, (2.13) easily implies the solvability estimate with s = 0
under the hypothesis in part (i), and with s = —1 under the hypothesis in part (ii). From the
solvability estimate, by the standard considerations mentioned at the beginning of the proof
(see [33]) we get the L? — L2 and the H~! — L? local solvability of P at xo according to
the hypotheses in (i) and (ii) respectively. Finally, since (2.13) with s = 0 does not depend
on the choice of xo, we conclude the L? — L? local solvability of P; at any point of R+,
This completes the proof (i) and of the theorem.

For the local solvability of P, one repeats the same steps reversing the roles of P; and
Pl O

Remark 2.11 When the vector field i X is nondegenerate only on a compact K C R+,
using the previous strategy we can reach the local solvability of P and of P} at any point of
the interior Ug of K.
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Remark 2.12 Note that Theorem 2.10 says that we can have different types of local solvability
at different points. At any point we have the L? — L? local solvability, but only at elliptic
points - the points where the system is elliptic - we have a better local solvability, that is the
H™' -2

3 Examples and applications: KdV and non KdV-type operators with
variable coefficients

In this section we would like to list a few examples of operators of Pj-type. We pointed out
more than once that we are particularly interested in dispersive models, therefore we will
mainly focus on such cases here, even though the class is more general and we could exhibit
different type of operators.

Variable coefficient KdV operators. Let N = n = I, R"*! = R = R, x R,, and
Xo(t,x, Dy, Dy) = Dy, and X(t,x, D;, Dy) = a(x)Dy,

where a € C®°(R,; R), a(x) # 0 for all x € R. Then
Pi(t,x, Dy, Dy) = D; + (a(x)Dy)(a(x)Dx)*(a(x)Dy)

=—i (a, + (a(x)ax)(a(x)ax)*(a(x)ax))

which is a KdV operator with space-variable coefficients. Our solvability theorem applies
to this model, so we can assert that this operator, as well as i P; of course, is L2 — 12
locally solvable at any point of RZ. More generally, one can consider the coefficient a as a
function of both (¢, x), hence a(z, x), or even just a time dependent function, provided that
it is everywhere nonvanishing. In this last case one can also describe some of the operators
treated in [1].

Variable coefficient ZK operators. Let N =n = 2, R+l —R3 = R; x R?c, and
Xo(t,x, D, D) =D, and X;(t,x,D;, Dy)=X;(x,Dy), j=1,2,

with X, X5 such that X1*X(x, Dy) + X2*X»(x, D) is an elliptic operator on ]R)z(. In other
words, we are assuming the vector fields i X ; (x, D) to be nondegenerate and linearly inde-
pendent at any point x € R2, so they form a global involutive distribution both in R? and in
RR3. Under these assumptions the operator

P = D, + X1(x, Dy) (X X1(x, Dy) + X5X2(x, D))

is a prototype of a variable coefficient ZK-operator to which our solvability theorem applies.
Hence, we have the L2 — L? local solvability property for P in R"*! by Theorem 2.10.

Notice that the “ellipticity in space” of X1* X1 (x, Dy) + X2* X»(x, D) implies the global
involutivity of the system {i X1, i X5}, thus any prototype of this sort fits in our class. On
the other hand, we assumed the ellipticity in space of X7 X1(x, Dy) + X2*X>(x, D) just in
order to represent a variable coefficient analogue of the ZK operator, and not because P;-type
operators need to satisfy this requirement. In fact, we can take more general cases, provided
that the global involutivity is satisfied. In general, to describe a variable coefficient P;-type
ZK operator, one can take X, X, of the form
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X1(x, Dy) = ai1(x)Dy +apn(x)Da, aj(x) #0 or ap(x) #0 Vx e R?,
Xa(x, Dy) = az1(x) Dy + an(x)D;
[X1. X2](x, Dx) = c1(x)X1(x, Dy) + c2(x)X2(x, Dy), 1,2 € CP(R%iR),
Vx € Ri,

with ¢;; € C*° (R2;R) forall i, j = 1, 2, where the global involutivity is given by the third
condition. For instance, the example of globally involutive but not globally elliptic system
given after Remark 2.7, that is X; = Dj, X, = xpD», where [X1, X2] = 0, fits in these
cases. Here, by Theorem 2.10, we have L% — L2 local solvability on R2, and H~! — 1.2 local
solvability at the elliptic points, i.e. at any point of R? \ {x € R?; x, = 0}.

Non KdV-type operators. To give a more complete picture of the objects of this paper, we
provide immediate examples of non KdV-type operators of P;-type.

Let N < n and R*H = R, x R,. Let also {in}jy:] be a global involutive system of
real smooth vector fields in R? (depending only on the space variables and on the space
derivatives), X| nondegenerate on R"+! and Xo = 0. Then

N
Pi(t,x, Dy, Dy) = Py(x, Dy) = X1 ) XiX,
j=1

is of Pj-type both on R” and on R”*! but not of KdV-type on R"*!, since there is no time-
evolution here. Note that we could also take N < n 4 1 and define an operator whose leading
part has variable coefficients depending both on space and time.

More degenerate variable coefficient KdV-type operators. Still in the case n = 2, one
can consider models where N = 1, iX(x, D;, Dy) = X{(x, D) is a nonvanishing real
vector field with smooth coefficients, and Xy = D;. In such a case we have no ellipticity
in space for X7 X1, since X7 X cannot be elliptic under our assumption that i X has real
coefficients. Nevertheless, all the hypotheses, namely (H1) and the nondegeneracy of X1,
are satisfied, hence our results apply - the Carleman and the solvability theorem - and the
operator is locally solvable at any point of R3.

This example can be generalized in any dimension n > 2. By taking {i X; (x, DX)}jy:],
N < n, being a globally involutive system of real smooth vector fields (indexed in such a
way that X is nondegenerate), and taking i Xo = 9;, the corresponding operator P is built
from an operator £ := Z]/-V:l X ’; X ;j which is not necessarily elliptic in space.

In the rest of this section we will give concrete examples of KdV and non KdV P;-type
operators constructed via some Lie algebras, specifically stratified Lie algebras. These cases
are taken into account due to their global involutive structure. One can, of course, design
many other different examples.

KdV-type operators built via the Heisenberg Lie algebra. Let us start with the example
mentioned in the introduction and related to the Heisenberg group. We restrict ourselves to
N =n =3 -hence P is defined on ]Ri - Which can be immediately generalized to the case
N = n = 2k + 1, for any positive integer k.

We take, as before, Xo = D, andi X, j = 1, 2, 3, as the vector fields giving the canonical
basis of the Lie algebra of H!. Recall that the Lie algebra h' is stratified of step 2, and
that X1, X, are the so-called ”generators” of the stratified Lie algebra. These vector fields,
together with their commutator, generate the whole Lie algebra h' = Span{X|, X», X3}. In
fact, [ X1, X2] = X3 and [X1, X3] = [X2, X3] = O for all x € R3. This guarantees that the
vector fields X ;, j = 1, 2, 3, form a global involutive structure. For completeness, we recall

@ Springer



Carleman estimates for third order operators of KdV and... 2819

the expression of the vector fields below

. . X2
iX1(t,x, D, Dy) =iX1(x, Dy) = 0y, — ?an;’

X
iXa(t,x, Dy, Dy) = i Xa(x, Dy) = 8y, + 518@
iX3(t,x, D, Dy) =iX3(x, Dy) = ax3-

Note that X ; = X;f, thus P; = Pl* in this case. Moreover, X ; (x, D) is nondegenerate for all
j =0,...,3, implying that the operators
3
Py jy(t,x, Dy, Dy) = Xjo(x, D) Y X5(x, D)+ Dy, jo=1,2,3, (1,x) € RY,
j=1

are locally solvable at any point of ]R;" . by Theorem 2.10. To define the same kind of operators

in higher dimension it suffices to use the Heisenberg Lie algebra h* of dimension 2k + 1,
and take N =2k + 1 =n.

KdV-type operators built via the Heisenberg Lie algebra in higher dimensional spaces.
By taking the same vector fields as above generating h!, one can cook up more singular
operators in higher dimensional spaces. Take N = 3 < n, Rl = R, x Ri X R;_3, and

Py_j, as before, but now defined on R+ thatis

3
Py jy(t.x,y, Dy, Dy, Dy) = Xy (x, D) Y X5(x, D) + Dy, jo=1,2,3,
j=1
(t.x.y) e R, x R} x RY ™.

Then we have that the system of vector fields {i X ; (x, Dy)}=1,2,3 is still globally involutive
in R;’}"ly, and the hypotheses of Theorem 2.10 are satisfied. Hence, we get local solvability
for these operators at any point of Rﬁlv

Similar operators can be written by using the Heisenberg Lie algebra b¥, for every k > 1,

and N =2k+1 <n.

KdV-type operators built via stratified Lie algebras: general construction. Following
the previous constructions, we can formalize the procedure to build operators as above with
any stratified Lie algebra of step r on R™. Let {i X ; };f’: | be the canonical basis of g (via the
expnential map), and

9=@19;, l9), 0] C gk+js

where g; generates g as an algebra, that is, linear combinations of the elements of g; and
of their iterated commutators up to length r, generate the whole g. In particular, assuming
no = 0, one has that

nj = dim(g,) = dim(Span{i X,,, ,110c, Dy), ..., i X, (6, DOY, Vje(l,....r},

and
,
an =m.
Jj=1
Letnow N =m < n, R"! =R, x R" xRIT™, jo=1,...,m, and
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m
Py jy(t, X, y, Dy, Dy, Dy) = Xy (x, D) Y X5(x, D)X (x, Dy) + Dy,
j=1
(t.x,y) eRy x R} x R},

Then, once again, we have that {i X j}';‘ | 1s a global involutive system of vector fields on

R+ Moreover, the vector fields, being elements of the canonical basis of the Lie algebra,
are all nondegenerate in R"*! Hence, for every jo = 1, ..., m, the operator P j, satisfies

the hypotheses of Theorem 2.10, leading to the local solvability property for all these models.

Non KdV-type operators built via Lie algebras. One can get immediate examples of non
KdV-type operators just by taking the previous examples with Xo = 0.

Remark 3.1 In our examples above we have focused primarily on space-variable coefficient
KdV-type operators. We want to stress that several KdV-type operators, with coefficients
depending both on (¢, x) or just on ¢, are still included in our class P;.

4 Final remarks and applications to dispersive equations

In this conclusive section we would like to discuss possible applications in the context of
dispersive equations of KdV-type, as well as some open connected questions.

Uniqueness problems. Uniqueness problems, or Hardy uncertainty principles (see [7]), for
dispersive equations, are strictly related to Carleman estimates.

In general, when dealing with dispersive equations, one aims at global in space and local
or global in time results. Global in time results are more challenging an not always attainable,
so it is a natural common rule to investigate local in time properties first, and, afterwards, to
extend, if possible, the result at all times.

The same considerations apply to Carleman estimates. This means that one needs global
in space and local in time estimates if one wants to apply them in the context of dispersive
equations. This is usually done via a combination of strategies. One of this strategies consists
in considering the operator with bounded space-variable coefficients with a certain decay
property. This condition is actually not just a technical condition, but is also related to the
validity of smoothing properties for dispersive operators (see, for instance, [6], [29], [22], [37],
[34]). Once the Carleman estimate is made global (in space) through a series of conditions
in spirit as the one above, then one can attain uniqueness results via a precise cutting off
procedure according to the assumptions considered on the solutions.

That said, it should be possible to reach global (in all but at most one direction) Carleman
estimates for Py and P} from our local estimates in Theorem 2.8. These global estimates
can be applied to study uniqueness problems for dispersive operators belonging to our class.
For what we just explained above, by introducing suitable conditions on the coefficients
of the operator and on the weight function f, one should be able to produce the desired
global inequality. However, even if the road map to get a global inequality is in the proof of
Theorem 2.8, its derivation and the application to uniqueness problems is nontrivial.

Let us also stress that, if one is interested in the study of local unique continuation proper-
ties, then our estimates are already strong enough to pursue this goal, and one should focus
more on the study of the geometric conditions leading to the result, that is, in other words,
on the choice of the suitable weight function f.
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Other KdV-type models and relative questions. In our discussion, we have motivated our
analysis with the connection of the class P; with KdV-type operators. However, it must be
said that we have a rigorous derivation of the ZK equation as a sort of generalization of
the KdV one in (space) dimension 2, but for the higher dimensional case the argument is
much harder and not established to the author knowledge. On the other hand, it is known that
third order equations play a central role in water waves, nonlinear optic and related fields.
A detailed interesting description of third order dispersive equations and of their physical
role is contained in [30], where a class of third order operators with constant coefficients is
studied. Let us remark that a subclass of the class in [30] of constant coefficient operators
is certainly contained in our general variable coefficient class P;. We also recall that P is
defined in any space dimension, while the class in [30] concerns the case R} =R, x ]R)zc.
That said, it would be interesting to investigate Carleman estimates, local solvability, and
connected problems, for operators in the very general form

M N
Py(x, D)= Y X;Xi*Xp + X0, 1<M <N, xeR",
j=1k=1
or
M N L
Pyx.D):=) ) X;Xi*Xe+ ) cuXi*Xi+Xo, 1<M <N, L<N, cieR,
j=lk=1 il=1

= Rn+l

under a sort of ellipticity requirement in the spirit of condition (1.5) in [30], condition also
appearing in the examples provided above to describe KdV-type operators. Note that these
classes, which generalize and contain Pj, clearly still contain KdV-type operators, both with
constant and with variable coefficients, as well as the whole class studied in [30], at least in
the case described by Ps3. Due to these considerations, it is natural to wonder whether P> or
P;5 is the right generalization of (linear) KdV-type operators, or if P; already provides the
best description, being clear that P, and Ps are classes wider than P;. In any case, the validity
of Carleman estimates in this generality is still an open problem.
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