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GLOBAL SOBOLEV THEORY FOR
KOLMOGOROV-FOKKER-PLANCK OPERATORS WITH
COEFFICIENTS MEASURABLE IN TIME AND VMO IN SPACE

STEFANO BIAGI, MARCO BRAMANTI

ABSTRACT. We consider Kolmogorov-Fokker-Planck operators of the form

q N
Lu = E aij(z, t)uxﬂj + E bjkTruz; — Opu,
i,J=1 k,j=1

with (z,t) € RV N > ¢ > 1. We assume that a;; € L™ (RV '), the matrix
{ai;} is symmetric and uniformly positive on R?, and the drift

N
Y = Z bjkmkawj — O
kj=1
has a structure which makes the model operator with constant a;; hypoelliptic,
translation invariant w.r.t. a suitable Lie group operation, and 2-homogeneus
w.r.t. asuitable family of dilations. We also assume that the coefficients a;; are
VMO w.r.t. the space variable, and only bounded measurable in t. We prove,
for every p € (1,00), global Sobolev estimates of the kind:

q a
”uHW;vP(sT) = Z ||u1i1j HLp(ST) + HYu||LP(ST) + Z Huzz'”Lp(sT)
ij=1 i=1

il gsyy < e 1€ulogsyy + lullogsy) }

with St = RY x (=00, T) for any T € (—o0, +00]. Also, the well-posedness in
WP (Qr), with Qr = RY x (0,T) and T € R, of the Cauchy problem

Lu=f in Qr
u(,0)=g inRY

is proved, for f € LP (r),9 € WP (RY).

1. INTRODUCTION AND MAIN RESULTS
1.1. The problem and its context. In this paper we deal with Kolmogorov-
Fokker-Planck (KFP, in short) operators of the form

q N
(1.1) Lu = Z aij(m,t)aiixju + Z bikTrOr,u — Opu, (z,t) € RV H

ij=1 k=1
where N > ¢ > 1. The first-order part of the operator, also called the drift term,
will be briefly denoted by

N
(1.2) Yu= Z bjkTrOr,u — Opu.
k,j=1
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We will make the following assumptions:
(H1) Ao(z,t) = (az(z,1)){;_, is a symmetric uniformly positive matrix on R
of coefficients defined in R¥*! and belonging to L™ (RV*1), so that

q
(1.3) VIEP <) ai(e, 068 < v g

ij=1

for some constant v > 0, every £ € R?, a.e. (x,t) € RVFL,
The coefficients will be also assumed VMO w.r.t.z (and merely mea-
surable w.r.t.t) in a sense that will be made precise later (see Assumption

(H3) in Section 1.3).
(H2) The matrix B = (bij)%-:l satisfies the following condition: for my = ¢ and

suitable positive integers m1, ..., my such that
(1.4) mg>mi>...>mp>1 and mg+mi+...+my =N,
we have
O O 0O O
B O ... ... ...
(1.5) =10 By ... O O
O O ... B O

where O is the null matrix, and every block B; is an m; x m;_1 matrix of
rank m; (for j =1,2,...,k).

We explicitly note that, when ¢ < IV, the operator L is ultraparabolic; nevertheless,
under assumptions (H1)-(H2), as proved by Lanconelli and Polidoro [24], the
model operator Ly corresponding to the case of constant a;; (as well as its formal
transpose L() is hypoelliptic and satisfies the following properties:

(a) Lo is left-invariant on the non-commutative Lie group G = (RNT1 o),
where the composition law o is defined as follows
(1.6) (y;8) o (2,t) = (z + E(t)y,t + s)

(ya S)_l = (_E(_S)ya _5)7
and E(t) = exp(—tB) (which is defined for every ¢ € R since the matrix B
is nilpotent). For a future reference, we explicitly notice that
(17) (yus)ilo(xut) = (JZ—E(t—S)y,t—S),

and that the Lebesgue measure is the Haar measure, which is also invariant
with respect to the inversion.

(b) Lo is homogeneous of degree 2 with respect to a nonisotropic family of
dilations in RNt which are automorphisms of G and are defined by

(1.8) D) (z,t) = (Do(\)(z), \2t) = A\ zq,..., XNz, A%t),
where the N-tuple (q1,...,qy) is given by
(q1,---qn)=(1,...,1,3,...,3,...,2k+1,...,2k+ 1).
S—— ——
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The integer

N

i=1
is called the homogeneous dimension of RN, while Q+2 is the homogeneous
dimension of RN,

Actually, Lanconelli-Polidoro in [24] have studied constant-coefficients KFP op-
erators corresponding to a wider class of matrices B, which are not nilpotent; these
more general operators are hypoelliptic, left-invariant with respect to the above op-
eration o, but they are not necessarily homogeneous. After the seminal paper [24],
more general families of degenerate KFP operators of the kind (1.1), satisfying the
same structural conditions on the matrices Ag and B but with variable coefficients
a;j (x,t), have been studied by several authors. In particular, Schauder estimates
have been investigated first by Manfredini [25] and later, under more general as-
sumptions on B, by Di Francesco-Polidoro in [18], on bounded domains, assuming
the coefficients a;; Holder continuous with respect to the intrinsic distance induced
in RV*! by the vector fields 0, ..., Ox . Y. In the framework of Sobolev spaces,
local LP estimates for the derivatives (’ﬁwju (i,j = 1,2,...,q) and Yu in terms of
Lu have been established, for operators (1.1) with VMO coefficients a;; (z,t), by
Bramanti, Cerutti, Manfredini [11]. We recall that the VMO assumption allows
for some kind of discontinuity.

In recent years, there has been growing interest, especially motivated from the
research in the field of stochastic differential equations (see e.g. [28]), in the study
of KFP operators with coefficients a;; rough in ¢ (say, L>°), and with some mild
regularity (for instance, Holder continuity) only w.r.t. the space variables. The
Schauder estimates that one can reasonably expect under this mild assumption
consist in controlling the Holder seminorms w.r.t. x of the derivatives involved
in the equations, uniformly in time. Such estimates are sometimes called “partial
Schauder estimates”. In the paper [1] we have established global partial Schauder
estimates for degenerate KFP operators (1.1) satisfying assumptions (H1)-(H2),
with coefficients a;; Holder continuous in space, bounded measurable in time. We
have also shown that the second order derivatives agwju (for i,j7 =1,2,...,q) are
actually locally Holder continuous also w.r.t. time. In [3] we have proved analo-
gous results on bounded cylinders, while more general global results in the context
of partially Dini continuous functions have been established by Biagi, Bramanti,
Stroffolini in [4]. Partial Schauder estimates for degenerate KFP operators have
been proved also in [14] by Chaudru de Raynal, Honoré, Menozzi, with different
techniques and without getting the Holder control in time of second order deriva-
tives. We refer to the introduction of [1] for further references on both standard
and partial Schauder estimates for these operators.

On the other hand, Sobolev estimates have been proved by Menozzi [26] for
a family of KFP operators with very general drift (containing as a special case
the class (1.1)), assuming the coefficients a;; (x,t) uniformly continuous in x and
bounded measurable in t. Later, Dong and Yastrzhembskiy in [19], have proved
Sobolev estimates of this kind for a class of operators (1.1) with the drift of special
type (“kinetic KFP operator”), assuming the coefficients a;; (,t) to be VMO
w.r.t.  and bounded measurable w.r.t. time. We also quote the paper [20], by
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the same Authors, where similar results are proved in the case of KFP operators
in divergence form.

In the present paper we prove global Sobolev estimates, on R¥*! and on infinite
strips S7 = RY x (—o0, T, for KFP operators (1.1) satisfying assumptions (H1)-
(H2), with coefficients a;; (x,t) VMO w.r.t. x and L* w.r.t. time (see assumption
(H3) in Section 1.3 and Theorems 1.4 and 4.1 for the precise results). Moreover,
we prove the unique solvability in W;gp (St) of the equation

Lyu— = fin Sp

for A > 0 large enough and f € LP (St),T € (—o0, +00| (see Theorem 4.7). From
this fact we also deduce well-posedness results for the Cauchy problem for £ on
strips Q7 = RN x (0,7),T € (0,4+00),

{ Eu:finQT
U(',O):g

with f € LP (Qr),g € W” (RY) (see Theorem 1.7).

Our class of operators contains that one studied in [19], but our technique is
completely different. Actually, here we apply the technique that we have recently
introduced in [2], which is based on a combination of different ingredients. To
describe this technique and the strategy of this paper, let us briefly recall two
different approaches which have been followed so far to handle uniformly elliptic
or parabolic nonvariational operators with VMO coefficients. The first one dates
back to the early 1990s with the works of Chiarenza-Frasca-Longo [15], [16] for uni-
formly elliptic operators. That technique heavily relies on representation formulas
of agmju in terms of Lu, via a singular kernel “with variable coefficients”, obtained
from the fundamental solution of the model operator with constant coefficients.
This singular kernel needs to be expanded in series of spherical harmonics, getting
singular kernels “with constant coefficients” (i.e., of convolution type). One then
needs to apply results of LP continuity of singular integral operators and of the
commutator of a singular integral operator with a BM O function. This technique,
and its furher extensions to parabolic operators (see [9]), KFP operators (see [11]),
and nonvariational operators structured on Hérmander vector fields (see [6], [7]),
exploits both translation invariance and homogeneity (in suitable senses) of the
model operator with constant a;; or, in some cases, the possibility of approximat-
ing locally the operator under study with another one possessing these properties.
Moreover, it relies on the knowledge of fine properties of the fundamental solution
of the constant coefficient operator, with bounds on the derivatives of every order
of this fundamental solution, which have to be uniform as the constant matrix
(ai;) ranges in a fixed ellipticity class.

A different technique to prove WP a-priori estimates for nonvariational elliptic
or parabolic operators with VMO coefficients has been devised in 2007 by Krylov
[21], and exploited in a series of subsequent papers. A key step in Krylov’ technique
constists in establishing a pointwise estimate on the sharp maximal function of
the second derivatives of u in terms of Lu, where £ is the model operator with
constant a;; (if the final goal is to study elliptic operators with VMO coefficients)
or coefficients a;; (t) € L* (R) (if the final goal is to study parabolic operators
with coefficients a;; (z,t) VMO w.rt. x and L*™ w.r.t. t). Once this estimate
is proved, a clever procedure allows to exploit the VMO assumption on a;; for
replacing the model operator £ with £. In turn, in order to establish this estimate
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on the sharp maximal function of (ﬁﬁju, Krylov makes use of many results on
elliptic or parabolic operators with constant coefficients (or, in the parabolic case,
coefficients only depending on t), including several classical solvability results,
together with pointwise estimates on the derivatives of the solutions, and exploits
translations, dilations, and the Poincaré’s inequality in the space variables. The
extension of this part of Krylov’ technique to degenerate operators of Hormander
type seems very difficult. So far, we can quote only the paper [13] by Bramanti-
Toschi where this technique has been successfully implemented, for novariational
operators modeled on Hormander vector fields in Carnot groups.

In [2] we have introduced a new approach which combines some ideas of both
the strategies described above (by Chiarenza-Frasca-Longo and by Krylov), which
we are now going to describe. In the present situation, our model operator is the
KFP operator with coefficients only depending on time (in a merely L™ way):

q N
(1.10) Lu = Z aij(t)c')gixju + Z bjx20z;u — Opu.
ij=1 kj=1

We follow Krylov in the idea of exploiting an estimate on the sharp maximal
function of 8%1,%@ (in terms of Lu) to prove LP estimates for the operator £ with
coefficients VMO w.r.t. z and L*> w.r.t.t (see our Theorem 2.1). In order to prove
this bound on the sharp maximal function, however, we do not follow Krylov’
technique but use representation formulas for second order derivatives in terms
of the model operator £. Since an explicit fundamental solution for £ has been
built in [12], the singular kernel appearing in this representation formula, although
not of convolution type, can be directly studied thanks to the theory of singular
integrals in spaces of homogeneous type. The link between the two ingredients of
our proof (singular integral operators and sharp maximal function) is contained
in an abstract real analysis result in spaces of homogeneous type which has been
proved in [2]. By the way, we note that the lack of homogeneity, and the lack of
regularity w.r.t.the ¢ variable, of the fundamental solution of £, prevents us from
applying Chiarenza-Frasca-Longo’s technique in this situation.

As usual for operators with variable coefficients, we first prove a-priori estimates
for smooth functions with small support. Passing from this result to global a-
priori estimates for any W)2(,p -function requires the use of suitable cutoff functions,
a covering theorem, and interpolation inequalities for first order derivatives. In
the present setting, cutoff functions are easily built thanks to the presence of
translations and dilations. A general covering theorem in spaces of homogeneous
type, proved in [2], applies also to our situation. Finally, in the present situation
the required interpolation inequality is just the Euclidean one on 0,.

1.2. Structure of the paper. In Section 1.3 we introduce the geometric struc-
ture related to our operator (translations, dilations, distance), and point out some
known facts about these structures. We also introduce some real variable notions
related to maximal functions, and recall the related known inequalities. We then
introduce the function spaces that will be used throughout the paper, make our
assumptions and state our main results. In Section 2 we study the model oper-
ator £ (1.10) with coefficients depending only on t. We recall the known facts
about its fundamental solution I', prove suitable representation formulas, prove
the LP continuity of the singular integral operator corresponding to the singular
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kernel 8§ixjf, and with these tools we prove Theorem 2.1, which gives a bound
on the oscillation of (‘?gim],u in terms of Lu. In Section 3 we consider operators
with coefficients a;; (z,t) satisfying our VMO assumption in the space variables.
Applying Theorem 2.1, we prove an analogous bound on the oscillation of agwju
in terms of Lu (Section 3.1). This bound implies, via the maximal inequalities and
exploiting our VMO assumption, an LP estimate on agmju in terms of Lu, for
smooth functions with compact support (Section 3.2). Finally, we extend the L?
bound to a global Sobolev estimate, with the techiques already sketched at the
end of Section 1.1. In Section 4 we come to the existence results. First (Section
4.1) we show that the global estimates proved in Section 3.2 still hold on strips
St = RN x (—o00,T) for every T € R, and prove the well-posedness of the equation

Lu— Au= fin Sp

for A > 0 large enough and f € LP (S7) with T' € (—o0, +0o0]. Then, in Section
4.3, we deduce a well-posedness result for the Cauchy problem for L.

1.3. Assumptions and main results. We can now start giving some precise
definitions which will allow to state our main result.

Throughout the paper, points of R¥*! will be sometimes denoted by the com-
pact notation

f:(az,t), 77:(:%3)'

Let us introduce the metric structure related to the operator £ that will be
used throughout the following. The vector fields Oy,,...,0;,,Y form a system
of Hérmander vector fields in RV, left-invariant w.r.t. the composition law o de-
fined in (1.6). The vector fields 0., (i = 1,...,q) are homogeneous of degree 1,
while Y is homogeneous of degree 2 w.r.t. the dilations D(\) defined in (1.8). As
every set of Hormander vector fields with drift, this system

X ={04,...,0,,,Y}

induces a (weighted) control distance dx in RV*!; we now review this definition
in our special case. First of all, given ¢ = (x,t), n = (y,s) € R¥*! and § > 0, we
denote by C¢ ,(9) the class of absolutely continuous curves
©:[0,1] — RN+
which satisfy the following properties:
(i) (0) = ¢ and ©(1) = n;
(ii) for almost every ¢ € [0,1] one has

q

¢'(t) = Z ai(t)pi(t) + ao(t) Y,

i=1
where ag, ..., a4 : [0,1] = R are measurable functions such that
la;(t)| <6 (fori=1,...,q) and |ag(t)| < 6? a.e. on [0, 1].

Here ¢; are the components of the vector function ¢ and Y, stands for the
vector field Y evaluated at the point ¢(t). We then define

dX(f,n) = inf{5 >0:dpe€ Cm(é)} .
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Since Oz, ...,0,,Y satisfy Hormander’s rank condition, it is well-known that
the function dy is a distance in RV*! (see, e.g., [27, Prop.1.1] or [8, Chap.1]);
in particular, for every fixed &,7 € RV*T! there always exists § > 0 such that
Ce(0) # @. In addition, by the invariance/homogeneity properties of the vector
fields, we see that

(a) dx is left-invariant with respect to o, that is,

(1.11) dx(&,m) = dx(n" 0&,0)
(b) dx is is jointly 1-homogeneous with respect to D(\), that is
(1.12) dx(D(NE, D(AN)n) = Mdx(&,n) for every A > 0.

As a consequence of (1.11), the function px (§) := dx(&,0) satisfies

(1) px(§71) = px(&);
(2) px(§on) < px(&) + px(n);
moreover, by (1.12) we also have

(1) px(§) = 0 and px(§) =0 & £ =0;
(2)" px(D(AN)E) = Apx (§),

and this means that px is a homogeneous norm in RN+,

We now observe that also the function
N
(1.13) p(€) = pla,t) == ||z + V]t = D |zl + /1]
i=1

is a homogeneous norm in RN*1 (i.e., it satisfies properties (1)’-(2)’ above), and
therefore it is globally equivalent to px (see e.g. [8, Thm.3.12]): there exist ¢1,ca >
0 such that

cpx (&) < p(&) < copx(§) WV EeRNTL

As a consequence of this fact, the map

(1.14) d(&,n) = p(n~" 0 &)

is a left-invariant, 1-homogeneous, (quasisymmetric) quasidistance on RN !, This
means, precisely, that there exists a ‘structural constant’ £ > 0 such that

(1.15) d(&,n) < k{d(&, Q) +d(n,¢)}  VE&n (e RN
(1.16) d(¢,n) < kd(n,§) YV E&neRNTL

The quasidistance d is globally equivalent to the control distance dx; hence, we
will systematically use this quasidistance d and the associated balls

B.(&):={ne RNY*L: d(n, &) < r} (for £ € RN and r > 0).

Remark 1.1. For a future reference, we list below some properties of d.

(1) By (1.7), d has the following explicit expression

(117) d(§777) - ”l’ - E(t - S)y” + v ‘t - S|7

for every € = (z,t), n = (y,s) € RN*TL
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(2) Since E(0) = 1d, from (1.17) we get
(1.18) d((z,t), (y,t)) = |z — y|| for every 2,y € RY and t € R,
from which we derive that the quasidistance d is symmetric when applied
to points with the same t-coordinate. We explicitly emphasize that an a-

nalogous property for points with the same z-coordinate does not hold: in
fact, for every fixed z € RV and t,s € R we have

d((z,1), (z,5)) = [lz = B(t — s)z|| + /[t — s[ # /|t = s].
(3) Let & € RN be fixed, and let » > 0. Since d satisfies the quasi-triangular
inequality (1.15), if 91, m2 € B,(§) we have

d(m,n2) < 2kKr.

(4) Taking into account the very definition of d, and bearing in mind that p is
a homogeneous norm in RV it is readily seen that

(1.19) B,(§) =¢0 B (0)=£0D(r) (Bi(0)) VEERY r>0.

From this, since the Lebesgue measure is a Haar measure on G = (]RN + o),
we immediately obtain the following identity

(1.20) 1B, ()] = |B, (0)] = wr®*?

where w := |B; (0)| > 0. Identity (1.20) illustrates the role of @ + 2 as the
homogeneous dimension of RN*T1 (w.r.t. the dilations D()\)).
(5) Property (1.20) in particular implies that a global doubling condition holds:

(1.21) | Bar (§)| < ¢|Br(€)]

for some constant ¢ > 0, every ¢ € R¥*! and » > 0. In turn, this fact
implies that RV*!, endowed with the quasidistance d (or the equivalent
control distance dx) and the Lebesgue measure is a space of homogeneous
type, in the sense of Coifman-Weiss [17]. This will be a key point, in order
to apply several deep known results from real analysis.

(6) Another consequence of (1.20) that we will apply in the following is the
inequality

(1.22) | Bir (£)| < ck®T2 B, (9]
for every £ € RNt r >0,k > 1.

The quasidistance d allows us to define the function spaces which will be used
throughout the paper.

Definition 1.2. For any f € L}, . (RNT1) we define the (partial) VMO, modulus
of f as the function

1
ng(r) = sup —_

dxdt,
€oERN+1 p<r |Bp (o)l By (&o)

f(.’]:,t) - f(.7t)Bp($0,t0)

for any r > 0, where, throughout the following, we let
1

(1.23) o
1Bl /s

We say that f € BMO, (RNT1) if 5 is bounded; we say that f € VMO, (RNF1)
if, moreover, ny (r) — 0 as r — 0.
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Note that in (1.23) we compute the integral average, over a ball of RVN*! of
the function f (-,#) which only depends on the space variable in RY (since ¢ is
fixed). Nevertheless, due to the nontrivial structure of metric balls, this quantity
cannot be rewritten as an integral average over some fixed subset of RV. This
phenomenon is different from what happens in the parabolic case dealt in [21].

Note also that if f € L% (RNT1) then obviously f € BMO, (RN*!) with
g (1) < 2| fll poo(gny- Our last assumption on the variable coefficients a;; will be
the following:

(H3) We ask that the coefficients a;; in (1.1) belong to VMO, (RVF1).
Letting, for any R > 0,

(1.24) af (R) = max Nas; (R),

iyjzlv“'vq

our bounds will depend quantitatively on the coefficients through the function af
and the number v in (1.3).

Let us now introduce the Sobolev spaces related to our system of Hormander
vector fields, fixing the related notation (see [8, Chap.2] for details).

Definition 1.3 (Sobolev spaces). Under the above assumptions, for any p €
[1,00], k= 1,2, and domain Q C RV*! we define the Sobolev space

WP () = {F: Q= R | lypsogn) < o0}

where

q
||f”W)1(vp(Q) = [Ifllo() + Z 102, fll 1o ()
i=1

q

||f||W)2(’p(Q) = ||f||W)1(’p(Q) + Z

7,7=1

02, f|

Lo() 1Y fll ey

and all the derivatives are meant in weak sense.
We are finally in position to state our first main result.

Theorem 1.4 (Global Sobolev estimates). Let L be an operator as in (1.1), and
assume that (H1), (H2), (H3) hold. Then, for every p € (1,00) there ezists a
constant ¢ > 0, depending on p, the matriz B in (1.5), the number v in (1.3), and
the function a” in (1.24), such that

(1.25) lullyzoganiny < e {10l oty + lul gy §

; 2, N+1
for every function uw € Wy* (R + )

Our second main result is the well-posedness of the Cauchy problem for £, that
is,

(1.26) {Eu:f in Qr = RN x (0,7)

u(-0)=g RV,

where T € (0,400) is fixed, f € LP(Qr) and g € W;’p (RY). By the way, saying
that a function g depending on x alone belongs to W)Q(’p (RN ), obviously means
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that it belongs to ngp (Qr) if we regard g as a function of (z,t). We the obvious
meaning of norms, we have

1
(1.27) ||g||W§5P(QT) - TpHgHngp(RN)'

In order to give sense to the initial condition in (1.26) avoiding a delicate notion
of trace, following [22], let us introduce in an indirect way the Sobolev spaces of
W)Q(’p (Q7) functions “vanishing for ¢t = 07:

Definition 1.5. We say that u € W)Q(’p (Qr)ifue W)Q(’p (Q7) and the function w,
obtained from u extending it as zero for ¢ < 0, belongs to Wf(’p (S7). Functions in
Vi/)z(’p (Q7) will be thought as defined either on Q7 or on St (vanishing for ¢ < 0).

We can now give the precise definition of solution to the Cauchy problem.

Definition 1.6. Let f € LP(Qr) and g € W)Q(’p (RY) for some p € (1,00) and
T € (0,400). We say that a function u € W)Q(’p(QT) is a solution to problem (1.26)
if

(1) Lu= f ae. in Qr;

(2) u—ge W (Qr).

Then, our second main result is the following:

Theorem 1.7 (Well-posedness of the Cauchy problem). Under the same assump-
tions on L of Theorem 1.4, let f € LP(Qr) and g € W)2(,p (]RN) for somep € (1,00)
andT € (0,+00). Then, there exists a unique solution u € W)Z(’p(QT) of the Cauchy
problem (1.26). Moreover, the following estimate holds

(1.28) lullwzoar) < ¢ {17 Nnm + I9llwzr@n |

where ¢ depends on p, T, the matriz B in (1.5), the number v in (1.3), and the
function a¥ in (1.24).

We end this Section introducing some more known facts from real analysis in
spaces of homogeneous type. We will use in the following two different kinds of
mazximal functions.

Definition 1.8. For f € L} (RN+1), € € RN*1 we define the Hardy-Littlewood

loc
(uncentered) mazximal function as:

1
1.29 M — su Er—— d .
(1.29) 1O 0 5@ fn! ™
EERNF1 >0

Since (RV*1,d,|-|) is a space of homogeneous type, by [17, Thm.2.1], we have:

Theorem 1.9. For every p € (1,00] there exists ¢ > 0 such that, for every f €
P (RNJrl)’

(1.30) ||MfHLp(RN+1) < ¢ ||f”Lp(RN+1) :

Another kind of maximal function, which can also be introduced in any space
of homogeneous type, is the following:
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Definition 1.10. For f € Lloc (RN“), ¢ € RVt we define the sharp mazimal
function of f as:

1.31 7= su L dn,
N TR Br(g)(f() IGIE
EeRNH1 >0
where
1

fBT() ‘B ()‘ Brg)f(n)dn

Applying to our context the result proved in [29, Prop.3.4] in the general setting
of spaces of homogeneous type of infinite measure, we have the following result,
generalizing the well-known Fefferman-Stein inequality which holds in Euclidean
spaces:

Theorem 1.11. For every p € (1,00) there exists C, (depending on p and the
doubling constant in (1.21)) such that for every f € L™ (RN+1), f with bounded
support, we have

(1:32) 11l oy < Co [ £#]

LP(RN+1)
Let us recall also the following abstract result proved in [2, Thm.3.10], which
will be crucial for us:

Theorem 1.12. Let (X,d,u) be a space of homogeneous type and let T be a
singular integral operator which we already know to be bounded on LP(X) for
some p € (1,00). The operator T has kernel K (x,y), which means that

/Kwy y) dp (y)

when f is compactly supported and x does not belong to sprt f. We assume that
the kernel K satisfies the mean value inequality

d(xo,x)
d(zo,y) B (x;y)

(1.33) |K (wo,y) — K (z,y)] < C if d(xo,y) > Md (xo, )

where
B (z;y) = p (B (z,d(z,y)))
and M > 1 is such that the condition d (zo,y) > Md (zg,x) implies the equivalence

of d(xg,y) and d(x,y) (if d is a distance, like in our case, M = 2 is a good choice).
Let B > 1 be an exponent such that

(1.34) |B (2, kr)| < ck? | B (z,7)]

forevery k> 1,r>0,x € X.
Then, there exists ¢ > 0 such that for every f € LP(X), g € X, ball B, =
B(z,r) > xg (for somer >0,T € X), k> M, we have:

{ TS 2) = (Tf) g, )| A ()

IE

1 1/p
Fil I p
LM (ao) + k7 (,Bkr ), o <w>>
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Finally, we have to define some function spaces of Holder or partially Holder
continuous functions which will be useful in the following.

Definition 1.13. Let f : R¥*! — R. Given any number « € (0,1), we introduce
the notation:

lomgensn —sup { LE= 1001,

£,m)
|f(z,t) = f(y,1)|

o ) — ,
[ flee@v+ry —estsgﬁlp{ ECERTDIEE w,yGRNw#y}
{\f(w 1) = [y, t)]
|z —yl*

(where the last equality holds by (1.18)). Accordingly, we define the spaces
Co(RN*1) and C2(RN*1) as follows:

& n RN and ¢ # 77}

= esssup

: x,yGRN,x%y}
teR

(135)  Co®N*) = {f € CRYNT) N L®RYH) ¢ |flngyeny < o0}
(136)  CoRMM)i= {f € L¥RNM): |f]eouan < oo}

Finally, we define the spaces

(1.37)  C&HRN*): ={feC* R 1) : f is compactly supported in ]RN‘H}
(1.38) DRV ={feCyR *1) 1 f is compactly supported in RN‘H} .

2. OPERATORS WITH MEASURABLE COEFFICIENTS a;;(t)

In this Section we consider a KFP operator £ of the form (1.1) but with coeffi-
cients a;; only depending on t, that is,
q
(2.1) Lu = Z aij(t)agixju + Yu, (z,t) € RN,
ij=1
satisfying assumptions (H1)- (H2) in Section 1.1. For this operator, the goal of
this Section is to prove an estimate on the mean oscillation of 8§ixju over balls,

in terms of Lu. This will be the key result that we will exploit, in Section 3, to
get the desired Sobolev estimates for operators with partially VMO coefficients
a;j (x,t). The result is the following, and will be proved at the end of Section 2.2:

Theorem 2.1. Let assumptions (H1)-(H2) be in force. Then, for every p €
(1,00) there eists ¢ > 0 such that, for every u € C(RNTY), r >0, & = (w0, 10)
and & = (z,t) € RN such that & € B,(§), every 1 <i,j < q and k > 4Kk (where
K 1s the constant in (1.15)), we have the following estimate:

/ o ) = 02 0, g v

(©)]
(2.2) < {k (Lu)(&o)

Q+2 1 _ p 1/p
+k?r | —= Lu(x,t)|" dx dt) .
B @] Jow o~ }
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The constant ¢ depends on the matriz A only through the number v in (1.3);
moreover, M is the Hardy-Littlewood maximal operator defined in (1.29).

2.1. Fundamental solution and representation formulas for £. We begin
by reviewing some known results concerning the fundamental solution of £ which
we will need in the sequel; such results are proved in [1], [12], to which we refer
for the proofs and for further details.

To begin with, we state the following existence result.

Theorem 2.2 (See [1, Thm.3.11] and [12, Thm. 1.4]). Under the above assump-
tions (H1)-(H2), let C(t,s) be the N x N matriz defined as

(2.3) C(t, s) / E(t ( éa) 8) "E(t—0)Tdo (witht > s)

(we recall that E(o) = exp(—oB), see (1.5)). Then, the matriz C(t,s) is symme-
tric and positive definite for every t > s. Moreover, if we define

L (z,t;y,s)
(2.4) _ 1 o HO(ts) (@ B(t-s)y), 2~ E(t-s)y)

(4m)N/2\/det C(t, s)

(where 14 denotes the indicator function of a set A), then for every u € C§°(RNF1)
we have the following representation formula

(2.5) u(zx,t) = —/ L(x,t;y,s)Lu(y, s)dyds for every (z,t) € RN FL,
RN+1

i N

so that T is the fundamental solution for £ with pole at (y, s).
Moreover, I' satisfies the following properties:
(1) For every fized n = (y,s) € RVN*!, we have
(2.6) (LD(sn)(z,t) =0 for every z € RY and a.e.t € R.

(2) For every fivzed x € RN and every t > s, we have
(2.7) / D(x,t;y,s)dy = 1.
RN

Remark 2.3. It is worth mentioning that the existence and the explicit expression
of a fundamental solution T for the operator £ is proved in [12, Thm. 1.4] under a
weaker version of assumption (H2); moreover, several other properties of I' (which
we will not exploit in this paper) are established.

In the particular case when the coefficients a;; of £ are constant, the associated
fundamental solution I' constructed in Theorem 2.2 takes a simpler form; due to
its relevance in our arguments (see Theorem 2.5 and the proof of Lemma 2.14),
we explicitly state this expression in the next theorem.

Theorem 2.4 (See [12]). Let o > 0 be fized, and let

q
(2.8) Lou=a Z ('“)%imiu + Yu.

Moreover, let Iy, be the fundamental solution of Ly, whose existence is guaranteed
by Theorem 2.2. Then, the following facts hold true:
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(1) T'y is a kernel of convolution type, that is,
Loz, t;y,s) = I‘a(ac —E(t—s)y,t—s;0, 0)
= I‘a((y, s) "o (z,1);0, 0);

(2) the matriz C(t,s) in (2.3) takes the simpler form

(2.9)

(2.10) C(t,s) = Co(t —s),

where Cy(T) is the N x N matriz defined as

)=« E Iy 0 -E(t—o0)Tdo V71 >0.
0 0

Furthermore, one has the ‘homogeneity property’

(2.11) Co(1) = Do(VT)Co(1)Do(v/T) V7 >0.
In particular, by combining (2.4) with (2.10)-(2.11), we can write
Pa(2,£50,0) = ! e~ (Cot) o)
(4ma)N/2, /det Cy(t)
(2.12)
! e (0u()2) 2o (),

pu— e
(4ma)N/2tQ/2, /det Cp(1)

With Theorems 2.2-2.4 at hand, we then proceed by recalling some fine proper-
ties of I and of its (spatial) derivatives, which will play a key réle in our argument.
To clearly state such properties (see Theorem 2.5 below), we first introduce a no-
tation: if £ = (f1,...,¢n) € (NU{0}Y is a given multi-index, we set

4 Y4 N
= aatl ’ 6$]1\\]77 w(f) = Zi:l liqi,
where q1, ..., qn are the exponents appearing in the dilation Dg(\), see (1.8).

Theorem 2.5 (Fine properties of T'). (See [1, Thm. 3.5, Thm. 3.9, Prop. 3.13 and
Thm. 3.16]) Let I' be as in Theorem 2.2, and let v > 0 be as in (1.3). Then, the
following assertions hold.

(1) There exists c; > 0 and, for every pair of multi-indices £1,£s € (NU{0})N
there exists ¢ = c(v,£1,£3) > 0, such that, for every (x,t),(y,s) € RN*!
with t # s, we have

01 L . c |
‘DxlDy2F(x7 t7 y7 S)‘ g (t — s)w(el+£2)/2 FCIV71 (;E’ t’ y’ 8)
(2.13) ] c
= d((z,1), (y, s))Qtwat£2)’
In particular, we have
£ V2 c
(2.14) |DE DET(€,n)| < T VELn

(2) For every multi-index £ € (NU{0})Y there exists c = c(£,v) > 0 such that

(2.15) |DET(&1,m) = DT (&a,m)| < ¢ A Siyfj?m
(2.16) IDET(n, &) — DET(n,€3)] < o~ —ELE)

d(&y,n)Qtwle)+1
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for every &1, &9,n € RN*L such that

d(§1,m) = 4kd(&1,&2) > 0.

(3) Let v € (0,1) be fized, and let 1 < i,5 < q. Then, there exists a constant
c = c(a) > 0 such that, for every x € RN and every T < t, one has

(2.17) / 102, Ta, t;y, )| - | E(s — t)a — || dyds < c(t — 7)°/2.
RN x(7,t) !

(4) There exists a constant ¢ > 0 such that, for every fired 1 < i,5 < q, one
has the estimate

¢

(2.18) I - (z,t) ;:/

-

8§Z_ij‘(x,t;y, s)dy | ds < ¢,

/{yERNi d((z,t),(y,s)) =7}

(2.19) Jrr(y,8) = / 8§Z_ij‘(x,t;y, s)dx | dt <,

/{CEERN: d((y,s),(z,t)) >}
for every (x,t), (y,s) € RN s <7 < t,r > 0.

Remark 2.6. As a matter of fact, the mean-value inequality (2.16) is not explicitly
proved in [1]; however, the proof of this inequality is totally analogous to that of
(2.15) (see, precisely, [1, Thm.3.9]), and it relies on the ‘subelliptic’ mean value
theorem for the system of Hormander vector fields

{0e1,. 0,0, Y}

(see [1, Thm. 2.1]), together with the estimates (2.14) (which apply to every spatial
derivative of T', both with respect to = and y). The same comment applies to the
cancellation property (2.19) (see the proof of [1, Thm. 3.16]).

Before proceeding we highlight, for a future reference, an easy consequence of
Theorem 2.5 and of identity (2.7), which will be repeatedly used in the sequel.

Lemma 2.7. Let I be as in Theorem 2.2, and let £ be a fixed non-zero multi-index.
Then, for every x € RN and every s < t we have

(2.20) DET(x,t;y,8) dy = 0.
RN
Starting from the representation formula (2.5), and using the fine properties of
I" collected in Theorem 2.5, one can prove the following representation formula

for the second-order derivatives of a function v € C$°(RN*1). Throughout what
follows, we tacitly understand that « is a fixed number in (0, 1).

Theorem 2.8 (See [1, Cor.3.12 and Thm. 3.14]). For every u € C§°(RN*1) and
for every 1 <1i,j5 < q, we have the following representation formulas

(2.21)  Oyu(z,t) = —/ 0y, T(z,t;-) Ludyds,
RN+1

(2.22) Qgixju(:x,t) :/ 02 T(x, t;y,s) [Lu(E(s — t)z,s) — Lu(y, s)] dyds,

Ty 4
RN+1

holding true for every (x,t) € RNTY. In particular, the two integrals appearing in
the above (2.21) -(2.22) are absolutely convergent, and the operator

223)  Tyftt) = [ 0 Dty s) (B~ )2.5) - Fly.5)] dyds

RN+1
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is well defined for every f € DY(RNTL) (this space has been defined in (1.38)).

2.2. Global W?? and mean-oscillation estimates for £. Taking into account
the results recalled so far and following the strategy described at the beginning of
the Section, we now turn to establish global W?P and mean-oscillation estimates
for the solutions of Lu = f. Our first result in this direction is the following.

Theorem 2.9. Let assumptions (H1) - (H2) be in force, and let p € (1,00) be
fized. Moreover, let T;; be the operator defined in (2.23), with 1 <1i,j <q.

Then, T;; can be extended to a linear and continuous operator from LP(RN+)
into itself. In particular, there exists ¢ = c¢(p) > 0 such that

(2.24) Z | mzm]uHLl"(RN‘H) < C||ZU||LP(RN+1)a
5,j=1

for every u € C3°(RN+1),

Remark 2.10. We wish to stress that, in view of our general strategy, the relevant
point of the previous theorem is the L? continutiy of the operator T;; and not the
estimate (2.24) per se. Also, we recall that, in the paper [26], LP estimates for
agﬂju have been proved for KFP operators with coefficients a;; (x,t) uniformly
continuous in « and L in t. Since our operator £ with coefficients only depending
on t can be seen as a special case of the operators studied in [26], the estimate
(2.24) should be contained in the results proved in [26]. However, we could not
find in that paper neither a statement nor a proof of an explicit representation
formula of the kind c')%ixju = T;j (Lu), linking the derivatives 8§izju to a specific
singular integral operator. The arguments in this Section make our proof logically
independent from the results in [26], which we cannot apply directly to our context.

In order to prove Theorem 2.9, we first observe that, if u € C°(RY*1), then
Lu € Dg(RN +1). Hence, if 1 < i,j < q are fixed, by the representation formula
(2.22) we can write

02, u(,t) = / 02, T(w,t;y,5) [Eu(B(s — )z, 5) — Culy, s)] dyds
RN+1
:T’Zj(zu)v

where Tj; is the operator defined in (2.23). On the other hand, since by Theorem
2.8 the above integral converges absolutely, we have

t—e
T;i(Lu) = hm+ / (z,t;y,5) [Cu(BE(s — t)z,s) — Lu(y,s)] dyds
e—0
t—e
(225) = tm (- / / 2 ., D(& ) Zu(n) d).

where we have used the fact that

t—e
/ / I'(z,t;y,s)Lu(E(s — t)x, s) dyds
—00 ]RN
t—e

= Eu( s—txs / i xt;y,s)dy)ds:o,

see Lemma 2.7 (and take into account the regularity of I out of the pole).
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In order to apply LP continuity results of singular integrals, we need to rewrite
the limit (2.25) in a different way. To this aim, let us introduce a cut-off function
¢e € C3°(R) such that

i) 0 < ¢. <1onR;
11) ¢€ =0on (—OO,S] and ¢5 =1 on [25’ —I-OO);
iii) |¢L| < ¢/e (for some ¢ > 0),

and define the truncated operator
(226) Esj(f)(xa t) = - /I‘QN‘H (ba(t - S>8§ixjr(x7 tv Y, S)f(y7 S) dy d57

which is well defined for every compactly supported f € L>(RN*1) since for every
(z,t), the function

(g, 8) > de(t — )32, T(a, 9, 5)

is locally integrable (see Lemma 2.14 below). We then claim that, for every fixed
f € D(RN*1) and for every ¢ € RV*! we have

(227) T,5(/)(€) = lim T5()(©).

Indeed, by the above computation we can write, for f € DY(RV*1),
) Ty ()t = [ 0T tin ) [F(BLs = 02,) = f0: )] dyds
)T (1) @) == [ dult = )00, Tt ) 0. 5) dyds
= [ el = 900 Tt 8) (s = ).5) = (9] s

hence, by using (2.17) in Theorem 2.5 we have
(T () = T35 () (1)

/;25 [1—¢e(t —s) (/ D(x,t;y,s) [f(E(s —t)z,s) — f(y,s)] dy) ds

S ‘f|C§z(RN+1)/t ) </1%N
—2¢

<c ’f‘Cg(RNJrl) /2,

02, Vo t1) | (s — 03z = " | ay ) ds

This proves (2.27), and allows us to rewrite (2.22) as follows:

02 yulant) = lim (= [ 6u(t = 5108, L. tig, o) Buly.s) dyds)
i e—0t RN+1 R

(2.28)
= lim T7(Lu),

e—0t

In view of the above facts, in order to prove Theorem 2.9 it then suffices to show
the following result.

Proposition 2.11. Let p € (1,00) be fized, and let T;; be the operator defined
n (2.26). Then, T can be extended to a linear and continuous operator from
LP(RN*YY into itself: there eists ¢ = c(v,p) > 0 such that

(2.29) H fHLp RN+1) <c ||f||Lp(]RN+1) for every f € LP (RN+1) :
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We stress that the constant ¢ appearing in (2.29) is independent of €.

Before embarking on the (quite technical) proof of Proposition 2.11, let us show
how this proposition allows us to easily prove Theorem 2.9.

Proof (of Theorem 2.9). We first observe that, given any f € D2(RV*1), by combi-
ning (2.29) with Fatou’s lemma, we get

Lo miprae= [tz

RN+1 e—07F

< liminf ’Tf](f)‘p d§ < Cp”fHIzp(RN“)’

e—=0t JRrN+1

From this, since D%(RY*!) is dense in LP(RN*!), we conclude that Tj; can be
extended to a linear and continuous operator from L” (BN 1) into itself.
In particular, given any u € C°(RN*1), since f = Lu € DY(RNF1), from the
representation formula (2.22) we get
) _ _
1022, ull Lo@n+1y = | Tij (Lu) | o a1y < cf Ll pp@a+1y.-
This ends the proof. O

We now turn to prove Proposition 2.11. We rely on the following abstract result
from the theory of singular integrals.

Theorem 2.12 (See [10, Thm.4.1]). Let K : RNt x RN+¥I\ {¢ £} = R be a
kernel satisfying the following conditions: there exist A, B,C > 0 such that:
(i) for every &€ #n € RN one has

A
e (§)

)

|K(&m)| + [K(n,§)] < B

(ii) there exists a constant B > 0 such that for every &, &, n € RNFL satisfying
the condition d(&o,n) > 4k d(&, &) > 0, we have

(K (& n) — K (&, )| + [K (0, §) — K(n, )]

d(&»f))ﬂ 1
B . ;
: <d(€0’ n) ‘Bd(ﬁo,n) (50)‘ ’

(iii) for every ¢ € RN*! and every 0 < r < R < oo, one has

K(¢,m)dn| + K& Qde| <.

/{7‘<d(Cﬂ7)<R} /{T<d(C,£)<R}

Suppose, in addition, that K. (for e > 0) is a ‘reqularized kernel’ defined in such
a way that the following properties holds:

(a) K.(€,-) and K.(-,€) are locally integrable for every € € RN+,

(b) K. satisfies the standard estimates (i), (ii), with constant bounded by
¢ (A+ B) and ¢ absolute constant (independent of €);

(c) there exists an absolute constant ¢ such that for every ¢ € RN*1

+ <dC.

K.(¢,n)dn K.(&,¢)d¢

/{r<d(< M<R} /{r<d(<,£)<R}
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For every f € C§(RN*1) (see (1.37)) set

T.f(§) = K(&mn)f(n)dn.

RN+1

Then, for every p € (1,00), the operator T, can be extended to a linear continuous
operator on LP(RN*Y), and

||T€f||LP(]RN+1) < C||f||LP(RN+1)

for every f € LP(RNTY), with ¢ > 0 independent of €. Moreover, the constant c in
the last estimate depends on the quantities involved in the assumptions as follows:

c<d(A+B+C),
with ¢ ‘absolute’ constant.

Remark 2.13. It is worth mentioning that Theorem 2.12 can be applied in the
present context since (RN d, ||) is a space of homogeneous type, in the sense of
Coifman-Weiss (see Remark 1.1). In fact, such a result actually holds if we replace
the space (RV*! d,|-|) with any space of homogeneous type (X,d, ). More pre-
cisely, the standard definition of space of homogeneous type requires d (z,y) to be
symmetric, while our d is actually only quasisymmetric (see (1.16)). However, this
problem can be overcome in a standard way: given a quasisymmetric quasidistance
d, the function

d' (x,y) = d(x,y) +d(y,z)

is a (symmetric) quasidistance, equivalent to d. Now, properties (i)-(ii) in Theorem
2.12 are clearly stable under replacement of d with an equivalent d’. This is also
true for the cancellation property (iii), for a less obvious reason, which is discussed
for instance in [10, Remark 4.6].

In order to deduce Proposition 2.11 from Theorem 2.12 we first note that, if 15
is the operator defined in (2.26), we can clearly write

TS0 = [ K dn

where the kernel K7; is given by

(2-30) K§(&m) = —oe(t — 5)07 5, T (&)
Hence, if we set K;;(&;n) = —8§ixj1“(§; 1), we can directly derive Proposition 2.11

from Theorem 2.12 as soon as we are able to prove the following facts:

1) Kjj satisfies properties (i)- (iii) in the statement of Theorem 2.12;
2) Kj; satisfies properties (a)-(c) in the statement of Theorem 2.12.

Since the validity of assertion 1) follows directly from Theorem 2.5 (jointly with
the fact that |B,.(&)| = ¢r9t2, see (1.20)), we turn to prove assertion 2).

Lemma 2.14. The ‘reqularized kernel” K7 defined in (2.30) satisfies the properties
(a) - (c) in the statement of Theorem 2.12.

Proof. We prove the validity of the three properties separately.
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- Proof of property (a). On account of Theorem 2.5-1), and recalling all the pro-
perties satisfied by ¢, for every fixed ¢ = (z,t) € RV*! we have

1

€ _ . 2 .

|Kij(‘5v )| = |¢5(t 5)8xia:jr(§v 77)| <c 1{t—325}(8) d(&, 77)Q
(by the explicit expression of d, see (1.14))

<cl -
~cC {t—sZE}(S) |t - S|Q/2 — £Q/2’

and this proves that K7(§,-) € Li (RN*+1).  Analogously one can show that

loc

K;;(,€) is bounded, and thus locally integrable.

- Proof of property (b). We begin by proving that K ;; satisfies the standard estima-
te (i) (with a constant < ¢/(A+B) and ¢ independent of €). To this end it suffices
to observe that, since 0 < ¢, < 1, for every &, € RV*! we have
K55 (&) + 1K (0. )] <1034, T(&m)] + 107, T(n,€)]
A A

< —
— (&2 Byl

where we have used the fact that K;; = —8%1_ij satisfies (i), see (2.14).
We then turn to prove the validity of the standard estimate (b), namely

d6.6) 1

d(0,m) | Bago.n (60l

for every &o,&,m € RNTL provided that d(&y,n) > 4kd(&,€) (the choice f = 1
follows from the fact that K;; satisfies (ii) with 8 = 1, see Theorem 2.5). We limit
ourselves to prove the above estimate for the term

[ KG5(&m) — K350, m)

since the other one is totally analogous.
To begin with, we observe that, by definition of K;., we have

R
[K55(&m) — K75 (§o,m)]
= |¢E(t - S)agixjr(x’ t? y’ S) - ¢E(t0 - S)aﬁinF(l‘D, tO’ y’ S)|

+ 02, T(& M) e (to — 5) — ¢:=(t — 5))|
= A+ Ay

(2.31) - B

moreover, since 0 < ¢, < 1, from (2.15) and (1.20) we get

d(&o, €) (&, €) 1
. A B - B .
(2.32) 1< d(&o,m)@+3 d(&0,m) | Bageo,n) ($0)]

Hence, we only need to estimate the term As. To this end we first notice that,
since ¢. € C§°(R), by the mean value theorem we can write

|be(to — 5) = @e(t — ) = [6L(7)]to — t];




SOBOLEV ESTIMATES FOR KFP OPERATORS 21

from this, since ¢/ #Z 0 only on (g,2¢) and since |¢L| < ¢/e (for some absolute
constant ¢ > 0), we obtain the following estimates

to — 1| <Clto—t\
e T |t—s+]
to — | <Clto—ltl
5 - ’to—s‘

1) |¢€(t0 - 3) — ¢g(t — 8)| <ec

(ife <t—s<2e)

(2.33)

2) |pe(to —s) — pe(t —s)| < ¢ (if e < tg— s < 2e).

We then consider the two cases 1) - 2) separately. (Note that if none of these cases
occurs, then A = 0 and there is nothing to prove).

- Case 1): ¢ <t—s < 2¢. In this first case, owing to (2.13) we get

to — t|
|t — 5|

. to — 1 . o1,
|axixjr(§7n)| < cmrclu—l(%t,yas) < Wa

from this, using (1.17) (and since the condition d(&y,n) > 4k d(&o,&) > 0 ensures
that d(&y,n) and d(&,n) are equivalent), we obtain

Ay <ec

d(£07£)2 d(g()ag)
e = A

By combining this last estimate with (2.32), we obtain (2.31).

Ay <

- Case 2): ¢ <ty — s < 2¢. In this second case, we first write

K35 (&5 m) — Ki5(80,m)
= |¢:(t — 5)0% 5 T(, t:y,8) — ¢=(to — )03 5, T (w0, to; y, )]
<05,2,T(&m) = 02,5, T (€0, )| de(t — 5)

+ 02,0, T (€03 1)@= (to — 5) — ¢ (t — 5))|
= By + Bs.

Now, since 0 < ¢ < 1, from (2.15) and (1.20) we get

d(&,§) Bd(foyi) 1
d(&o,m)@+3 d(€0,m) | Bageo,m (§0)|

(2.34) B <B

Moreover, by arguing exactly as in the previous case, we have

lto —t[ o [to — 1|
By < 05 1 : <
2 = C|t0 S|| XL (£0a77)| = C’to S|2

clto — t| d(&, €)? d(&o,€)
= Ao, M@ = “deo, n @ = “d(, )@

Fcly—l (xO, tO; Y, S)

By combining this last estimate with (2.34), we obtain (2.31) also in this case.
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- Proof of property (c). Owing to the cancellation property of K;; = (ﬁixjf‘ contain-
ed in Theorem 2.5-3), for every ¢ = (z,u) € RV*! we have

| K56 ]+ | K5(C.n)dn
{r<d(¢.£)<R} {r<d(¢,m)<R}
(setting & = (z,1), n = (y,5))
u+R2
< / Pe(t —u) (/ 8% 2Lz, 2, ’U,)dl‘) ‘ dt
N {zeRN:r<d((2,u),(z,t)) <R} !

+/ Ge(u — s)(/ aiixjf‘(z,u;y,s)dyﬂds
R? {yeRN r<d((z,u),(y,s)) <R}

u+R?
< / ‘ / Qi,xlj(m, t; z, u)dx‘ dt
{z€RN r<d((z,u),(z,t)) <R}~

u
o,
u—R2

<c

— )

/ agﬂjr(z, Uy, s)dy) ds
{yeRN :r<d((z,u),(y,s))<R}

for some constant ¢ > 0 independent of (.

This completes the proof of Lemma 2.14 and therefore of Theorem 2.9. (Il
We are now ready to prove the main result of this Section:

Proof of Theorem 2.1. Given any p € (1,00), we know from Theorem 2.9 that the
operator Tj; defined in (2.23) can be extended to a linear and continuous operator
form LP(RN+1) into itself; moreover, by (2.22) we have

03 4,0 = Tyj(Lu)

xlx]

for every u € C§°(RV*1) and 1 < 4,5 < q.
Given any f € C§° (RN+1)| reasoning as in the proof of Theorem 2.9 we can

write
1) © = i (- [ [ o rensman).

On the other hand, if £ ¢ supp(f), the last limit equals the integral

[ ] Ferenim

which is absolutely convergent. Therefore in this case

_ / Ko (€m) £ (n) dn
RN+1

Moreover, the kernel K;; satisfies the mean value inequality (2.15).
Finally, owing to (1.22), we have |By,(¢)| < ck9 2| B,.(€)|, which is (1.34) with
B=Q+2.
Hence we can apply Theorem 1.12 and conclude (2.2). So the theorem is proved.
O
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3. OPERATORS WITH COEFFICIENTS DEPENDING ON (z,t)

With Theorem 2.1 at hand, we can now prove Theorem 1.4. Henceforth we
assume that £ is a KFP operator (1.1), with coefficients a;;(z,t) depending on both
space and time and fulfilling assumptions (H1), (H2), (H3) stated in Section 1.

3.1. Estimates on the mean oscillation of (ﬁﬂju in terms of Lu. According
to [2], the first step for the proof of Theorem 1.4 consists in establishing a control
on the mean oscillation of 8§imju for functions u € C§°(RN*L) with small support,
in terms of Lu. To prove this result we combine Theorem 2.1 with the VMO,
assumption on the a;;’s, following as far as possible Krylov’ technique [21].

Theorem 3.1. Let p,a, 3 € (1,00) with o=t + 71 = 1. Then, there exists a
constant ¢ > 0, depending on p, B, v, such that for every R,r >0, £*,&o,§ € RN+
with & € By(€) and u € C§°(BRr(£¥)), and every k > 4k, we have

1
— o2 0> = |d
B Jo 2O~ P 4
q
(3.1) <3 2 M u)(&o) +ck™5 (M(|Luf?) (€))7
RS (RS (M08, ) ()

h,l=1
fori,j=1,2,...,q. Recall that a* (R) has been defined in (1.24).

Proof. We can assume that B,.(£) N Br(£*) # @, because otherwise

/ ’ :cla:] 63231% T(E)‘ dé =0,

and thus there is nothing to prove.

We then observe that, if A = (y3,;(¢))n; is any fixed matrix satisfying assumption
(H1) (that is, y; € L>(RY*1) and the ellipticity condition (1.3) holds), by Theo-
rem 2.1 we can write (provided that k is large enough)

1 2

92 02 = |d
|B ( )| BT &') $Z$J (E) ( $Z$J BT‘(S)‘ 5
(32) < o L MEw(&)
Q+2 1 — 1/p

kr (——— Lu(z, )P dedt ,
" <’Bkr(€)| Bkr@‘ ula ) do > }

where £ is the KFP operator with coefficient matrix A, that is,

(3.3) L= Zg,j:1 Yij (t )8§Zm]
We now turn to bound the right hand-side of (3.2). First, to handle the term
M ([,u), let us write, by (3.3),

q

Lu = Z 7ij ()0, xju + Lu — Z a;j(x, t)ﬁxzxju

i,j=1 1,j=1
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so that

(3.4) M (Lu) < M (Lu) + ¢ ;1/\4( 2o)

with ¢ only depending on v, q.
To handle the second term at the right hand side of (3.2), we write

||£u||LP(Bk, < ||£U||Lp (B (€) T [ Lu — EUHLp(B,W(E))
and we exploit the fact that, since & € B,(£), we have

1 1/p
!EU( )IPde) < (MILuf?)(&)VP;

(|Bk7‘( 3l B (€ ) (
as a consequence of these facts, we get
(3.5)

1
B,©)] Js. @ " "))
c Q+2
< S M@, )(€0) + M (L) (&) § + k5 (M(1Lul?) &)
h,l=1
Q+2 1 —

| Brr (§)1/7

Furthermore, we have (setting, as usual, £ = (z,t))

[ Izute) - cutp dg

Bkr(&)
- /B
<eX ([l - a0 dadt)
hi=1 * Brr(§NBR(£¥)
1/
x ‘azla: u(§)["* d§

(since the coefﬁcients Yhi, ap are bounded by 1/*1)

1/p
c(2v PP Z |’th(t) —ap(z,t)| dxdt) X
hi=1 Byr()NBr(£

1
X 07,2, u(€) [P dE
(/Bms)mBR(e* " )

Now, since the above estimates hold for every fized matriz A = (yp(t))n satisfying
assumption (H1), we choose the particular matrix (yp(t))n, depending on the fix-
ed quantities r, k, R, £*, £, defined as follows

(ahl(',t))BR(g*) if kr > R
() = :
(ap (-, t))Bk:r(E) it kr < R.

We recall that, according to Definition 1.2, we have

1
(an(-,t)p = ’m/ an(z,t)dxds for every d-ball B C RV *L,
B
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We then observe that, since the functions ap; € L™ (RN H), by Fubini’s theorem
we see that ~yp; is measurable for every 1 < h,l < ¢; on account of this fact,
and since Ag = (ap)n fulfills assumption (H1), we easily conclude that also the

chosen matrix A = (vp;)n; satisfies (H1), and we can exploit the above estimates
(3.5)-(3.6) with this choice of A.

As to estimate (3.6), we notice that by Definition 1.2 we have

|Br(£)|af (R) ifkr >R
/ ~ |ap (@, ) — yu(t)| dedt < _ _
By (§)NBr(£) |Br,(€)]a* (R) if kr < R.

On the other hand, since we are assuming that B,.(£) and Bg(£*) intersect, in the
case kr > R we can write, by the doubling condition,

as a consequence, we obtain

/ , (@, ) — 7 (t)| dedt < ¢ By (€)]F (R).
By (§)NBR(£*)

Summing up, estimate (3.6) with this choice of A boils down to

/ Zu(e) — Lu(©)P de
By (&)

1/a
<c|B 1/5# 1/5 / 2 u(&)Pde )
| By (€)] Z S | p U(E)]

h,l=1

(3.7)

With estimate (3.7) at hand, we are now ready to conclude the proof of the theo-
rem: indeed, by combining (3.4), (3.5), (3.7), we obtain

(3.8)
1

‘BT(E ’ By g)

<2 S M@ u)(60) + M (L) (€0) b+ ek (MU LU €0)

1,j=1

Q —
+ ek B (€)77 vt (R)PP x

xz/

h,i=1 Bir(§)NBR(£

pOé

9, ()P de)’
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furthermore, recalling that a=!+~! = 1 and using (1.29) (note that &, € By, (£)),
we can bound the the last line of (3.8) as

ENGESTIITSy (], .

hi=1 B (§)NBR(£¥)

(3.9) Ry (|

h,l=1
q
R)Y/P0 Z &2, ulP) (£0)) P,

/
02, (&) de)

/pa
e a)

()] /B, @nBr(e*

for some c also depending on v. Note also that in the right-hand side of (3.8), the
term

gM (Lu) (§) can be absorbed in ks (M (|LulP)) (&)"?

since k is large and for every ball B, > {y we can write

1/p
1 1

o u@)de < ([ Lu@)Pde)] < (ML) )7

|Bp’ B, ’Bp| By
hence
(3.10) M (Lu) (&) < (M (1Lul)) (€)™

Gathering (3.8), (3.9) and (3.10), we finally obtain the desired (3.1), and the

proof is complete. O

3.2. LP estimates. With Theorem 3.1 at hand, we can easily prove local LP esti-
mates for functions u € CS*(RN*1) with small support:

Theorem 3.2. For every p € (1,00) there exist constants R,c > 0 such that, for
every ball Br(€*) in RN*! and every u € C§°(Bgr(£*)), we have

q
(3.11) Z ||U:Chrz”Lp(BR(g*)) <c ||‘Cu||LP(BR(§*))'
hl=1

The constants ¢, R in (3.11) depends on the numbers p,v, B and on the function
a* in (1.24), but do not depend on £*.

Proof. The present theorem can be established by arguing ezactly as in the proof
of [2, Thm. 4.2]; the idea is to combine the mean-oscillation estimates in Theorem

1 (which is the analog of [2, Thm.4.1]) with the Hardy-Littlewood maximal
inequality and the Fefferman-Stein-like maximal inequality for spaces of homoge-
neous type (see Theorem 1.9 and Theorem 1.10, respectively), and to exploit as-
sumption (H3) to take to the left hand side the term involving a* (R) in (3.1). O

Starting from Theorem 3.2, we can then establish the following global a priori
estimates, which are a ‘less refined’ version of Theorem 1.4.

Theorem 3.3. For every p € (1,00) there exists ¢ > 0, depending on p,v, B and
on the function a#, such that, for every u € CSO(RNH), one has

lly 2o ggeny < e L0l ponny + [ullyrogrony -
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Moreover, for every R > 0 and every u € C®°(RN*1) we have

lellw 2 (s 0y < { 1Lullio a0 + 1llwir s, b
where ¢; > 0 is a constant independent of R.

According to [2], in order to prove the above result we need to show the existence
of suitable cutoff functions and of a suitable covering of RN+,

We begin with the existence of an ad-hoc family of cutoff functions.

Lemma 3.4. For every firted R > 0, there exist a constant ¢ > 0 and a family
{0°()}eern+1 of cutoff functions in RN*! such that

i) ¢ € C5°(Banr(9))
i) ¢* =1 on BR(f) and 0 < ¢¢ < 1 on RNTL:

iif) supwf(n)HZsup!@y,- )| + Z sup! by @ ()| + 5up 1Y, o () < e
n - n
= 4,7=1

(where n = (y,s)). Here, the relevant fact is that the constant c is independent of
¢ (while it may depend on R).
Proof. Let v € C°(RV*1) be a fixed cutoff function such that

a) 0 <y <1onRNFL
b) ¥ =1 on B;(0) and ¢ = 0 out of B(0)

Given any ¢ € RVt we define the function

¢*(n) = (D(1/R)(¢ " o)),

and we claim that it satisfies the required properties i) - iii).
Clearly, we have ¢¢ € C§°(RV*1) and 0 < ¢ < 1; moreover, using (1.14)-(1.19)
(and taking into account property b) of ¥), we get
e ¢° =1 on £o D(R)(B1(0)) = Br(€);
o ¢t =0 out of £ 0 D(R)(B2(0)) = Bar(€)-
Finally, recalling that d,, (with 1 <1 < ¢) and Y are left-invariant and D(\)-
homogeneous of degree 1 and 2, respectively, for every n € RN+ we obtain

q
[ ()] + Y 18y,6°(n |+Z| e, 0 ()] + Yy ()]
i=1

1,j=1
(setting ¢ = D(l/R)(é‘1 °n))

|+R12| o)) + R~ (Z\ O+ 1(rw)(©))
1,j=1
<c

— )

where ¢ > 0 depends on v and R. This ends the proof. [l

As for the existence of a suitable covering of RV*1, instead, we recall the fol-
lowing covering theorem in spaces of homogeneous type.
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Proposition 3.5 (See [2, Prop.2.19]). Let (X,d,u) be a space of homogeneous
type. For every fired R > 0 there exists a family

B ={B(za; R)}aca
of d-balls in RNTY satisfying the following properties:
i) Upea B(za,R) = X;
ii) for every H > 1, the family of dilated balls
B" = {B(xa, HR)}aea

has the bounded overlapping property, that is, there exists a constant N
(depending on H and the constants of X, but independent of R) such that
every point of X belongs to at most N balls B(x,, HR).

With Lemma 3.4 and Proposition 3.5 at hand, we can provide the

Proof of Theorem 3.3. The present theorem can be established by arguing exactly
as in the proof of [2, Thm.4.3] and [2, Cor. 4.4]; the idea is to apply the local L
estimates in Theorem 3.2 to the function u¢® (where ¢¢ is as in Lemma 3.4), and
then to exploit Proposition 3.5. U

Thanks to Theorem 3.3, we can finally come to the

Proof of Theorem 1.4. Taking into account all the results established so far, the
present theorem can be demonstrated by arguing exactly as in the proof of [2,
Thm. 1.4]: first of all, one extends the estimate in Theorem 3.3 to functions u €
W;gp(RNH) by using the local approzimation of W)zc’p(RNH) by smooth functions
(see [8, Thm.2.9]); then, one gets rid of the term

Hu||w)1(vP(RN+l)

by exploiting the following known (Euclidean!) interpolation inequality,
c
(3.12) 10, ull 1o w1y < €l|03, 0, ull Lo @avany + ;pHu”LP(RNH),

holding true for every p € (1,00), every u € W)%’p(RNH), every 1 <i,j < ¢ and
every € > 0, with a constant ¢, > 0 only depending on p. O

4. EXISTENCE RESULTS

In this last section we exploit the global W)z(’p - estimates contained in Theorem
1.4 to prove some existence results for the equation
Lu—Xu=fin Sp=RY x (=00, T),

with f € LP (St), for A > 0 large enough, and every T' € (—oo, +0o0], and for the
Cauchy problem

P) {Eu =f  inRN x(0,7)

u(-,0) =g in RY
with f € LP (RN x (0,7)), g € Wi’p (RY) for every T € (0,+00) (see Section
4.3 for the precise definition of solution). In both cases, the solutions we obtain

are actually strong solutions, that is, they belong to some W)%p - space, and the
equation Lu = f holds pointwise (a.e.).
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In order to prove our results we mainly follow the approach by Krylov [22] for
parabolic equations, which essentially consists in the following steps.

(1) First of all, we refine the W)Q(’p - estimates in Theorem 1.4 in two different
directions: we localize such estimates on any strip S = RY x (—o0,T),
and we get rid of the term |lu||z» on the right-hand side (by paying the
price of considering the ‘perturbed operator’ £ — A for some A > 0 large
enough).

(2) Using these refined estimates and the method of continuity, we then prove
the existence of a unique W)Q(’p (ST) - solution of the equation
Lu— = f in S,
for an arbitrary f € LP (RN‘H) (and for every —oco < T' < +00).

(3) Finally, using the above solvability result (and the refined estimates in
point (1)), we establish the existence of a unique solution of the Cauchy
problem (CP).

Throughout this section, we adopt the notation:
e given any T € (—o0, +00], we set Sp = RY x (—o0,T);
e given any T € (0, +00), we set Qr = RN x (0,7).

4.1. Refined W)Q(’p - estimates. We start with the following theorem, localizing
the global estimates of Theorem 1.4 on any strip St.

Theorem 4.1. Let L be an operator as in (1.1), assume that (H1), (H2), (H3)
hold, and let p € (1,00).

Then, there exists a constant ¢ > 0 (depending on p, the matriz B in (1.5),
the number v in (1.3), and the function a™ in (1.24)) such that, for every T €
(_007 —l—OO],

lullyyze sy < e {lLullzoisy + lullooisy) }
for every u € W)Q(’p (ST). Note that the constant ¢ does not depend on T.

The proof of Theorem 4.1 follows by carefully revising the one of Theorem 1.4,
and by exploiting the following proposition.

Proposition 4.2. There exists ¢ > 0 such that if, for every & € St and r > 0, we
let

B} (&) = Br(&) N St
then;
i) |B3, (§)] <c¢|Bf ()]
ii) ‘B,g(ﬁ)‘ < ckQt? ‘B;:F(g)‘ for every k > 1.
Proof. We will show that, for every £ € Sy and r > 0,

1
(1) BT () > 51B: (©)].
This implies
|BY. ()] < |Bar ()] < | By (§)] < 2¢|BF (9)]
and also

1B (€)] < [Bir ()] < k9P |B, (€)] < 2¢k9T2 | BT (€)].
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To prove (4.1), let us write, for £ = (z,t),n = (y, s)

Bl ©l= [ ¢
p(n—1lof)<r,s<T

letting n™ ' o& =( = (2,0), witho =t —s

= / d¢
p(Q)<r,o>t—T

since £ € S, we have t — T < 0, hence

2/ dC:/ dzdo
p(¢)<r,o>0 12]l++/To]<r,0>0

! / dzdo =+ |B, (€)]
= - zdo = - | B, .

2 J)lz+y/Tol<r 2

This ends the proof. O

With Proposition 4.2 at hand, we can provide the

Proof of Theorem 4.1. First of all we observe that, as we read from Proposition
4.2, (St,d, ||) is a space of homogeneous type; in particular, the Hardy-Littlewood
maximal operator M” (defined on St w.r.t. the balls B!') maps the space L (St)
into itself, and the same is true for the analogous sharp maximal operator (since
St is still unbounded). Moreover, if Tj; is the singular- integral operator defined
w.r.t. the differential operator £ (see (2.23)), we have:

Tij (f) =T (f - 1s;) in St.
As a consequence, we have
1T (W 1o (spy < €l posyy for every f € LP (St) and p € (1,00).

Gathering all these facts, and revising carefully the proofs of the results we have
established on the entire space RVT1, we can then infer the following facts.

a) Theorem 2.1 holds with
B, By, M~ ML
b) In the proof of Theorem 3.1, we can replace
B,+— BT, M ML,

Thus, we have

/ _ |Vt (t) — ap (x,t)| dedt
Bl (E)NBE(£Y)

<

/ _ Vi () — ap (z,t)] dadt
Bm({)ﬂBR(f*)

(reasoning as in the proof of Theorem 3.1)

< ¢|Bi(©)] * (R) < 20| BL@)] a* (R).
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and the proof can be concluded at the same way.

¢) On account of a),b), Theorem 3.2 can be proved with Br +— B, by argu-
ing exactly in the same way and exploiting the continuity of the maximal Hardy
Littlewood and sharp maximal operators over Syp.

In view of these facts, and since the interpolation inequalities (3.12) hold for every
fixed time (hence, they also hold on the strip S7), we can conclude the proof of
Theorem 4.1 by proceeding as in the proof of Theorem 1.4. O

Now that we have established Theorem 4.1, we proceed by proving the second
improvement of our estimates announced at the beginning of the section.

Theorem 4.3. Let L be an operator as in (1.1), assume that (H1), (H2), (H3)
hold, and let p € (1,00). Then, there exist positive constants ¢, \g (depending on
p, the matriz B in (1.5), the number v in (1.3), and the function a” in (1.24))
such that

(4.2) lully2r sy < cllfu = AullLeisy)

for every T € (—o0, 4+, u € W)z(’p(ST) and A > Xg. Note that the constants ¢, Ao
do not depend on T'.

It should be noticed that the appearence of the LP-norm of Lyu (instead of
that of £) in the right-hand side of (4.2) is somehow unavoidable: indeed, in the
special case when £ has constant coefficients and T' = +o00, a simple homogeneity
argument shows that an estimate of the form (4.2) cannot hold for L.

Proof. To ease the readability (and to simplify the notation), we only consider the
case T = 400 (the case T' < 400 being completely analogous). To begin with, let
L be the KFP operator defined on RN*2 = R, x Ré\fg)l as

q
L=L+0,=0,+ ) ay(zt)0}, +Y.
ij=1
Clearly, this operator £ satisfies assumptions (H1)- (H3), with

- - 1 O
X = {0,010, 00,, Y, Ao(x,t)—<@ Ao(x’t)>;

hence, we can apply Theorem 1.4 to £, obtaining the estimate
(4.3) HUHW)%P(RNJrZ) < C{HEU"LP(RN+2) + HUHLP(RNH)}v

which holds for every function u = u(y, z,t) € W)%p(RN“).
Let now ¢ (y) € C§° (—1,1), ¢ #0, and let u (z,t) € Wi’p (RVF1). We set

Uy, z,t) =u(z,t)b(y) eV e WP (RV+2).

We can apply the bound (4.3) to @ and £ on RN*2 (since £ is linear with real
coefficients, the bound extends to complex valued functions):

(4.4) [l sz < ¢ {1 ooy + il e |-
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Now, by definition of u,

&+ 20V — A¢>)

HaHW;P(RNH) >c H“HW;@(RNH) tc ”U”LP(RN+1)

| 2 16~ 201y 2

for A large enough depending on ¢, and ¢ > 0 depending on ¢. Hence

Lp(~1,1)

and

&" + 2V G — )\gzﬁ‘

Lr(—1,1

(4.5) HHHI/V)Q(’P(RN-!—Q) > C{HUHW;P(RNH) + A HUHLP(]RN-H)} .
Also,
6]l Lo mv+2y < ellullpr@ny

and

Lii(y, 1) = Lu (,8) - & () V™ 4w (w,6) 2, (6 () V™)
= VAL (Lu = ) (2,) - 6 (1) +u (1) (6 (1) + 20V (1) }
so that
(46)  Zallsven) < e {Lu = Al oy + (14 VA) Il gy }
Then (4.4)-(4.5)-(4.6) imply:
- 2o ganeny + A lull vy
< c{llu = Xl ey + (14 VA) lullonen | -

Now, there exists A\g > 0 such that
c (1 + ﬁ) < % for every A > Ag.
For these A and Ao, and the same c as in (4.7), we get
|’“HW§P(RN+1) <c|Lu— /\“HLP(RNH),
so we are done. O

4.2. Solvability of Lu — Au = f. We now turn to study the solvability of the
equation

(4.8) Lu—Au=f in Sp,

where —oco < T' < 400, f € LP(S7) and A > Ay (with A\g > 0 as in Theorem 4.3).
As anticipated, our approach relies on the method of continuity, which allows us
to relate the solvability of (4.8) with the solvability of

(4.9) Ku—Au=f in St,
where I is the constant-coefficient Kolmogorov operator, that is,
(4.10) K=Agrs+Y.

Thus, we begin by investigating the solvability of (4.9). To this end, following the
approach by Krylov [22, Chap. 2], we first prove the subsequent results.
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Proposition 4.4 (Liouville-type property). Let A > 0 be fized, and let K\ = K—\
(with IC as in (4.10)). Moreover, let K3 be the formal adjoint of Ky, that is,

(4.11) Ky =Ara =Y — A\
If f € C®°(RN*1) N L°(RN*L) ds such that

Yf=0in RV
then we necessarily have f =0 in RNTL,

The previous proposition is stated for the adjoint operator K3 just because we
will need it in this form; the same property holds for Ky as well.

In order to prove Proposition 4.4 we need the following lemma.
Lemma 4.5. There exists a function F': R — R such that F € C*°(R), F (z) =1
for z € [-1,1] and, for some constant ¢ > 0,
F(z) F'(2)
F(z) F(z)
Proof. Let ¢ € C*°(R) be such that

i) 0 < ¢ <1 pointwise on R;
ii) p=0on[—1,1] and ¢ =1 on R\ [-2,2],

and

’ < clz| for every z € R.

and let
F(z) = cosh(z¢(2)).
Then
F'(z) = sinh(26(2))(6(2) + 2¢'(2));
F"(2) = cosh(2¢(2))(¢(2) + 2¢" + sinh(2¢(2))(2¢' () + 2¢"(2)).

From this, using the properties i)-ii) of ¢ and observing that ¢'(z),¢"(z) # 0
only for 1 < |z| < 2, we get
F//(Z)
F(z)
Moreover, since [tanh(z)| < |z| for every z € R, we get
F'(z
)| < ltanh(z0()] - 6(2) + 20/ ()] < |21 (607 + 9(:) =6/ (2)) < clel.
This ends the proof. O

< (¢(2) + 29 + | tanh(2(2))| - [26(2) + 29" (2)] < .

With Lemma 4.5, we can provide the

Proof of Proposition 4.4. We argue by contradiction, assuming that there exists
some & € RV*! such that f(£) # 0. Following [22], we then fix £ € (0,1) (to be
chosen conveniently small later on), and we introduce the auxiliary function

((x,t) = F(ep(x)) cosh(et),

where F'(z) is as in Lemma 4.5, and p is a homogeneous norm which is globally
equivalent to || - ||, and it is also smooth outside the origin, e.g.

N 1/(2gn")
plx) = (Z |xi2‘IN!/‘h'> )

i=1
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Accordingly, we define g = f/(.

We now observe that, since p is smooth outside the origin and since F' =1 in
[~1,1], we have ¢ € C>®°(RN*1); hence, the same is true of g (notice that ¢ > 1).
Moreover, since f is bounded, we have

9(§) = 0 as p(&) = ||z + V/[t] = +oc.
In particular, there exists & € RV*! such that

9(&0) = max g > 0.

Finally, since K5 f = 0 on RV ™1, we have
q
(41 0= K3/ = K3(¢g) = ¢K*(g) +2 Z; 02, C0r,9 + ¢ (€) 9.
where ¢(§) = K3 (¢) = Are( — (Bz, V() + 9 — XC.
To proceed further we claim that, by choosing £ > 0 small enough, we have
(4.13) c¢(€) < 0 pointwise on RVF1,

Indeed, since the vector fields 0, (for 1 < ¢ < ¢) and Z = (Bzx, V) are homoge-
neous of degree 1 and 2, respectively (notice that Z = Y + 0;, and both Y and
0; are homogeneous of degree 2), and since the norm p is Dy(A)-homogeneous of
degree 1, by a direct computation we get:

Ara¢ = cosh(et) Ara [z — F(p(Do(e)z))]
= cosh(et) Apa ((F o p) o Dy(e)) ()
= cosh( t) - e*Age(F o p)(Do(e)x)

sh(et) (€2 (F" o p)|Vrap|* + *(F" o p)Arap)(Do(e)z)

/!

- c(52%@(@)\quﬁF(Do(e)x) T (ep@) Anep(Do()e)).

Since |Vgrap| and Arqep are Dy (N)-homogeneous of degrees 0 and —1, respectively,
using the estimates in Lemma 4.5 we get

e*p(z)

2, &pxr)
|Ara(] < EC(E + p(Do(e)x)

) = 2r(e2.
Next, we compute
|Z¢| = cosh(et) - ‘ [a:»—>F( m))”
= h(et |Z((Fop ng(s))(:r |
sh(et) - 2|Z Fo p)(DO(s)x)|
(et) - €*|F'(ep()) - (Z)(Do(e)z)]

= 2|2 epta)) - (20 (Dole))
(again by the estimates in Lemma 4.5)

e’p(x)
P(Do(e)z)

;¢ = esinh(et) F(ep(z)) = ¢ (e tanh(et));

= cosh

< kG- = r(e?;
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for some ‘universal’ constant x > 0 independent of «.
From this, since tanh(z) <1 for all z > 0 (and since ¢(§) is a smooth function
on the whole of RV*1), we conclude that

c(§) = Ara( — (Bz, V() + 0i¢ — XC
< Agra( + |Z(| + 0 — XC
<((3re* +e— 1) <0,

provided that € > 0 is sufficiently small.
With (4.13) at hand, we can finally come to the end of the proof. In fact, since
the point & is a (global) maximum point for g, we clearly have

K*g(&0) = Arag(&o) — (Bz, Vg(&o)) + 9rg(&0) = Arag(&o) < 0;
on the other hand, by combining (4.12)- (4.13), we have, since J,,9 (z¢) = 0,
0 = ¢K*(9)(%0) + c(§0)g(&0) < c(§0)g(&0) <O
(recall that g(&y) > 0), which is clearly a contradiction. O
Proposition 4.6. Let X\ > 0 be fixed, and let Ky = K — A. Then,
X = Kx\(C°(RNTY)) is dense in LP(RM ).

Proof. We argue by contradiction, assuming that the vector space X is not dense
in LP(RV*1). Then, by the Hahn-Banach theorem, there exists a nontrivial linear
continuous functional on LP(RM*!) which vanishes on X. Hence, by Riesz’ repre-
sentation theorem, we can find some non-zero function f € LI(RN*+1) (where q is
the conjugate exponent of p, that is, 1/¢ =1 — 1/p) such that

(4.14) /RNH FEOKrp(€)dé =0 for every ¢ € CF°(RNTL),

This means that
(4.15) Kif =0in DRV

thus, since K is C*°-hypoelliptic, we derive that f € C*°(RY*1), and (4.15) holds
pointwise on RY*1. Despite this fact, we cannot directly apply Proposition 4.4
to deduce that f = 0, since we do not know that f is bounded. To overcome this

issue, following the argument in [5, Prop. 5.3.9] we introduce the mollified function
fe defined by

O = [ Focon ™) dy

(with J; the usual family of mollifiers ‘adapted’ to the group G). Then, we easily
see that f. € C°°(RV*!) and we can write, for every ¢ € Cg° (RVF1),

/RN+1 Je (K¢ (€) dE = v </RN+1 fnto&)J.(n) dn) Ko (€) dé

= [ ([ st eaxis ac) an
[ ([ ks teg de) n—o



36 STEFANO BIAGI, MARCO BRAMANTI

because, by (4.14),
[ f@komos = [ 1Ok (©) s =0
RNA+1 RN+1
since the function ¢" (£) = ¢ (0 &) belongs to C§°(RY*1). As a consequence, we
have K3(f:) = 0 in D'(RN*1) and thus, by the C*-hypoellipticity of K3,
f- € C°RNTY)  and  Ki(f.) = 0 pointwise in RV,

On the other hand, since f € LI(RVT1), we easily see that the (smooth) function
fe is bounded (for every fixed € > 0): in fact, we have

1/p
400 < Wl ([ 26 owan)

(setting 7 = ¢! 0 &, and noting that dn = d¢)

1/p
oy ([ 2@ ) =) < 4o

Hence, we can apply Proposition 4.4, obtaining
f. = 0 pointwise in RV*L,

From this, since f. — f as e — 07 in L (RM*1) (see, e.g., [5, Rem.5.3.8]), we
conclude that f = 0 a.e.in RV*!, but this is a contradiction. O

Thanks to the above results, we can then prove the solvability of (4.9).

Theorem 4.7 (Solvability of Kyu = f). Let A > Ao be fized (where \g > 0 is
as in Theorem 4.1), and let —oo < T < +oo and p € (1,00). Then, for every
f € LP(Sy) there exists a unique function u € W)Q(’p(ST) such that

(4.16) Ku—Au=f a.e.in St.
Moreover, we have the estimate
(4.17) lully2osyy < ellfllzrsr:

with the constant ¢ as in Theorem 4.3.

Proof. First of all we observe that, if a solution u € W)Q(’p (St) of equation (4.16)
does exist (for some fixed f € LP(RN¥+1)), by Theorem 4.3 we have

HUHW)%P(ST) < cllKu—Aullroisyy = el flle(sp);

this proves at once the validity of the estimate (4.17), and the uniqueness part of
the theorem.
As for the existence part, we split the proof into two steps.

- Step I). Let us first prove the solvability of (4.16) assuming that 7' = 400 (that
is, when Sp = RN*1). In this case, given any f € LP(RV*!), we know from
Proposition 4.6 that there exists a sequence {¢,}, C C§°(RV*1) such that

fo=(K=Xen— f asn— 4ooin LP(RVTL);
on the other hand, from Theorem 4.3 we infer that
llen — SOmHW;P(RNH) < c|[(K=X)(pn — ‘Pm)HLP(RN“)

= c||fn = fmllLo@n-+1y,
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and this shows that {¢,, }, is a Cauchy sequence in the Banach space Wf(’p(RNH).
Thus, we can find some u € WP (RV*1) such that

(4.18) On — w as n — 400 in WEP(RVFL).

Now, since K = Arq + Y, by (4.18) (and the definition of W)Q(’p , see Definition 1.3)
we infer that f, = (K — A\)p, — (K — Nu as n — +oo in LP(RYF1); from this,
since we also have f,, — f as n — 400 in LP(RN¥*1)| we conclude that

Ku—Mu= f ae.in RVN*L,
and this proves that u is a solution of (4.16).

- Step II). Let us now turn to prove the solvability of equation (4.16) in the case
T < +o0. Let then f € LP(St) be fixed, and let

g=[f-1g,.

Since, obviously, we have g € LP(RV*1), from the previous Step I) we know that
there exists a (unique) function v € W?2P(R¥*+1) such that
Kv—Xv=g aeinRVTL

Then, setting u = v|g,, we immediately see that u € W2P(Sr), and that u is a
solution of equation (4.16) (since g = f a.e.in S7). This ends the proof. O

By combining Theorem 4.7 with the localized estimates in Theorem 4.1, we can
now prove the solvability of (4.8).

Theorem 4.8 (Solvability of Lu — Au = f). Let A > Ao be fized (where Ao > 0 is
as in Theorem 4.1), and let —oco < T < +o00. Moreover, let L be an operator as
n (1.1), assume that (H1), (H2), (H3) hold and let p € (1,00). Then, for every
f € LP(St) there exists a unique function u € W)Q(’p(ST) such that

(4.19) Lu—Au=f a.e in Sp.
Moreover, we have the estimate

(4.20) llly 2 syy < el fllzose)

with the constant ¢ as in Theorem 4.5.

Proof. We are going to prove the theorem by using the method of continuity. To
this end we consider, for every fixed r € [0, 1], the operator

Py W;p(ST) — LP(St), Pru = Lou — Au,
where £, = (1 —r)K + rL, that is,

q
Z (1 =r)ds; + raij(z,t))0 arﬂrj +Y = Z ai;i(w,t )02, o, Y
3,j=1 4,j=1
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We then observe that, since the coefficients a;; are globally bounded in RNF! (see
assumption (H1)), and since 0 < r < 1, for every u € WJQ{’p(ST) we get

q
I Prullpe(sy) < Z ||azrj8:3¢xjuHLP(ST) +1Yullgo(spy + Alullze(sy)
ij=1

q
< (1+maxflaij| L (sy)) > 11020 ull sy
’ irj=1

+ [1Yull Le(sy) + Mlullzeesy)
< CHUHW;P(STV

and this proves that P, is a (linear and) continuous operator from WP (St ) into
LP(St), with norm bounded independently of r. Moreover, by Theorem 4.3 there
exists a constant ¢ > 0, independent of r, such that

(4.21) ||U||W)2(vp(sT) <c HPTU’HLP(ST)'

We stress that we are entitled to apply Theorem 4.3 to the operator P,, since it
is a KFP operator of the form (1.1), satisfying assumptions (H1), (H2), (H3),
with uniform constants as r ranges in [0,1]. We can then apply the method of
continuity: since we know from Theorem 4.7 that the operator Py = I — A is
surjective, we conclude that the same is true of the operator P; = £ — A, that is,
for every fixed f € LP(RN*!) there exists a unique function u € W)Q(’p (St) such
that
Lu—Au= f ae.in Sr.

Finally, the validity of estimate (4.20) follows from (4.21) (with r = 1). O

4.3. The Cauchy problem for £. We can now prove our well-posedness result
for the £-Cauchy problem, that is, Theorem 1.7; we refer to Section 1.3 for the
definition of solution of the Cauchy problem, and for the definition of the involved
function spaces W)Q(’p (Qr) ,W)2(’p (RM).

Proof of Theorem 1.7. We split the proof into three steps.

- Step I). Here we prove the existence part of the theorem, together with the
validity of estimate (1.28), in the special case g = 0.
To this end, we fix f € LP(Qr), and we set
h=ef 17,

where Ao > 0 is as in Theorem 4.8. (As usual, the symbol f - 1j0,7) means that
the function f has been defined in the whole strip Sr, letting it equal to zero for
t < 0). Since, obviously, h € LP(St), by Theorem 4.8 we know that there exists a
(unique) v € Wf(’p (ST) such that

Lv — Av = h a.e.in Sp;
moreover, by applying the estimate (4.20) on the strip Sy (to the ‘restricted’ func-
tion v|g, € ngp(so)), we have

vllw2p(sy) < cllLv = Aovl[Le(sy) = [IPllLr(se) = 0,
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from which we derive that

(4.22) v=0a.e.in Sp.
Then, we set u = e v, and we claim that u is a solution to the Cauchy problem
(1.26). Indeed, since v € Wf(’p(ST), also u € W)Q(’p(ST) (here it is important that
T < o0), and by (4.22) we conclude that
Y
U GWXp (QT) .
Moreover, since Lv — Agv = h, by a direct computation we have
Lu = L(eM) = et (Lv — \gv) = MR

(by definition of h)

= f . 1[0,T] = f a.e.in QT,
and this proves that u is a solution of the Cauchy problem (1.26), as claimed.

As for the validity of estimate (1.28) it suffices to note that, by applying (4.20)
on the strip St to v (and exploiting again the finiteness of T), we get

Aot
lillyzn gy = 1€ 0l g,y < e(T) [olyzogs,)

IN

c|[Lv = Xovllze(syy = cllhllLosy)
=clle fllrer < clfllze@r);
for some absolute constant ¢ > 0 (possibly different from line to line).
- Step II). We now consider general data f € LP (Qr) and g € W;’p(RN) for the

Cauchy problem. The function f: f — Lg clearly belongs to LP (Qr); hence, by
Step 1), we can find v € W)z(’p(QT) such that v is a solution to

(423) { v (.’ 0) =0 in RN
and
24)  elwzsan < |70 < U l@n + lolwzran |-

Define u (x,t) = v (z,t)+ g (x). Then u € ngp(QT) and Lu = f in Q. Moreover,

u—g=uv¢€ W)Z(’p(QT), hence u is a solution to the Cauchy problem (1.26).
Finally,

(4.25) HUHW;’p(QT) < ”v||W)2<’p(QT) + Hg|’W)2(vP(QT)'

By (1.27), (4.24), and (4.25), we get (1.28).

- Step III). We now prove the uniqueness part of the theorem. This does not follow
directly from estimate (1.28), since this estimate has been proved only for the
solution u constructed in the previous Steps I-II). However, let uy, ug € W)2(’p (Qr)
be two solutions of the Cauchy problem (1.26). Then the function @ = u; — ug
belongs to W)Q(’p (Q7) and solves Lz = 0 in Q7. Hence also the function

v=e Mg
elongs to vz 7). Moreover, by proceeding as in Step I), we have
belongs to W (Qr). M b d Step I), we h

Lv—dv=rec MLi=0 ae.in Q.
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As a consequence, by applying (4.2) to the strip Sy and to the function v, we
obtain the following estimate (recall that v = 0 a.e.in Sp)
||U\|W)2(»p(ST) < cllLv = Aovlze(sy) = cllLv — Xov|lpr(ap) = 0.
This proves that v = 0 a.e.in St, and thus
u] = ug a.e.in St.
This ends the proof. O

Remark 4.9. It is clear from the above proof of Theorem 1.7 that, differently
from the previous results, in this theorem we have to assume 0 < T" < 400.
Indeed, if T = +oo (so that Qp = RY x (0, +00)), the change of variable

v s Mot

(used in Step I) to link the solvability of the Cauchy problem to that of the equa-
tion Lv — A\gv = h) does not preserve the property of belonging to W%p(QT).

v=1u
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