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ON A NON-SMOOTH POTENTIAL ANALYSIS FOR
HORMANDER-TYPE OPERATORS

GIULIO TRALLI AND FRANCESCO UGUZZONI

ABSTRACT. We develop a potential theory approach for some degenerate parabolic op-
erators in non-divergence form and with non-smooth coefficients, which are modeled on
smooth Hormander vector fields. We prove necessary and sufficient Wiener-type tests
for the regularity of boundary points. As a consequence we obtain, in particular, a cone-
type criterion. We also investigate the related boundary value problem and the Hélder
regularity at the boundary.

1. INTRODUCTION

Let X1, X5,...,X, be a system of real smooth vector fields which are defined in some
bounded open set Dy C RY, and satisfy the Hérmander’s condition in Dy, i.e.

rank Lie{Xy,...,X,}(z) =N at every point x € D.

Denote by d the related Carnot-Carathéodory control distance. Let us also fix D a bounded
open set compactly contained in Dy, and —oco < T} < Ty < +00. We want to consider the
family of partial differential operators in the form

P P
(L) H= ai;(2)XiX;+ Y bj(2)X; =0, forz=(x,t) € Dx|T, Ty,
i,j=1 j=1
where a; ;,b; are d-Holder continuous functions in Dox|Ty,Ty[, and the matrix (@i j)i,; is
symmetric and uniformly positive definite.

Hormander-type operators arise in many theoretical and applied settings sharing a sub-
Riemannian underlying geometry, for instance in mathematical models for finance, control
theory, geometric measure theory, pseudohermitian and CR geometry (see, e.g., [29] [1} [16,
9, [33, 28], [34]; see also [8] and the references therein).

We want to study the Cauchy-Dirichlet problem associated with H with a potential theory
approach. We are interested in regularity properties at the boundary for the generalized
Perron-Wiener-Brelot-Bauer solutions (PW-solutions, in short) to the Dirichlet problem for
H in generic bounded open sets @ C RV compactly contained in D x|Ty, Ts[. In particular,
our aim is to prove necessary and sufficient conditions for the regularity of a boundary point
in term of Wiener-type series, i.e. involving capacities of suitable compact sets which are
ring-shaped with respect to d-Gaussians.

We recall that Wiener criteria are much more delicate for evolutive operators than for
the stationary counterpart. Even for the heat operator, Wiener-type characterizations have
quite a long history. To the best of our knowledge, the first attempt in this direction is due
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2 G. TRALLI AND F. UGUZZONI

to Pini in [39] where he proved a sufficient condition in the 1-dimensional case for particular
open sets. Then, in [32] Landis proved a characterization for the regularity in terms of a
suitable series of caloric potentials. After the proof by Lanconelli of the necessary condition
for the regularity in [24], the proper analogue of the classical Wiener criterion for the heat
equation was finally proved by Evans and Gariepy in [14].

It is well-known that all the elliptic operators (with reasonable coefficients in the non-
divergence case; see also [23] for recent developments) share the same regular points with
the Laplacian, whereas Petrowski showed in [38] explicit counterexamples of this fact even
for constant coefficients parabolic operators. This feature makes more interesting the study
of the variable coefficients case. Several necessary and sufficient conditions have been investi-
gated for classical parabolic operators both in divergence and non divergence form, also with
different degree of regularity for the coefficients (see, e.g., the references [32], [37, 25| 26, 27]).
The Evans-Gariepy Wiener test was extended to parabolic operators in divergence form with
smooth variable coefficients by Garofalo and Lanconelli in [19], and with C'-Dini continuous
coefficients by Fabes-Garofalo-Lanconelli in [I5].

In sub-Riemannian settings, as far as we know, the only Evans-Gariepy Wiener criterion
is due to Garofalo and Segala in [20] for the heat equation on the Heisenberg group. We
mention also the papers [40, 22] for Wiener test of Landis-type for a class of Kolmogorov
equations. In these papers, the precise knowledge of the fundamental fundamental solution
plays a crucial role. A different approach, inspired by [25] 26], has been carried out in [30]
(see also [31], [42]) for a class of hypoelliptic diffusion operators. In [30] it is showed that
Wiener-type tests can be derived starting just from the following key ingredient: Gaussian
bounds of the fundamental solution with respect to a distance satisfying doubling condition
and segment property. Let us mention more literature, always in settings of sub-Riemannian
type, concerning the boundary behavior of nonnegative solutions to evolution equations in
sufficiently regular domains (see, e.g., [10} [T}, 17, B5] and the references therein).

Here we would like to pursue further the approach of [31), B0] by considering the case of
the non-hypoelliptic operators in the non-divergence form . Even if the estimates in
[31L B0] are basically independent of the smoothness of the coefficients, an approach based
on the approximation of H via smooth operators seems to be not efficient with respect to
the notions of PW-solution and of regularity of a boundary point (see Remark . Hence,
we have to go through the classical axioms of potential theory for our non-smooth operator.
Once we have in hands the notion of H-regularity, we are going to prove the following

Theorem 1.1. Let 2o = (z9,t0) € IR, and X €]0,1].
(i) If there exists 0 < a < ag and b > by such that

w— Ca (92(207)‘)) \bh

(1.2) = 400
k=1 ’B (5607 Vv )\k)}
then the point zy is H-regular.
(ii) If the point zo is H-regular, then
+oo h
Cy (2 JA
(13) b( k?(ZO )) )\ah — +OO

5 o)

for every b > By and 0 < a < ag.
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The positive numbers ag < by < By are structural constants depending just on the vector fields
Xi,...,Xp, on the eigenvalue bounds for the matriz (a; ;)i j, and on the Hélder norms of
ai,j, bj .

Here |E| denotes the Lebesgue measure of E C RY, B(xq,r) denotes the d-ball centered
at o of radius r, C, stands for a suitable notion of capacity which is going to be stated
precisely in subSection and the compact sets QZ(ZO, A) are defined in .

We remark that, as in [30], the sufficient condition and the necessary condition
(1.3) are different. On the other hand, all the quantities and the objects appearing in our
Wiener series depend on the underlying metric, and not on the fundamental solution of the
specific operator H. In fact, the lack of the precise behavior of the fundamental solution for
Hormander operators is one of the main obstacles for proving a characterization of Evans-
Gariepy-Wiener type. Furthermore, with respect to the hypoelliptic case in [30], the presence
of non-smooth coefficients forces us to follow a different approach for the proof of part (7).
As a consequence, the necessary condition (1.3]) turns out to be slightly weaker in comparison
with [30, Theorem 1.1]. We refer to Secti for the details of the technical reasons. We
just mention here that this is due to the lack of suitable Riesz-type representations for H-
superharmonic functions, which indeed represents one of the main difficulties faced in this
paper.

As a corollary of the above Theorem [1.1] we can show that a suitable notion of metric
cone condition ensures the regularity of the boundary point. Moreover, the presence of such
a cone condition allows us to derive Holder estimates of the PW-solution Hf} up to the
boundary.

Corollary 1.2. Assume § satisfies the exterior d-cone condition at zy, according to Defi-

nition[{.3 Then

zo 18 H-reqular.
If ¢ € C(9,R) satisfies in addition that [¢].,,5 = SuP,~oSUPG(, )<, W < oo for
some & > 0, then there exist 0 < ag < 1 and ¢ > 0 such that

HE(2) = ¢(e0)| < ellags (d(0,2) " for all z € .

We can use the the PW-solution, together with fundamental solution of H constructed
in [8], to actually solve the related boundary value problem in the following sense.

Corollary 1.3. Let E be the set of points of 9Q such that (1.2)) is satisfied for some 0 <
a < ag and b > by. Then, for every continuous datum ¢ on 9 and for every d-Holder
continuous function f in a neighborhood of §2, there exists

we C(QUE)NC(Q) such that {H“ ;o
U= on E.

In particular the above statement holds true even letting E be the set of points of 02 where
the exterior d-cone condition is satisfied.

Remark 1.4. A weaker result than C’orollary was proved in [42]. We stress that, from
Corollary we can deduce the existence of a unique solution to the Cauchy-Dirichlet
problem related to H in the following cylindrical domains. Suppose Q = Ax|t1,ta] is a
bounded open set compactly contained in Dx|Ty, Ts| satisfying

Vag € 0A Irg,00 > 0 such that |B(zo,r) \ A| > 09|B(xo,7)| for all 0 <1 <.
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Then, for every continuous function ¢ on 0,2 and for every d-Hélder continuous function
[ in a neighborhood of Q, there exists a unique solution u € C(Q U 9,Q2) N C%(Q) to the
problem

Hu=f 1in$,
U= on Opf2.

We will recall the classical definition of parabolic boundary 0,82 in subSection .

The paper is organized as follows. In Section [2] we fix the main objects we are going to
deal with and from which we can build the Potential Theory for our operators. In Section
we define the appropriate harmonic space of C%-functions, and we prove that suitable
extensions of the operators H endow the strip RY x|Ty, T,[ with a structure of 8-harmonic
space satisfying the Doob convergence property. In Section 4| we finally prove Theorem
Corollary and Corollary In subSection about the necessary condition
for the regularity, we construct a special nonnegative hyperharmonic function by using a
superposition of Riesz potentials with respect to a prototype operator, and then we invoke
the classical potential theoretic notion of thinness. In subSection [{.2] for the sufficient
condition and for the corollaries, we also show as intermediate steps an estimate of the
modulus of continuity at the boundary for the PW-solution in Proposition and a Holder
estimate of a suitable Wiener function in Proposition under the d-cone condition.

2. PRELIMINARIES AND RECALLINGS

Even though we want to study boundary value problems in bounded sets, our approach
requires to exploit global objects. That is why we need to extend suitably the operator H in
RN *1. This is possible thanks to the results in [8, Section 2-19]. In this section we are going
to briefly recall the procedure. Then, we will introduce the main needed objects, namely
the fundamental solution and the Green function for sets on which we can actually solve the
Cauchy-Dirichlet problem.

2.1. Extension and global fundamental solution. It is possible to construct a sys-
tem of smooth Hormander vector fields Xi, Xs,...,X,, in RN (m = p + N) coinciding
in D with the system {X1,...,X,,0,...,0}, and outside Dy with the Euclidean system
{0,...,0,0z,,...,0z5}. Moreover, this can be done in such a way that the relative Carnot-
Carathéodory control distance d satisfies:

(D1) the d-topology is the Euclidean topology, (RN, ci) is complete and, for every fixed
z € RN, d(z,£) — oo if (and only if) € — oo with respect to the usual Euclidean
norm;

(D2) (RN, d) is a doubling metric space w.r.t. the Lebesgue measure, i.e. there exists a
constant c; > 1 such that

‘B(x,Zr)‘ < cd‘é(x,r) , VzeRN, vr>o0;

(D3) (RV, aNl) has the segment property, i.e., for every x,y € R there exists a continuous
path 7 : [0,1] — RY such that v(0) = x, v(1) = y and

d(z,y) = d(z,y(t)) +d(v(t),y) Vte0,1].
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We stress that provides a global doubling condition for the extended vector fields, while
general Hormander vector fields satisfies usually just a local doubling condition thanks to
the results in [36]. We also remark that any control distance satisfies the segment property
(D3] (see, e.g., [13]). Throughout the paper we will simply write X1,..., X, d instead of
X1,...,Xm,d. Let us also denote d((x,t), (2, ') = (d(z,2')* + (t —t')2)7, and B(z,r) the
relative parabolic balls.

If E C RV*! we denote by Cf( (E) the space of functions u : E — R such that

!
lulles gy = sup|ul + sup 7|u(%) — u()] < o0
X E z#z2'€F d(Z,Z/)B
Moreover, Cx?(E) denotes the space of functions u : E — R which belong to C5 (E)
together with any Lie-derivative along the vector fields Xy, ..., X,, up to second order, and
along 0; up to first order. Analogously one defines C?‘l’gc(E)
Once we have extended the vector fields, we can also extend the operator. In fact, if we

have

P
A7l < Y aii(2)mmy < Alpl* Vi € RP, Yz € Dox|Th, Ty,
Q=1
laijlleg (poximy, 120> 105lleg (Doximi,maps <

for some positive constants k, A > 1, and « € (0, 1), then we can extend the operator H in

(1.1) to an operator
m

7:[ = Z dZ’J(Z)X,LXJ + ZBJ(Z)X] — 8t, for z € RN+1,
ij=1 j=1

coinciding with H in Dx|Ty,Ty[ and with the heat operator in (RY . Dy) x R. Moreover

the coefficients of H can be built such that

(2.1) ANl < D7 ai(2)mn; < Alnl* - ¥n €R™, vz € RV
ij=1
(2.2) i llcg @y+1)s 1bjlleg @n+1), <k = Chk.

Again, the ~ will be always dropped. In [8, Theorem 10.7] it is proved that such extended
operators have a global fundamental solution T" ( C?‘O‘ out of the diagonal of RV+1 x RVN+1)
satisfying two sided Gaussian-type estimates on strips. Precisely, denoting the d-Gaussian
(with exponent a > 0) by

ift <,

2
{m exp (—a%) if t >,
we have the existence of positive constants ag < by and, for any open and bounded time
interval I, the existence of Cy = Cy(I) > 0 such that

1
Co

The constants ag, by, Cy depend on the original vector fields, and on the constants A, «, k in

(2.1) and (2.2). We denote by

Ga(Z,C) = Ga(xatué-?T) =

(2:3) Guo(2:¢) S T(2,0) £ CoGap(2,¢), ¥z, eRV x I

S =RV X|Ty, Ty[.
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When we don’t make further comments, the constant Cy will stand for Cy (|71, T2[).

2.2. Solvability and Green functions. For the uniqueness of the solutions of the Cauchy-
Dirichlet problem, as well as for future applications, we are going to need the following
maximum principle in the class C%:

let © be an open set, whose closure is contained in a strip RN x I. For a fixed T € I let us
define Qr = {(z,t) € Q|t < T} and 9rQ = {(x,t) € 0|t < T}. If u € C%(Q) satisfies

Hu > 0 in QT,
(2.4) limsupg,. 5, ,cu(z) <0  for every ¢ € 07, then u<0 in Qf.

limsupg,.5, oo u(2) <0 if Qp is unbounded,

The scheme for proving such a maximum principle is classical. The non-classical difficulty
relies on the regularity class C%: we refer the reader to [8, Theorem 13.1] for the proof,
which is based on the maxima propagation result for C%-functions proved in [4].

Let us now take a bounded open set A C RY and consider the cylinder € = Ax|t,t[ for
some t1 < to. It is possible to define the parabolic boundary of a cylinder, namely

Op€ = (0A x [t1,t2]) U (A x {t1}) .

With these notations, we shall say that € is H-solvable if, for every continuous function ¢
on 0,¢, there exists a solution u = u,, to

uweCk(C)NCEUIE), Hu=0 in€ u=¢p ondt.

Such a solution, if it exists, has to be unique by the aforementioned maximum principle.
We also denote A C RY to be H-solvable if, for every ¢; < ts, the cylinder Ax|t;,ts[ is
‘H-solvable.

In [42, Theorem 4.1] it has been proved that € is H{-solvable if any point of 0, satisfies an
exterior d-cone condition, i.e. if, for any (x¢,to) € 9,€, there exist My, o, 0 > 0 such that

(2.5) {x € B(xo, Mor) : (z,to —12) ¢ €}| > 00| B(wo, Myr)| for all 0 < r < rg.

The proof is based on a regularization technique for the operator coefficients (see the details
in [8, Section 14]), on interior Schauder estimates [7], and on careful uniform estimates at the
boundary for the solutions of smooth operators under condition (2.5) (see also [31], Theorem
9.1)).

Remark 2.1. We would like to comment on the approach we have just mentioned. A suitable
reqularization for the operator and an approzimation procedure via the solutions of the related
smooth operators are powerful tools. One can thus obtain a solution for the mon-smooth
operator as limit of solutions, and also reqularity at the boundary if the boundary estimates
are stable in the approzimation. On the other hand, as we will see in the next section, we can
develop a Potential Theory for our non-smooth operator H. As a consequence, we will have
the notion of generalized PW-solution and of H-regularity in the classical Perron-Wiener
sense. It seems to be troublesome to understand whether such a PW-solution appears as the
limit of a sequence of approximated PW-solutions, and also whether the H-regularity of a
boundary point says something about the behavior of this sequence. Therefore, we will deal
with the proof of Theorem[I.1| with a direct approach, by working directly with the non-smooth
operator H.
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There exist bounded open sets A C RY such that Ax]t;, [ satisfies condition at
any parabolic boundary point and for any t; < t2, which says in our notations that there
exist H-solvable sets. It is enough (see [31], Proposition 6.1]) that, for every zg € A, there
exist rg, 0y > 0 such that

(2.6) |B(xo,7) ~\ A| > 09|B(zg,r)| forall 0<r <r.

Under this condition, the set A is H-solvable. There are, actually, plenty of sets fulfilling
this requirement. As a matter of fact, for any bounded open set B C RY and for every
§ > 0 there exist two H-solvable sets Aj, A° such that

(2.7) {reB:d,0B)>6 CA; CBCA C{zecRY : d= B) <}

Following [31, Theorem 6.5], the idea for the proof is to cut away from B small metric balls
centered on 0B.

Proceeding as in [8, Theorem 16.3 and Lemma 16.4] (see also [0]), we have the existence of
a Green function G = G related to H-solvable sets A. More precisely, G is a continuous
function on the set {(z,¢) € (AxR)x(AxR) : z # ¢}, and it satisfies 0 < G < T'. Moreover,
for every fixed ¢ € A x R, the function G(-,¢) € C%(A4 x R\ {¢}) solves H(G(-,¢)) =0 in

A xR\ {¢}, G(-,¢) =01in 0A x R. Also, for every ¢ € C(A) such that ¢ = 0 in A, and
for every fixed 7 € R, the function

u(l‘,t) :fA G(IvtaévT) (,0(5) d€7 €T GZ, t >,
is continuous on A x [7, 400 and it solves
Hu =0 in Ax|7,+0o0], u=0in 0A X [1,4o0], u(-,7) = ¢ in A.

In the proof of part (i) of Theorem it will be important to derive precise estimates for the
Green functions of H-solvable sets scaling accordingly to the metric d. Let us fix now these
sets. Thanks to 7 for every zp € RV*! and for every 0 < r there exists a H-solvable
set D(xo,r) satisfying B(zo, 37) € D(zo,r) C B(xo,r). For every M > e and r > 0 small
enough, we fix

(2.8) C.,(M,r)=D (xo, Tlog(M)) X]tg —r,to + 7|

and we denote by G(zo, M,r; z,() the Green function of D (xo, rlog (M)) restricted to
C.o(M,r).

3. POTENTIAL THEORY FOR H

In this section we show that H endows the strip S = RY x|}, To[ with a structure of 3-
harmonic space. The potential theory we want to exploit has to deal with the C%-functions.
Given an open set ) C S we denote by H(Q2) the family of the H-harmonic functions on .
For our purposes this is given by

H(Q) = {u € C%(Q)|Hu=0in Q}.

Clearly Q — H() is a sheaf of functions on S, which is harmonic since H(2) is a linear
subspace of C(€) (hereafter we use the standard notation of Potential Theory in Abstract
Harmonic Spaces, as presented, e.g., in [12]).



8 G. TRALLI AND F. UGUZZONI

A bounded open set V' C S is called H-regular if, for every continuous function ¢ : OV — R,
there exists a function u : V' — R, H-harmonic in V' and such that

lim u(z) = ¢(y) for every y € OV.
Var—y

Thanks to the Maximum Principle in (2.4)), this function « is unique, and nonnegative
whether ¢ > 0. It will be denoted by H . Then, if V' is an open H-regular set and z € V/,
the map

= Hy ()
defines a linear and positive functional on C'(0V). As a consequence, there exists a nonneg-
ative Radon measure u) supported on 9V such that

HY (2) = / HOdY () Ve @V,
oV

We call pY the H-harmonic measure related to V and z. A function u : Q —] — 0o, oo] will
be called H-hyperharmonic in € if u is lower semi-continuous and

ue) = [ wOal© VeV

for every H-regular open set V. C V C €. The last condition is equivalent to ask the
following

HX <wuinV Yo € C(OV) with ¢ < ulsy.
We shall denote by H*(2) the family of the H-hyperharmonic functions in Q. If u € H*(Q)
and u < +00 in a dense subset of €2, then we say that w is H-superharmonic in 2 and we
write v € H(1).
In order to have the structure of S-harmonic space, we need some axioms to be satisfied.
The axiom of positivity is trivial for us since the function v = 1 is H-harmonic and strictly
positive in S.
The aziom of separation can be proved as in [31, Proposition 3.6], by using the presence of
the fundamental solution I'. The fact that, for any fixed ¢ € S, I'(-,¢) € C%(S ~ {¢}) is
a H-superharmonic function (actually a H-potential) can be proved as in [31, Proposition
3.4]. Also the Green function G(-, () related to a H-solvable set is then H-superharmonic.
Moreover, if v is a nonnegative Radon measure with compact support, we have

(3.1) T+ () ::/SF(-,C)du(Q € H(9).

As a matter of fact, the lower semicontinuity comes just from Fatou lemma and, since
I'(-,¢) € H(S), we also get from Tonelli theorem that

*v(z) = z v / VieYdu(¢) = (! P
Txw(2) /Srmod<<>z/sévr<<7c>duz<c>d<<> /aVF (€)Y (&)

for all z € V, and for all H-regular open sets V C V C S. The fact that Riesz-type functions
as I' * v are H*-functions will be crucial for us in the proof of Theorem in Section

For the aziom of convergence in the sense of Doob, we have to prove that the limit of any
increasing sequence of H-harmonic functions in an open set O C S is H-harmonic whenever
it is finite in a dense subset of O. It is well-known that this can be proved straightforwardly
once one has in hands a parabolic Harnack inequality. For our non-smooth operators
the validity of suitable scale invariant Harnack inequalities has been proved in [8, Theorem
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15.1], as an ending point of a series of investigations [2, [l Bl [7, 42, [31] (and references
therein).

The last axiom we have to satisfy is the so-called aziom of reqularity: we need that the
family of H-regular subsets of S forms a basis for the Euclidean topology. In the case of
smooth coefficients, the hypoellipticity and the non-totally degeneracy of the Hérmander-
type operators allow to trigger the procedure by Bony in [6]. Since we want to deal with
operators with non-smooth coefficients, we are going to argue carefully by regularization
(the same regularization procedure we have briefly mentioned before Remark . We are
now going to show this fact in details. To this purpose let us consider, for € > 0, suitable
regularized operators

m m
Moo= a5 (. )X:X; + Y bi(x,t) Xy — O,
ij=1 k=1
where af ;, b7, are smooth and uniformly convergent on compact sets to a; j,bg, as ¢ — 0%.

This regularization can be constructed in such a way that the C-norm of a7 ;, b}, is taken
under control as € — 07 (as well as the ellipticity constants of af7j): this is proved in [8]
Theorem 14.2] via an ad hoc mollification, i.e. a convolution with the fundamental solution
of ZXJQ — 0;. Fix now a point zy = (xo,t9) € S. If we denote the vector fields X, =
31 0j.k(2)0y,, the Hormander condition implies in particular that the matrix o(zo)o (o)
cannot be the zero matrix. Without loss of generality, we can think (o!(zo)o(x¢))1.1 > 0.
We can consider, by continuity and by uniform convergence, an open neighborhood U of z

where

32) it (@) (Gola)), 2 5 inf (0! @ola)s = 5 (0" @)olan)is

1

z=(z,t)eU z,t)eU H

for all . In U we can construct a basis of neighborhoods of z as in [6], i.e. bounded sets

with Lipschitz boundary as V, »r = B((zo + Me1,to), M + p) N B((xo — Mey, to), M + p)
(for suitable M, p > 0). For any € > 0, the Dirichlet problem

Hov=0 inV,m,
v=0¢ on OV,

can be classically solved for any ¢ € C'(9V, ar). In fact, the hypoellipticity of the operators
‘He allows to solve such problem via elliptic regularization and the exterior ball property of
the sets V), ps allows to build H®-barrier functions which guarantee the continuity up to the
boundary of the solutions (see, e.g, [6, Théoréme 5.2]). Let us call u. the unique solutions
of such problems. The family (u.). is equibounded by maxay, ,, |¢|. Moreover, by [7] we
have the interior Schauder estimates

lotelezm ey < € lluell

in any compact set K C V, ps, with C independent of € (it depends just on the ellipticity
constants, and the d-Holder modulus of the operator coefficients). Thus, u. converges to a
function w in C%, as ¢ — 0. In particular u € H(V, »). In order to say that V, ps are
‘H-regular, we have to prove that w is continuous up to the boundary and it attains there
the datum ¢. It is enough to see that, for any point ¢ € 9V, ps the modulus of continuity
of ue at ( is independent of . This is possible since we can find H¢-barrier functions which
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are independent of . More precisely, there exist My, po such that, for every M > M, and
p < po and for every point ¢ = (y, s), the Hopf-type barrier

h(z,t) = e=C"" — e~ Clla=ol*+(t=70)?)

is a He-barrier for all € > 0. Here 72 = ||y — &l|> + (s — 70)2, the point (&0, 7o) is such that
B((&,70),7) ~ {¢} NV, p = 0. In order to check this is an actual barrier function (that is
H=h < 0 in an open neighborhood U, of ¢) we have to exploit and the definition of
Vo,ar. The constant C' and the neighborhood Us depend on the smoothness of the vector
fields, on A, and on the boundedness of b; (but not on ¢). This concludes the proof that
(Vio,M1) p<po,M>M, is & H-regular basis of neighborhoods of zy.

3.1. Potential theory tools. We have thus proved that the operator H endows the strip
S with a structure of S-harmonic space satisfying the Doob convergence property. As a
consequence, for any bounded open set 2 with Q C S, the Dirichlet problem

Hu =0 in Q,
ulon = ¢

has a generalized solution Hf;, in the Perron-Wiener sense, for every continuous function
@ : 00 — R. Therefore we can define the notion of regularity for a boundary point. A point

zg € 082 is called H-regular if
lim Hg(z) = p(z9) for every ¢ € C(09Q).
Q3z—20

Classical characterizations for the regularity are available in g-harmonic spaces. Some of
them are related with the notion of balayage. We recall the definition for the convenience
of the reader. In what follows we agree to let liminf.,. w({) = supy ¢, (infy w) being U,
a basis of neighborhoods of z.

Definition 3.1. Given a nonnegative H-hyperharmonic function ug in S, and a subset E
of S, we denote the H-reduced function of uy on F as

Ry =inf{v : v € H(S), v>0in S, v > up in E}.
We can thus define the H-balayage of ug on E as
]/%\EO (z) = liminf REO(C), z€S.
(—z

We denote by Yo }A%fo the balayage with respect to the harmonic space restricted to Uy.

It will be important for us (see (4.9) below) to control the modulus of continuity of the

PW-solution in terms of a series of balayage functions E{( » for suitable compact sets K,
(see also [31, Theorem 5.2]). Moreover, it will be crucial the classical notion of thinness (see,
e.g., [12, pg. 149]) in the proof of part (i) of Theorem [L.1]

Definition 3.2. A set F C S is said to be H-thin at {5 € S if there exist two open
neighborhoods V) C Uy of {y and a nonnegative H-hyperharmonic function ug on Uy such
that

Yo ﬁfomvo (Co) < uo(Co)-



ON A NON-SMOOTH POTENTIAL ANALYSIS FOR HORMANDER-TYPE OPERATORS 11

Since we are in a [-harmonic space, we can always consider uy = 1 in the previous
definition (see [I2), Proposition 6.3.2]). Moreover, the following characterization holds true
in S-harmonic spaces by [12, Theorem 6.3.3]:

(3.3) zo € 00 is H-regular if and only if S \ 2 is not H-thin at z.

The fact we are dealing with evolutive operators allows us the see that RN x {t > t,} is always
H-thin at points 2o = (z0,%0). As a matter of fact, if we denote w = inf.~¢ X4>4,—c) and
we notice that the characteristic functions x>, ) are H-superharmonic by the maximum

principle in (2.4, we have

R?Nx{tzt(]}(zo) <liminfw(z) =0 < 1.

Z—r20
Hence, since the union of two sets which are thin at zg is thin at zo by [I2] Theorem 6.3.1],
we have that

(3.4) (SN Q)N{t <to}is H-thin at 2o = S N\ ) is ‘H-thin at 2.

3.2. Gaussian capacities. We also fix the definition of capacity C, with respect to the
Gaussian G,. Let us denote by F(RY*1) the collection of the compact subsets of RV+L.
For F € F(RN*1), we denote by M™T(F) the set of nonnegative Radon measures supported
on F. For any a > 0, we define

Co(F) = sup {,u(F) tp € MT(F), and Gg * u(z) = /Ga(z,g)du(() <1Vze S}.

The following properties holds true (see e.g. [I8, Chapter 1, Section 2]):
(i) Co(F) < oo for any F € F(RN*1);
(11) if Fl,FQ S .F(RN+1) with Fl Q FQ, then Ca(Fl) S Ca(Fg);
(iii) for every F € F(RN*1) there exists pf” = pul” € MF(F) with G, * pf” <1 in RV
such that
p'(F) = Ca(F);

(iV) if I/ C UgenFy with F, F, € .F(RNJrl), then CG(F) < ZkeNCa(Fk)'
The measure pf is called G,-equilibrium measure of F, and the function G, * uf is called
a Gg,-equilibrium potential of F. Moreover, if a < b, we have G, < G, and thus

(3.5) Co(F) < Cy(F) VF € FRNTL),

4. PROOF OF THE MAIN RESULTS

Fix a bounded open set ) compactly contained in S, and let ag < by be the positive

constants in (2.3)). In this section we finally prove Theorem Corollary and Corollary
Theorem consists of two parts, and it deals with the relation between the regularity
of zo = (xp,t0) € 0N and the behavior of the Gaussian capacities of the compact sets

(41)  Q(20,A) = {g = (&,7) e SN QAL <y —7 < AR,

() <o (229 < (1) o i)
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for h,k € N. For part (i) (concerning the sufficient condition for the regularity), we go
through the approach outlined in [30] where we exploit suitable estimates of the Green
kernels of subSection For part (i7) (the necessary condition), we need to implement a
completely new strategy with respect to [30].

4.1. Proof of part (ii). General potential theory provides the link between the regularity
and the divergence of a certain series of balayage functions (see, e.g., [31l Proposition 4.12]).
In the case of smooth coefficients, one can then use the representation of the balayage as
Riesz-potential (namely the convolution of I" with the relevant Riesz measure). The Gaussian
estimates for I' give then the divergence of a series of the type . This strategy has been
followed in [30]. Here we deal with non-divergence operators with non-smooth coefficients:
a new difficulty arises in trying to follow the same approach, due to the lack of suitable
Riesz-type representations for H-superharmonic functions. To avoid this problem, we shall
make use of the Riesz measures of a prototype (smooth) operator of the type % X JQ — 0.
Let us then take

1 m
ﬁ—;O21, and denote HBZB;X?—(%.

The operator H! = ZXJQ — O falls in the class of operators H we are considering (since
A > 1). Therefore its fundamental solution I'! satisfies the Gaussian estimates in S.
It is easy to see that the fundamental solution of #”, which we are going to denote by I'’,
is a rescaled version of T'!, i.e.

(06 =1 (5 50) (6 57))-

For all z = (z,t),{ = (£,7) € S8 := RN x|BT}, BT,[2 S, we have then

o ((o3)-() =0 = 6 (1) (019)

From the definitions of d-Gaussians and since § > 1, we can recognize that

Gy, ((a:, ;t) , <§, ;7-)) > Gpop(2,¢), and
G, ((x, ;t) , (57 ;T>> < Cdﬁ%Gaoﬁ(ZaC)a

where cq4 is the doubling constant and @ is the relative homogeneous dimension. Hence we
get
1

(12 &

Gz (2.€) < T(2,0) < CocaBB? Guy(2,¢) < CReap? I(2,(),  Vz.(€S.

a0

Thus, the fundamental solution of the prototype operator H” is (up to a structural constant)

below all the fundamental solutions I' of the operators H in our class, and it lies above a
2

d-Gaussian with exponent 2—2 Our aim is to prove part (ii) exactly with the choice
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We are going to argue by contradiction. So, for a fixed zg € 9Q and A € (0, 1), suppose that

— G (2 (20,1))
i (o)
for some b > By and 0 < a < ag. We want to exploit this in order to find a nonnegative
‘H-hyperharmonic function v on a suitable neighborhood of zy such that

4.4 lim inf > .
( ) (S\Q)ﬂ{[I&IIfI;}Bz—)zO U(Z) U(ZO)

(4.3) A < oo

We will recall that this fact implies the H-thinness of (S~ Q)N {t < to} at zp, and therefore
the non-regularity of zg. A similar strategy of proof has been used by Lanconelli in [27,
Teorema 3.3], where he compared regularity criteria with respect to two different classical
parabolic operators in terms of the difference of their quadratic forms. Here we construct
the desired H-hyperharmonic function v with a superposition of Riesz-potentials of the type
' % 1, where 1# are Riesz measures of suitable ##-balayage functions.

Let us see the proof in details. For any h,k € N, there exists a compact set E,’; C S with
the following properties

QZ(ZQ,A Clnt( ,’;)
(4.5) { Coo (B}) < Cpy (D20, N)) + A9,

zaoh

SUP¢eph Gap(20,C) < C’Am for some positive C indipendent of h, k.

The constant Cy might depend on A, zg, and structural quantities (ag, @, ...). One can in
fact make the choice

B = (@0, V) 5 = {< €5 5 3 € hCan, ) with (. 0) < -}

for some m = m(h,k,\). The fact that QJ'(z9,A) C int (E}) is trivial with this choice.
Recalling that

)\ao (h 1) )\aoh
sup Gy (20,C) < o

< )
CeQl (z0.0) ‘B (mo \/)\kﬂ)‘ Ao+ B(:co,\/)\k>’

the third required property can be proved in a straightforward way from the definition of
E for all m big enough (i.e. by increasing suitably the constant giQ , for m bigger than
A0t

some my(h,k,A)). On the other hand, the second property follows from the fact that
Con (Ue(z0, 1)) = inf Cay ((Ah(20,1)) 1)

which holds true since QF (2, \) = ﬂ (QZ(zO, N)

m

1

(see [18, Remark at pg. 155]). Once we have established the existence of EJ, we can consider
~1h

the H’-balayage Vhﬂ’ PSS RlE’“. Since H” has smooth coefficients, by [31, Proposition 8.3]

we can represent Vhﬁ_ . as the Riesz potential I'? uﬁ . almost everywhere in S, for some

nonnegative Radon measure ,uik supported in E,}C‘ Moreover we have

(4.6) Ve =TPsp) =1 in int (E) D Qp(z0, ).
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We can now define, for [ € N, the function v, : S — [0, +00] as

+o0o 400

= Z ZF*“iﬁz,k'

k=21 h=1
By (3.1) we know that u; € H*(S). We have also

+oo +oo

(B(zo,)\l)\Q)ﬁ{t<to}g U U 2%z ).

k=2l h=1

Hence, for every z € (B(ZO, PURN Q)ﬂ{t < to}, we can consider k, h such that z € Q%(zo, A),

and we get

1 1
(4.7) w(z)>Txpl (2)> ——TPspf (2)=——
T acqst M st
by (4.2) and (4.6)). On the other hand, we claim that
li =0.
L ) =0
In fact, by (2.3)) and (4.5) we have
+oo +oo +oo +oo
w(zo) < D> up (B s [(20,¢) < Co Y > sy, (EF) sup Ga,(20.0)
k=2l h=1 k=2l h=1 ceby
<0 Y S () e
k=2l h=1 ‘B (960, )\k)‘

Furthermore, by (4.2) and [30, Corollary 2.4] we have ,uﬁ,k (Bp) =: Cys (EJ) < cCg, (E})
for some structural positive constant c. Therefore, by using (|4.5)) and the doubling condition,
we get

>y o
u(z0) < CoCie Cs (Ek —_—
k=21 h=1 ’ ‘B (3607 N)‘
+§ f ) kQ) )\aoh
< CyCic (Ca (U (20, ) + AQ) A
k=2l h=1 ’ ‘B (xo,m)‘
+o0o +oo ach +oo +oo
%o CdC[)C)\C kQ h
< CoCre > Y Cay (20, N) DD AT Nk,
k=21 h—1 ’ ’B (l’o,ﬁ)’ |B (0,1 |k 2 h=1
We recall that b > 5y and 0 < a < ag, and also Cg, < Cp by . Thus we have
f io Aeh ch’oC,\c f f Q
u(z9) < CoCre Co (2% (20,N)) PLED LIl
k=21 h=1 )B (fﬁo,ﬁﬂ |B (20,1 |k 20 h=1

The double series at the r.h.s. are both convergent: the second one just because A < 1,
whereas the convergence of the first is our assumption (4.3)). The claim is then proved, since
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we can make the r.h.s. as small as we want for large . Thus, we can take [y € N such that

() < —
uy, (20 _—
’ caC2B%
Hence, we deduce from (4.7]) that
1
lim inf uy, (2) > inf Uy, > ——a > uy, (20)-
(SN\Q)N{t<to}d2—20 © (B(ZO,AZO)\Q)ﬂ{t<to} 0 cdcgﬁ% 0

The nonnegative H-hyperharmonic functlon uy, does the job we were looking for in . On

the other hand, if we put s = chOB 2 , we can consider the nonnegative H- hyperharmonlc
function v defined by

v(z) = s -y, (2).
We have by that v > 1 in (B(zo,)\lo) \Q) N{t < to} = (SN N{t<to}) N
B(zo,)\l"). Therefore

Eg(S\Q)ﬂ{t<to})ﬂB(zo,>\l0)(ZO) < Rg(S\Q)ﬂ{t<t0})ﬂ]§(z0,)\l0)(ZO) Sv(zo) <1,

which means by definition that (S ~\ Q) N {t < ¢y} is H-thin at z5. This fact, together with
(13.3) and (3.4), is telling us that zg is not H-regular for Q. This completes the proof of part

(i)

4.2. Proof of part (i), and corollaries. To prove part (i) we first estimate the modulus
of continuity of the PW-solution in terms of a Wiener function, which is then estimated
with a series involving capacitary terms. Although this approach is rather delicate, we have
the possibility to follow the quantitative proof in [30]. We summarize the needed estimate
in the following proposition. We first fix some notations. Let us introduce the function

(% (20,
S = Y 3 Celibod)
N3k<logd2(zo z) h=1 ‘B (an A )‘
which encodes the behavior of the Wiener type series in ((1.2]). Moreover, for I € N we can
consider the compact sets F; = (B (zo, )\%) N{t< to}) N Q, and the following H- Wiener

function for Q at zg
W, Zp RFl for p €]0,1],

which concerns the behavior of the ‘H-balayage functions around zp. Let us also put, for
o >0,

wy(o) = inf{Wp(z) sz €9, J(zo,z) > O’} .
Finally, we denote the oscillation of a function ¢ € C(92,R) at a point zy € 9 and scale
T as

wy(20,m) = sup [p(2) — ¢(20)]-
d(z,z0)<r
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Proposition 4.1. Let zg € 90 and X €]0,1[. For every 0 < a < ag and b > by there ewist
positive constants C' and py (only depending on a,b, \) such that

Q. - Wy (20, diam;(092)) RN
(4.8) |H¢ (z) — p(20)] < ;r;i(") (ww(zo,a) +C - exp CSa()\,zo,z)

for every z € Q, and for all p € C(0,R).

Proof. Fix zg € 99, and ¢ € C(99,R). We can proceed verbatim as in the proof of [31],
Theorem 5.2] and we can get

_ : W,(2)
(4.9) |Hg(z) — (p(Zo)| < ;T;fo (WLP(Z(MO') + wtp(ZO; dlamd”(aQ)) ’LUp(O') )

for all z € Q, and for any p €0, 1[. We also notice that w,(c) has to be strictly positive by

arguing as in [31], inequality (5.6)]. Fix now A, a and b as in the statement. The inequality
(4.8) then follows if we can prove the existence of C' and py such that

1
Wy (2) < Cexp (—05’2()\; 20, z)) for every z € S,

which is the analogous of [30, Theorem 1.2]. We recall here the main steps in the proof, and
we refer the reader to [30] for everything else. We denote

h
Di(z0,N) = | ©(20,A) for h,k €N, and
j=1

120,2) = S Ca (Dh(z()’/\))
Zg(\iz0,2) = > > ’B (xz7\/ﬁ)’Abh'

Since S?(\; 20, ) and Z2(\; 20, ) have equivalent behavior and Z?(\y; 2o, 2) is equivalent to
ZP(\a; 20, 2) for Ay # Ag by [30, Remark 4.1 and Remark 4.2], it is enough to prove that, if
A > 0 is small enough (less than a structural A\g), then there exist C and pg such that

1
Wy, (2) < Cexp (—ng(A; 20, z)) for every z € S.

log d2(zqg,2) h=1
Nokg e z0.2)

To this aim, the crucial part of the argument is to prove that there exists a positive constant
C4 such that

(4.10) 1- I:Bfl(z) <exp (Cy 1) exp (éZZ(A; 20, z)> Vz € S, and for every [ € N :
1

this fact, together with the choice 0 < p < e~ 1, would imply

+o0 1 00 .

BF
W) = 3ot (1 RE9) <0 (2800, ) - (o)

=1 =1
and would complete the proof. The proof of (4.10) requires the estimate in [30, Lemma
3.4], which is the most delicate part. We can derive such result in the same exact way. We
just mention here that this estimate links the behavior of the H-balayage of a finite union of
compact sets K; approaching zy from below with the behavior at zg of certain G-equilibrium
potentials of K;. These equilibrium potentials are defined as the convolution of the Green
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function of subSection[2.2)related to the cylinder C, (M, r) defined in (2.8) with the measure
v; € MT(K;) for which

v;(K;) = sup {M(Ki) : p € MT(K;), and /G(zo,M,r;z,C)d,u(C) <1Vze S}.

The measure v; is a (so called) equilibrium measure of K; related to the kernel G(zo, M, 75, )
(see, e.g., [I8,[30]). The Gaussian bounds for the Green functions and the Holder continuity
for the solutions to H (which in our case comes from the Harnack inequality in [8] Theorem
15.1]) are the main ingredients in order to get the correct dependence with respect to r, M
and, more in general, the proof of the desired estimate. O

The proof of part (i) in Theorem easily follows from the last proposition. We have
just to observe that the hypothesis says that S®(\;zg,2) — +o0 as d(zo,z) — 0T,
Thus, the right hand side of can be made as small as we want for some o > 0, for any
continuous function ¢. Hence zy has to be H-regular, and the proof is complete.

Let us now recall here for clarity the definition of d-cone condition (already appeared
with (2.5)).

Definition 4.2. We say that ) satisfies the exterior d-cone condition at a point zg =
(x0,t0) € O if there exist My, 1,0 > 0 such that

‘{x € B(xo, Mor) : (z,tg — %) € Q}| > 9|B(x07M0r)‘ for every 0 < r <.

Under this condition it is possible to give a further estimate of the H-Wiener function
W,,, where py is the constant in Proposition

Proposition 4.3. Assume Q satisfies the exterior d-cone condition at zg € 0S). Then there
exist ¢ and @ such that

Wy (2) <c (d(zo, z))a for every z € S.

The proof can be done by arguing verbatim as in [30, Theorem 5.4], by using the integral
bound in [30, Theorem 1.3]. The last proposition, together with , says in particular that
the d-cone condition ensures the H-regularity of zo (see also the recent results in [21], 22]
for cone-type criteria for some classes of hypoelliptic operators). We recall that, if Q is a
cylinder of the type AX]|ty, ta[, the d-cone condition is implied by the density condition
for the set A C RY (see the results in [43, 41] for the boundary regularity of some stationary
operators under condition (2.6)).

To complete the proof of Corollary we want also to deduce the holder regularity of H, ;2
at zp by assuming more control on the oscillation wy (29, 7). This is again a consequence of
Proposition [4.3 and (see [30, Theorem 1.4] and [31], Proposition 5.7] for more details).

Finally, we are just left with the proof of Corollary

Proof of Corollary[1.3 Let E be the subset of 9 as in the statement. For the case f =0,
we have proved with Theorem that the choice u = Hg solves the problem, for any
continuous datum ¢ on 0f.

On the other hand, let us consider the case of a function f € C)ﬂ( in a neighborhood Qg of

Q. Let ¢ € C§°(Q0) be a cut-off function such that 1 = 1 in Q. Then f: fve C')ﬁ( (RN+1),
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We set v(z,t) = — f]RNx[TO,t] T(x,t;¢) f£(¢)d¢, where Ty is a fixed time “below” Qg. In this

way v € C3 (RN x|Tpy, Ty]) and Ho = f in RN x]Tp, To[ (see [8, Theorem 10.7]). It is now
sufficient to choose u = v + H fplv' (]
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