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ABSTRACT. We study the regularity properties of the second order
linear operator in RV*1:

m N
Lu = Z ajkazjzku—k Z b0y, u — Oyu,
jik=1 Gok=1
where A = (a;k); 1=y > B = (bjr); =y, are real valued ma-
trices with constant coefficients, with A symmetric and strictly
positive. We prove that, if the operator .Z satisfies Hérman-
der’s hypoellipticity condition, and f is a Dini continuous function,
then the second order derivatives of the solution u to the equation
Zu = f are Dini continuous functions as well. We also consider
the case of Dini continuous coefficients a;;’s. A key step in our
proof is a Taylor formula for classical solutions to Zu = f that we
establish under minimal regularity assumptions on u.
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1. Introduction. We consider second order linear differential opera-
tors of the form

m N
2= Z aijaiixj + Z bijxjami - 8t7 (1.1)

i,j=1 1,j=1

where (z,¢) € RV and 1 <m < N. The matrices A := (a;j)ij=1,..m
and B := (b;;)i j=1,..~ have real constant entries. The first order part
of the operator .Z will be denoted by Y

N
Y= byx;0s — 0, = (Bx,D) - 0, (1.2)

ij=1
and Yu will be understood as the Lie derivative
B t— — t
Yu(z,t) :=lim ulexp(sB)z,t = s) — ul, )

s—0 S

(1.3)

Note that Yu is the derivative of u along the characteristic trajectory
of Y, if we identify the directional derivative Y with the vector valued
function Y (x,t) = (Bz,—1). The standing assumption of this article
is:

[H.1] The matrix A is symmetric and strictly positive, the matrix B
has the form

Boo Boi ... Box-1 Box * *
By By ... Bix1 Big By
B = ©) BQ c. BZ,K*l Bgyﬂ — O Bg
O O ... B, Bk O O ... B, x
(1.4)
where every block B; is an m; x m;_; matrix of rank m; with j =
1,2,..., k. Moreover, the m;s are positive integers such that

mo>my >...>mg>1 and mo+my+...+m,=N. (1.5)

We agree to let mg := m to have a consistent notation, moreover Q
denotes a block matrix whose entries are zeros, whereas the coefficients
of the blocks “x” are arbitrary. Note that we allow the operator .Z to
be strongly degenerate, when m < N. However, the assumption [H.1]
implies that the first order part Y of £ induces a strong regularity
property. Indeed, it is known that .Z is hypoelliptic, namely that
every distributional solution u to Zu = f defined in some open set
Q C RY*! belongs to C*(£2), and is a classical solution to Lu = f,
whenever f € C(€2). In Section 2 we will recall several known results
about the operators .Z that will be used in the sequel.
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The interest in degenerate operators in the form .Z arises in sev-
eral research areas. Consider for instance the operator introduced by
Kolmogorov in [12], defined for (z,t) = (v,y,t) € R™ x R™ x R as
follows

H =02 =Y w0, — 0 =0, — (v,D,) 0. (1.6)
j=1 j=1

The operator £ can be written in the form (1.1) with k = 1,m; = m,

and
B- (_?m 8) (1.7)

where [, denotes the m x m identity matrix. It appears in kinetic
theory as a prototype of the Boltzmann—Landau equation, describing
the density f = f(v,y,t) having position y and velocity v at time t¢.
We refer to the recent survey article [11] by Imbert and Silvestre, and
to its bibliography. Equations of the form [12] arise in mathematical
finance as well. Specifically, the following linear equation

S?05sV +10g(S)04V + 0,V =0, (S, A, t) € R x Rx]0, T

appears in the Black & Scholes theory when considering the problem of
the pricing of geometric average asian options, and takes the form [12]
as we change the variable (S, A,t) = (e*,y,T —t). For the applications
of operators in the form .Z to the finance and to the stochastic theory
we refer to the monograph [21] by Pascucci.

In this article we study the local regularity of the classical solution
uto Zu = f when f is Dini continuous. For this reason we require as
few conditions as possible for the definition of Zu.

Definition 1.1. Let Q be an open subset of RN, We say that a
function w belongs to C% () if u, its derivatives Oy u, pn,u (1,5 =

1,...,m) and the Lie derivative Yu defined in (1.3) are continuous
functions in Q). We also require, forv=1,...,m, that
lim ainJ(eXp(SB)I‘,t — S) — axzu(x7 t) _ O, (18)
s—0 |5|1/2

uniformly for every (z,t) € K, where K is a compact set K C Q.

Let f be a continuous function defined in Q). We say that a function
u is a classical solution to Lu = f in Q if u belongs to C%(2), and
the equation Lu = [ is satisfied at every point of €).

As it is customary in the heat operator framework, we regard the
time derivative, here generalized by Y, as a second order operator (see
Remark 2.2 below for a formal justification of this fact). As a con-
sequence, (1.8) can be interpreted as a condition on the second order
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mixed derivative of the form Y20, u. Indeed, if the derivative Y 9,,u

exists, then the fractional derivative Y@ii/ “u is equal to 0. Thus, condi-
tion (1.8) is not demanding and it is the weakest assumption we need in
order to prove that u is approximated by its intrinsic Taylor polynomial
of degree 2 (see Theorem 1.3 below).

Our main result is the local regularity of the classical solution u to
Zu = f when f is Dini continuous. In order to define a modulus of
continuity which is suitable for the operator . we recall the Lie group
structure K = (RV¥*1 o) introduced by Lanconelli and Polidoro in [13],
and some related notation. In Section 2 we will explain its connection

with .Z. We let

E(t) := exp(—tB), (1.9)
and we define
K= RV o), (z,t)o(&,7) = (E+E(T)z,t4+7), (z,1),(&,7) € RV

(1.10)
Then K is a non-commutative group with zero element (0, 0) and inverse

(z,t)"" = (=E(=t)z, —t).

In [13] it is proved that the operator £ is invariant with respect to a
family of dilations (9, ), if, and only if, the matrix B in (1.4) agrees
with By defined as:

0 0 0 O
B 0O 0 O

By=|0 B 0 O (1.11)
0O O ... B, O

In other words, every block denoted by * in (1.4) has zero entries. In
this case the dilation is defined for every positive r as

(Sr = diag(r‘[ma r3]m1’ et 7T2H+11mn7r2)7 <112)

where I, k € N, is the k-dimensional unit matrix.

In the sequel we let % be the operator obtained from .# by replac-
ing its matrix B with By defined in (1.11), and we base our blow-up
argument on the family of dilations (9, ),-o. Hence we take advantage
of the invariant structure of % in the study of the regularity of .Z.
This fact is quite natural as % is the blow-up limit of £, as it is shown
in Section 2.2 of [1].

We now introduce a homogeneous semi-norm of degree 1 with respect
to the family of dilations (,),~¢ in (1.12) and a quasi-distance which is



SCHAUDER TYPE ESTIMATES FOR KOLMOGOROV EQUATIONS 5

invariant with respect to the group operation in (1.10). We first rewrite
the matrix ¢, with the equivalent notation

5, = diag(r®*, ..., r®V r?), (1.13)

where o, ..., Qmg = 1, Qungt1y - -+ Omgtmy = 3y ANempy -« -y AN = 2K +
1.

Definition 1.2. For every (z,t) € RV we set
1 1 1
(@, 8) e = max {2, .. oo, e} } (1.14)

Note that the semi-norm is homogeneous of degree 1 with respect to
the family of dilations (9, ),~0, namely ||6,(z,t)||x = r||(x,t)||x for every
r >0 and (z,t) € R¥*L. Moreover, the following pseudo-triangular in-
equality holds: for every bounded set H C R *! there exists a positive
constant ¢y such that

Iz, )" I < enll(@, 1)k,
[(z,2) o (&, 7)[x < cu(ll(@,t)llx + (£, 7)),

for every (z,t),(&,7) € H. We then define the quasi-distance dx by
setting

di((z,1), (&, 7)) = (€, 7)o@, )k, (x,1),(§,7) € RV, (1.16)

and the bozes
Q. (z0,t0) := {(x,t) € RN | dy((x,1), (zo,t0)) < 7} (1.17)
Note that from (1.15) it directly follows

dx((z,1), (§,7)) < culde((2,1), (y,5)) + dx((y 5), (£, 7)),

for every (z,t), (€,7), (y,s) € RVFL

We are now in a position to state our result concerning the intrinsic
second order Taylor polynomial. We recall that the nth-order intrinsic
Taylor polynomial of a function u around the point z is defined as the
unique polynomial function P]'u of order n such that

u(¢) = Plu(C) = o(dx(¢, 2)") as (= z,

where dx denotes the quasi-distance defined in (1.16).

(1.15)

Theorem 1.3. Let £ be an operator in the form (1.1) satisfying hy-
pothesis [H.1]. Let Q2 be an open subset of RNTL and let u be a function
in C%(Q). For every z := (z,t) € Q we define the second order Taylor
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polynomial of u around z as

| = (1.18)
+3 > 02, ul@) (& = w) (& — ay) = Yu(2)(r — 1),

ij=1
for any ¢ = (&, 1) € Q. Indeed, we have
u(¢) = T2u(¢) = o(dx(¢,2)*) as ¢ — z (1.19)

Remark 1.4. We compare Theorem 1.5 with the existing literature.
We specifically refer to the results proved by Pagliarani, Pascucci and
Pignotti in [19, 20, 22]. The authors of the above mentioned papers
consider a suitable funtion space Cy®(SY), with n nonnegative integer
and « € (0, 1], and prove that

uw(C) — TMu(¢) = O(dg (¢, 2)") as ¢ — 2. (1.20)

In order to compare this assertion with (1.19) we need to consider the
case n + «a = 2. Note that the above articles do not cover the case
n =2 and o = 0, while they cover n =1 and o = 1. Thus, their main
results apply to the space C’é;l(Q) of the functions u that have Lipschitz
continuous first order derivatives Oy, u,...,0;, u along the directions
X1, ..., Ty and satisfy

Op u(exp(sB)x,t — s) — Op,u(z,t) = O(|s|V?), as s—0, (1.21)

for every (z,t) € Q and i = 1,...,m. Moreover the functions u are
Lipschitz continuous along the direction of the vector field Y. In this
setting (1.20) reads as follows

u(C) = Tru(¢) = O(dk(¢,2)*) as (= =

We emphasize that the assumption u € C}g’l(Q) does not imply the ex-
istence of the second order derivatives of u, then C’;:_-;l(Q) differs subs-
tiantially from our space C%,(2). For this reason, the proof of Theorem
1.3 requires slightly different arguments and the additional condition
(1.8), which is slightly stronger than (1.21).

In order to state the upcoming result Theorem 1.6, we define the
modulus of continuity of a function f defined on any set H C RV*! as
follows

w(r) = sup  [f(z,t) = f(§7)]- (1.22)

(z,t),(¢,7)EH
dK((mvt)7(§7T))<T
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Definition 1.5. A function f is said to be Dini-continuous in H if
1
/ wf—(r)dr < +00.
o T

We are now in position to state our main result.

Theorem 1.6. Let £ be an operator in the form (1.1) satisfying hy-
pothesis [H.1]. Letu € C%(91(0,0)) be a classical solution to Lu = f.
Suppose that f is Dini continuous. Then there exists a positive constant
¢, only depending on the operator £, such that:

i):
2 tuwg(r)
0°u(0,0)| < e | sup [ul +[f(0,0)| + [ ———=dr |;
21(0,0) 0 r
ii): for any points (x,t) and (§,7) € Q1(0,0) we have

0%u(z,t) — OPule,7) < d sup Jul+d sup |f]+
Q1(0,0) Q1(0,0)

. /Odwa%+d [ Ld)

where d = dg((z,t),(£,7)) and 8? stands either for 02
t,j=1,....m, or forY.

with

i%57

We emphasize that Theorem 1.6 fails even in the simplest Euclidean
setting if we do not assume any regularity condition on the function f.
Consider for instance the function

u(z,y) = zy(log(z? + y2))*,  with 0<a < 1.
A direct computation shows that
Au(z,y)

x x
= 804Wyy2(10g(x2 +°))*  Ha(a — 1)Wyy2(log(a}2 +y)* %,
so that f(z,y) := Au(z,y) extends to a continuous function on R?
which is not Dini continuous at the point (0,0). On the other hand,
the derivative 0,0,u(z,y) is unbounded near the origin. We also point
out that, when o = 1, the function u is a counterexample for the L>
bounds of the second order derivatives of weak solutions to Au = f. !

"'We acknowledge that this counterexample was pointed out to one of the authors
by Andreas Minne during the Workshop “New trends in PDEs”, held in Catania
on 29-30 May 2018.
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We finally consider the non-constant coefficients operator Z defined
as follows

N
Z a;;(z,t 02 ,+ Z bi;x;0x; — Oy (1.23)

1,j=1 1,j=1

We assume that the coefficients a;; are Dini continuous functions and,
in order to simplify the notation, we write

we(r) := max sup lai;(z,t) — a; (€, 7). (1.24)
bI=Lem (2 ) (¢,7)EH
dK(($1t)7(£vT))<r

We assume that the following condition on the matrix
A(z,t) == (aj;(z,t))ij=1,.m is satisfied.

[H.2] For every (z,t) € RV*L the matrix A(z,t) is symmetric and
satisfies

MNEP < (A(z, t)€,€) < AJ€)?, for every £ € R™, (1.25)

for some positive constants A, A.

Theorem 1.7. Let £ be an operator in the form (1.23) satisfying
the hypotheses [H.1] and [H.2]. Let u € C%(Q4(0,0)) be a classical
solution to Zu = f. Suppose that f and the coefficients a;j, i,j =
1,...,m, are Dini continuous. Then for any points (x,t) and ({,T) €

Q1(0,0) the following holds:

1
2

0%u(w, ) —0Pu(e, )| < c[ d sup [ul +d sup |f]
Q1(0,0) Q1(0,0)

d 1
+/ wf—(r)dr—i-d/ Cuf—g)dr)
o T a T
- dwa(r) 1Wa(r>
+c sup szu) / —dr—l—d/ ——=dr).
<iJZ=1Q1(O,O)’ s <0 r a T )

where d = dg((z,t), (£, 7)) and 0* stands either for O

ziwjrlsJ J=1
or for'Y.

e, M,

We now compare our main findings with the current literature on
this subject. We first consider functions f defined on H C RN¥*! that
are Holder continuous with respect to the distance (1.16), that is

[f (@, 0)=f(§,7)| < M dg((z,1), (§, 7))  V(x,1),(&7) € H, (1.26)
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for some constants M > 0 and a €]0,1]. In this case we say that
f e CY*(H) and we let

||f||02,a(H) = Sl}llp |f| +inf {M >0 (1.26) holds}.

When a < 1 we write C¢(H) instead of C)*(H). As a direct conse-
quence of Theorem 1.7 we have

Corollary 1.8. Let u € C%(9Q1(0,0)) be a classical solution to PLu =
f. Suppose that f and the coefficients a;j, 1,5 = 1,...,m, belong to
CY*(Q41(0,0)). Then for any points (x,t) and (£,7) € Q%(0,0) the
following holds:

o ifa<l

[ flles (21 0.0))
0%, 1) — OPul€, ) sta( sup fu] + “LICE@(00)
01(0,0) a(l —a)

— lalleg(i0,0)
+ sup ’ a:i:r ’# )
”21 00 7 a(l-a)

o ifa=1
|0*u(z,t) — O*u(é, 7)| < cd( sup |u| + HfHC%I(QI(O’O))‘ log d|

Q1(070)

# (X s 10200l Yooyl o o)
ij=121(0,0)

Note that, for a < 1, Corollary 1.8 restores the Schauder estimates
previously proved by Manfredini in [16], and by Di Francesco and Poli-
doro in [6]. Note that, in this case, an interpolation inequality allows
us to state a bound for the C? norm of the derivatives 9%« in terms of
lalles (010,00 1 flee(0i0,0)), and supg, g0y [u| only. We also recall that
Schauder estimates in the framework of semigroups have been proved
by Lunardi [15], Lorenzi [14], Priola [23]. Theorems 1.6 and 1.7 improve
the previous ones, not only because we weaken the regularity assump-
tion on f and on the coefficients a;;’s, but also because the Schauder
estimate for o = 1 is not given in the aforementioned articles. We also
quote analogous results obtained in the framework of stochastic theory
(see Menozzi [17] and its bibliography).

The proof of our main results is based on the method introduced by
Wang [25] in the study of the Poisson equation, which greatly simplifies
the other approaches previously used in literature. Wang considers in
[25] a solution u to the equation Au = f in some open set Q2. Without
loss of generality, he assumes that the unit ball B;(0) is contained in §2
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and considers a sequence of Dirichlet problems as follows. Let B, (0)
be the Euclidean ball centered at the origin and of radius rp = 2%, and
let u; be the solution to the Dirichlet problem

Au, = f(0), in B, (0), up=u in 0B, (0).

Quantitative information on the derivatives of every solution uy is ob-
tained by using only the elementary properties of the Laplace equa-
tion, namely the weak maximum principle, and the standard apriori
estimates of the derivatives, that are obtained in [25] via mean value
formulas. The bounds for the derivatives of v are obtained as the limit
of the analogous bounds for u;. The Taylor expansion in this step is
crucial to conclude the proof.

In this work we apply the method described above to degenerate
Kolmogorov operators %, by adapting Wang’s approach to the non-
Euclidean structure defined in (1.10). In particular, the ball B,, (0)
is replaced by the box Q,,(0,0) defined through the dilation §,, in-
troduced in (1.12). Concerning the Taylor expansion, we recall the
results due to Bonfiglioli [4] and the ones proved by Pagliarani, Pas-
cucci and Pignotti [19]. We emphasize that the authors of the above
articles assume that the second order derivatives of the function u are
Holder continuous, while we only require that u belongs to the space
C%(Q) introduced in Definition 1.1. As the regularity of the second
order derivatives of u is the very subject of this note, we do not assume
extra conditions on them and we prove in Proposition 1.3 the Taylor
approximation under the minimal requirement that u € C%(2).

We conclude this introduction with a short discussion about the ap-
plicative and theoretical interest in the operator £ defined in (1.6),
that is

H = Zagj N Z$jawm+j =0 =00 = (v, Dy) = 0.
j=1 J=1

Recall that it appears in kinetic theory, and describes the density f =
f(v,y,t) of particles that have velocity v and position y at time ¢. In
this setting, the Lie group has a quite natural intepretation. Indeed the
composition law (1.10) agrees with the Galilean change of variables

('Ua y7t) © (UOa y[))t()) = (UO + U, Yo + Yy + tva 2(:0 + t);

for every (v,y,t), (vo, Yo, to) € R*™F1,

It is easy to see that JZ" is invariant with respect to the above change
of variables. Specifically, if w(v,y,t) = u(vo + v, yo +y + tvy, to +t) and
9(v,y,t) = f(vo +v,90 +y + tvg, Lo + ), then

Hu=f <= Hw=gqg forevery (vy,yo,to) € R
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As the matrix B in (1.7) is in the form (1.11), J# is invariant with
respect to the dilatation d,(v,y,t) := (rv,r3y,r*t). Note that the di-
latation acts as the usual parabolic scaling with respect to the variable
v and t. The term 73 in front of y is due to the fact that the veloc-
ity v is the derivative of the position y with respect to time ¢. For a
more exhaustive description of the operator £, and of its applications,
we refer to the survey article [1] by Anceschi and Polidoro and to its
bibliography.

After the work of Kolmogorov [12] where (1.6) was introduced, and
Hormander’s celebrated article [10] on the hypoellipticity of second or-
der degenerate linear operators, the regularity theory for operators that
are invariant with respect to a Lie group structure has been widely de-
veloped by many authors. We quote here the seminal works by Folland
[7], Folland and Stein [8], Rotschild and Stein [24], Nagel, Stein and
Wainger [18]. We also refer to the monograph by Bonfiglioli, Lanconelli
and Uguzzoni [3] that contains an updated description of this theory.
Wei, Jiang, and Wu adapt in [26] the method introduced by Wang [25]
and prove Schauder estimates for hypoelliptic degenerate operators on
the Heisenberg group. The Taylor formula used in [26] is proved by
Arena, Caruso and Causa in [2]. In a different framework, Wang’s
method has been used by Bucur and Karakhanyan [5] in the study of
fractional operators.

This paper is structured as follows. In Section 2, we recall the basic
facts about the analysis on Lie groups we need in our treatment. It also
contains some properties about the fundamental solution of the opera-
tor .Z. In Section 3 we prove some preliminary results. In particular,
we obtain some a priori estimates of the derivatives of the solutions u
to Zu = 0 in terms of the L*> norm of u. In Section 4 we prove our
main result on the Taylor approximation of any function u € C%().
Section 5 contains the proof of Theorem 1.6, while Section 6 contains
the proof of Theorem 1.7.

2. Lie Group Invariance and Fundamental Solution. Here we
discuss the invariance properties of Kolmogorov operators with respect
to the Lie Group structure K = (R¥*1 o) introduced in (1.10). More-
over, we recall some known results concerning the fundamental solution
of Z.

We first introduce some further notation. As the constant matrix A is
symmetric and positive, there exists a symmetric and positive matrix
AV? = (ay) such that A = AY2A'Y2. In order to check the

ij=1,...m
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hypothesis [H.1], we write .Z in terms of vector fields as follows
L= X4V,
i=1

where

X, = Zaijﬁxj, i=1,...,m, Y :=(Bx, D) — 0, (2.1)

i=1

We recall that assumption [H.1] is implied by Hérmander’s condition
(see [10]):

rank Lie (X1,..., X,,,Y) (z,t) = N+ 1,  V(x,t) € RV (2.2)
Yet another condition, equivalent to [H.1], (see [13]), is that
C(t) >0, foreveryt >0,

Ct) = /0 () (g 8) ET(s) ds.

We now recall that, under the the hypothesis of hypoellipticity, Horman-
der constructed the fundamental solution of .Z as

D(a,1,€,7) = (o — B(t — 7).t — 7),
where I'(z,t) = I'(2,¢,0,0) and I'(z,¢) = 0 for every ¢ < 0, while
(4m)~%

[(x,t) =

det C(t)

As a fundamental solution to .Z, the following representation formula
holds true: for every u € C§°(RV*!) we have

we) == [ P20 (2.3

where

exp( - i<01(t)x,x) —ta(B)). >0

We now conclude the analysis of the Lie Group K, providing tools
that will be very useful to prove our main results. We adopt the nota-
tion of [13] and we quote the results therein. For a given ¢ € RV ™! we
denote by /; the left translation on K = (R¥*! o) defined as follows

le :RNTE 5 RVNFL fo(2) = C oz

Then the vector fields X3, ..., X,, and Y are left-invariant, with respect
to the group law (1.10), in the sense that

Xj(u(Co )= (Xu)(Co-), J=1,....m,

Y (u(Co -)) = (Yu) (o ), (2.4)
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for every ¢ € RV*! and every u sufficiently smooth. Hence, in particu-
lar,

Lol =1L0ZL or, equivalently, Z (u(Co-))=(ZLu)(Co ).

Regarding the invariance with respect to the dilation introduced in
(1.12), we recall that the operator %, obtained from £ by replacing
its matrix B with By in (1.11), satisfies

Ly (uoé,) =1r% (Lu), forevery r >0, (2.5)

for every function u sufficiently smooth (see Proposition 2.2 in [13]).
In this case, we say that K = (]RN“, o, (5r)r>0) is a homogeneous Lie
group, and we have

6 (20¢) = (6,2) 0 (6,¢), forevery z,¢e€R¥ andr > 0.

As we rely on a blow-up argument, we also apply the dilation (1.12)
to the general operator .Z satisfying [H.1]. Specifically, we define %,
as the scaled operator of £ in terms of (4,),-¢ as follows

& =1%0,0.L001), (2.6)

and we write its explicit expression in terms of the matrix B and (0, )
as

L= a;oi, +Y., re(01] (2.7)
ij=1
where
Y, := (B.z, D) — 0, (2.8)
and B, := 126,801, i.e.,
’I”QBO’O 7”430,1 Ce 7’25307,@_1 7’2’{—’_280?,4
B1 7’231,1 Ce 7“2"{_231,,4_1 T’QHBL,{
B=| O By ... By By, | (2.9)
©) O e B, 7By

Clearly, %4, = £ for every r > 0 if and only if B = By, and the
principal part operator % is obtained as the limit of (2.6) as r — 0.

Setting E,.(t) = exp(—tB,), we define the translation group related
to %, as

(z,t) 0p (6,7) = (E+ E(T)x, t+7), (x,1),(6,7) € RV (2.10)

Remark 2.1. As it will be useful in the blow-up limit procedure, we
point out that the composition law defined in (2.10) depends continu-
ously on r € (0,1]. Moreover, taking r = 0 in (2.9) we find the matrix
By and “o, in (2.10) simply becomes the composition law related to the
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14

dilation-invariant operator £y. Thus, “o,” is a continuous function on

the compact set [0, 1].

The homogeneous dimension of RN+ with respect to (6,)r-o is the
integer ) + 2, where @) is the so called spatial homogeneous dimension
Of ]RN-H

Q:=m+3m+...+ 26+ 1)m,. (2.11)

We observe that the following equation holds true

detd, = r®t2  for every r > 0.

Remark 2.2. We recall the notion of homogeneous function in a ho-
mogeneous group. We say that a function u defined on RN*1 is homo-
geneous of degree o € R if

u(d,(2)) = r*u(z) for every z € RVTL,

A differential operator X will be called homogeneous of degree f € R
with respect to (0,),>0 if

Xu(6,.(2)) = r? (Xu) (6,(2)) for every z € RN ',

and for every sufficiently smooth function u. Note that, if u is homo-
geneous of degree o and X is homogeneous of degree 3, then Xu 1is
homogeneous of degree av — 3.

As far as we are concerned with the vector fields of the Kolmogorov
operator £y under the invariance assumption (2.5), we have that
X1,...,X,, are homogeneous of degree 1 and Y is homogeneous of de-
gree 2 with respect to (6,)r>0. In particular, £y = Y7 X7 +Y is
homogeneous of degree 2, and its fundamental solution I'y is a homo-
geneous function of degree —(Q). As a direct consequence, the estimate

Lo(z,¢) < W holds for every z, ¢ € RN*L with z # (. Analogous
oz K

bounds hold for the first order and second order deriwatives of Iy, as
they are homogeneous of degree —Q) — 1 and —Q) — 2, respectively.

In the sequel, as we also consider the not dilation-invariant operator
Z, we rely on the following estimates (see Proposition 2.7 in [6]). Let
2o € RN+ and Ry > 0 be a given point and a given constant. Assume
that all the eigenvalues of the matrix A belong to some interval [\, A] C
R*. Then there exists a positive constant ¢, only depending on A, A
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and on the matrix B, such that the following bounds hold

C
[(z,() < m7
0701 < T 06T 01 < T
L YOG W P, (2, )l < W
VGOl S o W TEOI S s
(2.12)

for every i,j =1,...,m, z,{ € Qr,(20) with z # (. Here Y* denotes
the transposed operator of Y, defined as follows

Oz, )Y (2, t) dedt = (z, )Y ¢(x,t) dzdt,
RN+1 RN+1
for every ¢, ¢ € CP(RV*1).

A similar result holds for the derivatives 0,,I'(z, () and 0¢,I'(z, () for
7=m++1,...,N. These functions need to be considered as derivatives
of order «;, where the integer ; has been introduced in (1.13). We
have

|0:,1(2, 0)] 105 T(2,€)

C
NN

C C
<——m—F— |l<—
[[SSEF] P I¢1 o 2| ox’

(2.13)
|8ﬂﬁja§kr(z7 C)|

for every j,k = 1,...,N, z,{ € Qgr,(20) with z # (. Note that, as
a; = -+ = ay;, = 1, the bounds in the first line of (2.13) agree with
the second line of (2.12). The proof of (2.13) directly follows from the
bound (2.59) and (2.60) in [6].

We conclude this Section with the following corollary of the estimates
(2.12) and (2.13), which will be useful in the sequel.

Lemma 2.3. Assume that all the eigenvalues of the matriz A belong
to some interval [\, A] C R". Then there exist two positive constants
C, only depending on X\, A and on the matrix B, such that the following
holds true. For every R €0, 1] we have that

sup {T(=,0) 1 2 € Qu(0).C € Qu(0)\ Qun(0)} < %. (2.14)
Moreover
C
sup { [0, 062 )| : 2 € Qp(0). ¢ € Qul(0) \ Qup(0) } < T

(2.15)
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and

up {[Y 0,12, = € Qg(0).¢ € Qu0)\ Q(0)} < 75

S Ravzrar
(2.16)
for every j,k=1,...,N.

Proof. We first choose Ry > 0 such that [|[(7! o z||x < Ry whenever
z € Q1(0), and ¢ € @,(0). The existence of such a positive number

follows from the pseudo-triangular inequality (1.15). With this choice
of Ry, we apply (2.12), and we find

sup {1(2,¢) 2 € Qu(0). € € Qn(0)\ Quz(0)} <
c (inf{HC1 ozllk : 2 € Qr(0),¢ € Qr(0)\ Q%@)})

We therefore need to estimate the infimum of ||(7 o z||x for z € Qg(O)
and ¢ € Qr(0)\ Q%(O). We first consider the points z := 41 (z) and
¢ = 5%(0 which belong to Q%(O) and Q1(0)\ Q%(O), respectively. We
now define the function g(z,¢) := ||(! og z||k, which is continuous on
the compact set E := Q%(O) x 9Q1(0) \ Q%(O) x [0, 1], as observed in
Remark 2.1. Thus, by Weierstrass’s Theorem, g attains a minimum m
on F, i.e.,

10t on e 2 m, vz € Q0), Y e @)\ Q;(0), VRe 1]

Going back to the box of radius R, i.e. applying dilation dr to the
points z and ( yields

(2.17)

I oz|lxk >mR, z¢€ Qg(()), ¢ € Qr(0)\ Q%(O)a (2.18)

and therefore (2.17) becomes

sup {(,) -2 € Qp(0),€ € Qa(0)\ Qun(0)} < 720 = 15
(2.19)

where the constant C' does not depend on R.
To obtain (2.15) and (2.16), we use the bounds for the derivatives of
['in (2.12) and apply the same arguments as above. n

3. Preliminary results. In this Section we list some preliminary facts,
which are useful in proving our main results. First, we prove a priori
estimates for the derivatives of u solution to the Kolmogorov equation
with right-hand side equal to 0. To this end, we represent solutions to
Zu = 0 as convolutions with the fundamental solution I' of .Z and its
derivatives 0,,1, ..., 0, I
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We then prove a mean-value formula for u, which is based on the
Euclidean mean-value theorem and on the homogeneity of the funda-
mental solution.

In order to state the first result of this Section, we recall the notation
introduced in (1.13), that is 6, = diag(r®,...,r*~ r?). In the sequel
we assume that all the eigenvalues of the constant matrix A belong to
some interval [\, A] C RT. We are now in position to state our result.

Proposition 3.1. Let u be a solution to Lu = 0 in Qr(z), with
R €]0,1]. Then

0.,0l(2) < 7
for some positive constant C' only depending on X\, A and on the matrix
B.

| oo (Qp(z0)), for every =z € Qg(zo), j=1,...,N,

Proof. Without loss of generality, we can assume zy = 0. Let ng €
CS°(RNT1) be a cut-off function such that

nr(z,t) = x((z,1)]x), (3.1)

where x € C*([0, +00), [0, 1]) is such that x(s) = 1if s < 2& x(s) =0
if s > R and [X'| < %, [X"| £ 5. Then, for every z € Qr(0) and for

1 =1,..., N, there exists a constant ¢, only depending on B, such that
c c
O, < — ) < —. 3.2
Ot € s [OR(2)] < (32)
Consequently, for every z € Qr(0) and 7,7 = 1,...,m, we have

|8§ixj nr(2)] < 7z and therefore we obtain a bound for the second order
part of | -Znr(2)|.

Since ng = 1 in € Q%(O), for every z € Qg(O) we represent a
solution u to Zu = 0 as follows

u(z) = (nru)() = — /Q R (ST

Since £ = div(AD,,) + Y and Zu = 0 by assumption, (3.3) can be
rewritten as

) = () = = | D AD ) O
- [ Gy e (3.4
Qr(0)

9 / Tz ) (Dot ADyue)) (C)dC.
Qr(0)
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Integrating by parts the last integral in (3.4), we obtain, for every
z € Qg(O)

- [ Gy o 5)
Qr(0)

49 / (DS,T(2, ), AD ) (C)dC.
Qr(0)

where D,, is the gradient with respect to x4, ..., x,, and the superscript
in DS, indicates that we are differentiating w.r.t the variable (.

Since z € Qg(O) and 0, ng,Y(nr) =0 (i = 1,...,m) in Q%(O),
after differentiating under the integral sign (3.5), we find

Oy u(2) = B, (i) () = /Q o BT A ) O

- / 10,7z )Y () u)(C)dC
QR(O)\Q%E(O)

=7 (00, DT (2, ), AD il (O
Qr(0\Q3r (0)

for every j =1, ..., N. Thus, we obtain

10, u(z)| < / 1184, T(2, )div(AD,, (1))l () dc
Qr(0)\Q3r (0)

4

+/Q 02,1 (2, )Y (nr)u](¢)|d¢

r(0\Qsp (0)

=3 (02, DT (2, ), ADyunihul ()€
QR(O)\Q%(O)

= Li(2) + Ia(2) + Is(2),
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We estimate I1(z) and I(z), for z € Qx(0). We have

L(2) < |lullegrey — sup  [div(ADy(nr))|

Qr(0\Q3p (0)

-meas(Qg(0))  sup }aasjr('z?C)

ZEQ% (0),
¢€QRr(0)\Q3r (0)
T

Y

L(z) < |[ullei@noy ~ sup Y (ng)|
QR(0)\Q3p (0)

-meas(Qgr(0))  sup laxjf‘(z, C)!
zEQg (0),
CEQR(O)\Q%(O)

We now apply Lemma 2.3 and obtain

C
sup 0., T (2, Q)] < Rate,” (3.6)

ZGQg (0),
¢€Qr(0)\Q3r (0)
T

Moreover, by our choice of the cut-off function ng, we have

Av(AD ()| < 2 i Qa(0), (3.7)

where A is the largest eigenvalue of A. Finally, combining inequalities
(3.6) and (3.7) with meas(Qgr(0)) = R¥*?meas(Q;(0)), we obtain

~ C
112) < morllullianon € Q500 39
We now estimate |Y(ng)| < [(Bz, Dngr)| + |0mr| in Qr(0) \ Q%(O).

The bound for the derivative with respect to time of ng is obtained
using (3.2). Moreover

N N
(B, Dng(O)| < D [baellzallownr(Q)] < ¢ [bal R, (3.9)
i,k=1 i,k=1
where ¢ € Qgr(0) \ Q%(O). Notice that in sum (3.9) the exponent
ap — «; is always greater or equal to —2, because of the form of the
matrix B. Since by assumption R < 1, we estimate (3.9) as follows

/

(B, Dng)| < %, in Qr(0) \ Qux(0), (3.10)

where C' is a constant that only depends on the matrix B and on the
constant ¢ in (3.2).
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Finally, using again meas(Qgr(0)) = R%"2meas(Q,;(0)), together with
(3.6) and (3.10), we obtain

~ C
Ir(z) < EHUHLW(QR(O)); z € Qg(O), (3.11)

where C' depends only on the constants ¢ and C in (3.2) and (3.6) and
on the matrix B.
By the same argument we prove that, for a point z € Q L (0), we have

C
I3(2) < [lull=(on(0) 7 meas(Qr(0)) sup |02, D, 1(2,Q)|.
z2€L R ;
2

CeQr(0\Q3r (0)
T

As a consequence,

~ C
I3(2) < 2o llull = @r(o)),

where C' denotes once again a constant depending only on ¢, C and B.
Combining the inequality above with (3.8) and (3.11), we finally obtain

C .
||8J;ju||Loo(Q%(0)) S EHUHL‘”(QR(O))’ ] = 1, ,N

We state a result analogous to Proposition 3.1, written in terms of
the vector fields X, ..., X,,,Y introduced in (2.1).

Proposition 3.2. Let u be a solution to Lu = 0 in Qgr(0), for R €
10,1[, then for any X;, X; € {X1,..., X, }, there exists a constant C,
only depending on X\, A and on the matriz B, such that

C
[Xiul(2) < Hllullz=or@), =€ Qz(0),
C
[ XiXjul(2) < 5 llullie(eron, =€ 2z(0).
Similarly, we have that
C
Yul(2) < llullz=(enoy, =€ Qz(0).
Proof. The estimate of X1, ..., X,, has been proved in Proposition 3.1.
The proof of the remaining estimates is obtained by reasoning as in

Proposition 3.1, and using estimates (2.15) and (2.16), respectively.
We omit the details here. |
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In the sequel, we will need to estimate the second order derivatives
of a solution to Zu = g, where ¢ is a polynomial of degree at most
two. To this end, we let

gl(Z) = <U,ZL‘>, 92(2) = <M:E,l’>, (3'12)

be two polynomial functions, where v and M denote a constant vector
of RV and a N x N constant matrix, respectively.

Lemma 3.3. Let ng be the cut-off function introduced in (3.1) and let
g1 and g be the functions defined in (3.12). Then there exists a positive
constant C', only depending on X\, A and on the matriz B, such that

., | r(z,onR(c)dc'sa (3.13)
Qr(0)

22, / r(z,onR@)gl(odc‘sc& (3.14)
Qr(0)

2., | F(z,cmR(c)gz(odc\scRQ, (3.15)
Qr(0)

for every z € Qg(O), R €]0,1] and for any i,j =1,...,m.

Proof. Reasoning as in the proof of Proposition 2.11 in [6], we write the
right-hand side of (3.13) as

o2, / P(¢ o 2)a(Q)dC
Qr(0)

= lim 03,2, T(C" 0 2)nr(¢)dC
=20 Qr(0)N{ll¢~ ozl ><} (3.16)

Fee) [ oaTCmdoc)
Cllxk=1
=: lin% (e, 2) + I3(2).
We rewrite I{(e, z) as
e = [ 2.,0(¢™ 02) (n(0) — (=) ¢
Qr(0)N{[[¢~ tozllk>e}

(3.17)
I / 62, T(¢ o 2)dC.
Qr(0)N{||[¢~Toz||x>e}

By the definition of ng, we have
0<nr <1 nr(Q)—nr(z) =0, V(€ Qr(0),z€ Qxr(0). (3.18)
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Thus, taking advantage of Lemma 2.3, we infer

/ 02, (¢ 0.2 () - me(2) 4
Qr(0)N[I¢~ o[k >e}

(3.19)
-/ 02, T(C 09 () ~ me(:)) de| < €
QR(O)\Q%(O)
Thus we find
I)(2) + lim nR(z)/ inxjf‘(g‘l oz)d( =C. (3.20)
&0 Qr(0)N{lI¢ oz ]k >e}

Combining estimates (3.19) and (3.20) we conclude the proof of (3.13).
We now prove (3.14). Reasoning as in (3.16) and exploiting the
definition of g;, we can rewrite the right-hand side of (3.14) as

2., [ T om0 o€
Qr(0)

= lim 03,2, L(¢" 0 2)nr(C){v, £)dC
=20 J Qr(0)N{lIc—Tozlk>e} (3.21)

T {v,2)nr(2) / 0, To(C)rydor(C)
I<lk=1
=: }:1_1}8 Ii(g,2) + I)(2).

We prove that the first integral in (3.21) uniformly converges as e — 0.
We first rewrite I} (e, 2) as

Ii(e,2) = 0;.2,T(C 0 2) (Nr(C) — nr(2)) (v,§)dC

/QR(0)0{410ZKZE}

n / B, T(C 0 2) (=) (0, — 2)dc
Qr(0)N{||[¢~toz|x>e}

+ (v, x)nR(Z)/ (932,%1“@*1 o 2)d¢
Qr(0)N{|[¢~toz|lxg>e}

=:I1(e,2) + I1(e, 2) + I4(e, 2).
(3.22)

To estimate [} (e, z) we use the same argument as in (3.19), with the
only difference that now in the integral we have the additional term
(v,€). We find a bound for this term observing that

[{0, )] < vl - liclx < ol - R, (3.23)
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where ||v|| denotes the norm of v in RY. Therefore, we obtain

d
(e, 2)] < c/ ¢

Qr(O)N{lIc-1ozlx>e} |71 0 2]

where C' is a constant that depends only on A\, A, B and v.
We now show that the same bound holds for I}(¢, z). We first observe
that

o <cR (324)
K

[(v,2 = < [lvll - 1€ 0 2l (3.25)
As a consequence, using again (3.18) and (2.12), we infer

¢
I, 2)] < / 4
0rO)N{lc-1ozlx>e} 1L o 2|2

Using (3.24) and (3.26) we obtain
lim Ij(s,2) = O(R), lim I(e,2) = O(R), as R— 0. (3.27)
e—0*t e—07t

¢(R—¢) <cR.(3.26)

Finally, as for I}(e, z), we compute

lim 02 T(¢Cloz)d

TiT;
e70 ) Qr(0)nfe<)|¢oz|lx <cR}

= lim 92, T(w)e ™" P dw
70 ) Qp(0)nfe<lI¢toz]lk<ecR}

= —lim O, D(w)e ™" Br do;(w)
lwllk=e
+ lim D, D(w)e ™" Pr,do;(w)
e—0 _
[wlk=cR
—— [ alwmdn)+ [ auTwe Py dow).
[[w]lx=1 [wlx=cR
We then obtain,

)+l G 2) = o nels) [ o.TCwdo)

~(a)in®) [ BuTo(wdo(w

lwllx=1

T (v, 2)na(2) / D1 T (w)e B ;dor(w)

[wllk=cR

= (v, 2)nr(2 Ow, D(w)e ™" Prdo;(w).
() [ ourw <(?>) N
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Keeping in mind that

lim O, D(w)e ™" Prido;(w) = / Ou; Do(w)v;do;(w) = ¢,
20 S Jwlg=cR leollz=1
we finally find
L(z) + lim I(e,2) = O(R), as R— 0. (3.29)
e—

Identity (3.14) follows from (3.24), (3.26) and (3.29).
By the same argument, we obtain

2., [ T em(OME QA —0U).  (3:30)
Qr(0)

We omit the details here as the procedure is analogous. ]
From Proposition 3.1 and Lemma 3.3, we derive the following result.

Lemma 3.4. Let w be a solution to Lw = (v,&) + (ME, &) in Qr(0),
where v and M are as in (3.12). Then

C
97, w(z)| < T2 [Wl=(aro) + CR, (3.31)
for everyi,j=1,...,m,0 < R <1 and for any z € Q%(o)-

Proof. Reasoning as in Proposition 3.1, we obtain

102, w(z)| < / 162, T(2, )div(AD () w)(C)|dC
QR(O)\Q%(O)
+f 02,02 )Y ()l )
2 / 1162, T(2, ) Dy, AD,i)(€) ]
QR(O)\Q%(O)

|, [, I

|l [ rGmioie g

= 11(2) + Io(2) + I3(2) + 14(2) + I5(2).
(3.32)

The terms I(z), I5(2), I3(2) were already estimated in Proposition 3.1
as

_ _ _ C
11(2),T2(2), I3(2) < ﬁﬂw“Lw(QR(O))? 2 € Qng)-
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Additionally, I,(z) and I5(z) are O(R) in virtue of Lemma 3.3 and thus
(3.31) is proved. n

We now prove a mean value theorem for solutions v to Zu = 0 in
cylinders Qg(().

Proposition 3.5 (Scale invariant Lipschitz estimate). Let ¢ be any
point of RNTY and let u be a solution to Lu = 0 in Qr(C), with
R €]0,1]. Then the following estimate holds

C
[u(2) = u(O)] = Hdi(z, ¢)lull L=(ar(©), (3.33)

for every z € Qg((). Here C' is a constant that only depends on X\, A
and on the matriz B.

Proof. Thanks to the left-invariance of the operator ., it is not restric-
tive to assume ¢ = 0, then we need to prove

C
[u(z) = u(0)] < ZllzlixllullL=(@rw-

Consider z = (z,t) € Q g(O), and apply the standard mean-value the-
orem

lu(z) — u(0)] = |u(zy,...,2N,t) —u(0,...,0,0)]

N
S Z ’xz| ‘amiu(ﬁlxh s 779NxN7 t)| + |t| ’YU(O, s 707 19t)7
i=1
(3.34)
where ¥1,...,9y,9 €]0,1[. For every i = 1,..., N, we have |z;] <
Izl < R*, and (V121,...,Un2N,t) € Q%(O). Then, by Proposition
3.1, we find

C
|aziu(191.171, . ,19NJ]N, t)| S EHUHLOO(QR(O)).
so that
C
@il 10z, u(Pr21, -, Inan, B < Sllzlkllullz=(enw)-

Analogously, we have that [9¢] < |t| < ||z]|& < R?, and from Proposi-
tion 3.2 it follows that

C
Yu(0,...,0,0t)] < EHUHLM(QR(O))?
thus
C
[t [Yu(0,...,0,9t)] < EHZIIKHUHLO@(QRW))-

The proof of the proposition can be obtained by combining the above
estimates. m
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4. Taylor formula. In this Section we prove Theorem 1.3. The proof
is based on the method introduced by Pagliarani, Pascucci and Pig-
notti in [19] for the dilation-invariant operator % and then generalized
by Pagliarani and Pignotti in [20] and by Pignotti in [22] to the not
dilation-invariant one.

We want to emphasize the main differences with respect to the pre-
vious approaches in the literature. The first result about a Taylor
inequality in homogeneous groups goes back to the seminal book of
Folland and Stein, [9]. In the proof, they used a quantitative version
of the Carathéodory-Chow-Rashevsky connectivity result and a Mean
Value Theorem. A slightly improved version of this result has been
proved by Bonfiglioli [4] that led him to derive also a Taylor formula
with integral remainder. Both approaches were assuming, for a poly-
nomial of degree n, the differentiability up to order n in the Euclidean
sense. A more intrinsic point of view has been introduced in the pa-
per [19], where the authors considered functions regular in the intrinsic
sense.

In order to prove Theorem 1.3, we follow the same procedure intro-
duced in [19] and [20, 22] and we point out the modifications needed
to deal with our slightly different situation.

We next introduce some further notation. We define the spaces
Vo, ..., V. as the vector subspaces of RY which are invariant with re-
spect to dilation (d,),~o introduced in (1.12). Specifically, for n =
0,...,K, we set

Vo= {070 X R™ x {0}V,
where m,, :== mg + ... m,, with m_; = 0. Moreover, we let z[ be the
projection of z € RY on V,,. Note that

RN:@Vn7 (L':x[o]_i_.._i_a?[’{]’ (41)
n=0

for every x € RY. Moreover, in accordance with the dilation (4, )0,
we have

O () = p2 gl oyl ey (4.2)

for every n =0,..., k. In virtue of assumption [H.1], the linear appli-
cation B" : V[ — V,, is surjective; however, it is in general not injective.
Thus, we define the subspaces Vj,, C Vj as follows

Vo = ker(B™)*.

The linear map B" : Vj,, = V,, is now bijective.
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The method of the proof relies on the construction of a finite sequence
of points which connect z = (z,¢) and ¢ = (£, 7) and are located along
suitable trajectories. More precisely, we start from z and choose z; =
(x1,t1) as the point along the integral curve of the drift Y satisfying the
condition t; = 7. We then move along the integral paths of Xy,..., X,,
to a point zy = (x9,t3) such that x[20} = ¢0 and t, = 7. This allows us
to exploit the regularity of v along the vector fields Xi,..., X,,,Y and
estimate the remainder in (1.19) in terms of the homogeneous norm of
the new points.

Since we have no apriori regularity of v with respect to other vector
fields, we increment the higher level coordinates =z, ... z* by mov-
ing along trajectories defined as concatenations of integral curves of
Xi,..., X, Y. Specifically, for any z € R¥*! and s € R we define

iteratively the family of trajectories (71(12)(2)%:0,...,% as follows

1O(2) = e (2) = (@ + s0,1)
n —s2 n 52 n
YD) = e (3 (e (35 (),

where v is a suitable vector in Vy, and X, = v10,, + -+ + 05,04,

At this point we need to distinguish the dilation-invariant operators
from the non dilation-inviariant ones. In the first case, the trajectories
(mgf?(Z))n:o,m,,.i have the remarkable property of modifying the compo-
nents 2"+ . .+ 2z!* leaving unchanged the components % +. . . 421
thus, we reach the point ( after x steps. The proof of Theorem 1.3,
for dilation-invariant operators, follows by exploiting the regularity of
u with respect to Xi,...,X,,,Y, as we connect z to ( along integral
curves of the vector fields Xi,...,X,,, Y. The next example illustrates
the geometric construction in the simplest case, corresponding to kK = 1.

(4.3)

Example 4.1. We consider the degenerate Kolmogorov operator
}CO = 8§x + xay — 8t

and show how to use the trajectories defined in (4.3) to connect an
arbitrary point z € R® with the origin. In this case, we have

-0

BSX(x’ y7 t) = (:E _I_ S7y7 t)’ esy(’x7 y? t) = (aj’ y _I_ Sx’t - S)'

and thus

Moreover,

R? =V, @ V) = span{e;} @ span{es}, Voo = Vo1 = span{e; }.
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Let z = (x,y,t) be a point in R, and consider for simplicity ( =
(0,0,0). We first adjust the temporal component by moving along the
drift Y, and we reach the point

2= (2) = (2, + 12,0).

We then move along the integral curve of the vector field X to make x
equal to 0:

zg = €™ (21) = (x + 80,y + tz,0) = (0,y + tz, 0),

by choosing sy = —x. We reached the point zo € Vi and we plan to
steer it to (0,0,0). We move along a curve defined as concatenation of
integral paths of X and'Y as follows:

23 = ele(zg) = (s1,y + tx,0),

24 = es?Y(ZS) - (317?J +tr + S?a _S%))

25 = e N (zy) = (0,y + to + 55, —52),
2= e (z5) = (0,y + to + 51,0),

and we reach the point ¢ = (0,0,0) if we choose sy = (—tx — y)3.

When considering a not dilation-invariant operator %, the method
illustrated above fails. Indeed, in this case the trajectory (7572)(2)) may

affect the components z[% 4 - - 42"~ as the following example shows.
Example 4.2. We consider the degenerate Kolmogorov operator
K := 02, + 20, + 20, — 0;. (4.5)

In this case, B takes the form

B:G 8)

and therefore the operator K is not dilation-invariant. Let us emphasize
the differences with the dilation-invariant case studied in Example /. 1.
We denote again the points in R by 2 = (x,y,t) and consider { =
(0,0,0). The first two steps of the procedure used in Example /.1 allow
us to move from z to some point z; = (x1,41,0), then to some other
point zo = (0,y2,0). The difference with the homogeneous case arises
wn the third step, i.e. when we are dealing with the y-variable.

Let us suppose we want to move from any point z = (0,y,0) € V; to
the origin (0,0,0). If we reproduce the same construction as in (4.4),
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we find:

2] = eSX(z) = (s,9,0),

82Y(21) = (5652, —5 4+ se” + Y, —32),

75X<

2 (4.6)

z3=¢€ 2) = (s¢ — s, —s +se” 4y, —s?),

24 = e_szy(23> = (s(1— 6_82), s(1— 6_82) +y,0).

If we choose s such that s(1 — e *") = —y, we obtain z = (—y,0,0),
so that its second component is zero but, in constrast with the previous
Example /.1, we have that z4 doesn’t agree with our target point ( =
(0,0,0).

In order to reach the point ¢ = (0,0, 0) also in the case of not dilation-
invariant operators, we rely on the method introduced by Pagliarani
and Pignotti in [20] and by Pignotti in [22]. In the case of the operator
K in (4.5) it is sufficient to use once more the integral curve of the
vector field X = 0,. In the case of more general operators a further
topological argument is needed to conclude the construction. We refer
to [20, 22] for a detailed description of this construction.

We are now ready to prove our result.

Proof of Theorem 1.3. Let z = (x,t),{ = (£, 7) be two given points of
Q. As explained above, the proof relies on a finite sequence of inte-
gral paths of the vector fields Xi,...,X,, and Y connecting z to (.
We use the construction made by Pagliarani, Pascucci and Pignotti
[19] for a dilation-invariant operator .£. In this case the trajectories

(%(,Z)( 2))n=o....» defined in (4.3) are explicitly given and we prove that
(1.19) holds. We then discuss the modifications needed to deal with
any not dilation-invariant operator .Z, as introduced by Pagliarani and
Pignotti in [20] and by Pignotti in [22].

As a preliminary result, we prove our claim (1.19) under the assump-
tion that the points z = (z,t) and ¢ = (£, 7) have the same temporal
component ¢t = 7, by a finite iteration on n = 0, ..., k. We remove this
assumption in the last part of the proof.

Base case n = 0. In this case, we are only changing the variables
x;, for i = 1,...,m, moving along the direction e*%vw where vy =
(V015 ---5V0m,0...,0) is a suitable unit vector in V5. Thus, equation
(1.18), with z = (z,t) and ¢ = (x + sovo, t), rewrites as

T2u(C) = u(x,t) +Z@xluxtsovol+—z 2, W, 1) v0,v0,5.(4.7)
i=1

1,j=1
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We observe that ||z7! o (||% = |so|*> and therefore we want to show that
u(€) = TZu(C) = o(lso*) as so— 0. (4.8)

By the multidimensional euclidean mean-value theorem, there exist
(0ij)1<ij<m, With ©; ; € span{es, ..., e,} and |0; ;| < |vg] such that

2 m
s
u(¢) = Tu(¢) = 50 Z(@ix]u(x + Soi,j, 1)Vo,iv0,5 — 3§i,xju(37a t))vo,ivo,;
ij=1
=o(|so|*) as so — 0,
(4.9)

where we have used the continuity of the second order derivatives of w.
Thus, we have proved (4.8) and we are done.

Let us remark that we do not need the dilation-invariance property
for Y, as we do not make use of the vector field Y in this part of the
construction.

Inductive step. Suppose that the thesis is true for a given nonnegative
n < k. We prove it for n + 1. For every z,( € R¥*! we set
T2u(¢) = T2u(¢) — u(2). (4.10)
We define the points
2= (2,), 2 =W (2), 2 = Y ()
2= (22), 20 = €Y (2) = 15 ()
where v is the unique unitary vector in Vj 41 C Vp, defined as v = ﬁ,
where w is the vector in V{1 such that B"lw = ("1 — 2"+ and
s = |w|2(T11)+1 We aim to prove that
u(zy) — T2u(zy) = o(||z7 o z4l|E) = o(|s|?) as s—0. (4.11)

We now rewrite (4.11) by using the notation (4.10) as follows

u(zq) — TZQU(ZA) =|u(21) — u(z3) (1)

+ | u(z3) — u(z) — T2 u(zs)

()

+|u(z2) — u(z)

(3)

(4.12)

+ fflu(z) +u(z1) —u(z)

(4)

+ ffzu(zg) - fflu(z)

(5)

6)
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By the inductive hypothesis, the second and the forth difference are
o(|s|?) as s — 0. Moreover, recalling (1.18), we have that T?u(z,) = 0,
being i = 20 and ¢, = ¢

gz, =z and ty =t.

We next apply definition (1.18) to the fifth difference, and we find

fiu(zg) - fflu(z) =—s Z(@xu(zg) — Op,u(21))v;
o (4.13)
- % D (82, ulz2) — 02, u(z1))v;.

As an immediate consequence of condition (1.8), we obtain the following
equation

Orulz2) = Ouiul(z1) = Opu(e™ (1)) = Duyu(z1) = o(s]).

Using the previous equation and the continuity of second order deriva-
tives of u, we find that (4.13) is equal to o(]s|?).
We now observe that

w(zg) — u(z) = u(e Y (23)) — u(zs).

By applying the mean value theorem along the direction of the drift,
we find that there exists 5 such that

(e (23)) = ulzy) = =Y u(e™ (z)),
where |s| < |s|. Similarly we obtain that
u(z) —u(z) = s*Yu(e™ (),

where again s verifies |s] < [s].

By letting s — 0, we find that 5,5 — 0, and therefore, using the
continuity of Yu, we have shown that the sum of the first and the third
difference in (4.12) is again equal to o(]s|?) as s — 0. This proves (4.11)
and therefore concludes the proof of the inductive step.

As already pointed out, the construction of the trajectories in the case
of not dilation-invariant operators requires the adjustments introduced
in [20, 22], to deal with the fact that the term T2u(z;) in (4.12) fails
to vanish. Indeed, with the notation (4.1), z writes as z = z[% 4+ 2l +
-+« + 21 and we have T?u(z;) # 0 whenever z!” # 219, To overcome
this problem, we define a new point z5 = (x5, t5) as follows:

0] 1] (1] [x]

O]Zx[7 Ty :x4,...,xg£]::z:4, ts = 1y4.

=4
Note that in [20, 22] it is proved that

‘ZB[O] i xz[l()]‘ < C“Z—l o <”K7



32 SERGIO POLIDORO, ANNALAURA REBUCCI AND BIANCA STROFFOLINI

for some positive constant C' only depending on the matrix B. Then
u(zs) —ulz) = ol o CJR) as C—zo (414)

With this modification, expression (4.12) is replaced by

w(zs) — T2u(zs) = u(zs) —u(zs) — TPu(zs) + o]z T o C[|2) as ¢ — =

Moreover, z” = 219 and t5 = t yield T2u(z;) = 0. From (4.14) it then
follows that

u(zs) = Tru(zs) = oz o (llz) as (= =

We are now in position to prove (1.19). We first consider the point
z = etV (2) = (e=Bz 1) and write

u(¢) = T2u(¢) = u(C) — T2u(C) + Tu(C) — T u(). (4.15)
Thanks to the previous steps, the first difference is o||z7! o (||%) =
o(|lz"1 o CJ|Z) as ||zt o C||Z — 0, since ¢ and z have the same temporal

component 7. At the same time, the second difference in (4.15) can be
rewritten as

T2u(Q) — T2u(C) = u(2) — u(2) + Y (Bayu(?) — u(2)) (& — 1)
53 (Byu(2) ~ 220(2)) (6~ 26 — )

Yl — 1)
(4.16)

Using the mean value theorem along the drift, we can rewrite difference
u(z) —u(z) in (4.16) as

w(e®Y(2)) —u(z) = (t — 7)Yu(e® (2)), (4.17)
where 6 is such that |0| < |t — 7|. Hence, we obtain
w(z) —u(z) =Y ()t —7) = (t = 1) (Yu(e® (2)) = Y(2)), (4.18)

which is o(|t — 7]) = o(||[z7 o C||Z) as ||z~ o ||Z — 0, thanks to the
continuity of Yu.

We observe that we can apply condition (1.8) to the point z, which
is not fixed, thanks to the fact that such a condition holds locally
uniformly. Hence, using the aforemention condition (1.8), together with
the continuity of the second derivatives of u, we obtain that the second
and third difference in (4.16) are also o[t — 7|) = o(||z7! o ¢||%) as
J= o Cll2 — 0.
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Combining all the previous estimates, we obtain
TZu(¢) = T2u(() = o2 o (llz), as[le"o(llz = 0. (4.19)

and therefore (4.15) is equal to o(||z7' o ||%) as ||z~ o (|4 — 0. This
concludes the proof. [

5. Proof of Theorem 1.6. We first prove a preliminary lemma, which
is a straightforward consequence of the maximum principle.

Lemma 5.1. Given ¢ € C(0Qg(20)) and g € Cy(Qr(20)), we let v be
the solution to the following Dirichlet problem

L=y, in Qr(20),
v =, in 0Qgr(20)-
Then, the following holds

[vl[zoo(@r(z0)) < N@llLoc(@nizo) + [t — talllgll Lo (Qr(z0))s (5.1)

where t; = ty — R? is the time coordinate of the basis of the cylinder

QR(ZO)-

Proof. We introduce the function w(z,t) = (t — t1)||gllz(Qr(z0)) +
llollLe(@n(z0)) and we let u := v — w. Clearly, u satisfies Zu = g +
9]l Lo (Qr(z0)) = 0 in Qr(20). Moreover, as v = ¢ on the boundary of
Qr(20), we have u = ¢ — (t — t1)]|9]| 2= (Qp(z0)) — [¥llL=(Qn(z)) < 0 in
0QRr(29). By the strong maximum principle, it follows that u(z,t) <0
in Qgr(20). Replacing v by —wv, estimate (5.1) follows at once. n

Proof of Theorem 1.6. We first prove assertion (ii). We denote Qp =
Q,:(0), 0= % and we consider the following sequence of Dirichlet prob-

lems:

For any point z = (z,t) satisfying [|z[|x < 1, we want to estimate the
quantity

I(z) := |0%u(z) — 0*u(0)],

where 0%u(z) stands for either 0, u(2), with i, j =1,...,m, or Yu(2).
To this end, we write I as the sum of three terms:

I(2) < |0%up(2) — 0*up(0)] + [0%ux(0) — 0*u(0)|+
+10%u(2) — O*up(2)| =: I1(2) + L(2) + I3(2).

We first estimate I,. Following [25], we prove that (9%u(0)),cy is
a Cauchy sequence and that its limit agrees with 9?u(0). The same
assertion holds for I3 of course.
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First, we let v;, := u—wu;, and we observe that vy, satisfies the Dirichlet
boundary value problem

Lo =f—f(0), inQ
{vk:kO, m 09y, ’ (5-3)

From Lemma 5.1 it follows that
[0kllos < 407 f = F(O)]loo < 4™ wy(0"). (5.4)

Moreover, since £ (ur — ug+1) = 0 in Qgy1, we apply Proposition 3.2
and Lemma 5.1, and we find

||8xz (uk - uk+1)||L°°(Qk+2) < CQ_k_Q sup |uk - Uk+1|
k+1

< CQ_k( sup |vg| + sup |Uk+1|>

Qrt1 Qrt1
< Co "o wi(o*) = Cofws(0"),  (5.5)

for any ¢ = 1,...,m. In the same way, we obtain
—2k—4
sSup |Uk - Uk+1|
Qk41

< Co 0w (o) = Cwy(o")  (5.6)

102, (s — k1) [ £ (04 15) < Co

fori,j=1,...,m, and
1Y (up — upy1) || oo (Qpya) < Co 2 sup |ugp — up]
Qrt1
< Co 0w (0") = Cwy(d). (5.7)

Let k& > 1 such that 0"+ < ||z]|x < 0" , then we have:

>0 - w0 <03 sty <0 [

,
We next identify the sum of the series Y7, (9%w;(0) — 0*u;11(0)) as

[e.9]

dr. (5.8)

(0% (0) — 0*wi11(0)) = 0wy (0) — 0*u(0). (5.9)
I=k

To this end, we first consider the derivative agﬂj uy, and we prove that

lim 07, u(0) = 05, Tgu(0), (5.10)

k—+o00
where TZu(¢) is the second-order Taylor polynomial of u around the
origin, computed at some point ( = (£, 7) € Q4:

T2u(Q) = u(0) + 3, u(0)6 + 5 D 32, u(0)EE; — Yu(O)r
i=1

,j=1
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Thus, by applying Theorem 1.3 to u € C%(Q1(0)), we obtain from
(5.10) that

lim 07, u(0) = 02, u(0), (5.11)

TiT;
k—+o0 v

We compute ZLT¢u in ¢ = (§,7) as

N
LT =3 a0~ i) + 3 Yotk )

1,7=1 =1
+ Z(Z bzlag 5 )glfj
l,j=1 Yi=1
3 0B ul0) = 0ul0) + (0, + (ME.€).
3,7=1
where v = (v;),_, v = (2211, bijOgu(0)),_; is a constant vector of
R™ and M = (my), ;_,  y = <Zi:1 b0 ¢, u( ))l]:1 ’’’’’ L sa N x N
constant matrix.
In addition, as Zu = f in Qy, we have that
Z aijﬁgicju(O) — 0wu(0) = Lu(0) = ZLu(0) = £(0) (5.12)
ij=1
and thus
ZLTyu(C) = f(0) + (v, &) + (ME,€). (5.13)
Thus, the definition of u in (5.2) gives us
We now apply Lemma 3.4 to Tgu — uy, for R = ¢* and infer
1020, (. — Tgu) (0)] < Co™* sup Juy, — Tu| + O("). (5.15)

k

Moreover, since TZu is the second-order Taylor polynomial of u, we
have u(¢) = Tgu(¢) + o(||¢||%). Tt follows that

sup |u — T2u| = o(o*") (5.16)
CeQk

Thus, from estimates (5.16) and (5.4), we obtain
sup |up — Tou| < sup |vg| + sup |u — Tiu|
Qk Qi Qk (517)
< dwp(")e™ + o(0™) < o(0™).
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Estimates (5.15) and (5.17) finally yield
2 2 —2k 2 k
|0y, (ur, — Tou)(0)| < Co sgf|uk—Tou| + O(0")
< Co™o(e™) + O(d") < o(1),

where, as usual, the indexes i and j range from 1 to m. Thus, for any
i,7 =1,...,m we have showed that (5.10) holds true. Repeating the
same argument for the vector field Y, and using again Theorem 1.3, we
obtain:

lim Yug(0) = YT u(0) = Yu(0).

k—+o0

In conclusion, using (5.8), we obtain:
x 140 g, ()
I, < 37 [0Pu(0) — 0Pua (0)] < € / g (5a8)
I=k 0 r

for k > 1 such that "™ < ||z||x < o**3. Similarly, we can estimate I3
through the solution of Zv = f(2) in Q;(z) and v = u on 0Q,(2) and
obtain

dr. (5.19)

0 T

i ll2llx
I3 < Z |02 (2) — Puppi(2)] < C’/ wilr)
I=k

Finally, let us estimate Iy. Since hy = up — ugr1 € C°(Qpia), wWe
can apply Proposition 3.5 to the functions 832,%, hy and Y hy:

C

and

C
Y hi(2) = Yhi(0)] < EHZHKHY’Z/«HW(QW),

fori,j=1,...,m. We can now apply once again (5.6) to obtain

LT J

C .
107, 1 (2) — 07 i (0)] < EHZHKH%M-thLoo@kH) < Cllellxe™ wr (")

\]

In addition, thanks to (5.7), we infer

Vhi(2) = Yhi(0)] < <2l Pl sy < Cllzllke™ wy ().

3 Q
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lI;Ience, since ug(z) — ug(0) = up(z) — ue(0) + Z o (h;(0) = hj(2)), we

I < |0%uo(z) — 8%uo(0 |+Z|a2 h;(0)]
k—1 A ‘
< Cllzllx (luoll=(on) + C_ 07 wr(e’))
§=0
bowp(r)
< Clizlk (lulle oy + 1 fll< @) + € e 7 )-

Combining the above estimate with (5.18) and (5.19), we complete the
proof of (ii).

We now prove assertion (7). We consider u; solution to the following
Dirichlet problem

.i”ul = f(O), m Ql/Q(O)
U = u, in 0Q1/2(0)

Then, we have
10%u(0)] < |0*u(0) — 9*u1(0)] + |0*u1(0)] (5.20)

Thanks to (5.18), we can estimate the first term in (5.20) as

10%u(0) — 9%u1 (0)] < 0/01 “rlr) 4. (5.21)

r

To estimate the second term in (5.20), we consider the function v(z) :=
u1(2)1/2(2), where 7,5 is the cut-off function introduced in (3.1) with
R= % Reasoning as in the proof of Proposition 3.1, we obtain

u(z) = v(z) = /Q [0 (2, )div(ADy (11/2) Jur) ()G
_/Q [C(2, )Y (m1/2)u1](¢)dC
_ /Q [0 (2, 22 (u1)](C)dC

+ 2/ [(D§,T(2, ), ADym j2)ua] (€)dC,
Q1 (0)

where z € Qi( ). Thanks to Lemma 5.1, we estimate

sup [u| < sup |uf +4[f(0)].
2,0 2,0
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As the derivatives of 7/, vanish in Q3/5(0), for any 7,7 =1,...,m, we
obtain
. u) < [ 02,0, Tz, iv(AD (11 2))ur] Q)
Q1(0\23(0)

+ / 102,07 (2, )Y (1 2)w] (€] d¢
Q1(0\Q

+2/ (&2, DT (2, )y AD iy j2)ur)(C)] A€
Q

Flrofe., [ reoma©|

I
~
~

1(2) + Ta(2) + Ts(2) + 1a(2).
(5.22)

Moreover, as the derivatives of 1,5 are bounded, we estimate the first
and second integral in (5.22) as

Ii(2) < C[qu(%) [ul +41£(0)]],

Iy(2) < C[Sug) [ul +41£(0)]],

I3(z) < C[qu(%) lul + 4] £(0)]].

Finally, by taking advantage of (3.13), we obtain that I,(z) is bounded
by a constant C' that only depends on B, A and A.
By using the same argument we can estimate |Yu;(0)| and thus

P (0)] < C[ sup ful + 47 0)]]. (529
Q%(O)

Combining estimates (5.20) and (5.23), we conclude the proof of The-
orem 1.6. ]

6. Dini continuous coefficients. This Section is devoted to the proof
of Theorem 1.7. We therefore consider a solution u to the equation

PLu =T,

where the operator Z does satisfy the hypotheses [H.1] and [H.2] and
f is assumed to be Dini continuous, and we proceed as in the proof
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of Theorem 1.6. Specifically, we denote Q, = Q. (0), 0 = % and we
consider the following sequence of Dirichlet problems:

> a;(0,0)0% , up + Yup = f(0), in Qx
ij=1 Y (6.1)

up = u, on 09Q;.

Note that the bounds given in Propositions 3.1, 3.2 and 3.5 only depend
on the constants A\, A in [H.2] and on the matrix B. Keeping in mind
this fact, the proof of Theorem 1.7 is given by the same argument used
in the proof of Theorem 1.6.

Proof of Theorem 1.7. Consider, for every k € N, the auxiliary function
v = u—uy, and note that it is a solution to the boundary value problem

m

> aij(0,0)03 . vk + Yy
ij=1
=[O+ ¥ (ay(0) — ay(w, )2 u, im0 (OF
ij=1
Vg = O, m an
In order to simplify the notation, we let

From Lemma 5.1 it follows that
okl Loe(ap) < Co* [wi(0") + wal(d®)m).
Hence
g — w1 | Lo (e r) < Co™Fwr(0") 4+ wa(d®)n).

As already observed, we can apply Corollary 3.2 and obtain estimates
for the second order derivatives of vg. In fact, for any i,5 = 1,...,m,
we have

107 2, (e — uni1) | L (@usn) < Cl") 7 sup |tk — U1
k+1

< Co o™ wr(d") + wa(d)m]  (6.4)
= Clws(0") + wa(0")n]
and

1Y (ug — Uk:+1)||L°°(Qk+2) < C(Qk)_2 Sup |up — Up1|
k+1

< Co 0" [wy(0") + wa (")) (6.5)
= Clwy(0") 4+ wa(0")n]
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To estimate the second order derivatives of the function u, we apply
Theorem 1.3 and proceed as in the proof of Theorem 1.6. Since there
are no significant differences, we omit the details here. [
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