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Schauder type estimates for degenerate
Kolmogorov equations with Dini
continuous coefficients

SERGIO POLIDORO* ANNALAURA REeBuccI!
BIANCA STROFFOLINT ¥

Abstract
We study the regularity properties of the second order linear operator in RV*1:
m N
Lu = Z ajkagjxku + Z bikrrOr;u — Opu,
Gk=1 Jk=1

where A = (a;) ,_, , B = (bjx);,_, _ are real valued matrices with con-
Jk=1,...m Jk=1,...,
stant coefficients, with A symmetric and strictly positive. We prove that, if
the operator .Z satisfies Hormander’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 for-
mula for classical solutions to Zu = f that we establish under minimal regularity

assumptions on u.
2000 Mathematics Subject Classification. 35K70, 35K65, 35B65.
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1 Introduction

We consider second order linear differential operators of the form

m N
L=yl + ) bigriO — 0, (1.1)

ij=1 ij=1
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where (z,¢) € RV and 1 < m < N. The matrices A := (aj;)ij-1..m and B :=
(bij)ij=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

Yu(z.t) — }g% u(exp(sB)z, ts— s) — u(x, t). (13)

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 (z,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

BO,O BO,l . BO,nfl BO,n * * Ce * *
B1 Bl,l R Bl,n—l Bl,n Bl * ce * *
B — @ B2 . e B27I€—1 B27,Lg = @ B2 N * * (14)
©) O ... B, B O O ... B, x
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
mog>my>...>me.>1, and mg+my+...+m,. = N. (1.5)

We agree to let my := m to have a consistent notation, moreover @ 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. How-
ever, 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  C R¥*! belongs to
C*(9), and is a classical solution to Zu = 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.

The interest in degenerate operators in the form .# arises in several research ar-
eas. 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 = w0, — 0 =7, — (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)
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where [,,, denotes the m x m identity matrix. It appears in kinetic theory as a proto-
type 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

S20s5V +log(S)0aV + 0,V = 0, (S, A, t) € RY 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 £ 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 u to ZLu = 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 RNt We say that a function u belongs
to C%(Q) if u, its derwatives 9y, u, Oppu (i,j = 1,...,m) and the Lie derwative Yu

defined in (1.3) are continuous functions in Q2. We also require, fori=1,... ,m, that
lim Oy, u(exp(sB)x,t — s) — Oy, u(zx, t) _o, (1.8)
s—0 |3|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 Q2. We say that a function u is a classical
solution to Lu = f in Q if u belongs to C%(Q), and the equation Lu = f is satisfied
at every point of €.

Note that, as .Z is a linear second order differential operator, it is natural to
consider Y as a second order derivative, and (1.8) can be interpreted as a condition
on the second order mixed derivative of the form Y'/20, u. Indeed, if the derivative

Y 0,,u exists, then the fractional derivative Y0y *u is equal to 0. Thus, condition (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 v 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 = (R¥*! o) introduced by Lanconelli
and Polidoro in [13], and some related notation. In Section 2 we will explain its
connection with .. We let
E(t) := exp(—tB), (1.9)

and we define

K= RN o), (z,t)0(&,7) = (E+ E(T)a,t+71), (x,t),(&7) € RV (1.10)



Then K is a non-commutative group with zero element (0,0) and inverse
(ZL‘, t)_l = (—E(—t)il}, _t)'

In [13] it is proved that the operator . is invariant with respect to a family of dilations
(6,)r>0 if, and only if, the matrix B in (1.4) agrees with By defined as:

O 0 ... 0 0
B O ... O 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

(5r = diag(?“[m, T3]m17 s 7T2H+1Imm 72)? (112)

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

In the sequel we let %, be the operator obtained from .Z by replacing its matrix B
with By defined in (1.11), and we base our blow-up argument on the family of dilations
(0,)r>0. Hence we take advantage of the invariant structure of % in the study of the
regularity of .. 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 (6,),~0 in (1.12) and a quasi-distance which is invariant with respect to the
group operation in (1.10). We first rewrite the matrix 4, with the equivalent notation

i 2
0 = diag(r®t, ... roN o), (1.13)
where aq,...,amy =1, Qmgt1s - -+ Omgtmy = 3, ON—mys - - -, AN = 2K + 1.

Definition 1.2. For every (z,t) € RV we set
a1 a2
|(z, )| = max{|:p1|a1 e |EN]eN |t|2} : (1.14)

Note that the semi-norm is homogeneous of degree 1 with respect to the family of
dilations (4,),-0, namely ||6,(z,t)||x = r|/(z,t)||x for every r > 0 and (z,t) € RV*L.
Moreover, the following pseudo-triangular inequality holds: for every bounded set H C
RN+ there exists a positive constant ¢y such that

1z, ) e < emll(@ e, @) o (€ 7)lx <eculll(@ )|k + (& )x), (1.15)
for every (z,t),(&,7) € H. We then define the quasi-distance d by setting
di((z,1),(§,7)) = [I(&; 7)o (z, )k, (2,1), (&) € RYH, (1.16)
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and the ball
O, (z0,t0) := {(2,t) € RN | dge((2,1), (w0, t0)) < 7} (1.17)

Note that from (1.15) it directly follows

die((,1), (5, 7)) < euldr((2,1), (y,5)) + dx((y, 8), (£, 7)),

for every (z,t), (€,7), (y,s) € RNFL

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 func-
tion u around the point z is defined as the unique polynomial function P'u of order n
such that

u(¢) — Pru(C) = o(dk(¢,2)") as (— 2

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

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

T2u(C) = u(2) + > Opu(2)(& — )
[ m = (1.18)
+3 Z 0z,0,u(2)(& — i) (& — 27) = Yu(z)(T = 1),
for any ¢ = (&, 7) € Q. Indeed, we have
u(¢) = T?u(¢) = o(dk (¢, 2)?) as ¢ — =2 (1.19)

Remark 1.4. We compare Theorem 1.3 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 C5*(Q), with
n non negative integer and o € (0,1], and prove that

u(C) = TIu(C) = O(dk (¢, 2)"™) as (== (1.20)

In order to compare this assertion with (1.19) we need to consider the case n+ o = 2.
Note that the above articles do not cover the case n = 2 and o = 0, while they cover
n=1and o = 1. Thus, their main results apply to the space C’;’l(Q) of the functions u

that have Lipschitz continuous first order derivatives Oy, u, . .., 0., u along the directions
1y, Ty and satisfy
Oy u(exp(sB)x,t — s) — Oy,u(z,t) = O(|s|'?), as s—0, (1.21)
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for every (xz,t) € Q and i =1,...,m. Moreover the functions u are Lipschitz continu-
ous 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’}B’I(Q) does not imply the existence of the
second order derivatives of u, then Cy' (Q) differs substiantially from our space C%(S2).
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 con-
tinuity of a function f defined on any set H C R¥*! as follows

we(r) == sup  [f(z, 1) = f(&,7)]- (1.22)
(2,0),(6,1)EH
dxc (@), (€:m)<r

Definition 1.5. A function f is said to be Dini-continuous in H if

/1 —wf(r)dr < 400
0 r .

We are now in position to state our main result.

Theorem 1.6. Let £ be an operator in the form (1.1) satisfying hypothesis [H.1]. Let
u € C%(Q1(0,0)) be a classical solution to Lu = f. Suppose that f is Dini continuous.
Then there exists a positive constant c, only depending on the operator £, such that:

)
Ql (070)

0%u(0,0)] < ¢ ( sup o] +10.0)]+ [ “"f—”d) ;

i) for any points (x,t) and (§,7) € Qi(0,0) we have
d 1
Pu(z, t)—0*u(&,7)| < c|d sup |u|+d sup |f]+ wf_(?“)de wf(r)dr .
| : , p p S
01(0,0) Q1(0,0) 0 r d r

where d := dg((x,t),(£,7)) and 0* stands either for 02
or for'Y.

with i,7 = 1,...,m,

iZ57

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® + y*))°, with 0 <a <1



A direct computation shows that

. Ty 2 2\\ya—1 Yy 2 2\\ya—2
Bu(a,y) = S5 (log(a? + )" + dafa — 1) (log(a? 1)
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. 1!
We finally consider the non-constant coefficients operator .Z defined as follows

m N
&= Z aij(x’t)aiiazj + Z bij %O, — O (1.23)
ij=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 la;;(z,t) — a; (&, 7). (1.24)
BI=bes ™ (24) (6,7 EH
dK((xvt)v(gvT))<T

We assume that the following condition on the matrix A(z,t) := (a;;(x, 1)) j=1,. . m is
satisfied.

[H.2] For every (z,t) € RV the matrix A(z,t) is symmetric and satisfies
MEP < Az, )€,€) < A[Ef°,  forevery £ €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%(Q1(0,0)) be a classical solution to Lu = f. Suppose that f
and the coefficients a;;, i,j = 1,...,m, are Dini continuous. Then for any points (x,t)
and (§,7) € Q1(0,0) the following holds:

d
Pute,t) — ate ) <e(d sup 4 swp (g4 [ L Daria [F0a)
0 d

2
01(0,0) 21(0,0) r r

. Twa(r) " wa(r)
+c sup Q%xu) / a—dr+d/ dr).
(zgz:lQl(0,0)| s < o T a T >

where d = dg((z,t), (€, 7)) and 0% stands either for 0, i,j =1,...,m, or for Y.

"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.



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

|[f(,t) = F(§,7)] < Mdg((2,1),(€,7))%,  forevery (z,1),(¢,7) € H,  (1.26)

for some constants M > 0 and a €]0,1]. In this case we say that f € CY*(H) and we
let

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

When o < 1 we write C¢(H) instead of CY*(H). As a direct consequence of Theorem
1.7 we have

Corollary 1.8. Let u € C%(Q;(0,0)) be a classical solution to Zu = f. Suppose that
f and the coefficients a;j, i, = 1,...,m, belong to C’g’a(Ql(O, 0)). Then for any points
(z,t) and (§,7) € Q1(0,0) the following holds:

Pu(z, 1) — 0Pu(e, )| gcda( sup fu] + lez@00

Q1(0,0) Oé(l - a)
— lalleg(oi0,0))
+ sup | 02, ul—A—"= ), if a<l,
”21 200 7 a(l—a)

10%u(z,t) — O*u(&, 7)) §cd< QSl(lopo) |u| + Hf”cg'l(gl(o,o))| log d|
1\Y,

+(Z sup |a;xjm)||a||cg,1<gl(o,0))|log d|), if a=1

’L',jzl Ql (070)

Note that, for a < 1, Corollary 1.8 restores the Schauder estimates previously
proved by Manfredini in [16], and by Di Francesco and Polidoro in [6]. Note that,
in this case, an interpolation inequality allows us to state a bound for the C} norm
of the derivatives 0*u in terms of [lallce(0,(0,0)), [Ifllcs(@i0,0)), and supg, o [ul 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 assumption on f and on the
coefficients a;;’s, but also because the Schauder estimate for a = 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 . Without loss of generality, he assumes that the unit ball B;(0) is
contained in 2 and considers a sequence of Dirichlet problems as follows. Let B, (0)
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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 wu; is obtained by using
only the elementary properties of the Laplace equation, 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 u 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 op-
erators ., 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 d,, introduced in (1.12). Concerning the Taylor expansion, we recall the
results due to Bonfiglioli [4] and the ones proved by Pagliarani, Pascucci 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% () 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 v € C%(Q).

We conclude this introduction with a short discussion about the applicative and
theoretical interest in the operator % defined in (1.6), that is

K = 28927] — Z@-&Emﬂ. -0 =A, - <U7Dy> — 0.
= =

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 Y, t) © (U07 Yo, tO) = (UO + U, Yo + Yy + tvOa tO + t)v (U7 Y, t)? (U(b Yo, tO) S R2m+1'

It is easy to see that J# is invariant with respect to the above change of variables.
SpGCiﬁC&Hy, if U)(U, Y, t) = U(UO TV, Y + Y+ o, 1o + t) and g(”a Y, t) = f(UO +v,% +
y + tvg, to + t), then

Hu=f <= Hw=gqg forevery (vy,yo,to) € R

As the matrix B in (1.7) is in the form (1.11), J# is invariant with respect to the di-
latation 6, (v, y,t) := (rv,r?y, r?t). Note that the dilatation acts as the usual parabolic
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scaling with respect to the variable v and t. The term r3 in front of y is due to the
fact that the velocity 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 order degenerate linear opera-
tors, the regularity theory for operators that are invariant with respect to a Lie group
structure has been widely developed 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 hypoellip-
tic 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 operator .Z. In Section 3 we prove some preliminary
results. In particular, we obtain some a prior: 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%(2). 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¥*! o) introduced in (1.10). Moreover, 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 AY/? = (aij)i,jzl,...,m such
that A = AY2AY2. In order to check the hypothesis [H.1], we write .Z in terms of
vector fields as follows .

L= X]+Y,
i=1
where

Xi = Zaij('?mj, 1= 1, o,y Y = <BI‘, D> - 8t, (21)
j=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 (z,t) € RVt (2.2)

10



Yet another condition, equivalent to [H.1], (see [13]), is that

C(t) >0, foreveryt >0,

C(t) = /O ") (8 8) E7(s)ds.

We now recall that, under the the hypothesis of hypoellipticity, Hormander con-
structed the fundamental solution of . as

where

Dz, t,&,7)=T(x — E(t—71)&,t—71),

where I'(z,t) = I'(x,t,0,0) and I'(z,t) = 0 for every ¢ < 0, while

D(z,t) = CL RN (— e 0w z) — ttr(B)), t>0.

V/det C(t) LT

As a fundamental solution to .Z, the following representation formula holds true: for
every u € Cg°(RN™!) we have

we) == [ PEALIOL. (2.3

Here and in the sequel z = (z,t) and ¢ = (£, 7) denote points of RVT1.

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 notation of [13] and we quote the results
therein. For a given ¢ € RVT! we denote by ¢, the left translation on K = (RV*! o)
defined as follows

€C : RN+1 — RNJrl, gc(Z) = CO zZ.
Then the vector fields Xi,..., 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(ulCo-))=Yu)(Co-), (24)
for every ¢ € RV*! and every u sufficiently smooth. Hence, in particular,
Lol =1L0%L or, equivalently, Z (u(Co-))=(ZLu)(Co -).

Regarding the invariance with respect to the dilation introduced in (1.12), we recall
that the operator .4, obtained from . by replacing its matrix B with By in (1.11),

satisfies
Ly (uoé,) =1r% (Lu), forevery r >0, (2.5)
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for every function u sufficiently smooth (see Proposition 2.2 in [13]). In this case, we
say that K = (RN“, o, (5,.)T>0) is a homogeneous Lie group, and we have

6. (z0¢) = (6,2) 0 (6,¢), forevery =z ¢cR¥"andr>0.

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

% =16, 0L 001), (2.6)
and we write its explicit expression in terms of the matrix B and (4,) as
L= @, +Ye (0] (27)
ij=1
where
Y, := (B,z,D) — 0, (2.8)
and B, := r?6,Bd1, i.e.,
7’2B070 T4BO71 e T2HB07,$_1 T2K+2B07,{
Bl 7’23171 e 7’25_2317,{,1 7’2"6317,$
B, = O B, o 7“2“_432,”71 7”25_232,;@ . (2.9)
O O R B, TQBH,H

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

(x,t) o, (&,7) = (E+ E(T)x, t+ 1), (x,1),(&7) € RN+ (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 continuously on r € (0,1]. Moreover, taking
r =0 1n (2.9) we find the matriz By and “o,” in (2.10) simply becomes the composition
law related to the dilation-invariant operator £,. Thus, “o; is a continuous function
on the compact set [0, 1].

The homogeneous dimension of RN with respect to (5,),-¢ is the integer Q + 2,
where @ is the so called spatial homogeneous dimension of RV+!

Q:=m+3m+...+ 26+ 1)m,. (2.11)
We observe that the following equation holds true

det 6, = r9*2 for every r > 0.
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We now recall the notion of homogeneous function in a homogeneous group. We
say that a function u defined on RV*! is homogeneous of degree a € R if
u(6,(2)) = r*u(z)  for every z € RV,
A differential operator X will be called homogeneous of degree 8 € R with respect to

(57‘)7‘20 if
Xu(6,(2)) = r? (Xu) (6,(2)) for every z € RN,

and for every sufficiently smooth function u. Note that, if u is homogeneous of degree
a and X is homogeneous of degree 5, then Xwu is homogeneous of degree o — .

As far as we are concerned with the vector fields of the Kolmogorov operator %
under the invariance assumption (2.5), we have that Xi,..., X,, are homogeneous of
degree 1 and Y is homogeneous of degree 2 with respect to (6,),>0. In particular,
= Z;nzl X ]2 + Y is homogeneous of degree 2, and its fundamental solution I'y is a
homogeneous function of degree —(@). As a direct consequence, the estimate I'g(z, () <
m holds for every z,( € RV*!, with 2 # (. Analogous bounds hold for the first

order and second order derivatives of I'y, as they are homogeneous of degree —@) — 1
and —(@) — 2, respectively.

In the sequel, as we also consider the non dilation-invariant operator ., we rely
on the following estimates (see Proposition 2.7 in [6]). Let zp € RY™! 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 RT. Then there exists a positive constant ¢, only
depending on A\, A and on the matrix B, such that the following bounds hold

c
['(z,0) € —F—35
I¢1 0 2|7
c c
102,1'(2, Q)] < TSRS ESE 0, T(2, )] < IPSERRNTOrSE
Ig= 0 212 I6= o 2ll% (2.12)
c c :
|a$i$jP(Za C)| < T L O19) |a§z§3F(27<)| < A1 10%2°
Ig- 0 2|22 Ig=1 0 215
c c
YTz € ——5m YTEIS —Fm
I¢" 0 2|3+ Ig1 o 2|77

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

Oz, )Y (2, t) dedt = U(x, )Y oz, t) dedt,

RN+1 RN+1

for every 1, ¢ € CS°(RN ™).
A similar result holds for the derivatives 0,,I'(z,¢) and 0, I'(z,() for j = m +
1,...,N. These functions need to be considered as derivatives of order «;, where the

13



integer a; has been introduced in (1.13). We have

c c
00, 02,01 < ———F7ar 106120l < ——F—F
[¢tozllg (o2
c (2.13)
|02, 0¢,I'(2, Q)| < e
‘ Ig= o 2|5
for every 5,k =1,...,N, z,( € Qg,(2) with z # (. Note that, as ay = -+ = a,,, = 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 2.2. Assume that all the eigenvalues of the matriz A belong to some interval
[\, A] C RT. Then there exist two positive constants C, only depending on X\, A and on
the matriz B, such that the following holds true. For every R €]0,1] we have that

sup {r(z,g) 12 € Qx(0).¢ € Qp(0) \ Q%(O)} < %. (2.14)
Moreover
sup {\axjafkr(z,c)\ 2 € Qr(0).¢ € Qr(0) \ Q¥(O)} < W% (2.15)
and
C
sup { [Y0,T(2,0)] : = € Qx(0).¢ € Qn(0)\ Qu (0)} < g (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

¢ € Q1(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 {T(2.€) : 2 € Qu(0).C € Qul0)\ Qun(0)} <
(it {Jlc" ozl = € Qu(0).C € Q(0)\ Quu(0)}) .

We therefore need to estimate the infimum of || "1 oz||x for z € Qg(O) and ¢ € Qr(0)\
Q%(O). We first consider the points z := 5%(7;) and ( := 5%(0 which belong to Q%(O)
and Q;(0) \ Q%(O), respectively. We now define the function ¢(z,¢) := ||(7! og 2|k,

which is continuous on the compact set £ := Q1(0)x Q1(0) \ Q2(0) x [0, 1], as observed
in Remark 2.1. Thus, by Weierstrass’s Theorem, ¢ attains a minimum m on FE, i.e.,

G on 3l 2 m, ¥z Q). WCe G0\ Q50), VR e 0.1

(2.17)
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Going back to the box of radius R, i.e. applying dilation dz to the points Z and ¢
yields

I o2l = mR, 2z € Qr(0), (€ Qr(0)\ Qur(0), (2.18)
and therefore (2.17) becomes
C
sup {F(z,{) [z € Qg(O),C € Qr(0)\ Q%(O)} < mQCRQ =70 (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 I' in (2.12)
and apply the same arguments as above. ]

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 Kol-
mogorov 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 . and its derivatives
O, I, oy O T

We then prove a mean-value formula for u, which is based on the Euclidean mean-
value theorem and on the homogeneity of the fundamental 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 Qgr(zy), with R €]0,1]. Then

C .
|3x]u|(z) < EHUHLOO(QR(ZO))7 fOT' every z € Q% (Z()), J = 17 s 7Na

for some positive constant C' only depending on X\, A and on the matriz B.

Proof. Without loss of generality, we can assume zy = 0. Let ngp € C°(RV*1) be a
cut-off function such that

ner(z,t) = x([(z,1)]x), (3.1)

where y € C*([0, +00), [0,1]) is such that x(s) = 1if s < 3 y(s) =0if s > R and

IX'| < %, [X"| £ % Then, for every z € Qg(0) and for i = 1,..., N, there exists a

constant ¢, only depending on B, such that

= o) < (3.2

0.7m(2)] < =
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Consequently, for every z € Qg(0) and 4,5 = 1,...,m, we have |8§ﬂjnR(z)| < &z and
therefore we obtain a bound for the second order part of | -Zng(2)|.

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

u(z) = )2 = = [ [P L aro) O (33)
QRr(0)
Since .Z = div(AD,,) + Y and Zu = 0 by assumption, (3.3) can be rewritten as
u(z) = (r)(2) == [ [Pl Wiv(AD ()l ()
Qr(0)
[ Y e e (3.4)
Qr(0)
=2 [ [P ) (Dot AD ) ()
Qr(0)

Integrating by parts the last integral in (3.4), we obtain, for every z € Q A (0)
) = ) = [0 ) (AD ) ()
Qr(0

- /Q RS EOARISES (3.5)
1 / (DST(z, ), ADyna)ul (C)dC,
QOr(0)

where D,, is the gradient with respect to z1, . .., z,, and the superscript in DS, indicates
that we are differentiating w.r.t the variable (.

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

Oy (=) = B, () (=) = / 10, T2, )iv(AD, (15))u) (C)dC

QRr(0)\Q3r (0)
T

-/ 00,7 Y ()l
Qr(0\Qsr (0)

2 f (00, DS (2, ). AD,e) ) )
Qr(0\Q3p (0)

for every j = 1, ..., N. Thus, we obtain
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19y, u(2)] = [0y, (1) (2)] < /Q o o 1T AD O

-/ 102,72, )Y (o (€)d¢
Qr(0 )\QTR(O)
+2/ |[(82, D5, T (2, ), ADynr) ) (€)] d¢
Qr(0\Qsp
b(2) + Iy(2),
We estimate I;(z) and I(z), for z € Qg(O). We have

I(2) < [ullr=(onoy  sup  |div(ADy(1r))|meas(Qr(0))  sup  |9,,T(z ¢,
QR(O)\Q%(O) zEQR( )
¢ceQr(0 )\Q%( )
I(2) < Jullpe(opoy — sup Y (ng)lmeas(Qr(0))  sup |0, T(2,¢)|
QRr(0\Q3r (0) 2€Q R (0),
T >
CEQR(O)\Q%(O)

We now apply Lemma 2.2 and obtain

C

sup 0x,1'(2,Q)| £ 55— (3.6)
zEQg(O), ‘ ’ R@+e
CeQRr(0\Q3r (0)
4
Moreover, by our choice of the cut-off function ng, we have
: Ac .
|div(AD,,(nr))] < — in Qxr(0), (3.7)

R2

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

~ C
L(2) < o lulle=(onwy, = € Qz(0), (3.8)

We now estimate |Y'(ng)| < |[(Bxz, Dng)| + |0mgr| in Qr(0) \ Q%(O). The bound for
the derivative with respect to time of g is obtained using (3.2). Moreover

N N
(B, Dnr() < Y bl |2l [0m (O] < € > (b R, (3.9)
i,k=1 i,k=1
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where ¢ € Qg(0) \ Q%(O). Notice that in sum (3.9) the exponent oy — «; 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, D] < o5, in Qa(0)\ Qux(0), (3.10)

where C” is a constant that only depends on the matrix B and on the constant c¢ in
(3.2).

Finally, using again meas(Qgr(0)) = R?"?meas(Q;(0)), together with (3.6) and
(3.10), we obtain

~ C
Ih(z) < @HUHLOO(QR(O)), z € Qg(()), (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 B (0), we have

~ c C
I3(2) < HUHLOO(QR(O))E meas(Qr(0)) ZUP(O) 0., D5,'(2,¢)| < oy [[w]| oo (g (0))-
zeELR )
2

¢eQr(0)\Q3r (0)

.
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 :
10z, ull =@ g o) < oo 1l z=(or@p, 7 =1, V.
]

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

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

C
[ Xiul(2) < Sllulle=(or@), =€ Qz(0),
C
XX5ul(2) < o lullimoaon, = € 25 (0).
Similarly, we have that
C
Yul(2) < mllullz=(enoy, =€ Qz(0).
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Proof. The estimate of Xj,...,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. n

In the sequel, we will need to estimate the second order derivatives of a solution to
ZLu = g, where g is a polynomial of degree at most two. To this end, we let

gl('Z) = <U7I>7 92(2) = (Ml‘,l’>, (312)

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 gy be the
functions defined in (3.12). Then there exists a positive constant C, only depending on
A, A and on the matrixz B, such that

., | r<z,<>nR<c>d<'sa (313)
Qr(0)

2., | r(z,onR(ogl(odg]scR, (3.14)
Qr(0)

., | r<z,<>nR<<>g2<<>d<]soR2, (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

0;.., / [(¢ o 2)nr(¢)d¢ = lim 97,0, T(¢H o 2)nr(C)dC
Qr(0)

e70 JQr(0)n{lI¢~Tozl|x e}
+77R<Z>/ 02, Lo(Q)vjdo(C) (3.16)
¢l =1
— 15 0 0
= Im I(e, 2) + I(2).

We rewrite I{ (e, z) as

19e.2) = / 62, T(C 0 2) (nalC) — (=) dc
Qr(0)N{|[¢toz|| xk>e}

(3.17)
+ nR(Z)/ 8§Z_mjf‘(§_1 o z)dC
Qr(0)N{lI¢~toz||k =€}
By the definition of ng, we have
0< R <1, na()—na(x) =0, forany C € Qun(0), 2 € Qp(0).  (3.18)
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Thus, taking advantage of Lemma 2.2, we infer

/ 0%, (¢ 2 (0n(6) — nnl2))
Qr(0)N{|[¢~ ozl k >e}

C (3.19)
- / 02,4,0(¢ " 0 2) (mr(¢) = (=) dC' < s R =C
Qr(0)\ Q3
Thus we find
]S(Z) + lim 7]3(2)/ aile—‘«:—l o Z)dc —C (320)
=0 Qr(0)N{|I¢—Loz|| x>}

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 gy, we
can rewrite the right-hand side of (3.14) as

632;@'33]' /Q (];)(C_l e} Z)nR(g) <’U, €>d€ = lli% QR(O)n{[c-1oz] >a§il'jr<<_1 o Z)nR<C) <Ua €>dc
T (v,2)78(2) / 01 To(C)ydor(C)
IKllxk=1

— Yim T 1
= lim [, (e,2) + I1(2).
(3.21)

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

Ie.z) = / 82, T(C™ o 2) (nal€) — (=) (v, €)dC
Qr(0)N{|[¢toz||k >e}

+ (‘339&_1“ 1o €& —a)d
/QR(om{mozxzs} w60 2) (nl2)) 9, = 2hl (3.22)

+ (v, 2)7a(2) / 62, T(CV o 2)dC
Qr(0)N{||¢Loz||k>e}
= 1i(e,2) + Iy(e, 2) + I5(e, 2).

To estimate I(g, 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, O < [Joll - Il < lvll - R, (3.23)
where ||v|| denotes the norm of v in RY. Therefore, we obtain
d
(e, )| < C ¢ R, (3.24)

QrO)N{lc-tozlx>e} [[C o 2]|FT T
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where C' is a constant that depends only on A\, A, B and v.
We now show that the same bound holds for (e, z). We first observe that

[{v,2 =) < vl - €7 o 2l (3.25)
As a consequence, using again (3.18) and (2.12), we infer
|I(g,2)] < / _de <c¢(R—¢)<cR. (3.26)
QrOn(lc- ezl >e} €710 2|5

Using (3.24) and (3.26) we obtain

lim [](e,2) = O(R), lim I5(e,z) = O(R), as R— 0. (3.27)

e—0t e—0t

Finally, as for Ii(e, z), we compute

lim 8§ﬂjf(§_1 o z)d(

€70 JQp(0)n{e<||¢Loz|| x <cR}

= lim 92 T(w)e ™" P dw
£20.J QR (0)n{e< ¢~ Toz|| x <cR}

:_li_r)% " 8wiF(w)e_TtrBl/jdaj(w)+li_r>r(1) ol Rﬁwir(w)e_TtrBdeaj(w)
W K=¢€ wl|| g=¢C

= —/ Ow,Lo(w)vjdo;(w) —I—/ Ou, D(w)e ™" Pudo;(w).
wllx=1

[wl|xk=cR

We then obtain,

)+ i e, 2) = =) [ 0Twdo(@)

— (v, 2)nr(2) / O Lo(w)vido;(w)

lwllx=1

(3.28)
+ (v,x}nR(z)/ Ow, D (w)e ™" Brdo;(w)
[wlx=cR
—(vainz) [ O T(w)e T o).
lwllx=ck
Keeping in mind that
lim Ou, D(w)e ™" Brido;(w) = / Ou; Lo(w)vdoj(w) = ¢,
20wl =R lwlle=1
we finally find
L(2) + lim I(e,2) = O(R), as R— 0. (3.29)
e—
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Identity (3.14) follows from (3.24), (3.26) and (3.29).
By the same argument, we obtain

2., [T o 2nlC)ME ) = O, (3.30)
QRr(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

2

C
Oria,0(2)] < prllwlz=(onoy + CR, (3.31)
foreveryi,j=1,..., m0< R <1 and for any z € Q§(0)~

Proof. Reasoning as in Proposition 3.1, we obtain

o)l < [ 02,72, ) (AD () ) (¢
Qr(0)\Qsr (0)

4

- 102, )Y (€
QR(0\Qg 4,4 (0)

2 82‘ I )" Dm 7ADm d
i /QR(O)\Q:’,R(@H () Dot ml(OfdC (3.32)

4

o (z,- d
e[ [ @0
+ (|02, [(z,- M¢E €)d ‘
[, [ Dm0 gad
= 11(2) + Io(2) + I3(2) + I4(2) + I5(2).
The terms I,(2), I2(2), I3(2) were already estimated in Proposition 3.1 as
- == C
1) B To(2) < plwllie@aon 2 € g

Additionally, I4(z) and Is(z) are O(R) in virtue of Lemma 3.3 and thus (3.31) is
proved. [ ]

We now prove a mean value theorem for solutions u to Zu = 0 in cylinders Qg(().
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Proposition 3.5 (Scale invariant Lipschitz estimate). Let ¢ be any point of RNT!
and let u be a solution to Lu =0 in Qgr((), with R €]0,1]. Then the following estimate
holds

C
[u(2) = u(Q)] < Zdx (2, O)llullz=(@n(c), (3.33)

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

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

C
[u(z) = u(0)] < L llzllxllullz=(@rw)-
Consider z = (z,t) € Q g(O), and apply the standard mean-value theorem
lu(z) — u(0)| = |u(zy,...,zN,t) —u(0,...,0,0)

N (3.34)
S Z |I’Z| |8xiu(191x1, s 719NIN7 t>| + |t| |YU(0, ce 70779t)7
i=1

where 9y,...,0y,9 €]0,1[. For every i = 1,..., N, we have |z;| < ||z]|% < R*, and
(Dxy,...,0nzN,t) € Qg(O). Then, by Proposition 3.1, we find

C
Oz w121, .. Inan, )] < o llulli=(or()-
so that
C
|| |5xiu(?911'1, S Unan )] < EHZHKHUHLOO(QR(O))'

Analogously, we have that [9t| < [¢t| < ||z]|% < R?, and from Proposition 3.2 it follows
that

c
Yu(0,....,0,00)] < <llullx(enon:
thus
c
[t [Yu(0,...,0,9¢t)] < EHZHKIIUIMOO(QR(@)'

The proof of the proposition can be obtained by combining the above estimates. ]
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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 Pignotti in [19] for the dilation-invariant operator %, and
then generalized by Pagliarani and Pignotti in [20] and by Pignotti in [22] to the non
dilation-invariant one.

We want to emphasize the main differences with respect to the previous 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 polynomial of degree n, the differentiability up
to order n in the Euclidean sense. A more intrinsic point of view has been introduced
in the paper [19], where the authors considered functions regular in the intrinsic sense.

In order to prove Theorem 1.3, we follow the same procedure introduced 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 Vg, ..., V. as the
vector subspaces of RY which are invariant with respect to dilation (6, ),~¢ introduced
in (1.12). Specifically, for n =0, ..., k, we set

Vi o= {0} x R x {0},

where m,, := mg +...m,, with m_; = 0. Moreover, we let 2 be the projection of
x € RY on V,,. Note that

RN :@Vn’ $:I[O] +"'+I[H]7 (41)
n=0

for every & € RY. Moreover, in accordance with the dilation (4, ),~0, we have
Op (M) = p2ntigll -yl ey (4.2)

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

Vo := ker(B™)*.

The linear map B" : Vj,, — V,, is now bijective.

The method of the proof relies on the construction of a finite sequence of points
which connect z = (z,t) and ¢ = (£, 7) and are located along suitable trajectories.
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More precisely, we start from z and choose z; = (21, t;) as the point along the integral
curve of the drift Y satisfying the condition ¢; = 7. We then move along the integral
paths of X7,..., X,, to a point zo = (29, t2) such that m = ¢ and t, = 7. This allows
us to exploit the regularity of v along the vector fields X 1,--.,Xm, 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 u with respect to other vector fields, we
increment the higher level coordinates z[Y, .. ., z[*! by moving along trajectories defined
as concatenations of integral curves of Xi,..., X,,, Y. Specifically, for any z € RV*!
and s € R we define iteratively the family of trajectories (%(,Z)(2'))71107,__7,.i as follows

10(2) = X0 (2) = (x + sv,1)
WD () = e~ (AW (Y (3 (2)))),

where v is a suitable vector in Vg, and X, = v10,, + - -+ + v, 0s,,. -

At this point we need to distinguish the dilation-invariant o erators from the non
dilation-inviariant ones. In the first case, the trajectories %5 Jn—0...x have the
remarkable property of modifying the components z" + - .. 4 leaving unchanged
the components z% 4. .. 4 21 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
}C() = 8330 + :an — 875

and show how to use the trajectories defined in (4.3) to connect an arbitrary point
z € R3 with the origin. In this case, we have

o= (10)

QSX(ZL” y? t) - (:'E + 87 y7 t)’ esy(x7 y? t) = (x7y + S‘/‘E’t - S)‘

and thus

Moreover,
REP=VydV = span{e; } @ span{es}, Voo = Vo1 = span{e;}.

Let z = (z,y,t) be a point in R3, 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).
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We then move along the integral curve of the vector field X to make x equal to 0:
2 = e (2)) = (z + s,y +tz,0) = (0,5 +tx,0), by choosing sy= —x.

We reached the point z5 € Vi and we plan to steer it to (0,0,0). We move along a
curve defined as concatenation of integral paths of X andY as follows:

23 = 631X(Z2) = (517y + tl’,O),

Z4 = 63§Y<23> = (Slvy +itx + S?a _S%>7 (4 4)
2= % (2) = (0,y+ o+ 5%, —s2), |
Z26 — e %Y(z5) = (07y + tx + 5?70)7

and we reach the point ¢ = (0,0,0) if we choose s1 = (—tx — y)%.

When considering a non dilation-invariant operator ., the method illustrated
above fails. Indeed, in this case the trajectory (%(,Z)(z)) may affect the components
2l ... 21 ag the following example shows.

Example 4.2. We consider the degenerate Kolmogorov operator

K := 02, + 20, + 20, — 0. (4.5)

B:G_$.

and therefore the operator IC is non dilation-invariant. Let us emphasize the differences
with the dilation-invariant case studied in FExample 4.1. We denote again the points in
R3 by 2 = (x,y,t) and consider ¢ = (0,0,0). The first two steps of the procedure used
in Example 4.1 allow us to move from z to some point z; = (x1,y1,0), then to some
other point zo = (0,y2,0). The difference with the homogeneous case arises in 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) € Vi to the origin
(0,0,0). If we reproduce the same construction as in (4.4), we find:

In this case, B takes the form

21 = QSX(Z) - (57y70)7
29 = eSQY(zl) = (8682, —s+se + v, —32), (4.6)
23 = e X (z) = (ses2 —s5,—s+se +y, —s%), .

=Y (z) = (s(1—e %), s(1 —e ") +y,0).

If we choose s such that s(1 —e™") = —y, we obtain zy = (—y,0,0), so that its second
component 1s zero but, in constrast with the previous FExample 4.1, we have that z4
doesn’t agree with our target point ¢ = (0,0,0).
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In order to reach the point ¢ = (0,0,0) also in the case of non 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 ex-
plained above, the proof relies on a finite sequence of integral 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 tra-
jectories ('ngf;)(z))nzo,,_,,,$ defined in (4.3) are explicitely given and we prove that (1.19)
holds. We then discuss the modifications needed to deal with any non 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 assumption that the
points z = (x,t) and ( = (£, 7) have the same temporal component ¢ = 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**** where vg = (vg1,...,Vm,0...,0) is a suitable unit

vector in Vj. Thus, equation (1.18), with z = (:E,t) and ¢ = (x + sovo, t), rewrites as

T?u(¢) = u(w,t) + Z@ u(z, t)sovo ; + 20 Z s, W, D) V0,00, (4.7)
i=1 i,j=1
We observe that ||z7! o ||% = [so|* and therefore we want to show that
u(¢) = T2u(¢) = o|so*) as s — 0. (4.8)
By the multidimensional euclidean mean-value theorem, there exist (9;;)1<ij<m.,
with v; ; € span{ey, ..., ey} and |v; ;| < |vo| such that
s
U’(C) - 2 =2 Z 5,25 CL’ + SOU1]7 t)UO,iUO,j - ai,xju(xa t>>U0,iUO,j
ij=1 (4.9)

= 0(|30]2) as sg — 0,

where we have used the continuity of the second order derivatives of u. 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 non negative n < k. We
prove it for n + 1. For every z,( € R¥*! we set

T2u(C) = T2u(¢) — u(z). (4.10)
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We define the points

Z = (ZE, t)? £ = 71(:]:9) (Z)7 2 = eSQY(Zl)

2 =1 (), 20 = €Y (23) =4 ()

where v is the unique unitary vector in V41 C V), defined as v = |Z—|, where w is the

1
vector in Vj,, 41 such that B"* 1y = ¢+ — 2"+ and s = |w|2@F071. We aim to prove
that

u(zg) — T?u(zy) = o(]|z7 0 z4||%) = o(|s]*) as s — 0. (4.11)

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

u(zy) — T2u(zy) = |u(2g) — u(z3) )

+|u(z3) — u(z2) — szu(z;),)

2)

+|u(z2) — u(z)

(3)

+| T2 u(z) + u(z1) — u(z)

(4.12)

(4)

T2 T2
+ TZ2U(23) - Tzlu(z) )

2
Tz U(Z4) ©) .

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 xf] =2 and t, = t.

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

Tzzgu(zs) - Tflu(z) =3 Z(amU(ZZ) — amiu<zl))vi
) (4.13)
B % Z(agzleb(ZQ) - ac%ia:ju<zl))vi/l}j.
i,j=1

As an immediate consequence of condition (1.8), we obtain the following equation
Do t(22) = Dpu(z1) = Dygu(e™ (1)) = Duu(z1) = o).

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

w(za) — u(zs) = u(e Y (23)) — u(zs).
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By applying the mean value theorem along the direction of the drift, we find that there
exists 5§ such that

(e (2)) — u(z) = ="Yu(e™ (),
where |5 < |s|. Similarly we obtain that
u(z) — u(z1) = s?Yu(e™ (1)),

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

By letting s — 0, we find that s, s — 0, and therefore, using the continuity of Yu,
we have showed 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 non
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 = 204zl - .+ 207 and we have T2u(z4) # 0 whenever ) # 21,
To overcome this problem, we define a new point z5 = (x5,t5) as follows:

L e L R G AL S P

Note that in [20, 22] it is proved that
’x[O] _ QJLO]‘ < CHZil o C”K:
for some positive constant C' only depending on the matrix B. Then
u(zs) —u(zg) = o||z7 o (||%) as ¢ — =z (4.14)
With this modification, expression (4.12) is replaced by

u(z5) = T2u(z5) = u(zs) — u(z1) = Tou(zs) + o= o (ll) as (= =
Moreover, z) = 219 and t5 = ¢ yield T2u(z5) = 0. From (4.14) it then follows that
u(zs) — T2u(zs) = o([= " o (%) as (= 2

We are now in position to prove (1.19). We first consider the point z = e"7¥(z) =
(e® By 1) and write

u(€) = TXu(C) = u(¢) — TZu(C) + TZu(¢) — TZu((). (4.15)

Thanks to the previous steps, the first difference is o(||z7! o (||%) = o(||z7 o ¢||%) as
|27t o {||% — 0, since ¢ and z have the same temporal component 7. At the same
time, the second difference in (4.15) can be rewritten as
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m

T2u(C) = T2u(¢) = u(2) —ul2) + Y (9,u(2) = 8y,u(2)) (& — 1)

i=1

D (Byu() = 32 ul2) (& = 2)(& — 1) + V()T 1),

(4.16)

DO | —

+

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

w(e(2)) —u(z) = (t — 7)Yu(e’ (2)), (4.17)
where ¢ is such that |0| < |t — 7|. Hence, we obtain
w(z) —u(z) =Y (2)(t —7) = (t = 7)(Yu(e (2)) — Y(2)), (4.18)

which is o(|[t — 7|) = o(||z7* o ||%) as ||z~ o (||% — 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(]|]z"'o(]|%)

as |z~ o C[[3 — 0.
Combining all the previous estimates, we obtain
TZu(C) = TZu(C) = of[|27" o Cll%), as [z o (llf — 0. (4.19)

and therefore (4.15) is equal to o(|]|z7! o (||%) as ||z o ¢||% — 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

ZLv=yg, in Qr(20),
v =, in 0Qr(20)-

Then, the following holds

[0l 2 (@rz) < lellz=(@ra) + [t = talllglloe(@nizo; (5.1)

where t; = ty — R? is the time coordinate of the basis of the cylinder Qr(z).
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Proof. We introduce the function w(z,t) := (t — t1)||g|| L (0n(z0)) + €]l 1(Qn(z)) and
we let v := v — w. Clearly, u satisfies Zu = g + ||gllz=(Qn(z)) = 0 in Qgr(20).
Moreover, as v = ¢ on the boundary of Qr(2), we have u = ¢ — (t —t1)||gl| Lo (Qn(z0)) —
ol (@nizo)) < 0 in 0Qr(20). By the strong maximum principle, it follows that
u(z,t) <0in Qgr(2). Replacing v by —v, estimate (5.1) follows at once. [ |

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

{ ZLu, = f(0), in Qp (5.2)

up = u, in 0Qy

N =

For any point z = (z,t) satisfying ||z||x < 1, we want to estimate the quantity
I(2) = |0*u(z) — 0*u(0)],
where 0%u(z) stands for either 07, u(2), with i,j = 1,...,m, or Yu(z). To this end,
we write I as the sum of three terms:
I(2) < |0%up(2) — 0*uk(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)), oy is a Cauchy sequence
and that its limit agrees with 9%u(0). The same assertion holds for I3 of course.

First, we let v, := u — u, and we observe that v, satisfies the Dirichlet boundary
value problem

Lo, = f—f(0), inQ
{ w=0 noQ (5:3)

From Lemma 5.1 it follows that

[vellso < 40%(|f = F(0)l]oo < 40™wy (o). (5:4)

Moreover, since £ (ur — uy1) = 0 in Qx41, we apply Proposition 3.2 and Lemma 5.1,
and we find

102, (g — Ups1) || L0 (0p10) < Co "2 sup |uy, — ug41]

Qk41
< C@’k< sup |vg| + sup |Uk+1|)
Qk41 Qk41
< Co * o™ wi(d") = Cotwy(a), (5.5)

for any + = 1,...,m. In the same way, we obtain
||a£z](uk - uk+1)||Lo<>(Qk+2) < CQ_%_4 sup |Uk - Uk+1|
Ok+1
< Co 0w (o) = Cwy(d") (5.6)
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fori,j=1,...,m, and
HY(Uk - uk+1>HL°°(Qk+2) < CQ7%74 sup ’Uk - Uk+1!
Q
k+1

< Co g™ w;(0*) = Cuwy(d"). (5.7)

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

o o0 [
D 0P (0) — Pwa (0)] < CD wy(d) < C / f: L ar. (5.8)
1=k I=k 0

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

> (@ — 0*u41(0)) = 0%uy(0) — 8*u(0). (5.9)

=k

To this end, we first consider the derivative 8§i$juk and we prove that

lim 97, u,(0) = 05, Tgu(0), (5.10)

k—too % ]

where T¢u(¢) is the second-order Taylor polynomial of u around the origin, computed
at some point ¢ = (£, 7) € Qk:

Tu( ) + Zax,u )i + Z 2 u(0)&E — Yu(0)r.
z] 1
Thus, by applying Theorem 1.3 to u € C%(Q;(0)), we obtain from (5.10) that
lim 07, u(0) = 87, u(0). (5.11)

XT;T5
k—+oo T it

We compute ZTiu in ¢ = (§,7) as

LT2u( Z awas G u(0) — Jyu(0) + Z(Z b;;O0¢,u(0 )fj + Z(Z bzlagj )fzfg

2,7=1 l,j=1 “i=1
= 002 0(0) — (0) + (v.€) + (VE. ),
2,j=1
where v = (v;),_y v = (321, 0ij05u(0)),_,  is a constant vector of RV and M =
(M) 1. N (Z, 0z ¢, u( )>z L s N x N constant matrix
..... et
In addition, as Zu = f in Qy, we have that
> 402, u(0) — 9pu(0) = Zyu(0) = Lu(0) = £(0) (5.12)
ij=1

32



and thus

LTu(C) = f(0) + (v,6) + (ME, €). (5.13)

Thus, the definition of wuy in (5.2) gives us

L (T —uy) () = (v,€) +(ME, ), ¢ € Q. (5.14)
We now apply Lemma 3.4 to TZu — uy, for R = o and infer

\aixj (up — T2u)(0)| < Co~ sgp lu, — TEu| + O(d"). (5.15)
k

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

sup |u — T2u| = o(o*") (5.16)
CeQy

Thus, from estimates (5.16) and (5.4), we obtain

sup |ug — Tou| < sup |vg| + sup |u — Tgu| < dwp(0¥) o™ + o(0™) < 0(0*).  (5.17)

k k k

Estimates (5.15) and (5.17) finally yield

103, (ux — Tgu)(0)] < Co™™ Sup g — Tgul + O(") < Co™o(0™) + O(0*) < o(1),
k

where, as usual, the indexes ¢ and j range from 1 to m. Thus, for any 7,7 =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—+o00

In conclusion, using (5.8), we obtain:

e 2]l
L <Y 10%u(0) — Puia (0)] < C / wfy)dr, (5.18)
=k

0

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

> lzllc
I; <) |0°w(z) = Pura(2)] < C/ wa(r)dr. (5.19)
=k 0
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Finally, let us estimate ;. Since hy = ugp — upy € C(Qgi2), we can apply
Proposition 3.5 to the functions 92 , hy and Yy

C
02,4, e (2) = 07, hi(0)] < Q—IIZIIKII 07 . hell L= (04 11)
and

C

[Yhi(2) = Yhe(0)] < EHleKlthkHLOO(QkH),

for i, =1,...,m. We can now apply once again (5.6) to obtain
C _
|02 0, M0 (2) = 020, i (0)] < Q—|| &0l @iy < Cllzlle™ wy(0").
In addition, thanks to (5.7), we infer
C _
Yhi(z) = Y hi(0)] < EHZHKHthHLw(QkH) < Cllzllko ws(d").

Hence, since ug(z) — ug(0) = uo(2) — up(0) + Z o (h;(0) = hj(2)), we have

I < 0%uo(z) — 8%uo(0 |+Z\02 h;(0)]
k-1
< Cllzllx (luoll =0 + C Y 0 wi (o))
=0
1 welr
< Ozl (1l Lo @uoy) + 1 f 1 2o (21 0)) +C/| ” ,;(2 ) :

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

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

Luy = f(O)a in Q1/2(0)
Uy = u, m 8Q1/2<O)

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

r

102(0) — 9uy (0)] < C/O1 “rlr) 4. (5.21)
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To estimate the second term in (5.20), we consider the function v(z) := u1(2)n1/2(2),
where 71/, is the cut-off function introduced in (3.1) with R = 3. Reasoning as in the
proof of Proposition 3.1, we obtain

u(z) = v(z) = /Q ()[F(z,-)div(ADm(m/z))Ul](C)dC
_L [D(2, )Y ()] (€)dC
_/Q [T (2, )22 (u1)](C)dC

49 / [(DS,T (2, ), AD iy o] (C)dC.
Q1(0)

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

sup |ui| < sup |u| 4+ 4]£(0)].

Q, (0 0, (0)
As the derivatives of 7 /o vanish in Q3/5(0), for any 4,7 = 1,...,m, we obtain
o u) < [ 02,0, T2, YAV (AD () )() €
Q1(0)\Q3(0)

- / H&i% (2, )Y (m1/2)wa) (€)]dC
Q1(0 )\Qs( )

+2 / |[(2,,, DS, (2, ), ADyiy o)) ()| dC (5.22)
Q

]

= 11(2) + I(2) + I3(2) + 14(2).

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

I(2) < C[qu(% [ul + 4] £(0)]],

Iy(2) < C[qu(;;) [ul +41£(0)]],

I3(z) < C[qu(ré) lul + 4] £(0)]].
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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

6%, (0)] < O sup [u] + 41£(0)]]. (5.23)
Q1 (0)
2
Combining estimates (5.20) and (5.23), we conclude the proof of Theorem 1.6. n

6 Dini continuous coeflicients

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 .# does satisfy the hypotheses [H.1] and [H.2] and f is assumed
to be Dini continuous, and we proceed as in the proof of Theorem 1.6. Specifically,

we denote Q = Q,1(0), 0 = % and we consider the following sequence of Dirichlet
problems:

> ai5(0,0)07,, uk + Yup = f(0), in Qy

ij=1 ’ (6.1)

up = u, on 09y.

Note that the bounds given in Propositions 3.1, 3.2 and 3.5 only depend on the con-
stants 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 vy := u — uy,
and note that it is a solution to the boundary value problem

‘il ai;(0,0)07 ;. vk + Yoy
ig=
= F— FO)+ 3 (ay(0) — a (@, )2, u, in O, (6.2)
v, =0, in 8Q;:J:1
In order to simplify the notation, we let
ni=, max (07, ullieon. (6:3)

From Lemma 5.1 it follows that

[vk]| o (0p) < Co*[wy(0") + wal0®)n].
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Hence

| ur — uk’-i—l”L"O(QkJrl) < CQQk[Wf(Qk) + wa(Qk)U]-

As already observed, we can apply Corollary 3.2 and obtain estimates for the second
order derivatives of v. In fact, for any 7,7 = 1,..., m, we have

103 2, (e — wrsr) || 2= 1y < C(0") 7 Sup |tk — Up
k+1
< Co oM [wi(0") + wa(d")n) = Clws (") + wa(* )]
(6.4)

and

1Y (up — Uk+1)\|L°°(Qk+2) < C(Qk)_z SUP |Up — Upp1]
k+1

< Co 0™ [wr(0") + wa(®)n] = Clws(0") + wal(@®)n]  (6.5)

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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