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Abstract

We consider a class of second order ultraparabolic differential equations in the form

m
61511, = ZX](AXU)] + Xou,

Jj=1

where A is a bounded, symmetric and uniformly positive matrix with measurable coeffi-
cients, under the assumption that the operator Z;n:l X 32 + Xy — 0 is hypoelliptic and the
vector fields X7, ..., X,, and Xy — 0; are invariant with respect to a suitable homogeneous
Lie group. We adapt the Moser’s iterative methods to the non-Euclidean geometry of the
Lie groups and we prove an L. bound of the solution u in terms of its L  norm.

loc loc
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1 Introduction

Consider second order partial differential equations in the form

Lau:= Z X (aij(z,t) Xsu) + Xou — Oyu = 0, (1.1)

3,j=1

where (z,t) = (z1,...,7N,t) denotes the point in RV and 1 <m < N. The X;’s in (1.1)
are smooth vector fields on RY | i.e.

N
Xj(x) =Y b(2)0s, k=0,...,m,
k=1

and any bi is a O function. In the sequel we always denote by z = (z,t) the point in RN+,

and by A the m x m matrix A = (a;;); ;_y _,- Moreover we will use the following notations:

m
X=(X1,....Xpm), Y=Xo-0, divxF=> X;F, (1.2)
j=1
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for every vector field F' = (F1,..., Fy,), so that the expression £4u reads
Lau=divx(AXu)+ Yu.
Finally, when A is the m x m identity matrix, we will use the notation
m
L:=) X}+Y (1.3)
k=1

We say that a curve v : [0,7] — RN*! is L-admissible if it is absolutely continuous and
satisfies

Y (s) =Y M) Xe(v(s)) + p(s)Y (4(s),  ae. in [0,7],
k=1

for suitable piecewise constant real functions Aq, ..., Am, g, with > 0. We suppose that:

[H.1] there exists a homogeneous Lie group G = (RN 1o, § ,\) such that

(i) X1,..., X, Y are left translation invariant on G;
(ii) X1,..., X, are dy-homogeneous of degree one and Y is dy-homogeneous of degree
two;

[H.2] for every (z,t), (£, 7) € RV*! with t > 7, there exists an £-admissible path + : [0, T] —
RN+ such that v(0) = (z,t), v(T) = (£, 7).

We also assume the following uniform ellipticity condition:

[H.3] the coefficients a;;, 1 <1i,j < m, are real valued, measurable functions of z. Moreover
a;j(z) = aji(2), 1 <14, <m, and there exists a positive constant p such that

m
p P <Y ai(2)68 < plgl,
ij=1
for every z € R¥*! and ¢ € R™.

We next give some comments about our hypotheses. We first note that, under the as-
sumptions [H.1]-[H.2], £ belongs to the class introduced by Kogoj and Lanconelli in [20] (of
course, [H.3] is trivially satisfied by the identity matrix). We recall that [H.1]-[H.2] yield the
well known Hérmander condition [17]:

rank Lie{X1,..., X, Y}(2) = N +1, for everyz € RV F1, (1.4)

then L is hypoelliptic (i.e. every distributional solution to Lu = 0 is a smooth, classic solution;
see, for instance, Proposition 10.1 in [20]). Moreover, the fundamental solution I'(-, () of L,
shares the main properties of the fundamental solution of the heat equation (see [20]). Due
to this last fact, the operator £ will be called principal part of L 4.

Let us point out that several meaningful examples of operators of the form (1.1) belong
to the class considered in this paper.



Example 1.1 PARABOLIC OPERATORS ON CARNOT GROUPS. Operators in the form L4 =
divx (AX:) — 0, satisfy assumptions [H.1]-[H.3] when the vector fields X1,..., Xy, are the
generators of a homogeneous Carnot group C = (RN,',SA). In that case Xo = 0, Ac =
oy X,% 18 the sub-Laplacian on C and L is its heat operator

L= Ac — 0. (1.5)
The operations of G = (RNT!,0,6)) are (z,t)0 (¢, 7) = (z-&,t+7) and 6\ (x,t) = (5)\56, A%t).

The theory developed by De Giorgi-Nash-Moser [28, 29], [30], in the study of uniformly
parabolic equations has been applied in [37] to divergence form equations d,u = divy(AXu)
by Saloff-Coste and Stroock.

Related results have been given by Bonfiglioli, Lanconelli and Uguzzoni in [4], where the
analogous non-divergence form operator ) a;; X;X; — 0; is considered. They assume that the
coefficients a;; are Holder continuous, and prove the existence and some pointwise estimates
of the fundamental solution and of its derivatives. Under the same assumptions, Bonfiglioli
and Uguzzoni prove in [5] a Harnack inequality for the positive solutions to ) a;; X; X;ju = Oyu
and for the relevant elliptic equation ) a;; X;X;ju = 0. We finally recall that, in [7, 8], Bra-
manti, Brandolini, Lanconelli and Uguzzoni extend the results proved in [4, 5] to Hérmander
operators in the form ) a;; X; X; — 0y, without making the hypothesis that Lie{Xl, . ,Xm}
is stratified.

Example 1.2 KOLMOGOROV-FOKKER-PLANCK OPERATORS. Consider the equation

m
Z azz (aijazju) + <B:Ca V’LL> = Qu, (16)
i,j=1
where B is a constant N X N real matriz. In this case we have X; = 0y, = 1,...,m

and Xo = (Bz,V). We recall that assumptions [H.1]-[H.2] are equivalent to the following
algebraic condition on matriz B: There exists a basis of RN such that B has the form

0O o0 ... 0 O
B, 0 ... 0 O
B = 0 By ... 0 0 (1.7)
0 0 ... B 0
where Bj is a m; X mjy1 matriz of rank mji1, j =1,2,... ,E with
m::mlzmQZ---ZmEHZl, and m1+---+mz+1:N.
The Lie group product related to Kolmogorov equations is
(@, t)o (&)= (E+e Put+7),  (2,0),(&7) eRVTY
and the dilations are
6y = diag( My, NIy - - )\QkHImEH, A?), >0, (1.8)

where I,; denotes the mj x mj identity matriz (see Propositions 2.1 and 2.2 in [23]).



We explicitly remark that Kolmogorov operators do not belong to the class considered in
the Example 1.1, since the vector fields 0, ..., 0;,, do not satisfy the Hormander condition
(1.4). On the other hand, this kind of operators arise in many applications. Indeed, the
following equation

8tf_ <v)v1‘f> = Z 8vi (aij('af)avjf)) t> 07 S Rm) veR™

1,7=1

where the collision operator at the right hand side of the equation can take either a linear or
a non linear form, arises in kinetic theory (see, for instance, [11], [35], [9] and [24]). Equations
of the form (1.6) occur in mathematical finance as well. More specifically, the following linear
equation

52055V + f(S)ouV — 9,V =0,  S,t>0, MeR

with either f(S) =log S or f(S) =S5, arises in the Black & Scholes theory when considering
the problem of the pricing of Asian options (see [2]), and in the stochastic volatility model
by Hobson & Rogers (see [16] and [12]).

Kolmogorov-Fokker-Planck operators have been studied by many authors. A systematic
study of their principal parts has been carried out in [22], and [23]. We also quote the papers
[39], [18], [13] [34], [33], [38], [25], [26], for the study of Kolmogorov operators with Holder
continuous coefficients a;;, satisfying the uniformly ellipticity assumption [H.3]. The classical
iterative method introduced by Moser [28, 29] has been used in the paper [32] concerning the
equation (1.6) with measurable coefficients, and a pointwise upper bound for the solutions is
proved. We also recall that the methods and results of [32] have been extended to Kolmogorov
type operators on non-homogeneous Lie groups by Pascucci and the authors in [10].

Example 1.3 LINK OF GROUPS. The notion of link of homogeneous groups has been intro-
duced by Kogoj and Lanconelli in [20, 21]. If Ag is a sub-Laplacian on a Carnot group G
and Y is a first order partial differential operator which is transverse to G (in the sense of
Definition 4.5 of [21]), then

L=Ag+Y

is left translation invariant, and homogeneous of degree two on the new homogeneous group
obtained by linking G with the Kolmogorov group related to Y .

The simplest example of that operator is
L= (0, + y(?s)2 + (0y — w83)2 + 20y — O, (1.9)

defined for (7, s,w) € R%. The operator acts on the variables (x, %, s, t) as the heat equation
on the Heisenberg group, and on the variables (x,y,w,t) as a Kolmogorov operator. In this
case L= X? + X3+Y, where Y = 20, — 01, X1 = 0, + y0s, Xo = 0y — x0s. We recall that,
as an application of the procedure of linking of groups, sequences of homogeneous groups of
dimension and step arbitrarily large have been constructed in [21].

Few results concerning the regularity of the solutions of L4u = 0 have been proved
for operators of this kind. Bramanti and Brandolini consider in [6] operators in the form



L= Z?szl a;j () X; Xj+apY where a;; and ag belong to the class V.M.O. of the Vanishing
Mean Oscillation functions. They extend the general theory of function spaces developed by
Folland [14], Rothschild and Stein [36] for Hormander operators.

In this paper we use the iterative method introduced by Moser to prove an Lg; bound
of the solution u of (1.1) in terms of its L} = norm. It is well known that the Moser itera-
tion is based on a combination of a Caccioppoli type estimate with the classical embedding
Sobolev inequality. The method has been adapted to the non-Euclidean geometry of the
operators considered in the Example 1.1 by Saloff-Coste and Stroock [37]. The Caccioppoli
type inequalities plainly extend to this kind of operators and give some L12oc bounds of the
first order derivatives Xju, ..., X,,u of the solution u of (1.1). The Moser procedure can be
accomplished by using the so called Sobolev-Stein inequalities.

In our more general case that argument fails since, even if the Caccioppoli type inequalities
still give an L12OC bound of Xju, ..., X,u, we cannot rely on the Sobolev-Stein inequalities, due
to the fact that some information on the norm of Xgu is needed to conclude the procedure.
This problem has been previously encountered in the study of Kolmogorov operators [32]
and has been solved by using a suitable Sobolev-type inequality which only holds for the
solutions to (1.1). We extend here the technique used in [32] to the general class of operators
satisfying assumptions [H.1]-[H.3]. The main idea is to prove a Sobolev type inequality by
using a representation formula for the solution u in terms of the fundamental solution of the
principal part £ of £4. More specifically, if u is a solution to (1.1), then

Lu=(Las— L)u=divxF, (1.10)
where .
FZ':Z((SU—CLU)X]'U, i:1,...,m.
j=1

Since the F;’s depend only on the first order derivatives Xj;u, j = 1,...,m, the Caccioppoli
inequality yields an ngg-estimate of the right hand side of (1.10). Thus, by using some
potential estimate for the fundamental solution of £, we prove the needed bound for the L |
norm of u.

We conclude this introduction with a couple of remarks. We recall that Saloff-Coste and
Stroock accomplish the Moser method in [37] by proving an invariant Harnack inequality.
They rely on the Poincaré type inequality due to Jerison [19], but a similar inequality which
is suitable for our operators £, has not yet established. On the other hand, the method
introduced by Aronson in [1], in the study of uniformly parabolic equations, only relies on
the local upper bound proved by Moser and provides an pointwise bound of the fundamental
solution in its whole domain. That method has previously adapted by Pascucci and Polidoro
[31] to homogeneous Kolmogorov operators, and we plan in a future study to further extend
the same method to the operators £ 4 considered here.

The plan of the paper is the following. In Section 2 we introduce some notations and
our main result (see Theorem 2.2), in Section 3 we prove the Caccioppoli and Sobolev type
inequalities and in Section 4 we prove the pointwise bounds of the positive solutions. Section



4 also contains related results concerning positive super and sub-solutions (see Propositions
4.2 and 4.4), changing sign solutions (see Proposition 4.3).

ACKNOWLEDGEMENT. We thank E. Lanconelli for his interest in our work and for some
useful discussions.

2 Notations and main results

We first introduce some notations, then we state our main results. We refer to the monograph
3] for a detailed treatment of the subject. A Lie group G = (RV*1,0) is said homogeneous
if a family of dilations (dy),, exists on G and is an automorphism of the group:

Oa(z0¢) = (0rz) 0 (6x¢), forall z,¢ € RN and X > 0.

As we stated in the Introduction, hypotheses [H.1]-[H.2] imply the Hérmander condition (1.4).
Moreover the dilation §y induces a direct sum decomposition on RV

RN=V1@'”@Vk7 (2.1)

as follows. If we denote z = () + 22 4+ ... 4 2 with z() ¢ V;, then
)Y (x(” +a® 44 x(’“)jt) = ()\a:(l) + 2223 o k) )\Qt) : (2.2)

The decomposition (2.1) is well known when considering Carnot groups C = (]RN ) g)\) In
that case Vi = span{X1(0),..., Xm(0)}, V; = [Vj_1,Vi] for j =2,...,k, and [V}, V1] = {0}.
Note that some of the V’s may be the trivial space {O}, as in the case of Kolmogorov

operators occurs. Indeed, according to (1.8) and (2.1), we have RN =V, @ V3 @ --- @ Vot

with dimVaj_1 = m;, for j =1,... ,Eﬁ— 1. We explicitly note that V; = {0} for every even j.
The natural number

Q :=dimV; + 2dimVh + - - - 4+ k dimVj, + 2 (2.3)

is usually called the homogeneous dimension of G with respect to (dy).
Since G = (RNH,O) is a homogeneous Lie group, we have X; =—Xjforj=1,....m
and Y* = —Y. Thus we can give the following

Definition 2.1 A weak solution of (1.1) in a subset Q of RNT! is a function u such that
u, X1ty ..., Xpu, Yu € L2 () and

/ —(AXu, Xp) + pYu=0, Vo € C5°(Q). (2.4)
Q

Here (-,-) denotes the scalar product in R™. In the sequel we will also consider weak sub-
solutions of (1.1), namely functions u such that u, Xqu,..., Xpu,Yu € LfOC(Q) and

/ —(AXu, Xp) +pYu >0, Vo € C3°(Q), ¢ > 0. (2.5)
Q

6



Moreover u is a weak super-solution of (1.1) if —u is a sub-solution. Clearly, if u is a sub and
super-solution of (1.1), then it is a solution.

We define the unit cylinder

N
Rlz{(LE,t)ERN+1 ’ ZZUJ2<1, |t|<1},

j=1
and, for every zp € R¥*! and r > 0, we set
Ry (20) == 2006, (R1) = {z e RN | 2= 206,(C), ¢ € R} (2.6)
Our main result is the following

Theorem 2.2 Let u be a non-negative weak solution of (1.1) in Q. Let zo € Q and 1, p,

0 <5 <o<r, besuch that R.(20) C Q. Then there exists a positive constant ¢ which only
depends on the operator L 4 such that, for every p > 0, it holds

c
sup uP < / uP 2.7
Ro(z0) (r = 0)% JR,(z0) (21)

(Q is defined in (2.3)). Estimate (2.7) also holds for every p < 0 such that u? € L'(R,(z)).

We next recall some useful facts about homogeneous Lie groups. We first explicitly
note that [H.1] and (1.4) imply that span{X;(0),...,X,,(0)} = Vi; then we may assume

m = dimV; and X;(0) = e; for j =1,...,m where {e;}1<;<n denotes the canonical basis of
RN. We set
1
ko mj 2\ 2 a1
)\ I k! k) 2+
wo= {2 ()] L @ nle = (e + )™
j=1i=1

and we observe that the above functions are homogeneous of degree 1, on RV and RV+1
respectively, in the sense that

(a0 4 052 ®)| = Nale,  10a(@ e = M@, Dle,

for every (z,t) € RV*! and for any A > 0. We define the quasi-distance in G as
d(z,¢) :==[|¢  ozllg,  forall z,¢ e RVTL (2.8)
We finally recall that, for every compact set K C RV*! there exist two positive constants Cx
and c}, such that
crlz — ¢l <d(z,0) < cflz—¢|F,  forall z,¢ € K, (2.9)
(here | - | denotes the usual Euclidean modulus, see for instance, Proposition 11.2 in [15]).

We finally recall some useful facts on the fundamental solution of the hypoelliptic opera-
tors defined in (1.3). If I'(+,¢) is the fundamental solution of £ with pole at ¢ € R¥*!, then
I' is smooth out of the diagonal of RN*1 x RN¥*1 and has the following properties:



i) for any z € RN*!, (-, ) and I'(z,-) belong to Lj, (RN *1);

i) for every ¢ € C§°(RVT!) and z € RN*! we have

£ TEOROK = [ T 0L = ~p(o)

RNJrl

ii) LI'(-,¢) = —0¢ (Dirac measure supported at ¢);
i) T'(z,{) >0, and I'(z,¢,&,7) > 0 if, and only if, ¢ > 7;
v) if we define I'*(z, () := I'((, z), then I'* is the fundamental solution of the adjoint £* of L;

vi) there exists a constant C' > 0 such that

[(z,¢) <C|¢ o259, Vz,¢ e RVFL

vii) T'(z,¢) = T(¢"' 02,0) = T'({"! o 2), for every z,¢ € RV¥L 2 £ (;
viti) T'(0x(2)) = A"9F2D(2), for every z € RNT1\ {0}, A > 0.

(see Theorem 2.7, Proposition 2.8 and Corollary 2.9 in [20]). Moreover the following upper
bound for I' holds

_ 2
[(x,t) < ot exp <—|g|(tg) , V (z,t) € RN x RT, (2.10)

for some positive constant C' (see [20], section 5.1).

We define the L-potential of the function f € L'(RN*1) as follows

NOE = [ TEOMOK e RY (211)

Let us explicitly write the potential I'( X f) of any f € C(RN*Y) for j =1,...,m. It holds

PG )(2) = / XE() f(z 0 Y)dn

RNJrl

where X JR denotes the right invariant vector fields that agrees with X; at the origin. Also
note that X JRI‘ is a §y-homogeneous function of degree 1 — ). We finally remark that

XET(n) f(z 0~ )dn = / XOP(C 1 o 2) £(Q)dC, (2.12)

RN+1 RN+1

where the superscript in X ;O indicates that we are differentiating w.r.t. the ( variable.

We next recall a result that extends the classical potential estimates to homogeneous Lie
groups (see, for instance, Proposition (1.11) in [14]). As a plain consequence, we see that the

above definition is well posed.



Theorem 2.3 Let a €]0,Q], and let G € C(RN+1\ {0}) be a dx-homogeneous function of
degree o — Q. Consider f € LP(RNT1) for some p €]1,+o00[. Then the function

Grle)i= [ Gl onf (e
RN+1
is defined almost everywhere and there exists a constant ¢ = ¢(Q,p) such that

|Gl Laa+1y < e | fll L@y,

where q is defined by

Corollary 2.4 Let f € L2(RN*1). There exists a positive constant ¢ = c¢(Q) such that

I Lom @1y < el fllpz@n+y,
[CX1fs e s DX )l pon @1y < el fll L2 a1y,

where?azl—i—ﬁ andmzl—i—é.

PRrROOF. It is an immediate consequence of Theorem 2.3 and of the homogeneity of I' and of
(X{r,..., XAr). O

As in [32], [10], we can use the fundamental solution I" as a test function in the definition
of sub and super-solution.

Lemma 2.5 Let v be a weak sub-solution of Lau = 0 in Q. For every ¢ € C§°(2), ¢ >0,
and for almost every z € RN we have

- [AX0 XTI + [ T pYez0,
Q Q

An analogous result holds for weak super-solutions.

Proof. For every € > 0, we set

Xe(2,¢) = x <M> . z,CeRNTL

3

where x € C([0,+00[,[0,1]) is such that x(s) = 0 for s € [0,1], x(s) = 1 for s > 2 and
0 <y’ <2. By (2.5), for every € > 0 and z € R¥*! we have

0< - / (AXv, X(T(z Yxe(2,)0)) + / Tz Yxe(2, )oY 0 = —T1a(2) + Toe(2) — Tz (2),
Q Q



where
Il,f:‘(z) = <AXU7X<F(27'))>X€(Z7 ')(Pv
Ire(2) L(z,)xe(z, ) (—(AXv, X)) + oY v),

I3 (2) = | (AXv, Xxe(2, )T (2, ).

I
S—S— 55—

Consider the first integral. Since ¢x.(z,)AXv — @AXwv in L2(RV*1), as e — 0, Corollary
2.4 and (2.12) give

I.(2) — /Q (AX0, X(T(z, ).

as € — 0, for almost every z € RV, The same argument applies to the second and third
integrals. In particular, we find I3.(2) — 0 as € — 0, then the proof is accomplished. O

3 Caccioppoli and Sobolev inequalities
We recall the notations (1.2), (2.6) and, by simplicity, we shall write R, instead of R,(0).

Theorem 3.1 [Caccioppoli type inequalities] Let u be a non-negative weak solution of
(1.1) in Ry. Letp € R,p # 0,p # 1/2 and let o, 7 be such that % <o<r<1. IfuP € L*(R,)
then XuP € L2(Rg)7 and there exists a constant c, only dependent on the operator L 4, such
that

e/ pu(p+e)

12p — 1]
e(r—o)

| (Xaw?, ..., XpuP) || 2(R,) < "

vl 2(R,), where &€= (3.1)

Proof. We first consider the case p < 1,p # 0,p # 1/2. We preliminarily assume that u > ug
for some positive constant ug. This assumption will be removed in the sequel. We let v = uP
and we note that, since u is a weak solution to £4u = 0 and u > ug, then v, Xv,Yv € L?(R,).
For every ¢ € C§°(R;) we consider the function ¢ = u?P~142. Note that ¢ and X € L?(R;),
then we can use ¢ as a test function in (2.4). We find

0= g/Rl(AXu,Xap) —oYu
= ]29/ (2p — Du*P 22 (AXu, Xu) + 20pu* Y AXu, X)) — u?P~1p?Yu
Ry
= / (1 - 1) V2HAXv, Xv) + vp(AXv, X)) — w—QY(zﬂ) =
Ry 2p 4

(using the identity
Y (v?) = YV (9*07) — 202V

10



and applying the divergence theorem)

1 2
= / (1 — ) Y (AX v, Xv) + vp(AX v, Xop) + MYz/;.
R 2p 2
Setting € = % and using the estimate

o [{AXv, X0)| < 20 (AXw, X0) + - (X0, Xu),

we finally obtain
1 1
e | Y*AXv, Xv) < 4/ v? <E(AXw,X¢>+2|wY¢]>. (3.2)
Rl Rl

The thesis follows by making a suitable choice of the function ¢ in (3.2). More precisely,
we set

Wi, t) = x (@, 0)le) x (I11?) (3.3)
where x € C*°(R, [0, 1]) is such that

2
x(s) =1if s <p, x(s)=0if s >r, | < .
r—o

We observe that

& .
0rp|, | X 0] < _1Q, j=0,1,...,m (3.4)

r
where ¢; is a positive constant only depending on the operator. Then, accordingly to (3.2),
we obtain

5/ | XuP|? Ss/ VHAX WP, XuP)
R, R,

n
2
Sl/ u2p< mc1ﬂ2+ 401)S C2 2<1+/‘>/ u?,
4 Jr, e(r—o? r—o (r—o) e/ Jr,

and this proves (3.1). In order to remove the assumption that infu > 0 it is sufficient to
apply estimate (3.5) to the solution u + %, n € N and to rely on the monotone convergence
theorem.

We next consider the case p > 1. We proceed as in the proof of Lemma 1 in the paper
[27] by Moser. For any n € N, we define the function gy, on |0, 4+o0] as follows

() sP, if0<s<n,
S) =
I nP + pnP~1(s — n), if s >n,

then we apply the same argument used above to the function vy, = gnp(u). By using
Y= gn,p(U)g%,p(U)W, Y € C5°(Ry)

11



as a test function in (2.4), we find

1 1 1
1/}2<AXUn,p7XUn,p> < Z /];1 U?%,,p (5<AX¢,X¢> + 5 ‘wyw|> s

Ry

where € = mjl;”. The claim then follows by letting n — co. For more details we refer to [27]

or [32]. O

Next Proposition extends Theorem 3.1 to super and sub-solutions. We omit the proof,
since it follows the same lines of Theorem 3.1.

Proposition 3.2 Let u be a non-negative weak sub-solution of (1.1) in Ry. Let o,r be such
that 3 <o<r<1,andp>1orp<0. IfuP € L*(R,) then XuP € L*(R,) and there exists
a constant c, only dependent on the operator L4, such that

plp+e)

c |2p - 1’
Xy?, ..., Xopul < VIR yp . wh = :
| (Xqu?,. .., (& )HL2(R9) = Ter—0 (| HL2(RT) wnere ¢

4p

The same statement holds when wu is a non-negative weak super-solution of (1.1) and

€]0,1/2].

Theorem 3.3 [Sobolev type inequalities for super and sub-solutions]. Let v be a
non-negative weak sub-solution of (1.1) in Ry. Then v € L (Ry), K =1+ é, and there
exists a constant c, only dependent on the operator L 4, such that

&
lollz2emy) < 77— (Ivllz2(r,) + 1 (X1, - - Ximv) [l 2(R,)) » (3.6)

for every o,r with % <o<r<l.
The same statement holds for non-negative super-solutions.

Proof. Let v be a non-negative sub-solution of L u = 0. We represent v in terms of the
fundamental solution I'. To this end, we consider the cut-off function ¢ introduced in (3.3).
For every z € R,, we have

U(Z)=v¢(Z)=/ [(X(v), XT'(z,-)) = Tz, )Y (v9)] (O)dC = [1(2) + 2(2) + I3(2), (3.7)

where
[(X3, XT(z, )] (¢)dC — / YWY (C)d,
R,
- / A) Xu, XT(z, )] (Q)dC — / J(AXv, X)) (Q)dC,
[ AKX (D 0) = Tl 0yl (Oc
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(here and in the sequel I, denotes the m x m identity matrix). Since the function v is a
weak sub-solution of (1.1), it follows from Lemma 2.5 that I3 < 0, then

0 <w(z) <Ii(2) + I2(2) forae. z € R,.

To prove our claim it is sufficient to estimate v by a sum of L-potentials.
We start by estimating I;. Denote by I and Ii the first and the second integral in I,
respectively. Then I can be estimate by Corollary 2.4 (and using (2.12)) as follows
c

1111 L2x(ry) < cllvX ¥l p2@uv+1y < p— Q||UHL2(RT.)7

where the last inequality follows from (3.4). Here and in the sequel we use the notation
[Fllp2) = I (F1, -+ Fm) 12, for every F € L%(Q,R™). To estimate I} we use the first
statement of Corollary 2.4:

c
r—o

HH/HL%(RQ) < meaS(Rg)l/QHH’HLZE(RQ) < C”UYWL?(RNH) < HUHL2(Rr)~

We can use the same technique to prove that

Cc
r—o

12l L2x(R,) < X0l L2(R,)s

for some constant ¢ = ¢(Q, ), thus our first claim is proved.

A similar argument proves the thesis when v is a super-solution. In this case, we introduce
the following auxiliary operator

L=divyX+Y, Y=-X,-0.

Since R, is a domain which is symmetric with respect to the time variable ¢, we can use the
change of variable (z,t) — (z,—t) and find that

/ / (A, 1) Xv(e, 1), Xp(a, 1)) — ol )T (e, ~1)) dedt <0,

for every ¢ € C§°(R,), ¢ > 0. Note that the fundamental solution T of £ satisfies the
assumptions of Corollary 2.4, then we deduce from the above inequality and Lemma 2.5 that

// <_<A(€’ _T)Xv(ga _T)7 X(f(gjv t, 67 TW(& T))) - f(xv t, 57 7')1/1(57 T)?U(éa _T)> df dr < 0,

for almost any (x,t) € R, with ¢ as in (3.3). Then the claim follows from the same argument
used above, by a representation formula analogous to (3.7), written in terms of I' instead of
I'. For more details we refer to [32] or [10]. O
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4 The Moser method

We start this section with some preliminary remarks. We first note that a transformation of

the form
(> 20006:(¢), 7>0, RV (4.1)

preserves the class of differential equations considered. More specifically, if u is a weak
solution of (1.1) in the cylinder R,(zp) then the function v({) = u(zp o §,(¢)) is a solution
to the equation divyx(AXv) + Yv = 0 in Ry where A(¢) = A(zg 0 6,(¢)) satisfies hypothesis
[H.3] with the same constant u as A.

Since G = (RNH, o) is a homogeneous Lie group, we have det(7;.) = 1, and det(5y) = A%,
so that

zow)dw = w)dw = -Q .
/Q f(zow)d /sz)f«)dc, /Q F(6xw)dw = A /%(mf(c)dc, (4.2)

for every f € LY(Q) (here 7,(w) = z o w).

Lemma 4.1 There exists a positive constant ¢ such that, for every positive g, with 5 < o <
r and zo € RN it holds

Re(r—g)(2) € Rr(20), Vz € Ry(20). (4.3)

Proof. By the change of variables z = zp 04, ((), it suffices to prove (4.3) for zyp = 0 and r = 1.
We next recall the expression (2.2) of the dilations (dy), and note that only positive integer
power of A there occur, as a consequence we find

N
RQQ{(:J:,t)ERNH \ Zx?ﬁgz, ]t!gg}, Vo €]0,1].
j=1

Hence,
min{|w —z| :w € Ry, z € OR1} > 1 —p,

and, if we apply the first inequality in (2.9) (with K = R;), we find
min {d(w, z) : w € Ry, 2 € OR1} > (1 — o).
In other terms,
B(z, (1l —0)):={we RV d(w, 2) < e (1 — 0)} C Ry, for every z € R,.
Then the thesis is a consequence of the following inclusion
Ry(z) C B(z,ks), where k=max{d(w,0):w € Ry}

which is a direct consequence of (2.6) and of the fact that B(z, ks) = z o dis (B(0,1)). O
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Proof of Theorem 2.2. As said before, we first prove the claim in the unit cylinder R;.
Namely, we show that there exists a positive constant c;, only depending on the Lie group
G= (RN+1, o, 5>\) and on the constant p in hypothesis [H.3], such that

sup uP < cl/ u? (4.4)
Ry /o Ry

for every positive solution u of £ u = 0. As a consequence we have that

1
sup v’ < — P

Ry (2) 09 JRy ()

for every positive solution v of L4v = 0 in Ry(z), where z € RV*! and 6 > 0. Indeed, the
change of variable u(¢) = v (z 0 §g (¢)) is in the form (4.1), and (4.2) holds. As a consequence,
if v is a positive solution of (1.1) in R,(zp), and we set 8 = &(r — p), where ¢ is the constant
in Lemma 4.1, we find

C1
PP
Ry (20) CQ(T_Q)Q Rr(ZO)

and the Theorem is proved.

We are left with the proof of (4.4). We first consider the case p > 0 which is technically
more complicated. Combining Theorems 3.1 and 3.3, we obtain the following estimate: if
¢, 0 are two positive constants verifying the condition

|q_1/2|20-7

then there exists a positive constant ¢, = ¢(o, @, 1), such that

c
[w|| p2n(r,) < ﬁ\\uq\lw(m (4.5)
for every o, r, % <o <r <1, where k = 1—|—ﬁ.
Fixed a suitable o > 0 as we shall specify later and p > 0, we iterate inequality (4.5) by
choosing
1 1 pr"
Qn:2<1+2n>a Pn =57 n € NU{0}.

r
2

We set v = wuz2. If p > 0 is such that

lp" — 1| > 20, Vn € NU {0}, (4.6)

we obtain from (4.5)

Co

va”LQn(RQnH) < E ||UH”||L2(R%), Vn € NU{0},

(Qn — On+1

that can be written in the equivalent form

1
Co K™
||U||L2“n+1(Rgn+1) < <(Qn—Qn+1)2) HUHLQ*‘n(RQn)a vn e NU {0}
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Iterating this inequality, we obtain

n L
ol oy < T (= 553) el

7=0
and letting n go to infinity, we get
1

o0 —_—
— _ CO' wJ
sup v < G ||v||p2(r where ¢, := I | <>
Riys (r T \e —e)?

is a finite constant, dependent on o. Thus, we have proved (4.4) with ¢; = ¢2, for every p > 0
which verifies condition (4.6).

We now make a suitable choice of ¢ > 0, only dependent on the homogeneous dimension
@, in order to show that (4.4) holds for every positive p. We remark that, if p is a number of
the form ‘
K
KA1
then (4.6) is satisfied with o = (2Q — 2)~!, for every j € Z. Therefore (4.4) holds for such a
choice of p, with ¢; only dependent on @, . On the other hand, if p is an arbitrary positive
number, we consider j € Z such that

pj = J €EZ,

< L 4,
1 SP<Pin (4.7)

pj =

Hence, by (4.4), we have

1

1 1

P; e 1 _1 p
sup u < (cl/ upj> ! <c1 'meas(Ry)% P (/ up>
Ry /o Ry Ry

so that, by (4.7), we obtain

b

- P _1
sup u” < ¢;” meas(Ry)?s / uP < cf meas(Rl)"‘_l/ uP.
Ry/2 Ry Ry

This concludes the proof of (4.4) for p > 0.

We next consider p < 0. In this case, assuming that u > ug for some positive constant
up, estimate (2.7) can be proved as in the case p > 0 or even more easily since condition (4.5)
is satisfied for every p < 0. On the other hand, if u is a non-negative solution, it suffices to
apply (2.7) to u+ %, n € N, and to let n go to infinity, by the monotone convergence theorem.
O

We end this section with some further statements in the spirit of Theorem 2.2.

Proposition 4.2 Let 2o € Q and r,0, 0 < § < o <, be such that R.(z) C €.

(i) If u is a non-negative weak sub-solution of (1.1) such that uP € L'(R,(z)), forp>1
or p <0, then (2.7) holds;

(i) if u is a non-negative weak super-solution of (1.1), with p €]0, 5[, then (2.7) holds.
In this case, the constant ¢ in (2.7) also depends on p.
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Proof. Proceeding as in the proof of Theorem 2.2, we obtain that

1

P
sup u < _c 3 / uf |, Vp > 1, (4.8)

Ryl(z0) (r—0)° JR, ()

c 13
inf u> / uf |, Vp < 0, 4.9
Ry(20) (r=0)9 JR, (z) (4.9)
where ¢ = ¢(Q, p). Estimate (4.9) is meaningful only when u? € L' (R,(20)). O

Proposition 4.3 Let u be a weak solution of (1.1) in Q. Let zo, 0,7 as in Theorem 2.2.
Then, we have

¢ P
sup |ul < / lulP ], Vp > 1, (4.10)
Rg(zo)’ | <(7‘— 09 R, (z0) |

where ¢ = ¢(Q, ).

Proof. We consider a sequence (g )nen in C*°(R, [0, +00[) with the following properties:
gn(s) | max(0,s), seR, asn— oo,

and, for every n € N, g, is a monotone increasing, convex function which is linear out of a
fixed compact set. Then, (g,(u)) and (g,(—u)) are sequences of non-negative sub-solutions

of (1.1), which converge to u™ = max(0,u) and u~ = max(0, —u) respectively (see Lemma 1
in [27] for a detailed proof of the above statement). Thus, the thesis follows applying (4.8)
of to gn(u), gn(—u) and passing at limit as n goes to infinity. O

The following result restores the analogy with the classical result by Moser. Denote
Rr_(xo,to) = Rr(l’o,to) N {t < to}, then

Proposition 4.4 Let u be a non-negative weak sub-solution of (1.1) in Q. Let zo € Q and
r0, 0 <% <o <r, be such that Ry (20) C . Suppose that uP € L'(R; (z)), for p < 0 or
p > 1. Then there exists a positive constant c, which only depends on the operator L4, such
that

c
sup uf < / uP.
Rpo) (7= 0% R )

Proof. As in [32], we follow the lines of the proof of Theorem 2.2, by using the following two
estimates:

cy/p(p +e) 12p — 1]
XuP < b _ h = — 4.11
[ Xu HL2(RQ) =" c(r—o) & HLQ(RT)v whnere € ip ( )
and c
1P| oy < —— ; (”“pHLz(R;) + ||X“p||L2(R:)) , (4.12)
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for every real p ¢ [0, 1] and for any o, r such that § < o <r.

The Sobolev type inequality (4.12) can be proved exactly as Theorem 3.3, since the
fundamental solution I'(z,t, &, 7) vanishes in the set {7' > t}.

In order to prove the Caccioppoli type inequality (4.11) we follow the method used in the
proof of Theorem 3.1, by setting v = u” and using ¢ = X, (t)u?’~11? as a test function in
(2.5), where ¢ € Cg°(R1) and xy,(t) is defined as

1, if <0,
Xn(s) =< 1—mns, if 0<s<1/n,
0, if s>1/n,

for every n € N. Then, by letting n — oo, we find

/ ( 1 > 2 U2¢
1— — | Y7 (AXv, Xv) + Y(AXv, X¢) + — Y <0.

After that, we follow the same line used in the proof of Theorem 3.1 and we obtain (4.11). [J
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