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ABSTRACT. Let £ be a sub-Laplacian on £N and let G = (LN, 0,0y) be its
related homogeneous Lie group. Let E be a Euclidean subgroup of £V such
that the orthonormal projection m : G — E is a homomorphism of homoge-
neous groups, and let ( , ) be an inner product in E. Given a € E, a # 0,
define Q(a) :={z € G : (a,w(z)) > 0}. We prove the following Liouville-type
theorem.

If w is a nonnegative L-superharmonic function in Q(«) such that u €
LY(Q(a)), then u = 0 in Q(a).

1. INTRODUCTION

In [I4] F. Uguzzoni proved the following Liouville-type theorem.

Theorem A. Let Ay, be a sub-Laplacian on the Heisenberg group H, and let Q
be a half-space of H,, whose boundary is parallel to the center of H,. If u is a
nonnegative Ay, -superharmonic function such that u € L*(), then u = 0.

The aim of this note is to show that an analogous result holds in the general
setting of the sub-Laplacians on RY.

Let £ be a sub-Laplacian in RY whose related homogeneous Lie group is (G, o, 8y ).
Let E be an Euclidean subgroup of RY such that the orthonormal projection

7:G—E

is a homomorphism of homogeneous Lie groups, i.e.,

m(zoy™t) =m(x) —7(y), w(r(z)) = Ir(2),
for every z,y € G and every A > 0.
Let (, ) be an inner product in E and, for every o € E, a # 0, define

Na) ={zxeG : {(a,n(z)) > 0}.
The main result of this paper is the following Liouville-type theorem.

Theorem 1.1. Let u : Q(a) —] — 00, 0] be a L-superharmonic function in Q).
Ifu>0 and u € L'(Q(w)), then

u=0 in Qa).
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240 A. E. KOGOJ

Liouville-type theorems in half-spaces for sub-Laplacian play a crucial role in
looking for solutions to semilinear boundary value problems; see, e.g., [2], [, [3,
[7]. Liouville-type theorems in the whole space in a sub-Riemannian setting have
received increasing attention in recent years; see, e.g., [4] (Section 5.8), [10], [11],
[12], [13], the references therein, and the recent deep papers by D’Ambrosio and
Mitidieri both for Riemannian and sub-Riemannian results ([8], [9]).

We would like to stress that to prove Theorem [[LT] we exploit a technique which
is different with respect to the one used in the previous quoted papers. We follow
the approach of Uguzzoni in [I4] based on suitable mean value operators on the
level set of the fundamental solution of £ and, moreover, a kind of invariance of
Q(«r) with respect to suitable left translations of G. For this last reason our method
cannot work for half-spaces without this invariance property.

We would also like to stress that our result, in the case of the Heisenberg group
H,,, gives back the result of Uguzzoni. As already noticed in [14], the assumption
u € L'(Q(a)) cannot be improved in the following sense.

Proposition 1.2. Let p €]1,+o0o[ be fized, and let G be a Lie group whose homo-
geneous dimension @ satisfies

@, _r
2 p-1

Then for every a € E there exists a strictly positive Ag-harmonic function u in

Q(a) such that
/ uf dr < +o0.
Qa)
P

In particular this statement holds for the classical Laplacian A in RN if % > 5.

In Remark Bl we will recognize also that the assumption u > 0 cannot be
removed from Theorem [T}

We close this introduction by showing some explicit examples of applications of
our Theorem [[.11

Example 1.3. In RY = R™ x R", whose point is denoted by (z,t),z € R™, ¢t € R",
consider the linear second order partial differential operator (PDO)

1 n
(1.1) L=A,+ 1\x|2At+Z<B(k)x,Vz>8tk,
k=1
where A, = 27:1 8%1, and A; = Z?:l 8t2j are the usual Laplace operator in R™ and
in R”, respectively. V, = (9y,,...,0,,) and BN ... B are m x m matrices

having the following properties:

(i) B™ is skew-symmetric and orthogonal, k = 1,...,m;

(ii) BWBY = —BUWBW for every i,j € {j =1,...,m},i # j.
Then £ in (B is a sub-Laplacian on a group of Heisenberg type H, and the map
7 : H — R™, m(x,t) = x is a homomorphism of homogeneous groups (see [0,
Section 3.6]).

For every fixed « € R™, a # 0,
Na) ={x G : {(a,n(z)) > 0},

is a half-space to which our Liouville-type Theorem [[.1] applies.
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Example 1.4. In RY = R" x R" x R, whose point is denoted by (z,y,t), z,y € R",
t € R, consider the linear second order PDO

(1.2) L=A,+ (z-V,—0)>

This operator is a sub-Laplacian on a group K named in [6] of Kolmogorov-type.
Taking into account the composition law and the dilations on K defined in [6] Sec-
tion 4.3.4], one immediately recognizes that the half-spaces to which our Liouville-
type Theorem [[I] applies are of the kind
{(z,y,t) eRY : (a,z) + Bt > 0},

where |a|? + 82 > 0.

Our paper is organized as follows.

The next section is devoted to the notation, definitions, and results needed in

the note.
In section Bl we will prove Theorem [T, Proposition [[L2] and Remark 311

2. SUB-LAPLACIANS AND RELATED SUB-HARMONIC FUNCTIONS

We call a sub-Laplacian on RY any linear second order partial differential oper-
ator L of the kind

m
L= ZXJ?
j=1

where the X,;’s are smooth vector fields (i.e. linear partial differential operator of
order one and smooth coefficients) satisfying the following conditions:

(H1) the Lie algebra
a:=Lie{Xy,..., X\n}
is a vector space of dimension NN; moreover,
rank a(x) = N at any point € RY,

(H2) there exists a group of dilations (J))x>o in RY such that every X, is dy-
homogeneous of degree one.

A group of dilations in RY is a family of diagonal linear functions (J))xso of the
kind

oa(z1,...,zn) = A @q,..., A7V aN), z=(x1,...,zy) €RY

where 0 =1< 0y <--- <oy, 05 €N

Condition (H1) implies the hypoellipticity of £: in particular, the L£-harmonic
functions, i.e., the solution to Lu = 0, are smooth. Moreover, conditions (H1) and
(H2) imply the existence of a group law o in RY such that G = (R¥ 0,4,) is a
homogeneous Lie group on which the vector fields X J's are left translation invariant
and dy-homogeneous of degree one (see [4]). The natural number

Q=o01+...4+0n

is called the homogeneous dimension of G. Throughout the paper we always as-
sume Q > 3 (if @ = 2, then G is the Euclidean group). Then there exists a
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242 A. E. KOGOJ

continuous function d : G — R, smooth and strictly positive outside the origin,
dx-homogeneous of degree one and such that

is £L-harmonic in RN\ {0} (see [6, Section 5.4]). This function d is called an £-gauge
and for £ plays a role analogous to the one played by the Euclidean norm with
respect to the classical Laplacian. In particular, the d-balls

By(z,r) :={y€G : dlz toy) <r}
support averaging operators characterizing the £-harmonicity. To be precise, define

V= |V,d|?, Ve=(X1,..., Xm),

M) = g [ v oyputy) dy
and
1 "o _ _ _
N, (Lu)(z) = CE /OPQ ! ( Bdﬁ?p()y) (d(z7'oy)* @ —p*79) dy) dp

where ¢q = de(o,l) ¥ dy.
Then, if  is an open subset of G, u € C%(Q) and By(z,r) C Q,

(2.1) u(z) = Myu(x) — Ny (Lu)(z)

(see [6, Theorem 5.6.1]).

We stress that 1 is smooth outside the origin, §-homogeneous of degree zero, and
nonconstant unless G is the Euclidean group (see [5]; see also [6, Proposition 9.8.9]).
In some particular important cases, such as, e.g., the group of Heisenberg type,
explicit expressions of ¢ are known (see [6, Example 5.5.3]). In any case it is
known that ¢ > 0 in a dense open subset of RV (see [6, page 262]).

With these mean value operators, one can prove a version of the Gauss-Koebe
Theorem in our setting (see [0, Section 5.6]):

Theorem 2.1 (Gauss-Koebe-type Theorem). If Q C RN is open and u : Q — R
is L-harmonic, then

(2.2) u(z) = Myu(x)

for every x € Q and r > 0 such that By(z,r) C Q.
Vice versa, if u is merely continuous in Q0 and satisfies (IZ2)), then u is C* and
L-harmonic in ).

The average operator M, can also be used to fix the notion of L-superharmonic
function.

A lower semicontinuous function u : Q@ —] — 00, 00| is called L-superharmonic
if w is finite in a dense subset of Q2 and

u(z) > Myu(x)

for every x € Q and r > 0 such that By(z,r) C Q.
A quite exhaustive theory of £-subharmonic functions is presented in the mono-
graph [0, Chapter 8]. In particular, there it is proved that every L-subharmonic
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function is L _ and that if u is of class C?, then u is £-subharmonic if and only if

loc
Lu > 0.
3. PROOF OF THEOREM [L.T, PROPOSITION AND REMARK B

The most important part of this section is the

Proof of Theorem [l Let a € E, o # 0, be fixed and let
Qa):={zeG : {(a,n(z)) > 0}.
For every x € Q(a) we define
r(z) = ela, m(x)),
where ¢ > 0 is fixed in such a way that
(3.1) B(z,r(z)) C Q) Vo € Q(a).

We will show in a moment the existence of a suitable € > 0 satisfying (B1]).
For a function u € L (Q(«a)) we let

loc

T(u): Qa) — R, T(u)(x) = M) (u)(x).

Hence,
T(u)(z) = K(z,y)u(y) dy, z € Q(a),
Q)
where
(3.2) K(z,y) = L Yz oy)Xp, (y).

ca(r(z))?
In what follows we also use the following notation:
Ap={y € Qa) | dly ' ox) <r(y)}.
With this notation, we have
X, (y) = Xa, (2).
Indeed
y€ B, < dz'oy) <r(z) < z€ A,

Let us now show ([3.1). We first remark that E 5 e — d(e) € R is homogeneous of
degree one with respect to the Euclidean dilation e — Ae. As a consequence, by
a suitable constant ¢ > 0, we have

d(e) > cle| Ve € E, |-|= Euclidean norm.
Moreover, we can also assume that
d(z) > c|m(x)] Vo € G.
Then, if x € Q(a), for every z € By(z,7(x)), we have r(z) > d(z,z) > c|n(z)—n(z)]|.

Hence
(,7(2)) = (a,m(@)) + (a,7(2) = 7(2)) > (o, 7(2)) — || (2) — 7(z)]
> Aa,m(x)) — %T(:ﬂ) = (o, 7(x)) (1 - %'5) .

Thus, if 0 < e < &, we get (a,7(2)) > 0; ie., z € Q) and EI) is proved.
The proof of Theorem [[.T] will immediately follow from the next lemma.
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Main Lemma.

(i) K(z, y) > Ofor every x,y € Qa);

(ii) fQ dy =1 for every z € Qa);
(iii) fz K(m y dac = fQ K(x,«) dx for every y € Q(a);
(iv) ¢* = fQ d:z: > 1.

Proof of the Main Lemma.

(i) Tt straightforwardly follows from (B2)).
(ii) By the Gauss-Koebe-type Theorem 2] for £-harmonic functions, if u is
L-harmonic in (), then T'(u) = w. In particular T'(1) = 1, that is,

1= K(z,y) dy for every z € Q(a).
Q)

(iii) This is the crucial part of the Main Lemma. We start by proving the
following property of Q(a): Vy € Q(«) there exists A = A(y) > 0 such that

Sx(a)oy tox e Qa)and r(dx(a) oy tox) = r(x)

for every z € Q(a).
Indeed, let y, z € Q(a) and consider

(a,m(@a(a) oy~ o)) = {a,m(a(a))) + (o, m(y™ ) + (o, m(x))
= (a,m(2)) + Ma, @) = (a,7(y)).

Then, if we choose A = % we have A > 0 and

(a,m(@a(a)) oy~ o) >0, r((dx(a) oy~ o x)) =r(w).

This completes the proof of the stated property of Q(«).
In what follows we also use a homogeneity property of z — r(x), pre-
cisely

r(dx(x)) = Ar(z) for every x € Q(a) and A > 0.
Indeed

r(dx(z)) = ea, w(6r(2))) = ela, Am(z)) = Mr(z).
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Let us now fix y € Q(«) and compute

/ma) Koo d = é /sz(a) <$)Q U (a7 0 a) Xp, (a) do

(letting ¥(2) = ¥(z71))
() e e ma e a
= — — a ox x) dx
ca Ja, \7() Ao
(using the change of variables = ¢ 1 (£) and noticing

that r (5 (g)) - ir(g) and that dz = A\~9de)

1
Y

- L () i eten) a

(keeping in mind that 1) is §y-homogeneous of degree zero)

- é/ﬁsx(m <%>le (a@™eg) de.

We now choose A = A(y) > 0 such that 7(dy(a) oy~ o x) = r(z) for every
x € Q(a) and use the change of variable

£ =6x(a)oy Lo,
We obtain

1 1\9.
/ K(z,a) de = —/ <—> by o) da.
Q(a) Cd Jyoby(a—1)odx(Aq) ()

On the other hand, as we will recognize in a moment,

(3.3) yo5>\(a_1)o5>\(Aa) =A,.
Then
K(z,a) d:lc:i ( L )Qﬁ(y_lox) dr = K(x,y) dz,
Q(a) Cd Ja, r(z) Q(a)

and (iii) is proved.
We are left to prove (8.3]). One has
reyodyaNod(dy) = =z :ao§%(y*10x) € A,

= d(z,a) <r(z)

We know that r(z) = +r(dx(a) oy~ ' oz) = +r(z), while

d(z,a) =d(atoz)=d(s

_ 1. _
L om)) = ydly ™)
We have thus proved that
zE€yodra ) ody(Ay) = d(y tox) <r(z) <= x €A,

This completes the proof of (iii).
(iv) Let zo € G\Q(«) and consider the function

v:Q(a) — R, wv(x)= (dzy'ox)) 9.
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Obviously the function v is smooth in (a). Moreover, v > 0 and v €
L'(Q(a)). By using the left invariance of £ on G and the form of £ for
radial functiond] we also have

(Lo)(x) (Ld= 9 ) (zg "t o 2)
= Y(ag o) (Q+D(Q+2) = (Q+1(Q—1)d 9 (a5 0 x)
= 3(Q+1)(wd ) (wy" o).

Then Lv > 0 in a dense open set of Q(a). As a consequence, using the
representation formula (1), we get

T(w)(z) —v(z) >0 vV € Q(a),
that is, T'(v) > v in Q(a). It follows that

/Q(a)v de < /Q(a) T(v) dx = /Q(a) ( e K(x,y)v(y) dy) da
= /Q(a)v(y) </Q((X)K($,il/) d:v) dy = c* /Q(a)v(y) dy.

/ vdr < c*/ v dy,
Qa) Q)

which implies ¢* > 1, since fﬂ(a) v dx > 0. This completes the proof of the
Main Lemma. ]

Then

We can now conclude the proof of Theorem [[LTl Since u is L-superharmonic, we
have T'(u) < w in Q(«). Therefore,

/ wdr > / T(u) dx
Q(a) Q(a)

(as in the proof of the Main Lemma (iv))

= c*/ u dx.
Q(a)

/ u dr <0,
2(a)

which implies u = 0 since u > 0 and lower semicontinuous. [l

Then, since ¢* > 1,

Proof of Proposition [L.2L Let d be a gauge function for £ and define
uw(z) = (d(zo tox)) 92, z € Qa),
where, as before, o ¢ Q(a). The function u is smooth in Q(a) and
L(u)(z) = (LA Q) (zg ™ ox) =0, z€Qa).

Moreover, u > 0 and u € LP(Q(«)) since, from the assumption % > B, it follows
that

p(@—2)>Q. O

Uf w = f(d), then L(w) = ¥(f (d) + %f' (d)) (see [6, Proposition 5.4.3]).
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Remark 3.1. The assumption u > 0 in Theorem 1.1 cannot be removed.
Indeed, if zg ¢ Q(a), the function

up(x) = 0 (d(xg ' o w))*™?

is L-harmonic in Q(«) for every k € N, and dy-homogeneous of degree 2 — Q — koy.
Then, if k > %, u, € L1 (Q(«)). Thus, with this choice of k, uy, is a summable
L-harmonic function in Q(a) and uy # 0.

We would like to stress that in the previous argument we used the following
properties:

(i) the differential operator 9, is dx-homogeneous of degree o and commutes
with L;
(ii) L is left translation invariant with respect to the composition law o;
(iii) d?>~¢ is L-harmonic out of the origin.
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