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Semilinear subelliptic equations on rational Carnot groups

Annunziata LOIUDICE

Abstract!. We analyze the notion of periodicity on Carnot groups and we study the
semilinear subelliptic equation

_AGu+u:f(§7u) ) 566

where Ag is a sublaplacian on a Carnot group G with rational structure and the function
f is assumed to be periodic with respect to a discrete co-compact subgroup of G. The
results here announced are proved in [9].

1. INTRODUCTION

In this note, we study semilinear subelliptic equations with periodic nonlinearity
in the context of Carnot groups. In particular, we consider those Carnot groups
which admit lattice subgroups and therefore provide a natural notion of periodicity.

We recall that a lattice subgroup (or simply lattice) T of a nilpotent Lie group N
is a discrete co-compact subgroup of V.

According to a classical result by Mal’cev [11], a nilpotent Lie group contains a
lattice if and only if it possesses a rational structure, i.e. a basis of the Lie algebra
with rational structure constants (see Section 2 for definitions). Therefore, we shall
confine our analysis to Carnot groups endowed with such a structure, briefly called
rational.

Let G be a rational Carnot group and I' a lattice in G. We say that a function
f: G — Ris periodic under T (or simply I'-periodic) if, for any € € G,

fne&) =1 , Vnel.
In this context, denoted by @ the homogeneous dimension of G and by 2* =
2Q/(Q — 2) the critical exponent for the Folland-Stein embedding, we study the
following class of semilinear subcritical equations

(1.1) —Agutu=fu) , £€G
where Ag denotes a fixed sublaplacian on G and f € C?(G x R, R) satisfies:
(f1) f is T-periodic in the first variable, i.e. f(no& u) = f(& u) for all n € T,
£ € Gand ueR;
(f2) f(£,0) = fu(£,0) = 0;
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(f3) There exist a1,a2 >0 and 1 < s < (Q +2)/(Q — 2) such that
[fuléw)] < a1 + aglul*™
for all £ € G and u € R;
(f1) There exists p > 2 such that 0 < pF(&,u) := ufou f(&,t) dt < f(& u)u for
all £ € G and u # 0.
We also require that T is the largest subgroup of G such that (f;) holds.
Note that hypothesis (f4) implies that there exists ag > 0 such that F(&,u) >
as|ul* for large |u|, i.e. F(§,u) grows more than quadratically for large |u|.
A simple example of a function f satisfying the above conditions is

F(&u) = a(&)lul*?u,
where a € C?(G,R) is T-periodic and 2 < s < 2*.
The functional corresponding to the semilinear subelliptic equation (1.1) is

(12) T = 5l — [ Feae.

where the norm [|ul|gz is given by

Jullys = [ (Ve +1uf) dé

and one seeks solutions of equation (1.1) in the Folland-Stein space E = S2(G),
defined as the completion of C§® with respect to the above norm. From now on,
we will simply denote by | - || the S?-norm.

For n € I, let us denote

mu(§) =u(mof) , VEEG.
Observe that the set of critical points of J, i.e. K = {u € S?(G)|J'(u) = 0},
is invariant under the action 7,. Moreover, J(ryu) = J(u) for all n € I'. Two
critical points u; and ug will be considered equivalent if there exists n € I' such
that u; = 7,ug. Critical points which are not equivalent will be called geometrically
distinct.
Our main result is the following:

Theorem 1.1. Suppose that [ satisfies (f1) — (f1). Then, the functional J as
defined by (1.2) has infinitely many geometrically distinct critical points and the
corresponding equation (1.1) has infinitely many geometrically distinct solutions.

Let us introduce some notations. For a,b € R, let J* = {u € E|J(u) < a},
Jo={u€ E|J(u) > a}, J! = J,NJ° and, denoted by K the set of critical points
wof Jin E,let Kb = J°NK, K& = JENK, K(a) = K2. Moreover, let

A={geC([0,1], E)[g(0) =0, J(g(1)) <0}
and
1.3 = inf J(g(t)) -
(1.3) ¢ = Inf max (9(t))
A refined version of Theorem 1.1, whose proof can be found in [9], gives a more
precise description of the location of the infinitely many critical points of J. Indeed,
supposing that the following condition holds
(x) there exists a > 0 such that £ /T contains only finitely many critical
points of J,
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it is possible to prove that c is a critical value for J and that K’;gfg /T contains
infinitely many critical points of .J, for all k € N'\ {1}. Note that it is not easy to
verify condition (%), but of course if (x) fails, then J already has infinitely many
distinct critical points in Jet* /T

We point out that our results generalize to the Carnot context the Euclidean
results by Coti-Zelati and Rabinowitz in [2], [3]. Analogous results in the particular
case of the Heisenberg group H", the simplest non-abelian Carnot group, have been
proved by Maad in [10]. In that case, the function f in the right hand side of (1.1)
was assumed to be invariant, in the first variable, with respect to the discrete
subgroup H7 consisting of the points of H" with integer coordinates.

Finally, we want to observe that our results also hold if the operator —Ag + I in
(1.1) is replaced by a more general divergence structure operator on G of the form

Ny
Lu= - Xi(a;(§)X;u) +b&u,
ij=1
where X = (Xi,...,Xn,) denotes any basis of the first layer of the Lie algebra of
G and the coeflicients a;; and b satisfy the following conditions:

(i) ay =aj € C*(RY), b e CY(RY) and a;j,b are I'-periodic;
(ii) there exists a constant C' > 0 such that Y a;;(&)min; > Clnl?, V&, n € RY;
(i) b(&) >0,VEe RN,

In fact, the proofs are essentially the same with only a few technical modifications.

2. LATTICES AND PERIODICITY ON CARNOT GROUPS

2.1. Carnot groups. According to the classical definition, a Carnot group G is
a connected, simply connected nilpotent Lie group, whose Lie algebra g admits
a stratification, namely a decomposition g = @;:1 V;, where dimV; = N; and
>i—1 Nj = N, such that [V1,Vj] = Vjyq for 1 < j < r, and [W1,V;] = {0}. Up
to a canonical isomorphism, a Carnot group G can be identified with a Lie group
(RN, 0) = (RM x RM2 x ... x R, 0), endowed with a homogeneous structure
by means of a family {dx}r>0 of group automorphisms (called dilations) of the
following form

6x(8) = (5)\(5(1)75(2)7 . ’5(7")) — (/\‘5(1)’)\2 5(2)’ .. ’)\7‘5(0) ,

where €0 e RNi for j=1,...,r. Fori=1,..., Ny, let X; € g be the left invariant
vector field which agrees at the origin with the partial derivative 8/3{;1). We
require that the Lie algebra generated by Xi,... Xy, is the whole g. Under these
assumptions, we call G = (RV o) a Carnot group.

The natural number Q = 22:1 J N, naturally attached to the dilations {4} x>0
is called the homogeneous dimension of G. The Lebesgue measure is invariant w. r.
t. left and right translations on G and the volumes scale as A9, i.e. |0\ (F)| = A9 |E|
for any measurable set £ C RY. In the sequel, we shall assume @ > 3.

Now, if {Y7,..., Yy, } is any basis of span{ X}, ... Xy, }, the second order differ-
ential operator

N1
Ag = Z Y7
i=1
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is called a sublaplacian on G. We shall denote by Vg = (Y1,...,Yn,) the related
subelliptic gradient. Vg and Ag are left-translation invariant w.r.t. the group
action and §x-homogeneous, respectively of degree one and two. In other words,
Vg (uote) = Vguote, Vg(uody) = AVguody, Ag(uote) = Aguote, Ag(uody) =
A2Agu o §y. Moreover, since X7i,..., Xy, generate the whole g, any sublaplacian
on G satisfies Hormander’s hypoellipticity condition.

2.2. Lattice subgroups and periodicity. This section is devoted to recall the
definitions of lattice, tiling, periodic tiling and periodic function w.r.t. a lattice in
the general context of nilpotent Lie groups (see e.g. [1], [14], [12], [8]).

A lattice T in a nilpotent Lie group N is a discrete co-compact subgroup, i.e. a
discrete subgroup of N such that the quotient N/T" is compact.

A tiling (or pavage) of N is a locally finite family 7" of non-empty subsets of N
such that

(i) User A= N; (covering condition)
(ii) int(A) Nint(B) =0, VA,Be T, A# B (non-overlap condition).

Let I' C N a lattice. A tiling 7 is said to be periodic under T' (or simply a
I'-tiling) if there exists @ € 7 such that

(iii) 7= {n(Q) | n€T}.

In this case, the tile @ is called a prototile or a fundamental domain for 7T .

Furthermore, assume that ¢ : N — N is an expanding map (i.e. stretching all
distances by at least a factor ¢ > 1), such that ¢I'¢~* C T'. A I'-tiling 7 is called
self-similar if

(iv) ¢(Q) = Ule 7;(Q), for certain ny,...n; € T.

Now, let ' be a lattice in N. We say that a function f : N — R is periodic under
I’ (or simply I'-periodic) if for any £ € N

f(mo&) = f(&) Vner.

In the sequel, we shall use this definition in the context of Carnot groups possessing
lattice subgroups.

We point out that another notion of periodicity, different from the lattice in-
variance above, has been introduced by Franchi-Gutierrez and Nguyen [7] to study
homogenization on Carnot groups. This notion is based on the possibility to con-
struct a natural tiling on any Carnot group, as follows. Let Y :={( € G| —1/2 <
& <1/2,i=1,...,N} denote the unit cube in G centered at the origin and let
Qy :==noY, for n € ZV. It can be proved that the family {Qn}yezn is a tiling
of G. Now, according to the definition in [7], a function f : G — R is said to be
Y-periodic with respect to the reference tiling {@Q,} if

fo&)=f)  vVEeY  VnezV.

Unfortunately, this notion of periodicity, which does not require the existence of
any lattice and can be given in any Carnot group, does not work for our purpose.

2.3. The existence of lattices in nilpotent Lie groups. The problem of the
existence of lattices in nilpotent Lie groups is a classical topic. We recall here a
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remarkable criterion, known as Mal’cev criterion, that enables us to decide when a
simply connected nilpotent Lie group admits a lattice.

Theorem 2.1 (A.I. Mal’cev, [11]). A simply connected nilpotent Lie group N con-
tains a lattice if and only if its Lie algebra n admits a rational structure, i.e. if n
possesses a basis with respect to which the structure constants are rational.

(We recall, here, that, if X = {X,...,Xn} is a basis of the Lie algebra n, the
structure constants of n with respect to the basis X are the real numbers cfj such
that [X;, X;] = Y4, ¢ Xp, for all 4,j = 1,... N).

Nilpotent Lie groups endowed with a rational structure are briefly called rational.

Observe that a nilpotent Lie algebra does not always have such a structure.
Only for dimensions up to 6, all nilpotent Lie algebras have Q-structures (see e.g.
[12]). On the other hand, a Lie algebra can admit different rational structures. For

example, the Heisenberg algebra has uncountably many different Q-structures (see
[1, Remark p. 195]).

2.4. Examples.

Example 1. The simplest example of rational Carnot group is, of course, the
Euclidean space (RY, +), with the lattice subgroup T' = Z*.

Example 2. The simplest non abelian example is the Heisenberg group (H", o).
Choosing the so-called polarized coordinates on H" = R™ x R™ x R, the composition
law is given by

(pg.s)o (0, ¢,s")=+p.q+d,s+s+p-q).
(Recall that complex coordinates are related to polarized coordinates by the re-
lations z = ¢ + ip, t = 4s — 2p - q). The simplest example of lattice subgroup
of H" is the subgroup H7 consisting of all elements of H" with integer coordi-

nates. More generally, it is possible to characterize the lattice subgroups of H™.
Let I = (l,...,l,) € Z" s.t. I divides lj41 for j =1,...,n— 1. Let

I={pqs) el | pgeZ",s€Z,s. t.ldividesq;, forj=1,...,n}.
It is easy to check that I'; is a subgroup of H” and that the rectangle

n
Q=10,1)"x (H[o,zj)> x [0,1)
1
is a fundamental domain for I';. The manifold M; = H"/T'; is homeomorphic to
the closure of @) with the faces of the boundary glued to each other in a suitable
way, so M is compact and I'; is a lattice subgroup. As recalled by Folland in [6],
the following holds:

Proposition 2.2. If I' is any lattice of H™, there exists a unique | € Z" and
¢ € Aut(H") s.t. ¢(T") =T.

Example 3. The so-called H-type groups are rational groups. Indeed, as proved
by Crandall and Dodziuk in [4], the following holds:

Proposition 2.3. For any H-type Lie algebra g = U,, & V,, there exist orthonor-
mal bases {X1,...,Xmm} and {Y1,...,Yn} of Uy, and V,, respectively, so that the
structure constants cfj of g w.r.t. the basis {X1,...,Xm,Y1,...,Yn} are integers
and in fact take the values 0,1, —1.
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Example 4. We show here how a non rational two-step group can be constructed
following the procedure in [1, Example 5.1.13]. Let m,n be positive integers with
(m — 1)mn > 2(m? + n?); for instance, we could take m = 6, n = 4. Choose real
numbers cf’j, 1<4,j<mand 1<k <n,such that

(1) cfj = fc;?i for 1 <i,j <m;

(ii) the cfj’s are algebraically independent if i < j.
Define g as the Lie algebra spanned by Xi,..., X, Y1,...,Y,, where [X;, X;] =
Shey cijk and the Yj’s are central. It can be verified that g does not possess a
rational structure. Indeed, supposing by contradiction that g admits a basis with
rational structure constants, one gets that the c s can be expressed in the following

form
n

m m ~
= Zzzazpagqblkdpql 3 Qip blk €R 3 dpql S Q .

p=1qg=11=1
Thus, the cfj ’s are (1/2)nm(m—1) numbers which are algebraically independent and

belong to Q(cvip, bix), a field with transcendence degree < m? +n? < (1/2)nm(m —
1), that is a contradiction.

To conclude this overview, following the analysis of Strichartz [15], let us see
how a lattice can be constructed in any rational Carnot group, starting from the
group law. Recall that the composition law on a Carnot group G has the following
form

21) (oW =D 49D+ HOEn) 1<i<r, foralléneG,

where H® = 0 and the components of the functions H®, 1 < ¢ < r, are
mixed polynomials in ¢ and 7; moreover H® depends only on ¢ ... ¢l—1),
M, ot and HO(5,¢,6,n) = NMH(&,1). Now, in the case of a rational
group, up to a change of coordinates, the polynomial functions H'* (®) have rational
coefficients. Let kq,ko,..., k. be positive integers and define I' C G by letting
¢ = £(l € I' if and only 1f ki § € Z. Due to the rationality of the coefficients of
the polynomials H @) it is always possible to choose the integers ki, ks, ..., k. in
such a way that T' is a subgroup of G. Of course, I' is co-compact.

Strichartz shows that a periodic tiling with respect to the lattice I' can be con-
structed by I'-translating the fundamental domain

(2.2) Q={ceG | 0= —AV(e) <1/k;},

where A;i) are bounded measurable functions of €1, ..., £(=1 (in particular, A;l) =
0). It is easy to see that any choice of the functions A;i) yields a prototile. A tiling
so constructed is called a stacked tiling.

Observe that it is possible to choose suitable functions A? so that the stacked
tiling defined by the fundamental domain (2.2) is self-similar with respect to the
dilation Jo, in the sense that there exists a finite subset I'g C T such that §,Q =
Uyer, 7(Q) (see [15, Theorem 3.3]).

3. PROOF OF THEOREM 1.1

We only sketch the main ideas of the proof, referring the reader to the paper [9],
where all the details are given.
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One of the main ingredients is the minimax characterization of the values ke, for
all k € N\ {1}, where ¢ is the minimax value (1.3). Indeed, denoted by Ay the set
of functions

A ={G=g1+...+gr | g:satisfies (G1) — (Gs), 1 <i< k},
where
(G1) gi € C([0,1]F,E) for1<i< Fk;

(Gg) gi(gly-~~79i—17079i+17~~-79k) = 0 and J(gz(gl, .,91'_1,1,92'4_17. ,Gk)) <
0for 1 <i< kand for all § € [0,1]%;

(G3) there exist open sets O;, 1 <i < k, with O; N @j = () for ¢ # j, such that
supp ¢:(0) C O; for all 0 € [0, 1]*,

we prove that

3.1 ke= inf J(G(9)) .
(3.1) = of max, (G(9))

Now, we can sketch the proof of Theorem 1.1.

Outline of the proof. We give here an outline of the proof, which is organized
in four steps. The first two steps mainly involve approximation and critical point
theory arguments which can be easily adapted to the Carnot setting; step 3 and
4 just need a bit more care, since they are based on regularity results, maximum
principle and Sobolev-type embeddings which are more delicate in the subelliptic
context under consideration.

Step 1. Let K denote the set of critical points of J and let F be a set of
representatives of I under the action of I'. Suppose, by contradiction, that F is
finite. Then, choose k € N so large that J'(u) # 0 for every u € J~![kc — 1, 00).

For an appropriate € > 0, we construct a function G € Ay, whose support (for
any 6) consists of k components Si,...,S5; = 7,51, ; € I', whose relative distance
is measured by a parameter 8. Moreover, G satisfies

max J(G(0)) <kc+e.
0€el0,1]*

Step 2. By means of the flow corresponding to an appropriate pseudo-gradient
vector field, the function G is deformed to G such that

J(GO) <kc—c¢.
i (G(0) <kc—e

If G e Ay, we would have a contradiction at this point. Unfortunately, we only
know that G is small in the L°°-sense outside of the sets S;.

Step 3. By multiplying G by a suitable cut-off function, we obtain a smooth
function G with compact support contained in a gauge ball B%(O), such that

J(GO) <ke—e/2.
pnRx, (G(0)) <kc—¢/

Thus, we replace G outside of the sets S; by a function v which equals G on 0S;
and can be made exponentially small in some annular regions A; separating the
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sets S;. Letting
5= 50\ U,
the function v = v(0) is obtained as the minir:nlum of the functional
U(v) = /S (%(\v@vﬁ +v%) + F(s,v)) dg

over the class of functions which equal 6(9) on 05 and are appropriately small in
the S?-sense.

Step 4. Denoted by U the function obtained in Step 3, i.e.
GO)E) €¢5S

v(0)(§) £€5,
we appropriately truncate U in the regions A;, getting a function H € Ay such that

J(H(9)) < k
o (H(0)) <kc,

that is a contradiction to (3.1).

U)) =

REFERENCES

[1] L. Corwin & F.P. Greenleaf, Representations of milpotent Lie groups and their applica-
tions, Part I, Cambridge University Press, 1990.
[2] V. Coti Zelati & P.H. Rabinowitz, Homoclinic orbits for second-order Hamiltonian sys-
tems possessing superquadratic potentials, J. Amer. Math. Soc., 4(1991), 693-727.
[3] V. Coti Zelati & P.H. Rabinowitz, Homoclinic type solutions for a semilinear elliptic PDE
on RN Comm. Pure Appl. Math., 45(1992), 1217-1269.
[4] G. Crandall & J. Dodziuk, Integral structures on H-type Lie algebras, J. Lie Theory,
12(2002), 69-79.
[5] G.B. Folland, Subelliptic estimates and function spaces on nilpotent Lie groups, Ark.
Mat., 13(1975), 161-207.
[6] G.B. Folland, Compact Heisenberg manifolds as CR manifolds, J. Geom. Analysis,
14(2004), 521-532.
[7] B. Franchi, C. Gutierrez & T.V. Nguyen, Homogenization and convergence of correctors
in Carnot groups, Comm. Partial Differential Equations, (10-12)30(2005), 1817-1841.
[8] G. Gelbrich, Self-similar periodic tilings on the Heisenberg group, J. Lie Theory, 4(1994),
31-37.
[9] A. Loiudice, Ezistence of infinitely many solutions for a class of semilinear subelliptic
equations on rational Carnot groups, Advanced Nonlinear Studies, to appear.
[10] S. Maad, Infinitely many solutions of a semilinear problem for the Heisenberg Laplacian
on the Heisenberg group, Manuscripta Math., 116(2005), 357-384.
[11] A.L. Mal’cev, On a class of homogeneous spaces, Amer. Math. Soc. Transl., 39(1951);
Izvestiya Akad. Nauk SSSR, Ser. Mat., 13(1949), 9-32.
[12] A.L. Onishchik & E.B. Vinberg, Eds., Lie groups and Lie algebras II, Springer, 1988.
[13] P.H. Rabinowitz, A note on a semilinear elliptic equation on R™, Nonlinear Analysis, a
tribute in honour of Giovanni Prodi, A. Ambrosetti & A. Marino, eds., Quaderni Scuola
Normale Superiore Pisa, 1991, 307-318.
[14] M.S. Raghunathan, Discrete subgroups of Lie groups, Ergebnisse der Mathematik und
ihrer Grenzgebiete, 68, Springer-Verlag, Berlin Heidelberg New York, 1972.
[15] R.S. Strichartz, Self-similarity on nilpotent Lie groups, Contemp. Math., 140(1992), 123~
157.



