Palais-Smale sequences for the fractional CR Yamabe
functional and multiplicity results
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Abstract In this paper we consider the functional whose critical points are solutions of the
fractional CR Yamabe type equation on the sphere. We firstly study the behaviour of the Palais-
Smale sequences characterizing the bubbling phenomena and therefore we prove a multiplicity
type result by showing the existence of infinitely many solutions to the related equation.
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1 Introduction and statement of the results

Let N > 1 and let S?V*+1 denote the (2N+1)-dimensional sphere, equipped with its
standard CR structure. In this paper we consider the following energy functional

1 1 *
E(u) = = / wAopu dug — — P dvs, we HF (SPNHY) (1)
2 Joon+1 P* Jgen+1
whose critical points satisfy the fractional CR Yamabe type equation
Agru = |[ulP" 2y on 2N e HF (SQN'H) . (2)

Here £ € R is a parameter such that 0 < 2k < Q := 2N + 2, Ay is the sub-elliptic
intertwining operator of order 2k and H*(S?N*1) is the related fractional Sobolev space,
as defined for instance in [9, 10] (we will give all the rigorous definitions in Section 2);
also, the exponent p* is the critical one for the embedding H*(S?N+1) < LP"(S2N+1),
Just to fix the ideas, for instance when & = 1, the operator As is nothing but the
standard conformal sub-Laplacian on the sphere. For a given point ¢y € SZV*! the
Cayley transform C is a natural conformal diffeomorphism

C:HN - 2N\ {—¢}

!Dipartimento di Matematica, Universita di Bologna, piazza di Porta S.Donato 5, 40126 Bologna,
Italy. E-mail address: chiara.guidil2@unibo.it

2Department of mathematics and natural sciences, American University of Ras Al Khaimah, PO
Box 10021, Ras Al Khaimah, UAE. E-mail address: ali.maalaoui@aurak.ae

3Dipartimento di Matematica, Universita di Bologna, piazza di Porta S.Donato 5, 40126 Bologna,
Italy. E-mail address: vittorio.martino3@unibo.it



which is analogous to the standard stereographic projection in the Euclidean case; here
HY denotes the Heisenberg group and —(y is the antipodal point with respect to (o.
Therefore a similar functional Ey can be defined equivalently on HY, via the Cayley
transform C, and the related equation on H” is given by

LoxU =|UP 72U onHY, U e DFEN). (3)

We refer the reader to the next section for the precise definition of the Heisenberg
group, the space D¥(HY) and the relation between Ay, and Loy.

This kind of conformally invariant operators were introduced in [12] and they can be
seen as the CR counterpart to the GJMS operators defined in the Riemannian setting
in [13]. Indeed, as in the Euclidean case, the existence of an infinite family of explicit
positive solutions (bubbles) to the previous equations is known, moreover due to the
lack of compactness of the Sobolev embedding (which can be seen geometrically as
the action of the conformal group), the functional E does not satisfy the Palais-Smale
condition.

However, a sharp Sobolev inequality has been proved by Frank and Lieb in [11], showing
that the extremals are exactly the bubbles. All these facts suggest that a characteriza-
tion of the Palais-Smale sequences should be possible, making the bubbling phenomena
completely explicit, as in the classic case [29, 17, 18] (see also the books [30, 6] and the
references therein); for the fractional case in the Riemmanian setting see [7, 25, 26].
Indeed, this is what we will prove in our first result. The proof is quite involved and
delicate if compared to the standard case: this is due basically to the non-Euclidean
setting, the degeneracy of the given operators and also the fractional nature of the
problem, making it non-local. As it is commonly known in the standard setting, the
bubbling phenomena occurs at a local scale which makes it harder to deal with in a
non-local setting. In fact, even if a natural behavior is expected, any variational prob-
lem needs a careful analysis depending on the ambient manifold and the structure of
the operators involved (see for instance [14, 21]). In our particular case, in addition to
the results in [11], we will make use of some point-wise commutator estimates, which
have been recently written specifically for this type of operators (see [20]): as is the
case of local operators, this kind of estimates are useful in order to study regularity
properties, after localizing with cut-off functions (see for instance [4, 28, 16]). In order
to state our main result we define the following map: let us fix (o € S?N*!, for a given
R >0 and ¢ € S2NV*1 we let p be the function

piHY 5 2V (), p=Com,odg

where w = C71(¢) and § and 7 denote dilations and translations on the Heisenberg
group, respectively. Also we define the inverse map o = p~'. Therefore, we will prove
the following

Theorem 1.1. Let u, be a Palais-Smale sequence for the functional £ at level c. Then
there exist us, a solution of (2), m sequences of points C},... ¢" € SNt such that
lim,, oo ¢, = ¢t € SN for 1l =1,...,m and m sequences of real numbers RL, ... R™
converging to zero, such that:



i) Un = Uso + Yoy v, 4+ 0(1) in HE (S2NHL)
) Bun) = Bluse) + X7 B (UL) + o(1)

where

Q—2k
l 5 nlrrl l
Up = (Ao'fl) 22 fUs 00y,

Here o, = (pl)7 1, pl = Codpi 0Ty, wh = C7Y(¢L) with € : HYN — S2N+HI\{ ¢!, Also
Agi denotes half the absolute value of the Jacobian determinant of ol ; B are smooth

compactly supported functions, such that 8! =1 on B% (¢h), supp(8') € Bi(¢") and UL,
are solutions of (3) and the B’s stand for the balls on the sphere.

The proof of the previous theorem will be carried out in Section 3.

We would like to mention explicitly that we recently found a paper on arXiv ([19]),
in which the authors prove an existence result for the fractional Q-curvature problem
on the three dimensional CR sphere: in their Lemma 2.1, they claim a behavior for
Palais-Smale sequences along some flow lines, similar to our Theorem 1.1; the proof is
missing, the authors cite a couple of papers, which in turn consider only local operators.
To the best of our knowledge, we did not find any references dealing with these peculiar
issues that we are considering in the present paper.

Once we have characterized the Palais-Smale sequences, in Section 4 as main application
we will prove a multiplicity result for equation (2). We will argue by contradiction as
in [23]; in particular, with the help of some special groups of isometries, we will restrict
the functional E to some special subspaces and we will assume that the Palais-Smale
condition fails: the action of the groups and the boundedness of the energy will lead to
a contradiction. Therefore, a standard application of the minimax argument will give
us the following result

Theorem 1.2. There exist infinitely many solutions of (3) (or equivalently of (2)),
distinct from the standard bubbles.

Moreover, depending on the choice of the group of isometries, the existence of sign
changing solutions can be shown as well. In this setting, we recall the paper [22], where
the existence of infinitely many sign changing solutions was proven for the standard
CR-Yamabe equation on the sphere (here k& = 1), by following the idea of Ding [5]
combined with the action of the group of isometries generated by the Reeb vector field
of the standard sphere. Moreover, recently in [15], under a technical assumption on the
range of the parameter k, the author proved the existence of a number of sequences of
sign-changing solutions of equation (2), whose elements have mutually different nodal
properties. The proof is based again on Ding’s approach and on a iterative argument as
in [2], starting from the result in [22] (the assumption on k£ makes the iteration works
fine). Also, in his Remark 3.2, the author wonders if his technical assumption could be
removed in order to gain the compactness of some Sobolev embeddings: it seems that
we can remove this assumption and still obtain existence of solutions.
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2 Definitions and notation

We identify the Heisenberg group HY with CV xR ~ R?N*! with elements w = (z,t) =
(x +iy,t) ~ (z,y,t) € RY x RY x R and group law

w-w = (2,t) - (2 1) = (z+ 2, t +1 +2Im(z2")) YV w,w € HY,

where Im denotes the imaginary part of a complex number and zz’ is the standard
Hermitian inner product in CV. Left translations on HY are defined by

r:HY - HY (W) =w-w' YweHY
and dilations are
oy HY - HY  6y(2,6) = (M2, A%) Y A>0.

The homogeneous dimension of HYY with respect to 6y will be denoted by Q = 2N + 2.
The natural distance that we will adopt in our setting is the Kordnyi distance, given
by
o1
d((z,1), (2,1) = (|2 = 2'|" + (t = ' = 2Im(227))*) *

and we denote by Bf the ball of center w and radius R > 0 defined by the distance d.

Moreover we denote by
N

=1

the standard contact form on HY and by dvy the volume form associated to @. The
canonical basis of left invariant vector fields on HY is given by
0 0 0 0 0

D ORI RN ¢ A LA A T .
1= 0z, T Yiae T 5y T M ar TR

and the sub-Laplacian operator associated to this Carnot structure is given by

1 N

Ap=7 D (XF+Y7).
j=1

The Heisenberg group can be identified with the unit sphere in CN*! minus a point
through the Cayley transform C : HY — S2N¥+1\ {(0,...,0,—1)} defined as follows

2z 1— 2% —it
T4 |z|2+dit" 1+ |22+t )

C(z,t) = (
On the unit sphere S2V*1 = {¢ € CN*1 . |¢| = 1} we consider the distance

d(¢,m)? =21 -¢ql, ¢neCNt!



and we denote by Br(¢) € S?NV*! the ball of center ¢ and radius R > 0. With this
definition of d, the relation between the distance of two points w = (z,t), v’ = (2/,¢)
in HV and the distance of their images C(w), C(w') in S*N*+1 is given by

N , 4 % 4 1
et = o) (s ()

From this relation we deduce the following inclusions

C L (Br(¢) 2BS 9 for every R > 0 (4)
2
and
C YBgr(N)) C B% forevery 1> R >0
where A is the point (1,0,...,0) € S2N*+1. On S?V*! we consider the standard contact
form
N+1 B B
Os =i ) (¢d¢; — (;dG),
j=1

and we denote by dwvg the volume form associated to 8g. The conformal sub-Laplacian
is then

1N+1 o o N2
A =3 ;(TjTj +I5T5) +

where T} are the differential operators defined by

P N+1 P
Ti=——(; —.j=1,...,N+1.
1= ag 2 Sag

Let H;,; be the space of harmonic polynomials on CN*1 homogeneous of degree j and
[ in variables z and Z respectively, restricted to S2V*1. The Hilbert space LQ(SQN 1
decomposes as L?(S?N+1) = D, >0 Hj1 and we denote by y7; an orthonormal basis
for the space H;;, in particular we require y;”J to be eigenfunction for the conformal
sub-Laplacian Ajs. Then, the conformal sub-Laplacian acts on y7} as Ay} = ANy,
where \j = j + 5. Let us fix 0 < 2k < @, and consider

dim(’Hj,l)
w=>" > dh(wyf;e LS.
75l m=1
We define the operator
dim(?’[j,l) i
Au=>" " ()2 (wf
7,0 m=1



where dim(H;;) = N = ]2,,((1;71_),1},'1(,] M) §s the dimension of H,;1. Moreover, we define

the Sobolev space

(52N+1) {u c L2(S2N+1) Ak e L2(52N+1)}

with inner product

(u,v)k :/ AFu ARy dog
S2N+1

and norm )
dim(H,;,1) 2

1
[ulle = (u,u); = Z Z (A A1 (u) 2

We consider the intertwining operator Ag, on S?N*t1 defined, up to multiplicative

constants, by

Qi2k Q-2k
Jac:*? (Agpu)or = Agy, <JacTQQ ( )) Vr € Aut(SPVTY) w e (SN ). (5)

Moreover from now on we endow HF (SQN ‘H) with the inner product

dim(#H;)

(U, v) g = Z Z it (u)el (v) = /5'2N+1 vAgpu dug

with
(21

\j(k) = F(Qf’“ +j) i=0,1,...

)

1
([sen+1 WAgpu dvg)? which is equivalent to ||ully. The dual of

and norm ||jul| e =
—k In HV the symbol of the intertwining operators

H* (52N+1) will be denoted by H
is defined, up to a multiplicative constant, by

1+k
F<|2T| + = )

1—k
P (@)

we choose the multiplicative constant to be equal 1 so that we recover Lo = —A; and
Ly = (—Ap)? — T?. Hereafter we consider only real valued functions. The quadratic

form associated to Lof will be denoted by agy :

Loy, = [2T)"

asg (U) = NUEQ]CU dUH
H

and we define the space

Q
prEY)={ U e Lo HY) : ayy, < oo

6



The operators Agy and Loy, are related by the following identity

Q—2k Q+2k
Loy, (AC 2 (yo C)> = Ao (Aggu)oC Vu e H* (§2VH1) (6)

where A¢ is twice the absolute value of the Jacobian determinant of the Cayley trans-

form
2Q

(14 |22 + )V

We recall now the following sharp Sobolev inequality that was proved by Frank and
Lieb in [11]

Ac =

Q—2k
2Q Q
(/ |u|@=2F d'l)s) < CS/ wAgpu dvg (7)
G2N+1 G2N+1
where
F(N+17k 2 oNa1
Cslk, V) = r (N+21+k)2( on412°7 TN T @ (8)
2
wan41 is the measure of SN+ and
.« 2Q
Pr=0 "

is the critical exponent. Indeed the embedding
Hk(S2N+1) N Lp* (S2N+1) (9)

is continuous but not compact and this is due to the scale invariance of the norms,
induced by the action of the conformal group. Also, we will denote by p = (p*)’ = QQTQ%
and it follows from (9) that

Lﬁ(sZNJrl) N H*k<S2N+1).

For 2 ¢ HY open and bounded we denote by HY(€) the closure of C$°(Q) with respect

to the norm .
2

and it holds

HE(Q) = LP(Q).
Optimizer functions for (7) are images through the Cayley transform of functions of
the type A %00 dy-1 0 Tg-1 where

w(z,t) = @) —5 (10)

(1 +[22)2 + )77




for a suitable positive constant ¢(Q) (see [11]). These functions satisfy the equation
LowU =|UP 72U onHY U e DFHNY),
hence they are critical points for the energy functional Ey defined on D*(HY) by

1

1 *
EH(U):/ U Lokl de—/ U duy.
2 Jgn~ * Jun

2k—Q

In fact the functions wy¢ = A
of EH

wody-1 071 are (the only) ground state solutions

3 Classification of the Palais-Smale sequences

Let H be an Hilbert space, a sequence {z, nen C H is called a Palais-Smale (PS) se-
quence for F' € C'(H,R) at level ¢ if F(z,) — ¢ and VF(z,) — 0. F is said to satisfy
the Palais-Smale condition if any (PS) sequence admits a converging subsequence.

Now, we begin the proof of our main result, that is Theorem 1.1.
Lemma 3.1. Every (PS) sequence uy, for E is bounded.
Proof. Let u, be a (PS) sequence for E at level ¢ i.e.

E(u,) = ¢, dE(uy) — 0in H™F (S2NH1)
Therefore we have

2c+o(1) + o(1)||un|| gr > 2E(un) — (dE(up), un)

pt—2 «
—(T22) [ el s
S

hence
lunliZ = 2B(ua) + = [ Jual?” dus
H p* S2N+1
2
It follows that w, is bounded in H* ($2N+1). O

The result above implies that, up to a subsequence, there exists a function us €
H* (52N*1) such that

SQNJrl) , (11)
Up — Uso  strongly in LP(S?NTY) for 1 <p < p*. (12)

Up — Uso weakly in H* (



Moreover, uq, is a weak solution to (2). Indeed, since u,, is a (PS) sequence for E, for
any ¢ € H¥ (52N +1) we have

[ e dvs = [ olun 2 dus + o(1)
S2N+1 S2N+1

as n — oo, and by (12) and (11) we have respectively

/ pAopu, dvg — P AokUos dug
G2N+1

§2N+1

/2N+1 g0|un|p*,2un dvg — /2N+1 @‘uoo‘p*,zuoo dvg
S S

showing that u., weakly satisfies (2). We set v,, = u,, — uoo, with this notation we have
the following

Lemma 3.2. The sequence v, is a (PS) sequence for E. More precisely, it holds
E(vy) = E(up) — E(us) + o(1)
and
dE(vy) — 0, in HF(S*NH1).

Proof. We have

2 .
2E(uy) = / (Un + Uoo ) Ak (Un, + Uso) dvg — — |vn, + uso|? dug
S2N+1

p* Jg2N+1

= 2F(vn) + 2E(uoo) + 2{(dE(tso), vn) + 2/ oo P ™ 2too vy dug+

G2N+1

2 * * *
+ */ [on P + uoo P — |Un + uso|? dug.
D S2N+1

Since v, — 0 in LP for every 1 < p < p*, we have fS2N+1 [too|P” 2 Usovy dvg = o(1) as
n — 00; moreover dE(us) = 0, so that it remains to show that the last integral in the
expression above goes to 0 as n — oo. It is possible to choose a big enough positive
constant C' such that

Dl 5= {00 + toel” = [0al?” = Jtoel”"| < Clon]?" " toe] + Coa]uoe]” .

Hence, by the Holder inequality

/ @, dvg:/ @, dvs—l—/ @] dus
G2N+1 S2N+1\ 0/, M.
1

p*—1
< / |®,,| dvg + C (/ |vn|P” dvs) ’ (/ [Uoo|P dv5> ’
SQN+1\M€ . Me

*

jd 1
+C </ |uoo|p* dvs> ’ (/ \vn]p* dvs> o
€ ME




Here M, C S?N+1, defined for any € > 0 by the Egorov theorem, is such that |S2V+1\
M| < € and v, converges to 0 uniformly on M.. So that, the first integral in the
expression above converges to 0 as n — oo, while the other two terms go to 0 as e — 0,
uniformly in n. Therefore we get the desired energy estimate. Now we prove that for
any ¢ € HF (S2V+1) with [/l i (g2v+1y < 1, it holds

(dE(vn), ) =o0(1) asn — co.
We have

(@B (). ¢) = [

G2N+1

= (dE(vn), p) + (dE(uco), p)+

a /2N+1 <|un‘p*_2u” - |Un p*_ZUn - |u00|p*_2u°°) ® dvgs.
S

SDAQk(Un + Uoo) dvs — / |un|p*_2un90 dvg

G2N+1

Since (dE(ux), ) = 0 and (dE(uy),p) = o(1) as n — oo, it remains to show that the
last integral in the equality above converges to 0 as n — co. Again, for a big enough
positive constant C' we have

Wy | = ‘|un|p*_2“n - ’Un|p*_2vn - |u00|p*_2u°°’ < C|Un|p*_2|“oo| + C|UnHU<>O|p*_2

and by the Holder inequality and Egorov theorem

/ Ul dus| < / o
G2N+1 G2N+1

< flonl Phtsll] e el + lenluecl” | e el

P2yl dus + / [0l [uoo P20 dug
S2N+1

p*—1 Lp*-1

o [ P [
Lp*-1 Lp*-1

o] [N sl e
Lp*_1(52N+1\M5) LP*_1(52N+1\M5)

+ e e

Y [N
L =T (M,) L™ =1 (M)

=o0(1) asmn — oo and € — 0, uniformly in n.

This concludes the proof. ]

Ho

Lemma 3.3. Let u,, be a (PS) sequence at level ¢ < SC’EZ , then u, converges strongly
to 0 in H* (S*N*1). Here Cyg is the Sobolev constant defined in (8).

* i *
Proof. By the Sobolev inequality (7), we have |juy || . < Cg |lun|/%, so that

o(l) = / Up Agptty, dvg —/ |un|p* dvg
§2N+1 §2N+1

> 2 1 _ C% p*72
> [|un |z § Munllg ™) -

10



Now, following the argument given in Lemma 3.1, we notice that the choice of ¢ in the
statement implies

p

p*

220 +o(1)

2
[un iz <
< Ci% +o(1)

p :

2 «
This, for n big enough, ensures the positivity of the factor 1—Cg [Jun |l 2. concluding
the proof. O

Hereafter we assume the (PS) sequence (up)nen converges weakly to 0 in H* (S?V+1)
and strongly in LP(S?N*1) for 1 < p < p*. Moreover, since we want to investigate the
behavior of (u,) when the (PS) condition is not satisfied, we will assume that u,, does
not converge strongly to 0 in H* (SQN‘H). For any €y > 0, we define

Yeo = {g c 92N+, liminfliminf/ \un\p* dvg > 60}.
Br(¢)

r—0 n—oo

In the sequel we will need to localize our equation, therefore we will use some com-
mutator estimates. For a given k € (0, %), we define the 3-commutator Comm®*?* (-, )
by

Comm¥*2* (u,v) = Comm(u, v) = Log(uv) — ulo(v) — vLok(u),
and we let Ry denote the Riesz potential on HYV (see Appendix). Then the following
Lemma [20] holds

Lemma (commutator estimates). Let 0 < 2k < Q and € > 0. Given 11 and T
in (max{0,2k — 1},2k] such that 71 + 70 > 2k, there exists L € N, s;1 € (0,71),
sj2 € (0,72), for j =1,---, L, satisfying 71 + 12 — sj1 — Sj2 — 2k € [0, €) such that

L
(Comm(u, v)] S D" Rryim sy sy 26 ( By 1o 0l R, o[ £1,0]). (13)
j=1

Next, we state the first Lemma characterizing the concentration set:

Lemma 3.4. There exists g > 0 such that if o ¢ X, then for a small enough r > 0,
we have u, — 0 in H* (B,({)).

Proof. Suppose by contradiction that for every e > 0 there exists (o ¢ X, such that u,
does not converges to 0 in H* (B,(¢p)) for every r > 0. Notice that ¢y ¢ ¥ implies the
existence of a radius r > 0 such that

/ lun|P” dug < e. (14)
Bar(Co)

Since u, is a (PS) sequence, there exists a sequence 6, € H " (SQN +1) converging to 0
in H—F (52N+1) such that

A (tn) = [un|”" " Pun + 0.

11



Since we want to localize around (y, we consider the Cayley transform C where we set
the north pole as (5. We notice that for any couple of functions u, v it holds

Y=

Aoy(uv) = Ay 7 [£ak(AT (wv) 0 C)] 0 €

and

& & & L
Lok (AL (uv) o C) =voCLoK(AL uoC)+ AL uoCLok(voC)+ Comm(AL uoC,voC).
We go back now to our Palais-Smale sequence and we compute

Aor(nuy) = nAak(uy) + Lo.t.
= n|un|” "2un + 16, + Lot

Here 7 is a smooth cut off function with supp(n) C Bs,.({p) and n = 1 on B, ({y). So
we first estimate ||1.o.t|| -+. We have

1
3

L 1
(Comm(AZ un 0 C, 70 C)| S D Rakot, (R, (Lar(BE n 0 C)) Ry, (L2 (10 C)))
=1

AN

Rog st (R, (@t + ) 0 O) Ry, (Lak(n 0 ©)) ~ (15)

=1

1 1
~ F * ¥ . . . . .
where i, = [AL un|? QAé’ uy,. Since the terms of the sumation above are similar in

nature we will give here the proof for a single term. Since i, is bounded in L?, we have
that Ry(t, oC) converges strongly to zero (up to a subsequence) in L7 L_ 1

1
locf0r§>5—©.
So we fix R > 0 big enough. Then we have

| oot (Re(in © Coxg Ro(Lan(no ) | S I1Rs(in © O)ll g | 25 2 )12,

1
where = =
P

+ = — % Hence

=
D=

| Rot st (Rein 0 Oy Re(Lan(mo ) | = 0.

Outside BY%, we have that

1
Xun\ gy, Rs(Lar(n o C))(z) S s
Thus,
_ . 1
HR2k—s—t (Rt(un © C)XHN\B%Rs(Ezk(ﬁ ° C))) HLﬁ S i o CHMW
and since

- -1
||Un OCHL?7 5 Hunnip* <C,

12



by letting first n — oo then R — co we get

1
Now we move to estimating the term A}

APHﬁ%( A upoCmoC)oC™! =o(1).

H—k

D=

unLok(noC)oC~!. Indeed, we have
d 1 o 1
1A¢ unLok(noC)oC e S lunllp2llA Lan(noC)oCT7| o
and since u,, — 0 in L? we have that

1
JAE waLar(moC) o €15 = o(L).

Therefore, we have that ||l.o.t||—+ = o(1). By the sub-elliptic regularity estimates we
find

+ Hl.O.t |’H_k(B7‘(<O))

Up < |[nlunl” ~Pun +ndy
Inlunlll gx B, (o)) S H”‘ i | =B, (o)

+ 1700l (B, (o)) + 0(1)-

(16)
S [[nhun

" H#(Br (¢0))

We estimate the first term in the inequality above as follows

S Hmun‘p*_zu

Un P2 n ~
Hn’ | Hﬁk(Br(CO))

™
L@F2k (B (¢o))

S Wl o I 5,

4k
S Nl 2o, oy N1l (3, (o))

Substituting the estimates above in (16) and using (14), we find

4k

munl e s, (o)) < HunHQ " ”nunHHk (Br(co)) T0(1)
(¢o)) +(C0)) (¢0))

< €@ [l e 5, ¢y + 0(1)-

Now, we choose € small enough to have |[nun || g (g, (¢,)) — 0, leading to a contradiction
to our assumptions. ]

Given r > 0, We can define now the concentration function

Qn(r) = sup / \un\p* dvg.
Br(¢)

CcS2N+1

Since we are assuming that u, does not satisfies the (PS) condition, the Lemma above
ensures the existence of a small enough €y > 0 such that X., # (. Thus, for any fixed

13



§ > € > 0, there exist a sequence of points ¢, € S2N+1 and a sequence of radii R,, — 0
such that

Qn(R) = / P dvg = e. (17)
BRn (Cn)

Up to a subsequence, we can assume that ¢, — (g € SN *! as n — co. Again, we fix a
coordinate system in CV*! so that ¢y = (0,...,0,1) and denote by —o = (0,...,0, —1)
the antipodal point of (5. We set

Q=C"1(Bi(¢)) c HY.

Clearly, for n big all the balls C~*(Bg, (¢,)) will be contained in Q. Hence, by means
of the map C~!, the problem of characterizing (PS) sequences can be studied in HY,
where the points w, = C~1((,) accumulate at the point 0 = C~!({p) in the interior of
the domain 2. Also, we define the map

Pn - HN — 82N+1 \ {_C0}7 pn(w) = C o Twn © 5Rn(w)

and the functions
Q—2k

_ 2Q
U, = Apn Un © Pn,

here A, is twice the absolute value of the Jacobian determinant of the map p,. Also
we define the inverse map o, = p,'. From now on we denote the preimage of a ball
Brr, (G,) € SN+1 with respect to the function p, by

By = pn* (BRr, (Gn)) -
Notice that, for n big, we can always assume (,, € B 1 (Co), hence B is well defined and

CY(Bgrg, (¢,)) C §Q for every RR,, < % Recalling the relation between Lo and Asgy
expressed in (6), we have

Un£2kUn de = / unAQkun d'USy
B% BRRn (Cn) (18)
/ U P dogr = / lunl?" dus.
By BRR,, (¢n)

In the sequel we will make use of the following relation obtained from inclusions (4)

By = pn (Br,r(Cr)) D 53;1 © Tyt <BIIL%)ZR> = B%'
2
Also, we will use the notation

By = C™(Br(C0))-

Lemma 3.5. Let us set F,, = Lo U, — |Up, P*=27].  then for every R > 0

sup { (P, F) gt i+ supp(F) € Bfy, F € HE(BY), | Fllp <1} 0

i.e.
F,—0 in Hy¥ (®Y).

loc

14



Proof. Let us consider n big enough to have (6R,)~* > R, and F' € H§(BY%) such that
supp(F) C BY% and ||F|| 41 < 1. We have

(Fo, F) v gx = / F (E%Un —|Un P**QUn) dvgy
(671
S/ F (£2kUn_ ‘Un‘p*_2Un> dvg
(3Rn)~1
Q+2k
= A F (.Agkun — \un]p*_Qun> o pp, dvg
67(13Rn)_1

_Q-2k .
= / <Apn @ F) oo, (Agkun — |un|P _2un) dug .
B1(¢n)

1
3

On the other hand, recalling (6), we find
— / AN FLoyF) 0 0y, dug
HF §2N+1
= FLopF dvyg < C,

Q—2k
HN

thus <Fn,F>H—k7Hk — 0. O

Lemma 3.6. For ¢ > 0 small enough in (17), there exists Uy, € D*(HY) such that
U, — Usx in H{gc (HN) and

LowUs = |Uso|? "2Us  on HY.

Proof. The sequence U, is bounded in H{gc (HN ), hence there exists Uy, such that, up
to subsequence, U,, — Uy, weakly in in H{gc (]HIN ) and U, — U strongly in LI C(HN )
for 1 <p < p*. From (18) we deduce

limsup/ U |P” dog < sup/ lun|P” dvg < oo (19)
B S2N+1

n—o0 n neN

so that Uy, € LP"(HY). Moreover, by the same argument given after the proof of
Lemma 3.1, we have that Us, satisfies (3), hence

/ Uso LopUso dvyg < 00. (20)
HN

It follows that Uy, € D*(HN).
In virtue of Lemma 3.2, we replace U,, by U,, — U so that, from now to the end of the
proof, we can assume Uy, = 0. By (17) we have

/ Unl?” dogs = / [un|”" dvs = €. (21)
B? BRn(Cn)

15



Let 8 € C§°, such that supp(8) C B} then

18Unll e S 122k (BU) | g+ + 18Ul 2 - (22)
Again, we use the fact that

= ,B.CQk(Un) + l.o.t.

So first, we have that

UnLok(B) = Unx po L2k (B) + Unxun\ gy Lok (B) -

Therefore,

1UnLok(B)lLe S UnllL2 sy 1L20 (B @ + [[Unll o

xuv\po Lok (D)l o

L

1
S Unllz2sy) + 7@ 1UnllLes -

Since Uy, — 0 in L}, and ||U,||»+ is bounded, if we let n — oo and then R — oo, we
have that |UpLok(B)||z7 = o(1). Next, we move to the term Comm(3,U,,). Again, we
have that from Lemma (commutator estimates),

L
(Comm(B, Un) S 3 Rat-sy s, ( Ry | £k (Un) R a1 (B)] ) -
j=1

So we consider one term of the form Roj_s_¢ (Rt|£2k(Un)|Rs|£2k(ﬁ)|) (). Using the

same splitting as in (15), we have that
HCOI’IlHl(ﬁ, Un)HH*]C = 0(1)5

and thus |[L.o.t||z—x = o(1). Clearly ||8U,| ;2 — 0, and by Lemma 3.5 we know that

F, —0in ngf (HN), hence, we have

1Lk (BUn g < 1BL2xUn + L0t || -1

< HB (IUnlp*’QUn + Fn> ‘ka +o(1)
< |81 2|, + o).
Therefore
18Ul < ||BI0 200 |, +o(1)
and

16



p*—2
n

18Ul e S ||B1U

+o(1)

LP(BY)
2k

Q
S </B” |Un P dUH) ||/8Un||Lp* (By) +o(1)
1

S €9 18Ul o sy + 01)
=o(1)

as n — 0o. O

From the Lemma above and (21), it follows

/0 UsolP” dvg = e,
Bl

hence Uy # 0 is a solution to (3). We consider a cut off function 7 such that v =1 on
BY, supp(y) € BY, and we define 8 =y oC~!. In virtue of the inclusions
4 2

C™(By(G) € BY < ¢ (B (G) € BY,

1
2

the function § is a cut off function such that 8 =1 on Bi((p) and supp(8) C Bi((p),
4
moreover for n big enough we have

supp(3 © pn) = supp(7y © 7w, ©0r,) € By 1 € By,
B (e} pn = ]_ on B?6Rn)_1

We set

Q—2k

p = Ay2? BUs 00y (23)

where A, is half the absolute value of the Jacobian determinant of o,,, and consider

Up = Up — Up -

For clarity sake, we recall here the definition of u, with respect to U,

Q—2k
Up = Ny 2? Uy, 00,

We have then
Lemma 3.7. After taking a subsequence if necessary, we have

Up — 0 weakly in H* (SQNH) .

17



Proof. Since we have already proved that w, — 0, it suffices to show that v, — 0
weakly in H* (S2N*1). On the other hand, v, is bounded in H* (S2N*+1) so that, after
taking a subsequence if necessary, it converges to some limit; hence we only need to
prove that the distributional limit is zero, i.e. it suffices to prove that for f € C'* it

holds
/ v f dvg — 0.
S2N+1

Let us fix R > 0. We estimate the integral above, first on Bg,r((,) and then on the
exterior domain S*N+1\ Br r((,), we have

/ v f dug
Br,r(Cn)

Q—2k
/ Acer fBUoo ooy dug
Br, r(Cn)

Q+2k
/ A28 Use(fB) 0 pu dug
B

'

R

Q+2k Q+2k
<CR,*

1 ool Ac]1 22 / Use| .
B%

On the exterior domain, for n big enough we find

Q—2k

AazQ fBUoo ooy, dug

v f dug

/SQN+1\BRHR(Cn) /B1(CO)\BRnR(Cn)

Q+2k
< / Ap:? Uso(fB) 0 pu dvm
B;Rgl \Bj

Q+2k Q2+2k
<CRF I llelod® [ |Un]dum
BzRgl\Bg
1
Q+2k P
< Ol f el Aclo® / Unol?* dugg
B

0 BO
2R;1\ £

Then, the thesis follow letting n — oo and then R — oo in the following estimate

v f dug
SQN+1

Q+2k  Q+42k

S lellbel 2 Be® [ U] don
R

Q+2k

+ 1 flloellAclloc™ U1

p* ( BO BO ) '
( 23;1\ B

Lemma 3.8. We have

dE(v,) — 0 in H™F (S2N+) and  dE(@,) — 0 in H* (2N 1),

18



Proof. Let f € H* (52N+1) and f,, = Agpvy, — |[vn|P" ~2v,. First we notice that

=

_ 1
Aspe(vn) = (Apn Lok (Mg, vn Pn)) o 0p

=

= <Ap_n EQk(ﬁ o ,OnUoo)> O0np .

Thus, we get,

Lo nfavs = [ f(Auton) — o 20,) aus
G2N+1 G2N+1

1 *
= / A/g: f © pn£2k(/8 © anoo) dvy — / f‘vn’p _QUn dvg.
HN

G2N+1

Now notice that
1 1
/ A,gn f o pn»c?k(ﬁ o anoo) dvyg = / Af;n f o anoo['Qk(,B o pn) dvy
HN HN
1
+ [ AR 8) 0 puLa(Unc) dun
HN
1
+ [ AR f o puComm(Un, 50 pu) dur
HN
_1 .
= / FBA,? U |P "2Us) © 0, dug
G2N+1

1
+ /N Agnf o anOOLQk(ﬁ © pn) dUH
H

1
+/ Aj, f o ppnComm(Us, B 0 py) dvg.
HN

Therefore, we have that
1
/ fnf dvg = / Ap, fopnUsoLok(B o pp) dvg
S2N+1 HN

1
+ / AZ £ © puComm(Une, B 0 pn) dvg
HN

- /S2N+1 f(ﬂ B Bp*_l) (A’;”%|UOO

:Il+I2+Ig.

p _2Uoo) ooy dug

We estimate each of the three terms above separately. But first, we notice that

Q
i

2k—
Lok (B0 pu)lle = Bn " [[ Lo () Le-

19

(24)



In particular, if p > %, then || Lok (B 0 pn)|lLr — 0. Now we have, for R > 1,

|I1] =

1
/ AL f 0 puUs Lon(B 0 pr) dum
HN

1
<1857 £ © pull o Vs Lot (B 0 ) 5
< Al (10 ol £2(8 © o) | oy + 1Usoll o v g [ £ (B 0 o)l g )

where ]% + % = =. Taking p > %, we have for R fixed that

1
Iz
1Usoll La(B9) 1£26(B © pn)llLr — 0 as n — oo .
On the other hand, we have that
1Usell o v ) L2 (B © pu)ll - g = Vsl o= ey [ £26 (M| g — 025 R — o0
Hence

[ = o(D)1f [l -

We move now to the term Is. First, we recall the following estimate for the Riesz
potentials:

[ Rk —s—t (R (u) Bs (0)) || o S llufl Lo [[0]] Loz

for % = qil + q% — % In particular we have from Lemma (commutator estimates) and

the previous estimates,

|Comm(Uss, B 0 pu)llze S 10K~ | agmo) [1£21(B © pu) | o
+ ||U§$71HL5(HN\B%)||£%(5 opn)ll, @

*_1
N HUooHiq@*fl)(B%) H['%(/B © Pn)”LP

p*—1

+ HUOOHLp* (HN\BY,) HL"QIC(’V)HL%

where % = % + é — % Hence, taking p > % and letting first n — 0 then R — oo, we
have that
[Comm (Usc, B0 pn)|1r = o(1). (25)

In particular,
| L] < || fll x| Comm (Uso, B0 pn)llze = o(D)|| fl| g as n — oo.

Now we estimate the term I3.
< _ pp*—1 p*—2
51 < {8 = 877 0 pulUsel 2V, o 17

but Uy, € DF(HY) and
*_1 *_9 Q+2k
ﬁ_ﬁp_ o nUoop_UooH, <C U Q-2
I ) 0 pulUsl oy S C 0=l (59, )

20



so that
3| < o(1) || £l g -

Hence we have proved that f,, — 0 in H~* (52N+1). Now we turn to dE(u,). Again,
we consider f € H* (S2N H) and compute

20, — [t

P**%n) £ dus.

Up — |vp|P

We notice that, since dE(uy) and dE(v,) converge to zero in H % (S2N*1) it suffices
to show

Ap = [un P 2wy — [0a P 20, — [P %G — 0 in HF (S2N+1) . (26)

In order to prove (26), we will show |[Ap|[;5(g2n+1) — 0. Let us fix R > 0. First we
want to and obtain an estimate for A,, in the exterior domain D,, = S*N*1\ Brp ((,)

and then we will move to the interior of the ball Brg, (¢,). We write u,, = U, + v, in
the definition of A,, and we notice that for a big enough positive constant C' we have
Al = [+ 0" 2 (@ + 00) = [0~ o]0

< C ([Tl 2o + 0al” 220

Hence, by the Holder inequality and recalling that supp(5op,) C BSR_I and BOE C B%,
n 2

LP(Dn)>

4k 4k
S (Il Vonlior o + Wl oy Bl 555,

we have

_ *—2
1Anll LoD,y S (H’“’”’p "l oo

|

ﬂn‘vn‘p*iﬂ

4k
S A A
2ry P VTR
4k
Q—2k

+ [18nll Lo (s2v41) [[Uss || e (0 .
L (BQR#\B%)

= o(1),
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as R — oo, uniformly in n. Similarly, in the interior of the ball Brg, (¢,) we find

|

R ([ ol

4k
Q—2k
LP* (Bra, (Cn)) [onll Lo (B g, (c))

4k
_ 0-2%
1Tl o (B, () 1991l 5 B, (o)

4k

S0 = (8 0 pr)Usell - iy 108 © pr)Uoel sy

LP(BRRy, (Cn)) LP(BRR, (Cn)))

S ]

4k

+||Up — (B o Pn)UOOHLp* (B3) (B o pn)Us| fpf(kgré) .

Therefore, recalling the fact that U,, — Uy, in H, k

loc

/ ‘An‘ﬁ dvs —0
BRrr,, (Cn)

as desired. O

(]HIN ), we finally obtain

Lemma 3.9. We have the following energy estimate
E(uy,) = E(uy) — Eg(Us) + o(1).

Proof. We compute

1
E(u,) = = (/ Uy Aopuy dvg +/ Uy Aoty dvg — 2/ U Aag vy, dv5>
2 52N+1 SQN+1 52N+1
1 "
B —— [un|P dog.
p* Jgen+1

(27)

Let us estimate the second term in the identity above
/ 'UnA2kvn de = / /8 © anoo[Qk:(ﬁ © anoo) dUH
S2N+1 HN

= on 32 0 ppUso Lok Uno dvpr + /]HIN B o ppU% Lak(B 0 pn) dvy

+ / B0 ppUsComm(Us, B 0 py) dvog
HN
= Il —+ IQ —+ 13.

Clearly,
Il = / Uoo£2kao d’UH + O(l)
HN
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and using the same argument as in Lemma 3.6,

[ Io] = ‘/ B0 pnUZ Log(B o pn) dvgr
HN

< |U2 9
SNl oy 1245 @ prller + WU o v o

S HUOOH?;%(BOR)HE%W o pn)llLr + ||U00H%p*(HN\B%)H£2k(7)”

12230l g
Q
L2k

for ]lo + % =1, taking p > % and letting n — oo then R — oo, we have that

as n — oo. Now for I3, using (25), we have
15| S |Usol| Lo [|Comm(Usc, B 0 pn)| 17 = o(1).
Combining the estimates of I, Is and I3, we find
/ v Aopvy, dvg = / Uso Lok Uoo dvgr + o(1) . (28)
G2N+1 HN

Now we estimate the third term in (27)

/ Up Agpvy, dvg = / Un£2k(ﬁ © anoo) dvy
G2N+1 HN
- / B0 puln LorlUse dog + / U Uso Lon(B 0 pr) dvp
HN HN

+ U, Comm (U, B 0 pp) dvg
HN

= Iy + I5 + Is.

Let us fix R > 0 and define B,, = BgR,l \B%. For n big enough to have fop, =1 on
B?GRn)*l D) B%, we get

IL— / UnLonUse doir + | Bo puUnLorlUss dvg
BY Bn

and we estimate the second term in the identity above by

B o pnUnLoUs de‘ <C ||UnHLp* (BO ) 1£2kUss | 13,y = 0(1) ,

2Rt

Bn

as R — oo uniformly in n. Hence, since U,, — Uy, in Hfgc

(HY)

= / UsoLotUso dvg + 0(1).
B

0
R
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Let us turn the attention to I

15| =

/ UnUoo£2k (ﬂ © pn) Cl'UH
HN
W0l (W 1288 0 p)ls + [Uoel e 16 g )

where % + % = =. Once again, if we take p > %v and let n — oo then R — oo we get

il

I5 = 0(1)
Also,
[ £s] < [|Unl| o+ | Comm(Uss, B 0 pn)||1r = o(1) .

Combining the estimates for Iy, I5 and I we get

/52N+1 UpAsggvy, dvg = /BO UsoLokUso dvg + o(1) . (29)

R

We consider now the last term in (27). We are going to show that

/ a7 dvg = / un? dug —/ Usl? dvogr +0(1) asn— oo, (30)
S2N+1 G2N+1 HN
Hence, using (28), (29) and (30) to estimate the right hand side of (27) we get

E(un) = E(un) — Ea(Us) + o(1)

as desired. Before proving (30) we make a few observations. Let us fix R > 0 and define
D, = S*N+1\ Brp ((n). First, we notice that for n big enough to have S0 p, =1 on

B% we find
/ TP dvg = / |Up — Uso|P” dugr = 0(1) (31)
BRrry, (¢n) By
as n — 00, since by Lemma 3.6 U,, — Uy in H{ZC (HN) Also,
| foal” dos = | 160 pulsel?” dvg < C Ul dog = o(1), (32)
Dn Bngl\Bﬁ HN\B%
n 2

as R — oo uniformly in n. Moreover

/ Tl dus = / funl?” dus — / ol dos + 0(1) , (33)
Dy, Dy, Dy,

as R — oo uniformly in n. Indeed, for a suitable constant C, independent of n we have
[ Junl” = = o | dvs <€ [ ol dvs € [ fonl™ M dos
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but
/ |En‘p*71|vn| de = / |Un - ﬂ o anoo|p*71’/B S anoo’ d—UH
Da, HN\BY,

5/ |Un—5°PnUOO‘p*_1|UOO|dUH

n

Q+2k

S NUn = B0 pnlUscll 7',y 1ol Lo 5,

S HUOOHLP*(Bn)
=o(1),

as R — oo uniformly in n. Similarly

/ ‘vn’p*—l‘an‘ dvg S / ’/3 © anoo’p*_l‘Un - B o anoo‘ dvg
Dy HN\BY,

Q+2k
S WUsell e () 1Un = B0 puUscll 1o (5

S ||UOOHLP*(BTL)
=o(1),

as R — oo uniformly in n, proving (33). We are ready now to prove (30):

/ L / Tl?” dvs + / T@nl?" dvs
S2N+1 BRrRr,, (Cn) Dy,

o / [Gul?” dvs +o(1)
@) / [l dvs — / [on]?” dug + of1)

:/ lun|P” dvg + o(1)
Dy

= o o o= [ bl dus ot
S2N+1 BRrR,, (Cn)

= / lun|P” dug / |Un|P” dog + o(1).
S2N+1 By

Now, recalling that an |Up|P” dvg — fBO |Uso|P” dvg for any R as n — oo we finally
R R
]

get (30).
Remark 3.1. Let w be defined by (10). Let us explicitly recall that the functions

wA’EZ)\@wO(S)\—I O'Té'—l, )\>0, é-EHNy

are solutions to (3) which have all the same energy

E _Q
Cg = EH(WA@) = aCS * >0, VA>0 andéEHN.
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where Cg is the Sobolev constant in (8). In particular they are the only ones with this
energy ([11]).

Now we conclude the proof of the main result.

Proof of Theorem 1.1 . We define

and by Lemma 3.2 we have

E(ul) = E(u,) — E(uso) 4+ o(1) .

n

By the procedure described above, we find a sequence of points ¢! converging to a
concentration point ¢t € S?V*1 a sequence of radii R} converging to zero, a solution
UL to equation (3) and a sequence v} defined as in (23); therefore we set:

:un—uoo—v}b.

By Lemma 3.9, we get
E(up) = B(uyp) — Ba(Us) + 0(1) = E(un) — E(us) — B (Us) + o(1).

n

Now we iteratively apply this procedure obtaining

m—1
m __ !
Uy = Up — Uoo — E vy,

=1

and
m—1

E(up') = E(un) = Buse) = Y Eu(Us) +o(1) .
=1

Since EH(UCZ,O) > (O for every [ = 1...m, we stop the process when ¢ — mCpg < Cg.

_Q
Indeed, by Lemma 3.3, (PS) sequences at levels strictly below %C < ?* converge strongly
in H* (SQNH), and this concludes the proof. O

4 Existence of infinitely many solutions

In this section we will prove the existence of infinitely many solutions of (3) proceeding
as in [23]. The key idea is to find a suitable subspace of the space of variations for the
functional we are interested in, on which it is straightforward to perform the following
minimax argument by Ambrosetti and Rabinowitz (see [1, Theorems 3.13 and 3.14]).

Lemma 4.1. Let X be a closed infinite dimensional subspace of HF (52N+1). Assume
that E|,, the restriction of E on X, satisfies the Palais-Smale compactness condition
on X. Then, there exists a sequence uy of critical points for E|, such that

/ lup P dvg — 0o as n — oo.
S2N+1
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Let us start by fixing some notations. We denote by O(2N + 2), the group of (2N +
2) x (2N + 2) orthogonal matrices, and

UN+1)={g€O@2N+2): gJ =Jg},

0 —IN+1>
J = .
(IN+1 0

Since the elements of U(N + 1) define isometries on S?V*! and Ay, is an intertwining
operator (i.e. satisfies (5)), it follows that the functional E is invariant under the action
of UN +1):

where

E(u) = FE(uog), forallgeUN+1), (34)

(for a detailed proof see for instance [15]). For a subgroup G of U(N + 1) we define
Xo = {ueH’C (52N+1) D uog=u, VgEG}.

Lemma 4.2. Let G be a subgroup of U(N + 1) such that for any ¢y € SN the G-
orbit of (y has at least one accumulation point. Then, E|Xc’ the restriction of E to
Xa, satisfies the Palais-Smale condition.

Proof. Let u, be a (PS) sequence for E X at level c¢. By contradiction, we suppose
that u, does not admit a converging subsequence in Xs. Hence, by the classification
of (PS) sequence given in Theorem 1.1, we deduce that the set of concentration points

0={ces™.1<i<m}

is discrete, finite and non-empty. Here we have adopted the same notation used in
Theorem 1.1. Let (o € ©. Then, since the (PS) sequence u,, is invariant under the
action of G, if ¢; with i = 1, ..., j, are j fixed elements in G, we have that also ¢’ = g;(o
are concentration points belonging to ©. Again, by Theorem 1.1 and recalling Remark
3.1 we have

J

. ; k-2

=l Bun) = Blue) + 3 B (U5) 2 Blue) +iG505%. (39)
=

On the other hand, by assumption, the G-orbit of {y has an accumulation point, there-

fore © contains infinitely many concentration points of the type (; = ¢;(o. Hence, letting

j — +oo in (35) we reach a contradiction. O

We recall that quite a few examples of infinite dimensional subgroups of U(N + 1)
satisfying hypotheses of Lemma 4.2 are provided in [23] and [15]. Now we prove our
result:

Proof of Theorem 1.2 . Let G be a subgroup of U(N + 1) such that X is an infinite
dimensional vector space and suppose that for each ¢y € S?N*! the G-orbit of ¢
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contains at least one accumulation point. By Lemma 4.2, E Xg satisfies the Palais-
Smale condition, therefore Lemma 4.1 allows to perform a minimax argument ensuring
the existence of a sequence of critical points u, in X¢ for E) Xg such that

/2N+1 [un P dvg — 00 as n — oc. (36)
N

Now, since the functional E is invariant under the action of G, by the Principle of
Symmetric Criticality (see [24]), we have that any critical point of E) x 1s also a
critical point for E. Moreover, to each u,, solution to (2), corresponds a solution

1
Up = AE u, 0C to (3) and (36) implies
L L
/ U, Lo U, dvyg = / AL up o CLayy <Aé’ Uy, OC> dvg
HN HN

= /2N ) Uy Aogtty, dug
S +

.
:/ |un P dvg — 00 as n — oo.
S2N+1

_Q
But all the solutions to (3) of the type wy ¢ have the same energy %C’S 2k (see Remark
3.1), consequently

1 1\ ! 1 1\ 'k _9
wy eLogwy e dvg = ( — *> Ey(wye) = ( — > —C %,
/HN eLokwy e 57 (wxe) 5 oCs

So, it is clear that in the sequence U,, (and hence in the sequence u,,) there are infinitely
many solutions of (3) (or equivalently of (2)), distinct from w) ¢. O

A Appendix

We recall here some definitions and properties for the Riesz potentials on Carnot groups.
So let G be a Carnot group of homogeneous dimension Q and Ay its sub-Laplacian,
then we have

Theorem A.1 ([11]). Let 0 < a < @ and consider h(t,x) the fundamental solution of
the operator —Ap + %, then the integral

1 *® oy
Ru(z) = F(‘;)/o 15U (t, 2)dt
converges absolutely and it satisfies the following properties:
e R, is a kernel of type a. In particular it is homogeneous of degree o — Q)

e Ry is the fundamental solution of —A

® RyoxRg= Roip foraand >0 and a+ 3 < Q.
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o For f € LP(G) and 1 < p < oo, we have that
(—A) "% f = f * Ra.
In this paper, we used the convention
Rof = (=D)75f = f * Ra.
From the integral form of R, one has
Ra(z) ~ [z ~@*

and p(x) = (Ra(az))ﬁ defines a G-homogeneous norm, smooth away from the ori-
gin and it induces a quasi-distance that is equivalent to the left-invariant Carnot-
Caratheodory distance. In a similar way, one can define the function Ry, introduced
in [8], for « < 0 and o & {0,—2,—4,...} by

/ t2 7 h(t, @)dt
0

%
I'(3)

Again, it is easy to see that R is G-homogeneous of degree a — Q and

R, (x) =

Ra() ~ |z]*79.

Using this function, it is possible to define another representation for the fractional
sub-Laplacian, which we use in the proofs of our results.

Theorem A.2 ([8]). If u is a Schwartz function on G, then for 0 < o < 2 one has

(—Ab)%u(x) = PV/G(u(y) — u(x))f%_a(y’lx)dy
Using classical interpolation (or what is it called A-kernel estimates in [9]) one has for
0<a<@Q,

[Raullp S llullg, (37)

for % = % — % and 1 < ¢ < oco. In the case of the Heisenberg group one in fact has
more explicit computations for the operator Lo (see [27]). In fact, one can replace R,

by the expected Green’s function of Lo that is

1
Gok(T) = ek W

and R_, by the kernel
1

sz, = 6n7km

The integral representation formula holds also for the operator Loy in our results, with
R_5 replaced by Kop.
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