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Abstract

We prove the existence of a homogeneous singular solution of the crit-
ical equation
Q+2
—AHn’u, = uQ-2
on the Heisenberg group H", where @ is the homogeneous dimension. In
order to do this, we introduce a suitable concept of normal curvature for
hypersurfaces. Furthermore we study the bifurcation of non-homogeneous
solutions from the homogeneous one.

1 Introduction

The Yamabe problem has drawn a large interest in Riemannian geometry. Its
solution in the compact case (due to the works of Yamabe, Trudinger, Aubin
and Schoen) has constituted a major advance in the fields of geometric analysis
and partial differential equations, and it has been drawing attention until today
(on this topic see, for example, [3] for a general treatment).

In the field of CR geometry, the analogous problem of finding a contact form
with constant Webster curvature (the analogous of scalar curvature) arises even
more naturally, due to the fact that the choice of a contact form on a given
CR structure is determined up to the multiplication by a nowhere zero scalar
function.

On the Heisenberg group, which is the “model” CR manifold, the Yamabe
problem is equivalent to finding the positive solutions of the equation

—Agnu = u%, (1)

where Agn is the sublaplacian and @ = 2n + 2 is the homogeneous dimension
(precise definitions are given later).

The positive solutions of this equation satisfying some integrability hypothe-
ses were classified by Jerison and Lee [13]; geometrically they correspond to con-
formal factors that trasform the standard pseudohermitian structure of H” into
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the push-forward of the pseudohermitian structure of the sphere S+ ¢ Cn+!
with respect to the Cayley transform, up to translations and dilations. This
classification plays an important role in the solution of the CR Yamabe prob-
lem, see [14], [12], [11] and [7].

Additionally to this, it is interesting to study the problem on H"™ \ {0}.
In the Riemannian case all the solutions singular at a point were classified by
Caffarelli, Gidas and Spruck (see [4]). These form a continuous one-parameter
family of radially periodic metrics depending on a parameter 7 € (0, 1], called
Delaunay metrics: for 7 = 1 the metric is homogeneous and corresponds to the
cylindrical metric, and for 7 — 0 tends to a superposition of regular solutions.
This classification has been useful in the study of the profiles of general singu-
lar solutions (see [15]), as well as in the study of blow-ups in the problem of
prescribed curvature (see [17], [18], [5]).

The author of this article proved (see [1]) the existence of analogues of the
Delaunay metrics for small values of 7, constructed by perturbing an approxi-
mated solution consisting of a series of regular solutions suitable dilated. In this
article, it is proved the existence of a solution analogous to the homogeneous
FEuclidean one, that is, homogeneous with respect to the Heisenberg dilations
{6x}r>0 defined in Section 2.

Theorem 1.1. There exists a smooth solution ¥ of the equation

Q+2
2

—AHH\I/ - \IJQ7
on H™ \ {0} such that ¥ ody = AU and U(z,t) = U(|z|, ).

The above result is proved by posing the problem in a variational form, and
then performing a conformal change that trasforms H™ \ {0} in a pseudohermi-
tian cylinder, and imposing symmetries in order to reduce the problem to an
ODE with variational structure.

The main difficulty is that, because of the non compactness of H” \ {0}, the
problem has to be formulated on a closed annulus {z € H" | 1 < |z| < r} (where
|- | is the homogeneous norm), and so one has to put boundary conditions that,
under a conformal change, behave in a treatable way. It is known that the mean
curvature behaves in such a way, indeed the prescription of the mean curvature
of the boundary is considered the most natural boundary condition in the pre-
scribed curvature problem for manifolds with boundary (see, for example, [9]).
In our case there is not such a concept, except in dimension three (see [6]). So
we introduce, in arbitrary dimension, the notion of canonical pseudohermitian
normal curvature. In such a way we can formulate variationally the problem
of the prescription of the Webster curvature with boundary conditions, with a
functional that is conformally invariant.

In the second part of the article, we study the problem of the bifurcation of
radially periodic solutions from the homogeneous one we found (for an intro-
duction to bifurcation theory, we refer to [2]). That is, considering a parameter
T, we want to prove that solutions to equation (1) such that uwo dr =T~ S
bifurcate from the homogeneous solution for infinitely many values of T'. This




problem has a variational structure: the radially periodic solutions are critical
points of the functional

defined on the space

X ={ue Sh(H") [uody =T~ u},

where S}

e (H™) is the Stein-Folland space (see [10]). We prove the following
result.

Theorem 1.2. There exists arbitrarily large values of T for which d* g is
singular, and every such value is a bifurcation value.

The article is structured as follows. After the preliminaries of Section 2, in
Section 3 we introduce a notion of curvature of a hypersurface in a pseudoher-
mitian manifold that serves our purposes. In Section 4 we prove Theorem 1.1
performing a conformal change of contact form, and through the imposition of
natural symmetries. In Section 5 we study the problem of bifurcation.

2 Preliminaries and notation

For a general introduction to CR manifolds we refer to [8], but we recall here
some basic concepts.

A CR manifold is a real smooth manifold M endowed with a subbundle J#
of the complexified tangent bundle of M, T€M, such that # N J# = {0} and
[, C 7. We will assume M to be of hypersurface type, that is that
dim M = 2n 4 1 and that dim 57 = n.

There exists a non-zero real differential form 6 that is zero on Re(H# @ H#);
it is unique up to scalar multiple by a nowhere zero function. Such a form is
called pseudohermitian or contact form. On a pseudohermitian manifold, the
Levi form on S is defined as the 2-form Ly(V, W) = —id0(V, W) = i ([V, W]).
A CR manifold is said to be pseudoconver if it admits a positive definite Levi
form (this implies every Levi form to be definite), it is said nondegenerate if it
admits a nondegenerate Levi form.

An almost complex structure J can be defined on H(M) = Re(H# + ) in
a natural way, by J(V +V) =4(V - V).

There exists a unique vector field T such that 8(T) = 1 and ipdf = 0. This
permits to define a natural Riemannian metric gg, which coincides with the
metric Gy associated to Ly on H(M), and such that go(T,T) = 1 and T is
orthogonal to H(M).

Given a function u € C*(M), the subriemannian gradient is the section Vyu
of H(M) defined by du(X) = Go(Vpu, X) for every section X of H(M), and
the sublaplacian Apu is defined as the divergence of Vyu with respect to the
volume form 0 A (df)™, which is the natural one in such context.



On a nondegenerate pseudohermitian manifold one can define a connection,
the Tanaka-Webster connection. This allows to define curvature operators in an
analogous manner as in Riemannian geometry: the pseudohermitian curvature
tensor is the curvature of the Tanaka-Webster connection, the Ricci tensor is

Ric(X,Y) = trace(Z — R(Z,X)Y),

and the Webster scalar curvature is the trace of the Ricci tensor with respect
to the Levi form.
If § = u?/"0, the transformation law of the Webster curvature is

—~ 2 2
W=y 172" (_ nt Apu + Wu) ) (2)
n

(see [8]). So the CR Yamabe problem leads to the equation

2 2
_an Apu+ Wu = Mt t2/m,

The model pseudohermitian manifold, and the one we will study, is the
Heisenberg group H™, that is the Lie group C™ x R with the product

(z1,t1) - (22,t2) = (21 + 22, t1 + 2 +2Tm(21 - 22)),

endowed with the subbundle spanned by the standard left invariant vector fields

0 _0
Za = @ +7¢Za&a

and with the left invariant contact form

O=dt+iY» (z*dz" —7%dz").

a=1
We will also use the real vector fields

0 0 0 0
Xazi 2(1*7 Yazifzaia
ora P T
which form a left invariant frame for H(M).
On H" with this CR structure the CR subriemannian gradient coincides
with the standard subriemannian gradient given by the formula

n
Vanu =Y (XouXo + YouYy).

a=1
Furthermore in this case the sublaplacian coincides with the group sublapla-
cian given by

n

Ane =3 (XG+YE) =23 (ZaZa + ZaZa).
a=1

a=1



We will use also the Koranyi norm, given by
0] = (=" +)",
and the dilations given by
Sa(z,t) = (Az, A\°t)

for A > 0. Notice that, in the above notation, |dxz| = A|z|.
It turns out that H™ has zero Webster curvature, and so, up to an inessential
constant, the Yamabe problem is equivalent to find positive solution to equation

7AH7LU =uc-2,

(where @ = 2n + 2 is the homogeneous dimension).
An important transformation in the Heisenberg group is the Kelvin inversion

2 H\ {0} — H\ {0}

Jf(z,t)—( iz —t).

t+ilz2" pt

given by

where p = |(2,t)]. A leaves the unit sphere invariant, but, unlike its analogous
on the Euclidean space, it does not fix the unit sphere pointwise.

We recall the following formulas from [16] for conformal changes of pseudo-
hermitian metric, to which we refer also for the notation.

Proposition 2.1. If Z,, ..., Z, is a frame for 3¢, 0,...,0" is the correspond-
ing dual frame, and the connection forms w® are defined by VZ, = w? ® Z3,

then, under the conformal change 6 — 6= e2f9, the Tanaka- Webster connection
trasforms as

O = wh +2(fs0% — fa8”) + 05(f267 — [76,) + F -6

(where F is a function of [ explicitly known, but whose expression is irrelevant
for our purposes).

3 The canonical pseudohermitian normal curva-
ture

Let M be a CR manifold endowed with a contact form 6. Let X be a two-sided
hypersurface in M such that V = dim(TX N H(M)) = 2n — 1 at every point.
If N is a normal vector field to ¥ with respect to gy, the normalization of its
orthogonal projection on H (M),

L, — THOD (N)
|7TH(M) (N)| ’



is orthogonal to V. Let & = —Jv. This is tangent to ¥, and it is canonical
(given an orientation on ). So we define the canonical pseudohermitian normal
curvature of ¥ as

k= g@(vﬁgv V)v
where V is the Tanaka-Webster connection.
Proposition 3.1. Under the conformal change 6 — = u?/™0, K the canonical
pseudohermitian normal curvature of the new pseudohermitian metric is given

by the formula

ku — —v(u) = Wt R

n

Proof. Since § € S and is an unit vector with respect to gy, there exists
an orthonormal frame Zi,...,Z, for € such that Z; + 72, = V2¢. Then
v= ﬁ(Zl — Z1). Because of formula (4.2) in [16], wi = —wj, and so

1 _ _
k= go(Vel,v) = 599(V521 +VeZ1,i(Z1 — Z1)) =
1 _ _
= —ide(wlf(ﬁ)za +wi(€)Za, 21+ Z1) =

i - i — )
= —iwi(ﬁ)Lg(Zl, Zy) — Qw%(f)Le(Zl,Zl) = —iw; (§).
Applying Proposition 2.1, since h;7 = 1 we obtain that
G =wi +2(A0" = [10Y) + 61 (10" = f101) + F -0 =

=w! +3(Z0f0" —Z,f0')  modo.

Considering that after the conformal change the Levi form is multiplied by e2f,
and so the canonical tangent vector becomes & = e~ /¢, we obtain that

%= i (&) = —ie ! (W) +3(Z1f0" — Z1181))(€) =

. 3 _ _ . 3 _
—e k- 7%(21]‘91 —Z 0N+ ) = ek — 7%(21 ~Z)f =
=e Tk —3u(f).
This concludes the proof. O

Recall that the Webster curvature transforms by the formula
—b,Apu +Wu = ,V[V/uH'%,

where b, = 2 + %

Now let us pick a local orthonormal frame Zi,...,Z, of S such that
£ = %(Zn +Z,) and v = ﬁ(Zn —Z,), and let 01,... 0™ be the associated

coframe. Then if esn_1 = %(Za +Z4) and egq = ﬁ(Za —~7Z48), €1y..., €2y, is



an orthononormal frame with respect to Gy. Let e!, ..., e?" be the associated
coframe. Then 0 = %(620‘_1 +ie2®).

So, by definition of the Levi form, we have

n

n . n
do :Z-Zea A BT — % Z(em-l i) A (€207 e = 262a_1 Ae2e,

a=1 a=1 a=1

therefore

OA(dO)" =6 N (Ze%‘l/\e%‘> =nloAe' AL Ae*™ =nlvol, .

a=1

We want to give a variational formulation to the problem of the prescription
of the Webster curvature and the prescription of the canonical pseudohermitian
normal curvature on the boundary.

In order to state the next proposition, we define the differential 2n — 1-form
on OM

oc=e' N2 A NPT (3)

which is independent by the chosen frame. This can be verified by a change of
frame, or alternatively it can be noted that it is the pull-back with respect to
inclusion in M of 4, i7 volg,.

Proposition 3.2. The functional

Qv) = / (bn|Viv|? + Wo?)0 A (dO)™ — cn/ K2 A6,
M oM
where ¢, = %nn! and o is defined in formula (3), is invariant by the transfor-
mation _
0—0=u*"0, v—0=uovu"l. (4)

Proof. Under this conformal change the subriemannian metric transforms as
Gy — u?/"Gy, and so V, = u=2/"V,. Therefore

/ V3]0 A (dB)" = / w2V (u ) 2uP DG A (df) =
M M

= u2/ lu" Vv — u2oVpul?0 A (dO)" =
M

- / (IVyv]? + u™20?|Vyul® — 20" "o Vyu - Viyv) 0 A (dO)" =
M

:/ \va|2+/ (v3|Vylogul® — Vi logu - Vi (v?)) 0 A (d6)"
M M

:/ |va|2+/ v* (|Vylogul* + Ay log u) 9/\(d9)”—n!/ v2ge(Vilogu, )7,
M M oM



where ¥ is the volume form associated to the restriction of gg. It is easy to
verify that for every X in H(M), the restriction of go(§, X)¥ is equal to the
restriction of €2"(X)o A 6. So

/ V3]0 A (dB)" =
M

:/ |va|2+/ v? (|Vblogu|2+Ab10gu)9/\(d0)"—n!/ v?v(logu)a A 6.
M M oM

Thanks to the conformal change formula,

/ Wo20 A (df)" / (=bpu™ "M Apu + Wu™ ) 0?u 2022/ mg A (dO)" =
M

:/ (=bpu " Ay + W)o20 A ()",
M

It holds that

2
Aplogu = div(Vylogu) = div (Vw) = Aou_ [Voul = Apu
u

2 - |Vb logu|2,

u u u

and so
/qu20/\ (df)" /WUZH/\(dG) /(Ablogu+|V;,log‘u|2)v20/\(d9)”.
M

Finally

o 3
/ RUPG NG = / (u‘l/"ff — u_l_l/”u(U)> Vu2ut e A9 =
oM oM n

:/ /<w20/\9—§/ v(logu)va A 6.
oM nJom

By summing the above identities we get the desired result. O

Thanks to the above result, and through standard calculus of variations
methods, one can easily check the following Proposition.

Proposition 3.3. A conformal change has Webster curvature Wy and canonical
pseudohermitian normal curvature k1 if and only if it is a stationary point of
the functional

Twy m, (V) = Q(v) =

/ Wivt2/mg A (do™ + 7716" / k102G A6,
oM

n+1 2n+1

that is invariant by the trasformation in formula (4).



4 Proof of Theorem 1.1

Now that we have a variational and conformally covariant formulation of the
problem of prescribed curvature with boundary conditions, thanks to Proposi-
tion 3.3, we study this problem on suitable annuli, imposing that the boundary
has zero curvature, a natural condition because of the symmetry given by the
Cayley transform. So let us study the problem

—bpApu = utt2/m on A,
—3p(u) 4+ ka,u=0 on OA,

where A, = B, \ By, and B, = B,(0) with respect to the Koranyi norm. The
latter problem is equivalent to find the critical points of

I(v) :bn/ |Vv|29/\(d0)”—cn/ mﬂma—L/ V22 A (dO)".
M oM n+1/y

We restrict the functional to functions such that u(z,t) = u(|z|,t).
Let us consider the conformal change

00 =p 20,
where p = |x|.
Lemma 4.1. The Webster curvature ofg 15

~ 2
W = —bnu_l_%Abu = D" 2D (p") = banzL,

and the canonical pseudohermitian normal curvature of the boundary of A, is
zero.

Proof. We have

o .0
Xaloh) = (5o + 2057 ) (el ) =

= 423 + (J2]* = 22)za +yat) = 4(|2[za + yat);

0 0
4y _ 609 442y _ 2, .
alo) = (o — 20 57 ) (el + ) = (1 — 2t
0 0
Xa(p") =4 (xa + 2y“at) (@ + [Yal*Ta + yat) = 4(J2]* + 2zl + 2lyal*);

0 0
V20) =1 (o ~ 2% g1 ) O + a0 = 0t) = 4ol + 2l + 2 )



X2(p7") = Xa(Xa((p)7"/") = =5 Xalp™" " Xa(p") =

[e3%

n(n+4) _,_g a2 N a2, 4
- AR -8 x _ Dy iy -
T | Xa(p)] 1P a(p”)
n(in+4) n o_,_
= M) o016 (o + yat)? — o A (af? + 2l 4 2y =

=n(n+4)p " *(|x2a + Yat)® — np” " (|2]* + 2|zl + 2lyal?),

and analogously
Y2 (p™) = nln+4)p™" " (|2]*ya — zat)® = np" (|2 + 20zal® + 2lyal?),

SO "
ZX2+Y2 )=

=n(n+4)p7" " (jz° + |z| t2) —2n(n+2)p7" " a]* = —n?pT" T al.

Since u = p~™, by formula (2) we get the desired result.

It can be readily verified that the Kelvin transform is isopseudohermitian
with respect to @ (that is, it preserves the pseudohermitian structure). Also
the transformations of H" of the form (z,t) — (Az,t) with A unitary, and the
dilations, are isopseudohermitian. Furthermore, the function (z,t) — (Z,—t)
is isopseudohermitian from (H",#,60) to (H",,0). So, for every point
x of OA,, there is a isopseudohermitian transformation from (H™, 57, 0) to
(H™, 57, 0) that fixes z, leaves its component of A, invariant, but reverses the
orientation. Since conjugating the CR structure leaves k invariant and reversing
the orientation changes its sign, it follows that k = 0. _

Since the Cayley transform is isopseudohermitian with respect to 6 (that
is, it preserves the pseudohermitian structure), and that the transformations
of H™ of the form (z,t) — (Az,t) with A unitary also are, this shows that by
symmetry that k = 0. O

Therefore, thanks to Proposition 3.3,

T(w) = by /A <|v v|2+n2|p| )0/\ (df)" —

We want to impose that the solution is homogeneous and symmetric, in the
—2
sense that o 8y = A“T"u and u(z, t) = u(|z|,t).
Furthermore we want to express this functional in more convenient coordi-
nates.

o / V22 G A (dB)".
1Ja,

n -+

Lemma 4.2. If v = v(|z],t), in the coordinates | = tlogp € R, T =1t/p? €
[—1,1] and v = z/|z| € S*~1, it holds that

ovl? 1
(1 2)1/2
e Tz -T)

Vol = (1 - )2 e

10



Proof. A transformation of H™ of the form (z,t) — (Axz,t) with A linear is an
isomorphism of the pseudohermitian structure if and only if A is unitary. Since
this kind of transformations preserves the sphere of unit radius, and since the
action of the unitary group is transitive between vectors of the same length, we
can calculate |va|§ in the points of the curve

(V1—12,0,...,0,t).

At such points

0]
Xo=—
Oz,
for every a =1,...,n,
0
Y, = —
Yo
for every o # 1, and
0 s 0
Yi=— —-2vV1—-t2—.
LT oy ot

Using the symmetry of v in x, we get

= —a/n 1 1
V|2 = v/ Vol = 1\Xlu|2 + Z\YWP —

2 2

1| ov ov
- - | == 1— /2| ==
1o T 5
Since 5 o( 2) 5 5
T 1 ,0(t” 1T 4. L9 3
A =5 = t?) = —2tx?;
8331 2T 81‘1 2t2 6.131 ($1+ ) 1
o _10lgp_ 105 1,
dr1 n Ory  4Andx; —
ot 1 __,0(t%) 1., 3 9
- - — _ — (1 — .
ot 2 ot 2t (2t =28 = (1 = #7;
o _ 1ot _ 1
At  4n Ot  2n’
we obtain ) )
~ 1| ov ov
2 _ - |22 1— )2 =] =
Vols=1lan,| T &
1 ov 23w ov t ovl?
S B VO L S 1 — 2172 |1pa %Y . L oV
4‘ gt e T el st g
ovl? 1 wl* 1 ov Ov
— 4201 — 4232 |7V 21— 232 |9V 2 2y329P Y
( ) ot 4n2( ) ol n ( ) ot 0l
ov|? 1 owl> 1 ov Ov
1_ ¢2)5/2 |9V o222t 201 2)3/2, 9000 _
A= g Tt O g R0 e

11



1
(1= )1/2
* 4n2( )

ov|?
al

@2

(1 _ 42)3/2
(1-1t%) 7

By the dilation invariance of 6 we obtain the formula in the general case
Now we compute the volume form.

Lemma 4.3. In the coordinates of Lemma 4.2
A (dO)" =nl(1 —12)"=2/201 A dy A dr.
Proof. The volume form becomes

n!

O

A (dO)" = p~2"t1g A (dO)™ = = v olg, :Wm?” Yd|z| A dy A dt.
By an easy computation
1
d = { 4—t2: d 4ln1_
ol = qrapdle! =) = rmd(e™ (1 - 1) =
1

= me4ln(4n(l — T2)dl — 2TdT) =

_ n oN1/4 g T .
=e (n(l )/ 4dl S0 =) d’t) ;
dt = d(e*"'1) = ™ (2n1dl + d);

1
_ 3nl
dlz|ANdt =e A=y T2)3/4dl Adt,
SO |
oA (dO)" = — Q(LH)(l—T )En=D/4 201101 A gt A dy =
_nl 2\(2n—1)/4 _3nl 1 _
=nl(1 =) "=2D/2d1 A dy A dr,
as desired.

Using Lemmas 4.2 and 4.3 we have that

_b/ ( 2)3/2

n2(1 — 12)1/2) al(1 — )220 A dy A det

ov|?

2
7t v+

al

o n 24+2/n,1(] _ 2)(n—2)/2 _
“+1/TU nl(l — %) dl N dy ANdt

12



logr 2
ov|? 1 ov
= ! n+1)/2 Lo 2v(n—=1)/2|9Y] 2
bnn/ / ( 7t +4n2(1 ) 3l vi+
log r
| - 1
+n2(1 —TZ‘)("*U/?) dl A dt — "j:l/ v+ (1 — 12)(n=2/2g] A gr.
n 0 -1
If T =sin s, then
=0 / / (eoss) 2 | 0 2+i(cos ) h 2+
= Onlt (cos s) 2 ds 4n? 5 ol

log r W

| n 2
+n?(cos s)" " 'v?) di(cos s)ds — e / ’ 022/ (cos s)"2dl(cos s)ds =
n + 1 0 -z
log s

5 2 ?
bnn!/ / (coss)™ < du + 1|
0 _z

n Os 4n2 | Ol

+ n2112> dlds+
log r

|
_ nn! / / 2+2/n COSS)TL ldldS
n+1

Now let us look for homogeneous solutlons. Homogeous solutions in the original
setting correspond to solutions invariant by translation (in the [ direction), and
so let us set 2% =0, and v = v(s). In this special case we have

~ logr [*2
I(v) = !
(v) = byn . /_

I
2

(cos s)™ ((v)* +n*v?) ds+

jus

Il
ik E/2 022/ (cos s)" " tds.
n+l n J_

Bl
The Euler-Lagrange equation for this functional is

ds((cos 5)"0'(s)) 4+ n?(cos s)"v(s) =

ﬁ (cos )" o (s)H2/m,
or equivalently

— cos sv” (s) + nsin sv’(s) + n? cos sv(s) = n

14+2/n
s

on the interval (—g, g), with Neumann boundary conditions, that is also the
Euler-Lagrange equation (up to rescaling, thanks to homogeneity) of

%, (coss)™ ((v)2 +n20?) ds
sy = L3 )ée.

fji v2+2/7(cos s)"~Lds
2

13



Let us define the weighted Sobolev and Lebesgue spaces

X = {u € HL. (fg, g) | /E (cos s)™ ((v)% +v?) ds < oo} )

m™ T
e (33)

Proposition 4.4. X embeds compactly in Y.

/2 (cos )" 1?2/ ds < oo} .

i
2

Proof. Let Z be the subspace of H'(S"*!) formed by functions invariant by
rotation around the last coordinate axis. Every such function is of the form
v(z) = u(cos x"*?), and it is easy to verify thar under such an identification

[l z = llullx -

So this is an isometric isomorphism between X and Z. By Rellich-Kondrachov’s
theorem, Z embeds compactly into LP(S™) for every p € [1, 2%), which by sim-
ilar arguments is isometrically isomorphic to LP (((—g, g) , (cos s)”ds) Given
a>0,qg>1,

/ ’ (cos )" T2 t2/nds = / ’ Mds <
_% —

(cos )@ -

™
2

% 1/‘1 _% 1/‘1/
v+2/Ma(cos s)(n — 1 + a)qu) </ (cos s)_aq/ds> .

(/.

z
If we impose that (n — 1 + a)¢ = n, then taking « small enough, we can find
that p = (2 + %q) < 2% and aq’ < n, getting that

™
2

/ (cos s)" 1?2/ ds < C/
% %

||UHY <C ”U”LT’((COSS)"ds) )

* (0P (cos 5)"ds) M,

that is

and so L? ((%, %) (cos s)"ds) embeds into Y. So we get the thesis. O

Now Theorem 1.1 can be proved, in a standard way, by the direct meth-

ods of the calculus of variation. Since the solution does not depend on r, by
homogeneity this defines a solution on the whole H™ \ {0}.

14



5 Proof of Theorem 1.2

Let Q7 = {1 < |z| < T} be a cylinder in the Heisenberg group. In the following,
all integrals are meant with respect to the Haar measure and volume elements

will be omitted.
1 N
srw = [ (19meal? - o)
Qr

Let
be defined on the space

Xr = {u € SL(H") |uodr = T_Q;2u},

where S _(H™) is the Stein-Folland space (see [10]). Let ¥ be the homogeneous
solution of the PDE

—Agru=u% !

found in the previous section, that is, a stationary point of _#7.

Proposition 5.1. The Morse index of #r at ¥ is finite and tends to infinity
as T — oo.

Proof. The Morse index is finite because the operator on X1 associated to the
bilinear form

& g (0)[u, 0] = /

(VHTLUVHHU — (2* — 1)\112*_211,’[])
Qr

is of the sum of the identity and a compact operator (thanks to the Rellich-
Kondrachov theorem for the Stein-Folland space).

The signature of a simmetric bilinear form remains invariant passing to the
complexification and extending it to a hermitian form. So let us take

(@) = exp (ij\lilog x|> W(z),

where
logT c
2w M '
Then
1 2
d® _Zr(V)[u,u] :/ ‘an (eXp (ilog|:z:|) \I/) — (2 —1)V* 2e? | =
QT M
= / _ L g + Va9 + 2L\IJVH"\1/ Vae|z| — (28 = 1)8? ) =
o, \M?|z|? M|z|

1 1 .
= — P2 42— UV U - Vgelz| — (2 —2)0? | =
/QT (M%P T Y Y Vel = (27 -2) >

15



. 1 1
:—(2*—2/ u2 +/ (\1/2+2\11an«1/-an|$|>.
N NG Ve A Vi

By homogeneity the three integrals

. 1 1
[ [ e [ e v
Qr Qr | Qr ||

are constant multiples of logT', so there exists a constant C such that if M > C
then d?_#r(¥)[u,u] is negative. Given k € N, let T' be big enough so that

x|

21k 1
< —.
logT — C

Then the functions

2
U (z) = exp <i107ig7; log |:17|) U(x)

with m = 1,..., k, are such that d*_Z7(¥)[um, um] < —clog T is negative. If f
is a homogeneous function of degree zero and m # 0 then

- 2mm
9 T exp (1 logr
/ exp (Z 7 10g33|> M:/ daf/ dr <'°gT ) =0.
Qr log T |29 S1 1 r

When calculating
& Jr (V) um, uj)
with m # j, the result is a sum of terms of this kind, so it is zero. So the

functions u,, span a vector space of dimension k on which d _#7(¥) is negative
definite.

In order to apply bifurcation theory, let us rewrite the functional with respect
to the pseudohermitian form given by the conformal change corresponding to
P. So we get the functional

2*>

—~ ~ 1 1
Ir(u) = / <|Vbu2 +-u? — —|u
o 2" T 2
YT:{uESﬁDC(H”)UO(ST:u, / u:O}.
Qp

defined on the space

Let ¥ be the sphere with respect to the Euclidean metric . Let ¢ be a complete
set in L?(X) consisting of analytic functions. So

T 2mm
m = i ' 1 euc
Ve, T (T) = Pk (|$euc1) sin (ZlogT og |z 1>

Lthis is necessary to perform the next steps of the proofs because the sphere with respect
to the Heisenberg metric is not smooth
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is a complete set of functions in H'(27), analytic with respect to the couple
(x,T). SO it is complete also in S*(Qr). With the Gram-Schmidt algorithm, we
can obtain a family of Hilbert bases ¢y 1 of S*(Qr), and preserve the analyticity
property. Let us define the isometry Up between Y7 and Ys obtained sending
Y7 into Yy 2. Let us call

LT = \IJT o %(1) o \I’;l

Then, for every [, k,

(Lrug gk, u2 i)y, = <%(1)Uk,T7ul,T>Y =

T

— i~ *
= Vyue vVt + wp v — (2% — Dug,rug, 7.
Qr

It is an analytic function by the following lemma of immediate proof.

Lemma 5.2. If S: 1 — X, T:I =Y are two analytic vector valued functions
and L : X xY — Z is a bilinear continuous form, then t — B(S(t),T(t)) is
analytic.

So L7 is an analytic operator-valued function.
It holds that

< A;'(l)u7v> = VouVyo+uv—(2*—1)uv = VsuVyo—(2°—2) A(Gru)v =
Qr Qr

= %buﬁbv + (2* - 2)%1,((;'1“’11,)%(7’0,
Qr

where G7 : Yr — Y7 is the Green’s operator, so
7I(1) =1+ (2* — 2)Gr.

Since Lt is, by definition, conjugated to ’\77«’(1), it is of the form I — K(T),
where K(T) is an analytic operator-valued function of compact operators.

Now, by means of known results in bifurcation theory, we can prove Theorem
1.2.

Proof of Theorem 1.2. It suffices to apply Theorem 8.9 in [19]. In our case the
hypotheses of that Theorem are all either trivial or standardly verifiable, with
exception of hypothesis «y, that is consequence of Corollary 8.3 in the same
book. O
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