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Abstract

Here we study the precise blow-up behaviour and obtain a priori estimates for
the finite energy C®-solutions of the equation

22n+1) . o

n+1 =0

u > 0

Apu—n(2n+1)u+

on the odd dimensional spheres S°"*! with standard CR structure, as the ex-

ponent p 22 for p € (1, 3%}], Q = 2n + 2 is the homogeneous dimension.
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1 Introduction

We consider the odd dimensional spheres $2"+! = {¢ € C"*! : || = 1} with the
standard CR structure defined by contact form

n+1
61 =i(@-9)C)? =i ) _(¢d? - {Fd¢?)
j=1
corresponding to the horizontal space Ty o = span{%—, . &%J,-}. The Levi form

given by Lg, (V,W) = —2id6;(V AW ) is a positive definite hermitian form on T} o.
The sublaplacian operator A, is defined on real functions u € C*=(§?"+1) by

/ Apuvhy AdOT = / Lj, (du,dv) 61 A d67 for all v € CF°(S2™+1).  (1.1)
52n+1 S21‘£+1

In this paper, we shall study the precise blow-up behaviour and obtain a priori
estimates for the finite energy C?-solutions of the equation

At — n(2n + 1)u + 22U goyp 0 in §2n+! } (1.2)
0 .

n+1
u

v

asp S 8%% for p € (1, Lig], Q@ = 2n + 2 is the homogeneous dimension. Here, the
energy of a solution u of (1.2)is defined by

£(u) = / (L3, (du, du) + n(2n + 1)u?} 6; A d6f. (1.3)
S2n+1

Observe that for p = 8%, the transformation laws ( equations (3.1)-(3.2) in

[9]) imply that a solution u of the equation (1.2) gives a contact form 8 = u?/™6,
which is “conformal” to the contact form 8; and which has Webster scalar curvature
equal to the function K(£). The form 6; and its images under CR automorphisms
of sphere(which are induced by biholomorphisms of the unit ball in C™*1) have
constant pseudohermition scalar curvature n(n + 1)/2.

As in the Riemannian case, one can consider the problem of finding suitable
function K such that it defines a contact form conformal to the given 6; on the
sphere. Obtaining a priori estimates for solutions of (1.2) is a first step towards
understanding this problem on CR spheres.

For 8™ (n > 3) with the standard Riemannian metric g, the corresponding
equation is

(1.4)

Au— 2022y 4 BB Ky = 0 in 5"
u > 0

where p € (1, 2£Z]. Here for p = 2£Z, 4*#/(»=2)g gives a conformal metric with scalar
curvature equal to K. The equation (1.4) has been studied and a priori estimates
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have been obtained by Schoen and Zhang [12], Li [13](also see references therein),
recently by Chen and Lin [2].....

In this paper, we essentially follow the techniques used by Li in [13], with suitable
modifications and interpretations to obtain similar results for the CR spheres too.
The main difference is that unlike as in Riemmanian case, we need to assume that
the solutions have finite energy. Observe that when we study the blow up analysis
of the equation (1.2), the limiting function is a solution of an equation of the type

Agpesiu + Cul@¥2/@-2) = }

e > 0 (1.5)

on the Heisenberg group H2"*+!, where C is a constant. The classification of all
solutions to (1.5) on H2**+1 s still an open problem. However, if we further assume
in (1.5) that u € L??/(Q=2)_then the result of Jerison and Lee ([10]) gives complete
classification of u. The finite energy assumption ensures that the limiting function
lies in the right space so that Jerison and Lee’s result is applicable.

Furthermore, the curvature functions are assumed to be in the right nonisotropic
Lipschitz space so as to be able to apply the subelliptic regularity results. These
are still in C?, but need not be in C2.

In the next section, we give a definition of a simple blow up point which is still
consistent with one given by Schoen and works in CR case too; in fact it is general
enough to work in the case of nilpotent, stratified groups(which includes IR™). The
definitions and statements of main result are also given in the next section. The
third section contains the necessary information about Heisenberg group. In fourth
and fifth sections, various estimates needed for the proof of the theorem are derived.
The sixth section deals with some local results near an isolated blow up point while
the last section contains the proof of the main theorem.

2 Main results

We consider the Heisenberg group H?*+1 as the set C™ x IR with coordinates (z,t)
endowed with the group action o defined by
(20,0) 0 (2,8) = (20 + 2, to + £+ 2AmY__ 7', (2.1)

Using the complex notations, the CR structure of H>**1 is given by the hori-
zontal bundle spanned by the vector fields

Zo=2+iz@d  ac1.m

0zc ot
The standard left invariant contact form on H2"*t! is defined as

B = dt + Y _(i2°dz* — iz°d2").

The CR equivalence between the sphere S?”t! minus a point and the Heisenberg
group H?**1 is given by the Cayley transform F : §?2"+! — H?"+! = C" x R,
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defined by

S ¢n I—K"'“P)
F(Cla""<n+l)—(<n+1""’cn+1,ll+Cn+1|2 ’

Also, the contact form on the sphere 6; is pull back of the standard contact form
O ie., 0, = F*(l-,.-ﬁ,—l,eo). Let u be a nonnegative function on H2*+1, Then for

v(¢) = 1+ Gasa| w0 F(()

we have the relations

n
bn|dv|3, + Rnv?) 0, AdO} = bn Y | Zoul? | 6o Ad6E, (2.2
1 0
H2n+1

S2n+1 a=1

vP; A d6T

S2n+1 H2n+1

uPOy A d6F 2.3
0

where b, = (n+1)/2(2n+1) and R, = n(n+1)/2 is the scalar curvature associated
to 6,. Define -

Ao(z,t) = |i 4+ w|~(Q@-2/2 (2.4)
where w =t +i|z|?, z € C", t € R. It can be easily verified that the function Aq
satisfies the equation

ApzesiAg + 4n2A7T 972 =0 on H2PHL (2.5)

Infact, Jerison and Lee showed in [10] that every L2?/(2-2)_solution of (2.5)
is obtained from Ag by left translations and dilations (2,t) — (Az,A2t) on the
Heisenberg group.

As in [9], the problem (1.2) on $?**! can be reduced to one on Heisenberg group
H2n+1 a5 follows: if u satisfies the equation

2(Zn++11) Apu — n(n2+ ) u+ Ku®t?Q-2 = on §»+!
then v(€) = Ao (€)u(F~1E) satisfies the equation
n+1

¥l A -141,Q+2/Q-2 _ 2n+1
2(2n+1)AH2 +1v + K(F € 0 on H*"*-.

Thus we need to study similar equations on the Heisenberg group H2"*+1. There-
fore, let @ C H*1, (n > 1) be a bounded domain, 7; > 0 satisfy lim;_,0o 7; = 0,

pi = 8% — 73, and {K;} € T244(R), 0 < a < 1 satisfy
1/4; < K;(§)< A; forall £€Q (2.6)

for some constant A; > 0. Here I'21,(Q2) denotes the set of functions having
horizontal derivatives up to order 2 in the nonisotropic Lipschitz space I'o(2); see
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preliminaries for the precise definition. Note that K; € I'a4o(f2) implies that K; €
Ccl(9).
We consider solutions of equations

(n)K,({)uf‘ in @ } (2.7)

If {max u;} remains bounded as ¢ — 00, then it follows from the subelliptic estimates
that a subsequence of {u;} converges to some function u in C},.(£2)(see Claim 5.3
in Section 5). Otherwise, {u;} is said to blow up. The following notion of isolated
blow up point, introduced in [12] and [13] in the context of Riemannian manifold
can also be used in the CR manifolds:

Definition 2.1 Suppose that {K;} satisfies (2.6) and {u;} satisfies (2.7). A point
€ € Q is called an isolated blow up point of {u;} if there exists 0 < o < dist(¢, 0%),
C > 0 and a sequence & — £ such that §; is a local maximum of u;, u;(§;) — oo
and

ui(€) < Cd(§, &)™ ®~) for all € € B(&:,0).

It will be clear from Remark 5.4 in section 5 that the points £; are uniquely deter-
mined for large <.

Intuitively, according to Schoen [12], a simple blow up point on a sphere S” is
a point where the solution of (1.4) approximates the ”standard solution” upto a
conformal transformation, in a neighbourhood. This definition was further refor-
mulated by Li in [13] using spherical averages. However, his definition does not
seem to work for the Heisenberg group. We observe that one of the reasons is that
the “standard solutions” in the case of CR sphere 52"*! are “not radial’. These
standard solutions are pull back of Ag defined in (2:4)(upto Heisenberg translation
and dilations), via the Cayley transform. Hence we proceed as follows:

For any positive solution u; of (2.7) and 6 in H?"+! with dist(§,0) = 1, we
define the function fy; ¢(s) : [0, R] — IR(for a fixed R > 0) as

Fus0(s) = 2/ T Duy(g; 0 56). (2.8)

Here o is the group action whereas s = s(z,y,t) = (sz,sy,s%t) is the dilation
in H?"*!, We will use the notation fi,o to denote this function whenever the
corresponding function involved is clear.

Definition 2.2 We say that £ € € is an isolated simple blow up point, if £ is
an isolated blow up point and there exists some o > 0(independent of ¢ and 6 €
8B(0,1)) such that f;¢ has precisely one critical point in (0,0) for every 6 €
8B(0,1), for large 1.

We observe that our definition(when considered on IR™) does not imply the one
given by Li in [13] and vice versa; however it will be clear from the following sections
that one can obtain the a priori estimates of [13] using Definition 2.2. Also, it can
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be seen that Definition 2.2 gives a notion of isolated simple blow up points on the
more general nilpotent, stratified Lie groups.

For the Riemannian sphere, it was proved in [13] that the isolated blow up point
has to be a critical point of the function K(§) = lim;_,o K;(§). We shall prove
the same for CR sphere in Proposition 6.1. Hence, it is interesting to see how the
flatness properties of K;’s and K affect the blow up behaviour of {u;}. Also, this
forces us to put conditions on the (usual) gradient VK; instead of the Heisenberg
gradient Vgze+1K;. Thus, the following condition is similar to the one introduced
in [13]:

Definition 2.8 For any real number 8 > 1, we say that a sequence of func-
tions {K;} satisfies condition (x)g for some sequences of constants {L,(8,7)} and
{L2(B,%)} in some region Q; if {K;} € CIPI-1.1(Q;) satisfies

[IVK;lloow:) < La(B, 1)
and if 8 > 2, that
IV*Ki(€)] < La(B,9)| VK:(€)| =1/ 0~1)
for all 2 < s < [B], € € 2, VK;(€) #0.

Please refer to [13] for examples and discussions of such functions K;. We also refer
to [3] for simpler conditions on K;.

We now state the main theorem.

Theorem 2.1 Suppose that {K;} € I'240(S**1), 0 < @ < 1 and n > 1 with
uniform C! modulo of continuity and satisfies, for some positive constant A;, that

Ki(€) > 1/A;, forall &€ §%+1,
For a constant d > 0, let
Qq; = {g € S**!: |VKi(q)| < d}

and suppose there ezists some constant d > 0, such that {K;} satisfies ()g, B >
(Q — 2) for some constants L1(B) and Lo(B) independent of i in Q4. Consider
solutions u; of (1.2), such that

g(uz) < CO, (2'9)

for some constant Cp (independent of 7).

Then, after passing to a subsequence, either
(3) {u;} stays bounded in L=°(S?>"*1) and hence in C>*(52"+1);

or
(ii) {u:} has finitely many isolated simple blow-up points and the distance between
any two blow-up points is bounded below by some positive constant depending only
onn, Ay, L1, Ly, d and the uniform modulo of continuity of VK;.

In fact, if B > Q—2 or {K;} satisfies (x)(q—2) for some sequences Ly (i), La(i) =
o(1) in Qg,, then {u;} has precisely one isolated simple blow up point.
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Here C! is the usual space of functions which have continuous first order deriv-
atives, whereas 'z, and S? are nonisotropic Sobolev spaces which are defined in
preliminaries below.

3 Preliminaries

To denote the elements of H?**! we shall either use the notation (z,t) € C" xR
or (z,y,t) € R" x R® x R where z =z + iy, z = (1,...,%0), ¥ = (Y1, .--»Yn). The
Heisenberg group H2*1 is the space IR*"*! (or C™ x IR) endowed with the group
action o defined by

n
o0& = (z+ 0,y +yo,t + 1o+ 2 zi=1(miy0-; — YiZo,))- (3.1)
We denote by &) the parabolic dilation in H2**! where

6(8) = (Az, Ay, A%t), (3.2)
which satisfies dx(&, © €) = 0 (&) © 8a(€). The norm in H?+! s given by

d(£,0) =l € |l= [(2;‘=1(x% +13) +t2] Tzt @9

It is homogeneous of degree one with respect to the dilation ) defined above. The
associated distance between two points &, € H?**! is defined accordingly by

(&) =lln~" o€l (34)

where 7! denotes the inverse of 7 with respect to o ; in fact, it can be seen that
n~! = —n. We shall denote the Euclidean norm by |- | and the usual inner product
by -.

The vector fields {X1, ..., Xn, Y1,..., Ys, T} defined by

7] 0 .
X, = 5‘1:—i+2yi§, for 1=1,...,n,
0 0 .
},i = Xn+i=5y—i—2$i§, for z=1,...,n,
0
= w

form a basis of the Lie Algebra of vector fields which are left invariant with re-
spect to the Heisenberg group action o. Observe that Z, described in the pre-
vious section is the vector field X, + tY,, a = 1,...,n. The horizontal space
T = span{Z, ..., Z,} gives a left-invariant CR structure on H22+1 and for any
function f on H2*+1, the derivatives along the integral curves of these vector fields
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are referred to as horizontal derivatives. Thus, the Heisenberg gradient (or a hori-
zontal gradient) of a function ¢ is defined as

Vazn+1¢ = (X194, ..., Xn0, Y10, ..., Ynd). (3.5)
The real ljform "
0y = dt + Z(iZjdEj - i’ijdzj)
=1
is left invariant and homogeneous of degree 2. Note that 6y annihilates T} ¢ and
we take it to be the contact form for the CR structure on H2**t1, The Levi form is

given by _ .
Loy(Z5,Zk) :=< —2idy, Z; \ Z}, >= 20k

and for u € C1(H2"+1),

0 = =
du = (5“)00 + Y (Zjudz; + Zjudz;) .
j=1
Therefore, if u is real valued, we have

n

ldulg, = 1Z;ul®

=1

The scalar curvature of H>**! with pseudohermitian structure 6 is identically
Zero.

The subLaplacian operator Agz»+: associated to the contact form 6y is defined
by

Agzotr = Z:;IX? + Y?
n 9% & o2 o? 2, 2, 0%
= Zi=1a_x§+ @"'4%331.& _“‘ay,-at + 4(z; +y¢)ﬁ'

Note that Agz2s.+1 is a degenerate operator, but it is easy to check that X; and Y;
satisfy

[X:, Y;] = —4T6; 5, [Xi, X;] =[¥3,Y5]=0

for any i,j € {1,...,n}. Therefore, the vector fields X;, ¥; (i = 1,...,n) and their
first order commutators span the whole Lie Algebra. Hence, Agzn+: satisfies the
Hormander rank condition, see [8]. In particular, this implies that Ay is hypoelliptic
(i.e. if Agzn+1u € C* then v € C*) and it satisfies Bony’s maximum principle (see
(1])-

Alternatively, we can also express Agyzn+: as

Agze+1 = div(AV) (3.6)
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where V is the usual gradient and A = (a; ;) is the symmetric matrix defined as

a;;j = 0;; for 1<4,5<2n
Giony1 = 2y; for 1<i<n 3.7)
Giont1 = =—2z; for n4+1<i<2n :
Gnt1on+1 = 4l2%
The measure on H?*+! is defined using the contact from 6, as
OoNdiy = nl(20)"dtAdzy AdZI N ... Ndz, ANZ,
n122"dzdt, (3.8)

i.e., constant times the usual Lebesgue measure on IR?**!. The open ball of radius
R centered at & is the set:

BH2n+1(§0,R) ={ne H2ntl . d(n, &) < R}

It is important to note that

meas(Byzn+1 (€0, R)) = meas(Byzn+: (0, R)) = meas(Byzn+1(0,1))R9

where Q) = 2n+2 and by meas we mean the Lebesgue measure. The even integer Q
is called the homogeneous dimension of H?**!, Observe that for R > 1, if B(0, R)
is the Euclidean ball of radius R centered at the origin, then

B(0, R) C Byzx+:(0, R) C B(0, R?).

Let © C H?"*! be an open set. Using the notations of Folland-Stein [7], we
define the non-isotropic Sobolev spaces Si and Lipschitz spaces I'g as follows:

For1 < p< oandk=01,2,..., we say that a function f belongs to the
nonisotropic Sobolev space S%, if f and its distributional derivatives X! f, with
[I| < k all belong to LP. Here X! = X}*,X2,...,X32" where I = (i1,...,42q),
0 < ¢; < 2n is a 2n-tuple such that |I| =41 + -+ + i2p.

S? is a Banach space under the norm

fllsz = lfllkp = D IXT fllp

<k

and C§° is dense in S}, for p < co. Also, note that

I1los = 1511, = ( [ 117 d2) "
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The nonisotropic Lipschitz spaces and their corresponding Hélder seminorms
are defined as follows: for 0 < 8 < 1,

{f€L°°ﬁC°: sup |f(§)—f(€°77)| <OO},

F —
B P N
1£(€) — (o)
r — 1) = F(€om)l.
i P T T A
L = {ferenct: sp HED-2EO+fEon_
EneRintt Il ,
N = swp SEm 2O+ fEon),
€k Il

and for B = k + @' where k is a positive integer and 0 < 3’ < 1,

Ig = {feL*nC’:X/feTy for |J| =k}
To(f) = sup Ty (X“S).

Note that we can also identify H?"*! with its Lie algebra which is Euclidean
space R***! with the Euclidean norm |- | and the linear coordinates z; via the
exponential map. Hence, we can talk of the usual smooth spaces C* for 0 < k < oo.
Please refer to [7] and [6] for relations between the Lipschitz spaces I" defined above
and the usual Holder spaces A. In particular, we have

Ag CTp C Agjs forall B> 0. (3.9)

For H?"+1 the following Sobolev’s theorem holds:(see Corollary IV.7.4 and
IV.7.5 in [14]; also see [6], [7])

Theorem 3.1 Let1 < p< 400, a € N*=N\1 and Q = 2n + 2 be the homoge-
noeus dimension of H**+1, Then,

() if op < Q, |Ifllpq/@-ap) < ClIfllap, for all f € C§>(H?H).
(i) if ap > Q, T(am0/p)(f) < Cl|fllasp, for all f € CF(H2H1).

Furthermore, for m > Q, we have
(3) if ap <m, “f”pm/(m—ap) < CZ;:o ”f”B,P’ forall f € CSO(H2n+1)'

(%) if ap > m, Tammyp)(f) < C g0 |Iflls,p, for all f € Cgo(HH1).

If uw € L} (U) is such that pu € SY(U) for every ¢ € C§(U), then u is said to
belong to S% (U, loc). The space I'g(U, loc) are defined similarly. We also recall here
the Lipschitz regularity theorem(Theorem 10.13) as stated by Folland-Stein [7]:
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Theorem 3.2 Suppose F, G are distributions satisfying Agzm+1F = G on U C
H2+1, Jf G € T3(U, loc) with 0 < B < oo, then F € Tg12(U,loc). If G € LP(U, loc)
and 8 =2—(Q/p) >0, then F € T'g(U, loc).

The distance function on CR sphere S***+1: Asin the Riemannian case, the distance
function on the CR sphere S?"*! can be obtained by the restriction of the distance
function (3.4) defined on H2?"*®, We consider $2**! to be embedded in H2*+3
and for z, w € §?"*1, we have the corresponding points (z,0), (w,0) € H2"*3,
Then

diSt((z’O)’ (w,O))4 = ”(w, O)_l © (Z,O)||4

|z — w|* + 4(Im(z - w))?

= (|22 = 2Re(z - w) + [w]?)? + 4(Im(z - w))?

= 4(1— Re(z-w))? +4(Im(z-w))?

= 4{1 - 2Re(z-w)) + Re(z - w)% + (Im(z - w))?}
4{1 - 2Re(z - w) + |2 - w|?}

= 41-z-w

Therefore,
dist((z,0), (w,0)) = V2|1 — z - w|'/2. (3.10)
Here (z - w) denotes the usual inner product in C™.

It was shown in [11] that this distance (3.10) is equivalent to the distance function
obtained on $?"+! by pulling back the distance on H?*+1( i.e. (3.4)) to §2"*! via
the Cayley transform. Thus it makes sense to talk of distance between two points
on the CR sphere.

4 A Pohozaev identity

Let D C H?*! be open and §%(D) denote the space of all continuous functions
u: D — IR such that X;u, Yju, X?u, Y} u are continuous functions in D which can

be extended to D. Furthermore, let

2 0 0 1o}
X = P— i— 4+ 2t —.
jz:;a:, 0z; ty dy; M

Observe that X is the generator for the one parameter family of dilations in H2»+!
centered at the origin. Using this vector field, we can derive a Pohozaev type integral
identity which is stated below (see [4] for the proof).

Theorem 4.1 Let D C H?™*! be a bounded, piecewise C' open set and let u €
S?(D). Then

2/ (AVu - N)XudHg-2 — / |Vanu2X - NdHg_o
aD oD
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=(2- Q)f |VHzn+1u|2dzdt + 2/ XuAgen+1udzdt (4.1)
D D

where N denotes the outer unit normal to 0D and dHg_o denotes the (Q — 2)-
dimensional Hausdorff measure on H+1,

Here A, Vi2a+1 and Q are as defined in the preliminaries, see (3.7) and (3.5).

Now let B, = {¢ € H?®*1 : ||¢|| < o} denote a ball of radius ¢ in H?**! and u
be a C? positive solution of

—Agzmau=c(n)K()v? in B,. (4.2)

Then multiplying this equation by u and integrating by parts we have

- AVu-NudHg_o + / |Viznr1u|2dzdt = / c(n)KuPt!. (4.3)
9B, B, Bo

Comparing equations (4.3) and (4.1) we have

2 (AV‘U, . N)X‘udHQ_z - / |VH2n+1‘u,[2X . NdHQ_z
8B, 8B,

—(2-0) /a _ (AVe-N)udHg-a +c(n)(2 - Q) /; KuP*! dzdt

-2 | XuKuPt!dzdt.
B,

Using the definition of X and integrating the last term above by parts, we have

Q-2 / (AVu-N)udHg_g — = / |Vizns1uf2X - N dHo_o+
2 Jas, 2 Jas,

(AVu - N)XudHg_»
8B,

= % /B’ X(K)uPt! dzdt + c(n) (p_% - @) . KuP* dzdt

c(n)
= KuPt'X - NdHg_s. 4.4
251 Jos, u Q-2 (44)

Let us denote the boundary terms on the Lh.s of (4.4) by

B(0,£,u, Vi) = 9-'2—‘3(AVU N)u— %[V52n+1u|2X N
+ (AVu - N)Xu. (4.5)

Thus we have shown
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Corollary 4.2 Ifu is a 8%, positive solution of (4.2) then

B(o,§,u, Vgznr1u) dHg_2 = c(n) (4Q— - @—;2)) KuPtldzdt +
B,

8B, p+1 2

c(n) c(n)
=2 X p+1 A A PHly. . .
+ 1 /u (K)uP** dzdt 1 Jon, Ku NdHg_» (4.6)

Proposition 4.3 (i) For u(£) = ||€]|>~°, where Q = 2n + 2 the homogeneous
dimension, and r > 0

B(r,€,u,Vyganr1u) =0 forall ¢ € HB,.

(4) If w(€) = ||€]|>~9 + C + h(£), where C > 0 is a positive constant and h(£) is
some function differentiable near the origin with h(0) = 0, then there ezists o9 > 0
such that for any 0 < o < 09, we have

B(0,&,u, Vigzntiu) < 0.
9B,

Furthermore,

/2
lim / B(o,&,u, Vyzntru) = —(Q — 2)2C|S2”'1|/ cos™ ada 4.7
8B, 0

g—0
where |S?"~1| denotes the surface measure of the unit sphere in IR?".

Proof. For B,, the normal to the boundary is given by N = ,—% where p =

[I€ll = (|2|* + t?)'/4 is the distance function given by (3.3). Therefore Vp =
7% (212%2, 2| 2%y, ), 2, y € R" and
Vp _Xp _ p 2p*
X . N = X . = = =
Vol Vol |Vol  (4]2]® +¢2)1/2

since p is homogeneous of degree 1. Moreover,

202

AVp-N = — 2091 |
Vo N= s nn

Substituting these values in (4.5), by direct computation one can see that
B(o,&,u, Vizat1u) = 0
when u = p?~9.

Proof of (ii). For u(§) = p?>~% + C + h(¢) with h(0) =0 and C > 0, we have

/ B(0,&,u, Vyantru)
8Bo
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—(Q —2)2 o' oLpam
@27 | F ™ rm s (C + h)dHa

I

+

AVh-N (—@z;mp"‘? + @2;2)(0 +h)+ Xh) dHg_»
8B,

2— |2?

4

4

2p
-2 1-QVhzet1p - Vigznsr hot——
(Q ) aBa p H2 +1p H2 +1 (4lz|6 +t2)1/2

2p*
1/2 n 2__*F —2. .
/ ‘/aB, |VH2 +1h] (4|Z|6 +t2)1/2 dHQ 2 (4 8)
We observe that the volume element of the hypersurface
(z,9,t) = (2,t) ER” xR : |z[* + ¥ = 0%t > 0

dHg_»

+

is given by ﬁ'ﬂﬁt’t—z)ﬁdzdy. Therefore,

/ .___|7:|_2__ dH = / ___I_z&__ dz
o8, WP+ )20 T o, (F - [
/2
= o8 / cos” ada (4.9)
0

using polar coordinates in R?". Therefore, the first term on the r.h.s. of( 4.8) will

be
/2

-(Q -2)(C + h)|87 Y cos™ ada.
0
The second term of (4.8) is dominated by

f |AVh|(Q 2) p*QdHg_, <c(h)/ Q=2 0>~ 9dHq-
8B,

where c(h) is a small constant depending on the function k.
The third term of (4.8) is again < 2(Q — 2)c(h) [55_ >~ m&t-,v,—,dﬂq_z

whereas the fourth term

2p*
- 1-QV.0niip- ot h— _
@-2) LBG p H2o+1p - V2 +1h(4|z|6 TR dHg_»

IN

2p*

— 1-Q n o I A _

@-2) [mp Vitesspl| Vool e dHa-2
B

< - S ol B —
S AQ-2Delh) /6ng (428 + £2)1/2 4Ha-

||

2Q — 2)c(h)o*=9 /8 s

/2
2(Q - 2)e(h)o|S? ] / cos@=1/2 5 do
0
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which goes to 0 as o — 0.
Hence it follows that

2
a__LE
-/;B, p (4]2|® + 2)1/2 dHg-2<0

for 0 < 0 < 09, op sufficiently small. Also, since h(0) = 0, taking limit as o — 0,
we see from (4.9) that

/2
lim B(0,¢,u, Vyzntiu) = —(Q — 2)2C|5’2"‘1|/ cos” ada.
o—0 aBo 0

5 Estimates for isolated simple blow up points

Let Q be a bounded domain in H2*+1, 7; > 0 satisfy lim,,eo s = 0, p; = Qfg -7
and {K;} € I'y44() satisfies (2.6). We consider the solutions {u;}’s of

—AH2n+1'U:i = c(n)K,({)uf' in Q
' u; > 0. (5.1)
with finite energy, i.e.
Elus) = / (Vezmsrua]? dadt < Co (5.2)
Q

for a constant Cy independent of <.

In this section, we shall derive estimates for isolated simple blow up points of
{u;}, similar to the ones derived in section 2 of [13]. We state the results below,
giving a sketch of the proof wherever required. The necessity of imposing the finite
energy assumption (5.2) will be clear the in proof of Proposition 5.2 below.

Lemma 5.1 (A Harnack inequality) Let {K;} satisfy (2.6), {w;} satisfy (5.1) and
& — £ be an isolated blow up point. Then for any 0 < r < 1/3c, we have

() <C () - (53)

max min U
(1/2)r<d(€.€:)<2r (1/2)r<d(§.&:)<2r

where C = C(Q, sup;||K;||L(B(£:,0)))-

Proof. Define
v(€) = rz/(”‘_l)u,-(ﬁi orf) for &€ B(0,3),

where o is Heisenberg group operation as defined in the preliminaries (2.1). It
satisfies

—Aggzer10(€) = o(n)Ki(& o r€)w(€)P in B(0,3). (5.4)
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Applying the Harnack inequality ( [15], Theorem 2.1 of [5]) in the annulus By/4\
B;,4 C B(0,3), we have

ess sup v<Cess inf w. (5.5)
Bg/4\Bi/a Bo/a\B1/4

where C = C(Q,sup; ||K||=(B(¢:,0))> Bo/a \ B1/4, B(0,3)). Translating equation
(5.5) in terms of u;, we get (5.3) for all i. Note that the constant C of (5.5) is
independent of ¢ and 7. ]

Proposition 5.2 Suppose {K;} is bounded in I'244(Q,loc), 0 < o < 1, satisfies
(2.6) and {u;} satisfies (5.1) and (5.2). Let & — £ be an isolated blow up point.
Then for any R; — oo, g; — 07, we have, after passing to a subsequence that

i(&) 7 us(& 0 ui (&) TP N/28) — A, 2 ) S &
) o llerzoany < s g

where A;(€) = Ao(Ki(&)Y%€), Ao is as defined in (2.4).

Proof. Let ¢ be as in Definition 2.1, o; = ou;(&;)®~1/2 and set
w;(€) = ui(€:) TMua(& o us(&) TP TI2E) for |I€]| < .

It satisfies the equation

—Apzeiw; = c(n)Ki(& ous (&)™ PV 2wl for ||€]] < i (5.7)

w;(0) = 1 (58)
Vw;(0) = 0 (5.9)
0<wi(§) < ClgI™¥®=D for ||g]| < oy (5.10)

where (5.10) follows from the definition of isolated blow up point. Also, it can be
seen by change of variables that the energy

S(w,) = / |V].12n+1’wi|2d£
B(0,a;)

/ ws(€) P Viggzmsa (€ 0 (€)= V/2¢) d
B(O,ai)

/ ui(6) V2 Vigzna ] (m)us (&) 0P V2P
B(§:,0)

E(us)
Co. (5.11)

Clearly, (5.10) implies that w; are bounded outside the unit ball. Next we prove
that w;’s are also bounded in the unit ball: Suppose by contradiction,

INIA

il_lglowi(ui) = 00, (5.12)
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where w;(v;) = max w;(§). From (5.10) we conclude that ||v; # 1 for all large 3.
B(0,1)
Also, from (5.8) it follows that »; cannot converge to the origin. Hence we should
have ||y;|| > 6 for all large i, for some & > 0. Let v; — . Then ||7] > 6 > 0.
It follows from Lemma 5.1 that forall 0 < r < 1

ceax | wi ¢ < Lyor SRR |, Wi ©)
< 1/21'<1;(121£i)<2r wi (5)
< C ce ngi(Itl)’r) w;(§). (5.13)
Thus,
wi(v;) = i(€)

max w
£€8B(0,||w:l)

min w;
£€8B(0,||v: 1)) (0

< OO/
< C§2/(pi—1)

a contradiction. The third inequality above follows from (5.10). Thus w;’s are

bounded in B(0,1).

Claim 5.3 There ezists a subsequence of {w;} whick converges in CZ (H?"*!) to
a positive function w.

Proof of the Claim: Fix a compact set U C H>**1. For large 3, U C B(0, a;) since
a; = 00 as i — 0o0. By above discussion, {w;} is uniformly bounded where as {K;}
is uniformly bounded by assumption. Therefore, w?**'K; € L2, and hence in L.
forall1 <p< oo.

Now, from Theorem 6.1 of [6] we have, for 1 <p< oo and k=0,1,2,...,

lwillpk+2 < Cok (|| Anzesiwillp,k + [|willp) - (5.14)

Using the fact that w; satisfies the differential equation (5.7) in (5.14), it follows
that w; € S5 (loc) for all p. Furthermore, from (ii) of Sobolev embedding Theorem
3.1 given in the preliminaries, we have locally

I‘(g_Q/p)('w,-) < C”'ll)i“p,z for 2p> Q. (515)

Choose p large such that 1 < @ =2 — Q/p < 2. Then {w;} are uniformly bounded
in T'x (U, loc). Hence, by Arzela-Ascoli theorem, there exists a subsequence of {w;}
converging in C° to a positive function w in U.
It is easy to see that w satisfies
Apzniiw + ¢(n) lim K;(§; o ui (&)~ P V/26)@+2/Q-2 = o (5.16)

w>0, w(0)=L1
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in H?**! and is bounded in the whole space.

From (5.15), w; € T'145(U,loc), 8 =1 — (Q/p) > 0 for large p. Therefore, we
have K;wP*! € I'1,p since K; € I'?*®, Hence, from Theorem 3.2 we can further
conclude that w;, w € T'gyo(U,loc), with B+ 2 > 3. Again, using the fact that
Kw? i+l ¢ I'24o and Theorem 3.2 we have w;, w € I'y4,(U,loc) and hence in CZ ..
Hence the claim is proved. Moreover, (5.11) implies that

/H o w??/Q=29, A dfy < Cp (5.17)

Hence it follows from [10] that
w(€) = Ao(k'/%€)

where k = lim;,o0 ki, k; = K;(&;). Furthermore, if A;(§) = Ao(ki1 / 2&) then it can
be seen that A; is close to Ag for large i. Therefore, given € > 0, for all large i we
have

Ilws(€:) ™ us(& 0 ui(&:) ~P=1/2€) — Ay()llc2(B(0,es))) < € (5.18)
Now, given R; — oo and &; — 0T, one can always choose a subsequence of {w;},
such that (5.6) holds and the proposition follows. a

Remark 5.4 For application of Proposition 5.2, we will choose R; and ¢;(depending
on R;) as follows:

Given R; — oo satisfying (5.6)), we first choose an ¢; such that &; is the only
critical point of u; in B(&;, Riui(€;)~®:~1/2) and for and & > 0, we have

i (&) " s (& 0 wa(&) ™ /%) — Ai(€)llc2(B0,2R:)) < Ei- (5.19)

Furthermore, for a fixed 6 = (zp,to) € 0B(0, 1), consider the function
gio(s) = s(Q"z)/2A,-(30)
s@=D/2 (1 + 2k;s?|20|* + kZs*) (@-Q)/4

where |zo| is euclidean norm in IR*™. It can be seen that g; 4(0) = 0, g;o(s) > 0
and has precisely one critical point which is a point of maximum at s;(6) = k; !
Therefore, for 7; small, the function s% =1 A;(s6) is close to g; ¢ and has similar
properties. Thus, for each fixed § € 8B(0,1), we may further modify ¢; so that

Fui0(8) = 87/ @ Vwy(s)

has unique critical point in (0, R;). Observe that, a priori this &; will depend on 6,
but since 6 varies over a compact set 0B(0,1), we can choose ¢; independent of 6
such that f,, ¢ has a unique critical point in (0, R;) for every § € B(0,1). Thus,
given R; — 0o, we can choose &; — 0% such that

(i) u; has a unique critical point in B(&;, Ryu; (&)~ ®:—1)/2);

(i) fu;¢ has a unique critical point in (0, R;u;(&)~®Pi~1)/2) for every 8 €
0B (€i7 1)’
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Remark 5.5 Suppose further in Proposition 5.2 that 0 is a isolated simple blow
up point. If o is as in definition 2.2, then it follows from (ii) above that the function
fu;,6 is strictly decreasing from R;ui(ﬁi)‘(f’“l)/ 2 to0 0.

Henceforth, we shall denote a ball in H2"*+! with centre origin and radius s by
Bs, s> 0.

Proposition 5.6 Suppose {K;} € T'ata(B2,loc), 0 < a < 1 satisfies (2.6) with
Q=B and .
| VK(y) |< A2, for ally € B, (5.20)

for some positive constant Aa. Let u; satisfy (5.1) with Q = B, and & — 0 be an
isolated blow up point with,

d(,&)" P Duy(€) < As, for allE € By (5.21)
for some positive constant Az. Then there exists some positive constant C =
C(n, A1, Ag, A3), such that

wi(€) 2 O™ ui(&) Aok ua(€)®V/%6)  for all d(€,&) < 1.
In particular, for any e € H2**! with ||e|| = 1, we have
ui(& o) > Cluy (&) @D/
Proof. We observe that ||¢||>~9 is a fundamental solution of the sub Laplacian

Apgza+1 and the proof of Proposition 2.2 given in [13] goes through with n replaced
by the homogeneous dimension Q. m]

Proposition 5.7 Let {K;} C I's4a(Bs,loc), 0 < a < 1 satisfy (2.6) with Q = By
and (5.20) for some positive constant Ay. Suppose also that u; satisfies (5.1) with
Q = B, and & — 0 is an isolated simple blow up point with (5.21) for some positive
constant Az. Then there erists some positive constant C = C(n, A1, Az, A3, 0), such
that,

ui(€) < Cus(&)71d(€,&)*7C,  for all d(€,&) < 1, (5.22)

where o is the constant in Definition 2.2.
Furthermore, after passing to a subsequence, we have

i (&)ui(€) = u(€) = allél>~2 + h() in Cio(B1\{0}),
in By, where a > 0 is a constant and Agzn+r1h = 0.
For proving Proposition 5.7 we need the following lemmas.

Lemma 5.8 Under the hypothesis of Proposition 5.7, except for (5.20), there exists
8 >0, &; = O(R; *°M), such that

ui(€) < Crui(&)™™d(€,&)*"9F% for all Ruui(&)~ V72 <d(¢,&) <1, (5.23)

where \; = (Q — 2 — 6;)(p; —1)/2 — 1 and C; is some positive constant depending
only on Q, A, Az, 0.
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Proof. Let r; = R;u;(&)~®—1/2 5 0 be chosen as in Remark 5.4. Since

Ai(€) = 297972 (14 2ki|2?) + K2(21* + £2)) *~ 9 < )22,
from Proposition 5.2, it follows that

u;(§) < C“i(&)l\i(ui({i)("i‘l)/?(§i—1 o)
< Cu¢(§i)(ui(§i)(p;—1)/2ri)2_Q
Cus(&)R; @ (5.24)

for d(§,&;) = r;. Since 0 is a isolated simple blow up point, there exists ¢ > 0 such
that for every 6 € B(0,1), f;o(s) is strictly decreasing for r; < s < o (see Remark
5.5). Hence for all r; < s = d(¢,&;) < o and for every 6 € B(0,1),

fi0(8) < fip(rs).

Therefore, for all r; < s = d(§,€;) < o, we have

d(€,&)% PNy 6) < CT?/(pi-l)ui(Ei °7'il—éﬂ)
< CQRQ@-2/2+e()
from (5.24). Hence
w(€)P~* < CR7*FWd(g, &)~ (5.25)

for all £ such that r; < s =d(£,&) < 0.
Now consider the operator

Lip = Agzat10 + c(n)Kiuf"1<p. (5.26)

To obtain the estimate (5.23) in the annulus 4; := {£ € H**+! : r; < d(¢, &) < o},
we look for a supersolution ¢; of the operator £; such that ¢; > u; on the boundary
of the annulus A4;. ;From direct computation we have,

Agzns1 (d(E,&)7*) = —p(Q — 2 — )|z — z2d(€, &)™+
where we have used the notation £ = (2,t) and & = (2;,t). Therefore,

Li(d(€,&)7") Apze+1(d(€,&) ") + c(n) Kl d(€, &)™
—u(Q — 2 — p)|z — z%d(€, &)*~* + CR; *H°Md(¢, &)+ 2

It

I

where the last inequality follows from (5.25). Note that gffﬁ-’; = 0(1). Thus we
can choose 6; = O(R; 2+ - 0+ such that we have

Li(d(£,&)™%) < 0 in 4
L£i(d(&&)?97%) < 0in A, } (5.27)
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Now set M; = mng({,—,a)u,-, Ai=1/2(Q -2-46;)(pi—1) — 1 and

@i(€) = Mio%d(€,&)7% + Bu;(&:)~d(€,6)*" 9% in A,

where B > 1 is a constant to be chosen later. By (5.27), it follows that ¢; is a
supersolution of £; in A;. Furthermore,

@i(€) = Mi > ui(§) for d(§, &) =o. (5-28)
Also,

Bu;(&)™d(€, &)~ 97*
Bui(&)R2™9 for d(§,&) =ri. (5.29)

Comparing (5.29) with (5.24), we choose B large such that B > C occuring in
equation (5.24). With this choice of B, we have

vi(§)

2
2

(&) > ui(§) for d(&,&) =1 (5.30)
From (5.28), (5.29) and the maximum principle, it follows that
ui(€) < @i(§) forall r; <d(§,&) <o (5.31)

From Lemma 5.1, for any 8 € 8B(0,1), we have

fiolo) = oV 2u(g 0 0h)

(pi—1)/2 : .
o i erﬁn:a u; (€)

Clo®i—1/2 max o
d(f,fi)=¢7 (g)

C~lo@i=1)/2pf

AV AV}

(see definition of M;). Since f; g is decreasing in the interval (r;,0), we have that
for any s, r; < s < o and § € 9B(0,1)

o®=/2M; < Cf; 0(0) < CFip(s).

Since u; < ¢;,
a(Pi_l)/zMi S(Pi—l)/zui(éi o 30)

Cs(P“l)/z[Mior‘S‘s“"‘ + Biui(&)—f\iSQ—Q+6i]_

INIA

Choose sg = so(0, Q, A2, A3) > O(note that it is independent of §) small such that
ColP~D/2ghi =t < =112/,

Hence
M; < Cus(&) ™.
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Thus from (5.31) we have the required estimate
ui(€) < Cui(&)71d(€,6)%79, forallr <d(¢,&) <o. (5.32)
For ¢ with o < d(£,&;) < 1, we have
d(&,£)97* % ui(€) < uil€)
and from Lemma 5.1

- <
'“z(ﬁ) hS n<d(€ Ez)<1 (ﬁ)
re<d(eg)<1 u(é)

C min u;
d(e’éz ) =0 (g)

C'U:i (61) A,a2—Q+¢Si

IN A

IN

where the last inequality follows from (5.32). Choose C; > Co?~?*%. This com-
pletes the proof of the lemma.

O
Next, we note that the vector field
X = Z(z, -t ) +ad (5.33)
. i ot
on the Heisenberg group differs from the Euclidean Killing field(on IR?"*?)
Z(wz Ui ) +i2 (5.34)
ot

by the factor 2 in the last coordinate. Also, we can write X in a simplified way as
X)) =v()-V (5.35)

where v(£) = v(z,y,t) is the vector (z,y,2t) € R?**!, . denotes the Euclidean
scalar product and V is the usual gradiant.

Lemma 5.9 Under the hypothesis of Proposition 5.7, we have
= O(ui(&)-ﬂ (Q—2)+0(1)).

and therefore
ui(&)™ =1+ o(1).

This lemma can be proved exactly as Lemma 2.3 of [13], using the expression
(5.35) of X.
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Proof of Proposition 5.7. Without loss of generality, we assume that ¢ occuring in
the definition 2.2 is less than 1/2. The inequality (5.22) follows from Proposition
5.2 and lemma 5.9 for d(&,&;) < 7.
Fix 6y € H?™*! with ||fp|] = 1 and set v;(§) = ui(& o 6p)  ui(€). Then v;
satisfies
—Apzat19; = c(n)u; (& 0 0p)P K (€l in B (5.36)

From Lemma 5.1 and arguing as in Claim 5.3, after passing to a subsequence,
{v;} converges in C%_(B2\{0}) to a positive function v € C?(B2\{0}). Since from

loc
Lemma 5.8, u;(&; 0 6p) — 0, taking limit as ¢ — oo in equation (5.36), we see that

v satisfies
AH2n+x‘v =0 in B \ {0}

Moreover, for any 6 with ||6]| =1,
oo = i(& ©80) " fus0 = fop = 897D/ 2y(sh).

Since 0 is isolated simple blow up point, it follows from remark 5.5 that f,, ¢ is
strictly decreasing from r; to . Hence f, ¢ is non increasing near the origin for
every # € OB, which gives a contradiction if v is regular near 0. Hence v must be
singular at 0 and hence we can write

v(€) = allé]I*~ + A(¢)
where a is a positive constant and
Agzsrh=0 in B, (5.37)
We first prove the inequality (5.22) for ||{|| =1, i.e.,
us(& 0 6o) < Cus(&) " (5.38)
On the contrary, suppose
u;(&i)ui(&i 0 0p) > 00 as i— oo

Consider the function v;(£) — h(£) in the ball B;. From (5.36) and (5.37), it follows
that
Apzet1(v:(€) — h(€)) = c(n)u;(&; o o) ™ Ky (€)ul

in Bs. Integrating by parts on B;, we have

- AV(v; —h)-NdHg_o = / c(n)u; (& o o) 1K (€)ulr. (5.39)
831 Bl

Now

lim AV(v; —h)-NdHg_» = / AV(a|[€]]>~9) - NdHg_2 <0  (5.40)
8B,

i—00 8B,
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since using (4.9) we have

ay. _ woe el
[, Avaler)-Nifos = a2-@) [ aViel Gy dHe-s
s

= 2 — —_
W@=Q) | . WP+ e

dHg_»

w/2
= 2a(2-Q)|S™7Y / cos” ada
0

< 0. (5.41)
From Proposition 5.2 and Lemma 5.9,
/ Kl < Cui (&)~ (5.42)
d(€,6:)<Ti

and from Lemma 5.8 and Lemma 5.9,
/ Ka? < o(1)us(e)™ (5.43)
ri<d(£,6:)<1

as in inequality (2.18) of [13]. We can now proceed as in proof of Prop. 2.3 of [13]

to complete the proof of (5.22).
O

Lemma 5.10 Under the hypothesis of Proposition 5.7, we have
[ deeruers
d(§,6:)<r:

w(E) /@D [ p(1+2k |z P +k2p4) 2z +0(1)} ~Q <5< Q,

]R_2n+1
O(ui(&) 29/ @2 log u;(&:)) s=Q,
o(u;(&) 2@/ (@-2) s>Q.
Here we have used the notation p = ||¢|| = (|2|* + t2)Y/* for £ = (2,t) € HZF1,
o(ui(&)~2/(Q-9), -Q<s<Q,
/ 46,6 wEP <{ Ow(E) /@D logu(€),  s=Q,
i <d(€,£:)<1 O(uy(&) ™2/ (n=2)), s>Q

where ki = K,(E,,)
The above inequalities can be obtained by direct computation.

m]
For our future analysis, we need to consider the equation of the type
~Sgaw = dmK(OH(O™E @ BO.2) (5.4)
up > 0 ’

where recall that ; — 0 and p; = gi_g -
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Lemma 5.11 Suppose {K;} € I'aya(B2,loc), 0 < a < 1 satisfies (2.6), (5.20) for
some positive constants Ay, Az and (x)g for {L1(B, i)}, {L2(B, i)} in B for some
2<B<Q, {H;} € CL.(B2) satisfying

A7'SH(0) S As, | VHI(E) < As for all € € By, (5.45)

for some positive constants A4, As. Suppose also that u; satisfies (5.44)-(5.2) and
& — 0 is a isolated simple blow up point with (5.21) for some positive constant As.
Then we have

7 < Cui(&)2+C | VKi(&) | wil&) Q7D + C(La(B,9) + L2(8,9)P!
+Lo(B,8)B-18D/(B-1)+1L, (B, §)(B-2)(B-I8)/(B-1)*)
xu; (&) (2 Q-2 (1B1+(8-(8)/(8-1)) |

where C = C(Q, Co, A1, A2, A3, A4, As,0, f).

Proof. Observe that the generator of one parameter family of dilations around the
point & = (ch, yj, t5) is given by
n
iy 0 i\ 0 i i ; 0
X = JZ=:1((-T - z°)ja_::;,- + - y°)"a—w) +2t -t + 220y - %)y

= y€)-V (5.46)

where v;(§) = v(§7 0 &) = (z — 7§,y — yp, 2(t — t§ + 2(2§ - y — 9§ - ))), and the
corresponding Pohozaev identity for B(§;,1) is

/ B(1,& " o &,u;, Vgzarau;) dHg 2 = o(n) X;(KGH )uPit! dzdt
0B (£:,1) Pi+ 1B,
o (@- 2)) / o
+c¢(n - K;HTiuPitl dzdt
™) (Pi +1 2 By
C('n) . i+1
K:HF P X, - N dHg_. (5.47)

P+ 1Jope)

Also, observe that

WOF = [z —2bl® + Iy — 94 + 4t — 1 +2(zh -y —v§ - 2))?
4(le—zpP+ly— ol + (t —th +2(zh -y — v - 2))?)

4|67 o &|? = 4d(¢, &)* (5.48)

IN N

The proof can be now completed as that of Lemma 2.5 of [13].
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Lemma 5.12 Under the hypothesis of Lemma 5.11 we have,
| VKi(&) IS Cui(&)™2 + C(L2(B,4) + L2(B,1)P 1
+Ly(8,1)B-1BN/(B-1+1L, (B, 5)(B-2)(B-181/(B-1)*)
xu; (&)~ @/ @-2)(1B)-1+(8~(8])/(B-1)

where C depends only on Q, Co Ay, Ay, A3, A4, As, 0, and (.

Proof. Let n € C¢°(By/2) be a cut off function such that

n€) = 1 for [[€][<1/4
= 0 for [[§][=>1/2.

Multiply (5.44) by (8:u)n and integrate by parts. We observe that the matrix 4
defined in preliminaries is independent of ¢ variable. Hence, proceeding exactly as
in the proof of Lemma 2.6 of [13] we have

(p + 1) /8KH"‘u”‘+1 = -;—/(AVui - Vu;)on — /(AVui - Vn)Beu;

c(n) A pgTi—l1 2 Pi
(Pi+1)13/KmHi O H;ul.

From Proposition (5.2) and (5.7) we have

/ 8K HF P+ < C / Ve w2 + Cus(&) "1 + Cri. (5.49)
Bi/2\By/4
As in the proof of Proposmon (5.7), it follows that for any § € 0Bo,) fixed,

the function u;(& o 6)~'us(€) converges in CZ, (Bs \ {0}) to a positive function
v(€) = a1/|€]|2~% + h(€). Therefore,

/ (AVu; - Vu;) = / ]VH2n+1u,-]2 < Cui(éo 9)2
Bi/2\Bi/4 Bi/2\Bi/4
< Cu;(§)? (5.50)

where the last inequality follows from Proposition (5.7). We deduce from (5.49)
and (5.50) that

| | 8:K:HT WPt < Cui(&:)~2 + Ci.
B,
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Using the condition (x)g, we get

BKi(&) / H?
B,

—Cuy(&)™*-0m < L/(&Ki(&') — 8 Ki(€) H uf

18l
< CLy(B.4) / {Zlvxi(&)lw"”/“’-”le - &t
B

s=2
+L2(B, i)(l@-[ﬂ])/(ﬁ-l)L1 (3, i)(B—2)(ﬁ—[ﬁ])/(B_1)2
xd(&, gi)[ﬁ]—1+(ﬁ-[/3])/(/3—1)} uPH, (5.51)

Note that [ H]*uf i+l > C(minpg, u;)?*! since H; is positive. Thus
B,

10:K:(&)] < Cui(&)™2+Cn

18]
+CL2(B,1) / {Z |VK;(&:)| P~/ B=D]jg — g||*~

Bl s=2
+Lo(8,4)B-18)/ (B-D [, (8, 4)(B-D(B-18)/(B-1)*

x ||€ - €i||lﬁ]—l+(ﬁ—[ﬂl)/(ﬂ—l)} it (5.52)

Define the vector fields

_ 7] 7]

;= — — s— <3< )
X; 5z; ZyJat for 1<j<n (5.53)
Y, = -a—+2a;-—a— for 1<j<n (5.54)
i T By Tyt SI=n '

Then, as for 8;K;, we can estimate

/ (G K)H bt < Cuy(6) 2+ Cr;
B

and

< Cui(&) 2+ Cri.

/ (V;Ki)H] u !
B,
We can now use the fact that for 1 < j <n,

‘J@Ki(&wﬁuﬁ‘“
1

< IijKi(fi)HZ‘uf"“
1

+ Uzyj@Ki(gi)H:iufi+1
1
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+ L/ 2$j6tKi(§i)HZiUfi+l

1

L/an+jKi (&)Hub*
1

< IJEKA&)HZW:’"“
1

to obtain the estimate (5.52) for 8;K;(&), 1 < j < 2n. The proof can be now

completed as that of Lemma 2.6 of [13].
O

The following lemma follows from Lemma 5.11 and Lemma 5.12:
Lemma 5.13 Under the hypothesis of Lemma 5.11 we have
7 < Cui(&)™ + C(L2(B,4) + L2(B,7)P 1
+Lo(B,3)B-18)/B-1)+11 (8, 5)(B-2)(B8-181/(B-1)*)
xu; (&)~ @/ (Q@=2)BI+(B-[8)/(8-1))

where C = C(Q, Cy Ay, Az, A3, Ay, As, p, B).

Lemma 5.14 Under the hypothesis of Lemma 5.11, for any 0 < s < 1, we have,
for B =2, that

< Criui(§) ™97 + o] VEi(&) | wi(&)™(972)

/ vi(€) - V(EGHT JuP+
Be (fi)

+OL (B, i)us() /@~

and for 3 > 2, we have

/ Vi)V (KH
B, (&:)

Crii(&:) (@72 + C | VEi(&:) | wi(&:) /@7
+ c{ Lo(B,8) + La(B,1)P~1 + Ly(8,1)P~ BN/ B-D+1L (3 i)w-zxﬁ—wn/(ﬁ—l)’)}
wi(£:) =2/ (@=2)(B1+(8-1)
where C = C(Q, Ai, Az, A3, A4, As, s, B, 0).
The proof is similar to that of Lemma 2.7 of [13].

Corollary 5.15 In addition to the hypothesis of Lemma 5.11, we further assume
that either 8 = Q — 2 and L1(6,1), L2(B,%) = o(1) or B8 > Q —2 and L1(B,1),
L2(B,i) = O(1). Then for any 0 < s < 1 we have

lim ui(ﬁi)2/ vi(€) - V(EGHT ul+! = 0.
1—00 Ba(fi)

Proof. The corollary follows from Lemma 5.14, Lemma 5.13 and Lemma 5.12.

IA

X

O
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6 Local results

In this section we prove some local results regarding isolated blow up points, namely
that an isolated blow up point is a critical point for the function K = lim;_, o K;
and we give sufficient conditions for an isolated blow up point to be a simple isolated
blow up point.

Proposition 6.1 Suppose that {K;} € T24q(Q) with uniform C*(Bz) modulo of
continuity and satisfies
K;(§) 21/A1, &€ By,

for some positive constant Ay and (5.20) for some positive constant As. Suppose
also that
A7V <H;(0) <Ay, |VHi(y) <As forall &€ By,

for some positive constants As, As. Let u; satisfy (5.44)-(5.2) and & — 0 be an
isolated blow up point with (5.21) for some positive constant Az. Then |7 K;(y;)| =
0.

Proof. Suppose |VK;(&;)| — d > 0. Without loss of generality we assume that
& =0 for all <.

Case (i)If 0 is an isolated simple blow up point, then arguing as in Lemma 5.12, we
can get

I / VK; HFul| = o(1).
B,

Then by the uniform continuity of |[VK;| and Lemma 5.10, we have

VE(0) < c / IVEG(€) - VE(O) HFuP+ + o(1) = o(1).
B

which is a contradiction.

Case (i) 0 is not a isolated simple blow up point: Recall, from Remark 5.4, we
know that for every § € 8B(0,1), there exists 7; = Ryu;(&)~®P~1/2 such that
fip = s®P1/2y,(& o s6) has a unique critical point in (0,7;). Let p;(f) denote
second critical point of f; 9. Then

pi(6) = i (6.1)
Define,
p= 5ﬂ£ (1a(6) (6-2)

Since 0 is not a isolated simple blow up point, we have

lim Mi = 0. (6.3)

1—>00

Consider the function
wi(8) = p2/ P Vs (i) for |l€]] < 1/ps.
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From (5.44) and (6.3), it follows that w; satisfies

—Agzetiw; (MK Hi(©)™wf* for |I€]l < 1/ps

NP/ P Dwi(6) < Az, 1€l < 1/ps
ll_glo w;(0) = o0 (6.4)

I

where K;(¢) = K;i(u:€) and H;(€) = H;(us€). Moreover, for 6 with ||6]] = 1,
/O f g = &2 D BV (51,0)

has precisely one critical point in (0,1) since for 0 < s < 1 we have 0 < su; < u; <

(). Hence, origin is a isolated simple blow up point for {w;}.

Applying Lemma 5.1, Proposition 5.7 and subelliptic estimates(see Claim 5.3),
after passing to subsequence we have

Jim w;(0)wi(€) = w(§) = all¢][*~ + A(¢) (6.5)
where q is a positive constant and h satisfies
AH2n+1h =0.
Since w is positive, liminf|¢||o0 2(§) > 0. The Harnack inequality implies that
h = C, a nonnegative constant.
We claim that the constant a occuring in (6.5) is positive: Let §; € 8B(0,1) be
such that u;(6;) = p; then
d ¢ 2/tmi-1)
(—1;{3 f‘wg',ei} Is=l= 0- (6.6)
Multiplying (6.6) by w;(0) we still have
d 2/(pi-1)
Iwi(o){s ' fwi,gi} ls=1= 0.
s
Taking limit as ¢ — oo we see that there exists 8y € 8B(0,1) such that
d ( (@-2)/2
5{8 f'w,Oo} Is=1= 0. (6.7)

Substituting the expression for w from (6.5), we have

0 = %Igl {a[|s¢9o||2'Qs(Q"2)/2 + Cs(Q‘z)/z}
a(2-Q)/2+C(Q-2)/2. (6.8)

and hencea =C > 0.
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Now applying Corollary 4.2 to the equation (6.11) and using Proposition 5.7 to
estimate w;, we have for any 0 < ¢ < 1, that

/ B(G’, 6, w;, VH2n+1wi)
8B(0,0)

¢(n) =~ = o1 oc(n) 5 o oo
> — -V(K;H; it o2 iH; pit
e WALGRCA AT aes §
> X0 ) V(R wE - O(wi(0) ).

pi+1 Bo

We can now complete the proof as in [13].
O

We will now show that under suitable hypothesis, the isolated blow up points
are isolated simple blow up points.

Proposition 6.2 Suppose {K;} € 2., satisfies (2.6) in the ball B(0,2) € H2"+1for
some positive constant A; and (*)g—2 for some constants Ly, Ly in B(0,2), {H;} €
C1(B(0,2)) satisfies (5.45) for some positive constants Ay, As. Suppose also that
u; satisfies (5.44)-(5.2) and & — 0 is an isolated blow up point with (5.21) for some
positive constant Az. Then it has to be a isolated simple blow up point.

Proof: By contradiction, suppose that 0 is not an isolated simple blow up point.
Also, witout loss of generality assume that & = 0 for all 7. We then proceed as in
Case(ii) in the proof of Proposition(6.1) to choose 1i(f), a second critical point of
fi,o with

wi(6) = ri. (6.9)
Again let
; = inf u;(6).
pi= inf Hi(6)
Since 0 is not a isolated simple blow up point, we have
lim u; =0. (6.10)
1—00
Define

wi(€) = w2/ P V(i) NIEll < 1/
As before, it can be verified that w; satisfies the equation
—Agzas1w; c(n)K;(&)Hi(§)"w? in B(0,1/s;)
eI @ Dwy(€) < A, for |lé]l < 1/s:
ilim w;(0) = o (6.11)

where K;(¢) = Ki(s;¢) and H;(€) = H;(s;¢). Furthermore, note that for any
9 € H>1, ||6]| =1,

fuw,,p has precisely one critical point in 0 < s < 1. (6.12)
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In other words, 0 is a isolated simple blow up point for the sequence {w;}. Applying
Lemma 5.1, Proposition 5.7 and subelliptic estimates as in Claim 5.3, we conclude
that there exists a constant a > 0 and a function A such that

w;(0)w; (&) = w(é) = all€][>~ + h(¢) (6.13)

where
Apgze+1h(€) = 0. (6.14)

Since w is positive, lim inf||¢)| 00 A(£) > 0, the maximum principle implies that
h is a nonnegative function. Applying the Harnack inequality, we further conclude
that h(£) = constant = C > 0. Moreover, as in (6.8) we have C =a > 0.

Now applying Proposition 4.3 and Proposition 5.7 to the equation (6.11), we
have for any 0 < o < 1, that

/ B(0,§,vi, Viazet1wy;)
8B(0,0)

c(n) 5 7, pitl _ oc(n) 5 & pitl
> —— v(€) - V(K;H; wf’+ —— KiH,-wf‘

pi+1Jsp, -V ) pi+1JsB,

—(:‘-(ﬂ V({) . V(Kiﬁi)wfi-*-l - O(’wi(O)—pi_l).

pi+1 Jap,

Multiplying this equation by w;(0)? and letting ¢ — oo we have

/ B(G, €, w, VH2n+1w) > lim wi(0)2 / B(O’, f, Ws, VH2n+1’wi)
8B(0,0) B(0,0)

=00
Z hm ‘w,(O)z—c(—nz—/ V'V(Kiﬂi)wfﬁ-l
o0 pi+1l/g,

=0 (6.15)

where (6.15) follows from Corollary 5.15.
On the other hand, from (6.13) and (ii) of Proposition 4.3 we conclude that

/ B(o,&,w, Vyza+1 w) <0
8B(0,0)

for o > 0 sufficiently small, a contradiction to (6.15). This completes the proof.
O

7 Proof of theorem 2.1

Observe that the equation (1.2) can be rewritten as

Apu — n(2n + 1)u + ¢(n) KuQ+2/Q9-2 =0
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where K (£) = uP~2+2/Q-2(¢)K(€) and c(n) = 3(%2 This allows us to use the

transformation laws given in [9] and hence, v = Agu satisfies
Agzer1v + C(’n,)}:-{"Uc‘?"'z/Q—2 =0 in H>™. (7.1)

The following proposition shows that under suitable conditions on the curvature
functions, if a sequence of solutions for (1.2) with finite energy blows up, then the
blow up points are necessarily isolated blow up points.

Proposition 7.1 Suppose that K € T244(S?"*1) satisfies
K(€)>1/A; and |VK|pe < As

for some positive constants A; and Ay. Given R, € > 0, there exist some positive
constants Cy = C§(e, R,n, Ay, A2), Ct = C{ (e, R,n, A1, A2) such that if u; is any
solution of (1.2) with

& (u,) < Co

where E(u;) is defined in (1.3), and
mazgzn+1u; > Cp.

Then there are points S(u;) = {Pl('), ceey P,g')} (1 < k= k(u;) < 00) which are local
mazima of u; such that

( 2) 0 <71 Le.

(ii) for each j, 1 < j < k, and £ a CR normal coordinates centered at P;, we have

||0:(0) ™ Lo; (v:(0) "2/ (@=2)¢) — Ai(€)llc2(B(0,2R)) < € (7.2)

where A;(€) = Ao(K(P;)Y2€) and v; = Agu;. Recall that Ag(€) = C((1 + |2%)% +
£2)-(@-2)/4

(i43) u;(€) < Cp{dist(€,S(us)}~2/ @) for all € € S*™*1. Here dist is the distance
on the sphere described in the preliminaries.

Proof. Let Pl(i) € §?"+1 be such that u,-(Pl(i)) = max u;. Since {u;} is a blow up

sequence, we know that u,-(Pl(i) ) = oo. We do the following analysis for large i:

Reduce the problem to H?**! using the Cayley transform such that the point Pl(i)
is mapped to the origin. Let v; := Agu;. Then v; satisfies (7.1). Define

wi(€) = v;(0) ™ vi(v:(0)~%/ 2 2%),
then w; satisfies

Agzer1w; + c(n)Kiw?+2/ Q-2 _  in H2™H
w;(0) = 1
Ri(€) = Kalws(0)/2-2)u™" (4(0)/9%)
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Also, using change of variables and the relation (2.2) in the preliminaries, it can be
seen that

'/l_.p " IVH2n+1’w1"200 /\d@g = /};z " IVH2n+1’Uz‘|200 /\dog

It

/52"“ (L3, (dus, dus) + n(2n + 1)u?) 61 A db}
< Co.

Using subelliptic estimates as in Claim 5.3, we can conclude that a subsequence
of {w;} converges in CZ, to A;(€) = Ag(k/2¢) which is the solution of

loc

ApzesiAp + c(n)kAPTYQ72 =0 in H2H (7.3)

. o 1/2
where k := lim,_o0 Ki(PP). Let A; = Ao(K:(P®)'"%€), then limimeo As = Ao.
Hence for given € > 0, it follows that

llwi(€) — AillBo,2r) <& (7.4)
Choose € < min¢j=rA:(§)- Then for ||£]| < R, we have
wi(€) = vi(0) 1vi(i(0) T/ A7) < e+ Ai(€) < 204(6)

ie.,
(l1€l1vs (0) =2/ (@=D)(@=D) 2y, (v;(0)~2/22%¢) < C

for some constant C which implies that
wi(§) < Cd(g, )~/ ®D)

in a neighbourhood of the point Pl(i).
Without loss of generality, if we further choose ¢ < 1/2lim;_,o minpg,1) As-
then from (2.3) and (ii) of Proposition 7.1 we have,

/ Kaulito, Ado, = / Kw? 00 A dfo
B(Pu;) B(0,v;)
> [ K (Aw0/@ D - )" duat
B(0,v;)
> C1/AeP+19;(0)~™|B(0,1)|
> 0, (7.5)

where B(P, u;) := B(P,u;(P)~%/(@-2),
If the inequality .
ui(€) < Cd(¢, PY)=2/®:=D)
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does not hold for every £ € 5"*1, then we may repeat the above argument by
taking P{”) to be a maximum of the function d(¢, P2/ =Dy, (g).

Observe that, for each fixed i the integral f Kaf *1 is finite as the function u;
is smooth. Hence, there are only finitely many points in the set S(u;) since from
(7.5), each ball B(Py, u;(Pyx)~% ®—1)) contributes a positive amount to the integral
f Kiuf""’l.

This completes the proof.

]

After passing to a subsequence, if {u;} stays bounded in L>°(52"+1), then subel-
liptic estimates (as in Claim 5.3) further imply that it remains bounded in C?°,
0<a<l

However, if the sequence {u;} blows up, then in view of Proposition 7.1, Propo-
sition 6.1 and Proposition 6.2, under the assumptions of the Theorem 2.1 it follows
that {u;} has only isolated simple blow up points. Depending on the assumptions
on 'flatness’ of K;, we consider following two cases:

Case 1 of theorem 2.1. K; satisfies (¥)g, 8 > Q — 2 in Qq; with L,1(B) and
Ly(B) constants independent of i:

Under this assumption, we prove that the isolated simple blow up points are
separated by a fixed, positive distance.

Theorem 7.2 Suppose that K € C1(S§?*+1) satisfies, for some positive constant
A1 5 that
K(q) > 1/A;, forall qe 8%+

Suppose also that there erists some constant d > 0, such that, K satisfies (*)(n—2)
for some constants Ly and Ly in Qg = {q € S***!| |[VK(q)| < d}. Then fore >0
and R > 1, there ezists some positive constant 6* = 8*(n,e, R, A1,Ly,Ly,d the
modulo of continuity of VK) > 0 such that for any solution u of (1.2)-(2.9) with
maxgzn+1 4 > Cg we have

G5 —al 28, forall 1<j#1<k,
where g; = ¢;(v), @t = qi(w), k = k(u) are the ones defined in Proposition 7.1.
Proof: Suppose that there exists a sequence {u;} such that
lim infd(¢?, ) = 0.

1—>00 j#l
Without loss of generality, let
d(e,67) = mf (e, &) — 0. (7.6)
J

From Proposition 7.1, it follows that the balls B(¢{", Ru; ®*~"/2) and B(¢{?,
Ru; P~1/2) are disjoint. Hence (7.6) implies that

Jim (607 = 00 = limi—soous (€.
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Take the Cayley transform from $%7*1 to H2*+1 such that {,(1) is mapped onto

the origin. We continue to denote the image of §; @ £§2). Let v;(€) = Ao(&)ui(§).
From (7.1), it satisfies the equation

Agzo1v; + c(n)K;ATv* =0 in H2H! (7.7)

where 7; = 8% — p;. Observe that this is similar to the equation (5.44) with
H;(§) = Ao(§)-

Let 0; = ||£§2)|| — 0 and without loss of generality suppose that {,(2) is a point
of local maximum of u;. From the blow up analysis, it is clear that there exists a
constant C(n) depending on n such that

> Gy PxRas(0) /2, Ro(?) e,

We rescale the function v; by defining
wi(€) = o}/ ® Vui(0i€) in |lgll < /0w
It satisfies the equation

e = GORECE n l<yn L
w,({) > 0 in “f”<1/0¢.

where K; = K;(0:¢), H; = H;(0:£). It follows from Prop. 7.1 that

€17 ® Do) < C1 i |Igll < 1/20;
I - gI¥®Du(e) < €1 in [le- &Il <1/20

It follows that

lim; 00 w;(0) = lim; 00 wi(0; 1€?) = 00
|17/ PV (ﬁ) < G in |l¢fl<1/2 (7.9)

|l€ — o7 1E2||¥ @D (€) < C1 in |- €| <1/2

i.e., both 0 and o} 1{,@ are isolated blow up points for {w;}. Infact, we claim
that they are isolated simple blow up points. From Proposition 6.1, it follows that
|[VK;(0)| — 0and that |VK;(o; 1§§2) )| = 0. Since o; — 0, we consider the following
two cases:

Case (i): |VK;(0)| > d for large i.
Suppose 0 is not a isolated simple blow up point. Therefore, there exists u; — 0,
chosen as in (6.2) i.e.,

;= inf p;(0
7 ”o”=llh()

such that p;(0) is a critical point of fu,g¢, @ € 8B(0,1). Clearly, u;(8) > r; =
Riu;(0)~(®:—1/2,
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Now consider the function &;(£) = s2/®i=Yaw; (u;€) in ||€]| < 1/p:. From (7.8)
and (7.9), it can be verified that ; satisfies

~ApnnBp; = (KB 0P in |l€]] < 1/p

P/ ®=ay(6) < G in ||€ll <1/si (7.10)
lim.,'..)oo’lfl-i(()) = o0
ag;|3=1f171,-,9.- = 0,

where K;(€) = Ki(ui€) = K:i(us0:€) and similarly, H;(€) = H;(u;0:€). Moreover

fw.,0 has precisely one critical point in the interval (0, 1) for every 6 € 8B(0,1)
(7.11)
Thus 0 is a isolated simple blow up point for ; and from subelliptic theory (as in
Claim 5.3), Proposition 5.7 and Lemma 5.1, we conclude that there exists a positive
constant a and a function h with Agza+1h = 0 in H2°+! such that

@i(0)®;(€) = w(€) = allEl*~? +h(€) in CLo(H*™ 1\ {0}). (7.12)

Since w is positive, lim inf||¢|| 00 A(§) > 0. The maximum principle implies that
h is non negative. We can further apply th Harnack inequality to conclude that
h(€) = constant = C > 0(say). Let 8; be such that y; is a critical point of f,, ¢,and
lim; 00 0; = 8 € 3B(0,1). Then,

d . d
Z5ls=1fws = M —le=1fa.0. =0

and hence as in proof of Proposition 6.1 we get
C=a>0.

Thus, for any 0 < 0 < 1, we have
/ B(o,¢&, ‘Lfli,VHznd»ﬂf)i). (7.13)
8B(0,0)

On the other hand, applying Corollary 1.1 and Proposition 5.7 to (7.9), we have
for0<o<1,

/ B(0,&,w;, Vyze+r11;)
8B(0,0)

> 2o / W(©) - VAT - 0L K:H[a} X - N dzdt
P+1 /B0 Pi +1 Jp(0,0)
c(n)

2 / v(€) - V(EHT )@ - O(@i(0)77Y).
B(0,0)

p+1

Multiplying by ;(0)? and taking the limit as i — oo, we have
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/ B(O’, {, w, VH2n+1w)
8B(0,0)

= lim @;(0)? B(0, &, W;, Vigznt110;)

100 8B(0,0)
> lim wi(O)zﬂ v(€) - V(KA )wPt? (7.14)
T ioeo Pi +1 JB(0,0) o

Now as in proof of Proposition 4.2 of [13], we can show that

lim ;(0 2 o) v(€) - V(K:H)aP ! =0
Jim ()pi+1 00) (6) - V(K:H* )w;

which contradicts (7.13). Hence 0 is an isolated simple blow up point of {w;}.

We can similarly show that ¢’ ?) is also an isolated simple blow up point.

Case (ii): If [VK;(0)| < d, then from the hypothesis, K; satisfies the condition
(¥)n—2 there and it can be seen that {K;} satisfies (*)n—2 for L;(2), L2() = o(1)
in By € H?*+1, Therefore, Proposition 6.2 implies that 0 and o} 1{,(2) are isolated
simple blow up points in this case too.

Because of property (iii) in Proposition 7.1, the set S of blow up points for {w;};
is countable with distance between any two points atleast one due to the rescaling.
Also, the Harnack inequality implies that the function

w;(O)wi(§) = w() in CL(H™\S)
w(é) > 0.

Since 0 and o} 1{52) are isolated simple blow up points, it follows that w is singular
at 0 and €@ = lim; 00 0 1{52) . Also, observe that the points at which w is singular
is contained in S. Therefore, using subelliptic estimates and maximum principle as
before, we can write

w(E) = allElP 2+ a6 - €P|P2 + h¢) in H™\{S\{0,6®}}
where

Agzsih(€) = 0 in H2H\ {S\ {0,6®}}
R > 0 i H™\{8\{0,6®}}.

Therefore, from Proposition 4.3 for 0 < ¢ < 1 small we have

/ B(a,{,w, VH2n+1'w) < 0. (7.15)
9B,
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However, using (7.8) and Corollary 4.2 we have

/ B(O‘, {, w, Vﬂzn+1'w)
dB(0,0)

= lim wi(0)2/ B(o,&,w;, Vgznt1w;)
8B(0,0)

i—>00
N ez <) (K HT Pt

= zl—lglo ’Uh(o) pi+1 B(0,0) 1/({) V(Kle )wz

= 0. (7.16)

The last inequality follows from Corollary 5.15 and the fact that K; satisfies (*)g-2
for Ly(¢), L2(i) = o(1) in the Case (ii). Whereas, for Case (i) we conclude it from
the direct estimates as in Proposition 4.2 of [13].

The equations (7.15) and (7.16) give a contradiction and the proof of Theorem

7.2 is complete.
a.

Case 2 of theorem 2.1.Fither K; satisfies (x)g, for B > Q — 2 in Qq; with
L1(B) and Ly(B) constants independent of i, or K; satisfies (x)g—2 with L1(z),
Ly(i) =0(1) in Qq; :

Claim: {u;} has precisely one isolated simple blow up point.

Proof:Suppose on the contrary that there exists points 5,(1) , ,@) € g2+l ¢(1) £ £(2)

such that lim; o0 % () = 00 = lim;_00 us(€®). Let €M - €M, £® 5 £® and
suppose that £(1) £ £(2),

Without loss of generality, we may also assume that £(!) and £@ are not an-
tipodal points. As in the previous proof, we reduce the problem to H2"*! using the
Cayley transform, using the same notations for the images of the points under this
map such that €D > 0 and €@ — ¢®. We may further assume that £, £ are
both local maxima of v; := Agu;.

The function v; satisfies

Agzer1v; + c(R)K;ATFVP =0 in H2HL,

Moreover, in this new coordinates, K; satisfies (x)g for some constants L} (3), L5(3)
independent of ¢ or the condition (*)g—2 for some constants L (3), L5(¢) = o(%) in
some open set of H2"+! containing 0 and £2).

We conclude that 0 and {,@ are isolated simple blow up points from Theorem
7.2. Note that Theorem 7.2 infact implies that the number of blow up points
for u; is bounded by some constant independent of i. Therefore, there ex ists a
finite set F C H2*t1 such that 0, £ € F, constants a;, a2 > 0 and functions
h(£) € CO(H™F1\ F), g(£) € CO(H>H1{\F {0,£}}), such that

h”’h—»oovz(O)vz(é') = h({) in Clooc(H2n+l \_7'.)
ME) = aillEl*"?+aallE - €PN +g(§) in H*FI\F
Agz+1g(§) = 0 in H™\ {F\{0,£°}}
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and h is singular near F. Since A is positive, maximum principle implies that
920 in H™1\{F\{0,£}}.
Therefore, there exists a constant A > 0 such that for £ near 0 we have
h(€) = al¢]*~2 + A+ O(§).

Applying (ii) of Proposition 4.3 we conclude that for o small

B(d,ﬁ, vi,VHan'v,-) <0.
3B,

whereas, the Corollary 5.15 implies that

Jim 507 [ 6)- VUKHF)E =0
Bo

a contradiction.

O
ACKNOWLEDGEMENTS: We thank Prof. Abbas Bahri for suggesting the
problem and for being constant source of encouragement. We also thank Prof.
Adam Koranyi and Prof. Yanyan Li for fruitful discussions. Prof. Koranyi sug-
gested the proof of obtaining the distance on CR-sphere as a restriction of the
distance on the Heisenberg group(see preliminaries). Finally, the authors acknowl-
edge the funding from the Indo-French Center for Promotion of Advanced Research,
under the project 1901-2.

References

[1] J.M. Bony, Principe du Mazximum, Inégalité de Harnack et unicité du problée de
Cauchy pour les operateurs elliptiques dégénérés, Ann. Inst. Fourier Grenobles 19
(1969), no.1, 277-304.

[2] C-C. Chen and C-S. Lin, Estimates of the conformal scalar curvature equation via the
method of moving planes, Comm. pure and Appl. Math. 50 (1997), no.10, 971-1017.

[3] W. Chen and C. Li, A priori estimates for prescribing scalar curvature equations,
Ann. of Math. (2) 145 (1997), no.3, 547-564.

[4] N. Garofalo, E. Lanconelli, Ezistence and nonezistence results for semilinear equations
on the Heisenberg group, Indiana University Jr. 41 (1992), no.1, 71-98.

[5] G. Citti, N. Garofalo and E. Lanconelli, Harnack’s inequaltiy for sum of squares of
vector fields plus a potential, American J. of Math. 115 (1993), 699-734.

[6] G.B. Folland, Subelliptic estimates and function spaces on nilpotent Lie groups, Arkiv
f'ur Math. 1 (1975), no.3, 161-207.

[7] G.B.Folland and E.M. Stein, Estimates for the 8, complez and analysis on the Heisen-
berg group, Comm. in Pure and Applied Math. 37 (1974), 429-522.



Solutions of “sub-critical” equations on CR Sphere 395

[8] L. Hormander, Hypoelliptic second order differential equations, Acta Math. 119
(1967), 147-171.

[9] D. Jerison, J.M. Lee, The Yamabe Problem on CR manifolds, J. Differential Geometry
2 (1987), 167-197.

[10] D. Jerison, J.M. Lee, Extremals for the Sobolev Inequality on the Heisenberg group
and the CR Yamabe Problem, J. of Amer. Math. Soc. 1 (1988), no.1, 1-13.

[11] A. Korényi and S. Vigi, Cauchy-Szegé integrals for systems of harmonic functions,
Ann. Scuola Norm. Sup. Pisa (3) 26 (1972), 181-196.

[12] R. Schoen, D. Zhang, Prescribed scalar curvature on the n-sphere, Calc. of Var. Partial
Differential Equations 4 (1996), no.1, 1-25.

[13] Y. Li, Prescribing scalar curvature on S™ and related problems, Part 1, J. of Differ-
ential Equations 120 (1995), no.2, 319-410.

[14] N.Th. Varopoulos, L.S. Coste and T. Coulhon, Analysis and Geometry on groups,
Cambridge University Press, 1992.

[15] N.Th. Varopoulos, Fonctions harmonigues sur les groupes de Lie, C.R.Acad.Sci.Paris
Sér I Math. 304 (1987), no.17, 519-521.



