THE SCALAR CURVATURE DEFORMATION EQUATION
ON LOCALLY CONFORMALLY FLAT MANIFOLDS
OF HIGHER DIMENSIONS

YU YAN

Volume 237 No. 2 October 2008



PACIFIC JOURNAL OF MATHEMATICS
Vol. 237, No. 2, 2008

THE SCALAR CURVATURE DEFORMATION EQUATION
ON LOCALLY CONFORMALLY FLAT MANIFOLDS
OF HIGHER DIMENSIONS

YU YAN

We study the equation Agu — (n —2)/(4(n —1))R(g)u + Ku? = 0 for p in
1+¢ <p =<(@m+2)/(n—2) on locally conformally flat compact manifolds
(M", g). We prove that when the scalar curvature R(g) =0 and n > 5,
under suitable conditions on K, all positive solutions u with bounded energy
have uniform upper and lower bounds. In our previous 2007 paper, we also
assumed this energy bound condition for the uniform estimates in the lower-
dimensional case. We now give an example showing that this condition is
necessary.

1. Introduction

Let (M", g) be an n-dimensional compact manifold with metric g, and denote by
R(g) the scalar curvature of g. Let u be a positive function defined on M. The
scalar curvature of the conformally deformed metric u*/ =2 g is given by

R(u4/("_2)g) _ c(n)—lu—(n+2)/(n—2)(Agu —c(m)R(Qu),

where c(n) = (n —2)/(4(n —1)).

The Yamabe theorem, which was proved by Trudinger [1968], Aubin [1976]
and Schoen [1984], says that there exists a u > 0 such that R(u* =2 g) is equal
to some constant K. The PDE formulation of this theorem is that the equation

Agut —c(n)R(g)u+ c(n)Ku"t2/0=2 =0

has a positive solution for some constant K.

J. Escobar and R. Schoen [1986] extended this result to the case when K is
a function on M. They proved that, under certain conditions on K, the above
equation has a positive solution # when R(g) > 0 or R(g) =0.

In fact, the solution in those existence results minimizes the associated constraint
variational problem and can be obtained as a limit of a sequence of solutions of
the corresponding subcritical equations. Therefore, a natural question is whether
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nonminimal solutions can also be produced from solutions of the subcritical equa-
tions. We would like to know if there are uniform estimates for solutions of the
equation

()  Agu—c(n)R(gu+Ku?=0, where 1+¢<p=<(n+2)/(n—2).

This was proved to be true by Schoen [1988a; 1991] when K is a positive
constant, R(g) > 0, and (M", g) is locally conformally flat and not conformally
diffeomorphic to $”. When the manifold has dimension n = 3, the work of Y. Li and
M. Zhu [1999] shows that the same estimates hold when the locally conformally
flat condition on M is dropped. This result was extended to dimensions n = 4, 5
by O. Druet [2003; 2004], and then to dimensions n < 7 independently by Y. Li
and L. Zhang [Li and Zhang 2005] and F. C. Marques [2005]; when the dimension
n > 8, it was proved by Li and Zhang [2005] under an additional assumption on
the Weyl tensor of the backgroud metric g.

When K is a positive function, Y. Li and M. Zhu [1999] obtained uniform es-
timates for the solutions when (M, g) is a 3-dimensional compact manifold with
R(g) > 0 and is not conformally diffeomorphic to S3. When the dimension n > 4,
the same estimates hold on a locally conformally flat, scalar positive, compact man-
ifold that is not conformally diffeomorphic to S”, under the following additional
flatness condition on K: near each critical point of K, there exists a neighborhood
and a constant Cy such that in that neighborhood

[VPK| < Co|VK|2Fe=P/=3+) ford < p<n—2,

where € > 0 and VP K is the p-th covariant derivative of K. This result is proved
by fine blow-up analysis similar to the analyses in [Li 1995] and [Schoen 1988a].
In [Yan 2007], we studied this problem on 3 and 4 dimensional locally confor-
mally flat compact manifolds with zero scalar curvature. In this paper, we consider
the higher-dimensional case n > 5.
When the scalar curvature R(g) = 0 on the manifold M, Equation (1) becomes

) Agu+Ku?’ =0, where 14+¢<p<(n+2)/(n—-2).

The necessary conditions for the existence of a solution u > 0 are that K changes
signon M and [,, Kdv, <O.
The corresponding existence result is as follows.

Theorem 1.1 [Escobar and Schoen 1986]. Suppose M is locally conformally flat
with zero scalar curvature. Suppose K is a nonzero smooth function on M sat-
isfying the condition that there is a maximum point Py € M of K at which all
derivatives of K of order less than or equal to (n — 3) vanish. Then K is the
scalar curvature of a metric g = u*' "2 g for some u > 0 on M if and only if K is
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such that K changes sign and | v Kdvg < 0. When the dimension n = 3 or 4, the
flatness condition on K is automatically satisfied, and the locally conformally flat
assumption on M can be removed.

There is a compactness theorem when the dimension of M is equal to 3 or 4:

Theorem 1.2 [Yan 2007]. Let (M, g) be a 3- or 4-dimensional locally conformally
flat compact manifold with R(g) = 0. Let # := {K € C3(M) : K > 0 somewhere
onM, fM Kdvg < —Cx ' <0, and | Kllc3my < Ck} for some constant Ck, and
let Sp :=={u :u > 0 solves (2) with K € ¥, and E(u) := fM|Vu|2dvg < A}. Then
there exists C = C(M, g, Ck, A, ) > 0 such that u € Sy satisfies |ullc3py < C
and ming; u > C— 1.

In Section 2, we will give an example that shows that these estimates cannot be
improved to be independent of the energy E (u).

Next we give a similar theorem on manifolds of dimension n > 5. We first need
to define a flatness condition on K as follows.

Definition 1.3. A function K € C"~2(M) is said to satisfy the flatness condition
() if near each critical point P of K where K (P) > 0, there exist a neighborhood
and a constant Cy such that, in that neighborhood,

IVPK| < Co|VK | 27P/=3) for2 < p<n-3,
where VP K is the p-th covariant derivative of K.

In particular, this implies that all partial derivatives of K up to order n —3 vanish
at those critical points, and the order of flatness is the same as that in Theorem 1.1.
A simple example of a function satisfying this condition is a function that can
be expressed near the critical points as K (z) = a + b|z|"~2, where a and b are
constants and z is a local coordinate system centered at the critical point. This type
of flatness condition also appeared when Y. Li [1995; 1996] studied the problem
of prescribing scalar curvature functions on S”.

We are ready to state the theorem:

Theorem 1.4. Let (M", g) be a locally conformally flat compact manifold with
R(g) = 0 and dimension n > 5. Let K € C""*(M) be a function satisfying the
flatness condition (x); assume K is positive somewhere on M and [ u Kdvg < 0.
If u is a positive solution of Equation (2) with bounded energy

E(u) ::/ |Vu|?dvg < A,
M

then there exists a positive constant C such that ||u|| 3y < C and miny u > C -1
where C depends on M, g, 1 K |l cn2 (s fM Kdvg, A, and §.
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2. The example and some notations

Let (M", g) be a compact manifold with R(g) =0 and n = 3 or 4. (In fact in this
example, M does not need to be locally conformally flat.) We choose K € C*(M)
satisfying the conditions

e K > 0 somewhere on M;
o fM Kdv, < —C;l <O0and ||K||¢3(m) < Ck, where Ck is a positive constant;,
e the set {x € M : K(x) =0} = U for some open set U C M.

We define
Kx)/i if K(x) >0,
K(x) if K(x) <0.

Because on dU all derivatives of K up to order 3 are zero, it follows that
K; € C3(M). Furthermore, this definition means that K; € K, where ¥ is as de-
fined in Theorem 1.2. Then by Theorem 1.1, there exists a u#; > 0 that satisfies
At + Kiad" /02 Zg

Now suppose there is a constant C independent of i such that maxy, u; < C.
As proved in [Yan 2007, Section 2], this implies that {u;} is uniformly bounded
away from O and |lu;| ¢3¢y 1s bounded above uniformly. Then, passing to a
subsequence, {u;} converges in the C? norm to a function u > 0, and u satisfies
Agu + Ku®t2/=2 — (0 where

Ki(x) ={

0 if K(x) >0,

However, because K is nowhere positive and somewhere negative, the equation
Agu + Ku®t2/@=2) — 0 cannot have a positive solution by Theorem 1.1. This
contradiction shows that estimates like the ones in Theorem 1.2 cannot be true
without the energy bound assumption on u.

Next we prove Theorem 1.4. We first give some definitions and a lemma which
will be used in the proof.

Definition 2.1. We call a point x on a manifold M a blow-up point of a sequence
{u;} if x = lim;_ o0 x; for some {x;} C M and u;(x;) — oo.
Definition 2.2. Suppose u; satisfies Agu; —c(n)R(g;)u; + Kiu;”" =0, where {g;}
converges to some metric gg. A point x € M is called an isolated blow-up point of
{u;} corresponding to {g;} if there exist local maximum points x; of u; and a fixed
radius ry > 0 such that

* X; —> )E,

e u;(x;) = oo, and
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o u;(x) < C(dg (x,x;))"¥Pi=D for any x € By, (x;), where the constant C is
independent of i.

Lemma 2.3. If x = lim,_, « x; is an isolated blow-up point of {u;} corresponding
to {g;}, and K; is uniformly bounded, then there exists a constant C independent
of i and r such that, for any 0 <r <ry,

max u;(x) <C min u;(x).
9B (x;) 9B, (xi)

This can be proved as in the proof of [Yan 2007, Lemma 5.2].

Definition 2.4. We say x is a simple blow-up point of {u;} if it is an isolated blow-
up point and there exists an r > 0 independent of i such that w;(r) has only one
critical point for r € (0, r). Here

; (r) = r* " Vi (r) = Vol(s,)™! f 2P Vi (2) d 3
Sy
and z is the conformally flat coordinate system centered at each x;.

3. Initial steps of the proof of Theorem 1.4

The proof of Theorem 1.4 follows along the same line of reasoning as the proof of
Theorem 1.2, which is done in [Yan 2007]. As proved in [Section 2] there, a lower
bound on u follows directly if there is a uniform upper bound on u. By standard
elliptic theory and the Sobolev embedding theorem, a bound on the C® norm of u
easily implies a bound on its C* norm. Therefore, to prove Theorem 1.4 we only
need to show that there is a uniform upper bound on u.

By an argument identical to that in [Yan 2007, Section 3], we can show that
there exists a positive constant n = n(M, g, n, || K||cr-2(pry, A) such that, on the
set K, :={x € M : K(x) < n}, u has a uniform upper bound depending only on
M, g, n, |Kllcr2pm), and A. Thus it is left to show that u is uniformly bounded
on the set where K > 5. We have the following proposition.

Proposition 3.1. Given € > 0 and R > 0, there exists C = C (€, R) such that, if u
is a solution of Equation (2) and

max ((dg (x, Ky2)) P~ Vu(x)) > C,

xXeM
then there exists {x1,...,xy} C M\ K> with N depending on u satifying the
following:

o Each x; locally maximizes u, and the geodesic balls {Bg,()-w-12(x;)} are
disjoint.
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o |[(n+2)/(n—2)— p| < €, and, in the coordinate system y chosen so that
7z = y/u(x;))P~Y/2 s the conformally flat coordinate system centered at x;,
we have

||u(xi)ilu(y/u(-xi)(pil)/z) - l_)()’) H C2(Byz(0)) <€
on the ball Brg(0) C R"(y), where

oy = (14 KG) | a0
00 = (14 s )

o There exists C = C(e, R) such that

u(x) < C(dy(x, KypUtxi, .. "XN}))72/(1771)‘

The proof is like that of [Yan 2007, Proposition 4.2], so we omit the details.
Now we are going to prove that u is uniformly bounded on M \ K,,. Suppose it
is not. Then there are sequences {u;} and {p;} such that

Agui+Ku?" =0 and max u; - 0o asi — oo.
M\K,

Therefore maxp k, ((dg(x, K,,/g))z/(”f_l)u,-(x)) — o0 as i — o0o. Then for fixed
€ >0 and R > 0 we can apply Proposition 3.1 to each u; and find x1;, ..., xn(),;
such that

e each x;; for 1 < j < N(i) is a local maximum point of u;, and

e the balls By, (., yri-nr2(x;,;) are disjoint.

For coordinates y centered at x;; such that y/u; (x;, )Pi=D/2 is the conformally
flat coordinate system,

|

o) (Y Y (1 K 2)‘("‘2)/2‘
ui(xj.i) ul(u[(x,-’,-)(m—l)/z) <]+n(n—2)|y|

—2/(pi—1
ui(x) < C(dg(x, KypUx1is - xnGni)) /(pi=D)

for a constant C = C (¢, R).
Let o; =min{dg(xq,i, xg,;) ;¢ # B, 1 <a, B<N(i)}. Without loss of generality
we can assume o; = d,(x1,;, X2,;). There are two possibilities:

C2(B2r(0))

Case L. 0; > ¢ > 0. In this case, the points x;; have isolated limiting points
X1, X2, . .., which are isolated blow-up points of {u;} as defined above.

Case II. 0; — 0. In this case, we rescale the coordinates to make the minimal
distance 1: let y = o*l._lz, where 7 is the conformally flat coordinate system centered
at x1 ;. We also rescale the function by defining v;(y) = 01.2/ (P "_l)ui(a,-y), which
satisfies

Ao vi + K (oiy)v]" =0,



THE SCALAR CURVATURE DEFORMATION EQUATION 379

where the metric g (y) = go5(0:y)dy®dyP. As proved in [Yan 2007, Section 4],
0 is an isolated blow-up point of {v;}.

In Sections 4 and 5, we will prove that neither Case I nor Case II can happen.

4. Ruling out Case I

If the blow-up points are all isolated, the argument of [ Yan 2007, Section 6] shows
that among the isolated blow-up points {x;, x3, ...}, there must be one that is not a
simple blow-up point; without loss of generality we assume it to be x;. To simplify
notation, we are going to rename it xo. Let x; be the local maximum point of u;
such that lim;_, oo X; = xg.

Let z = (z1, ..., z24) be the conformally flat coordinates centered at each x;.
Since x is not a simple blow-up point, |z|*/?\=Di;(|z]) has, as a function of |z,
a second critical point at |z| = r; where r;, — 0. Let y = z/r; and define v; (y) =
rl.z/(pi_l)u,-(r,-y). Then v; (y) satisfies

Agovi(y) + Ki(yvi (7 =0,

where ¢ (y) = gup(riy)dy®dyP and K;(y) = K (r;y).
By this definition |y| = 1 is the second critical point of |y|* =Dy, (|y]). As
shown in [Yan 2007, Section 6], O is a simple blow-up point of {v;}.

4.1. Estimates for v;. The following estimates are essentially the same as [Yan
2007, Proposition 5.3], except for a slightly different choice of parameters. How-
ever, we repeat the proof for completeness.

Proposition 4.1. There exists a constant C independent of i such that

s f0< |yl <1, then

—(n=2))2
) = Cor0) (14 KOy -2y

e if 0<|y| < Rv;(0)~P=V/2 then

(n—2)/2

ROy oryP) "

vy = Cu ) (14,7005

o if Rv; (0)~Pi=D/2 < |y| < 1, then vi(y) < Cv;(0)|y|~li, where I; and t; are
chosen so that 2n —5)/2 <limj, ool <n—2andt; =1—(p; — DI; /2.
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Proof. Let p; := Rv;(0)~?i~D/2_ By Proposition 3.1, when 0 < |y| < p;,

(1+e)v,(0)(1+ f(();)vl(o)p,_w I) (n=2)/2
> vi(y)
>(1—e)vl(0)<1+ f(();) I(O)p,._lly|2>f(n72>/z
> (=€ (0)<1 + f (O))vl (0)4/<"—2>|y|2)*(”*2)/2'

So we only need to find the upper and lower bounds on v;(y) when p; < |y| < 1.

The lower bound. Let G; be the Green’s function of A, that is singular at 0 and

vanishes on 3 B;. Since {g} converges uniformly to the Euclidean metric, there

exist constants C; and C; independent of i such that C, |y|2_" <Gi(y) < C2|y|2_”.
When |y| = p;,

(n=2)/2
w0 = (1 =u© /(14 0007y P)

=d —e)vl(O)/( K (0) R )(n—2>/2

-2)
—(1_ -2 Ki(O) =212 2 n
—( e)(R +—n(n_2)) R>";(0)
> CR*"v;(0)
> CR* ", (0)"=2Wi=D/2=1 (since (n —2)(pi — 1)/2—1<1)
= Cu; (0) 'yl

> Cv;(0)'G; (y).

With this constant C, we have Cv; (0)~'G;(y) =0 < v;(y) when |y| =1,
We know that

A g (0 (3) — Cvi (0) 7' Gi (1)) = Ao vi (¥) = —Ki (0)v; ()" <0
on By \ B,,. Therefore, by the maximal principle, when p; < [y| <1,
vi(y) > Cui0)~'Gi(y) = Cui )~ [y*".

Now we need to compare |y|2_” v; (0)~! with

i (0) - Ki(0) a2 2 —(n—=2)/2
vi (0) (1+n(n_2)v,(0) |y|>
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in order to get the desired lower bound:

0 n-2)/2
v O3y 2(14+ Ky, )2y )

n(n—2)

<v; (0)2(—n§; g);) vi (0)4/(n—2>>’(”*2>/ 2 -

for a constant C independent of i. Therefore

’

=1 12-n ‘ Ki(0) = \4/(n-2) 2>’(”’2)/2
w0 Iy 2 o) (142 0y

and consequently

. —(n-2)/2
w() = Cu0) (142 Cu Y2 yP?)

when p; <|y| < 1.
The upper bound. We are going to apply the same strategy of constructing a com-
parison function and using the maximal principle.

Define &9 := A9 + K,-vfi_lw. By this definition £;v; = 0. Let M; =
maxyp, v; and C; = (14 €)(K;(0)/(n(n —2)))~"=2/2, Note that C; is bounded
above and below by constants independent of i. Consider the function

M|y Ciup(0)y]7E

When |y| = p;,
(=22
w) = d+ou© [ (1+-5 (Oé)vl(o)p,—q )
(=22
—(1+e)v,(0)/( K(O;) )

< Civi(OR™"?
< Civi(O)R™"
= Civ; (0)[y| "

When |y| = 1, the definition of M; gives v; (y) < M; = M;|y|~"***i_ Thus on
{lyl = 1}Uflyl = pi}, we have v (y) < M;|y| 7" + Civi (0)]y| 7.
In Euclidean coordinates,

Ayl ==L —2—=1)ly|™"% and  Aly|"PH = —f;(n —2—1;)|y| "
When i is sufficiently large, g’ is close to the Euclidean metric. Therefore

3) Agoly|™ < =St —2—1p)]y| "2
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and
Agoly| " < =31 (n =2 — 1)y

Thus
Li(Civi(0)T]y] ™) = Crvi(0) Ay [y ™" + Civi (0) Kyvy ()P~ y|™h
< —ClLi(n—2—1)v; (0)|y| 72 4+ C'v; (0)iv; (y) P~ |y| 7

for some constants C and C’ independent of i.
Lemma 2.3 and the upper bound on v;(y) when |y| < p; imply that

1 (0 _
() = € < Cu R
(14 5 w0 o))

Then since 0 is a simple blow-up point and % (?i~Dy; (r) is decreasing from p;
to 1, we have
PP 0Ty < oD i o)

< CRYWi—D+2-n,
Thus again by Lemma 2.3, we have
) v (NP S CH(yI T < Cly[ RO,
and hence v; (y)?~!y|™ < C|y|=2>74 R*=(=2@i=D Therefore
Li(Crv 0y < (= Clitn =2 = 1) + C'R* D00y (0) |y 72,

Our choice of /; means that /; (n —2 —[;) is always bounded below by some positive
constant independent of i. When i is sufficiently large, 2 — (n —2)(p; — 1) < O,
so we can choose R big enough so that —Cl;(n — 2 —[;) + C'R>~=2i=D ~ 0,
which implies &; (C;v; (0)" ly|7%) < 0.

Similarly,

<, (Milyl_”+2+li) — MiAngyI_"HH" +MiKiviPi_1|y|—n+2+li
< =3l =2 = L) My|y| 7" o KMy RPT 20Dy
by Equations (3) and (4). We can choose R large enough so that
5l =2 1)+ K; R0 <,
and hence &; (M;|y|"+**i) < 0. Therefore, when p; < |y| < 1,
L (M |y [T+ Gy ()] 7)< 0.

Then, by the maximal principle, v;(y) < M; |y |72 Civ; (0) || 7h .
By Lemma 2.3 and because 0 is a simple blow-up point, we have
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M; < Co¥Pi=Vy;0) < Co¥Pi=D (M0~ 4 Crv(0)i07")
— C9%/ (pi—D—n+2+; M; + cp?/ri=b C;v; (0)11'9—11'

for p; <6 <1 and some constant C independent of i.

Note that
lim (L_n+2+li> =~ "2 lim l; > _n=2,2n-5
=0 pi_l i—00 2 2

because n > 5.

Since p; — 0, we can choose 6 small enough (fixed and independent of i) to
absorb the first term on the right side of the above inequality into the left side. We
then get M; <2CH*Pi=D . Civ;(0)16~" < Cv; (0).

Therefore

v (y) < Mily| 7" 4 Croi (0)" ]
< Mily| ™" + Gy (0) 1y ™" < Co; (0" [y 7", O
4.2. A preliminary estimate for §; := (n + 2)/(n — 2) — p;. First we prove a
technical lemma.

Lemma4.2. Wheno <1and0 <k <n-—2,
/ |y|K v; (y)pl‘-‘rldy < C'Ul' (0)—2K/(n—2)+(n—2+/()/28i ,
lyl<o

where C is independent of i.

Proof. Let p; := Rv; (0)~(Pi—=D/2, By Proposition 4.1

[ irumrtay cuor [ pyeay
[yI=pi [yI<pi
< Cv; (O)pi+1—(n+K)(pi—1)/2 =Cuy; (0)_2’(/(”—2)4'(”—24'/()/251"

Since n > 5, our choice of /; gives

lim (24 & = (pi + 1)) = n+ &k — 2 lim [
i—00 n—2i-oo
_ 2n 2n-5 . n(2n=>5)
<n+k — 3 <n+m-2) e <0.
Therefore
f y[vi ()P Fdy < € / 1€ @i 0"y~ dy
pislyl=e pi<lyl<a

<Cuy; (0)1;(Pi+1)—(17;—1)(ﬂ—li (pi+1)+k)/2

= C; ()P 1= HOPi=D/2 by the definition of #;)
— Cvl' (0)—2K/(n—2)+(n—2+/()5,»/2.
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Thus

f |y|KU,-(y)Pi+1dy < Cu; (0)—2K/(n—2)+(n—2+/<)8,v/2' 0
lyl<o

The next proposition is a preliminary estimate for §; := (n +2)/(n — 2) — p;.
We will also derive a refined estimate in a later part of this paper.

Proposition 4.3. lim,_, o, v; (0)% = 1.

Proof. Since the original metric is locally conformally flat, it can be written locally
as A(z)Y"=2dz%. Let A; (y) = A(r;y). Then g (y) = A; (y)4/(”_2)dy2. Leto < 1.
The Pohozaev identity in [Schoen 1988b] says that, for a conformal Killing field
X on B,

n—2

(%) /X(Ri)dvg-:f T (X, vi)d%,
2n B, ! dB,

where the notations are as follows:

4/(n—2 i — —
gi=v,-/(" )g(’)=()\ivi)4/(" Ddy?; dvg, = (L) "2 dy;
R = R(gi) = c(n)~ K, *;

vi =) Py yIa/0y is the unit outer normal vector on d B,
with respect to g;;
d¥; = (\v)? D=2 where d %, is the surface element of
the standard S"~!(o);
T; = Ric(g;) — n_lR(gi)gi is the traceless Ricci tensor with re-
spect to g;.

According to [Schoen 1989], T; can also be expressed as
(n —2)(hvi) > "2 (Hess((ivi) =772 — LA(Guvi) 772 dy?),
where Hess and A are taken with respect to the Euclidean metric dy>.

We choose X = Y"'}_; y/8/dy’. Up to the constant 2(n — 1)/n, the integral in
the left side of (5) is equal to

/ X (Kiv; ™) 0qu)™ "D dy
B(r

= f X (Kol 2ay s, / Ko X (o)al" " P dy.
B, B,
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By the divergence theorem, this is equal to
0Ki pit1.20/(n—2
[ i e ay
B, r

21/ (n—2)
8i 8K1A2n/<n 2yrtigy [ kP A dy
p,-f-l ar B, or

- f KioP 20 diy Xdy)
B,

pi+1 Jyp,

Restoring the factor 2(n — 1) /n, we can now write the left side of (5) as

©) 2(n—1)<1+ / 1y |8K, p,+1)\'2n/(n 2)d
n ,+1

1

2n/(n 2)
2n—1) & 2(n—1) &n / pitl .y 2n/(n—2)
= iv d KivP A d
* n pi—l-l IyIK i y+ n pi+1 Vi ! Y
B,
2n—1) §; . -
_%]H—‘IH/B aKivika?n/(n 2)d25.

The right side of (5) is

/ (n —2)(Ajv)*/ =2 (Hess((kiv,-)_z/(”_2))(ri, ()Livi)—Z/(n—Z)a—lr;_r)
0B,

— LA D) (r 2 G 0D D)) G 2as,

(where (-, -) is the Euclidean metric)

o 2/(n-2) 9
=n-2) /33 ! Hess((Av;)™ )( ar)

— %A(()\ivi)_z/("_z))>()»iv,')2(”_1)/("—2)d20

_ 2 d
(7) :(7’1—2)/{;35(0’ ]<—nT2()»iUi)Znykayka J( iv 1)

9(Aivi) d(Aivi)
Z s y’l‘} 3; )

_U'< nn— 2)( ! I)Za(a()LJ;}é (n— 2)2 Z<8(;yyl ) )) 2o

Next we are going to study the decay rate of each term in (6) and (7).

+

(n— 2)2
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On 0B, Proposition 4.1 implies v; < Cv;(0)". Then by the elliptic regularity
theory [Gilbarg and Trudinger 2001], we have [|v;|lc2(35,) < Cv;i(0)". Thus we
know (7) decays at a rate of v; (0)%.

The fourth term in (6) decays in the order of 8;v; (0)%?*1 by Proposition 4.1.
By Lemma 4.2, we know that the second term in (6) is bounded above by

C(Sl/ |y|U,~pi+1dy < C(Sivl_(0)72/(n72)+(n71)5,-/2‘
Bo

Therefore the sum of the first and the third terms in (6), which is

n 0K; pi+1 2n/(n 2)
1 —=Lv? dy
2(n—1)( +p,+1 / [y |

n Ji pitl, 2n/(n—2)
K1) ,
2n—1) pit1" Vi i dy

_l’_

is bounded above by Cv;(0)% 4+ C8;v; (0)PitD 4 C§;v;(0)~%/ 1=2+0=1d/2
By our choice of /; and ¢t;, we have, as i — oo,

=1 @i=DL 2 o2 215

2 n—2i>o00 ' T n—2 2 <0.

Thus Cv; (0) + C8;v; (0)1Pi+D) < Cv;(0)% + Cv; (0) P+ < C;(0)%.
On the other hand,

di pitl,2n/(n=2) pitl
Pi‘li‘ln,/Bg Kiv;"" A dy > Cé; . v dy.

When |y| < p;, Proposition 4.1 gives

(n—2)/2
w0 = (1 =u© /(1400007 P)

-2)
(n-2)/2
> (1= €)v; (0) / (1+ K (O;) R2) > Cv;(0).
SO
/ pl+1dy - / vi[7i+1dy Z Cvi (0)pi+1*n(p,'71)/2 — Cvi(o)(an)B,-/Z
B, [yI<pi
®) > C.

This implies that the third term in (6) is bounded below by C$;.
Then by comparing the decay rates of the terms in (6) and (7),

5 < C(Ui(o)Zt;+51,Ui(o)—z/(n—2)+(n—1)8[/2+‘/ %lwaiﬂ)\lzn/(n—z)dy‘).
By
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Since v; (0) =/ (n=2+(=Ddi/2 _, 0 the second term on the right side can be absorbed
into the left side. Thus we conclude that

©) i = C (0 (0% +| fB Ly o T2 Py ).
By Lemma 4.2,

‘/ aaKi|ylvlp,~+1)Li2n/(n—2)dy‘ < Cu; (0) = =D+=13i/2.
B, °F

Thus 8; < C(v; (0)~/*=2+@=18/2 4 4. (0)4). This implies that
8; Inv; (0) < C(v; (0)~ /= DF=Dd/2 44, (0)*') Inv; (0) — 0
as i — o0o. Therefore lim;_, o v; (0)% = 1. Consequently, we have
(10) 8i < C(i(0) /"2 4+ v;(0)*). O

4.3. A preliminary estimate for |V K;|. We will again study the Pohozaev identity
(5), but with a different choice of the conformal Killing field X = 9/9y'.

Direct calculation, like that in the proof of Proposition 4.3, shows that the right
side of the identity is equal to

_ yio2 o 3R0G) 2n A ()
(n 2)/31;5(; a( n—Z(Alvl) dyloy/ +(n—2)2 ay! dyJ >

' 2 9% (hiv;) 2 (30v)\2
—y—;(—n(n_m“"”") e +(n_2)2( o )))dza,

and decays at a rate of v; (0)%.
The left side of this identity is (n — 2)/(2n) times

d _ ] -8 _
L (R)dvg =cm) | S (Ko ) (v P dy
5, Oy! 5, Oy!

_ 8; 2n/(n—2) pi+10K;
1 - ! (1 —l)/\. pit10Ki
(11) c(n) /B erl_Jrl ; v; 2yl y

" 8)\2n/(n—2)

—1 J; pi j
0 gt 4
+C(n) /Ba p1+1 lvl ayl y

. 3 iyl
—c(n)_li/‘ Al.zn/(n 2)Kivip’ﬂy—dEa.
pi+1 Jyp, o

By Proposition 4.1, the last term in (11) is bounded from above by

C8; - v; (0)PitD < C8,0;(0),
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since t; < 0 and v; (0) — oo.
Note that since A;(y) = A(r;y), the second term in (11) is bounded from above
by

Cém‘/ v ()P dy,
[y|<o

which is further bounded by C4;r;v; (0)=2/2% < C8;r; by Lemma 4.2 and Propo-
sition 4.3.
Therefore the first term in (11), which is

-1 8; > 2n/(n—2) p, laK
1
c(n) /B”( + it A v; 8yla’y,

is bounded from above by C(v; (0)% 4 8;v; (0)%i + 8;r;) < C(8;ir; + v;i (0)%1).
This shows that

(12) ‘/ H2 =) ”'“aKld | = Cmi+ i 0.
By the Taylor expansion,
=0+ (S forsomell <.
Note that K;(y) = K (r;y). By Lemma 4.2 and Proposition 4.3,

2 —2) pi+l i+1
/ Dyt |V< )(g) y‘dy<Crzf Pt yldy
B, 5,

S Cr[ vi (0)—2/(}1—2)4‘("-1)3,‘/2
< Crivy(0) /2.

Thus we know
8K, (0)’f pi+l g y<C|/ 52n/(n1=2) p,+18K, £ (0)dy

< C(rivi(0)" "2 4 (Siri +;(0)%1))
< Crivi ()" 410 +v;(0*)  (by (10))
< C(rivi(0) 7% 40, (0)*).

Then by (8),

(13) %(O}‘ < C (rui(0)" "2 4 v;(0)*) .
y

The same estimate holds for |0K;/dy/(0)| for j =2, ..., n as well, since we
can also choose X = 3/9y/ in the above calculation.
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4.4. Location of the blow-up. Choose a point y with |y| = 1. It is proved in [ Yan
2007, Section 6] that v; /v; (¥) converges in C2 norm to a function /4 on any compact
subset of R" \ {0}, and & = % + %|y|2_”.

Recall that we chose the coordinate systems z = (z',....,2" and y = z/r; to
be centered at each x; € M; thus VK;(0) = r;VK (x;). Here we write VK (x;)
instead of VK (0) to emphasize the fact that VK is evaluated at different points x;
as i — 0o. We claim that this blow-up must occur at a critical point of K:

Proposition 4.4. VK (x9) = lim;_, oo VK (x;) = 0.

Proof. Suppose this is not true. Then there exists some j € {1, ..., n} such that
|0K /37 (x;)| > e for a constant & independent of i. Without loss of generality we
assume j = 1. Then from inequality (13) we know that

er; < C (rivi(0)~%" 72 +0;(0)*) .
Therefore
(14) r; < Cv;(0)

when v; (0)~%/ =2 ig sufficiently small.
Once more we look at the Pohozaev identity (5) with X = > j y/9/dy/. We
divide both sides of it by vl.2 (y) so that it becomes

n-2 1 / 1
n—z_ 1 X(R~)dv,.=—_/ Ti(X, v;)dS;.
2n 23 Jp, o v Jes, T

Its right side is

5)

1
T: (X, v)dX%;
U,'Z(Y)/a&, (X )
- / (Ric(g) — n~"R(g)g) (X, v)d %,
U,'(y) 9B,

= % / (Ric((hiv) V"2 dy ® dy)
U,‘ (y) JB,
—n" ' R(Gav) Y Pdy @ dy) i)Y " dy @ dy) (X, vo) (hivi)*dZ,
20 \2 (oo ( MV \H 02
16) = — R dy®d
1o /330(01‘()’)) ( () wed)

o A \ A2 ) Avp \ Y2
" R((v,(y)) dy®dy (vl(y)) dy®dy (X’ VO)dEo'?

where vo =o' 3" y/8/y/ is the unit outer normal on 3 B, with respect to the
Euclidean metric dy ® dy.
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When i — oo, A;(y) = A(r;y) — A(xg) for |y| = o. Thus when i goes to oo,
(16) converges (up to a constant) to

/ h?(Ric(h* " 2dy ® dy)
JB,
n 'RV Pdy @ dy)h "D dy @ dy) (X, v0)dZe

= / h* - (n — 2)h* "= (Hess(h >/ "~2)(X, vp)
0B,
— LA™ (X, v0)) d Eg

A7) =mn—-2)0"" / p2=D/0=2) (Hess(h =2/ ") (X, X)
0B,
— LA P)?)d S

We know that

WD = (4 [yPm) T =22y - 2';/(22) 1"+ 0y,

and by direct computation,

Hess(22/("_2)|y|2 2n/( |y|n)(X X) — <22/(n—2)|y|2 #Mn) 2
—2"/ =D — 1o

Therefore

Hess(h™ 2" 2)(X, X) — LA ""2)o? = =2/ D (n — 1)o" + O (a*" D).

Also we know

JR0=1)/(n=2) _ (%)Z(nfl)/(nfz)|y|7z(n71)(1 + 0(|y|n72))‘

Thus we can conclude that (17) is equal to

—t(n—1D(n—2)0"" /BB (172D o(yl™) (1" + 0y D)) o™ tdx,

=-In—-Dn-2)+0(" ™.

Therefore the limit of the right side of (15) is strictly less than 0 when we choose
o to be sufficiently small.
On the other hand, the left side of (15) is

X (K;v ) (o) =2y,

2() B,
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‘We write

R f X (Kiv; ) (o)™ 2Dy
“(y) /B,

(18) :sz(y_) / X (Kol 2 gy — / K220 (vp)dy.
i B,

V7 (3)

The second term of (18) is equal to

5[. / 2n/(n—2) P‘H
Kik; X" )d
pl+1 v; ()7) ( ’
__ & 2 / div(Ki2" 2ol X — K TPl div X
pitl vi (¥)
_ ?n/(n Z)Uip’HX(K,')—KiU,P’HX()»?n/(n 2)))dy
8; o 2n/(n=2), pi+l1
__ G K\ v dX
PG Jop, T
Si

2n/(n=2)  pi+1
— KiA; ; X(InK;)+2 —2)X(nX;))dy.
pi+1vg(y)/ % /" (n+ X(In K;) +2n/(n —2)X (In 1)) dy

On 0B, we know v; /v;(y) — h(o) and v; — O uniformly, so

2_ / Kia 2 =0yt gy :/ ka2 o= 2)( vi ) “lax, - 0.
v () 3B, vi ()

Since X = rd/or and |0(In K;)/9r| and |0(InA;)/0r| are uniformly bounded,
we can choose o to be small enough (independent of i) to make n + X (In K;) +
2n/(n —2)X (nX;) > 0. Thus when i — oo, the limit of the second term of (18)
is greater than or equal to 0.

Next we will show that the limit of the first term of (18) is 0, or equivalently,

(19) lim v2(0) / X (Kol ay =,

1—> 00 Bo’
since v; (¥) > Cv;(0)~! by Proposition 4.1. This then will end the proof because
it implies that the limit of the left hand side of (15) is greater than or equal to 0,

contradicting the sign of the right hand side.
Note that

XKD = (32,5 557) o)
I(Zj ’BK)< 1430,y (20,3753 (5" for some el Iy

JIK; I°K
—Z Gy Y+, kaykayj(g)g -
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Therefore

v (0)| / X (Koo a3 2 ay)
<o (0>/ 215 Gy Oyl A2y

o] <0>/ Z)a o @[lyPup A Dy

< RO f Py + Co20) / PPt dy

< Cviz(O)r,--v,-(O) 2/(n—-2)+n—1)5; /2+Cvi2(0)ri 0y (0) 4/ (=2 4n8i/2

(by Lemma 4.2)
< Cu; (0)>H2i72/0=2) | Oy, (0)2HHi—4H =D (by Proposition 4.3 and (14)).
By the definition of #;,
o _(p,-—l)l,-)_ 2 . . 2 2-5_3-n
il—l>rgotl_il—l>ngo<1 PR A S U i e
Thus
(20) lim (2+2zi—i><2+2-3_”_ 2 _o
i—00 n—>2 n— n—>2
and 4 3 4 4-2
—n —n
11523(”4“_ —2)<2+4'n—2_n—2_ 2 =0

Since these are all strict inequalities, we know that

llm (Cvl' (0)2+2ti—2/(n—2) + C'Ul' (0)2+4ti—4/(n—2)) — O,
1—> 0
and consequently

lim viz(O)‘/ X(Ki)vfi+1kl.2"/("_2)dy| =0. O
1—> 00 B(y

4.5. Refined estimates for §; and |V K;|. Now because xo = lim;_, o, X; is a crit-
ical point of the function K, which satisfies the flatness condition (), we have
IVPK (x;)| < Co|VK (x;)|"~27P/"=3) when 2 < p < n —3. When p = 2, this
implies, because g = A* =2 dz?, that

0
|vz ( le Z12>( ))_‘azl]azh( ) Flllz(xl)a l(xz) <C|VK(X,)|” 3
where I1,1,,1 =1, 2, ..., n. Therefore
3K

(x1)| < CIVK (x;)| + C|VK (x;)| P73 < C|VK (x;)| "D/ =),

azll BZZZ
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since |VK (x;)| < 1 for sufficiently large i. That is,

|aaK/aZa(xl_)| < C|VK(xi)|(n727\a|)/(nf3)

for || = 2. Here we have used the notations that « = («y, a», ..., o) with each
0, la| =a;+az+---+ay,, and
°K 091992 ... 9% K

9z% ~ (3zH)*1(3z2)*2 - - (97
Generally, when 2 < p < ¢ <n —3, we have
|VK(x,~)|(”_2_p)/(”—3) < |VK(xl_)|(n—2—q)/(n_3)’

so by similar computations we have

DK x| = CIVK @I 010D for2 < ol <0 -3,
Then since K;(y) = K(r;y),
%(0)‘2}"}0& %()ﬁ)‘ and IVK;(0)] = r;|VK (x;)].
Thus
8 K‘ (0)‘ < ,MCIVK(X )| (2= laD/@=3)
— (D I=D/0=3) g g ) -2l (1=
(21) < Cr;|VK; (0)| 21D/ (1=3)

where the last step follows from the fact that (ja| — 1)(n — 2)/(n — 3) > 1 and
r; < 1. With this flatness condition on K;, we can refine the estimates for §; and
IVK;| as follows.

Inequality (9) gives

8 < C(vi(o)Zti + ‘/ %|y|v{7i+l)\?n/(n_2)dy‘>
B,
Bs
We write rdK; /or = Z ) yjaK,-/ayj, Foreach j=1,...,n,

IK; aK, P IKi 5 3P IK; N
Gys )= <0>+Zaﬁaj<) +2,|ﬁ|28,381() +o

1 3# K, ,3 3P JK; /3
+(n—4)!|ﬂ|2:48ﬂ8J() + 3)'”2:33))/33))/()
=n— n
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where || < |y, and y# = yP'y22 ... yP" for B = (B1, Ba, ..., Bu). Therefore

J.

i vipi-‘rl)xinl/(n—Z)dy

IK; pitl 3P IK; B1+1 pl+1
<c([ [l dy+Zf o] dy

i Z / ‘8))/38 J( )’| =2 p’“dy).

1Bl=
By Lemma 4.2 and Proposition 4.3, the first term satisfies

0K; :
/ Ay O |yl dy = CIVE )0 @702,

and the last term has

8 aKl n—2 p,+1 n—2 —
> /B\ayﬁa LIyl dy = Cr! w07
|Bl=n—3" Bs

In addition, (21) gives, for any 1 < || <n —4,

9" 9K; Bt ypit!
O1 d
/B |8yﬂ 9y '

< Cr,-/ |VKi(0)|(n_2_(|ﬁ|+1))/(n_3)|)’||ﬂ|+lUfi+1dy
B,

Bo

_ pBlL s Bl pit]
— l 1
<Cri | (IVK:(0) Bl |y[71 B ) <yl dy

(by Young’s inequality)
=cn([ KOy [ ey
B, Bs
< Cril VK; (0)[vi (0)™/" ™2 + Criv; (0.
Thus

.15

< C|VK;(0)|v; (0)~> =2
+ (Cri VK (0)]v; (0) ™72 4 Criv;(0) %) + Cr2v;(0) 2
(22) < C|VK;(0)|v;(0)"> "2 4 Cryv;(0) 2.

pl+1)‘12n/(n 2)d
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Plugging this back into (9) we now have a refined estimate
(23) 5 = C (0:(0)* + VK (0)|v; (0" +770;(0) ).

This will enable us to also refine the estimate for |V K;(0)|. Inequality (12) gives
fg, 2P0l 0K /9y dy| < C(8iri + i (0)%). Again we write

K _aK, 3 9K 5 1 3 9K o p
Gyt 0) = ()+;aﬂal()y +2!|ﬂzaﬂal(>y o

3F 9K; f 0" OK; B
+(n_4), ﬂ|Z43yﬁ 31 O+ Z ot O
=n—

Therefore we have

/ 52n/(n=2) pit] 8K, (O)‘d
B,

1 1

B(r

ayﬂ 8y
d” 9K; n—3 P1+1
+c Z f\ayﬁay<>||| dy
1Bl=n~3
* 3K, :
C (8ir; +v:(0)*) +CZ/ |a ﬂayl(0)|| 1817 gy
1BI=1
9F oK; 3ppit]
+e 3 [ 2K @ ay.
Iﬁlzn:—3 5,10yP 3y!

By (8) this implies

aKl (O)‘SC (8iri + v (0)*) +C Z/ ‘aaﬂgKf Ol o+ ay
=

P 9K; ,1
O A
=n

By Lemma 4.2, Proposition 4.3 and (21), we have, when 1 < |8| <n —4,

8 3K i+1
fg‘a 55yt O)|yPof

<Cri | [VEK;(0) 2B/ @3y 1Lyt gy
B,

3 B +1
:C"i/ |VK,~(O)|(” 3-8/ (n 3)|y||,3|vlp+ dy
B,
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n=3—1pl  _n=3 n—3 41
<o [ (19K 7 gy oy
Bs

(by Young’s inequality)
—cn( [ KOy [ oy
Bo B

< Cri|VK;(0)| + Criv;(0) 2" =9/(=2),

Furthermore,
0P 9K; i+1 i1
Z /’ayﬂay ()‘| |n3p+dy<crn 2/|y|n3p+dy
|Bl=n—3
< Crl."fzvi (0)—2(n—3)/(n—2)‘
Therefore

8K’ (0)‘ < C(8iri +vi(0)2) + (Cri|VKi (0)] + Criv; (0) 203/ (n=2))
+ Crl” 2Ui (O) 2(n-3)/(n—2)
< C8iri + Cv;(0)% 4 Cr;i|VK;(0)| 4+ Criv; (0) 213/ (n1=2),
The same estimate also holds for |8Kl~/8yj (0)|, where j =2, ..., n, so we know
IVKi(0)| < C8iri + Cv; (0)* + Cri| VK; (0)] + Crjv; (0) 20—/ =2
< C (i (0" + VK (0)]v;(0) "2 + riv; (0))r; + C; (0)*"
+Cril VK; (O] + Crivg (0)>*=2/072 by (23)).

When i is large enough, all the terms involving |V K;(0)| can be absorbed into the
left hand side of this inequality, therefore we get a refined estimate

IVK;(0)] < Crivi(0)* + Crv;(0) 2 + Cv; (0)* + Cryv; (0) 20—/ (1=2)
(24) < Crivi(0)™2 4 Cv; (0)* + Cryv;(0) 2/ =2),

Finally, we will prove that (19) holds. As in the proof of Proposition 4.4, this
will give the desired contradiction by comparing the signs of both sides of (15),
which rules out Case 1. We know

v?(O)/B X (K)o a2 gy = v}(O)/B N S
< Cv7 (0) (IVK;(0)]v;(0)~ %2 + 1, (0)2) (by (22))
< Cv}(0) ((r,?v,- (0) 7% 4 v; (0) + r;v; (0) 2=/ =2y, (0) (2
+ri(0)72)  (by (24)
— C(V,'zvi (0)—2/(n—2) + v; (0)2-1-2[,'—2/(11—2) 4 21’,‘).
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By (20) we know lim; o, (2+2t; —2/(n — 2)) < 0, and therefore

lim v_(0)2+2l,' —2/(n-2) —0.
i— 00 !
It follows from this and lim;_, o rizv,- (0)"%"=2) =1lim;_, o r; = 0 that
lim v?(O)/ X (K)o T gy = 0.
i—00 B,
This completes the proof in Case 1.

5. Ruling out Case I1

Now we consider Case II, which has been reduced to the following: There is a
sequence of functions {v;}, each satisfying

Ao vi + K (oiy)v]" =0,

where 0; — 0 and g (y) = 8up (0;y)dy*dy?. The sequence {v;} has isolated
blow-up point(s) {0, ... }.

If 0 is not a simple blow-up point, then we can do another rescaling and repeat
the argument in the previous section, with r; replaced by r;0;, to get a contradiction.
Therefore 0 must be a simple blow-up point for {v;}. Then we can still repeat the
argument in the previous section, with r; replaced by o;. The only difference is in
the expression of & = lim;_ » v; (¥)/v;(y). As shown in [Yan 2007, Section 7],
because here |y|>/?i~Dy;(|y|) doesn’t have a second critical point at |y| =1, we
have a different expression of /: near 0,

h(y)=cilyP "+ A+ 0y,

where A is a positive constant. This positive “mass” term A > 0 guarantees that
the limit of the boundary term of the Pohozaev identity (15) is negative, that is,

i—00 v?(

lim —1— / T,(X, v)d%; <O0.

y) JoaB,
The other parts of the proof remain the same. Therefore Case II can also be ruled
out.

Thus we have finished the proof of Theorem 1.4. U
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