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A theorem of Escobar asserts that if a three-dimensional smooth compact
Riemannian manifold M with boundary is of positive type and is not con-
formally equivalent to the standard three-dimensional ball, a necessary and
sufficient condition for a C? function H on M to be the mean curvature
of some conformal scalar flat metric is that H be positive somewhere. We
show that, when the boundary is umbilic and the function H is positive
everywhere, all such metrics stay in a compact set with respect to the C>
norm and the total degree of all solutions is —1.

1. Introduction

José F. Escobar [1992a] raised the following question: When is a compact Rie-
mannian manifold with boundary conformally equivalent to one that has zero scalar
curvature and whose boundary has constant mean curvature? This problem can be
seen as a generalization to higher dimensions of the Riemann Mapping Theorem,
which says that an open, simply connected proper subset of the plane is conformally
diffeomorphic to the disk. In higher dimensions few regions are conformally dif-
feomorphic to the ball. However one can still ask whether a domain is conformal to
a manifold that resembles the ball in two ways: namely, it has zero scalar curvature
and its boundary has constant mean curvature. Escobar’s problem is equivalent to
seeking a smooth positive solution u# to the following nonlinear boundary value
problem on an n-dimensional Riemannian manifold with boundary (M", g), where
n>3:

A+ 7D R0 0 in M
— gu gu: y u > m
4(n—1
®) ou n—2( :
8_+ > hgu=cu”/("*2) on oM,
v

where R, is the scalar curvature of M, h, is the mean curvature of M, v is the
outer normal vector with respect to g, and c is a constant whose sign is uniquely
determined by the conformal structure.

MSC2000: 35160, 53C21.
Felli is supported by MURST under the national project “Variational Methods and Nonlinear Differ-
ential Equations”. Ould Ahmedou was supported by a postdoctoral fellowship from SISSA.

75


http://pjm.berkeley.edu
http://dx.doi.org/10.2140/pjm.2005.218-1

76 VERONICA FELLI AND M. OULD AHMEDOU

For almost all manifolds, Escobar [1992a; 1996] established that (P) has a so-
lution. More recently in [Ould Ahmedou 2003] this problem was studied using
the tool of critical points at infinity developed by A. Bahri [1989] (see also [Bahri
and Coron 1988; Bahri and Brezis 1996]). Going beyond the existence results of
[Ould Ahmedou 2003], we proved in [Felli and Ould Ahmedou 2003] that, when
(M, g) is locally conformally flat with umbilic boundary but not conformal to the
standard ball, all solutions of (P) stay in a compact set with respect to the C? norm
and the total degree of all solutions is —1.

The heart of the proof of the result above is some fine analysis of the possi-
ble blow-up behaviour of solutions to (P). More specifically, we obtained energy-
independent estimates of solutions to

Lau=0, u>0 inM,
Byu=(n—2)u? ondM,

where
l<l4es0=q=—— Ly=A,——""2 g, B=— 412
n—72 4(n—1) Vg 2
Instead of looking for conformal metrics with zero scalar curvature and constant
mean curvature as in (P), one may also look for scalar-flat conformal metrics with
boundary mean curvature being a given function H; this problem is equivalent to

finding a smooth positive solution u to

hg.

Leu=0, u>0 inM,

P
(Pn) Bou = Hu" ™2 on dM.

Such a problem was studied by Escobar [1996], who proved that if a positive
three-dimensional smooth compact Riemannian manifold M is not conformally
equivalent to the standard three-ball, a necessary and sufficient condition for a C?
function H on M to be the mean curvature of some conformal flat metric is that H
be positive somewhere. Recall that a manifold is called of positive type, or simply
positive, if the quadratic part of the Euler functional associated to (P) is positive
definite.

In our work we assume that the boundary is umbilic, that is, the traceless part
of the second fundamental form vanishes on the boundary. Moreover we assume
that the function H is positive.

Consider for 1 < g < 3 the problem

Lau=0, u>0 inM,

(P,
Haa) Bgyu = Hu? on oM.

We use My , to denote the set of solutions of (P ,) in C2(M). Our first theorem
gives a priori estimates of solutions of (Py ,) in H '(M) norm.
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Theorem 1.1. Let (M, g) be a three-dimensional smooth compact Riemannian
manifold with umbilic boundary. Then, for all &y > 0,

lullgran <C forallue | ) Mug,
I+e,<q=<3

where C depends only on M, g, €o, ||H || c2(3a1)> and the positive lower bound of H.

Our next theorem states that for any positive C> function H, all such metrics
stay bounded with respect to the C? norm and the total Leray—Schauder degree of
all the solutions of (P 4)is —1.

Theorem 1.2. Let (M, g) be a positive three-dimensional smooth compact Rie-
mannian manifold with umbilic boundary which is not conformally equivalent to
the standard three-dimensional ball. Then, for any 1 < g < 3 and positive function
H € C*(dM), there exists some constant C (depending only on M, g, | H || c2, the
positive lower bound of H, and q) such that

1
ESMSC and |ullc2y = C

for all solutions u of (Py ). The total degree of all solutions of (Pp ) is —1.
Consequently, equation (Py ,) with g = 3 has at least one solution.

The hypothesis that (M, g) is not conformally equivalent to the standard three-
dimensional ball is necessary since (Py) may have no solution in this case due to
the Kazdan—Warner-type condition for manifolds with boundary and for the mean
curvature proved in [Escobar 1996]. On the ball sufficient conditions on H in
dimensions 3 and 4 are given in [Djadli et al. 2004; Escobar and Garcia 2004], and
perturbative results were obtained in [Chang et al. 1998].

Recently S. Brendle [2002a; 2002b] obtained on surfaces some results related to
ours. He used curvature flow methods, in the spirit of M. Struwe [2002] and X.-X.
Chen [2001]. The curvature flow method was introduced in [Hamilton 1988] and
used in [Chow 1991; Ye 1994; Bartz et al. 1994].

The remainder of the paper is organized as follows. In Section 2 we provide the
main local blow-up analysis giving first sharp pointwise estimates to a sequence
of solutions near isolated simple blow-up points, then we prove that an isolated
blow-up is in fact an isolated simple blow-up, ruling out the possibility of bubbles
on top of bubbles. In Section 3 we rule out the possibility of bubble accumulations
and establish Theorem 1.1. In Section 4 we study compactness of solutions of (Py)
and establish Theorem 1.2. In the Appendix we provide some standard descriptions
of singular behaviour of positive solutions to some linear boundary value elliptic
equations in punctured half balls and collect some useful results.
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2. Local blow-up analysis

We may assume without loss of generality that 7, = 0. Indeed, let ¢; be a positive
eigenfunction associated to the first eigenvalue A of the problem

Lep =A@ in M,
By =0 on M.

Setting g = <pfg and i = (pl_lu, where u is a solution of (Py ) (with ¢ = 3), one
can easily check that R; > 0, h; =0, and u satisfies

L;@i=0 inM,

For simplicity, we work with g, denoting it by g. Since d M is umbilic with respect
to g and h =0, it follows that the second fundamental form vanishes at each point
of the boundary, that is, the boundary is a totally geodesic submanifold. Hence we
can take conformal normal coordinates around any point of the boundary [Escobar
1992b].

Recall the definitions of isolated and isolated simple blow-ups, first introduced
by R. Schoen [1991] and used extensively by Y.-Y. Li [1995; 1996].

Definition 2.1 (isolated blow-up point). Let (M, g) be a smooth compact n-
dimensional Riemannian manifold with boundary and take 7 > 0, ¢ > 0, x € dM.
Let H € CO(B; (%)) be a positive function, where B;(x) denotes the geodesic ball
in (M, g) of radius r centered at x. Suppose that, for certain sequences ¢; =3 —1;,
7, — 0, H, — H in Cz(r(x‘)), the sequence {u;};en solves

Loty =0, ;>0 in Br(d),
2-1) ous
% = Hu! on 8 M N B;(X).
v

We say that x is an isolated blow-up point of {u;}; if there exists a sequence of local
maximum points x; of u; such that x; — x, u; (x;) — oo and for some C; > 0,
ui(x) < Crd(x, x;)~V@=b, for all x € Br(x;) and all i.

To describe the behaviour of blowing-up solutions near an isolated blow-up
point, we define spherical averages of u; centered at x; as follows
4 (r) ][ 1
ui(r) = u; = -
l mraB,  Volg(MNAB, (%)) Jyras, i)

Definition 2.2 (isolated simple blow-up point). Let x; — x be an isolated blow-up
point of {u;}; as in Definition 2.1. We say that x; — X is an isolated simple blow-up

u;.
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point of {u;}; if, for some positive constants 7 € (0, 7) and C, > 1, the function
w; (r) :=r/4=Dy; (r) satisfies, for large i,

wi(r) <0 for r satisfying Cou) ¥ (x;) <r <F.
Notation. For later use we introduce the following symbols:
IRi is the open upper half-space {(x1 2N eRP xR x> O};
IE;*()E) is the open upper hemisphere {x =@, x}e Ri T —x| < r};
B} (x) is the closure of B (x);
' (B (X)) is the closed equatorial disk 8 B () N dR3 ;
I'2(B;F (%)) is the open upper hemisphere 3 B, (¥) NR3 ;
T2 (B (X)) is the closure of Ty (B (X)).

When the center of a ball is 0 we omit it from the notation, so B;" = B;F(0), etc.

For any x € d M, by choosing a geodesic normal coordinate system centered at
X, we can assume without loss of generality that

=0, g;0)=8;, BfcM,
(. 0=0"x*0: x| <1} coM, T};0) =0,

where Ff‘j is the Christoffel symbol.

Let H; — H in C*(T" (B;r )) be a sequence of positive functions, g; a sequence
of numbers satisfying 2 < ¢; <3 and ¢; — 3, and {v;}; C Cz(E;r) a sequence of
solutions to

—Agv; + %Rgvi =0, v;>0 in B3+,
(P; .

: % = Hjv}' onI'y(B]).

We now give some properties of isolated and isolated simple blow-ups. We will
use ¢ to denote positive constants that may vary from formula to formula and may
depend only on M, g, and . A similar analysis of blow-ups was also carried out
in [Escobar and Garcia 2004], where (M, g) was the standard ball endowed with
euclidean metric. See also [Felli and Ould Ahmedou 2003].

The following lemma gives a Harnack Inequality, whose proof is contained
(apart from minor modifications) in [Felli and Ould Ahmedou 2003, Lemma 2.3]
and [Escobar and Garcia 2004].

Lemma 2.3. Let v; satisfy (P;) and let y; — 3 € T'1(BY) be an isolated blow-up of
{vi}i. Then, forany 0 <r <7,

— L < 1M —. .
MaX gt (s 0\B, () Vi = C3miNgs )\ gt () Vi

where C3 is a positive constant independent of i and r.
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Lemma 2.4. Let v; satisfy (P;) and let y; — y € Fl(Bfr) be an isolated blow-
up point. Then for any R; — +o00 and & — 01 we have, after passing to a
subsequence,

—a 1
2-2) |v " ) vi (expy, (v; q‘(yi)x))—\/
’ o (U i) R | e
+ Ui_l(yi)vi(eXP);i(vil_qi(yi)x))—\/ 312 ) <é&
(14 hix®)" + hilx'| HI(BSy,)
and
R;
(2-3) — Y — 0,

log vi(yi) i—+oc
where x = (x', x>) € B and h; = H;(y;).

Proof. Let g; = (8i)ap(x) dx® dxf = 8ap (vl.l_qi (y,-)x) dx® dxP denote the scaled
metric. Set

g0 = v o vi(yi+ v ()x) forxe Bl;,,Til(yA),
defined on the set

B;;,-Ti](y.) ={zeR |z < v () and 2> ~T;},

where T; = yl.3 v?i_l(yi). Then the following conditions are satisfied:

. —T:
ayinB I,
@ S

A&+ 307 TP )Ry (i + v (y)x) =0 and & > 0;
(b) on aB_qiTil( Nize R3:z3=-T;},
v
9&;

o= Hilyi+ v M (y)x)E"
Vg;

i

(©) &O) =1,
(d) 0is alocal maximum point of &;;
(e) for some positive constant ¢,

(2-4) 0 < &(x) <&~V @D,

Now we prove that &; is locally bounded. Using Hopf’s boundary point lemma
and Lemma 2.3, we derive that for O <r < 1

1=§0) > minFI(B;r) & > minfz(Bj) & > € MAXT, g+ &,
which implies that, for some ¢ independent of r,

maxr, g+ & < c.
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From this we derive easily that &; is locally bounded. Applying standard elliptic
estimates to {&;}, we conclude, after passing to a subsequence, that & — £ in
CIZOC([R&) and Hl1 ([R{i) for some £ satisfying

ocC
AE=0, £>0 inR®
ad
 — (lmH O on R
v i

where [F\RiT = {x =, ) eR: x> —T} and T = lim; T;. By the Liouville
Theorem and (2-4) we have 7' < +o00. By a Liouville-type theorem from [Li and
Zhu 1995] and [Chipot et al. 1996] (see Theorem A.3 in the Appendix), we easily
deduce that 7 =0 and

1 1/2
e, x%) = ( ) . O

(14 lim; H; (y;)x3)? + (lim; H; (y;))?]x’]?

Before stating our next result, we point out that it follows from Lemma A.5
of the Appendix that, for §p > 0 small enough, there exists a unique function

G(-.y) € C*(Bj (3) \{y}) satisfying
—AG(-.5)+§ RG(-.5)=0 inBj (),
2G5 =0 on T4 (B )\ 7).
limy 5 d(y. $)G(y, §) = 1.
Now we state our main estimate on isolated simple blow-up points.

Proposition 2.5. Let v; satisfy (P;) and let y; - y € T’ 1(Bl+) be an isolated simple
blow-up point, with (2-2) and (2-3) for all i. Then for some positive constant C
depending only on Cy, ¥, | H; lc2qry (83) and infyerl(Bﬁ) H;(y) we have

(2-5) vi(y) < Co ) d(y. ), for d(y,yl-)sg

where C| and ¥ are given in Definitions 2.1 and 2.2. Furthermore, after passing to
some subsequence, for some positive constant b,

vy —> bG(, M +E in Coo(BE()\ (7)),
1—>+00
where p = min(8g, 7/2) and E € C2(B; (»)) satisfies
—AGE+§RE=0 inBF,
IE
=~ =0
av

Proposition 2.5 will be established through a series of lemmas.

+
on F](B/3 ).
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Lemma 2.6. Let v; satisfy (P;) and let y; — y € Fl(Bf“) be an isolated simple
blow-up. Assume R; — +o00 and 0 < g; < e~ X are sequences for which (2-2) and
(2-3) hold. Then, for any 0 < § < there exists py € (0, r) independent of i (but
depending on 8) such that

(2-6) i (i) < Cav; M (y)d(y, y) ™' forall vy <d(y, yi) < p1,
(2-7) Vi (i) < Cav; Y (v)d(y, yi) 2+ forallr; <d(y, yi) < p1,
2-8)  Vaui(y) < Cav; M () d(y, y) T forallri <d(y. yi) < p1,

where r; = R; vi1 iy, i = (1 =8)(gi — 1) — 1, and Cy4 is some positive constant
independent of i.

L
100°

Proof. We assume for simplicity that g is the flat metric. The general case can be
derived essentially in the same way. Let r; = R; v1 % (y;). Lemma 2.4 implies that

(2-9) vi(y) <coi()R' ford(y, yi) =ri.

We then derive from Lemma 2.3, (2-9), and the definition of an isolated simple
blow-up that, for r; <d(y, y;) <7, we have

(2-10) VI ) < eR7TWVacy, y

Set T; = yl3 lq’ (y,) From the proof of Lemma 2.4 we know that lim; 7; = 0. It
is not restrictive to take y; = (0, 0, y; 3). Thus we have d(0, ¥; 3 =o0(r;). So

B (0)\ B}, (0) C {31 <d(y.y) <3}.
We now apply the maximum principle stated in Theorem A.1; to this aim we set
i) =M; (Iy17° = ely’~'y) + Av7 o) (11717 = ely24057)
with M; and A to be chosen later, and let ®; be the boundary operator defined by
av
®;(v)=— —H; vq‘ (yi)v.
v
A direct computation yields
Agi(y) = Mi |y (=8(1=8) + 0(&) + 17"V A () (=8(1 =) + O ().

Thus one can choose € = O (§) such that Ag; <O0.
Another straightforward computation taking into account (2—10) shows that for
6 > 0 there exists p;(6) > 0 such that

d;0; >0 on FI(B;I).
Setting
Q= D, =B}, \ B}, (0),
Y =T1(D;):=3D;NdR3, T =Ty(D):=dD;NR>, V=0,
h=Hivl-qi_l, V=g —V, V=,
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and choosing A = O($) such that ¢; > 0 on ['2(D;) and M; = Maxr, g+ Vi, We
deduce from Theorem A.1 that

(2-11) vi (x) < @i (x).

By the Harnack inequality and the assumption that the blow-up is isolated simple,
we derive that

(2-12) M; < cv M (y).

Now (2-6) follows from (2-11) and (2-12).
To derive (2-7) from (2-6), we argue as follows. For r; < |¥| < p1/2, we
consider

w;i (2) = 5120 ) vi([5lz) for L <21 <2, 22 >0.

It follows from (P;) that w; satisfies

—Aw; =0 in {1 <zl <2:23>0},
(2-13) i i _
S = Hi(F1 1517 g on {5 <z <2:2° =0},
In view of (2-6), we have w;(z) < ¢ for any z such that % <lz] <2 and z° > 0.

We then derive from (2—13) and gradient elliptic estimates that
|Vw;(2)| <c¢  forz e T2(B)),

which implies that
Vo] < el31 707 ()

This establishes (2-7). Estimate (2—8) can be derived in a similar way. We omit
the details. O

Later on we will fix § close to 0, hence fix p;. Our aim is to obtain (2—-6) with
6 =0 for r; <d(y, y;) < p1, which together with Lemma 2.4 yields Proposition 2.5.
Now we state a Pohozaev-type identity, which is basically contained in [Li and
Zhu 1997]. In the following, we will be working in some geodesic normal coor-
dinate x = (x', x2, x3) with gij(0) =4;; and Ff‘j (0) = 0. We use also the notation
V = (8, 92, 33), dx = dx" Adx* Adx> and ds to denote the surface area element

with respect to the flat metric.

Lemma 2.7. For H € C*(T'((B}")) and a € C*(I'1(B}")), let u € C*(BY) satisfy,
forg >0,
—Agu—i-%Rgu:O, u>0 inBlJr,

— = Huf on T'((B]").
av
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Then, for any r such that0 <r <1,

1 2 1
B - Vo Hudt ds + <— - —) / Hut' ds
q+1JrsH g+1 2/ JrsH
1 1
——/ (x-VRg)uzdx——f Rguzdx—L Rguzds
16 Jp+ 8 Jpr 16 Jry8)
_ ! / Huitds
q+1Joaris
:f B(r,x,u,Vu)ds + A(g, u),
I2(B5)
where
| 0w os0uNZ 2
(2-14) Brox.u, Vi) = Juzs +4r(55) = 4r1Vrul
(Vru being the component of Vu tangent to T'»(B;")) and
(2-15)

A, u) = f | 0k (g1 — 8ij)Byju dx — / ' 0p) (g1 — T ) dx
B/ B

A

1 . . 1 .
+§/+u(g” —8”)8l-judx—§/+ug’JFfJ-8kudx
B} B;

0 i 0 -2 i 0
_/ x'_u(glj_(glj)_uvi_n / (glj_(glj)_uvju.
rgH 0 dx; - 2 Jrsh dx;
Regarding the term A(g, u;), where u; is a solution of (P;), we have the follow-
ing estimate, whose proof is a direct consequence of Lemmas 2.4 and 2.6.

Lemma 2.8. Let {v;}; satisfy (P;) and let y; — y € Fl(Bfr) be an isolated simple
blow-up point. Assume that R; — +00 and 0 < &; < e K
(2-2) and (2-3) hold. Then, for 0 <r < p1, we have

i are sequences for which

2%
|A(g, vi)| < Csrv; = (i),
where Cs is some constant independent of i and r.

Using Lemmas 2.4, 2.6, 2.7 and 2.8, together with standard elliptic estimates,
we derive the following estimate about the rate of blow-up of the solutions of (P;).

Lemma 2.9. Let v; satisfy (P;) and let y; — y € I‘l(BlJr ) be an isolated simple

blow-up point. Assume that R; — +00 and 0 < g; < e R
(2-2) and (2-3) hold. Then

i are sequences for which

7 = 0(v; " ().

Consequently v;* (y;) = 1 as i — oc.
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Lemma 2.10. Let v; satisfy (P;) and let y; — y € Fl(Bf“) be an isolated simple
blow-up point. Then, for 0 <r <r/2, we have

ljm SUP MAX e, (gt (y,)) Vi (Vi) Vi(y) = C(r).

1—>—+00
Proof. By Lemma 2.3, it is enough to establish the lemma for » > 0 small enough.
Without loss of generality we may take 7 = 1. Pick any y, € I';(B;") and set

£ = v o) v ().
Then &; satisfies
—Ngki + gRE =0 in Bf/z(y),
0&;

i—1 i S
= =Hi v T & on Ti(B] ().

It follows from Lemma 2.3 that for any compact set K C Bf/z(y) \ {y} there exists
some constant ¢(K) such that

c(K)"' <& <c(K) onKk.
We also know from (2-6) that v; (y,) — 0 as i — 4-00. Then by standard elliptic

theory, we have, after passing to a subsequence, that & — £ in CIZOC(BT/Z(y) \{¥}]),
where & satisfies

—AgE+ 3 RE=0 inBf,(),
=0 on Iy (Bijp) \ (5.
v
From the assumption that y; — y is an isolated simple blow-up point of {v;};, we
know that the function »'/2£(r) is nonincreasing in the interval (0, 7) and so we
deduce that £ is singular at y. So it follows from Corollary A.8 that for r small

enough there exists some positive constant m > 0 independent of i such that for i
large we have

1 & JE; &
__/ Rggizf _Aggl:_/ ﬁ_/ £>m_/ %
8 Jpr B} riH v Jrysr) v ris) v

which implies that

(2-16) I/Rs+/ 08
— —= ; ——>m
8 Jgr 7 Jrus v
On the other hand,
9E; ~ - |
e[ S E T o0g o0 [ ol
riaH v Jrsh Ty (B7)

Using Lemmas 2.4 and 2.6, we derive that

(2-18) / Hiv!" < cv ().
T'i(B})
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Hence our lemma follows from (2-16), (2-17), and (2-18). Il

Proof of Proposition 2.5. We first establish (2-5) arguing by contradiction. Sup-
pose the contrary; then, possibly passing to a subsequence still denoted by v;, there
exists a sequence {y;}; such that d(y;, y;) <7/2 and

(2-19) vi (V) vi (yi)d(yi, yi) —> +oo.
i—>+00
Set 7; =d(y;, y;). From Lemma 2.4 itis clear that 7, > r; = R; vl.l_qi (v;). Set

~ ~1 ,'71 ~ . _Ti ~—
vi(x)zrl./(q )vi(yi+rix) inB,", T,=r, ly?.

Clearly v; satisfies
—Ag Ui+ L Ry 57 =0, v; >0 inBy",
av;

5 = Hiu® ) on 3B, " N{x® = —T;},
V

where
(81)ap = 8ap(Fix) dx*dxP,
Ry, () = 77 R, (i + i),
Hi(x) = H; (yi +7ix).

Lemma 2.10 yields max, e (B} ) 0; (0); (x) < ¢ for some positive constant ¢, so

vi (i) vi (i) d (i, yi) < c.
This contradicts (2—19). Therefore (2-5) is established. Now take
w; (x) = v; (¥i) vi (x).
From (P;) it is clear that w; satisfies
—Agw; + § Ryw; =0, in BY
= Hiou o on (B,

Estimate (2-5) implies that w;(x) < cd(x, y;)~'. Since y; — ¥, w; is locally
bounded in any compact set not containing y. Then, up to a subsequence, w; — w
in C2.(B5(3) \ {y}) for some w > 0 satisfying

loc
—Agqw+ g Raw =0 inBF (),
ow -
—=0 on T'1(BD)\ (7).
v p

From Proposition A.7, we have

w=bG(-,y))+E inB:{\{O},
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where b > 0, E is a regular function satisfying

—AGE+ 5 RE=0 in B,
IE
v

and G € CZ(B;)r \ {¥}) satisfies

0 on T'1(B}),

—L,G(-,y)=0 in B;,
Gy, _0
av
and limy_,;d(y, y)G(y, y) is a constant. Moreover w is singular at y. Indeed,
from the definition of an isolated simple blow-up we know that »'/2w(r) is a

nonincreasing function in the interval (0, 7), which implies that w is singular at
the origin and hence b > 0. The proof of Proposition 2.5 is thereby complete. []

on T'1(B)\ {7},

Using Proposition 2.5, one can strengthen the results of Lemmas 2.6 and 2.8
using just (2-5) instead of (2—6), thus obtaining the following corollary.

Corollary 2.11. Let {v;}; satisfy (P;) and let y; — y € Fl(BlJr) be an isolated
simple blow-up point. Assume that R; — +o0 and 0 < &; < e~ R are sequences for
which (2-2) and (2-3) hold. Then there exists p; € (0, r) such that

(2-20) |Vevi )| < Cav; ' (i) d (v, yi)™* forallr <d(y, ;) < pi
and
(2-21) IVevi(0)| < Cav; ') d (v, y) ™ forallry <d(y. yi) < p1,

1—g; . . . .
where r; = R;v; U (y;) and Cy4 is some positive constant independent of i. More-
over

A, vi)| = Csrv72 (),
for some positive constant Cs independent of i.

We prove an upper bound estimate for Vg, H; (y;).

Lemma 2.12. Let v; satisfy (P;) and let y; — y € T’ 1(BIJr ) be an isolated simple
blow-up point. Then

Ve Hi (i) = O(v; > ().
Proof. Let x = (x!, x2, x*) be geodesic normal coordinates centered at y; and let
n be a smooth cut-off function such that 0 < <1 and

1 ifx e Bf,,

X) = —
=10 if x ¢ BY .
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Multiply (P;) by 1(dv;/dx;) and integrate by parts over B}, thus obtaining

v 1 dv; v, dv;
(2-22) 0= vgvi-v<n—) AV += | Revine— — S e
B} 0x1 8 B} 0x1 Ii(B,) dv " oxg
From (P;), (2-5), and (2-2) we have
(2-23)

avi avl- 1 8v,~
—n—do+35 | Ryvin—
Fl(BlJr/z) av 8)61 8 Bl+ BX1
qi 81)1 -2
= Hivi'n—do+0v; “(yi))
T'i(B),) 0xy

1 0H,; . .
:___’(y,-)/ nuiq’“da+0(/ |x’|v?‘+1)+0(v,~_2(yi))
gi+19x Ti(B)y) T1(B}))

1 0H, . _
— ___‘(y,-)/ i do +0 (w72 ().
gi+19x; T1i(By))

On the other hand, from (2-20) it follows that

8 .
(2-24) Vv - Vo (n: ) do
riB) dx;
8v,~

81),'
_/Bl+(vgz;,--vg;7)a—mdv+/Bl+ vgvi-nvg(a—m) av

2 0x1

Putting together (2-22), (2-23), and (2-24), we find

J0H; _
G0 0D =00, 2()-
X1

1 an _ _
=——/ — Vv dV + 02 (%)) = O(v; 2 ().
B{),\B,

Repeating the same argument for the derivatives with respect to x, and x3, we come
to the required estimate. U

Corollary 2.13. Under the assumptions of Lemma 2.12,
/ X Ve H' ™ do = 0074 (m)).
T1(B)
Proof. We have

/ x'- erH,-vf”Jrl do
T1(B)

= / Ve H;(y) - (x' — y,-)v?ﬁ_1 do+ 0O (/ |)c/|2vl.qurl da).
T(87) (8

From Proposition 2.5 and Lemma 2.4, fr] (B x'=yi) vfiH do=0 (vl._z(y,-)). The
conclusion follows from Lemma 2.12, Corollary 2.11, and (2-2). O
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Proposition 2.14. Let v; satisfy (P;), y; — ¥ be an isolated simple blow-up point
with, for some p > 0,

v = b in Co(BY D\ ().

Assume, for some B > 0, that in some geodesic normal coordinate system x =
(xl, x2, x3) we have

hx)= %+A+0(1) as |x| = 0.

Then A < 0.
Proof. For r > 0 small, the Pohozaev-type identity of Lemma 2.7 yields
1 : 2 1 ,
(2-25) —— (' Vo H) v ds + (— — —) / Hivf™*! ds
qi +1 Jr, qi+1 27 JrH

r

1 1
—— VR v>d ——/ R, v? dx — R, v’ d
16/1;r+(x g)vl X 8 BrJr gvl X 16 I‘Z(Bj) gvl S

_r / H-vq"H
-V
gi+1 Joryry '

Z/ B(r,x,v;, Vv;)ds + A(g, v;),
T2 (B)

where B and A(g, v;) are defined in (2-14) and (2-15) respectively. Multiply
(2-25) by viz(y,-) and let i — oo. Using Corollary 2.11, Lemma 2.4, and Corollary
2.13, one has

(2-26)
lim B(r,x,h,Vh) = lim lim sup viz(y;) B(r, x,v;, Vv;) > 0.
r=0% Jry(8}) r=0% oo 2 (B)

On the other hand, a direct calculation yields

(2-27) lim B(r,x,h,Vh)=—cA
r=>0% Iy (81
for some ¢ > 0. The conclusion follows from (2-26) and (2-27). O

Now we can prove that an isolated blow-up point is in fact an isolated simple
blow-up point.

Proposition 2.15. Let v; satisfy (P;) and y; — y be an isolated blow-up point.
Then y must be an isolated simple blow-up point.

Proof. The proof is much the same as that of [Felli and Ould Ahmedou 2003,
Prop. 2.11]. For the reader’s convenience, we include it here. From Lemma 2.4, it
follows that

(2-28) w;'(r) <0 for every szl.lfq" (i) <r <ri.
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Suppose that the blow-up is not simple; then there exist sequences 7; — 01 and
¢; — ~oo such that ¢; vilfq" (y;) < r; and, after passing to a subsequence,

(2-29) w; (7) = 0.

From (2-28) and (2-29) it is clear that 7; > r; and w; has at least one critical point
in the interval [r;, 7;]. Let u; be the smallest critical point of w; in this interval.
We have

ri > Wi >=r; and hm ui = 0.
i—00

Let gi = (gi)ap dx®dxP = 8ap(1iX) dx®dxP be the scaled metric and set

1 i—1
gx) = T Vv (i + pix).

Then &; satisfies

~Ag&i+ s Ry& =0 in B

L/’
9E o~ s
a_v’ = Hi(x)%E"  on 9By N{xd=-T});

lim; , 5, &;(0) = oo and O is a local maximum point of &;; also r1/@i=Dg (r) has
negative derivative in c & (0)! =% <r < 1 and

(2-30) L (@D (1)1, =0,

dr
where T; = pu;'y?, @;(x) = wia; (yi + wix), and H; (x) = H; (y; + j;x). Arguing
as in the proof of Lemma 2.4, we can easily prove that 7; — 0. Since O is an
isolated simple blow-up point, by Proposition 2.5 and Lemma 2.3, we have, for
some § > 0,

Q31 HOF — h=pR|HE in Ch®\ (0,

with E satisfying

— M3
—AE=0, inR,
oE
— =0, on B[Rii.

dv

By the maximum principle we have E > 0. Reflecting E to be defined on all R* and
thus using Liouville’s Theorem, we deduce that E is a constant. Using (2-30) and
(2-31), we deduce that E = b. Therefore h(x) = b(G,(x, y) + 1), contradicting
Proposition 2.14. 0
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3. Ruling out bubble accumulations

Now we can proceed as in [Felli and Ould Ahmedou 2003] to obtain the following
results, which rule out possible accumulations of bubbles, thus implying that only
isolated blow-up points may occur for blowing-up sequences of solutions.

Proposition 3.1. Let (M, g) be a smooth compact three-dimensional Riemannian
manifold with umbilic boundary. For any R > 1 and 0 < ¢ < 1, there exist positive
constants 8o, co, and ¢y depending only on M, g, |H ||c25m) infyeom H(y), R,
and &, such that for all u in

with maxy u > cg there exists ¥ = {p1, ..., pn} C OM with N > 1 satisfying the
following conditions:

(1) each p; is a local maximum point of u in M and
Bi(p)NB; (pj)) =@, fori#j,

where 7; = Ru'~9(p;) and E;l. (pi) denotes the geodesic ball in (M, g) of
radius r; and centered at p;;

(if) Hu”(pi)u(expp,. u' = (p))) —\/

1
(1 +hx3)2 +h2|x1|2

<e,
C2(BY%(0))

where
B ©)={y € T,,M :|y| <2R, u'~(p;)y € exp, (Bs(p))}.

y=0'"y")eR", and h > 0;
(iii) d'/4=V(p;, pu(p;) = co, for j > i, while d(p, $)'9"Du(p) < c1, for all
p € M, where d(-,-) denotes the distance function in metric g.

Proposition 3.2. Let (M, g) be a smooth compact three-dimensional Riemannian
manifold with umbilic boundary. For suitably large R and small ¢ > 0, there exist
81 and d depending only on M, g, ||lallc2my» 1 H | c2amy» infyeans H(y), R, and
g, such that for all u in U3_515q53 Mg, g4 with maxy u > co, we have

min{d(p;, pj) i #j. 1<i.j<N}=d
where cg, p1, ..., py are given by Proposition 3.1.

The previous two propositions imply that any blow-up point is in fact an isolated
blow-up point. Thanks to Proposition 2.15, any blow-up point is in fact an isolated
simple blow-up point.

Proof of Theorem 1.1. Arguing by contradiction, suppose that there exist sequences
qi —> q € (1, 3], u; € Mp; 4 such that [|u; || g1 pr) — +00 as i — oo, which, in view
of standard elliptic estimates, implies that max,; u; — +00.
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From [Hu 1994] (see also [Li and Zhang 2003]), we know that ¢ = 3. By
Proposition 3.2, for some small ¢ > 0, large R > 0, and some N > 1 there exist
vy ™) € 9M such that conditions (i)~(iii) Proposition 3.1 hold. The points
{y; }is oens {yi(N)},- are isolated blow-up points and hence, by Proposition 2.15,
isolated simple blow-up points. From (2-2) and Proposition 2.5, the sequence

{||u,- | HI(M)}I. is bounded, which gives a contradiction. O

4. Compactness of the solutions

Before proving Theorem 1.2, we state the following result about the compactness
of solutions of (Py ;) when g stays strictly below the critical exponent. The proof
is basically the same as that of [Felli and Ould Ahmedou 2003, Theorem 3.1].

Theorem 4.1. Let (M, g) be a smooth compact three-dimensional Riemannian
manifold with umbilic boundary. Then for any §| > 0 there exists a constant C > 0
depending only on M, g, 81, || H || c2(3 m» and the positive lower bound of H on 9 M
such that for all u U1+815q53761 My .4 we have

1
lullc2ary = C and ESM(X)SC forallx e M.

Proof of Theorem 1.2. Due to elliptic estimates and Lemma 2.3, we have to prove
just the L bound, i.e., u < C. Suppose the contrary; then there exists a sequence
qi — q € (1, 3] with

ui € Mpyq and maxy u; — +00,

where ¢ is some positive constant independent of i. From Theorem 4.1, ¢ must be 3.
It follows from Propositions 2.15 and 3.2 that, after passing to a subsequence, {u;};
has N (with 1 <N < o0o) isolated simple blow-up points denoted by y(V, ..., y™,
Let yl.(g) denote the local maximum points as in Definition 2.1. It follows from
Proposition 2.5 that

N
j=1

where b; >0 and E € C%(M) satisfies

—L,E=0 inM,
4-1) 9E

— =0 ondM.

av

Since the manifold is of positive type, £ = 0. Therefore,

N

Mi(yi(l))ui i—>—+>oo h(y) - ZbJGa(y’ y(j)) in C12()C(M \ {y(l)v LR y(N)})
j=1
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Let x = (x', x2, x3) be a geodesic normal coordinate system centered at yl.(l). From
Lemma A.5, the Positive Mass Theorem, and the assumption that the manifold is
not conformally equivalent to the standard ball, we derive that there exists a positive
constant A such that

h(x)= h(expym(x)) = c|x|_1 +A; +0(x|™%) for |x| close to 0

and A; > A > 0. This contradicts the result of Proposition 2.14. The compactness
part of Theorem 1.2 is proved. Once we have compactness, we can proceed as in
[Felli and Ould Ahmedou 2003, Section 4] to prove that the total degree of the
solutions is —1. 0

Appendix

Here we recall some needed results and describe the singular behaviour of positive
solutions to certain boundary value elliptic equations in punctured half-balls.

For n > 3, let Br+ : {x =, eR=R"!xR: |x| <r and x" > O} and
set I'1(B,") := dB,F NAR",, I'»(B,") := 3 B;" NR’,. Consider a smooth Riemannian
metric g = g;; dx'dx/ in B}, and a € C1(I';(B]")).

We first recall a maximum principle; for the proof see [Han and Li 1999].
Theorem A.1. Let Q2 be a bounded domain in R" and let 9Q =T UX, V € L*(Q),
and h € L>®(X) be such that there exists ¥ € C*(2) N C'(Q) positive in Q and
satisfying

A +Vy <0 inQ,

d
—wzhw onx.
av

Ifv e C*(Q) N CY(Q) satisfies
Agv+Vv =<0 inQ,

dv
— >hv onx,
av
v >0, onl,

then v > 0 in .

Next we state a maximum principle that holds for the operator 7' defined by

Lu=0 inM,
Tu=v if and only if u

8—=v on oM.

%

Proposition A.2 [Escobar 1996]. Let (M, g) be a Riemannian manifold with
boundary of positive type. Then, for any u € C*(M) N C' (M) satisfying L u>0
in M and ou/ov <0on dM,we haveu <0in M.
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Proof. Let u™(x) = max{0, u(x)}. Then
ad 1
05/ (Lgu)u+dv—/ Myt do = —/ |vgu+\2dv— —/ Rlut?dV.
M om v M 8 Jm

Since M is of positive type [ |Vgu|2 + % i Rgu2 is an equivalent norm, hence
ut=0. Ol

We now recall a Louville-type theorem, from [Li and Zhu 1995]. See also
[Escobar 1990; Chipot et al. 1996].

Theorem A.3. If v is a solution of

—Av=0 in R,

ov
- =D on oRY,
X

and c is a negative constant, then either v =0 or v is of the form
n—2

2
) forx' e R"7 x" e,

€
(x§ +xM)2 + |x" — x{|?

v(x’, x") = (

where x{ = —(n —2)e/c, for some & > 0, and x|, € R,

Lemma A.4. Suppose that u € C 2(BIJr \ {0}) is a solution of
—Lou=0, on Bl+,

(A-1) u

5 =

andu(x) =o (lez_”) as |x| — 0. Then u € Cz*"‘(Bfr/z)for any 0 <a < 1.

0, on T'((Bf \ {0}),

Proof. We reflect across 'y (B1+) to extend u as a solution of —L,u =0 on By \ {0},
then use [Gilbarg and Serrin 1955/56] to conclude that O is a removable singularity.
The result follows from standard elliptic regularity. O

Lemma A.5. There exists some constant 8y > 0 depending only on n, | g;; ||Cz(Bl+)
and || H || 00 B such that for all 0 < § < ¢ there exists some function G satisfying

—L,G =0, in B,
0G
(A-2) — =0, on T'1(B;)\ {0},
v

limyy o [~ G (x) = 1
such that, for some constant A and some o € (0, 1),
G(x)=|x|""+A+0(x|*) forallx € B .

Proof. Reflecting across Fl(B;), the lemma is reduced to [Li and Zhu 1997,
Proposition B.1]. g
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Reflecting again across I'; (BIJr ), we derive from [Li and Zhu 1999, Lemma 9.3]
the following result:

Lemma A.6. Assume that u € Cz(Bl'Ir \ {0}) satisfies
—L,u=0 inB,
ou

8_1):0 on FI(BIJF)\{O}-

Then

o = lim sup max, ., ) u(x)|x|" 2 < 4o0.
r—0t

Proposition A.7. Suppose that u € C 2(BlJr \ {0}) satisfies
—L,u=0 inB,
(A-3) I
— =0 onT'1(B)\ {0}.
dv
Then there exists some constant b > 0 such that
u(x)=bG(x)+E(x) in Bj/z \ {0},
where G is defined in Lemma A.5, and E € C 2(Bl+ ) satisfies

—LyE=0 inBj),,

(A-4) IE +
m =0 onT (B1/2)'
Proof. Set
(A-5) b=b(u)=sup{1>0:AG <uin B \{0}.

By the previous lemma we know that 0 < b <« < 400. Two cases may occur.

Case 1: b = 0. We claim that for all ¢ > 0 there exists 7, € (0, §p) such that
minxerz(B;r){u(x) — eG(x)} <0 foranyO0<r <re,.

For suppose otherwise. Then there exist &9 > 0 and a sequence r; — 07 such that

minp—, {u(x) —£G(x)} >0 and u(x) —&G(x) >0 on 2(B}).

We prove that g9 < b, contradicting the assumptions. To do this note that
—Ag(u—20G) + g Ry(u—29G) =0 in By,
aa—v(u—soG) =0 on Fl(ng)\{O},

and apply Theorem A.1 with
v=u—gG, X= Fl(ng) \ Fl(B:;), = FZ(Brt) U FZ(B;(:)§
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this yields u — ¢oG > 0 in the annulus ng \ B;; for any j, and consequently in
B;g \ {0}. Therefore gy < b and we have our contradiction.
Hence, for any ¢ > 0 and 0 < r < r, there exists x, € I'2(B,") such that

u(xe) < eG(xe).
By the Harnack inequality of Lemma 2.3 we have that
maxy= u(x) < culxs) <ceG(xg).
Since G(x) ~ |x|>~" for |x| small, we conclude that
u(x) =o(|x[*™") for |x| ~ 0.

Therefore from Lemma A.4 we obtain that u is regular. Setting E(x) = u(x), the
conclusion in this case follows.

Case 2. b > 0. _
We consider v(x) = u(x) — b G(x) in B;; \ {0}. By definition of b, it is clear
that v > 0 in E‘g; \ {0}. Moreover v satisfies

— =0, on F1(B(§g) \ {0},

so that from the maximum principle we know that either v=0or v > 0 in ng \ {0}.
If v=0, take E =0 and we are done. Otherwise v > 0 and satisfies the same
equation as u. Set

b=b()=sup{r>0:1G <vin B \{0}}.

If A>0and AG <vin B;g\{O},thenAG§u—waithb>O, ie. A+b)G <u.

By the definition of b, this implies that A + b < b, so A = 0. Therefore b = 0.
Arguing as in Case 1, we can prove that v(x) = o(|x|>™") for |x| ~ 0. Lemma A.4
ensures that v is regular, so that choosing E(x) = v(x) we are done.

The proof of Proposition A.7 is thereby complete. g
Corollary A.8. Let u be a solution of (A-3) which is singular at 0. Then
d oG -2
lim M do =b lim P do =" p 15,
r—07t (Bt 0V r—0t Iy (B;) v

where S"~! denotes the standard n-dimensional sphere and b > 0 is given by
Proposition A.7.

Proof. From the previous proposition, we know that

u(x)=bG(x)+E) inBf,0)\{0}, withb>0.
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Since u is singular at 0, » must be strictly positive. From (A—4), we have

IE 1
0=— | AEdV— —do+- | R4E.
B} ry(8;7) 9V 8 Jpr

Hence, since E is regular, we obtain

oFE 1
—do =— R,(x)E(x)do —> 0
8 B r—0t

a8y 9V
and so 5 G
u
lim —do = lim b/ —do.
r—0t (B OV r—0t (B v

From Lemma A.5 we know that G is of the form
G(x)=|x|7" +R(x),

where R is regular. Since

3 1
/ —|x|7'do = —= |S"]
a8} OV 2

oR
—do —> 0,
(B av r—40t

and

we conclude that

]
lim 2o =-L1pism
r—0t Jr, (B av
and the corollary follows. O
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