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ON THE UNIQUENESS OF THE FOLIATION OF SPHERES
OF CONSTANT MEAN CURVATURE
IN ASYMPTOTICALLY FLAT 3-MANIFOLDS

JIE QING AND GANG TIAN

1. INTRODUCTION

In the description of the isolated gravitational system in general relativity a
space-like time-slice has the structure of a complete Riemannian 3-manifold with
an asymptotically flat end. Such an asymptotically flat end is diffeomorphic to
R3\ B1(0), and the metric on it asymptotically approaches the Euclidean metric

near infinity:
2m

9ij = (1 + 7)(5” + O(r_2),
where 7 is the Euclidean distance in R2. The constant m can be interpreted as the
total mass of the isolated system and is referred to as an ADM mass in literature
[ADM]. Tt has also been established in [B] that with reasonable conditions ADM
mass can be geometrically defined independent of the choices of a coordinate system
at infinity.

Often it is better to consider an asymptotically flat end as a perturbation of
the static time-slice of the Schwarzchild space-time. Let us start with a precise
definition of asymptotically flat 3-manifolds adopted from [HY] for our discussions
in this note as follows:

Definition 1.1. A complete Riemannian 3-manifold (M, g) is said to be an asymp-
totically flat 3-manifold with mass m if there is a compact domain K of M such
that M\ K is diffeomorphic to R*\ B;(0) and the metric g in this coordinate system

is given as
m
gij(x) = (1 + %)45“ +Tij (),
for all z € R?\ B1(0) with a constant C such that
(1.1) 10'T3|(x) < Clz| 27!, 1<1<4,

where 0 denotes partial derivatives with respect to the Euclidean coordinates.

The existence of a unique foliation of spheres of constant mean curvature near
the end in an asymptotically flat manifold is a very important question. Among
many applications, the unique foliation of spheres of constant mean curvature can
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1092 JIE QING AND GANG TIAN

be used to construct a geometrically canonical coordinate system at infinity of an
asymptotically flat end. It can also be used to define a geometric center of mass for
an isolated gravitational system (cf. [HY]). It was observed that the study of the
Hawking mass is related to stable constant mean curvature 2-spheres in an earlier
paper of Christodoulou and Yau [CY]. Indeed the uniqueness of the foliation of
spheres of constant mean curvature at the asymptotically flat end is helpful to the
study of Penrose inequality regarding the mass (cf. [Br]).

In this note we show that outside a given compact subset in an asymptotically
flat 3-manifold with positive mass there is a unique foliation of stable spheres of
constant mean curvature. Our main theorem! is
Theorem 1.1. Suppose (M, g) is an asymptotically flat 3-manifold with positive
mass. Then there exists a compact domain K such that stable spheres of given
constant mean curvature which separates infinity from the compact domain K are
unique. Hence the foliation of stable spheres of constant mean curvature outside
the compact domain K in M is unique.

The existence of a foliation of stable spheres of constant mean curvature near
asymptotically flat ends was established by Huisken and Yau in [HY] (also see [Ye]).
Some uniqueness results with additional assumptions were also proven in [Br], [HY],
[Ye]. The major difficulty of establishing the uniqueness of spheres of given constant
mean curvature is that possible drifting of the spheres of constant mean curvature
presents a hurdle to any useful global a priori estimates on the curvature. As a
matter of fact, the uniqueness is known if one assumes no drifting (cf. [HY], [Ye]).
Moreover, it was proven in [HY] that, if the drifting was somehow mild, then the
uniqueness holds (cf. Theorem 5.1 on page 301 in [HY]).

Our main technical contributions can be summarized as follows: First, as a sharp
contrast to the Euclidean space, similar to (5.13) in [HY], we find the following scale
invariant integral which detects the nonzero mass. Suppose that N is a surface of
constant mean curvature in an asymptotically flat end (R®\ By(0), g) with positive
mass m. Then

1 H 1 (v-x)(v-b) 11
1.2 — | 2. — | WY s <
(1.2) 57 |y ‘$|V bda—|—47r/N do < Cm™ 1y,

where do is induced from the Euclidean metric, C' > 0 is some constant, b is any
vector in R3, v is the unit out-going normal vector of N in R® with respect to the
Euclidean metric, and

(1.3) ro =min{|z|: 2 € N C R*\ B1(0)},
provided that
(1.4) / H%dp < o0,

N

IThe uniqueness problem addressed here was referred to as the global uniqueness of stable
CMC surfaces in [HY]. Their result on this global uniqueness was stated in Theorem 5.1 in [HY].
They proved that for ¢ > %, if H is sufficiently small, there is a unique stable constant mean
curvature surface of mean curvature H outside By —4(0). It has been a long-standing question
whether stable constant mean curvature surfaces are unique outside a fixed compact subset. In
the paragraph after Theorem 5.1 on page 301, Huisken and Yau stated: “it is an open question
whether stable constant mean curvature surfaces are actually completely unique outside a fized
compact subset.” Our main theorem gives an affirmative answer to this question.
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CONSTANT MEAN CURVATURE SURFACES 1093

where dp is induced from g. Secondly?, we are able to obtain estimates (cf. Corol-
lary 4.4 and Corollary 4.5 in Section 4), which are beyond one individual scale in
the blow-down analysis, via an asymptotic analysis used in an early work of ours
[QT]. The blow-down for a surface N of constant mean curvature H with the scale
H is defined as

(1.5) N:{%Hx::ceNCRB\Bl(O)}CR3.

The use of the asymptotic analysis introduced in Section 4 is the key which allows
us to obtain some finer estimates and untangle the problem that uniform roundness
and nondrifting of spheres of constant mean curvature hinge on each other. More
precisely, to eliminate the possible drifting, one carefully calculates the two integrals
in left-hand side of (1.2) for N,

(1.6) 477/ b +— N(”'ﬁg"b)dg,

with some particular choice of b. If drifting happened, then the rescaled surface N
would approach the origin. Then one evaluates the integrals over three different
regions: 1) the part of N that is any fixed distance away from the origin; 2) the
part of N that is near the origin in the scale of Hrg; 3) the transition between the
above two. We will employ Corollary 4.5 in Section 4 to show that the integrals on
the third region contribute something negligible. Consequently we are able to prove
that the drifting of stable spheres of constant mean curvature does not happen at
all in an asymptotically flat 3-manifold with positive mass. Then using the early
uniqueness results in [HY] and [Ye], for instance, Theorem 5.1 in [HY], we may
conclude our main theorem.

It is worthwhile to note that the uniqueness of spheres of a given constant
mean curvature outside the horizon in the Schwarzchild space is an interesting
open problem. In his thesis [Br], Bray proved that the coordinate spheres are the
unique minimizing surfaces of given constant mean curvature outside the horizon
in Schwarzchild space, in an attempt to prove the Penrose inequality regarding the
mass by the foliation of constant mean curvature surfaces. Theorem 1.1 above par-
ticularly implies that the coordinate spheres are the only stable sphere of constant
mean curvature near infinity of the Schwarzchild space which separates infinity from
the horizon.

The paper is organized as follows: In Section 2 we will obtain the curvature
estimates based on the Simons’ identity and the smallness of the integral of the
traceless part of the second fundamental form. In Section 3 we introduce the blow-
down analysis in all scales. In Section 4 we present the asymptotic analysis in [QT]
and prove a technical proposition. Finally in Section 5 we introduce a sense of the
center of mass and prove our main theorem.

2In [HY], a global estimate was sought after (cf. Lemma 5.6 in [HY]), with a compromise to
assume that the inner radius is not smaller than H 9 for ¢ > % They stated in the paragraph
after Theorem 5.1 (page 21, [HY]) that their assumption on inner radius “seems to be optimal from
a technical point of view”. While in this paper we do different estimates in three different scales.
Particularly we establish some decay estimate for the intermediate scales by using an asymptotic
analysis developed in [QT].
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1094 JIE QING AND GANG TIAN

2. CURVATURE ESTIMATES

First let us recall the Simons’ identity [SSY], [Sj] for a hypersurface N in a

Riemannian manifold (M, g) (cf. Lemma 1.3 in [HY]):
2.1) Ahij = V;V;H + Hhiphjr — |A*hij + HRsi3; — hijRagsk
' + hjpRiga + hip Riagi — 2R Rk + Vi Ragir + Vi R3ijn

where A = (h;;) is the second fundamental form for N in M, H = TrA is a mean
curvature, and R;;z; and V R;jp; are curvature and covariant derivatives of curvature
for (M,g). When N is a constant mean curvature hypersurface, we rather like to
rewrite it as an equation for the traceless part A of A, ie. A=A- %H :

\ . 1. . . 1 .
1 .
(2.2) + HR3;3; — §HR3k3k5ij — Ajj R3psr
+ AjiRiga + Ak Risji — 2A0, Ry
+ Vi Ragix — Vi Raip;.

Lemma 2.1. Suppose that N is a constant mean curvature surface in an asymp-
totically flat end (R3\ B1(0),g). Then

23) —|A|AJA| < |,Zi|44:0H|21|3 +CHQ2|,2’1\2 Q
+ C|AP|z| =% + CH|A||z| 3 + C|Al|=| .

Note that, in an asymptotically flat end (cf. Definition 1.1 in Section 1),
(2.4) |Rijua| < Clz|7°,  |VRyw| < Clz| ™%

We refer readers to [HY] for the calculations of curvature of the Schwarzchild space
and asymptotically flat ends.

Lemma 2.2. Suppose that N is a constant mean curvature surface in an asymp-
totically flat end (R*\ B1(0),g). Then [y H2do is bounded if and only if [y H*dp
is bounded, provided that o is sufficiently large.

Proof. First one may calculate
m
2r

where H, is the mean curvature of N C R3 with respect to the Euclidean metric
(cf. Lemma 1.4 in [HY]). Hence

H?=H?>+O0(r YH*+O0(r 3)H +0(r?).

(2.5) He=(1+ g)2H+ 2(1 + )_I%x v+ 0>,

Following Lemma 5.2 in [HY] and the fact that g is quasi-isometric to the Euclidean
metric |dz|?, we have

/Hgdago/ Hfdus()/ HQdu+O(/ H"’du)%(/ r‘4du)%+c/ r3dp
N N N N N N

gc/ H?du
N

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CONSTANT MEAN CURVATURE SURFACES 1095

and
(1-— Crgl)/ H%dp < 0/ H?do.
N N
Thus the lemma is proved. (]
Therefore, following Lemma 1 in [Si], we have

Lemma 2.3. Suppose that N is a constant mean curvature surface in an asymp-
totically flat end (R*\ B1(0),g) with ro(N) sufficiently large, and that

/ Hgd,u < (.
N
Then
C1H™! < diam(N) < CoH ™.

We would like to point out that, if the surface N separates infinity from the
compact part, i.e. the origin is inside N C R?, then the above lemma implies

(2.6) CiH ' <ri(N) < CoH ™,
where the outer radius r1 (V) is defined as
r1(N) = max{|z| : x € N C R*\ B1(0)}.

Based on Michael and Simon [MS], one has the following Sobolev inequality (cf.
Lemma 5.6 in [HY]).

Lemma 2.4. Suppose that N is a constant mean curvature surface in an asymp-
totically flat end (R3\ B1(0), g) with ro(N) sufficiently large, and that

/ HQdu <C.
N
Then
1
(2.7) (| awt <o(f (viide+ [ Hiflaw.
N N N
Now we are ready to state and prove the main curvature estimates:

Theorem 2.5. Suppose that (R®\ B1(0),g) is an asymptotically flat end. Then
there exist positive numbers oq, €9 and §g such that for any constant mean curvature
surface in the end, which separates infinity from the compact part, we have

(28) AP(@) < Clal* [ JAPdu+ Clal

Bsge|(x

provided that

/ AP du < e
N

and ro(N) > og. Also, the corresponding a priori estimates for all covariant deriva-
tives of curvature hold consequently.

Proof. Recall that
—|A|AJA| < |A|* + CH|AP + CH? A]?
+ C(|A]P|z| =2 + CH|A||z| 3 + C|Al|z|~%).
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1096 JIE QING AND GANG TIAN

Multiply the two sides with ¢3, where ¢ is an appropriate cutoff function of small
support, and integrate

[ -eaialdlan< [ @atausc [ meaPac [ H6 AR
N N N N
o’ / (AP 2|2 + CH|Al2] 2 + C|Alle|~*)du
N
where
[ =148l = [ V(& ADVIAldy
N N
= [ FVANTIAI+ [ 2041V 0V1Alds

- / IV (SIA]) 2y + / S|V (6| A))Vdps + / 26%| AV 6V | Aldy
N N N

Y

3 . . . .
1 [ oIVl P —C [ olAPIVPdn+ [ 207 AVOVIAld
N N N

Y

1 A1Y]2 412 2
3 [ V@A —C [ olARIToPd

/ S Al du < ( / APy} ( / (1A dp)?
N supp(¢) N
and
/ HE AP dp < ( / H2du)d( / (1A du)?.
N supp(¢) N
For other terms

/ H26% A2 < Cr 72 A[2dy < cmr?/ Al2dp,
N

supp(¢) supp(¢)

| Pl AP < Claol [ i,
N supp(¢)

/N 6 Hle| 2| Aldp < Clao| 2 / AP du)t,

supp(¢)

and
[ el *Ald < Claol>([ AP,
N supp(¢)
Note that, for a given point xg, we may choose the cutoff function ¢ so that it has

the suppose of a disk of radius, say, dg|xo| (dp to be determined). Now, combining
all terms, we have

. e
/N 6V (B[ AJ) [Py < 2 /N APdu)t( /N (6] Al)°dp)

el / H2dp)*( / (G| ADd) ¥ + Claro| 2 / APdu)t.
supp(¢) N supp(¢)
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CONSTANT MEAN CURVATURE SURFACES 1097
Applying the Sobolev inequality with f = ¢3¢g3 where g = |A|, we have
([ @ordn < [ @oPv@nldn+ [ H@9?)
N N N
<c([ dgtawt([ (veoPodn? + ([
N N supp(¢)

<o /N ) ( /N (69)%dpm)¥ + C( / L ank /N (6g)8dps)*

H2du)d( /N (6g)0dps)*

e /N 1V (69) Pd.

Thus
(2:9) (] @AY < Claal ([ AP,
N supp(¢)
which implies
(2.10) [ @lAD du < Claol > [ (APan
N supp(¢)

Note that we have chosen g small enough so that

1
C / H2dp < =
supp(¢) 8

and [ |fol|2du < €9, where ¢ is small enough so that
o 1
C/ |APdu < <.
N 8

Now we proceed to get the point-wise estimates. First, if we take f = u? in the
Sobolev inequality, then

(/ utdp)? 30(2/ |u\|Vu|du+/ Hu?dp)
N N N

<c(f wawi([ (vapant o[ mawi(] vt
N N supp(u)

N

When u has the support as the cutoff function ¢, we have
(2.11) (/ whdp)t < 0(/ u%zu)%(/ VulPdp)t
N N N
To finish the point-wise estimates we use the following rather standard estimate:

Lemma 2.6. Suppose that a nonnegative function v in L? solves
(2.12) -Av < fu+h

on Bag(xg), where

/ fPdu < CR™?
Bar(xo)

and h € L*(Bag(xo)). Also, suppose that

([ wtamt < e[ ani([ [vuran?

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1098 JIE QING AND GANG TIAN

holds for all u with support inside Bog(xo). Then

sup v < CR M0l L2(Byr(wo)) + CRIRI L2 (Ban(ao))-
BR(wo)

Proof. We will simply use the Moser iteration method. For convenience, we may
rescale so that we are working on By. The correct scales would be

vr(z) = v(Rx), fr(z) = R®f(Rx), and hp = R?*h(Rzx).
Let k = ||h||12(5,) and © = v+ k. Multiply the equation with ¢*oP~! on both sides:
/IV(M%)P < %/f¢%”+/h¢2@p‘l +O/|V¢I2@p-
Set .}F:%+f; we have
Jivebe < [ oo [1vape.
Note that || fllr2(s,) < 14 || fllr2(s,)- By the assumed Sobolev inequality, we have
([eotyht <o [Ifie)h( [ o)+ o [ 19ePomi( [ oot

To handle the first term, we apply the Holder inequality

<p/'f‘¢2@”>%</¢%p)% gp%</\fl2)%</¢2f}p)%</<¢@%)4)%

< et [ehm wen [17t [ 6.

( / (675))% < (ol fll1e / S + / Vo).
Now, for i =1,2,..., let p =2 and

1 Vze Bl+2—i,
N 0 Vx ¢ Bl+2—i+1.

Hence

Then

J,

supo < supv < CXa 22527 ([ )4 < C(lolam + Wellieis)
By B, By

1_)271+1)2—71—1 < 02—7‘,21-2—@(/ 627‘,)2—@.

1421 By o—it1

Thus

whose scaled version gives the lemma. (I

To get curvature estimates, we write the equation in such way as (2.12) that we
may apply the above lemma for

f=C(AP+ H|A| + H? +r~3) and h = C(Hr 3 + r %),
in light of (2.9) and (2.10). O
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CONSTANT MEAN CURVATURE SURFACES 1099

3. BLOW-DOWN ANALYSIS

In order to understand a surface of constant mean curvature N in an asymptot-
ically flat end (R?\ Bi(0),g), we will need to blow down the surface in different
scales. We first consider, the blow-down by the scale H,

-~ 1 1
Suppose that there is a sequence of constant mean curvature surfaces {INV;} such
that
(3.2) lim r9(N;) = oo and lim H?dy = 167.

11— 00 11— 00 N,
i

Then, by an argument similar to the proof of Lemma 2.2 in the previous section,
we have

(3.3) lim [ HZ2do = 16m.

11— 00 N,
i

Hence, by the curvature estimates established in the previous section combining
the proof of Theorem 1 in [Si], we have

Lemma 3.1. Suppose that {N;} is a sequence of constant mean curvature surfaces
in a given asymptotically flat end (R®\ B1(0),g) and that

lim ro(N;) = 00 and lim H?dy = 167,

71— 00 1—00 J N
i

Also, suppose that N; separates infinity from the compact part. Then, there is
a subsequence of {Nz} which converges in Gromov-Hausdorff distance to a round
sphere S%(a) of radius 1 and centered at a € R3. Moreover, the convergence is in
C*> sense away from the origin.

From the above lemma, the difficulty will be to study the possibility of having
the origin lying on the sphere S?(a), that is,

(3.5) lim ro(N;) = 0o, and lim ro(V;)H(N;) = 0.

Then, in light of the curvature estimates we obtained in the previous section, we
may use the smaller scale ro(N;) to blow down the surface

(3.6) N =7ro(N)"'N = {rytz:z e N}.
Lemma 3.2. Suppose that {N;} is a sequence of constant mean curvature surfaces

in a given asymptotically flat end (R®\ B1(0),g) and that

lim ro(N;) = o0 and lim H?dy = 167,

11— 00 71— 00 N.

Also, suppose that

11— 00

Then there is a subsequence of {Nz} that converges to a 2-plane at distance 1 from
the origin. Moreover the convergence is in C* in any compact set of R>.
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1100 JIE QING AND GANG TIAN

As one would expect, the real difficulty is to understand the behavior of the
surfaces NV; in the scales between 79(N;) and H~1(V;). To start we consider the
intermediate scales r; such that

N; )

(3.7 lim ro() =0and lim r,H(N;) =0
71— 00 TZ‘ 1— 00

and blow down the surfaces

(3.8) Ny=r;'N={r'z:2€ N}

Lemma 3.3. Suppose that {N;} is a sequence of constant mean curvature surfaces
in a given asymptotically flat end (R®\ B1(0),g) and that

lim r9(N;) = 00 and lim H%dy = 167,

11— 00 71— 00 N.
i

Also, suppose that {r;} are such that

N,
lim ro(N:) =0 and lim r;H(N;) =0.

1—00 T 1—00

Then there is a subsequence of {N;} converging to a 2-plane at the origin in Gromov-
Hausdorff distance. Moreover the convergence is C* in any compact subset away
from the origin.

4. ASYMPTOTIC ANALYSIS

In this section we would like to apply the asymptotic analysis used in [QT] to
obtain some estimate that holds over the whole transition region between the scales
ro(N;) and r1(N;). But first, let us revise Proposition 2.1 in [QT] as follows. Let

us denote
|ul|? = / lu|?dtdf.
[(i—1)L,iL]x 81

Lemma 4.1. Suppose u € W12(X, R¥) satisfies
Au+A-Vu+B-u=h inX,

where ¥ = [0,3L] x S*. Also, suppose that L is given and large. Then there exists
a positive number §y such that, if

[AllL2(z) < do fgiang{HUHi + [Vulli}

and
[AllLeo(s) <60, ||Bllzee(s) < do,

then

(a) Julls < e 25 |ully implies [|ulls < =% ul|1,

(6) |ully < e 25 |fullo impies |[ulls < e 2% |[ul3, and

(c) If both [, ¢ udf and [,, ¢ udf < domaxi<;<s{|ull;}, then

either ||ullz < e 2L|ully or |Jullz < e~ 2% uls.
Proof. For the convenience of readers we would like to present a proof here. The
first step is to establish the conclusions (a), (b) and

(') If/ udf = / udf = 0, then||ulls < e~ ¥~ Jullrorf[ulls < e~ 3% ulls
LxSt 2L xSt

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CONSTANT MEAN CURVATURE SURFACES 1101

for harmonic functions. By the separation of variables, we may write a harmonic
function as

v =ag+ bot + Z{(an cosnb + b, sinnf)e™ + (a_, cosnf +b_, sinnh)e "'}

n=1

Then it follows that

1 )
[o[|? = 27 (ag L + agbo L*(2i — 1) + §b3L3(3z’2 —3i+1))
Tt =1, 2n(i—1)L 2 2\ —2(i—1)nL
+ 5 Z n {(CLn + bn)e + (afn + bfn)e }

n=1
‘We then claim

1 _
Ioll3 < (" llvll5 + e [lv]17)

provided that e© > 4, which can easily be verified. Hence (a) and (b) can easily be
verified for the harmonic function v. To show (c¢’) holds for v, we notice that

1 _
Ioll3 < Ze " (lll3 + ol

provided that e’ > 4, since ag = by = 0 under the assumptions of (c¢’). The second
step of the proof is to pass limits. For example, let us prove the conclusions (a)
and (b). Otherwise suppose that there are a sequence of functions |hg|/z2(sy — 0
and a sequence of solutions uy satisfying the elliptic equations such that

1 _
5 (e lulls + e~ lluellD) < uxll3

when either (a) or (b) fails to hold. One may assume
U< fJug s + llullz + [Juxlls <3

since one may normalize them if necessary. Then the standard elliptic estimates
implies that wg converges, at least for a subsequence, to a harmonic function
strongly on each compact subset of ¥. To see that w is not identically zero we
realize that |lug||2 has to be bounded from below by a positive number and wuy
strongly converges to u on the middle part [L,2L] x S!. Notice that we may use
a diagonal method to have a subsequence uy converge to the harmonic function u
almost everywhere over . Then

1 _ .1 -
SNl + e P ul?) < Tim S (e fugll3 + e un3)
(4.1) koo
< tim [lug3 = [,
— 00

by the Fatou lemma, which contradicts with the conclusion of the first step. (c)
can be proven similarly. This finishes the proof of the lemma. ]

We would like to point out that Proposition 2.1 in [QT] is overstated since it is
not correct for [ > 3. But, in the proof of Proposition 3.1 in [QT], where Corollary
2.2 is used, one may replace the shifting cylinder with length 3L instead of 5L.
The proof still works the same, which is, one push in the direction of growth of the
cylinder of length 3L when Corollary 2.2 in [QT] applies and it gives the estimates
regardless of where one stops applying Corollary 2.2.
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1102 JIE QING AND GANG TIAN

Given a surface N in R3, recall from, for example, (8.5) in [Ka], that
(4.2) Av + |Vv|?v = VH,

where v is the Gauss map from N — S2. For the constant mean curvature surfaces
in the asymptotically flat end (R®\ B1(0), g),

(4.3) |VH.|(z) < Clz|™>.

Therefore we consider that the Gauss map of the constant mean curvature surfaces
in the asymptotically flat end (R3\ B1(0), g) is an almost harmonic map. Hence
we are in a situation which is very similar to that in [QT]. We will refer readers to
[QT] for rather elementary yet involved analysis since the proof we present here is
some modifications from the proof in [QT]. But, for the convenience of the readers,
we will in the following present the argument to make this paper self-contained as
much as possible. We will not carry the indices for the surfaces IV, if it does not
cause any confusion. Set

(4.4) Ay ={z € N:ry <lz| < 1o}

A) ., stands for the standard annulus in R?. We are concerned with the behavior

of v on the part Ag,(n)sg-1(n) of N where K will be fixed large and s will be
fixed small. The first difference from [QT] is that, while we had a fixed domain in
[QT], we need the following lemma in order to be in the position to use Lemma 4.1
in the above.

Lemma 4.2. Suppose that N is a constant mean curvature surface in a given
asymptotically flat end (R*\ B1(0),g) . Then, for any € > 0 and A fized, there are
€0, s and K such that, if

N
and Kro(N) < r < sH™*(N), then (r~'A, ca,,77%g.) may be represented as
(A‘13764A,§) where

(45) g~ ldeleras ) <€

In other words, in the cylindrical coordinates (S* x [logr, 4A + log 7], gc),
(46) ch - (dt2 + d92)||Cl(Sl><[logr,4A+log r]) <e

This is a consequence of Lemma 3.3 in the previous section. Hence we may
introduce the following coordinates:

I; = S x [log(Kro(N)) + jL,log(Kro(N)) + (j + 1) L],
where
j €[0,n] and log(Kro(N)) + (n+ 1)L =log(sH(N)™1),

on the annulus Ay, (n),sm(n)-1- The first thing we want is to show (3.8) in [QT],
that is, for each j € [2,n — 1], there is a geodesic y such that

o /1 V(v —)[*dtdo

ln

<Ce il te z’iL)(HquiQ(A ot ro?).

Kro(N),sH(N
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To apply Lemma 4.1 to prove (4.7) we choose two points P, Q € S? such that

1
|P — —/ vdf| <C max |P—v|?
21 J(j-1)px st (=1 LxS?

1
|Q—2—/ vdf| < C max |Q —v|*.
™ jLx St JjL xSt

P and Q always exist because 52 is a smooth manifold. We construct a geodesic
~ connecting P and @ in S2?. Since P and Q are very close, such a geodesic v is
unique. We then consider the map
k=j+1
v—y:¥; = U I, — 82
k=j—1

and apply Lemma 4.1. The only reason that Lemma 4.1 (¢) is not applicable to
v —y over Y; is

1 _
/I. V(v —~)|?dtdd < %HVHHQLQ(EJ_) < COry.

The last inequality is because of the size of ¥; and (4.3). Otherwise, Lemma 4.1
(c) is applicable; then, we have
. _1
either (A) [y —7ll; < e 2"v —l;-1
or (B) [lv =l <e 2y =41
Suppose that (A) holds. Then we shift to consider the map

k=j
v—r:iXi = U — 52
k=j—2
and to conclude
v =1 < el =2
if Lemma 4.1 (a) is applicable to v — v over ¥;_;. If the shifting tube ¥ reaches I,

then by the local gradient estimate (cf. the proof of Lemma 3.2 in [QT]) we have,
for2 <k <y,

_k —
I = lls < e 22 (V)22 (a +1g%).

KTO(N),SH(N)*l)

If, otherwise, the shifting tube stops at I;, then Lemma 4.1 (a) implies that
Iy =l < Crg?

as before. Hence, for [ < k < j,

_k
(4.8) lr =k < €22 (VY1724 )-

Suppose that (B) holds instead. Similarly, in light of Lemma 4.1 (b), if the shifting
tube X stops at I, then we have, for j < k <,

—2
T
Kro(N),sH(N)—1) T 7o

n—kL

(4.9) R I ( A2 )]

Krg(N),sH(N

We would like to point out that at this point our focus is to show (4.7) for I;. We
do not really care about how far left [ or how far right » would be. We will need
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some integral estimates to get (4.7) from the above L? estimate (4.8) and (4.9)
using the equations over the domain

2= 8" x [~ LG+ )T

Notice that this modification of the argument in [QT] is because the shifting tube
should be of length 3 instead of 5 in [QT]. The same broken geodesic argument in
[QT] now works here with no more modification and yields (4.7) for I; with any
fixed j € [2,n — 1].

Another difference from [QT] is that we are considering maps with tension fields
possibly blowing up at a point but with no energy concentration, while in [QT] we
were considering almost harmonic maps with concentration of energy but tension
fields uniformly bounded in L2. In cylindrical coordinates, the tension fields are

|T(v)| = r}|VH,| < Cr—t = Ce™*

for t € [log(Krg),log(sH~1)]. Thus,
/ |7(v)|?dtdd < Ce™%
S1x[t,t+L]

which decays nicely, but has no global L? bounds exact because of the possibility
that the inner radius ro(/N) and the outer 71 (N) may not be in the same scale. To
get the growth (or decay) of the energy along the cylinder we need to use the Hopf
differential

® = |0v|* — |0pv|? — 2v/—10sv - v
and the stationary property, in complex variable z = t 4+ v/—16,
0% =0v-7(v)
to bound [ |0yv|* by [ |9gv|* (cf. [QT]) as follows:

/ |0,v|2dtdd g/ |<I>|dtd9+/ |0pv|2dtde.
S1x[t,t+L] SLx[t,t+L] S1x[t,t+L]

By the elliptic estimates, we have

/ |<I>|dtd9§/ |<I>|dtd0§0(/ |vy|2da)%(/ () 2do)3,
S1x[t,t+L] NNB¢ NNB¢ NNB¢

where N N B is the part of N which is outside of B, and is a disk since N is a
sphere topologically (there is a very good reason not to use N () B, in the above
estimate). This is the only place one has to use the global L? bound of the tension
field 7(v). Fortunately the topology of N is a sphere that turns out to be very
crucial in carrying the above argument from [QT]. Hence, we have

(4.10) / |®|dtdo < C(/ I7(v)[2do)? < Cet.
S1x[t,t+L] NNB¢

Notice that in [QT] we instead used the fact that the tension fields are uniformly
bounded in L? inside Bs (cf. the lines between (3.8) and (3.9) in [QT]). The rest
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of the proof of Proposition 3.1 in [QT] works with no more modification. Thus we
have

Proposition 4.3. Suppose that {N;} is a sequence of constant mean curvature
surfaces in a given asymptotically flat end (R \ B1(0),g) and that

lim ro(N;) = 00 and lim H%dy = 167.
71— 00 71— 00 N‘L

Also, suppose that

Then there exist a large number K, a small number s and ig such that, when i > g,
(4.11) max |Vy| < C’(/ \VU|2dJ+r071)(e_ijL—i—e_i("i_j)]‘),

I; BSH_1(N1,)0N1'
where

Ij = 8" x [log(Kro(Ny)) + jL,log(Kro(Ni)) + (j + 1) L]

and

j €10,n;] and log(Kro(N;)) + (n; + 1)L = log(sH(N;) ™).

This finer analysis improves our understanding of the blow-downs that we dis-

cussed in the previous section. Namely,

Corollary 4.4. Assume the same conditions as Proposition 4.3. Then the limit
plane in Lemma 3.2 and the limit plane in Lemma 3.3 are all orthogonal to the
vector a. In fact, we may choose s small and i large enough so that,

lv(z) +al <e
for all x € N; and |z| < sH1(N;).
Also, we have

Corollary 4.5. Asume the same condition as Proposition 4.3. Let v; = v(p;) for
some p; € I%. Then

max|v — v
I

4.12

@12 _, 1

17%</ Voo + 15" )(em 38 4 e 5mh)
—e 4 BsH—l(Ni)nNi

for j €10, 3n;] and
max|v — v
1;

4.13
( )<C 1

T 1—e ik

(/ |VV‘2dCT + ’I“O_l)(e_%nil’ + e—i("i—j)L)
B, g1y, N N:
fO'f’j € [%nzanz]

The two corollaries above will be the key for us to calculate the integrals in the
next section to prove our main theorem.
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5. CENTER OF MASS

First let us recall that, for any embedded surface N in R? and any given vector
be R3,

(5.1) / H.v-bdo = 0.
N
One may consider this as the first variation of the area of surface Ny = N+tb C R>.

On the other hand, if IV is a constant mean curvature surface in the asymptotically
flat end (R?\ B1(0),g), then

(5.2) /Hu-bdo:H/V-bdazo,
N N

since the flux is zero across any surface for a given constant velocity b. Thus, for
any constant mean curvature surface in the asymptotically flat end,

(5.3) / (He — H)v - bdo = 0.
N
One may calculate and find
H v -2 -3
(5.4) He—H:m(m+2| |3)+O(|x| VH + O(Jz|~7).

Lemma 5.1. Suppose N is a surface of constant mean curvature in the asymptot-
ically flat end with positive mass m # 0. Also, suppose that

/ H?dp < o0
N
and ro(N) is sufficiently large. Then for any given b and for some C > 0,
1 . .
(5.5) / ~bdo + — / wda <Om~lryt.
2" Nzl

Proof. Simply multiply both sides of (5.4) by v - b and integrate over the surface
N. Then we have

1

H.— H)v - bdo = bdo+ ™ [ D@D 4o o),
8 ( Jv - bdo = / \m|y + / \m|3 o+ O0(rg ")
Here we used the Lemma 5.2 in [HY]. Then the lemma is proved due to (5.3). O

Now, we are ready to state and prove our main theorem in this note as follows:

Theorem 5.2. Suppose that {N;} is a sequence of spheres of constant mean cur-
vature in a given asymptotically flat end with positive mass m # 0 and that

lim ro(N;) = 00 and lim H%do = 167.

1—00 11— 00 N;
Also, suppose that N; separates the infinity from the compact part. Then

ro(Ni)

(5.6) imo0 71 (N;)

=1
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Proof. We may apply Lemma 3.1 for the blow-down
~ 1 1

If the surfaces N; stay away from the origin, i.e.
0 < C < H; 'ro(N;)

for some positive constants C, then a subsequence of N; converges to a sphere $2 (a)
of radius 1 and centered at a € R? in C* by the curvature estimates Theorem 2.5
in Section 2. Also notice that (2.6) implies that the blow-down surfaces N; always
stay within a bounded region in R*. On one hand, by (5.5) in Lemma 5.1, we have

1 v-b 1 (v-z)(v-b)

(5.7) — —do+ — do =0,
4 52(a) |(E| 47 S2(a) ‘.’L‘|3

for any b. On the other hand, if b = _\%I’ then
1 -b 1 . - b

(5.8) L[ owby L[ oW,
4 S2(a) |$| 4 S2(a) |$|

due to an explicit calculation when the origin is inside. Therefore

1 Ni
a=0and lim 5r0(Ni)H(Ni) = lim ro(Vs)

=1
11— 00 11— 00 Tl(Ni)

To conclude that this is all that can happen we need only to exclude the case when

(5.9) Jim H 'ro(N;) = 0.

Assume otherwise. According to Lemma 3.1, the blow-down sequence N; converges
to a unit round sphere S%(a) centered at a € R® with |a|] = 1 in Hausdorff topology.

We will take b = —ﬁ. From Lemma 5.1, we know
b . b
(5.10) lim ([ Y ldo+ / %da) =0.
imoo iy, |l A

But, we claim, on the other hand,

(5.11) lim (/ ”—'bda+/~ %da)llﬂ

N 17l

i

which gives us the contradiction. First, we have from explicit calculations

b 4 : b 2
(5.12) / Y o = -, / %dd = -
s2(a) 17 3 Js2a) || 3
The first term in (5.11) is an easy term because of the uniform integrability
b b 4
(5.13) lim [ Y040 = / Y 2o = ~n.
i—oo J§, |zl s2(a) 2| 3

To deal with the second term in (5.11), we break up the integral into three parts.
For any fixed small number s > 0 and large number K > 0,

/~ (y-x)(u-b)daz/ (v-a)v-b)

(5.14) N |[3 NnBeo |z
’ (v-z)(v-b) (v-z)(v-b)
+/~ Td()’—‘r/~ Tda
N%ﬂ(BS(O)\BKHTo(O)) N%ﬂBKHro(O)
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Then
. b . -b
(5.15) lim %(;)da:/ %do
im0 Jynpeo) 7l s2@nBe |7l
and
. Wy, [ e,
=0 J N\ Bre sy (31 (0) |z P Bx(0) ||

where P is the limit plane in Lemma 3.2. By Corollary 4.4, we know

[, o,
P

|z[?

due to a simple calculation. Notice that

V-
5.16 / ——do =4rm
(5.16) 5 2P

for any ¢ and

(5.17) / Yo = 2n
52(a) 7]
because the origin is on the sphere S?(a). Since
(5.18) lim Yl = / "2 o,
i—o0 JN, N B&(0) |z| S2(a)N BE(0) ]
(5.19) lim Yo :/ "o
=% J K, (\ Bresrrg (0) 171 PN Bx(0) 7
and
(5.20) / Y2 do = o,
P ||
we know
(5.21)  lim / Y ldo =0
i—00,5—0,K—o00 NI m(Bg(O)\BKHTO(O)) |.’I,'|

Now we are ready to handle the difficult term: the integral over the transition
region in (5.14). Our goal is to show that

(5.22) ~ lim / %do =0.
1—00,5—0,K—o00 N, n(Bs(O)\BKHrO (0)) ‘$|

The key point is to use Corollary 4.5 to prove (5.22) from (5.21). Let v; be chosen
as in Corollary 4.5. Then

/ (v-z)(v-b)

NiN(B:\Bxary) |$‘3

o v (v 2)((v — 1) - b)
= b)/~ +/~ EE :

NNBABrrrg) 1212 SR ABABrsg)

(5.23)
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Hence we only need to deal with the second term on the right side of the above
(5.23). It is better to use the cylindrical coordinates used in Section 4.

. —u)-b
[ e —w)b),
Ni (B4 (0)\ Bic 17 (0)) Ed

= Z/I (V'x)(ﬁ;; vi) -8 4 vyabat

J

(5.24) n
< —
_CZLmIz;xh/ Vi
j=1
n;/2 ni/2
:C’ZLmI?X\V—VA—i—C" Z Lmﬁx\u—uﬂ.
7j=1 j=n;/24+1

From (4.12) and (4.13), we have

[ v-a)(w—w)b)

N (B (0)\ Brc 0 (0) |z[?
n;/2 ng/2

(5.25) < Cn(Z(e*%Lj + ef%Lni) + Z(ef%Lni + e*%(ni*j)L))
j=1 j=1

< Cn(nie*%"iL +2),
where
n:/ |Vv|2do + ry?
BSH*I(Ni)mNi

and 7 can be arbitrarily small as long as s — 0 and 79(V;) — oo. Thus (5.22) is
proved and the proof of the theorem is completed. O

Corollary 5.3. Suppose (R*\ B1(0),g) is an asymptotically flat end with positive
mass. Then there exist a large number K > 0 and a small number ¢ > 0 such that,
for any H < e, there exists a unique stable sphere N of constant mean curvature H
with N C R3\ Bg(0) and which separates infinity from the compact part. Hence
there exists a unique foliation of stable spheres of constant mean curvature near
infinity.

Proof. In light of Proposition 5.3 in [HY] we know

(5.26) lim [ H?du = 16,

i—oo Jnr
i

provided each NV; is a stable sphere of constant mean curvature. Thus Corollary 5.3
follows from Theorem 5.2 above, Theorem 4.1 in [HY] and the proof of Theorem
5.1 in [HY]. O
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