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1. INTRODUCTION

Many deep results in mathematical general relativity concern the interplay between glob-
ally conserved quantities and the geometric structure of initial data sets, for example: the
minimal surface approach by R. Schoen and S.-T. Yau [44, 46] and the spinor method by
E. Witten [50] in the proof of the Riemannian positive mass theorem; the inverse mean cur-
vature flow by G. Huisken and T. Ilmanen [34] and the conformal flow by H. Bray [6] in the
proof of the Penrose inequality; and the constant mean curvature foliation by G. Huisken
and S.-T. Yau [35] (cf. R. Ye [51]) in establishing a geometric notion of center of mass.

In a broad sense, this article is intended to introduce some aspects of the connections
between the globally conserved physical quantities, such as the center of mass and angular
momentum, and the geometric structure of the manifold, using analysis of the scalar cur-
vature, or more generally the full constraint equations derived from the spacetime Einstein

equation. The main focus of the lecture notes is on the constant mean curvature foliations
1



2 LAN-HSUAN HUANG

and the geometric center of mass of asymptotically flat initial data sets. This research pro-
gram was initiated by G. Huisken and S.-T. Yau in 1996 and has drawn great interest in
recent years (e.g. [51, 42, 38, 28, 22, 23, 24, 7, 8,9, 40]). This article begins with a partial
survey of the classical results of constant mean curvature surfaces and introduces the now
standard concept of stability. We then discuss some recent progress on the constant mean
curvature surfaces in asymptotically flat initial data sets and the geometric center of mass.
In the last part, we adopt a more analytic approach to study the center of mass and angular
momentum from the Einstein constraint equations.

A spacetime is an (n + 1)-dimensional smooth manifold equipped with a Lorentzian
metric g of signature (— + - --+). The Einstein equation is the tensor equation

Ric(g) — %R(g)g =T,

where the energy-momentum tensor 7' physically presents the energy-momentum density of
matter. A spacetime is called vacuum if it satisfies the Einstein equation with T'= 0. The
prototype vacuum spacetime is Minkowski space R"*! equipped with the Minkowski metric
g = —(dz°)* + (dx')* + - - - + (da™)?. For a general energy-momentum tensor 7', we assume
the dominant energy condition, which is known to hold for physically reasonable matter
fields. When expressed in terms of local coordinates, the left hand side of the Einstein
equation forms a system of second order equations on the metric components g,g. The
seminal work of Choquet-Bruhat [25] proved that the left hand side of the Einstein equation
can be expressed as a nonlinear hyperbolic operator by using the so-called wave coordinates.
Finding a spacetime that satisfies the Einstein equation can then be viewed as the evolution
problem for a given initial data set. Thus, it is important to understand the physical and
geometric structure of initial data sets.

An initial data set for the Einstein equation is a triple (M, g, k), where (M, g) is an
n-dimensional Riemannian manifold and k is a symmetric (0,2) tensor on M. The Gauss-
Codazzi equations for submanifolds, along with the Einstein equation, imply that if M is a
submanifold in a spacetime with the induced metric ¢ and the induced second fundamental
form k, then (M, g, k) must satisfy the following constraint equations

R(g) — |klg + (trgh)* = 2
divgh — d(tr k) = J,

where p is the energy density and J is the momentum density. More specifically, let T" be the
energy-momentum tensor and let v be the future-directed timelike normal to M. We define
w:=T(v,v)and J := T(v,-). The dominant energy condition on the tensor 7" reduces to the
inequality 1 > |J|, at each point of M. When k = 0, (M, g) is called a time-symmetric (or
Riemannian) initial data set. It is simple to see that in the time-symmetric case the system
of constraint equations becomes a single equation R(g) = 2u. Thus the dominant energy
condition coincides with the condition that the scalar curvature of g is nonnegative, which is
a condition that naturally appears in Riemannian geometry. Note that, however, for general
k the dominant energy condition involves a system of equations and is more complicated.
One family of commonly studied models of isolated gravitational systems is the set of
asymptotically flat initial data sets. We say that an initial data set (M, g, k) is asymptoti-
cally flat (with one end) if there is a compact set K C M and a coordinate diffeomorphism
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x: M\ K — R"\ B for some closed ball B C R" such that, for i,j =1,2,...,n
95 = 055 = O(|2]™),  kij = O(||7'7),
and such that
p=0O(lz[7"*),  Ji = O(lz|7""),

where ¢ > %52 and ¢y > 0. Here the expression f(z) = O(|z|7%) stands for a function
satisfying | f| < C|z|~? for a constant C' depending only on g, k. When a subscript k appears
in the expression f = Og(|z|79), it indicates additional fall-off rates on the derivatives
107 f(z)| < C|z|~97 " for |I| = 0,1,...,k, but in this article we often omit the subscript k
and avoid the discussion about the optimal assumption on regularity.

Note that by definition an asymptotically flat initial data set has trivial topology outside
a compact set, but it is shown by J. Isenberg, R. Mazzeo, and D. Pollack [36] that there are
no topological obstructions within the compact set.

It is known that asymptotically flat initial data sets possess globally conserved physical
quantities. In 1962, R. Arnowitt, S. Deser, and C.W. Misner [1] proposed the definitions of
the (total) energy E and the linear momentum P of an asymptotically flat initial data
set (M, g, k) as follows, for i =1,2,...,n:

E=git—1lm [ (—agj’“ - —ag’“?“> vy dMy !
l2l=r j k=1

2(n—1wn-1 ;550 Ok oI

j n—1
P= i [ S

Here, the integrals are computed in the coordinate chart M \ K =, R"\ B, v} = /||,
Hy ' is the (n — 1)-dimensional Euclidean Hausdorff measure, and w,,_; is the volume of the
standard unit sphere in R"”. It is known that the scalar F and the vector (P,---, P,) are
geometric invariants by R. Bartnik [4] and P. Chrusciel [14]. The celebrated positive mass
conjecture asserts that the ADM mass is nonnegative £/ > |P|. In the time-symmetric case,
we may unambiguously use the ADM mass m to denote the energy F, since |P| = 0.

There are also the notions of center of mass and angular momentum for an asymptotically
flat initial data set. T. Regge and C. Teitelboim [43] and R. Beig and N. O Murchadha [5]
propose the following definitions of the center of mass Cgorr and the angular momentum 7

(if £ #0) as follows!, for k, ¢ =1,2,...,n

. dgi 0Gii j =
(11) Cg = m}g& o [ ¢ Z (@xzj - axj> Vé - Z(giZV(] gsz0> d,H

i=1

(1.2) Twey = (= lenil lim /| ij ’Q VO dHy ™,

r—00
Ti5=1

where Yy = il % —at % are the Euclidean rotational vector fields. To distinguish the

above definitions from other different notions of center of mass and angular momentum

'We remark that in some literature (for example [18]) the BORT center of mass and angular momentum
are sometimes defined as EC;, and EJ(y), respectively.
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(e.g. [35, 13]), we refer to the integrals (1.1) and (1.2) as the BORT center of mass and the
ADM angular momentum, respectively.

In contrast to the ADM energy-momentum, the integrals of Cgorr and J are less well-
understood and may not even converge in general. In fact, explicit examples of asymptot-
ically flat initial data sets such that the integrals diverge have been constructed [5, 29, 10,
12, 11]. Nevertheless, the author shows that if one assumes the following Regge-Teitelboim
conditions, then (1.1) and (1.2) converge and transform correctly with respect to different
coordinate charts [27].

An initial data set (M, g, k) is said to satisfy the Regge-Teitelboim conditions if it is
asymptotically flat and in the coordinate chart M \ K =, R"\ B

9i (1) = gi (=) = O(|2|7179),  kj(2) + kij(—2) = O(J2|>7)
and
(&) — (=) = Ol ™), (e = (=) = Offa] ),

Example 1.1 (Three-dimensional Schwarzschild manifolds). One of the most fundamental
examples in general relativity is the Schwarzschild spacetime, which describes the exterior
gravitational field of a static, spherically symmetric body. The totally geodesic time-slice
outside the apparent horizon of the Schwarzschild spacetime of mass m > 0 can be expressed
as a Riemannian manifold M = (2m, 00) x S? endowed with the metric

(1- 2m3_1)_1 ds® + s gsz,

where gs2 is the round metric on the unit sphere. One can readily check that M is the
manifold interior of an asymptotically flat initial data set with a minimal boundary and
one end, and it has zero scalar curvature. Mathematically one can extend M to a complete
asymptotically flat initial data set of zero scalar curvature by “doubling” M across its mini-
mal boundary. The complete two-ended asymptotically flat initial data set can be expressed
as a conformally flat metric (R*\ {a}, gm.a), where g, . = u*gr and
] m

= 2|z —al’

where gg is the Euclidean metric. We generally suppress “a” from the notation and write
Gm = Gm.a- One computes directly that m is the ADM energy and a is the BORT center of
mass. The asymptotic expansion of g, for |z| large is

2m  2ma-x = 3m? 4
G = (1—|— 2] + FE + TR + O(|z| )) JE.
It follows that m appears in the |z|~*-term of the expansion and the BORT center of mass ap-
pears in the odd part of the O(]z|~2)-term. This demonstrates that appropriate assumptions
need to be imposed on the leading order terms of the data in order for the integrals (1.1) and
(1.2) to converge. It explains the motivation behind the definition of the Regge-Teitelboim
conditions. We also note that the BORT center of mass of a Schwarzschild manifold is not
a point of the manifold. O

This article is organized as follows: In Section 2, we discuss the classical Alexandrov
Theorem about embedded constant mean curvature surfaces in Euclidean space. In Sec-
tion 3, we introduce variational formulas and stability of constant mean curvature surfaces,
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and then discuss the classical result of Barbosa and do Carmo about uniqueness of stable
constant mean curvature surfaces in Euclidean space. In Section 4, we show existence of
constant mean curvature surfaces in asymptotically flat initial data sets that are asymptotic
to Schwarzschild. We also prove that the geometric center of mass (defined in (4.8)) coincides
with the BORT center of mass. In Section 5, we present methods to analyze the spectrum
of the stability operator and show that the constant mean curvature surfaces constructed in
Section 4 are stable and form a smooth foliation. In Section 6, we discuss density results
for the Einstein constraint equations and an application to arbitrarily specifying the BORT
center of mass and the ADM angular momentum.

Acknowledgements The author was partially supported by NSF through DMS-1308837
and DMS-1452477. This set of lecture notes is based upon two mini-courses presented
in the 2012 Summer School on Mathematical General Relativity at MSRI and the 2013
Summer School on Mathematical General Relativity in Cortona, Italy. The author is very
grateful to the organizers Justin Corvino and Pengzi Miao for their warm hospitality to make
the summer schools memorable. Sincere appreciation goes to Justin Corvino for providing
valuable comments during the preparation of the lecture notes.

2. UNIQUENESS OF EMBEDDED CMC SURFACES

A fundamental problem in differential geometry is to characterize the constant mean
curvature hypersurfaces in a Riemannian manifold. A classical result due to Alexandrov
asserts that the only embedded and closed constant mean curvature surfaces in Euclidean
space are the round spheres. The original proof of Alexandrov is based on the arguments
which came to be known as the method of moving planes. We instead present another proof
due to S. Montiel and A. Ros [39, Section 6.4].

Let (M, g) be an orientable Riemannian manifold, and let X" C M"™*! be an immersed
two-sided hypersurface, i.e., there exists a globally defined smooth unit normal vector field
v on Y. The mean curvature of > with respect to v is defined by H := divgr. The
mean curvature detects how the (extrinsic) normal vector varies along ¥. According to our
convention, the mean curvature of a Euclidean n-sphere is n with respect to the outward
unit normal vector. An immersed submanifold is said to be closed if it is compact and has
no boundary and is said to be embedded if it has no self-intersection. We first review some
basic integral formulas involving mean curvature for closed hypersurfaces.

A conformal vector field X is a vector field on M that satisfies

Lxg=2fy,
for some function f: M — R, where Ly is the Lie derivative.

Example 2.1 (cf. [7]). Consider the n-dimensional Schwarzschild metric with the ADM
mass m > 0 of the form g, = (1 — 2ms®> ") 'ds?® + s’gsa—1 on (sg,00) x S"7', where
Sp = (2m)ﬁ. We change variables and set

r(s) = /8(1 — 2mr® )2 dr.

S0
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Define h(r) = s(r). We then rewrite the Schwarzschild metric in the form g¢,, = dr? +
h?(r)gsn-1. Define the vector field X = h(r)2. By direct computation,

Lxgm = Lx(dr) @ dr + dr @ Lx(dr) + X (h*)ggn—
=20 (r)dr @ dr + 2(h(r))*R' (1) ggn—1
=20 (1) gpm.
Thus X is a conformal vector field that satisfies Lxg¢,, = 2f¢,,, where

£r) = W(r) = (j—) — (1-2ms ),

Also note that f satisfies the static potential equation

(A, f)gm — Hess(f) + fRic,,, = 0.

N

In what follows, du will generally denote the induced surface measure on 3 C (M, g).

Theorem 2.2 (The Generalized Minkowski Integral Formula [7, Proposition 2.3]). Suppose
that (M™1, g) has a conformal vector field X such that Lxg = 2fg for some function f.
Let XX be a closed two-sided hypersurface in M, and let H be the mean curvature of 3 with
respect to the unit normal vector v. Then

/E(nf—Hg(X,y)) dp = 0.

Proof. Recall that the Lie derivative Lyg in a local frame {ey, ..., e,.1} has the expression
(Lxg)(ei,e;) = g(Ve, X, €5) + glei, Ve, X)

for i,5 = 1,2,...,n+ 1. We decompose the conformal vector field along ¥ into X =
X"+ g(X,v)v, where X’ € T¥. Suppose further that {ej,...,e,} is a local orthonormal
frame on ¥, and let V be the covariant derivative of g. Then at each point of X

dive X' + Hg(X,v) = dive X' + g(X,v) > g(Ve,v ;)

i=1

= Zg(veiX> ei)
i=1
1 n
~ 9 Z(LXQ)(eiaei)
i=1

=1 gleie)
i=1

=nf.

Integrating the above identity on ¥ and applying the divergence theorem yields the desired
integral formula. U
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Theorem 2.3 (The Heintze-Karcher Inequality, cf. [7, Theorem 3.5]). Let X" be a closed,
embedded, two-sided hypersurface in R"1. Suppose ¥ = 0Q where Q is a bounded region in
R with volume Vol(Q2), and suppose that the mean curvature H is positive with respect to
the outward unit normal. Then

/ —dp > (n+ 1)Vol(Q)
with equality if and only if 3 is a round sphere.
Proof. Consider a deformation F : ¥ x [0,00) — R"*! given by
F(z,t) =x — tv(z),

where v is the outward unit normal on . Let 3, := F(X,t), with surface measure dpu
(suppressing the “t”-dependence). Let dx(p) denote the distance of p € R"™! to X. For
t sufficiently small, ¥; = dg'(¢) is smooth, but ¥; may begin to have self-intersection for
some t. Hence, instead of working on 3;, we consider X} defined as follows:

Y=Y N{F(x,s) : du(F(r,s+)) = s+ 6 for some 6 > 0}.

Note that ¥} is a smooth hypersurface contained in ;. Since %—If = —v. By the variation
formulas,
0
—dpu=—Hd
It M= M
OH H?
S =lapz
ot n
H-! 1
3_ = -—H AP < ——.
ot n

Thus, for 7 € (0, 00), we have

mm—Mﬂz—/lwww

(n+1 / / dudt

= (n+ )/ dr.
{ds(x)<7}

Since Q(7) > 0, we obtain the desired inequality by letting 7 — oo. It is straightforward to
verify that ¥ is umbilic if the equality holds. U
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Theorem 2.4 (Alexandrov’s Theorem). Let X" be a closed, embedded, connected, two-sided
hypersurface in R" with constant mean curvature. Then Y is a round sphere.

Remark. Note that the theorem fails if one removes the assumption that > is embedded.
H. Wente [49] produced an immersed torus of constant mean curvature in R3. Immersed
surfaces of higher genus are constructed by N. Kapouleas [37].

Proof. Note that the position vector field X = (z!,...,2"") in R"*! is a conformal vec-
tor field (with f = 1). By the Minkowski integral formula (Theorem 2.2) and divergence

theorem,
7.
— nd,u:/ X,v)ydu
7 ), E( )

= / divgn+1 X dz
Q
= (n+ 1)Vol(Q).

Thus, we obtain equality in the Heintze-Karcher inequality, which implies that X is a round
sphere. O

Note that the above theorem has been generalized to a large class of warped manifolds,
which in particular include the Schwarzschild manifolds by Brendle [7, Theorem 1.1].

3. STABLE CMC SURFACES

3.1. Variational formulas. Let 3" be a smooth closed two-sided hypersurface in (M g).
We are interested in how some geometric quantities on X, such as mean curvature, surface
area, and enclosed volume, change under deformations of . The relevant formulas are
called the variational formulas. Consider a deformation of ¥ along its normal direction
F(x,t): 3 x (—€,€) — M satisfying

%F(x,t) = n(z,t)v(x,t)

F(2,0)=1,

where v(z,t) is a unit normal to X; := F(3,t). Define by Fi(z) = F(x,t). We further
suppose that F, : ¥ — M is an immersion. By direct computation, the first variation
formula says

(3.1) %

H'(E) = / Hndy,
t=0 b
where H = divgr. If one allows arbitrary deformations, then we can strictly decrease the
volume of ¥ by deforming ¥ along —Hv, unless ¥ is a minimal hypersurface (i.e. H = 0).
Thus, minimal hypersurfaces are the critical points of the area functional. The second
variation formula at a minimal hypersurface says

d2

(3.2) s

(S0 = [ (V%0 = (AP + Ric(r.v))?) dn
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where A is the second fundamental form of ¥ and Ric is the Ricci tensor of (M, g). Define
the stability operator Ly, := —Ayg — (JA]* + Ric(v,v)). A minimal hypersurface is said to be
stable if fz nLsndu > 0 for all smooth functions 7.

If we restrict our attention to a smaller class of the deformations on ¥, hypersurfaces of
constant mean curvature H # 0 can appear as the critical points of the functional H"(%;).
Consider the (n+1)-dimensional signed volume V (t) between ¥; and ¥. The volume function
satisfies the following variational formula.

Proposition 3.1. Let X" be a smooth closed two-sided hypersurface in (M™ g). Let
F(z,t) : ¥ x (—€¢,€) = M satisfy
0

&F(x, t) =n(z, t)v(z,t)

F(2,0) =3,

where v(z,t) is a unit normal to ¥y := F(X,t). Define the volume function by

V(t) = / F*dvolyy.
3x10,t]

Then
d

dt

RCE /Z ndp.

Proof. Let p € X. Choose a local orthonormal frame {ey,...,e,,v} around F(p,0). Then
F*dvolyr = a(t,p)dt A dp, where

F
a(t,p) = F* dvoly, (%, €1, .. ,en) = dvoly, (aa_t’ dFi(er),. .. ,dFt(en))

— o (G rta)) =

It follows that
d

dt

t:OV(t) Z/Ea(om)duz/zndu-
0

A variation such that V(t) = V(0) for all ¢ € (—¢,¢€) is called a volume-preserving
variation. Proposition 3.1 shows that if a variation satisfies fz ndu = 0, then it preserves
the volume between >; and ¥ “infinitesimally” at ¢ = 0. In fact, it is shown, on the other
hand, that any smooth function n(z) on ¥ such that fzndu = 0 gives rise to a volume-
preserving variation [2, 3].

One can readily see that for volume-preserving variations the hypersurfaces of constant
mean curvature are the critical points of the first variational formula. The second variation
formula at hypersurfaces of constant mean curvature becomes

d2

dt?

d2
H"(E) = / nLsndp+ H —
t=0 ¥

Vi(t :/77L ndpu.
dt2 (t) g7

t=0
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Therefore, a hypersurface ¥ of constant mean curvature is said to be stable if and only if
/ nLsndup >0
b

for all n € C*(X) such that [, ndpu = 0. More specifically, define

(3.3) f1o = inf{/anzndu 1 € C(X), [Inllzzs) =1, and /Endu = 0}-

Then ¥ is stable if py > 0. From above discussions, stable hypersurfaces are the local
minimizers of the area functional H"(¥;) among volume-preserving variations.

Example 3.2. The n-dimensional sphere S, in R™*! of radius 7 > 0 centered at the origin
is a stable hypersurface of constant mean curvature n/r. The stability operator on S, is
: n
Lo = —Ag — (|A]? + Ric(v, 1)) = —A¢ — x

where A is the Laplace operator on S,. Because p is also an eigenvalue of —A,, by
analyzing the eigenvalues of —A, we obtain uy = 0 with the eigenspace spanned by the
coordinate functions {z!,... "™} restricted to S,. Also note that Lg is self-adjoint and
the cokernel equals its kernel.

Example 3.3. Consider the Schwarzschild manifold M = (R? \ {Cgorr}, gm) Where g¢,, =

u*gr and
m

2|z — Cgorr|
For each r > 0, let S, = {R3 : |z — Corr| = r} be the constant mean curvature sphere

homologous to the minimal sphere.
We recall the transformation formula for conformal metrics. Let g1, go be two metrics on

u=1+

an n-dimensional manifold that are related by ¢, = = g1. If v is a unit normal with

respect to g1, then vy = = vy is a unit normal with respect to ¢go. The corresponding mean
curvatures H; and H, are related by

Mu_lvulu) .
n—2

It is not hard to see that umbilicity is preserved under conformal transformation, so the
sphere S, is umbilic in M and has constant mean curvature 2”74;27”@5*3 . This implies that S=
is a minimal surface and S, 3, has largest mean curvature. The mean curvature of S,

2

is increasing in r for T <r< M, and decreasing in r if r > w The stability

2
operator on S, is given by

(3.4) Hy = yns <H1 4

Ls, = —As, — (|As, [ + Ricy,, (v,v))
—4r? + 8rm — m?
2740 ’
where Ag is the Laplacian operator of the round sphere of radius . The smallest eigenvalue
of Lg, is

3.5
335) =—¢ Ao+

—4r% 4+ 8rm — m? 2 10m .
)\0: 2T4(b6 :_T’_2+ 3 +O(T )
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with the corresponding eigenspace space spanned by constant functions. The next eigenval-
ues are
6m  6m

vy om —4
)\1_)\2_>\3_r3¢6 =3 +0(r™)
with the corresponding eigenspace spanned by the coordinate functions {z!, 2%, 23} restricted
to S,. Thus, if m > 0, S, is a stable hypersurface of constant mean curvature (with respect to
volume-preserving variations). In fact, the spheres {.S,} form a smooth foliation of constant
mean curvature spheres with the common center at Cgorr. [

3.2. Uniqueness of stable CMC surfaces. A classical result of Barbosa and do Carmo [2]
characterizes the stable hypersurfaces in Euclidean space.

Theorem 3.4 (Barbosa-do Carmo [2]). The only closed, stable, connected, two-sided hyper-
surfaces in Euclidean space of constant mean curvature are round spheres.

Proof. Let X" be a hypersurface in R"*! of constant mean curvature H that satisfies the
assumptions in the theorem. Consider the deformation F : ¥ x (—¢,€) — R™"! given by

at7777

where n = n— H(X,v) and X = («',...,2"%") is the position vector of ¥.. Then [, ndo =0
by the Minkowski integral formula (with f = 1). Let {ej,...,e,} be a local orthonormal
frame along . Note V., X = e; where V is the ambient connection. Hence, at a point where
VE €; = 0,

i

AE<X7 V> = Zei€i<X7 V>
i=1

- Zei (Ve, X, v) + (X, V,,v))

n

= Z <<V5i€i7 V) + <ei>vez"/> + <V€iX7 veiy> + <X7 vez'vez'V»
=1

= Z ((eiv vei”) + <X> Veiveil/))
i=1
(3.6) — H— [AP(X, ),
where in the last equality we use > (e, V¢, Ve, v) = 0 for each k, because H is constant.
Let Lyx, be the stability operator on . The above computation implies that with H
constant and n =n — H(X, v),

Lsn = —Asn — |A’n = H? — n|A]*.
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Since . is stable, we have since H is constant and fz ndu =0
0< [ nLsndu= [ (H? = nl AP}y
) b
= —n/ |A*(n — H(X,v))du
by

— / (n AP — H?) dp,
>

where in the last equality we use [(H — |A]*(X,v))du = 0, which is implied by (3.6).
Because n|A|*> > H? with equality if and only if ¥ is umbilic, we conclude that X is a
sphere. O

Remark. Note that the uniqueness result has been generalized to an ambient Riemannian
manifold which is complete, simply connected with constant sectional curvature [3]. More
precisely, the only stable closed hypersurfaces of constant mean curvature in a complete
simply-connected Riemannian manifold with constant sectional curvature are the geodesic
spheres.

4. EXISTENCE OF CMC SURFACES IN ASYMPTOTICALLY FLAT INITIAL DATA SETS

In 1996, Huisken and Yau initiated a program to study stable constant mean curvature
surfaces in asymptotically flat initial data sets. The program is motivated by finding a
geometric description of the center of mass in general relativity. We have seen in Example 3.3
the BORT center of mass of Schwarzschild manifold of positive mass is the common geometric
center of the (unique) foliation of the stable constant mean curvature surfaces. The goal
of Huisken-Yau’s program is to find a geometric description of the center of mass for the
general case of asymptotically flat initial data sets. Throughout this section, we consider
three-dimensional asymptotically flat initial data sets.

We recall that the three-dimensional Schwarzschild metric of mass m is denoted by g,, =
(1 + ﬁf@g Here we are interested in the exterior region of the manifold, so the metric is

valid for all m € R (not only for m > 0). For most of the results presented here, we focus on
an asymptotically flat manifold that is close to some Schwarzschild manifold in the following
sense.

Definition 4.1. A three-dimensional asymptotically flat initial data set (M,g) is said to
be C* asymptotic to Schwarzschild of mass m if there is a compact subset K C M and a
diffeomorphism M \ K =2, R3\ B for a closed ball B C R?® such that

> &0 (gij () = (gm)is(x))| < C
1<k
for some constant C' > 0.

Remark. The assumptions on k for regularity C* vary among different results that we discuss
below, but we omit the precise assumptions on C* in their statements.

Theorem 4.2 (Huisken-Yau [35]). Let (M, g) be asymptotic to Schwarzschild of mass m > 0.
Then there exists a foliation of stable constant mean curvature surfaces in the exterior region

of M.
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The proof of Huisken and Yau consists of two parts. For the existence part, they use the
volume-preserving mean curvature flow to evolve a sufficiently round initial surface into a
constant mean curvature surface. Next, using the estimates obtained from the flow, they
analyze the eigenvalues of the stability operator and show that the constant mean curvature
surfaces are stable and form a smooth foliation. We sketch the method of volume-preserving
mean curvature flow in Section 4.1 and discuss the eigenvalue estimates in Section 5. Note
that a different approach by Ye [51] uses the inverse function theorem for the existence part,
which we discuss in Section 4.2

4.1. Volume-preserving mean curvature flow. The volume-preserving mean curvature
flow is a normalized mean curvature flow. It was first introduced by Huisken in the Euclidean
setting [33]. The flow is designed specifically to keep the enclosed volume the same and to
decrease the surface area under the flow.

Let (M, g) be asymptotic to Schwarzschild. Denote by S, = {x : || = r} the coordinate
sphere in M. For each r sufficiently large, we define the volume-preserving mean curvature
flow F, : S* x [0,T) — M as follows, for t > 0,p € $*:

(4.1) %Fr(p, t)=(H — H)v(p,t)

Fr(82> 0) = Sr7

where H = |%,|* th Hdu, ¥y = F,(S%t), and |%;] is the area of 3;. By Proposition 3.1, the
flow keeps the signed volume between ¥, and S, the same. Furthermore, the first variation
formula implies

d _
— I = - H— H)?*dyu.
s == [ -

It implies that the area of ¥, is strictly decreasing unless H is a constant. Therefore, if the
flow exists for all time, ¥; converges to a constant mean curvature surface.

Note that the volume-preserving mean curvature flow (4.1) is a quasi-linear parabolic
system, so it has a unique short-time solution for a smooth initial surface. However, the flow
may develop singularities at a finite time. For surfaces in Euclidean space that are uniformly
convex, it is shown that the flow exists for all time and converges to a round sphere [33].
For surfaces in an initial data set that is asymptotic to Schwarzschild, we have the following
result.

Theorem 4.3 (Huisken-Yau [35]). Let (M,g) be asymptotic to Schwarzschild of m > 0.
There exist positive constants ro, C' depending only on g, such that for all v > rq, the volume-
preserving mean curvature flow (4.1) has a unique smooth solution for all time. Furthermore,
Y converge exponentially fast to an embedded surface X of constant mean curvature H, and
forx e X,

|lz| =rl<C
2 4
‘H——Jr—? < COr?
T T

The main ingredient of the proof is to show that the solution ¥; stays in a class of
sufficiently round surfaces, and hence it does not develop singularities along the flow.
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For a surface ¥ in (M, g), denote by A= A- %Hgg the traceless part of the second
fundamental form A of 3, where gy, is the induced metric. Let r be large and By, By, By > 0.
Define the class B, (By, Bi, Bs) of smooth closed surfaces of genus zero in (M, g) by

B,(By, By, By) = {S C M: forall z € ¥, ||z] —r| < By, |A| < Byr=2, [VZA| < Byr ).

By carefully choosing the constants By, By, By (depending on the a priori estimates of |A|
and [V A| along the flow), there exists ro sufficiently large (depending on By, By, By and g)
such that for each r > rg, the solution ¥; to (4.1) remains in B, (B, By, B3). This then
implies long-time existence of the solutions. The proof is beyond the scope of this article, so
we refer the readers to the original paper [35, Section 3].

Here we explain the motivation behind the smallness assumptions on |A| and |V A| in the
definition of B, (By, By, By). Note that if |A| = 0, then all the principal curvatures at each
point of the hypersurface are equal and hence the hypersurface is umbilic. It is known that
the only closed umbilic hypersurfaces in Euclidean space are round spheres. (We applied
this fact earlier in the proof of Theorem 3.4.) For surfaces that are almost umbilic, there are
several quantitative versions that measure how far the surfaces are from being round (see,
for example, [20]). Below we provide a simple version of the quantitative estimates.

We define the area radius for a closed surface ¥ in (M, g) by

—_io
IR A 9
Proposition 4.4 (cf. [35, Proposition 2.1]). Let 3 be a closed surface in R of genus zero.
Let By, By > 0 be real numbers. Suppose
|A| < Biry®,  |VA| < Byrs*.

There ezists an absolute constant C' > 0 such that if rs > C(v/B1++/B2), then the principal
curvatures Ay, Ay satisfy, fori1=1,2,

H
)\i - 5’ < C(Bl —|—BQ)T'£3.

Proof. In the proof, C' is assumed to be an absolute constant and may change from line to
line. As a consequence of the Codazzi equation [32, Lemma 2.2], we have

3
VAP > Z|VH|2-
Together with the assumption on |Vfol|, this implies an upper bound on |VH|:
. 1 1
VAP = [VAP? ~ VAP > VA

Let zp € ¥ such that H(zy) = H. By the mean value theorem and the above bound on
|VH|, we have

(4.2) |H(x) — ﬁ| <sup|VH(z)|d < 232T§4d,

TeEX
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where d is the intrinsic diameter of ¥. Note that d can be estimated in terms of the mean
curvature [48, Theorem 1.1] as follows:

a<C [ |Hldn < O + Bars?a)
>

where we apply (4.2) in the last inequality. Choosing ry > /205, yields that d < 2C|H|rZ.
Using (4.2) again, we have for all x € 3
|H(x) — H| < OBer®[H|.

By the Gauss-Bonnet theorem and the assumption on |A[, we have

1

A < st ([ )
b))

o !

<|Z|: (/2|A|2du+4/Kdu)
by b

< Crg',
provided ry, > +/B;. Thus we obtain
|H(x) — H| < CByrg®.

By the assumption that |A| < Byry?, we conclude for i = 1,2,

H
>\i - 5‘ S C(Bl + Bz)rig.
U

4.2. Inverse Function Theorem. An alternative method to construct a constant mean
curvature surface is by graphically perturbing an initial surface whose mean curvature is
almost constant.

Let (M, g) be asymptotic to Schwarzschild of mass m. Let

o) = gufe) = (14 71 ) .

For r sufficiently large, let S,(a) be a coordinate sphere defined by S,(a) = {z € M :

z'—a’

|z —a| = r}. Denote p' = £=%. By direct computation [27, (5.1)], the mean curvature of
Sr(a) at z in S,.(a) is

2 4m O6m(r—a)-a 9Im* 1 o i)
H = — — Zp. i oL\ i
SHO Eleiie i + 5 T Puk(@)p 0t + 2=
o palx) 1 : _
(1) @) Py L ) + 001+ Ja)
2 4m  6m(r—a)-a 9m?
::;—T—Q—F 7"4 + 7’3 +GT(.’L',CL).

Throughout this section, we use the Einstein summation convention and sum over repeated
indices, and a comma denotes a partial derivative. From (4.3), the mean curvature of the
coordinate sphere is almost constant, up to terms of order O(r=3). We show below that if
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m # 0, one can find a surface of constant mean curvature near S,(a) for a suitable chosen
vector a (depending on 7). Furthermore, the center a converges to the BORT center of mass
as r tending to infinity.

Theorem 4.5 (Ye [51], Huang [27]). Let (M,g) be asymptotic to Schwarzschild of mass

m # 0. There exist positive constants ro and C, depending only on g, such that for each

r > 1y, there exists a surface ¥, of constant mean curvature 2 — ‘i—?, and X, can be expressed

as a normal graph over the coordinate sphere '
Y. ={x+ ¢(z)vs, (x) : x € S, (Corr) }
for some ¢ € C**(S,(Corr)) which satisfies 37, riolg| + e 0" la < O,

where vg, s the outward unit normal vector on S, with respect to g.

Sketch of Proof. In the following we suppress the subscript r in X, when the context is clear.
Fix an asymptotically flat coordinate system in the exterior region of M. Let ¥ be a graph
over the coordinate sphere: for ¢ € C*%(S,(a)) suitably small,

Y={x+¢uvs, 12z €S (a)}.

Fix r sufficiently large, which will be specified later. Denote by H,.(a, ¢) : R®x C?%(S,(a)) —
C%%(S,(a)) the mean curvature operator that sends the function ¢ to the mean curvature of
the normal graph > in (M, g). By Taylor expansion in the ¢-component,

1
(4.4) H.(a,p) = H,(a,0) + dH,(a,0)(p) + / (dH,(a,s¢) — dH,(a,0)) () ds,
0
where dH, is the first Fréchet derivative with respect to the second component. Specifically,
dH,(a,0) is the stability operator on S,(a) with respect to g:
d'Hr(CL,O) = —Agr(a) — (|A|2 + RiC(VST, VST)) =: Lsr(a).

Observe that the term H,(a,0) in (4.4) is the mean curvature of coordinate sphere com-
puted as in (4.3). Thus, solving H,(a,¢) = 2 — 23 for some (a, ¢) is equivalent to solving

6m(z —a)-a 9Im

3 - T32 = Gr(z,a) = /0 (dH.(a, s¢) — dH,(a,0)) (¢) ds.

(4.5) Lg ()¢ = —

r

Since (M, g) is asymptotic to Schwarzschild, on the coordinate sphere S,(a) we have
2
|A? = 5 +0(r™?), Ric(vs,,vs,) = 0(r?),
r

provided that |a| is bounded by a constant independent of . Hence we replace the stability
operator Lg, (q) by the stability operator Ly := —Aq — % on the Euclidean round sphere,
where Ay is the Laplace operator on the Euclidean round sphere S,(a). We then rewrite
(4.5) as a differential equation on the Euclidean round sphere:

6m(z—a)-a 9m?

— Gp(z,a) + O(r0%¢| + 172|00| + r~*|¢))

Lo =~ "
=: F.(z,a,¢,0¢,0%).

A necessary condition for the above equation to have a solution is that F, must be per-

pendicular to the cokernel of Ly, which is spanned by {z! — a', 2* — a? 2® — a®} restricted

(4.6)
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on S,(a) (see Example 3.2). By the following lemma, the parameter a can be chosen to
accomplish this.

Lemma 4.6 (Huang [27, Lemma 5.1)). Let (M, g) be asymptotic to Schwarzschild of mass m.
There exists ro sufficiently large such that for each r > ro and for for each i =1,2,3

/ (xl — ai)Gr(ma CL) d/’LO = —8mm C%ORT - O(T’il),
Sr(a)

where G, (x,a) is the remainder term in (4.3) and dug is the area measure of the Euclidean
round sphere.

Remark. The above lemma has been generalized to initial data sets with the Regge-Teitelboim
conditions. We prove it in Lemma 4.9 below.

By Lemma 4.6 and direct computation, we obtain
/ F.(z,a,6,00,0°¢)(z" — a") duy = —8mm(a’ — Chorr) + O H|¢llc2), i=1,2,3.
Sr(a)

If m # 0, we choose a = Cport + O(r!||¢]|c2) such that the above integral vanishes. Thus,
F.(z,a,¢,0¢,0%p) belongs to the range of Lj.
Next we use the Schauder Fixed Point Theorem to find a solution to (4.6).

Theorem 4.7 (Schauder Fixed Point Theorem, e.g. [26, Chapter 11}). Let B be a compact
convex subset in a Banach space, and let T : B — B be a continuous map. Then T has a
fixed point, that is, Tx = x for some x € B.

Define the convex subset B C C?(S,(a)) by B := {u € C*(S.(a)) : ||u|lc2« < 1}. Note
that B is compact by the Arzela-Ascoli Theorem. Given w € C?(S,(a)), we have shown that
there exists a vector a such that F,(z,a,w,0w,d*w) belongs to the range of Ly. It implies
that there exists a solution v € C**(S,(a)) such that

(4.7) Lov = F(2,a,w, 0w, 0*w).

Define the map T : B — C?(S,(a)) by T(w) = v, where v is the unique solution to (4.7)
such that v is perpendicular to the kernel of Ly. One can verify that 7" is continuous. By
the Schauder estimates for solutions perpendicular to the kernel, we obtain

[0llc2a(s, @y < ClF (2, a,w, 0w, 8%w)||coas, @y < Cr~Hwllczes, @),
where the constant C' depends only on the metric g. Choose r such that » > C'. It follows
that T" maps B into itself. Thus, by Schauder Fixed Point Theorem, T" has a fixed point ¢.

Then ¢ solves the desired equation

Hr(a7¢> = T 3

r 72
where a:CBORT—i-O(?“_lWHC?)- -

Y

Let {X,} be the family of constant mean curvature surfaces constructed in the previous
theorem, and let {z', 2%, 23} be the coordinate functions. The geometric center of mass of
(M, g) proposed by Huisken-Yau is defined as follows, for i = 1,2, 3:

. )
(48) Cé}eom = lim Ma
r—00 fEr d,u[)
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where dy is the Euclidean area measure.

Corollary 4.8 (Huang [27, Theorem 2]). Let (M, g) be asymptotic to Schwarzschild of m #
0. Then these notions of the center of mass coincide

CBORT - CGeom .

We remark that the above corollary has been generalized to the class of asymptotically
flat initial data sets that satisfy the Regge-Teitelboim conditions [28].

4.3. Another notion of center of mass. In this section we show the following identity
between the mean curvature of the coordinate spheres and the BORT center of mass.

Lemma 4.9 (Huang [28]). Let (M, g,k) be an asymptotically flat initial data set satisfying
the Regge-Teitelboim conditions. Given a € R, denote by S,(a) ={x € M : |x —a| =1} the
coordinate sphere centered at a of radius r. Then,

2
(4.9) / (2% — a®) (H N F) djy = 87E(a” — Copr) + O(r' ™), a=1,2,3,
Sr(a)

where H is the mean curvature of S,.(a) with respect to g and dug is the area measure of the
FEuclidean round sphere S,(a).

Proof. Denote by h;; = g;; — d;; and p’ = % Throughout the proof, we use the Einstein
summation convention and sum over repeated indices. By direct computation [28, Lemma
2.1], we find for x € S,(a),

H(x) =+ §hij,k(i€)0 ot + thj(m)T - (=)

r

hzgz<$)P] + %hug@?)[ﬂ - + Ey(z),

where Fo(z) = O(r~'729) and Ey(x) — Eo(—z) = O(r2721). We state the following key
identity
(4.10)

1 o
/ (z* — aa)—hz‘j,k(x)Pzﬂ]Pk dpio
S, (a) 2

1 | i
= / (%a — ao‘) <§h1j71($)pj — 2]11](1'))0 p]> d,LLO + /
Sr(a) r Sr(a)

(ai(x)p™ + hia()p") dpto.

N | —
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Assuming the above identity, we obtain

/sr(a><xa - a’) (H(x) - %) dpo

; 1 .
~ 9 / (2% = a®)(hiji — hiig)p’ dpo + 5/ (Riap" — hiip®) dpg + O(r'~27)
= Sr(a)

/ (a) [2%(9izi = 9ii.3)P" = (Giap" — 9iiP™)] dpto
Sr(a

- ( )(gz‘j,z‘ = iij)P’ dpo + O(r'29)
Sr(a

o xJ ' T
/ {1’ (gij,z‘ - gii,j)_ - <9m— - gzz_>:| dpo
Sr(a) T T T

o xj -
/ (Giji — 9iij)— dpo + 0(7“1 2q)>
Sy(a) r

where we use the Regge-Teitelboim conditions in all the equalities. The desired identity
follows from the definitions of the ADM energy and the BORT center of mass.

It remains to prove (4.10). Our original proof uses a density theorem (Theorem 6.2) which
states that initial data sets with harmonic asymptotics are dense among initial data sets with
the Regge-Teitelboim conditions in a suitable topology such that the ADM energy and the
BORT center of mass vary continuously. It is then straightforward to verify that (4.10)
holds for initial data sets with harmonic asymptotics. Eichmair and Metzger later gave the
following proof [24]. For each «, denote the vector field X () = (z* — a®)h;;p'd;. By the first
variation formula,

/ diVoX(a) d,LLO =
Sr(a)

where divg is the divergence operator on the Euclidean round sphere S,(a). Then (4.10)
follows from the direct computation:

diVOX(a) = ((Sl] — pzpj) @X(Ja)

_|_

+
= NI o= N

S]

hz’jpipj

HolX ) dio = | 2(a" = )220 dy,

Sr(a) Sr(a)

i a oy (i hij i i i j
= hiap' + (2% — a”) (7 - QTJP P+ hijip* — hijrp ﬂpk) :
0
The above lemma gives us a new notion of center of mass that involves the mean curvature:
fori=1,2,3,
1
Cy = lim ——— x*H duy,
r—00 87T ST(O)
where H is the mean curvature of the coordinate sphere S,.(0) with respect to g, and duqg is
the area measure of a Euclidean round sphere.

Corollary 4.10. Let (M, g, k) be an asymptotically flat initial data set satisfying the Regge-
Teitelbotm conditions. Then these notions of center of mass coincide

CH = CBORT-
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5. STABILITY AND FOLIATIONS

After having obtained a family of constant mean curvature surfaces in Section 4, we now
discuss their properties in this section. We continue to restrict our discussions to three-
dimensional asymptotically flat initial data sets throughout this section, unless otherwise
specified.

5.1. Analyzing the stability operator. We have shown in Section 4 the existence of
a family of constant mean curvature surfaces in an initial data set (M,g) asymptotic to
Schwarzschild. From the construction, each member of the family of constant mean curvature
surfaces {¥,} can be expressed as a normal graph over the corresponding coordinate sphere
at a common center a as below:

(%) Y. ={x+¢vs, :x € S(a)},

where ¢ € C*%(S,(a)) depends on r and 37, "¢ + 32, _, 7*T[07¢la < Cr7'. In
particular, each ¥, satisfies the following properties:

B 2 4m
o2
2 10m
2 . 4
(%) |A]© + Ric(v,v) = PR O(r=)
|2, | = 47r? + O(r)
1 2m 4
K Z ﬁ — F — C’f’ y

where K is the Gauss curvature of ¥, and v is the unit normal to X,, and where f = O(r9)
denotes a function satisfying |f| < Cr? for all r, where C' > 0 depends only on g.

Below we show that for a family of surfaces satisfying the properties (xx), there exists rg
sufficiently large such that for each » > rq, the constant mean curvature surface ¥, is stable.
We first recall a classical estimate on the first nonzero eigenvalue of the Laplace operator.

Lemma 5.1 (Lichnerowicz). Let ¥ be an n-dimensional closed Riemannian manifold. Let
ALap be the first nonzero eigenvalue of the Laplace operator —A. Suppose that for some
constant k > 0 the Ricci curvature satisfies

Ric(¢,€) > (n — DrlEf,
for all§ € TM. Then Apap > k.

Remark. The above equality holds if and only if ¥ is isometric to the n-sphere of constant
sectional curvature x [41].

Proof. Recall the Bochner-Lichnerowicz identity:
1
§A|Vu|2 — [Hess(u)|* + (Vu, VAu) + Ric(Vu, Vu).

Let u be an eigenfunction corresponding to Ap,p such that —Au = Ap,pu. Integrating the
identities over ¥ and using [Hess(u)|* > (Au)?/n, we obtain [ |[Vu|?>dp = Apap [ u* dp as
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well as

1
O——/A|Vu|2du
2 Js

> /z [(A_:)Q + (Vu, VAu) + Ric(Vu, Vu)} du

n

)\2
> ( Lap +((n—1)k— /\Lap))\Lap) / u? dpu.
b

Since Apap > 0, the desired inequality follows.
O

Theorem 5.2 (Huisken-Yau [35]). Let (M, g) be asymptotic to Schwarzschild of mass m.
Suppose {%,} is a family of surfaces satisfying the properties (xx). Then there exists C > 0
(depending only on g) such that for each %,

6
o 2 _T;l - CT747
T

where g is defined by (3.3). As a consequence, if m > 0, there exists ro sufficiently large
such that for each v > 1o, we have gy > 0 and hence %, is stable.

Proof. Applying Lemma 5.1 to a two-dimensional surface ¥ yields that Ap.p > 2k where &
is the minimum of the Gauss curvature of X. Then on X, we have by (xx)

2 4dm _4
)\Lap Z ﬁ — F —Cr =,
The proposition follows from the definition of g and the properties (xx). 0

5.2. Invertibility. To show that the stability operator is invertible, we analyze the eigen-
values of the operator.

Theorem 5.3 (cf. Huisken-Yau [35, Theorem 4.1]). Let (M, g) be asymptotic to Schwarzschild
of mass m. Suppose {¥,} is a family of surfaces satisfying the properties (xx). Let Ay be

the lowest eigenvalue of the stability operator Ly, on X, and let \y be the next eigenvalue.

Then there ezists C > 0 (depending only on g) such that

2 10m 4
)\oz—ﬁ+ .3 +0(r ),
6
)\1 Z —T: - CT_4.
r

As a consequence, if m > 0, there exists vy sufficiently large such that for each r > rq, the
stability operator Ly, : C**(%,) — C%*(3,) is a linear isomorphism.

Proof. Let w be an eigenfunction for Ay so that

(5.1) Ly, w = —Aw — (|A]* + Ric(v, v))w = Aow.
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Multiplying the above identity by w and integrating it over X, we have

)\0/ w? dﬂ:/ [[Vw]* = (JA]? + Ric(v, v))w?] du

T 3

2 10
> <——2+T—T—C7’_4)/ w® dp,
T

where we use [Vw| > 0 and apply the properties (xx) to the term involving (|A|* + Ric(v,v)).
On the other hand, using the constant function in the Rayleigh quotient yields

2 10
Mo € —o + — 4 Cr
T T

Thus we have shown that
2 10
(5.2) Ao = + 2 o@ry.

r2 r3

Moreover, the function w is almost constant in the L? sense. Let w = |%,|7! fET» w dp denote
the mean value of w. Multiply (5.1) by (w — w) and integrate to obtain

V(w—w)*du = / (Ao + |A]* + Ric(v, v))(w — w)* du

P Xr

+ / (JA + Ric(v, v))@(w — ) dp.
P
Using the estimates of Apap, Ao and the properties (%), we see

2
(ﬁ - or—3> o — B2 dp < C’r_4/ (jw — B + [@l|w — @) du.
s,

T

2-—2

From the elementary inequality |w||w — w| < er?|w — w|? + C(e)r~?w?, we obtain
e L
(5.3) lw — || 12,y < Cr?[w]| S, 2.

In particular, if w is not constant, then w # 0.
Let u be an eigenfunction with respect to A;. Then

Ly, (u—1) = M(u—1) + (M + |A]* + Ric(v, v))u.

We multiply the above identity by (u — ) and integrate over .. Since v —u has zero mean
value, we apply Theorem 5.2 and obtain

<6_m —C’r_4) lu —a* du < / (u—u) Ly, (u—"1u)du
P r
=)\ / (u— ) dp + / (A1 + |A]? + Ric(v, v)u(u — @) du
. Dl
< Al/ (w— ) dp + C’r_4/ [a||u — | du
T 27‘

: A1/ (u—m)*dp + Cr~*[al [ |u — | 2.
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To estimate the last term on the right hand side, we note that

Oz/ruwd,u:/T(u—ﬂ)(w—w)du+/ru@du.

By the Holder inequality and the L? bound of (w — w) in (5.3),
el = | [ ] < ol = sl =l < €20 2 -
X

Putting the above inequalities together, we have

6m
(7 - O) lu—l2e < Al — a3 + Cr S flu — alf2.

It implies that
6
N> ot
r
This implies that if m > 0, for r sufficiently large, Ly, : C**(%,) — C%%(%,) is injective.
By Fredholm alternative, Ly, is surjective. Hence, it is a linear isomorphism. 0J

5.3. Foliations. Let (M, g) be asymptotic to Schwarzschild of m > 0. Let X, be a surface
in the family {X,} that satisfy the properties (x) and (xx). As before, we define the mean
curvature operator H : C%%(%,) — C%%(X,) to be the differential operator that maps ¢ to
the mean curvature of the normal graph {z + v¢ : z € 3,}. Theorem 5.3 says that the
linearized operator dH = Ly, is a linear isomorphism for r sufficiently large. Recall the
Inverse Function Theorem:

Theorem 5.4 (Inverse Function Theorem). Let E and F be Banach spaces, and let U be
an open subset of E. Suppose f : U C E — F is of class C*, k > 1. Let xo € U. Suppose
that D f(x0) is a linear isomorphism. Then f is a C* diffeomorphism of some neighborhood
of xg onto some neighborhood of f(xo).

Fix r such that dH is a linear isomorphism on the surface ¥, of constant mean curvature hy.
The Inverse Function Theorem implies that there exists € > 0 such that for each constant h €
(ho — €, ho+¢€), there is the unique normal graph over ¥ that has constant mean curvature h.
This also implies that we can define a differentiable deformation F' : 3, X (hg—¢, ho+¢) — M
by sending (3., h) to the unique normal graph over ¥, that has constant mean curvature h.
Let H(h) = h denote the mean curvature of the normal graph F(X,, h). Since each surface
has constant mean curvature, only the normal component %F contributes to the evolution
of H(h). Thus,

d
5.4 1= — H(h) =1L
( ) dh hho ( ) Er¢7
where ¢ = ¢( %|h:h0 F,v). In the following we show that ¢ has a sign, from which it follows

that members of the family of constant mean curvature surfaces do not intersect, and in fact
form a foliation.

We recall below a standard application of Moser iteration and include the proof since our
setting is slightly different from [26, Theorem 8.17].
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Proposition 5.5. Let (3, g) be a two-dimensional closed Riemannian manifold. Let v be a
C? solution to

(5.5) Aso—Qu= .
where Q, f € L®(X) and Q > 0. Then, for any py > 2,
sup [v] < Co([[vllzrocs) + k),

where k = || ||z~ and Cy depends on py, 2, g, || Q|| L~
Proof. Let v" := maxyx{v,0}. Note v+ € W'?(X) and

Vo ifv>0
+
\ _{o ifv<0 -

Let w = v + k, where k is defined as in the proposition. For any real number p > 1, we
multiply the differential equation (5.5) by w? and integrate over X:

%H 2 7(p+1)2 Uwp wp
[P dn = L [ (Quur+ fur)

(5.6) < p/E(Q + Dw™ dp

< pmax(Q + 1) / wdp,
b
where in the first inequality we use the assumption that () > 0. The above computation
1 1
establishes an upper bound of the W'2-norm of w'r by purely the L?-norm of w"> . To
begin the iteration procedure, we need to relate the higher order Li-norm to the W1':2-
norm. For manifolds of higher dimensions, the standard procedure is to apply the Gagliardo-

Nirenberg-Sobolev inequality: for 1 < p < n,

[ull o < Collullwrr,
where p* = n"—f;) and n is the dimension of the manifold. However, in our case n = 2 and
p = 2 is the borderline case of the Gagliardo-Nirenberg-Sobolev inequality, so we use another
inequality specifically for a two-dimensional manifold 3: for any 1 < ¢ < oo,

(5.7) [ullzem) < Covallullwrecs),
where Cj depends on (3, g).

Substitute w in (5.7) with w%, and let ¢ = 2k > 2 be a fixed real number. Together with
(5.6) and enlarging C if necessary, we obtain, for any 1 < p < oo,

(58) ol e < CF7 (0 4+ 1) e,

where Cy depends on &, 3, g, ||Q||z~. Now we define a sequence of numbers
po=p+1, pi=pi-1k= (p+ 1Dk, i=1,2,....

The estimate (5.8) implies that

1

Sk 1 2

ISR

ol e < G oy lwllzro
Jj=0
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Note that as 7 tending to infinity ||w||zri1 (s converges to ||w|z~ and the coefficient on the
right hand side converges because x > 1. This implies that, for s fixed and for any py > 2,

v<supw < Collwzre < Co (07 [l + k) < Co (vl + k),
%

where Cy depends on pg, X, || Q]| L~. Substituting v with —v yields
—v < Co ([[vllzeo +F).-
The desired estimate follows. 0]

We now use a scaling argument to factor out the dependence of the constant Cy in Propo-
sition 5.5 from the family of surfaces {3, }.

Proposition 5.6. Let (M, g) be asymptotic to Schwarzschild of mass m. Suppose {¥,} is a
family of surfaces satisfying the property (x). For each r, let v be a C? solution to

_AE’I‘U - QU = fa
where Q, f € L*(X,) and Q > 0. Then, for any py > 2,

_2
sup [v] < Co(r 2o [[v][ Lo (s, + K),

T

where k = ||f||r~ and Cy depends on g, po, ||@Q||r~ (but independent of 7).

Proof. The property (%) gives a family of smooth diffeomeomorphisms F, : S* — ¥, such
that |dF, —rId| = O(1), where Id is the identification map from T'S? to T'%,. It implies the
pull back metric satisfies

1£7gs, — gs2llc2 < C,

where C' depends only on g. Considering the pull-back of the differential equations for vo F,
and applying Proposition 5.5 on the fixed geometry (S?, gs2), we obtain

sup [v o F.| < Co(||v o Frl|ros2y + k),

SQ
where Cjy depends on g,po, k = ||f o F,||pes2), and Q. Using the area formula for the
LPo-norm, we have the desired estimate. 0

Theorem 5.7. Let (M, g) be asymptotic to Schwarzschild of mass m > 0. Suppose {3,} is
a family of surfaces satisfying the properties (x) and (»x). Let u € C**(X,) satisfy

Ly, u:=—Ag u — (JA]* + Ric(v,v))u = ¢
for some constant c¢. Then there exists ro sufficiently large such that for each r > 1,

sup [u —u| < Cr'al,

r

where C' depends only on g. As a consequence, for ro sufficiently large, the solution wu is
either positive or negative for each r > ry.
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Proof. Note that (u — u) satisfies the equation Ly, (u — u) = ¢ + (|A|> + Ric(v,v))u. By
Theorem 5.2 and the estimate on |A[* + Ric(v, v) from (%*), we obtain

(%?—(W4)/Lm—ﬂﬁwng/fu—MLm—ﬂﬁm

:L(mﬁ+md%mmm—amM

< CT‘_4/ @|lu — Tl dp
Zr

gcr4(/\u—ﬂﬁ@02</|m%m)3
o, N

1 —1|— 1
= cxgs,y < O~ a2

This implies

By Proposition 5.6,
sup lu—a| < COr~Hu—all2cs,) + k),

where k£ = maxy, |c+ (JA|* + Ric(v,v))u| and C depends on supy, (|A|* + Ric(v,v)). To
estimate the constant ¢, we integrate Ly, u = ¢ over X, and obtain

/(|A|2+Ric(y,y))(u—ﬂ)du /(|A|2—|—Ric(y’y))ﬂd,u

T T

— _ 1 — —_
< OO Mu—all 2|2 + ] [a)).

[r]lef < +

By the above estimates and the properties (%), we have

sup |u —u| < Crt[al.

r

Applying Theorem 5.7 to (5.4), we obtain the the following result.

Corollary 5.8. Let (M, g) be asymptotic to Schwarzschild of mass m > 0. Suppose {¥,}
is a family of surfaces satisfying the properties (x) and (xx). Then there exists ro > 0 such
that the family of surfaces {¥,} for r > ry form a foliation.

6. DENSITY THEOREMS

6.1. Weighted Sobolev spaces. We introduce a topology on the space of asymptotically
flat initial data sets using the following weighted norm. Let B be a ball in R™ centered at
the origin. For k € {0,1,...}, p > 0, and ¢ € R, we define the weighted Sobolev space
Wff(R” \ B) to be the set of functions f € W]f;f(R” \ B) with

3=

||f||Wﬁ’qp(R”\B) = /Rn\B Z (|81f(9j)||$||1|+q)p |x|—n dr < o0,

1<k
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When p = oo,

HfHWkOO (R\B) "= Z €ss sup |aIfo|II\+q
<k EN\B
Suppose M is a smooth manifold such that there is a compact set K C M and a diffeo-
morphism M \ K = R" \ B. Choose an atlas for M that consists of the diffeomorphism
M\ K = R™\ B and finitely many precompact charts on K. We define the Wf;f(M ) norm
on M by summing over the Wlf;lp norm on the noncompact chart and the W*» norm on the
precompact charts. The definition extends to the tensor bundles of M by considering the
components with respect to these charts, and can also easily extend to an asymptotically
flat manifold with a finite number of ends. We sometimes write Wf;zp for Wf’qp(]\/[ ).
It is known that the ADM energy and linear momentum are continuous functions with
respect to the appropriate weighted Sobolev topology.

Theorem 6.1. Let p >n >3, g € (%52%,n —2), qo > 0. Let (g9,k) and (g, k) be C2_, x Ci,
asymptotically flat initial data sets such that

(9= 90, k), (9 — go, k) € W= ’p x Wit @
where gy is a smooth symmetric (0,2) tensor that coincides with gg on M\ K, and such that
w, J, f, J e WO .
Let € > 0. There exists 6 > 0 such that if
lg—alwey <6 and [k~ Fllysy <3
then
|[E—E|<e and |P—P|<e

The proof of this fact goes back to [45, p. 50] for E only and to [18, p. 198] in the vacuum
case. The proof of the general case can be found in [30, Proposition 2.4] and [21, Proposition
19].

On the other hand, the BORT center of mass and the ADM angular momentum may not
be defined in general for asymptotically flat initial data sets since the integrals (1.1) and
(1.2) may diverge [28, 12, 10, 11]. In fact, the BORT center of mass and the ADM angu-
lar momentum are discontinuous with respect to above topology (see Theorem 6.7 below).
Nevertheless, if we consider a topology that incorporates the Regge-Teitelboim conditions,
we have an analogous continuity result for the center of mass and angular momentum. In
the following we denote f°44(z) = (f(z) — f(—2))/2 and fe¥"(x) = (f(x) + f(—x))/2 with
respect to an asymptotically flat coordinate chart.

Theorem 6.2 (cf. Huang [30, Proposition 2.4], [27, Theorem 2.2]). Let p > n > 3, q €
("22, n— 2). Let (g,k), (g, k), (i, J), (@i, J) satisfy the assumptions in Theorem 6.1. Suppose
they also satisfy

(gz odd k,even) ( —odd k,even) sz_q(M \ K) > Wig)_q(M \ K)

) Vg zg s Vig
and

odd Jodd —odd Jodd c WO M \ K)

—n—qo— 1(

I
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Let e > 0. There exists 0 > 0 such that if
lg° — QOddHWElefq(M\K) <4 and |k — %evennwig’fq(M\K) <94
then
|Ceort — Cporr| <€ and |J —J| <e

6.2. Scalar curvature equation. We discuss a density result for the scalar curvature equa-
tion due to Schoen and Yau. The density argument is used in the proof of the Riemannian
positive mass theorem and enables them to reduce the case of the general asymptotically
flat metrics to the case that the metrics are scalar flat and conformally flat at infinity. In
what follows, we consider an asymptotically flat manifold M of dimension n > 3.

Theorem 6.3 (Schoen-Yau [45]). Let (M, g) be an n-dimensional asymptotically flat initial
data set with nonnegative scalar curvature and the ADM mass m. Given € > 0, there ezists
an asymptotically flat metric g with zero scalar curvature such that, outside a compact set
of M, the metric has the form

4
Gij = un—20;

withu =1+ ?73*” + O(r'™™), where m is the ADM mass of g and
m<m-+e.

Lemma 6.4 (Schoen-Yau [44, Lemma 3.3]). Let (M, g) be an n-dimensional asymptotically
flat initial data set with the ADM mass m. Suppose the scalar curvature R(g) > 0 is positive
somewhere, and R(g) = O(|x|737%) for some qo > 1. Then there exist constant A < 0 and
4
a unique metric g = un—2qg with zero scalar curvature such that
A
u=1+ 57‘2_" +O(rtm).
Furthermore, the ADM mass m of g satisfies m =m + A < m.

Proof. Let g = wz g. The scalar curvatures of g and g are related by

R(G) = u w2 (R(g)u - MAgu) .

n— 2

Denote the conformal Laplace operator by L = A, — ﬁR(g). Letp>n,qe€ ("T’Q, n— 2).

By [4, Proposition 1.14], L : Wff — Wg’é’_q is a Fredholm operator of index zero. To find a
solution to the inhomogeneous equation Lv = f for f € ng_q, it suffices to prove that L
has a trivial kernel by the Fredholm alternative. Let v € sz satisfy Lv = 0. Multiplying
the equation Lv = 0 by v and applying the divergence theorem, we have

n—2 v

og/ VUQda:——/Rgvsz—i-lim v—du
n—2
=—— [ R(9)v*doc <0

where we use the fall-off rates of v, 0v to compute the boundary term. We conclude that
v = 0. Therefore there is a unique solution to Lv = 22-R(g). Let u = v + 1. Then

4(n—1)
u satisfies Lu = 0. Note that © > 0 everywhere by the strong maximum principle. Then
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g = = g is the desired metric. The asymptotic expansion of u follows from [4, Theorem
1.17].

To show that A < 0, we integrate Lu = 0 over a large ball and apply the divergence
theorem:

n—2 ou
lim — =i —
0< lim =1 /MST R(g)udo lim i O du
—2)A
= lim _n=24 " dp
r—r00 |I|:T 2
-2
= —n wn_lA.
2

0

Proof of Theorem 6.3. By Lemma 6.4, we may assume without loss of generality that g has
zero scalar curvature. For A > 1 large, we define the cut-off metric

Gx = xxg + (1 — x2)gE,

where x\(z) = x(x/)) and x is a smooth cut-off function on R that is 1 on {|z| < 1} and 0

on {|z| > 2}. Note that the cut-off metric has zero scalar curvature everywhere except the

interpolating region A < |z| < 2\ and R(gy) = O(A™") there. We would like to find a metric
4

g = un—2 g, with zero scalar curvature in the conformal class of g,. By the transformation
formula of the scalar curvature, it suffices to find a positive function u that tends to 1 at
infinity and satisfies
n—2

4(n—1)
Note that R(g§,) may not be nonnegative everywhere, so the proof of Lemma 6.4 cannot
be applied. The approach of Schoen and Yau relies on a Sobolev inequality and requires
[R(Gx) ", 2 ) sufficiently small, which is achieved by choosing A sufficiently large. We refer
the details to [44, Lemma 3.2].

The last statement that m < m + € follows from the continuity of the ADM mass by
Theorem 6.1. 0

Ag)\u - R(g,\)u =0.

6.3. Einstein constraint equations. Let (M, g, k) be an initial data set. Define the mo-
mentum tensor

T =k — (trgk)g.
It is often convenient to express initial data in terms of 7 rather than k. We will refer to
(M, g, ) as an initial data set in this section and define the constraint map

O(g,m) = (2u,J) = (R(g) — \7T|§ + ﬁ(trﬂf7 dngﬂ') .

We say that (M, g, 7) has harmonic asymptotics if there exist a smooth function u and
a smooth vector field X such that v — 1, X — 0 at infinity and, outside a compact set of
M,
_4
g=ur2gg

= u%(‘CQIEX%
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where the operator £, is defined by £,X = Lxg — div,(X)g and Lxg is the Lie derivative.
Throughout this section, we denote by gy a smooth symmetric (0,2) tensor on M that
coincides with gg on M \ K.

The term “harmonic” follows from the following proposition that the leading order terms
of the function v and the vector field X are harmonic.

Proposition 6.5 (Corvino-Schoen [18], see also [21, Proposition 24)). Let p > n, ¢ €

("T_z,n —2), qo > 1 (rather than just qo > 0). Suppose that (M", g,m) is an asymptotically

flat wnitial data set that satisfies
(g - 9077T) € W35<M) X Wi’lp—q(M)v
and
07
(N? ‘]) 6 WleLijo‘
such that (g, 7) has harmonic asymptotics:

(6.1) g= uﬁgg, = uﬁﬁgEX,
outside a compact set, for some (u —1,X) € Wz’f. Then (u, X) admits an expansion

u(z) =1+ alz)* "+ O(|z|'™™) and Xi(z) = by|z|* ™ + O(|z|*™™),

where X = Xiaai.
€T

A generalization of Theorem 6.3 to the full constraint equations is the following result,
that initial data sets with harmonic asymptotics are dense among general asymptotically flat
initial data set.

Theorem 6.6 (Corvino-Schoen [18, Theorem 1]). Let p > n, ¢ € (%52, n — 2). Let (g, )
and (g, T) be vacuum asymptotically flat initial data sets

(9 —go,m) € Wz’f X Wi’lp,q.

Let € > 0. There exists a vacuum asymptotically flat initial data set (g, 7) with harmonic
asymptotics such that

lo—alwey < e llm—Flyrp <
and
|[E—~E|<e, |P—P|<e
Proof. For A > 1 large define the cut-off initial data
(Gx)i5 = X945 + (1 = X) 035
7})\ = X\T,

where x)(z) = x(z/)\) and y is a smooth cut-off function on R” such that y is 1 on {|z| < 1}
and 0 on {|z| > 2}. In the following, we suppress the subscript A when the context is clear.

The system of the Einstein constraint equations forms an underdetermined system: the
number of unknowns is greater than the number of the equations that determine them.
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One reason to introduce a function w and a vector field X in the expression of harmonic
asymptotics is to obtain a well-determined elliptic system. Let

4 A
g = un72g
7= unz (i + LX),
Now we would like to find u tending to 1 and X tending to 0 at infinity such that (g, 7)
satisfies the vacuum constraints.
Define T(y+) : (WP +1) x W2P — WE’prq to be the constraint map T{; #)(u, X) = ®(g, 7).
The map Ty : (W2F 4+ 1) x W2P — Wg’f’_q is defined analogously. Note that T{; ) and
T4,x) are smooth maps. The linearization of T{; #) at (1,0) is

DTy m)l0,0)(v, Z)

4(n—1 4(n—1
= ( - %AQU — % [Ry — |72 + A5 (trs7)?] v — 4237 — 25tr,7 divy Z,
_ 2n—1) . 2 2
leg(ﬁgZ)j + ﬁ’l},kﬂf — m?)’jtrgﬂ' — —n — 2(d1Vg7T)jU),

where indices are raised and covariant derivatives are taken with respect to g. Because
q € (%27 n —2) and p > n, D13 |10 and DTy x)|a,0) are Fredholm operators of index 0
for A sufficiently large [4]. Instead of proving the linearization has a trivial kernel as in the
proof of Theorem 6.3 which seems difficult for the system, we use the following argument.

Let K; be a complementing subspace for the kernel of DTy y|1,0) in WE’;’ X Wi’f_q. Since
the linearization D®|y ) : WE’;" X Wi’f_q — Wg’f_q is surjective [18, Proposition 3.1], and
because DT{4 ) |(1,0) is Fredholm we can find smooth compactly supported symmetric (0, 2)-
tensors {(hy, wy)}n-; whose images {D®|, ) (hg, wy)} form a basis for a complementing
subspace of the image of DT{ 1|(1,0) in Wg’f_q. Let Ky = span{(hg, wy)}4_,. For (u—1,X) €
K; and (h,w) € K, define the maps T'(; ), T (4. as follows:

T o (s X, hyw) = ®(un—2§ + h,un? (7 + L£,X) 4 w)
Tigm (1, X, hyw) = ®(uwi2g + h,um? (7 + LX) +w).

Observe that DT@J}) |(1,0,0,0) is an isomorphism for A sufficiently large by construction.

Using that (g, 7) converges to (g, 7) in Wf’f X Wi’f,l as A — 00, it is easy to see that
DT(@&)’(u’X’h’w) converges to DT(97W)|(U7X,h,w) as A — 00, locally uniformly in (u, X, h,w) in
the strong operator topology. By the inverse function theorem, for all A > 1 sufficiently
large, T'(4.#) restricts to a diffeomorphism defined on an open neighborhood of (1,0,0,0)
(independent of A > 1) and onto an open neighborhood containing a ball centered at (0,0)
in W o~ The preimage T(_;ﬁ)(o, 0) gives the desired solutions.

The inequalities

|E—FE|<e, |P—P|l<e

follow from Theorem 6.1. U

The vacuum assumption in the above theorem can be replaced by appropriate assumptions

on (i, J). In fact, using a more delicate perturbation argument, one can prove that if (g, 7)
satisfies the dominant energy condition, it is possible to obtain a strict dominant energy
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condition for the approximate data (g,7) with harmonic asymptotics [21, Theorem 18].
This fact is used in the proof of the spacetime positive mass theorem to reduce the general
case of the theorem to the special case of initial data that has harmonic asymptotics with a
strict dominant energy condition [21].

6.4. Applications to the center of mass and angular momentum. Generalizing the
proof of Theorem 6.6, we show that one can arbitrarily specify the BORT center of mass
and the ADM angular momentum.

Theorem 6.7 (Huang-Schoen-Wang [31, Theorem 3|). Let (M, g, ) be a three-dimensional
vacuum asymptotically flat initial data set satisfying the Regge-Teitelboim conditions and
E > |P|. Given any constant vectors dy,5y € R?, there exist ¢ > 0 and a vacuum initial
data set (g, ) satisfying the Regge-Teitelboim conditions such that

lg=gllwer <€ lm =7l <e

and
E=E, P=P, J=J+dy Cgorr=Crorr+ Y-

Analogous to the positive mass conjecture, there is a conjectured inequality between the
ADM energy and angular momentum. It has been proven that £ > \/m for axial-symmetric
asymptotically flat black hole initial data sets [19, 15, 17, 16, 47, 53]. See also [52]. However,
Theorem 6.7 implies that such inequality does not hold in general for asymptotically flat
data sets without axial-symmetry.

The proof of Theorem 6.7 is essentially along the same line as the proof of Theorem 6.6,
but different cutoff data sets are employed. Let 0,7 be symmetric (0,2)-tensors on R3.
Suppose further that o, 7 are compactly supported on {1 < |z| < 2} satisfying the linearized
constraint equations (at the trivial data)

> (04445 — 0ii ) = 0,
i
and for j =1,2,3,

E Tij,i = 0
)

Consider

gr = g+ o) and Ty =T+ Ty,
where o) = o(z/\), 7n = 7(x/\). To specify the center of mass and angular momentum,
the proof centers on constructing the tensors o, 7 with certain desired properties. For the

angular momentum, we need to construct o, 7 whose components satisfy o;;(z) = 0;;(—=),
7:;(x) = 7i;(—) such that for a given @ = (ay, g, a3) € R,

1 )
/ 2 {_ i Yy + Ta(Yy) | 0 de =
{i<fel<2} 5 5 2

for each k = 1,2,3, where Y(; is the rotation vector field Y{;) = % x Z. To specify the
center of mass, we need to construct a divergence-free and trace-free tensor ¢ such that for
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a given 7 = (1,72, 73) € R?,

/ 2 (030) dw = .,
{1<]z|<2}

i7j7l

for each k = 1,2,3. We refer the construction of those tensors to [31, Theorem 2.1, Theorem
2.2].
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