ADV. THEOR. MATH. PHYS.
Volume 20, Number 6, 1337-1375, 2016

N

ot

hyperbolic initial data sets
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In this article, we consider the limit of quasi-local conserved quan-
tities [9, 31] at the infinity of an asymptotically hyperbolic initial
data set in general relativity. These give notions of total energy-
momentum, angular momentum, and center of mass. Our assump-
tion on the asymptotics is less stringent than any previous ones to
validate a Bondi-type mass loss formula. The Lorentz group acts
on the asymptotic infinity through the exchange of foliations by
coordinate spheres. For foliations aligning with the total energy-
momentum vector, we prove that the limits of quasi-local center
of mass and angular momentum are finite, and evaluate the limits
in terms of the expansion coefficients of the metric and the second
fundamental form.
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1. Introduction

The notion of energy, linear momentum, angular momentum, center of mass
and their conservation laws are of fundamental importance for any physical
theory. However, there have been great difficulties in understanding these
notions for gravitation since Einstein’s time, as there there is no well-defined
concept of energy density due to the equivalence principle. It is nevertheless
possible to use asymptotic symmetries to define these notions for an iso-
lated system. At spatial infinity, the Arnowitt-Deser-Misner (ADM) energy-
momentum [2] is well-understood. ADM energy-momentum is fundamental
in general relativity and has been proven to be natural and to satisfy the
important positivity property by the work of Schoen-Yau [26] and Witten
[34]. It is also shown that the ADM energy-momentum satisfies important
invariant properties in the work of Bartnik [4] and Chrusciel [13]. There
are several existing definitions of total angular momentum and total cen-
ter of mass such as the Arnowitt-Deser-Misner (ADM) angular momentum
[2, 3, 23] and the center of mass proposed by Huisken-Yau, Regge-Teitelboim,
Beig-O Murchadha, Christodoulou and Schoen [5, 11, 17, 18, 23]. In [9], the
authors proposed a new definition of quasi-local angular momentum and
center of mass and used their limits to define new total conserved quantities
for asymptotically flat initial data sets. The new definitions are finite for
asymptotically flat initial data of order 1, and satisfy important dynami-
cal formulas for solutions of the Einstein equation. See Theorem 7.4 and
Theorem 9.6 of [9].

When the system is viewed from null infinity, the situation is more com-
plicated. The notion of mass at null infinity is first studied by Bondi [6]
and Trautman [29]. While the ADM energy-momentum at spatial infinity
is conserved for solutions of the Einstein equation, the Bondi energy at null
infinity is decreasing, see [6], [25] and [29]. A similar mass loss formula at
null infinity is derived in [12] by Christodoulou and Klainerman, as a conse-
quence of their proof of global stability of the Minkowski space. Their mass
loss formula plays a key role in the study of nonlinear memory effect in
gravitational radiation [10]. In [24], Rizzi proposed a new definition of total
angular momentum at null infinity by assuming the existence of a special
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foliation. He also studied the change of this total angular momentum by
choosing a particular laspe function.

Schoen and Yau modified their proof for the positivity of ADM energy
to prove the positivity of Bondi mass [27]. Their main strategy is to study a
spacelike hypersurface asymptotic to the null cone at infinity. Both the in-
duced metric and the second fundamental form are asymptotic to the metric
of the hyperbolic 3-space. On such an asymptotically hyperbolic hypersur-
face, they solve Jang’s equation to obtain an asymptotically flat manifold
whose ADM energy is a positive multiple of the Bondi mass of the null cone.

Motivated by the proof of the positivity of Bondi mass and the study
of asymptotically Anti-de-Sitter space, it is natural to find a suitable notion
of mass and other conserved quantities for general asymptotically hyper-
bolic manifolds. In [33], X. Wang proved the positivity of mass for umbilical
and conformally compact asymptotically hyperbolic manifolds satisfying the
dominant energy condition. There are many works along this direction, see
for example [1], [14], [15], [28] and [35]. In [36], Zhang proved a positivity
and rigidity theorem for the mass of asymptotically hyperbolic manifolds
without the umbilical assumption. In the same article, a new definition of
total angular momentum was also proposed.

In this article, we study the total energy, linear momentum, angular mo-
mentum and center of mass at null infinity of asymptotically flat spacetime
using the quasi-local energy of [31] and the quasi-local angular momentum
and center of mass of [9]. The null infinity is modeled on 3-manifolds asymp-
totic to a hyperboloid in the Minkowski spacetime where the induced metric
is isometric to the hyperbolic 3-space and the second fundamental form is
the same as the induced metric. Let H? denote the hyperbolic 3-space with
metric T2£r1dr2 + 726 pdudub where G, is the standard metric on the unit

2-sphere S2. Specifically, here are the decay conditions:

Definition 1.1. A triple (M, g, k) of a complete 3-manifold M, a Rieman-
nian metric ¢ on M, and a symmetric 2-tensor (the second fundamental
form) k is said to be an asymptotically hyperbolic initial data set if there
exists a compact subset K of M such that M\ K is diffeomorphic to a finite
union of ends Ui]HIS\Bi where each B; is a geodesic ball in H3. Under the
diffeomorphism, we have

g= gm«dr2 + 2grqadrdu® + gabdu“dub and k=g+p,

where
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(=5) (—6) (=3)
1 1 Grr grr 9ra 4
Grr :7,72_7,74 5 + +O(r- )7 gra:7+o(7" ),
0 g( 1) g( 2)
Jab =T Uab+g( )y dab C;f +0(r %),
and
(—4) (—3)
P =T £ O(7) pra = P 00,
(=1 (=2)
pa P, _
Pab —p,(l%) b4 —:2 +0(r™3)

Here G, is the standard round metric on the unit 2-sphere S2. 97(; 5), gﬁ; 6),

p£~;4) are considered to be functions on S? that do not depend on r, gm_3 ,
p£;3) are considered to be one-forms on S2% that do not depend on r, and

g((lob), gggl) , g((lb ), ((1%), p((lb 1), p((lf) are considered to be symmetric two-tensors

on S? that do not depend on r. Furthermore, we assume that pg%) and gc(g)

are traceless with respect to 7.

We assume that the triple (M, g, k) satisfies the following dominant en-
ergy condition:

Definition 1.2. (M, g, k) satisfies the dominant energy condition if

p =5 (Rlg) + (trgk)” — [kf3)

Ji =D (kij — (trgk)gis)
satisfies
n> 13l
Here R(g) is the scalar curvature of the metric g and D7 is the covariant
derivative with respect to the metric g.

Definition 1.3. The mass aspect function m of an asymptotically hyper-
bolic initial data set is defined to be

3 ~1 ~1 -
(1.1) m = 5757"529((11) ) + thngb ) + 97("7" 5.

The energy-momentum of an asymptotically hyperbolic initial data set
is defined as follows:
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Definition 1.4. Let (M, g, k) be an asymptotically hyperbolic initial data
set. The energy-momentum of (M, g, k) is the four vector (Eam, Piy),i =
1,2,3 where

1
EAH(M7gvk) 25 S2mds2

. 1 .
PIZ4H(M7gvk) 25 o szdSQ,i = 1,273

where X%, i = 1,2,3 are the three standard coordinate functions on S2.

Remark 1.5. There are two types of asymptotically hyperbolic initial data
sets. One is modeled on the hyperbola in the Minkowski spacetime, and thus
g = k (umbilical) is the same as the metric on H?. The other is modeled on
a static slice of the Anti-de-Sitter spacetime. Most studies only consider a
Riemannian manifold that is asymptotically to a hyperbolic space and it is
implicitly assumed that the second fundamental form is either zero or the
same as the induced metric. However, in studying the mass of an initial data
set, it is important to take into account of the second fundamental form. For
example, there exists an asymptotically umbilical spacelike hypersurface in
the Schwarzschild spacetime with exactly hyperbolic induced metric and an
asymptotically totally geodesic spacelike hypersurface in the Anti-de-Sitter
Schwarzschild spacetime with exactly hyperbolic induced metric. In both
cases, the mass can only be read off from the second fundamental form.

Remark 1.6. In [33], X. Wang defined energy-momentum for asymptot-
ically hyperbolic Riemannian manifolds with g,., = 0 and g, = Tz—i_l It is
easy to see that his definition agrees with ours in this simplest case.

In [7] and [32], the authors proved that the limit of the Wang-Yau quasi-
local energy of the coordinates spheres recovers the ADM energy momentum
vector at spatial infinity and the Bondi-Sachs energy momentum vector at
null infinity. In setion 3, we prove

Theorem A (Theorem 3.2) Given an asymptotically hyperbolic initial data
set (M,g,k), the limit of the quasi-local energy of 3, with reference em-
bedding X, into R? is a linear function dual to the energy-momentum of
(M, g,k).

In [19], Kwong and Tam evaluated the limit of a quasi-local energy-
momentum defined by Wang and Yau in [30] at the infinity of an asymptot-
ically hyperbolic manifold. The quasi-local energy-momentum of [30] again
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only uses the hyperbolic space as reference and does not include the effect
of the second fundamental form of the initial data.

In Section 4, we prove the following theorem regarding the causality of
the energy-momentum vector of an asymptotically hyperbolic initial data
set.

Theorem B (Theorem 4.2) Suppose (M, g, k) is an asymptotically hyper-
bolic initial data set satisfying the dominant energy condition, then ils enerqgy-
momentum 4-vector is future directed non-spacelike. Namely,

Eag > A /Z(P,ZAHP-

To show that the energy-momentum 4-vector is non-spacelike, we apply
a Lorentz boost of the Minkowski spacetime to the coordinate spheres, ob-
tain a new foliation, and compute the limit of quasi-local energy with respect
to the new foliation. For any future directed unit timelike vector (a’,a’) in
R31, we show that the limit of the Liu-Yau quasi-local energy of correspond-
ing boost is a"Eap — > aiP}" - The positivity of the Liu-Yau quasi-local
energy [20] implies the energy momentum 4-vector is non-spacelike.

In addition to the positive mass theorem, we derive an energy loss for-
mula for asymptotically hyperbolic initial data sets. Our energy loss formula
is similar to the Bondi mass loss formula derived in [12]. In particular, the
source of the energy loss is pg%) + gég), which plays the role of the leading
order term of x in the mass loss formula derived in [12]. Theorem 3.2 enables
us to use the limit of the Liu-Yau mass for the total energy of asymptotically
hyperbolic initial data set and to compute the variation of the Liu-Yau mass
along the Einstein equation. This approach is similar to that of [12], where
the total energy of a null cone is defined to be the limit of the Hawking
mass and the mass loss formula is derived by studying the variation of the
Hawking mass. The energy loss formula we derive is the following;:

Theorem C (Theorem 5.1) Let (M,g,k) be an asymptotically hyperbolic
initial data set satisfying the vacuum constraint equation. Let (M, g(t), k(t))
be the solution to the vacuum Einstein equation with g(0) = g and k(0) = k,
and with lapse V1% + 1 and shift vector —res where es is the unit normal
vector of the coordinate spheres on (M, g(t),k(t)). Let 3.+ be the coordinate
spheres on (M, g(t), k(t)) and

M(t) = lim mLY(Zr,t)

7—00
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be the limit. Along the vacuum Finstein equation, we have

1
o1(t) =~ [ 1Y)+ ol s

Remark 1.7. The lapse function and shift vector considered here are nat-
ural for asymptotically hyperbolic initial data sets. The Minkowski metric
can be written as

2r 2

dr
=—dt® — ———drdt + ——
I Vil T

Each level set of ¢ is a standard hyperboloid. Let ¥, be a level set of r on a
hyperboloid, e3 be its unit normal vector in the hyperboloid, and e4 be the
unit normal of the hyperboloid. Thus

€3 =\ r2 + 188

r
e —71 94—7“3
47\/7"24—1875 or

and the Killing vector field % can be written as

0
— = /12 + leg —res.

ot

+ r2(d6? + sin® 0d¢?).

Hence, the lapse function is v/72 + 1 and the shift vector is —res.

For spacetimes with matter fields, we prove a similar mass loss formula
with an additional term from the matter field assuming some natural decay
conditions on the null component of the stress-energy density of the matter
field (see Definition 5.2 and Theorem 5.3). In particular, for solutions of
the Einstein-Maxwell equation, our result resembles the mass loss formula
derived in [37] by Zipser.

While the ADM energy and linear momentum are well-understood for
asymptotically flat initial data sets, defining total angular momentum and
center of mass is much more complicated and there were several delicate
issues concerning the finiteness, well-definedness, and physical validity. In
[9], the authors defined new total conserved quantities for asymptotically
flat initial data sets using the limit of quasi-local conserved quantities and
proved the finiteness of the new total angular momentum and center of mass
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for asymptotically flat initial data sets of order 1. In this article, we compute
the limit of quasi-local angular momentum and center of mass at infinity of
asymptotically hyperbolic initial data sets. Unlike the asymptotically flat
case, we show that, for an asymptotically hyperbolic initial data set, the
limit is finite only for the foliation with vanishing linear momentum. As-
suming the energy-momentum vector is timelike for a given foliation, we
show that there exists another foliation with vanishing linear momentum.
For the new foliation, the total center of mass C* and total angular mo-
mentum J¢ (See Definition 6.1) can be explicitly computed in terms of the
expansion coefficients of the metric and the second fundamental form.

Theorem D (Theorem 7.3) Given an asymptotically hyperbolic initial data
set (M,g,k), for the foliation with vanishing linear momentum, the total
center of mass C* and total angular momentum J* of (M, g, k) are

1

Cl=g- | X i(2trsag8,? + 9559 + Vg0 + treep?))ds?
S2
Ji—t X7V (g3 + p(=3))ds?.
87T S2

2. Quasi-local energy-momentum, angular momentum
and center of mass

We recall the definition of quasi-local energy-momentum defined in [31] and
quasi-local angular momentum and center of mass defined in [9]. Let ¥ be
a closed embedded spacelike 2-surface in a spacetime with spacelike mean
curvature vector H. The data used in the definition of qausi-local mass is
the triple (o, |H|, agr) where o is the induced metric, |H| is the norm of the
mean curvature vector and apg is the connection one form of the normal
bundle with respect to the mean curvature vector

)= (T )

where J is the reflection of H through the incoming light cone in the normal
bundle.

Given an isometric embedding X : ¥ — R3! and a constant future time-
like unit vector Ty € R*!, we consider the projected embedding X into the
orthogonal complement of 7. We denote the mean curvature of the image
by H.
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In terms of 7 = — (X, Tp), the quasi-local energy with respect to the pair
(X, To) is

1 PPN
EX,7)=— [ HdX
8T Js

1
_/ [V [V cosh ] H| — V7 - V6 — an (V7)) s,
871' »

where § = sinh ! (ﬁ) and V and A are the gradient and Laplace

operator, respectively, with respect to o. In particular, E(X,0) is the same
as the Liu-Yau quasi-local mass, mry (X).

Assuming the spacetime satisfying the dominant energy condition, the
quasi-local energy defined above is non-negative for any admissible pair of
(X,Tp). The quasi-local mass of the surface ¥ is defined to be the infimum
of the quasi-local energy with respect to all admissible pairs.

Given an isometric embedding X of ¥ into R3!, let Hy and o, be
the mean curvature vector and connection one form of X (X) in R®!. We
introduce p and a j, as follows:

E N
. VIl + 56 - IHE + 1525

<2'” VR
. .1, PAT
(2.2) ja = pVaT — Vg[sinh ™! ( |H0HH])] — (Hy)a + () a-

In terms of these, the quasi-local energy is 8# fz(:" + 7.VOr).

A critical point of the quasi-local energy satisfies the optimal isometric
embedding equation. A pair of an embedding X : ¥ < R3! and an observer
Ty satisfies the optimal isometric embedding equation for (oa, |H|, (fr)a)
if X is an isometric embedding and

(2.3) divgj = 0.

We define the quasi-local angular momentum and center of mass for each

optimal isometric embedding. Let (20, 2!, 22, 3) be the standard coordinate

of R%!. We recall that K is a rotational Killing field if K is the image of
xt 821 —at % under a Lorentz transformation. Similarly, K is a boost Killing
field K is the image of 2° a?c,- + xi% under a Lorentz transformation.
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Definition 2.1. The quasi-local conserved quantity of > with respect to
an optimal isometric embedding (X, Tp) and a Killing field K is

(2.4) E(E,X,TO,K):(gl)/Z [(K,Tg>p+j(KT) s,

Us

where KT is the tangential part of K to X (X).

Suppose Ty = A(%) for a Lorentz transformation A, then the quasi-
local conserved quantities corresponding to A(mi% — a2l %), 1 < 7 are called
the quasi-local angular momentum integral with respect to Ty and the quasi-
local conserved quantities corresponding to A(xl% + xo%),i =1,2,3 are

called the quasi-local center of mass integral with respect to Tp.

3. Limit of quasi-local energy of coordinate spheres.

We first prove the following lemma about the geometry of coordinate spheres
in an asymptotically hyperbolic initial data set. Given an asymptotically
hyperbolic initial data set (M, g, k) in a spacetime N, such that g and k are
the induced metric and second fundamental form of M, respectively.

Lemma 3.1. Let X, be coordinate spheres in an asymptotically hyperbolic
space. Let o, H be the mean curvature vector of ¥, and oy be the induced
metric, mean curvature vector and connection one-form of the normal bundle
in mean curvature gauge of ¥, in the spacetime N. We have

-1
(0) gz(zb :

Tab =1*Gab + 9oy, + == + O ™),
2 m _3
(3.1) H| === 5 +007%,
_aa(m) -2
(an)e == — + 0077,

where m is the mass aspect function defined in Definition 1.5.

Proof. The expansion for o, follows directly from the definition of asymp-
totically hyperbolic initial data set. The inverse metric is

~ab (0)yab (—=1)yab
ab 9 (9"™) (") —6
=T T s TouT),
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Let e3 be the unit normal vector of ¥, in M and e4 be the unit normal
vector of M in N. We compute (H,e3) and (H,ey). eg is given by

es= (4 Ve
T gm —VE\Or T Qus

where V, = —g;q, and the second fundamental form of ¥, in the direction
of e3 is

) il o 0 _
7 o 2 _ Tr y — 2
(3.2) <V82a63, 8ub> =A/r<+1 . <VW o 8ub> +0(r )

gv(";5) 9(21) 2
=A\/r24+1-— . rOap — STQ +O0(r ).

Hence,

- 1
_ aby [ 2 o [ Qéb : —4
—(H,e3) =c\|r2+1— rOab — %5 +0(r )

(=5) (-1
1 Grr ~ Yap
““(”w‘ 53 ) (”ab‘é@a

&ab (g(o))ab (g(—l))ab 4

X (7‘2 - ’]"4 - ’["5 ) + O(T )
(=5) , 3 (=1)
1 grr ftTSQ-gab —4
=2+ ol pc +O0(r ).
For (H,e4), we have
_<H7 €4> = Uab(aab + pab)
trszpl(lzl) —4
=2 + T + 0(7“ )

As a result,

|H|* = (H,e3)* — (H,eq)*

4 490 atrgpl Y 4 btrgagly !
— -
.

3 + O(r_4)

and the expansion for |H| follows.
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Recall from [32], we have
(aH)a = _k(e?n aa) + V0

where

_<H ) 64>

|H|
By the definition of asymptotically hyperbolic initial data set, we have
k(es,0,) = O(r~2). Using the expansion for (H,e4) and |H|, we conclude
that

sinh(0) =

e = 2r + (trepl, ) + gtrszgf;l) +957) + 00

which implies
Oultrseny? + Hrsgl? 1 g
(trs=py, ” + 5trs2g,,  + g ) L0,

Val = 2r O

In [32], it is shown that for an asymptotically flat initial data set, the
limit of the quasi-local energy of coordinate spheres with reference isometric
embedding into R? recovers the ADM energy-momentum 4-vector. We prove
a similar result for asymptotically hyperbolic initial data sets. Let X, be the
isometric embedding of ¥, into the totally geodesics R? in R3!.

Theorem 3.2. Given an asymptotically hyperbolic initial data set (M, g, k),
the limit of the quasi-local energy of 3, with reference embedding X, into
R3 is a linear function dual to the energy-momentum of (M, g, k).

Proof. Let Hy be the mean curvature of the image of X, in R?. From the
expansion of the induced metric and the result in [7], it follows that Hy =
2 4+ O(r=?) and thus

By Corollary 2.1 of [32], the limit of

lim (2, X, Tp)

r—00

is a linear function dual to the four vector (e, p’) where

1
e =— lim (Hy — |H|)d%,

& r—oo 5.

] ,
p' =— lim X'V apg)adS,.

&1 r—oo 5.
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By Equation (3.1),

1
o [ o~ lmas,
T >,

1

3 _ _
™ )52 2

and
S X'V ag).dX
ST 5 H)a r
1 ~. (3 _ _
= —— Xt (tm’?géb 2 + t7“s2p((lb 2 + gﬁr‘r’)) ds? + O(T‘il).
81 S2 2
This finishes the proof of the theorem. O

Remark 3.3. The data (o, |H|, ap) has the same form of expansion as that
of [7] and section 3 and 4 of [7] can be applied to the asymptotically hyper-
bolic case as well. Assuming the total energy momentum vector (E 4, le I
is timelike, Let

There is a local minimum (X (r), To(r)) of the quasi-local energy with

X(r) = (X9 + 00

. o i\(~1)

XZ(T) _ er + (X ) + O(’I”_Q)

AGE)

To(r) = (a%,a',a?, ) + =2— + O(r™?).
T

where (a”, a', a2, a?®) is the unit timelike vector aligned with the total energy-

momentum 4-vector.
0 1 2 3 i
MAH(CE ya ,a,a ) = (EAH7P}4H)
Moreover,

lim E(3,, X(r),To(r)) = Mag.

T—00
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4. Spacetime positive mass theorem

Theorem 3.2 and the positivity of Liu-Yau quasi-local mass implies Eapg >
0 if (M, g,k) satisfies the dominant energy condition. We prove that the
energy-momentum vector is non-spacelike by evaluating the limit of quasi-
local energy on boosted coordinate spheres in M.

The hyperbolic space can be isometrically embedded into R*! with met-
vic —dt? + 32 (dz?)? as the set

=1+ (@) t> 0}.

The Lorentz group of R*! acts on H? by isometry. In particular, we con-
sider the isometries corresponding to boost elements of the Lorentz group.
Let (M, g, k) be an asymptotically hyperbolic initial data set and (r, u', u?)
be the asymptotically hyperbolic coordinate system at infinity. For each fu-
ture directed unit timelike vector (a”,a’) in R%!, we consider the family of

surfaces X g, R >> 1 on M defined by

H3 = {(t, ')

Y ={(r,ul,u?) : r = RE(u!,u?)}

where
1

a® + Y, aiXi
and Xi(ul, u?),i = 1,2,3 are the three standard coordinate functions on S2.
They are all —2 eigenfunctions with respect to the standard round metric

Fqp o0 S2. Notice that F 25 4p is isometric to G4, and F satisfies the following
constant Gauss curvature equation

1 .
F2

F=

where A is the Laplace operator with respect to the metric 7.

Lemma 4.1. Let X be the above family of surfaces. Let o and H be the
induced metric and the mean curvature vector of X g, respectively. Then,

s (=1)
(22~ (0) FoFy Yab _9
oay =(F“R*)Gap + g,y + 2 + R +O(R™7)

(4.1) - - 3
20 e+ oty
R F3R2

+ O(R™3).
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Proof. The tangent space of Y is spanned by % + ra%, a =1,2. It follows
immediately from the definition of asymptotically hyperbolic initial data sets
that

5 os (-
EF -
Zath  Jab 4 (R,

oup = (F2R?)Go + g0 + 72 d
b ( ) b T YGap I FR

As a result, we also have

(g(o))ab Fafb (g(—l))ab
2R F'R? 3RS

0 = F2R2 (&“b — ) + O(R™Y).

Let e3 be the unit normal of X in M and e4 be the unit normal of M in
N. We compute

_<Ha €4> = Uab(aab + Dab + TaToPrr + TaDrb + prra)

-1)
— trs2pab —4
=2+ TR?’ +O(R™).

To compute (H,e3), we start with

€3

e
VG + VaVbg,, —2Vag,, \Or dus
where

+ O(R™®).

By definition,

_<Ha €3> =
\/grr + Vdvegde - 2Vdgd7‘

o ¢ 9\ 0 B »
(Yot (5~ Thoe) 1oy ) OB

Plugging in r = RF (u', u?), we deduce

1 e\ 9"
2R2[4 2R3F3

\/97”7“ + Vangab —2Vegar

O(R™3).
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Continuing the calculation,

C o e oy 8 0
satrass \or  1+r20uc) oud | Cor

1 r¢ 0 0 1
_26rgab_<vaa1+r28uc 6ub>+rarb O (14—7"2
r¢ 0 0 r¢ 0 0 _3
— <Vrafil 2 ouc 8ub> - <Vai’a1 T2 (9uc7+rb({“)7“> +O(R™)
(-1)

ab Tarb
+
2T2

(-1)
_ 1 FaF 1 -
—RF&ab—l—( o +vavb~> _ Jab__ 1 o(R).

+ Y, be+O(R 3)

=T0gp —

R\ F3 F 2R2F?
As a result,
1 (1 |@15|2 1+1
—(H 24 = | = —— =A
< 763> + R2 ( F4 F F)
(=5) (-1
1 Grr 3trszg b —4
- = = e O(R
RS ( Y TOWE™)
I N T P Y
R R3\ F3 2F3 '
In the last equality, we used that
. N o
L ONVEE AR L Am) =
F? F? F F F?

Therefore,

|H> = (H,e3)” — (H,eq)*

4 491(@ 5) + 4757’52])((1;1) + 6t7’52g((1;1) _4
- ] +O(R™).
"R R3F9 .

We prove the positive mass theorem for asymptotically hyperbolic initial
data set in the following.

Theorem 4.2. Suppose (M, g, k) is an asymptotically hyperbolic initial
data set satisfying the dominant energy condition, then its energy-momentum
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4-vector is future directed non-spacelike. Namely,

Eapg > /Z(PQH)z

Proof. For any future directed unit timelike vector (a°,a?) in R®!, let F =

m and X be the surfaces in M defined by

Yr={(rul,u?) :r= RF(UI,UQ)}
By (4.1), the induced metric o, and mean curvature vector H of ¥y satisfy
Oab :(FQRQ)&ab + O(l)

(4.2) 2 g+ treeply ) + Streagly Y
R F3R?

+ O(R™3).

Let Hy be the mean curvature of the image of isometric embedding of g
in R3. Recall that the Liu-Yau mass of the surface L p is

1
miy(En) = o [ (Ho~ |H)dx
YR

We have
2
Ho= 5+ O(R™3).

since (F2R?)6,y, is isometric to R?G,p. As a result,

(=5) (-1, 3 (=1)
rr trgz Strge _
Yr S2

By the positivity of the Liu-Yau mass [20], we have

)

ds? > 0.

-5 —1 —1
/ gq(nr ) + t?"sngb ) + %thzggb
52 F

Moreover, by Theorem 3.2,
1 (_5) (_ (

1), 3 -1)
grr " T trsepy, T+ 5trs2g,, 2 _ 0 i i
— ~ dS* =a Earg — a'PY .
8 S2 F Zz: AH
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Hence,

a®Eap — ZaiPAH >0
i
for any future directed unit timelike vector (a?,a’) in R, It follows that
(Eam, Pl ) is future-directed non-spacelike. O

Corollary 4.3. Assuming the energy-momentum vector (Eam, PAH) for a
given foliation is timelike, then there exists a foliation with vanishing linear
momentum.

Proof. From Equation (4.3), it follows that the energy component of the en-
ergy momentum vector transformed equivariantly under boost. As a result,
if the energy-momentum vector (Eap, P’ ) for a given foliation is timelike,
then we can align the unit vector (a°, a’) with the energy momentum and the
new foliation corresponding to (a”, a’) have vanishing linear momentum. [J

5. Energy loss formula for asymptotically hyperbolic
manifolds

Energy loss formula at null infinity for solutions of the vacuum Einstein
equation was first studied in [6] and [29]. In [12], a similar energy loss formula
at null infinity is proved as a consequence of the global nonlinear stability
of the Minkowski space, for any global development of asymptotically flat
vacuum initial data sufficiently close to that of the Minkowski space. The
source of the energy loss is the traceless part of the inward null second
fundamental form of the coordinate spheres. In this section, we study the
mass loss formula for asymptotically hyperbolic initial data sets under the
Einstein equation. By Theorem 3.2, we can evaluate the total energy at
infinity of an asymptotically hyperbolic initial data set with respect to a
given foliation of coordinate spheres using the limit of the Liu-Yau mass.
We first prove the following energy loss formula for a vacuum spacetime.

Theorem 5.1. Let (M, g, k) be an asymptotically hyperbolic initial data set
satisfying the vacuum constraint equation. Let (M, g(t),k(t)) be the solution
to the vacuum Einstein equation with g(0) = g and k(0) = k, and with lapse
Vr2 +1 and shift vector —res where ez is the unit normal vector of the
coordinate spheres. Let 3,4 be the coordinate spheres on (M, g(t), k(t)). Let

M(t) = lim mpy (3,4),

r—00
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then
1
MO0 =~ | 1)+ Pas®.
Yis S2

Proof. Consider the timelike hypersurface
Qs - U0§t§szr,t-

Let V' be the unit normal vector of ¥, ; in 5. We have V. = v/r? 4 ley — res
on X, ; and

(5.1) (H, V) =0(r"?%

by the calculation in Lemma 3.1. Let 7;; and ©;; be the metric and second
fundamental form of 0, and 7;; = ©;; — (tr,0)~;; be the conjugate momen-
tum. Let v be the outward unit normal of Q,. Let H(X, o) and H(%, ;) be
the mean curvature vector of X, g and X, s, respectively, in the spacetime and
let Hyo(X,0) and Hy(X,s) be the mean curvature of the image of isometric
embedding of X, ¢ and X, g, respectively, into R?. Integrating by parts,

/ w(V,V)d%, s = / (V. V)5, + / Vi
Er,s 27*,0 Qs

By the definition of the conjugate momentum,

T(V,V)ls.o = (H(Er0),v)

)

(V. V)ls,. = (H(Xrs),v).

)

From (5.1), we have

and thus
/ H(S.0)[dS,s — / (H(00)|dS0 + / Vi + OV,
Z'r',s E'r,O Qb

From (5.1), the area A(r,s) of ¥, s satisfies

A(r,s) = A(r,0) + O(1).
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From Lemma 2.1 of [16], we have
A
/ Ho(Sr)dSss = dmr+ 208 o1y,
I r

We conclude that

/ Ho(%)4)dY, s = Ho(2,0)d%0 +O(r™h).
Yrs

Xro

It follows that

1
mry (3rs) = mpy (3r0) + 8/ miiVij + O™
Y5 Q.
and
1 _
ormry (Xrt)li=0 = & i Vi jdSeo + O(r™ 1)
T IS0
1
= o TV, pd%r + O(r™1).

>0

Let hfl’)) and hgz) be the second fundamental form of ¥, in the direction of
es and e4. Furthermore, let Bg? and }Algé) be their traceless part.

7y = 7 (Vr2 + 10 — rhlY)

since 7 is symmetric and the symmetrization of V, ; is the second fundamen-
tal form of ¥, in the direction of vr? + leq — res. Equation (5.1) implies

that
\/ rZ 4+1 h —rh, 3) O(’I“_Q).

From the definition of Conjugate momentum,

w“b(Whg‘;)— rh

= [Vr2 + 1(h®)® —r(n ) — (tr,©)g™ \/Thab )+ o
= (V2 + 1RO = (h)) (V/r? + h&) rhab +0< >

= (VP2 1B — (B0 (/r2 + 185 — rh2y 0 7).

From Equation (3.2), we have

hsz): T2+1—

%)



Conserved quantities 1357
By Definition 1.1, we have

Oab = T2&ab + g((z(li) + O( _1)
hfﬁ,) = Ogb +p((zb) + O( )

where trg: p((l ) — = trszg, © ) = 0. It follows that

iy = g5, +00™")
by = v + 06,

As a result, we have

(V2 + (A3 — p(AOyaby(/r2 1 108 — i

ISy + o)1 -3
== Tor)
and
(0) (0))2
Pap + 94 _
omry (Zpt)|t=0 = e . |br2b|d52 +O(r 1).
The theorem follows from taking the limit as r approaches infinity. O

In the remaining part of this section, we generalize the above mass loss
formula to spacetime with matter fields. Instead of considering specific mat-
ter fields, we require the matter fields to satisfies only the dominant energy
condition and the following decay condition for the stress-energy density 7},

Definition 5.2. Let (M, g,k) be an asymptotically hyperbolic initial data
set in a spacetime N with some matter field. Let e3 and e4 be the unit normal
of ¥, in M and the unit normal of M in N. We say that the stress-energy
density T}, satisfies the null decay condition if

T(es + es,e3 +es) = O(r™?),
T(es —eq,e3 —eyq) = O(r_4).

The null decay condition is natural for the global development of an
asymptotically flat initial data set. For example, see [37] for the asymptotics
at null infinity for solutions of Einstein-Maxwell equation. In particular, the
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null decomposition of the the stress-energy density satisfies

T(L,L)=0(r™°),
T(L,L) = O(r™?),

~—

and the leading term of T'(L, L) has an additional contribution to the mass
loss formula [37]. By considering the standard hyperbolic space embedded
in the Minkowski space (see Remark 1.7), it is natural to identify L with
@ and L with r(eg 4 e4) and assume the null condition in Definition 5.2.

The dominant energy condition implies that both T'(es + e4, e3 + €4) and
T(e3 — e4, €3 — e4) are non-negative. Let

2

F
(5.2) T(es —es,e3—ea) = —p + o(r=).

We have

Theorem 5.3. Let (M,g,k) be an asymptotically hyperbolic initial data
set satisfying the dominant energy condition equation. Let (M, g(t),k(t)) be
the solution to the Finstein equation with g(0) = g and k(0) = k with lapse
V12 41 and shift vector —res where e3 is the unit normal vector of the
coordinate spheres. Let ¥+ be the coordinate spheres on (M, g(t),k(t)). Let

M(t) = lim mLy(Zm).

T—00

Suppose the stress energy density satisfies both the null condition and the
dominant energy condition. Then

1
OM ()0 = — - / (Ip%) + ¢ + F?)ds?
™ Js2
where F' is given by (5.2).

Proof. The proof is similar to that of the previous theorem. Due to the
non-zero stress energy density, we have

/ 71‘(‘/, V)dZT,S = / 7T(V, V)dET,S —|—/ 7I‘ijV7;7j +/ Viﬂ'ij‘/}'
Z'V',s Zr,o Qs Qs

= [ wvias. [ mpvi s [ T
DI Qs Q,
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where v is the unit normal of the timelike hypersurface 2s. As a result,

1 _
Oy (Srp)li=o = o (Vo + T(V,v))dEr0 + O(r™ 1)
>

7,0

The first term can be treated as before. For the second term,

T(V,v)=T (\/ 1+71%2e4 —res, V1 +r2e3 — 7‘64)

1
:1[—( L4724 7)?T(e4 — e3, ¢4 — €3)

+ (V1472 —7)T(eq + e3,e4 + 63)}

6. Finiteness of total angular momentum and center
of mass

Let (o, |H|,arr) be the induced metric, norm of mean curvature vector and
connection one-form in mean curvature gauge on the coordinate spheres ¥3,..
The data admits the same expansion as data of the coordinate spheres at
the infinity of an asymptotically flat initial data set of order 1 studied in [9].
Thus, we solve the optimal embedding equation and define the total angular
momentum and center of mass of (M, g, k) as the limit of quasi-local angular
momentum and center of mass on the coordinate spheres in the same manner
as in Section 6 of [9].

Denote the expansion of the data (o, |H|, ap) on the coordinate spheres
by

o =16, + O(’I“_l)
2  p=2)  p(=3)

_“ —4
(6.1) [H| = r * 72 * r3 +0(r™)
@ a (@), s
(am)a = =+ =224+ 00 7).

From [8] and [9] for the solution of the optimal embedding equation, we
have the following expansion for the solution (X(7),7Ty(r)) of the optimal
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embedding equation

We have corresponding expansions for the data of the image of the isometric
embedding

9 D (B
[Hol = =+ =5+ =

2 3 + O(r*4)

-1 -2
(@5 N (@)

r 7r2

(6.3)

(aHy)a = +0(r™?),

and the expansion for p as defined in Equation (2.1)

(-2 ,(-3)
P

+ O(r*4).

r2 r3

The metric expansion implies that h((fz) =0, (X1)© =0, and p-2 = =22

aO
The leading order term of the optimal embedding equation (see for ex-
ample equation (7.4) of [9]) implies that (X°)(©) solves the following equation

(6.4) %A(A +2)(X0)©
_ 5. . (=2) xi -
= divgza( b 2&1 [A (ﬂ 5 ) + divszp(_Q)(VXZ)

3 . ~ .
1~ a .y - [ p(=2) x
— _~AR? 2 Ndives (WU X )
2Ah + ;:1 0 [dws (h9VX") + A < 5 >]

This is solvable if and only if (a?,a) is the future directed unit timelike
vector in the direction of the total energy momentum.

The total center of mass and angular momentum of (M, g, k) is defined
as follows.
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Definition 6.1. Suppose Tp(r) = A(r)(%) for a family of Lorentz trans-
formation A(r). Define

r—00 89:0 8551

(6.5) C'= lim E (ET,X(r%To(T)’A(T) (xia rats >>

to be the total center of mass integral and

_ -0 g O
(6.6) Ji = rlggo €ijrl <ZT,X(T),T0(T),A(T) (xjw -z 8:{33>>

to be the total angular momentum, where ¥, are the coordinate spheres
and (X(r),Tp(r)) is the unique family of optimal isometric embeddings of
¥, such that X(r) converges to a round sphere of radius r in R3 when
T — 00.

In [9], the authors studied the limit of quasi-local conserved quantities
at the infinity of asymptotically flat initial data sets of order 1 and proved
the following theorem concerning finiteness of total conserved quantities:

Proposition 6.2 (Proposition7.1, [9]). The total center of mass and
total angular momentum are finite if

(6.7) / X'p=2dS8%? =0 and /
SQ

3 Xi (gab%(ag;”)a) ds? = 0.

Proposition 7.1 of [9] can be applied to the limit of quasi-local con-
served quantities at infinity of asymptotically hyperbolic initial data since
(0, |H|,ap) has expansions of the same forms.

In addition, the authors proved in [9] that Equation (6.7) follows from the
vacuum constraint equation for asymptotically flat initial data sets of order
1. We prove in this section that, for coordinate spheres in asymptotically
hyperbolic initial data sets, Equation (6.7) does not follow from the vacuum
constraint equation. Instead, it holds only for the foliation with vanishing
linear momentum.

Proposition 6.3. Let ¥, be a family of coordinate spheres in an asymp-
totically hyperbolic initial data sets. Then

(6.8) Xp(=2dS5%? = 0 and /

X (%l V)a) ds? = 0
52 52

holds if and only if the linear momentum vanishes.
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Proof. Recall from Lemma 3.1, we have
(—2) (=1) 1
(6.9) h'™* = —m and (ay; ). = §aam,

where m is the mass aspect function. By the expansion of the induced metric
on Y, in Lemma 3.1,

i =o.
It follows immediately that

/S X (é“b?b(agg”)a) ds? =0

holds and ,
Xip(72)d52 — PAH .
52 EAH ]

Corollary 6.4. For an asymptotically hyperbolic initial data set with time-
like energy-momentum vector, the total angular momentum and center of
mass associated with any foliation with vanishing linear momentum are fi-
nite.

Proof. The corollary follows from combining Corollary 4.3, Proposition 6.2,
and Proposition 6.3. ]

7. Evaluating total center of mass and angular momentum

Let (M, g,k) be an asymptotically hyperbolic initial data set. Suppose a
foliation >, has vanishing linear momentum, we evaluate its total center of
mass and angular momentum. We first evaluate the total center of mass and
angular momentum in terms of the expansion of (o, |H|, agr) and (|Ho|, ovpr,)-
Then we express them in terms of the expansion for g and k.

Let (X (r),To(r)) be the solution of the optimal embedding equation on
3. The solution takes a simpler form since the linear momentum vanishes.
In particular, we have

X0(r)= (X" +0o0r™)

g (Xi)(—l)

(7.1) X(r)y=rX'+ +0(r ?)

To(r) = (1,0,0,0) + To +0(r ?)
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where (X°)() satisfies the equation

(7.2) A(A +2)(X9)© — _%Am—?).

1
2

Let To(_l) = (0,b',62,b%). The time function 7 = —X (r) - Ty(r) has the fol-
lowing expansion

(7.3) =X - "¥X + 00

7

Proposition 7.1. The total center of mass and angular momentum of an
asymptotically hyperbolic initial data set are

1

o= | X - hY) ds?
(7.4) S o
i [ Xiear, (o) 482,
J st s eViy(ay 7 )adS
Proof. Since 7 = O(1),
(7.5) p=|Ho| — [H|+O(r™").

Recall that,

. o A
]a = IOVCLT - Va |:Slnh ! <’]—50H7I_{‘):| - (OéHO)a + (aH)a

(7.6) i = —(am) + (am)
1 -~ o~ -
= [ Fudnx00 - Ta2] =0,
by the optimal isometric embedding equation. The Killing vector field as-
sociated with the center of mass is Ko; = A(r)(xi% + CL‘O%> with A(r) =

Id + O(r~1). This implies that (K.), = O(r). We also have

(Koi, To(r)) = —r X"+ O(r ™).
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It follows that

(7.7) E <zr, X(r), To(r), A(r) (azia‘zo + 20 aii))
~1

= [ (Kot Tor))p + (K5)as?] d
T >,

1
_87T S2

(S — KENXdS? + O(r 7).

For the angular momentum, the corresponding Killing vector field is K;; =
A(r)(mi% — ai,-,). We have (K;j,To(r)) = 0. Hence

(7.8) E(ZT,X(T),To(r%A(T) <x,~8_ o ))

ozl v ozt

_ (=D V(1 +[VT[?)[Ho|* + (AT)2VT
_87r/2 Ky( A+ V)

-V

sinh~! ( AT )
’H0|\/ 1+ ‘VT|2
\/(1 + |VT|?)|H|? + (AT)2VT
(1+|V7]?)

1
il K.
+ 8T >, Y

- OJH()) dZT

AT
sinh~! —ayg |dX,.
<|H|\/1 i |V7‘|2> H)

We prove that the first integral is O(r~!) by applying the conservation law
to the image of the isometric embedding X (r) of 3,, similar to the proof
of Equation (8.1) in [9]. Let C, be the timelike cylinder in R3! obtained by
translating X (r)(2,) along Tp(r). Let 3, be the projection of X (r)(2,) onto
the orthogonal complement of Ty(r) and €2, be the portion of C, between
X(r)(2,) and %,. Let v;; and ©;; be the metric and second fundamental
form of C, and m;; = ©;; — tr,©~;; be the conjugate momentum. Let v be
the outward unit normal of C,. From the expansion of X (r), it is easy to see
that

-V

(Kij,v) = 0@
Let
KC = Ki' — <Kij, V>V
be the tangential part of Kj;; to C, and consider the vector field

Z =n(K°®,.).
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We claim that diveZ = O(r~3). Indeed, the conjugate momentum is diver-
gence free since R*! is flat . We also have K;; is Killing in R33!, As a result,
we have

diveZ = Wij@z'j<K, l/> = O(T_3>.
Applying the divergence theorem to Z, we derive

/W(Kc,n):/ W(Kc,ﬁ)—l—/ diveZ
5, s, Q

s

where n and 7 are the unit normal of X (r)(%,) and ¥, in C,.
By definition, fz 7(K€,n) is the reference term in the angular momen-

tum. Moreover, since 3, lies in a totally geodesics slice in R*! we have

/ (K¢, n) = 0.
s,

Finally, since diveZ = (r~2), we have fQT diveZ = O(r~1). Tt follows that
the first integral in (7.8) is of the order O(r~!) as desired.
We proceed to study the second integral in (7.8). We have

(K)o =1 (X'Vo X7 — X7V, X") + O(1)

and

8w Jy, Y (1+[V7]?)

L[ <¢<1 TIVTPHP + (Ar)PVr

-V

sinh™?! L
|H|\/1+|VT7|?

- OéH) dET
(X VeXIT — XIVex?

(f* 1Y ( ZW> 2V <AX£0’>—<a;2>>a> ds?

+0(r ™).

1
87r

;_\

Notice that

(7.9) X'VeXT — XIVIX = ebe, v, X*
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is divergence free and thus
/S (XTI RGNV (AX)dS? = 0
We also claim that

(7.10) / (XX — KTV X
S2

h=2v, <ng> -3 b’f)”(’f)] ds? = 0.
k

Recall from (7.2) that A(A +2)(X9)(© = —Ap(=2) or (A +2)(X9)© and
—h(=2) differ by a constant.
In view of (7.9), (7.10) is implied by

/ eV, X, (X(()O) = b’“f(’“) (A+2)x\7ds? =0
52 k
forl =1,2,3.

Define the differential operator L' by L!(f) = ¢V, X!V, f for any C!
function on S2. It suffices to show that

/ L (Xéo) -3 b’UZ’“) (A +2)x"ds? = o.
52 L

L! corresponds to a rotational Killing field on S? and it is easy to check
that the following properties hold for L':

Li(fg) =LY f)g+ fLg), [A,L']f=0, and /S LY(f)dS? =0,

for any C' functions f, g on S2.
Integrating by parts and applying the above relations, we derive

/ L <Xg°> -3 bkf(k> (A +2)x57ds?
S2 3

:/ I ((A+2 (X(()O Zbkxk»x'ﬂ ds?
S2
= [ LA+ D) xds?

S2

= / LHAX)xVas?.
S2
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On the other hand,
/S LMAX)xVds? = . AL X)) x$as?
= / (LhxONAxVas?.
5'2

Therefore,

/ L'Ax ) xVas?
52

- % / Ll(AXéo))XéO)dSQJr% / (L' (x ") AxVas?
S?2 S?

_ 1 / L(xPAxy =o.

2 SZ

This finishes the proof of the proposition. O
We need one more lemma before we evaluate the limit in terms of the data

(M. g, k).

Lemma 7.2.

Xin§™® = n-3)ds? = — /

. (—2))2
X [h(—?’) + (h4)] dS2.
SQ

SZ
Proof. Tt suffices to prove

_ (~2)y2
/ X [hg3) G ] dS? =0,
SZ 4

Recall that
[Ho> =) (AX")? — (AX")?

%

where
AX(O)
AX? = =J— +0(r?)
(7.11)  A(xnD
Axi = rax &) +0(r )

Furthermore, let I';, be the Christoffel symbols of the metric o,,. We have

(F(72))Zb

r2

e, =1¢ + +0(r3).
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This gives the following expansion for AX?

_9X? N a.abgég)Xi + 5.ab(r(—2))2in

i c -5
AX' = > o +0(r)
—2X?  (Ir)e, X; 5
=2 + p +O0(r™?).

As a result, we have

A ZX’“A Xk - (AX(SO))Q.

Recall that (X%)(=1) is the solution of the linearized isometric embedding
equation

3
(7.12) Z Vo X' V(X)) 4+ VX'V, (X1
T OF O+ )
Let Ty = Vo (X9) OV, (X0)0) 4 g((fl))). We use the ansatz in Nirenberg’s pa-

per [22] for solving the isometric embedding of surface with positive Gauss
curvature into R3. Write

- . - T -
va(Xj)(_l) = PaX] + <;b -+ FGab> 5'ch£

where P, is a vector field, F is a function, and e, is the area form on S2. P,
and F' as considered to be the new unknowns that satisfy the compatibility
condition. We have

(713) VaV XY = (V4P)X + P, Xy
T - T, -
+ (Vd2 “ VdFeab> 5" X, — (;d + Fead> X.
Taking the trace of Equation (7.13) and multiplying by —X

> -XFAXH)Y = —vep, + %aabTab — VP, + %W(XO)(O)F.
k
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Multiplying by X’ and integrating, we obtain
(7.14) /XZ > XFAXF)VAS? = /X’\V (Xx)©
—~ / X'V P,dS>.

We use the compatibility condition, €%V V,X (=1 = 0 and (7.13), to obtain
equations for P, and F’:

~ T,
ad <vdpa - %d - Fead> =0,
1. .
ad <Pa0'cd + ivdTac + VdFeac> =0.

P, can be solved from the second equation in terms of F' and T,,. The
equation can be written as

(7.15) €ac Py + = 5 “dVdTac + V.F =0.
Multiplying the equation by €, we have
e 1 ce _ads ces
P° = 56 €YVl e + ¢V F.
Taking the divergence and integrating against X ’

X'VeP,dS? = / XV, (26“eadvdTac+e v F> dS?
5'2

SZ
1 -
= _ VeV X e T, .dS?
2 S2
1 y
= —2/ X5 46T, .dS?
1 i~ab 2
- X T.pdS”.
2
As a result, we have
_/ XY XRAXYEY = [ Xig(x0) O
52 L S2
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and

- - (=2))2
|V(X0)(O)|2 _ %(AX(()O)V—{— (h i ) >d52

_ / % (W( X00p - L a0 (A + 2)<X°><0>]2> IS

4

g

We are now ready to express the total angular momentum and center of
mass in terms of the expansion of the metric ¢ and second fundamental
form k. The calculation is straight-forward and is similar to Lemma 3.1. We
simply need to expand one more order.

Theorem 7.3. Given an asymptotically hyperbolic initial data set (M, g, k),
for the foliation with vanishing linear momentum, the center of mass C* and
angular momentum Ji of (M, g,k) are

1

=L [ Xi(otrsg? + 0G0 + VLY + treps?)ds?
87T S2
(7.17) o o
J= o [ XVl 4 pleY)ds?.
87T 92

Proof. We start with the angular momentum. Recall that

Jh=
8 S2

Xieab@b(a;;Z))adSQ.

where

(ap)a = —k(es,0q) + Vb

(=3) | (=9
K(es, ) = 22t Pre | o3,

r2
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Hence,

1

:87T S2
1

_87T S2

Ji Xigab [@b(g,ﬁg?’) + (oY) + @Naa] ds?.

XV (g” +pig)ds?.
For the center of mass, we start with (H,ey).

_<H7 €4> = Uab(gab + pab)

-1 -2
t?”sngb ) 4 t?“sng )

r3 rd

=2+ +0(r™®).

On the other hand, we compute

S S
S Jam — V2 \or Jue

where V, = —g,q. The second fundamental form of ¥, in the direction of eg

is
9 a” g ®
_ 2 _ _
<vaia s 8ub> N \/T 1 r 72
0 .0 0 _3
* <V6§a or v ouc’ 8ub> +00™)
(—5) (=6)
:\/T2+1_grr _grr2
r T
(=1) (=2) | & (=3)
~ gab ( ab +Va-gbr ) -3
X [raab— 92 3 +O0(r).
Hence,
(=5) (=6)
(H _ _ab 241 _ Grr ~ Grr
< ,€3> a \/T + r r2
(=1 (=2) | & (=3
- Yab (9ap " + Vagy, ) -5
X [roab — 5 3 +0(r™)
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(=5) (=6) , 1 (-1 (-2, g (=3
=7 (]_ + L _ Grr _ grr ~ + 4) (Ta-ab _ Yab _ Yab + v‘lng >

2r2 273 273 2r2 73
&ab (g(—l))ab (g(—2))ab e
X<r2 — p_: — 6 >+O(7‘ )
1 b+ 3trsaglyY)
=2+ 5 3
r r
(=6) | 1 (-1 | wa,(=3)
v+ 5+ 2trge +V ar
r
We have
|H|> = (H,e3)” — (H, e4)*
4 4p(=2)
— 2 r3
—6) (=1) | &a, (=3 (=2)
_ 4(g'£r + 2757“S2gab +4V Yar ) + tTS2pab ) 4 O(’I”75).
r
Recall
2  hp(=2)  p(=3) »
|H| :;‘f' ’1“2 + 7"3 +O(T )
Matching the coefficients,
R(=2))2 B . _
P9 4 y L - (059 + 2ragly )+ 905 + trepy?).
The formula for the center of mass follows from Lemma 7.2. O
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