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ABSTRACT. In this article, we consider the limit of quasi-local conserved quantities [3T]
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
assumption 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.

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 prin-
ciple. It is nevertheless possible to use asymptotic symmetries to define these notions for an
isolated 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 sat-
isfies important invariant properties in the work of Bartnik [4] and Chrusciel [I3]. There are
several existing definitions of total angular momentum and total center of mass such as the
Arnowitt-Deser-Misner (ADM) angular momentum [2] [3] 23] and the center of mass pro-
posed by Huisken-Yau, Regge-Teitelboim, Beig—OMurchadha, Christodoulou and Schoen
18 23] 5 1T, 17]. In [9], the authors proposed a new definition of quasi-local angular mo-
mentum 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 dynamical formulas for solutions of the
Einstein equation. See Theorem 7.4 and Theorem 9.6 of [9].
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DMS-1405152 and S.-T. Yau is supported by NSF grant PHY-0714648.
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When the system is viewed from null infinity, the situation is more complicated. 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 consequence 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 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 as-
ymptotic to the null cone at infinity. Both the induced metric and the second fundamental
form are asymptotic to the metric of the hyperbolic 3-space. On such an asymptotically hy-
perbolic hypersurface, 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 hyperbolic manifolds. In [33], X. Wang proved the
positivity of mass for umbilical and conformally compact asymptotically hyperbolic mani-
folds 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 rigid-
ity 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 momentum and
center of mass at null infinity of asymptotically flat spacetime using the quasi-local energy
of [3I] and the quasi-local angular momentum and center of mass of [9]. The null infinity
is modeled on 3-manifolds asymptotic 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
7“22-1 dr?41r26 g du®dub where G4, 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 Riemannian metric
g 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 U;H>\ B; where each B; is a geodesic ball
in H3. Under the diffeomorphism, we have

g = grrdr? + 2g,qdrdu® + gopdu®du’ and k = g + p,
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where
I R R . ga” »
grr:ﬁ_ﬁ 7’—5+ 6 +0(r™"), gra:7+0(r )s
© g(—l) g(—2)
Gab =7"Ga + G + =2 + = + O(r7),
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0 p(—l) p(—2)
Pab =Py + % + % + O(T_g).
G g0 pl Y
are considered to

Here Gop is the standard round metric on the unit 2-sphere S*. g are

considered to be functions on S? that do not depend on r, gﬁa_g),p%g)

be one-forms on S? that do not depend on r, and g((l(;),g((l_l),92_2),])[(1%),]9[(;1),])[(1;2) are
considered to be symmetric two-tensors on S? that do not depend on r. Furthermore, we

O nd g©

assume that p,,’ and g, are traceless with respect to Gap.

We assume that the triple (M, g, k) satisfies the following dominant energy condition:
Definition 1.2. (M, g, k) satisfies the dominant energy condition if

p=5(Rlg) + (tryh)? — )
Ji =D (kij — (trgk)gi;)
satisfies
w13l
Here R(g) is the scalar curvature of the metric g and D’ is the covariant derivative with
respect to the metric g.

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

(=1)

! + tT‘Szp(_l)

3 _
(1.1) m = —trg2g o T gﬁr 5,

2 a
The energy-momentum of an asymptotically hyperbolic initial data set is defined as
follows:

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, Pyy),i = 1,2,3 where

1
Ean(M,g,k) =57 Je mds?

) 1 -
Piy(M,g,k) = Jo X'mdS?i=1,2,3
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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 H3. 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 asymptotically hyperbolic
Riemannian manifolds with g, = 0 and g, = ﬁ 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 B2) Given an asymptotically hyperbolic initial data set (M, g, k),
the limit of the quasi-local energy of ¥, with reference embedding 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 asymptotically hyperbolic manifold. The
quasi-local energy-momentum of [30] again 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 [2)) Suppose (M, g, k) is an asymptotically hyperbolic initial data
set satisfying the dominant energy condition, then its energy-momentum 4-vector is future

directed non-spacelike. Namely,

To show that the energy-momentum 4-vector is non-spacelike, we apply a Lorentz boost
of the Minkowski spacetime to the coordinate spheres, obtain 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 R®!, we show that the limit of the Liu-Yau quasi-local energy
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of corresponding boost is a’Esf — > aiPIZH. 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 formula for asymptot-
ically 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%) +9[(1(;), which plays
the role of the leading order term of x in the mass loss formula derived in [12]. Theorem
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 B.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
FEinstein equation with g(0) = g and k(0) = k, and with lapse Vr? + 1 and shift vector
—res where e3 is the unit normal vector of the coordinate spheres on (M, g(t),k(t)). Let
Y.+ be the coordinate spheres on (M, g(t), k(t)) and

M(t) = rlggo mLY(Er,t)

be the limit. Along the vacuum Einstein equation, we have

-1
01(t) = o= [ 10 + 98y Pas®.

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

2 dr?
g=—dt® — — =T drdt + —~

N |
Each level set of t is a standard hyperboloid. Let 3. be a level set of v on a hyperboloid, es
be its unit normal vector in the hyperboloid, and e4 be the unit normal of the hyperboloid.
Thus

+72(d6* + sin? 0dg?).

e3 = 7“2—1—1%
1 0 0

€4 :7712 +_1 E + 'I"E

and the Killing vector field % can be written as

0
— =12+ 1les —res.

ot
Hence, the lapse function is /7% + 1 and the shift vector is —res.



6 PO-NING CHEN, MU-TAO WANG AND SHING-TUNG YAU

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 and Theorem B.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 com-
plicated and there were several delicate issues concerning the finiteness, well-definedness,
and physical validity. In [9], the authors defined new total conserved quantities for asymp-
totically 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 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 momentum J* (See Definition B.I)) can be explicitly
computed in terms of the expansion coefficients of the metric and the second fundamental
form.

Theorem D (Theorem [L.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

C'=— | X'@tregl,” + 959 +Vgl.Y + trepl,?)ds
8 S2

T =g [ XY 4l ?)as?,
8T 52

2. QUASI-LOCAL ENERGY-MOMENTUM, ANGULAR MOMENTUM AND CENTER OF MASS

We recall the definition of quasi-local energy-momentum defined in [31I] and quasi-local
angular momentum and center of mass defined in [9]. Let X 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|, afy) where o is the induced metric, |H]|
is the norm of the mean curvature vector and o is the connection one form of the normal
bundle with respect to the mean curvature vector

J H
an() = (V{) a m>

where J is the reflection of H through the incoming light cone in the normal bundle.
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Given an isometric embedding X : ¥ — R*! and a constant future timelike unit vector
Ty € R3!', we consider the projected embedding X into the orthogonal complement of Tp.
We denote the mean curvature of the image by H

In terms of 7 = —X - Tj, the quasi-local energy with respect to the pair (X, Tp) is

1 PPN 1
—W/AHdZ—S—F/ [\/1+]VTPCOSh9|H|—VT-VG—@H(VT) ax,
s b

E(X, 1) =

where 0 = sinh_l(wﬁ) and V and A are the gradient and Laplace operator, re-

spectively, with respect to . In particular, F(3,0) 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, 7). 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 R*!, let Hy and « H, be the mean curvature
vector and connection one form of X (Z) in R*!. We introduce p and a j, as follows:

(2.1) \/‘HOP 1+|VT|2 \/‘H‘2 1+|§T|2
. V14 |VT|?
. L A
(2.2) Ja = pVaT — Vg [sinh 1( paT )] — (ry)a + (H )a-

|Hol|H|

In terms of these, the quasi-local energy is % fz(p + 7 VOT).

A critical point of the quasi-local energy satisfies the optimal isometric embedding equa-
tion. A pair of an embedding X : ¥ < R*! and an observer T} satisfies the optimal
isometric embedding equation for (o4, |H|, (ar)q) 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 iso-
metric embedding. Let (2, 2!, 2%, 23) be the standard coordlnate of R®»!. We recall that
K is a rotational Killing field 1f K is the image of z* ax — 881- under a Lorentz trans-
formation. Similarly, K is a boost Killing field K is the image of z° awl + ! awo under a
Lorentz transformation.

Definition 2.1. The quasi-local conserved quantity of X with respect to an optimal iso-
metric embedding (X,Ty) and a Killing field K is

-1
(2.4) B X, T ) = S [ [ty 5] as.
by
where K is the tangentz’al part of K to X (X).

Suppose Ty = A( 5) for a Lorentz transformation A, then the quasi-local conserved

quantities correspondmg to A(x' % — a7 621) 1 < j are called the quasi-local angular mo-

mentum integral with respect to T o and the quasi-local conserved quantities corresponding
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to A(mi% —i—xO%),i =1,2,3 are called the quasi-local center of mass integral with respect
to TQ.

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 ag 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 9 -
Tab =125 + 90 + —“i +0(r ),

(3.1) H =2 - ™ L op,
T T

where m is the mass aspect function defined in Definition [L.3.

Proof. The expansion for o, follows directly from the definition of asymptotically hyper-
bolic initial data set. The inverse metric is

~ab (0)yab (—=1)\ab
ab O (g ) (g ) —6
e w +O(r™°).

Let e3 be the unit normal vector of X, in M and e4 be the unit normal vector of M in
N. We compute (H,e3) and (H,e4). e3 is given by

1 0 0
- (= 4y
Y/ AT
where V, = —¢,q, and the second fundamental form of ¥, in the direction of eg is
0 P o 0 _
[ 2 . Tr -~ Y 2
<V32a63’8ub> rd r Vmiaar’(‘)ub>+0(r )
(3.2)
(=5) (-1
A2 41— (15— Ty O 2).

22
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2r2
(=5) (-1 ~ap (0)\ab (—1)\ab
1 Grr ~ ab g (g"™) (¢) —4
:T(l + w - 23 )(To-ab - 272 )(? - rh - o ) + O(T )
(=5) | 3 (=1
1 grr ~ + itrszgab —4
=2 + ﬁ - T3 O(r )

As a result,
|H|* =(H, e3)” — (H,ea)?

4 497(»;5) + 4t7‘32p(_1) + 6t7’Szg(;1)

_ —4
_T‘_2 - ;‘13 = +O(T‘ )

and the expansion for |H| follows.
Recall from [32], we have

(ap)e = —k(es,0q) + Vb

where

— <H 5 €4>
|H|

By the definition of asymptotically hyperbolic initial data set, we have k(es,d,) = O(r2).

Using the expansion for (H,e4) and |H|, we conclude that

sinh(0) =

_ 3 _
e’ = 2r + (traply V) + 5’57’529[(1171) +95:7) + 00
which implies

) =1 4 [ ))

-5
+ %trgzgab + grr
2r

1
8(1(757“521?,(11,

Vol = +O(r2),

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
R31L.
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Theorem 3.2. Given an asymptotically hyperbolic initial data set (M, g, k), the limit of
the quasi-local energy of ¥, with reference embedding X, into R? 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 + O(r~3) and thus

By Corollary 2.1 of [32], the limit of
lim (3,, X,,Tp)
r—00
is a linear function dual to the four vector (e,p’) where
1
e =— lim (Hy — |H|)d%,
&1 r—oo s,
1 .
p'=— lim [ X'Vam).dS,.

T r—00 ET'

By equation (B.1]),

: LI PR CSY -1, (- .
g /X\)T(HO - |H|)d2r = g 52(§trszgab + trszpa _1_97(474 5))d52 + O(’I" 1)
and
1 iva 1 =i 3 -1 . B B
This finishes the proof of the theorem. 0

Remark 3.3. The data (o, |H|, o) has the same form of expansion as that of [7] and
section 3 and 4 of [1] can be applied to the asymptotically hyperbolic case as well. Assuming
the total energy momentum vector (Eam, Pl ) is timelike, Let

Man =  [E3y — Z(PQHV

There is a local minimum (X (r), To(r)) of the quasi-local energy with
X0r) =(x")" + o™
; ~ . x4 (=1)
Xi(r) =rX" + % +0(r?)
7D
To(r) =(a”,a' 0%, 0%) + == 4 O 72).

where (a®,a',a?,a3) is the unit timelike vector aligned with the total energy-momentum

4-vector. ‘
Mag(a®,at,a?,a®) = (Eam, Phy).
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Moreover,
li_>m EX,, X(r), To(r)) = Mag.

4. SPACETIME POSITIVE MASS THEOREM

Theorem .21 and the positivity of Liu-Yau quasi-local mass implies E4r > 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 metric —dt? +
S22 (dz')? as the set

H? = {(t,z") [£* =1+ (z')*,t > 0}.

The Lorentz group of R3! acts on H? by isometry. In particular, we consider 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 sys-
tem at infinity. For each future directed unit timelike vector (a’,a’) in R*!, we consider
the family of surfaces X g, R >> 1 on M defined by

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

where
1

a® + 3. a X
and X {(ut,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 645 on S2. Notice that F2G,,
is isometric to g, and F' satisfies the following constant Gauss curvature equation

1
2

F=

(1-AlnF)=1

where A is the Laplace operator with respect to the metric G,p.

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

2 G
- F,F _
Oap =(F2 R + g9 + 222t 4 Jab | O(R-2)
2 FR
(4.1) (=5) (-1, 3 (=1
| _z Y +irsepy, ~ + 5trs2g,, +O(R_3)
R F3R2 ’

Proof. The tangent space of X i is spanned by a—‘za + TQ%, a =1,2. It follows immediately
from the definition of asymptotically hyperbolic initial data sets that

A m ()
F,F _
by Jab O(R™?).

oup = (F2R)Go + g9 + 22
b ( ) b T Y9ap 2 FR
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As a result, we also have
(g(O))ab Fafb (g(—l))ab
F2R2 F4R? PR3

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

0% = F2R72(5% _ ) + O(R™).

- <H7 64> :Uab(aab + Dab + TaVbPrr + TaPro + prra)

trsng_ b

> +O(R™).
F3R3

=2+

To compute (H,es), start with

- : (4 Vo)
Ve +VaVgy, — 2Vag,, O Que

€3

where
_rr'a

V., =
C1+?

+O(R™?).

By definition,

- (Hv €3>

o o 9.9 D
= o 03— Aok 5 TThas) FORT™).
\/grr"i'vdvegde—QVdgdr <v@§a+ra%(ar 1+ 72 auc)’aub +rbar>+ ( )

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

1 ~ 2 _ |VF2 (=5)
=RF |1+ |V~ | _ I
VG + VaVlgg, —2Vag,, 2R2F 2R3F3

+ O(R™3).

Continuing the calculation,

0 r¢ 0 0

¥ oot 7~ Th vt 5 )
:% rJab — (Va%%crg%a %> + rarb%&(l —Er?)
VT o) — AV e b} + O(R)
—r o — gé(lf:) -+ vavb% +O(R?)
—REG + %(% + avb%) - 2%;2 +O(R™)
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As a result,
- <H7 63>
1 (1 |VEP 1+1 1 (g5 BtrgaglV L
:2 ——a — _ ~ _~A_~ - T—a ~ ~a
Wz <F2 F1 " F F) R3 < F3 " 2F TOET)
(=5) (-1
1 1 [ grr 3tre2g,, _4
=2+ — — — = — O(R™%).
i R? R3 < F3 + 923 ) +0( )

In the last equality, we used that

1 VE2 1-+1 1 ~
F? 4 F F F?

Therefore,
[H|* =(H, e3)” — (H, ex)*
4 497(;5) + 4t7‘32p(_1) + 6757“329((1;1)

a

R? R3E3

+O(R™4).
O

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 4-vector is future directed non-

spacelike. Namely,
Eang = ,Z(P}E}H)2'

Proof. For any future directed unit timelike vector (a°,a?) in R®!, let F' =
Y.r be the surfaces in M defined by

Y= {(r,u',u?) : r = RE(u*,u?)}

1

s, e and

By (41)), the induced metric o,, and mean curvature vector H of X satisfy

Oab =(F2R*)64, + O(1)

(4.2) s

- (=1) (=1)
Grr

H == -

|H] R

+troepy,  + %trszgab
F3R2

Let Hy be the mean curvature of the image of isometric embedding of ¥ in R3. Recall

that the Liu-Yau mass of the surface X g is

mry (XR) = i/2 (Ho — [H|)dXR.

+ O(R™3).

8
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We have

2
Hy = 7t O(R™3).

since (F2R?)é,, is isometric to R?G 4. As a result,

&+ trsnggl)

@s [ - H)izk= [
Sk 52 F
By the positivity of the Liu-Yau mass [20], we have
[
52 F

(=1)

3
5t
oS00 gg2 1 O(RY).

—1
+ 3trgagl Y

ds? > 0.

Moreover, by Theorem [3.2],

(=5) (-1 , 3 (=1)
1 grr  F1trs2py, + 5trs2g,, 2_ 0 i pi

L _ dS? = ad"E4m — E 'PY .
87'(' S2 F ¢ Al ; ¢ Al

2

Hence,
a®Eap — Zain;H >0
i
for any future directed unit timelike vector (a’,a’) in R3!. It follows that (Eap, Ply) is
future-directed non-spacelike. O

Corollary 4.3. Assuming the energy-momentum vector (EAH7P12H) 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 energy momentum
vector transformed equivariantly under boost. As a result, if the energy-momentum vector
(Eam, PYy) 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. ]

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.
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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 FEinstein
equation with g(0) = g and k(0) = k, and with lapse V12 + 1 and shift vector —res where
ez s the unit normal vector of the coordinate spheres. Let ¥, be the coordinate spheres
on (M,g(t),k(t)). Let

M(t) = lim mLy(EM),

r—00

then .
__° (0) 0)12 7¢2
Oy M (t)]4=0 = . /52 Doy + op |7dS”.

Proof. Consider the timelike hypersurface

Qs = Up<t<s Dz
Let V' be the unit normal vector of ¥, ; in Q5. We have V' = V12 + ley — res on ¥t and
(5.1) (H, V) =0(r7?)

by the calculation in Lemma [B.Il Let v;; and ©;; be the metric and second fundamental
form of 2, and m;; = ©;; — (tr,0)y;; be the conjugate momentum. Let v be the outward
unit normal of Q. Let H(X, ) and H (X, s) be the mean curvature vector of ¥, g and %, g,
respectively, in the spacetime and let Hy(X, ) and Ho(X, s) be the mean curvature of the
image of isometric embedding of ¥, o and ¥, g, respectively, into R3. Integrating by parts,

/ w(V,V)dS, s / w(V, V)5, + / Vi
Er',s 27‘,0

S

By the definition of the conjugate momentum,
7T(V, V)’Zr,o :<H(ET’ 0)7 V>

)

ViVl =(H(Zrs),v).
From (&), we have

and thus

s

[l = [ 1S+ [ mVi+ 06
S S0 Q
From (5.0]), the area A(r,s) of X, s satisfies
A(r,s) = A(r,0) + O(1).
From Lemma 2.1 of [I6], we have

A
Ho(%5)dS, s = 47 + Q +0(r™.
Zr,s
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We conclude that

Hy(X5)dY, s = Hy(Zr0)d%0 + O(r™h).
Z'r,s Z'r,O
It follows that
1
mry (Brs) = mry (3r0) + . / miiVij+ 0™
and
1 _
ormry (Xrt)|i=0 =% mi;Vi jd%r0 + O(r™1)
@ 27‘,()
1 b -1
=— WOV, pd, )
871'/2“071— V,b 70+O(7‘ )
Let hfl’)) and h((j;)) be the second fundamental form of ¥, in the direction of e3 and e4.

Furthermore, let fzfg) and fzg? be their traceless part.

TV, = 1P(V/r2 + 1h£;1)) - rh((j)))
since 7 is symmetric and the symmetrization of V,; is the second fundamental form of X,
in the direction of v/r2 + ley — res. Equation (5.]) implies that

I - ) = 0.
From the definition of conjugate momentum,
e \/7”2—]%17 rhab
—[Vr2 + 1B — (B — (1r,0)g*) (V2 + 10 — rhD) + O(r?)
=(v/r2 + 1(h®))ab r(ﬁ(4))ab)(mh(4) _ rh(?’)) O(r~3)
=(Vr? + 1(AD) = r(RD) ) (V12 + 1hyy) = rhl)) + O 7).

From equation (B.2]), we have

(=5)
hfl’)) =A\[r2+1— gr; TGa + O(r 1),

By Definition [LT] we have

)
)

Oap =12Gap + gé?)) + O(r‘l)
hey =oay + 0l +0(")
where trsngl))) =1lrge g((lg) = 0. It follows that
i == 42+ 06
h(b) —p( ) 4+ o(r=h).

ab
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As a result, we have
(0)|

©
(V2 T 1R — (@b (/72 4 1RO — @y = Z1Pab 9o

-3
2 +0(r™)
and 0
-1 + _
ompry (X, 4)|t=0 = - M(L@z +O(r 1).
™ )52 T
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 matter 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 es and ey be the unit normal of X 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, ez +es) =0(r?),
T(ez —eq,e3 —eq) =0(r™).

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 null decomposition of the the stress-energy
density satisfies

T(L7 L) :O(T_5)7
T(L,L) =0(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 [[7), it is natural to identify L with @ and L with r(es3 + e4) and assume the
null condition in Definition

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

F? 5

(5.2) T(es —eq,e3 —eq) = — + O(r™2).

A
We have

Theorem 5.3. Let (M, g, k) be an asymptotically hyperbolic initial data set satisfying the
dominant enerqy condition equation. Let (M,qg(t),k(t)) be the solution to the Einstein
equation with g(0) = g and k(0) = k with lapse V7% + 1 and shift vector —res where es
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(Er,t)-

r—00



18 PO-NING CHEN, MU-TAO WANG AND SHING-TUNG YAU

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

-1
M (t)i=0 = 8—/ (1p8) + g2 + F2)ds>
T 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

/ w(V,V)d%, s — / (V. V)5, + /
z:7‘,5 Z:7“,0 QS
- / AV VIt [ by + / T(V,)

Z'r,O

S S

7Tz'jVi,j+/ VimiiVj
o

where v is the unit normal of the timelike hypersurface 5. As a result,
1 _
atmLY(Er,t)|t:0 = 8_7r (WabVaJ) + T(V, V))dzr,o + 0(7“ 1)
Z'r,O

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

T(V,v)

=T (\/ 1+ 7‘264 —res,V 1+ 7’263 — 7’64)
1

:Z[_( L+72+7)2T(es — ez,eq —e3) + (V1 + 72— 7)?T(eq + €3, €4 + €3)]
—F? 4

:7‘—2 + O(T‘ )

6. FINITENESS OF TOTAL ANGULAR MOMENTUM AND CENTER OF MASS

Let (o,|H|,am) be the induced metric, norm of mean curvature vector and connection
one-form in mean curvature gauge on the coordinate spheres X,. 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|, o) on the coordinate spheres by

o =126, 4+ O(r™ 1)

2  hp(=2)  p(=3) 4
(6.1) [H] ==+ =5+ 5= +00™)

( (—1))a . (a(—2))

r r2

(r)a = L1+0(r®).
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From [§] and [9] for the solution of the optimal embedding equation, we have the following
expansion for the solution (X (r),Ty(r)) of the optimal embedding equation

X(r)* =X+ o0

(6.2) X(r)' =r X'+ (X + w +0(r?)
(-1)
To(r) =(a’, o', o, a?) + ().

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

2 hi? h( ?
_|_

o [Ho| =2 + 0, )
) :<a§;ﬁ”>a . <a§§>>a Py
and the expansion for p as defined in equation (2.))
p= p(:) 20 o),
The metric expansion implies that hé_2) =0, (X i)(o) =0, and p2 = %

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

1. . C1) R pPX .
5A(A+2)(X0)(0) =divg20yy —Zal A( 5 ) + divgp =P (VX?)
=1
6.4
( ) o B h(—2)XZ
Ah( 2) +Z divg2 (W DVXY) + 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.

Definition 6.1. Suppose Ty(r) = A(r)(a%o) for a family of Lorentz transformation A(r).
Define

; . ; 0 0
(6'5) Ct = TIEEOE(ET’X(T)’TO(T)’A(T)($ a— tz 08:171))
to be the total center of mass integral and
) .0 o 0
(6.6) J; = Tli>no10 €ij 2 (3, X (1), To(r), A(r)(aﬂ@ 5 —))

to be the total angular momentum, where ¥, are the coordinate spheres and (X (r),To(r))
is the unique family of optimal isometric embeddings of X, such that X (r) converges to a
round sphere of radius v in R when r — .
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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 mo-
mentum are finite if

(6.7) Xip(2ds? = 0 and / X (e“bﬁb(ag”)a> ds? = 0.
S2 S2

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

In addition, the authors proved in [9] that equation (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
[60) 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 asymptotically hyperbolic
initial data sets. Then

(6.8) / Xip2482 =0 and | X' (e“b%(ag”)a> 4s% =0
52

SZ
holds if and only if the linear momentum vanishes.

Proof. Recall from Lemma [B.1] we have
_ 1
(6.9) h=2 = —m and (a( 1))a = iaam,

where m is the mass aspect function. By the expansion of the induced metric on ¥, in
Lemma [B.1]
-2
hi ™ =o.
It follows immediately that
/ X (e (af ) ds? =0
SZ
holds and .
XipD4s? — Pin

52 Ean
O

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

Proof. The corollary follows from combining Corollary [4.3], Proposition[6.2] and Proposition
0.0 ]
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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 (0,|H|,an) and (|Hopl|, ap,). 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 + o0

. y X (1)
) Xi) =Xt + S o)
71
Ty(r) =(1,0,0,0) + ~£— + O(r™)
where (X)) satisfies the equation
(7.2) %A(A +2)(X0)©) = _éam—?x

Let To(_l) = (0,b',b%,b%). The time function 7 = — X (r)-To(r) has the following expansion
(7.3) =X WX o),

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

ci=L [ Xia(® w9y as?
8 S2
(7.4) | -
i _ Xy, (ol dS2.
J 57 Je V(o 7 )adS

Proof. Since 7 = O(1),
(7.5) p=|Ho| — [H|+ 00",
Recall that,

PAT

Ja = pVaT — Va[sinh™( Hol[H]

)] = (amy)a + (aH)a
and

Y == (amy)5 + ()Y

(7.6) o 5
:% —Va(A +2)(XO —va=2| =,

by the optimal isometric embedding equation. The Killing vector field associated with the
center of mass is Ko, = A(r)(aﬂ% + 20 8‘;) with A(r) = Id + O(r~1). This implies that
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(Kg;)a = O(r). We also have

(Koi, To(r)) = —r X'+ O(r7Y).
It follows that

B8, X (1), Tofr), AQr) (o' 50+ )

—1 “
(7.7) =5 o [0 oo + (K |
817T (B — B9 XAS? 4 O,

For the angular momentum, the corresponding Killing vector field is K;; = A(r)(xi% —

! a?ci)- We have (K;;,To(r)) = 0. Hence

(7.8)
B8, X (), Tofr), Ar) (o' o a9 2 0))
(=1 T V(1 +|V7]2)Ho 2 + (AT)2VT  Ulsinh-l AT L
87 /z) K ( (1+|VT[?) Visinh (\Ho\s/l—HVTP)] H°> 42

N i/ Kg <\/(1+ IV7|2)|H|? + (AT)2VT _v[sinh‘l(L)] —aH> s,
2y

87 (1+1|VT1]?) |H|\/1+ |VT|?

We prove that the first integral is O(r~!) by applying the conservation law to the image of
the isometric embedding X (r) of X, similar to the proof of equation (8.1) in [9]. Let C, be
the timelike cylinder in R*! obtained by translating X (r)(2,) along Tp(r). Let 3, be the
projection of X (r)(X,) onto the orthogonal complement of T(r) and €2, be the portion of
C, between X(r)(X,) and 3. Let 7ij and ©;; be the metric and second fundamental form
of C, and m;; = ©;; — tr,©v;; 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

(Kij,v) = 0(r™).
Let
K¢ = K;; — (Kij,v)v
be the tangential part of K;; to C, and consider the vector field
Z =n(K°®,.).

We claim that diveZ = O(r~3). Indeed, the conjugate momentum is divergence free since
R31 is flat . We also have K;; is Killing in R31. As a result, we have

dive Z = ﬁij@ij<K, l/> = O(T‘_g).
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Applying the divergence theorem to Z, we derive

/Tﬂ(Kc,n) = /}.W(KC’ﬁ)—i_/r diveZ

where n and 7 are the unit normal of X (r)(%,) and 3, in C,.
By definition, fz (K C n) is the reference term in the angular momentum. Moreover,

since 3, lies in a totally geodesics slice in R*! we have
/ (K€, 7)) =0.

Finally, since diveZ = (r~3), we have Jo, diveZ = O(r~1). Tt follows that the first integral
in (Z8) is of the order O(r~!) as desired.
We proceed to study the second integral in (7.8]). We have

(Kij)a = r*(X'Vo X7 — XIV,X") + O(1)

and
1 T (VA +|VTP)H? + (A7)2VT B AT
— K. — V[sinh™ (———==)| — ay | d%,
87 /E i ( (1+[VrP) TV L
L[ (xivexi - xivex) <h<— Vo(X ZbZXZ _% AXSO))—(aEH‘”)a) ds? + o).
SZ

Notice that
(7.9) R _ RIGR — eh , XE
is divergence free and thus

/ (XiV°X — X999 X)Va(AX)ds? = .
S2

We also claim that

(7.10) / (X9 X7 — X9 X A2T, (X — Zbkxk ] dS? = 0
S2

Recall from (72) that A(A 4 2)(X9)©) = —Ar(=2) or (A +2)(X9© and —h(=2?) differ

by a constant.

In view of (9], (CI0) is implied by
/S 2 eV, XIVa(X5) — 3T XF) (A +2)x P ds? =0
k
forl=1,2,3.

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

/ Lx\” - Zkak A +2)x\ds? = 0.
S2
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L! corresponds to a rotational Killing field on S and it is easy to check that the following
properties hold for L':

L'(fg) = L'(flg + FL'(9),[A,L)f =0, and | L'(f)dS* =0,
S2
for any C! functions f, g on S2.
Integrating by parts and applying the above relations, we derive

Ll k:Xk: A 2X(0) 2
/S2 E:b +2)x0gs
A FXR)X, 2
/SQ (A+ }jb 045
:/ LH(A +2)(x )))XO( ) 452
S2

= / LAxxVas?.
S2
On the other hand,

/ Ll(AXéo))XSO)dSZ — A(LI(X(SO)))XSO)dS2:/ (Ll( ()))AX(O)dSQ
52 52

S2
Therefore,
/ L{AX) XV as?
S2

_! / LAX)xPas? 4 1 / (L (xM)AxVas?
2 S2 2 S2

_! / L(xPAx) =0
2 Jge

This finishes the proof of the proposition. U

We need one more lemma before we evaluate the limit in terms of the data (M, g, k).

Lemma 7.2.

_ _ (-2)y2
Xihi® — h9)ds? = - /S X [h<—3> G T ) ] ds?.

Proof. 1t suffices to prove
.y (=2))2
/ X [hé“"” + M] ds? = 0.
52 4

[Hol* =Y (AX")? — (AX")?

i

SZ

Recall that
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where

AX(O)

AX? = +0(r®)

(7.11) A

AXP =rAX" + +0(r™)
Furthermore, let I, be the Christoffel symbols of the metric o,,. We have

(F(_2))2b

ab = FC 7’2 + O('I"_g).

This gives the following expansion for A X"

" c —5
AX = = O(r=)
o ~ab<r<—2>> X
- r2 A +0(r=)
As a result, we have
ot = -3 XFA(XF) Y (AX(S(”)
k

Recall that (X*)(=1) is the solution of the linearized isometric embedding equation
3
(7.12) Z@ XiV,(XH) D £ VXV, (XD = ¥, (X0 0%, (x0)© Jrg((lo)

Let Ty = V(X9 OV, (X0 + gé?)). We use the ansatz in Nirenberg’s paper [22] for
solving the isometric embedding of surface with positive Gauss curvature into R3. Write

. . _ T
Va(X) D = PuX7 4 (557 + Fey)5" X
where P, is a vector field, F is a function, and €, is the area form on S2. P, and F as
considered to be the new unknowns that satisfy the compatibility condition. We have
Vilw | ¢ > T
2

+ VdFeab)&chc - (%d + Fead)X'

(713)  VgVeXD = (V4P)X + P, Xy + (

Taking the trace of equation (ZI3]) and multiplying by —
o _ 1 _ 1 -
D XA = =P + 55Ty = — VP + 5 [V(XD) O,
k

Multiplying by X and integrating, we obtain

(7.14) _ / K137 XPA(XF)Dds? = % / KT (X002 _ / X9 p,ds?.
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We use the compatibility condition, €%V 4V, X1 = 0 and (ZI3)), to obtain equations for
P, and F:

Toa
(VdP - T FGad) == O

Ead(Paﬁcd + §@dTac + @dFeaC) =0.

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

(7.15) €ae Py +5 “dVdTac + VF =0.
Multiplying the equation by €“, we have
P = %eceead@dTac + €°°V F.
Taking the divergence and integrating against X,
/S ) X'VeP.dS? = / XV, (5 ecee“dVdTac + €V F)dS?

1
5 / dXz EceeadTacdS2

As a result, we have

and
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O

We are now ready to express the total angular momentum and center of mass in terms of
the expansion of the metric g 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 foli-

ation with vanishing linear momentum, the center of mass C* and angular momentum Ji
of (M,g,k) are

1 y _ ~ _
Cl=— [ X'(2trgag’,” + 95 + VgL + trgep’,?)ds?
8w S2
(7.17) o o
T =g [ XY 4 plY)as?,
8w S2
Proof. We start with the angular momentum. Recall that
. —1 ~ . ~ —2)
(A X ab ( ad 2.
J Sw/y €yl D),dS
where
(OéH)a - k(e?naa) + vae
(=3) (=3)
ra + ra —
ke, 0a) =I—3F— + 0 ).
Hence,
R | g - -
Ji=— [ Xig [vb(gﬁg?’) 49 4 vbvae] ds?.
8w S2

1 o
By -
8 S2
For the center of mass, we start with (H,ey).

_<H7 €4> :Jab(gab + pab)
(1) =)

trgzp trszpab

=2+ = =00,
On the other hand, we compute
1 0 0
- (= 4Ve
“ ,/grr_‘v‘g(ﬁr i au“)
where V, = —g,q. The second fundamental form of ¥, in the direction of eg is

0 G g0 0 o 0
(V 63’W> :\/r2+1—g . (V + Ve +0(r™3)

. 9
r r2 a7 Or ouc’ 8ub>

r 7"2 TOgh — - + O(r_g)‘

_\/ 2 g g [ L g (0% + Vag )
=A\/r +1-—
272 73
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Hence,
- <H7 €3>
(=5) (=6) (=1 (=2 | & (=3
a 9rr grr ~ Y9 (ga + Vg - ) —
—o®\[r2 +1— P [raab— 2;’42 — Zab 3 b +0(r™)

i —6 —1 —2) | & (=3) g4 “1ha e
_r(l_'_i_.%(ﬂ‘ : _gT(’T’ )+i)(7‘5' _g((lb ) _g((lb )+v“glgr ))(U_b_g( 1))b_(g( 2))b
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The formula for the center of mass follows from Lemma O
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