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Phase Space for the Einstein Equations

ROBERT BARTNIK!

A Hilbert manifold structure is described for the phase space F
of asymptotically flat initial data for the Einstein equations. The
space of solutions of the constraint equations forms a Hilbert sub-
manifold C C F. The ADM energy-momentum defines a function
which is smooth on this submanifold, but which is not defined in
general on all of 7. The ADM Hamiltonian defines a smooth func-
tion on F which generates the Einstein evolution equations only
if the lapse-shift satisfies rapid decay conditions. However a reg-
ularised Hamiltonian can be defined on F which agrees with the
Regge-Teitelboim Hamiltonian on C and generates the evolution
for any lapse-shift appropriately asymptotic to a (time) transla-
tion at infinity. Finally, critical points for the total (ADM) mass,
considered as a function on the Hilbert manifold of constraint solu-
tions, arise precisely at initial data generating stationary vacuum
spacetimes.

1. Introduction.

It has long been known that the Einstein equations can be expressed as
a Hamiltonian field theory, at least formally. Our aim is to justify these
calculations by providing Hilbert space structures in which important quan-
tities such as the constraint map and the total energy-momentum, become
smooth functions. We work with a phase space F consisting of pairs (g, 7)
of H? x H" local regularity with decay appropriate for asymptotically flat
spacetimes. Our main results imply in particular:

e the constraint set C is a Hilbert submanifold of F (Theorem 3.12);

e the ADM energy-momentum is a C* function on C (Theorem 4.1);
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e a regularization H(g, ;&) of the Regge-Teitelboim (RT) Hamiltonian
is C*° on F and generates the correct equations of motion (Theo-
rem 5.2); and

e constrained critical points of the regularized Hamiltonian H on C cor-
respond to Killing initial data (Theorem 6.1).

In Section 3, we show that the set of asymptotically flat solutions to
the constraint equations ®(g,7) = 0 is a smooth Hilbert submanifold of the
phase space F. This is the property of linearization stability [18], so-called
because it implies that any solution of the linearized Einstein equations
corresponds to a curve of solutions of the non-linear equations, provided a
suitable local existence result is available for the regularity class in question.

However, the best local existence and uniqueness results for the vacuum
Einstein evolution at present require slightly more: (g,7) € H® x H®™!
with s > 2 [4, 32, 22]. Interestingly, it has been conjectured that this
can be improved to s = 2, the case examined here, and possibly even to
s > 3/2, but the calculations here rely heavily on s = 2. Maxwell [23]
has shown that the conformal method can be used to construct tr,K =
0 constraint solutions with s > 3/2 data, which suggests at least some
of the results here can be improved. Also, an alternative approach based
on the Corvino-Schoen perturbation technique [15, 16] has been used [14]
to obtain Banach manifold structures for the constraint set under a wide
range of asymptotic condition, but with much more stringent regularity
conditions.

The ADM total mass and energy momentum [2] are defined by limits
at infinity of coordinate-dependent integrals. The consistency of these de-
finitions, and their independence of the coordinate framing, is established
in Section 4; this extends previous results [5, 13, 26]. Furthermore, the
ADM energy-momentum is a smooth function on the constraint manifold C;
however, it is not finite in general on F.

The Einstein evolution equations may be written in Hamiltonian form
[3], with the lapse-shift £ freely specifiable. In Section 5, we show that the
ADM Hamiltonian is also smooth on F, provided £ decays suitably, and its
derivative on JF generates the evolution equations. To extend this result to £
asymptotic to a time translation at infinity, we modify the RT Hamiltonian
[28] to construct a regularized Hamiltonian which is smooth on all F and
agrees with the ADM energy-momentum on C C F.

It is appealing to conjecture that, although the Hamiltonian flow vector
field is only densely defined on F, it might still be possible to construct
integral curves directly, perhaps by a judicious choice of lapse-shift £ to
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smooth the tangent vectors. This would amount to a direct proof of local
existence for s = 2 and is unlikely to succeed, because it does not take into
account the characteristic structure of the Einstein equations, which plays
an important role in other approaches to the low-regularity local existence
problem [22, 32].

The lapse-shift £ in the regularized Hamiltonian may be regarded as a
Lagrange multiplier for constrained variations, and in Section 6, we use this
to establish rigorously an identity of Brill-Deser—Fadeev [10], which equates
constrained critical points of the ADM energy with Killing initial data, i.e.
D®(g,m)*¢ = 0.

Critical points of energy arise naturally from the mass-minimizing defi-
nition of quasi-local mass [6, 8], which motivates the conjecture that mass-
minimizing extensions of a given region (€2, g, 7) are stationary. The static
case has been established in [15] by a different method, but a direct varia-
tional proof, based on extending the results of Section 6 to data sets with
boundary, would be more natural. This question will be addressed in future
work.

2. Notation and Formulae.

In this section we introduce the basic framework and notations used in
the paper and recall some well-known formulae concerning the constraint
equations.

Let M be a connected, oriented and non-compact 3-dimensional man-
ifold, and suppose there is a compact subset Mg C M such that there is
a diffeomorphism ¢ : M\ Mgy — Ej, where Eg C R3 is an exterior region,
Er ={z € R?: |z| > R}. We also use the notation Bp for the open ball of
radius R centred at 0 € R®, Ar = Bor\Bpg for the annulus and Sk = 0Bg
for the sphere of radius R. Although we assume OM = ) for simplicity,
most of the earlier results are valid also when OM is non-empty and con-
sists of a finite collection of disjoint compact 2-surfaces. Let g be a fixed
Riemannian metric on M satisfying g = ¢*(J) in M\ My, where ¢ is the nat-
ural flat metric on R3. In the terminology of [5], ¢ is a structure of infinity
on M. Let r € C*°(M) be some function satisfying r(xz) > 1 Vx € M and
r(z) = |z| Yo € M\M,y. Using r and g, we define the weighted Lebesgue
and Sobolev spaces [5] LY, Wf’p, 1 <p<oo,d €R, as the completions of
C2°(M) under the norms

s 1/p
lullps = ( [ e d) ,
M
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k
[ullep,s = Z V7 ullp,s—j,

=0

if p < 0o, and the appropriate supremum norm if p = co. Here dv,, V are
respectively the volume measure and connection determined by the metric
g. The weighted Sobolev space of sections of a bundle E over M is defined
similarly and denoted Wék P(F). We distinguish especially the spaces

G = W2,S), K = Wi,(S)
L = L31/2(7)7 Lr = L2,5/2(T*®A3)>

where S = S?T*M is the bundle of symmetric bilinear forms on M,
S = S2TM ® A3T*M is the bundle of symmetric tensor-valued 3-forms
(densities) on M and 7 is the bundle of spacetime tangent vectors. Thus
for example, £ is a class of spacetime tangent vector fields on M, and L
and L£* are dual spaces with respect to the natural integration pairing. The
following Hilbert manifolds modelled on G are natural domains for asymp-
totically flat metrics:

g+:{g:g_§€gvg>0}>
Gr={gegtag<g<Alg}, 0<x<l.

We note that by virtue of the Sobolev inequality and the Morrey lemma [5],
tensors in G are Holder continuous (with Hélder exponent 1/2) and thus the
matrix inequality conditions on ¢ in the definitions of GT, gj are satisfied
in the pointwise sense. The Hilbert manifold we shall consider as the phase
space for the Einstein equations is then

(2.1) F=G"xK.

Theorem 4.7 shows that F is independent of the choice of structure of infinity
¢.

If we suppose that M is a spacelike submanifold of a 4-dimensional
Lorentzian manifold (spacetime), then the second fundamental form or ex-
trinsic curvature tensor K is the bilinear form defined by

(2.2) K (u,v) = W (u, V{n),

where ¢, V@ are the spacetime metric and connection, u, v are tangent
vectors to M and n € 7 is the future unit normal to M. It is often
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convenient to use the conjugate momentum 7 as a reparameterisation of K
— we adopt the definition

(2.3) ™ = (K — tr,K g")\/9,

where /g = /det g/+/det g denotes the volume form of the induced metric
g, so 7 is a section of the bundle S = S?TM ® A3T* M. Either (g, K) or
(g,m) can be used as coordinates on F, and we will move freely between
these two parameterisations in the following formulse.

For sufficiently smooth metric g and second fundamental form K (or ),
the constraint functions ® = (@, ®;) = ®(g, 7) are defined by

(2.4) Dy(g,m) = (R(g) — |K|* + (trgK)?) V3,

= R(9)v/g — (Ix|* — 5(trgm)*)/\/g
(2.5) ®;(g,m) =2 (V/K;; — V;(tryK)) /g

= 2g;; Vi,

where R(g), V, try are respectively the Ricci scalar, covariant derivative and
trace of the metric g, and |K|? = g**¢'K;; K};. Notice that ® takes values
in 7* ® A>T* M, the bundle of density-valued spacetime cotangent vectors
on M. If the Einstein equations are satisfied, then the normalisation chosen
ensures that ® and the stress-energy tensor are related by ®, = 16m£T 0/,
where n = eg is the future unit normal to M, k is Newton’s gravitational
constant, and 7T},,+/g is the local energy-momentum density 4-covector as
seen by an observer with world vector n. Consequently our sign conventions
vary slightly from those used in [24, 18].
The functional derivative D® is given formally by

(2.6)
D®y(g,m)(h,p) = (6405h — Agtryh) /g — hij (Ricij — %R(g)gij) V9
+ hjj (trgﬂ 7 — 271};771”' + % \W\Qgij — i(trgw)Qgij> /G
+ " (trgmgij — 2mi5) /9,
(2.7)
D®;(g,m)(h,p) = 7% (2Vhi, — Vihji) + 2hi; Vird® + 295,V jp7*,

where §,0,h = V*VIh;j. Multiplying by (N, X?) and integrating by parts
and ignoring boundary terms gives formulae for the formal L?(dv,)-adjoint
operator D®*,
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(2.8)  (h,p) - D®o(g,m)"N =
hij (V'VIN — AgNg) \/g— Nhy; (Ric? — LR(9)g") /g
+ Nhj (tI‘gﬂ' T — 27‘1’2.7Tkj + % |7T|2gij — %(trgw)Qgij) /9
+ Np (trgmgij — 2mi5) /V/9,
(2.9)  (h,p)-D®i(g,7)* X" =
hij (XFVir'l + VX Pl = 27, X ndb) — 2p0v X,

These calculations are carefully described in [18]. Adopting some natural
shorthand notations, the adjoint operator can be rewritten

(210)  (h,p)-D®(g,7)* (N, X) =
h-{ (VAN — AyNg — N (Ric — LR(g)9))" Vg

-~ N(Kr+7K — %WOKQ)# —|—£X7r} —pe(2KN + Lxg)

where # signifies the indexed-raised tensor, Lx is the Lie derivative in the
direction X, (K7)¥ = Kjr*/ and « is the natural contraction between 2-
tensors, eg. meK = ﬂinij. Defining

(2.11) S = g_l(trgmrij — 27T,i7rjk + %‘W‘Qgij — i(trgw)Q)gij),

and EY = Ric” — 1 R(g)g"”, we may express D® in matrix form as

(212)  DO(g, 1) (h.p) = [ V(040 — Agtry + S — E) —2K } [ h ] 7

aV + 2047 20, P

where ‘ '
#Vh = 7"V by = (2776t + 7Il8E — M)V by
Similarly the adjoint may be written as

(2.13)

D®(g.7)* (N X) = [ VI(VE—gA,+85—E) Vr—4V ] [ N } |

—2K — X

where

(Vi —2V)X = Lx7 = Vx77 — 77V, X!
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and €,(X) = Lxg = 2V ;X is the strain operator. Let D®(g,7); (N, X),
a = 1,2 denote the two components of D®* in (2.13).

We will also use the notation & = (£%) = (NN, X*), where ¢ has a natural
interpretation as the lapse-shift of the spatial slicing of the evolved space-
time. If g and (N, X*) depend on an evolution parameter t and N > 0, then
the Lorentzian metric

(2.14) ds* = —N2dt?* + g;;(da’ + X'dt)(dx? + X7 dt)

describes a spacetime satisfying some form of the Einstein equations, and
¢ = Nn + X'0; coincides with the time evolution vector 0.

Greek letters «, (3,... will be used for spacetime indices, with range
0,...,3, and Latin letters ¢, j, ..., will indicate spatial indices (on M), with
range 1,2, 3. Index-free and indexed expressions will be intermixed as con-
venient. The letters ¢, C will be used to indicate constants which may vary
from line to line, with ¢ generally denoting a constant depending only on
the background metric § and the ellipticity A, and C denoting a constant
whose dependence on significant parameters will be explicitly indicated.

3. The constraint manifold.

In this section we show that the constraint map
(3.1) o F— L

is a smooth map between Hilbert manifolds, and that the level sets C(e, S) =
®~1(¢, S) are Hilbert submanifolds. In particular, the space C = ®~1(0) of
asymptotically flat vacuum initial data is a Hilbert manifold. The proof
is based on the implicit function theorem method used in previous studies
[18, 24, 1] of the constraint set over a compact manifold. In fact, the main
result of this section may be considered as the logical extension of those
results to the case of asymptotically flat manifolds. We note in particular
that the quadratic Taub constraints on the linearised solutions which arise
in the case where the underlying spacetime admits a symmetry, do not occur
in the asymptotically flat case — as was observed by Moncrief [25] — and
consequently, the cone-like singularities which occur in the space of solutions
of the constraints over a compact manifold (at data sets generating vacuum
spacetimes admitting a Killing vector), are absent in the asymptotically flat
constraint manifold. The space of asymptotically flat (vacuum) constraint
data is a smooth Hilbert manifold, at all points.
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However, the result shown here, that the space of solutions of the con-
straint equations forms a Hilbert manifold, does not prove that the Einstein
equations with asymptotically flat data are linearization stable, in the sense
of [18, 24], because the regularity condition (g, 7) € F is too weak to be able
to apply known local existence and uniqueness theorems for the Einstein
equations. It is interesting, therefore, that it has been conjectured that the
minimal regularity conditions for the well-posedness of the Einstein equa-
tions exactly correspond to (g,7) € F. If this conjecture is correct, then
linearization stability will hold under the conditions considered here as well.

Alternatively, linearization stability may be obtained by requiring higher
differentiability in the spaces G*,K and L£*, and then observing that the
results about the boundedness and smoothness of ® and the triviality of the
kernel of D®* remain valid — the result is a phase space of initial data with
sufficient regularity for known existence and uniqueness theorems to apply.
The details of this extension are left to the interested reader.

Proposition 3.1. Suppose g € Q;\F for some A > 0 and m € K. Then there
is a constant ¢ = c¢(\) such that

(3:2) 1®0(g:m)lla—s2 < (14 llg—dll52 _1j0+ IITlTa_s/);
(3.3) ||‘I’i(9a77)||2,75/2 < C(\|67T||2,75/2+ \|69\|1,2,73/2 ||7T||1,2,73/2)-

Proof. Since g € Q’;\r, g is Holder-continuous with Holder exponent 1/2 and
we have the global pointwise bounds
(3.4) Aij(z)v' ! < gij(z)v'v? < A7 (x)v'? Vo e M, v e R

For later use, we note the following consequence of the weighted Holder and
Sobolev inequalities [5], valid for any function or tensor field u,

(3.5) ||U2H2,—5/2= \|U||i—5/4 < C‘|U||?1,—3/2
3/2 1/2
<clulld?, ), luly?s ),

< cllullf 5 3/

The g, g connections are related by the difference tensor Afj =T f] -T fj,
which may be defined invariantly by

(3.6) AY = 56" (Vigji + Vg — Vigij)-
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The scalar curvature can be expressed in terms of V and Afj by

(3.7) R(g9) = ¢"* Ric(§)jx + ¢°F (VZAEk — VAl + Ag'kAil - 311421)

1

= g% g (Viigr — Vi) + Q(g™", V) + ¢/* Ric(§) jx,

where Q(g~!, Vg) denotes a sum of terms quadratic in g~*, Vg. Using (3.4),
(3.5), (3.7), we may estimate

IR@IE 52 < ¢ [ (190 + Val! + |Rict@))r* dug
<c(14 VI3 50+ IVllE _5/4)
<c(1+ ||%9||i2,—3/2)7
and since
| W2||2,—5/2 < C\|7TH%,2,—3/27

the estimate (3.2) follows and ®y(g, ) € L%5/2'
The proof of the corresponding estimates for the momentum constraint
is similar, but somewhat simpler. Since

(3.8) V;r = @jﬂij + A;kﬂjk,
we have
(3.9) B;(g, ) = 2955 (%wﬂ"f + Ag;ﬂrkl) ,

and Hoélder’s inequality, (3.4) and (3.5) give
||‘I)i(977T)||%,—5/2 <c ( HVWH%,—E)/Q + HV9||%,2,—3/2 ||7T||i2,—3/2> :
O
Thus @ is a quadratically bounded map between the Hilbert manifolds
F=G"xKand L* = L35/2 (T); together with the polynomial structure of

the constraint functionals, this enables us to show that ® is smooth, in the
sense of infinitely many Frechét derivatives.

Corollary 3.2. & : F — L* is a smooth map of Hilbert manifolds.
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Proof. Proposition 3.1 shows that || ®(g,7)|zx < ¢(1+ [lg—gllg + [I7lI%),
so ® is locally bounded on F. To show ® is smooth, we note from the
representations (3.6), (3.7), (3.9) that ® can be expressed as the composition

®(g,7) = F(9,97 %, /9. 1/v/9, Vg, Vg, 7, V),

where F' = F(aq,...,ag) is a polynomial function which is quadratic in the
parameters as and a7 and linear in the remaining parameters. The map
g (g, \/_ 1/ \/_ ) is analytic on the space of positive definite matrices,

and the maps g — Vg, g — VZg and 7 — V7 are bounded linear, hence
smooth, from the Hilbert manifolds G and K to £*. Results of Zorn and
Hille [21, Section 3, Section 26] on locally bounded polynomial functionals
show @ has continuous Frechét derivatives of all orders. U

The constraint set C = ®~1(0) C F is of particular interest, since it gives
the class of initial data for the vacuum Einstein equations. To show that
C is a Hilbert manifold using the implicit function method, we study the
kernel of the adjoint operator D®(g, 7)*.

The first step establishes coercivity of D®(g,m)*.

Proposition 3.3. D®* satisfies the ellipticity estimate, for all £ € W 1/2,
(3.10)
||§H22—1/2 < C(HD‘I’(% m)1(§ )||2 —5/2 + |D®(g,m)5(& )Hm 3/2)+C\|5||120

where C' depends on g, X and ||(g,7)| 7.

Proof. Rearranging the first component of (2.8) gives

(3.11) V2N = Q - 3tr,Qy,
Q= D®(g,m)1(§)/Vg+ (E = S)N — Lx7/\/9,

and thus |V2N|?> < 2|Q|?. This leads to the estimate

(3.12)
172N 152 < c<uD<1>o<g, ) 52
+ [[Nlloo,0 (1 Ell2,—5/2 + [S]l2,—5/2) + ||A%NH2,—5/2

+ [ Xlloo o IVAllz—52 + IVX]l3,—1 ||7T||6,—3/2>~
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Using a combination of the weighted Sobolev and Holder inequalities, we
can establish estimates which control the various right-hand terms in (3.12).
For example,

(3.13) [ulloc,0 < cllull1,40

=

<C||UH120|| H160= A
<c ||UH1 ,2,0 ||UH220
< | V?ulla,—2 + ce* Jull 20,
for any € > 0. Similarly we find, for any § € R,
lulla.s < €l Vullas-1+ ce [[uls.

Consequently there is a constant C', depending only on A, g, € and ||(g, 7)|| 7,
such that

(3.14) V2N |g502 < ¢[|D@o(g, )7 (€)]l2,5/2 + € [ VEll2,—2 + C [[€]l1 20-
From the identity (using the metric g € GT)
(3.15) Xijjk = —RijuX' + Xy + Xy — X

which is valid for any sufficiently smooth X;, we may write
(3.16)
Xijn = —RijuX' =5 (Hijpe + Hipjy — Hiw) = (N Ki) g — (N Kig) j+ (NG s,
where
Hij = Hij(X) = —2(NK;j + X(5;)) = D®(g,7)5(§)

and (N, X*) are assumed sufficiently smooth. The various terms of (3.16)
can be controlled using the Sobolev, Holder and interpolation inequalities
in a similar fashion, leading to the estimate

(3.17) IV2X 2 < ¢ |[DDo(g, )5 (€)ll1.2,—3/2 + € [ VZEll2,—2 + C [[€]l1,20-
Since ||ullgps, < |ullkpos, if 01 > J2, € may be chosen such that (3.14),
(3.17) combine to give

(3. 18)

||V §H2 —5/2 < c([[DPo(g, ) (€ )||2 5/2+HD‘1’0(97 ) (€ )||12 3/2)+CH§||1,2,07
for smooth £. Since Cg° is dense in w2 ’1 /2 it follows that (3.18) holds for

all € € WEIQ /2 Now (3.10) follows from the weighted Poincaré inequality [5,
Theorem 1.3] ) )
lullps < ellVullps—1 < c[[V2ullps-2,
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forany(5<0andu€W52’p. O
It will be useful to restructure D®* into the operator P* defined by

V4 (ViIV N — AN + (S8 — EYN) + ¢ VAL 7t
(3.19) P*(g):[g ( J iy (a ]) )+g XT;

— gY/4V,(2KIN + Lxgt)

1 0 "
=po [ 0 v } o D®(g,m)*¢,
where g'/4 = (det g/ det §)'/* is a density of weight %, and
~1/4, .
_ _ g 9ik 0
p=p(g) = [ 0 gl/4gik ] :

The L?(dvg)-adjoint of P* is then

(3.20) P =D®(g,m) o [ (1) _05 ] o p,
g

where §,q = Vp(qz.j), so P( Z-j,qu) = DO(f;, —Vp(qpij)), and the composi-
tion PP* is well-defined.

Proposition 3.4. P*: W?*?_(T) — Lgs/z is bounded and satisfies

~1/2
(3.21) 1€ll2,2,-1/2 < ¢[[P*¢ll2,—5/2 + ClI€]]1.2.0,
where C depends on ||(g,7)| 7, and P* = P(*gﬂr) has Lipschitz dependence
on (g,m) € F,
(3.22) 1(Plyx) — PG.a))€llz—s2 < Cill(g — g, — Tl F [1€ll2.2,-1/2,

where Cy depends on ||(g,7)||7, [I(g, 7)) 7

Proof. That P* is bounded,

(3.23) 1P m€ll2,—3/2 < C l€ll2.2,-1/2,

follows from estimates similar to but simpler than those of Proposition 3.3.

The elliptic estimate (3.21) follows directly from (3.10). (P("‘g o~ G ﬁ))ﬁ is
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controlled by breaking it up. Since ||g — §|lco, [[(IV, X)||co are bounded by
lg = dll22,—1/2> l€ll2,2,—1/2 Tespectively, terms such as

—-1/4 _ ~-1/4 0 1 0
g g *
0 gl/4_~1/4:|o|:0 _51:|OD¢)(977T)£

are controlled by C'||g — §H2,27_1/2 H§||272,_1/2. Since V — V ~ V(g —g), we
may use (3.5) to estimate, for example,

1(V = V)D®5El2, 52 < ¢ V(g — 912,372 [DP5E]]1,2,-3/2-
Using D®35¢ = —2(N K + V(;X})) shows
[ D®(g,m)58 — DR(g,7)2€]1,2,~3/2
<c||[N(K — K)|li2,-3/2 +¢clIV(g — 3)X|l1,2,-3/2,
which is controlled by
[Nloo [[ £ — —f(||1,2,73/2 + |VN(K — K)Hz,fs/z

for the first, and similarly for the second term. Again using the L*° bound
and (3.5) controls the difference by C'[|]|22_5/2 as required; the terms in
D®(g,m);§ — DP(g,7)7¢ are controlled by very similar estimates, giving
(3.22). O

We now show that the elliptic estimate is also satisfied by weak solutions,
which are a priori only in L?. We say that & € £ is a weak solution of

D&(g,m)*(€) = (f1, f2) for (f1, fa) € L2 5(S) x W13 ,(S) if

(3.24) /Mé-D<I><g,7r>(h,p> - /M(fl,f» (hp), Y (hp) €G XK.

In this definition, it suffices to test with just (h,p) € C°(S x §), since this
space is dense in G x K.

Proposition 3.5. Suppose (g,7) € F, (f1, f2) € L2_3/2(5’) xWi’g/Z(S), and
E=(N,X")eLl= LQ_I/Q(T) is a weak solution of D®(g,m)*(§) = (f1, f2)-

Then & € WE’E/Z(T) is a strong solution and & satisfies (3.10).

Proof. We first show & € VVliCQ, so restrict to a coordinate neighbourhood 2.
In local coordinates, P*(£) = f is equivalent to relations of the form

A-0*€+B-06+CE=f,
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where A : R30 — R36 is invertible and determined solely by g; see (3.11),
(3.16). Furthermore, A € W22 B € W2 C € L? in , so this is equivalent
to

(3.25) OZE™ + O (DEBED) + 58" = f11

for suitable b € W12, ¢, f € L?. Thus £ € L? satisfies the weak form of
(3.25),

[ @2 +vhone + oe e = | ol an

for all ¢ € W2 2(Q) Replacing ¢ by J.¢ where J, is a Friedrichs mollifier
with mollification parameter ¢ > 0, we see that £ = J.£ is smooth and
satisfies

%€ + 0J.(b) + J(c€) = J.f.

Following a suggestion of L. Simon, we let u = x& where x € C°(9) is
any cutoff function. Then taking a trace shows that u € C2°(2) satisfies an
equation of the form

Aou == F+8G,

where F'= Fy+ Fy+ F3, G = G1+ Gy and Fy = X"éc+ xJo f, Fy = X' J(b€),
F5 = xJ(c€), G = X'&, Go = xJ(b€). The terms F,G are smooth with
compact support, so u has a representation

ula) =T (P +0G) = | T =9)(F(y) +06() dy.

where I'(z — y) = (4r|z — y|)~! is the fundamental solution of Laplace’s
equation. Let D = (—Ag)'/? be the Riesz potential [31, Ch. V]. The opera-
tors K;; = 82-2]-F and K; = 0;,I'D are Calderon—Zygmund kernels in the sense
of [31, Ch. II], and hence satisfy

(3.26) | K+ wll o) + 1K x wl[ze@) < cllwllze )
We now use these bounds to control the various terms in I' x (F 4+ 0G)
and thereby bootstrap the estimates for u up to a W2 bound which is

independent of e.
Since K;j x F1 = 8% (T % F1), (3.26) with p = 2 shows that

[T Fill22 < el[Filla < e(ll€ll2 + [1£]]2),
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where the norms here are over ). In particular, I' x F} is uniformly bounded
in W22(Q), independent of e. Since b¢ € W2 . L2 ¢ LS. L2 c L3? Fyis
uniformly bounded in L?/2 and thus

IT* Fall2,3/2 < e[ Fallsy2 < cl[blliz [I€]l2-

Now F3 € L'(2) only, so we instead note that d;u = K; * (Du) where D
satisfies
[Dwllp < ¢llwllg,

for either 1 < ¢ < n with 1/p =1/¢g—1,orif ¢ =1, withany 1 < p <
n/(n—1)=3/2. With ¢ =1 and p < 3/2, we thus have

10T * F3lp < c[|D * Fs|[, < ¢ F3],

and the Sobolev inequality now shows that |[|I"* F3||3s_s is uniformly
bounded in terms of ||c[|2||£]|2, for any small 6 > 0. Now, ||Gi|l2 < ¢||€]|2,
so we use the identity I x (0xG¥) = 9, * G} and the Sobolev inequality to
estimate

T (0G1)|l6 < c||Kg * Gil2 < c||Gill2 < cl|€]]s-

Likewise, since G € L*? uniformly, we find by a similar argument that

[T (9g2)lI3 < e [|bl[1,2 [[€]]2-
Assembling all the pieces now shows that & € Lf’ozé, for any § > 0,
and we now repeat the above arguments with this stronger bound on .

Bootstrapping in this way shows eventually that £ € VV@C2 . Thus xgr¢ €
WE’E/Q for any cutoff function xr € C°(M), xr(z) = x(z/R) with xg(x) =
1 on Bgr. Now (3.10) shows that yr¢ is uniformly bounded in WE’IQ /2 since
e L31/2 and yr€ — &, 80 € € WE712/2 as required. O

We next show that the kernel of D®* is trivial in the space of lapse-
shift pairs decaying at infinity. We may interpret this result as saying there
are no generalised Killing vectors decaying to zero at infinity, where by
generalised Killing vector € of (g,7) € F, we mean that & € VV@?(T) sat-
isfies D®(g, 7)*¢ = 0. Likewise, if there exists a non-trivial vector field &
satisfying D®(g,7)*¢ = 0 then (g,7) is a Killing initial data set, where
the terminology is motivated by a result of Moncrief [25] which shows that
if (g, ) satisfies the constraint equations, then a generalised Killing vec-
tor determines a standard Killing vector field in the spacetime generated
from the initial data (g,7) by solving the vacuum Einstein equations. Of
course, this requires that (g, 7) has enough regularity that a local existence
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and uniqueness theorem for the Einstein evolution can be applied, which
is not the case at present for general (g,7) € F. However, if local ex-
istence and uniqueness could be established for s = 2, then it would be
possible to identify a generalised Killing vector (ie. { € ker D®*) with the
spatial restriction of a true vacuum spacetime Killing vector. A similar
technique was used [23] to show non-existence of spatial conformal Killing
vectors.

Theorem 3.6. Suppose Q& C M is a connected domain and Er C Q for
some ezterior domain Eg, fix (g,7) € F and suppose & € L2_1/2(T) satisfies
D®(g,m)*¢ =0 1in Q. Then £ =0 in Q.

Proof. By Proposition 3.5, £ € WE’E/Q(T) and (3.16), the equation

D®(g,m)*¢ = 0 shows that £ satisfies an equation of the form
(3.27) V2 = b VE + b,
with coefficients by € L35 /20 by € Wi’gﬂ. We must now show that a solution
of (3.27) which decays as & = o(r~'/2), must vanish. The structure of the
argument to follow is well-known: the difficulty here lies in the absence of
the continuity assumptions used essentially in [12].

If u € W& ’Z(R”), then the Sobolev inequality is true in the sharp form

lulln/n—1) < c|[Dull1. Such an inequality remains valid without the hy-
pothesis of compact support, provided u vanishes on a sufficiently large set.

Lemma 3.7. Suppose n >3, B CR", 1 <p < o0, and ¢ < np/(n —p) if
p<n,q<ooifp=mn,q<ocoifp>n. Ifuc WY (Bg) satisfies u=0 in
By for some 0 <n <1, then

(3.28) ullg;Br < CU2(1_n/p)R1+n/q_n/p | Dullp; By -

Proof. By rescaling, we may assume R = 1. Let @(z) = u(¢(z)), where
¢ R™M\{0} — R™\{0} is the inversion map, ¢(z) = z/|z|?>. Since 1 <
|d(z)| <72 for n < |z| < 1, we see that @ € WHP(R™\B;) and a(z) = 0
for |z| > n~!. The usual argument for the Sobolev inequality in R™ applies
also to R™\B; (see [19, Chapter 7]) and shows that for p < n,

]|/ (n—p) < cllDllp;
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it is not necessary that @ be defined in By. Now ||illq < ¢||@l|np/(n—p) gives
allq < |l Dal|p;

if p > n, then this estimate follows similarly from Sobolev embedding. The
result now follows from the bounds 1 < |di(z)| < 772 and rescaling. O

Lemma 3.8. Suppose Q C R3 and u = (u!,...,uf") € W22(Q,RE) satis-
fies

(3.29) Du = ajPu® + b; Dyu®,

where a € L2(Q,RY5*), b e L6(Q,R25"). Then there is a constant Ry > 0,
depending on |all2, ||bll¢, such that if R < Ry, Br(zo) C Q, and u =0 in
Bpr/a(7o), then u =0 in Br(xo).

Proof. Since u = 0 in Bg/y, Lemma 3.7 may be applied with ¢ = oo and
q = 6 to give
(3.30) HDZUHZBR < ||aH2;Q ||UHOO;BR + Hbei;Q ||DUH3/2;BR

< cRY? |Jallzq [|1D*ullo;my, + R |[bllsse | Dulle; s

< cR'Y? (|lallz0 + R |blle.) [|D*ull2; -

Thus if R < Ry = $min{1,¢2([lalaq + [bllse) 2}, then [|D2ullo,z, = 0
and hence u = 0 as claimed. O

Proposition 3.9. Suppose (g,7) € F, & = (N, X?) satisfies D®(g, 7)*¢ = 0
in a connected subset @ C M, and & = 0 in some open set U C ). Then
£E=01n Q.

Proof. We may cover 2 C M by a finite set of coordinate neighbourhoods
in which C~1|v]? < g;jv'07 < c|v|?, ¥V v =0'9;, where [v]? = £(v?)2. Since

V?j = DZZJ- — F%Dk, after moving some Christoffel terms into b; the equation

(3.27) in a given coordinate chart {2’ may be written symbolically as
(3.31) D*¢ = a¢ +bDE,
where a € L*(Q), b € WH2(Q) ¢ L5(Q') and

lalla,r + R|blle;r < C (llg = dllae—1/2 + lI7ll1,2,-3/2) -
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We can apply the previous lemma in each coordinate chart: in particular,
if £ = 0 in some open set U C Q2 but £ # 0 at some point of {2, then
there is a coordinate chart ' and a ball Bg,(xo) C €' such that £ = 0 in
Bpr,(zo) but £ # 0 in Bp,(z¢) for every R3 > Ry. But Lemma 3.8, applied
to Brja(xo + (R2 — R/2)e) for any unit vector e € R® and R < Ry, shows
that £ = 0 in Bg, r/2(z0), which is a contradiction. Thus § vanishes in the
coordinate set €, and hence in all 2 since it is connected. O

To complete the proof of Theorem 3.6, we must show £ vanishes near
infinity. To do this, we establish a weighted Poincaré inequality about the
point at infinity.

Lemma 3.10. Suppose p,d satisfy p > 1, |dp/n+1] < 1 and u €
Wal’p(ER), Er C R™, then there is ¢ = ¢(n,p,d) such that

(3.32) ullp,s:55 < cllDullps—1;5-

Proof. Since CZ°(ER) is dense in VV(;L’JD(ER)7 it suffices to prove (3.32) for
smooth, compactly supported u. For A € Rt f € CX(FER), %f{)\x) =
|z| Dy f (Ax) implies

fla)=- | ¥ lelDy f ) dA,

because f(z) = 0 for r = |z| sufficiently large. Hence

/ER \f(l‘)\dazg/loo/ER \z| | Dy f(\z)| dzz dA

<// 2| Dy ()] da A="1d
1 Ex\r

1

<o [ lelIDos(@) do.

n Er

Now substituting f(x) = |u($)‘P‘$|—5p—n7 whence
1D, f| < plufP~" [Dulla| " + |p + n| [uf? |z,

we find that

1
_/ ] | Dr fldz < |1 +‘579/”|/ |ul? || =P " da
n Er o
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» 1-1/p 1/p
g < / fuf? \:c|5p”dx> ( / | Dul? |x\<“>p"dx) .
n Er Egr

Thus if |1+ dp/n| < 1, then

p/n
(3.33) letllp 5 < 7= [ Dullp,s-1;85

11+ dp/n|

as required. O

In particular, in R? and in Er C M, we have the estimates
(3.34) | Dulls,—3/2.5, < 2 |D%ull2,—5/2.55,
(3.35) lullo,~1/2:E5 < 2[Dulla,—3/2:5,

for R > Ry, valid whenever both sides of the inequalities are finite. Using
the weighted Holder and Sobolev inequalities [5], we have in Eg,

ID*€ll2, 572 < (Ilbollz,—5/2 I€lloc + ¢ l1b1ll6,—5/2 | DE]I3,~1) -
But from (3.34),

[D€l[3,-1 < [[DE]l1,2,-1
< R? (1D€l2,—3/2 + ||D2§H2,—5/2)
< cR7? D%, 52

since ||ullpsp, < R"|ullpyr, for n < 4. Thus there is Ry =
R1([|b1]l1,2,—3/2) such that for any R > Ry, we have

(3~36) ||D2§H2,—5/2;ER <c HbOH2,—5/2 ||§Hoo,0;ER'

. 2,2
Since for any u € VV_I/27

[ulloc.0:2r < B2 [ullo, 1725,

< cR7? lull2,2,—1/2: 5,

< cRY? ||D2U||2,—5/2,Em
by the Sobolev inequality and Lemma 3.10, it follows that
(3.37) ||D2§H2,—5/2;ER < CR'/? ||D2§H2,—5/2;ER

and thus ¢ vanishes in Er for R sufficiently large. Combining this result
with Proposition 3.9 completes the proof of Theorem 3.6, since (2 C M is
assumed to be connected. O
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Corollary 3.11. There is a constant Co depending on ||(g,7)||F such that
for all € € WE’IZ/Q,

(3.38) [€ll2,2,—1/2 < Ca [[P*E|l2,—52-

Proof. This follows from a standard Morrey contradiction argument. Sup-

pose not, so there is a sequence &, k = 1,2,... such that [|{xll29,—1/2 = 1,
[P*Ekll2,—5/2 < 1/k. Then P*§, — 0 strongly in L2_5/2. Now WE’E/Q embeds

compactly in VVO1 ’2, so & converges strongly in W& ’2, to & say. Applying

(3.21) to & — & shows that & is a Cauchy sequence in WE’IQ /2 and hence
converges strongly to £ in WE712/2' Then [[{]|22,—1/2 = 1 and P*¢ = 0, which
contradicts the triviality of ker P* (Theorem 3.6). O

The Implicit Function Theorem method is used to conclude that C is a
smooth Hilbert submanifold of F — in fact we show that all level sets of ®
are smooth submanifolds.

Theorem 3.12. For each (,S;) € L*, the constraint set
(3.39) C(e, 8i) = {(g,m) € F: ®(g,m) = (¢, 5)}

is a Hilbert submanifold of F. In particular, the space of solutions of the
vacuum constraint equations, C = ®~1(0) = C(0,0), is a Hilbert manifold.

Proof. By the implicit function theorem, it suffices to show that D® : G x
K — L* is surjective and splits. Since D® is bounded, its kernel is closed
and hence splits. We have shown in Proposition 3.5 and Theorem 3.6 that
ker{D®(g,m)* : L — (G x K)*} = {0}, so the cokernel of D® is trivial.
It remains to show that D® has closed range, which we show by a direct
argument. Note that the argument of Fischer-Marsden [18] based on the
ellipticity of PP* encounters some difficulties, arising from the low regularity
of some low order coefficients (such as V2Ric) of PP*, and we have not been
able to overcome these problems. This difficulty appears to restrict the
Fischer-Marsden elliptic method to neighbourhoods of data (g,7) which
are 2 derivatives smoother, ie. H* x H3.

Instead, we consider particular variations (h, p) of (g, 7) determined from
fields (y, Y?), of the form (cf. [16])

hij = 2ygi5, 97 = (VY7 + VY =V, YRg) /g
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and define
(3.40)

F(y,Y) = D®(h,p)
B —4,/9Ay + ®o(g, )y + trgﬂVkYk'— AmeVY
| 29(AY; + RicyY7) +2®,(g, m)y + (4n) — 2trywd! )Vjy |

We see that if y € W27, (M), Y € W27 (T M), then (h,p) € G x K, and
it is straightforward to check that

(3.41) F W2, (M) x W22 (TM) — L2 )0(T* @ A®) = £°

is bounded. Moreover, the general scale-broken elliptic estimate [5]
lull2,2,—1/2 < cllAulla,—5/2 + C'[|ull20

shows that

1w, Y )l2,2,—172 S ellF(y, Y )l2,—5/2 + C (4, Y) |20
+ [|®ylla,—5/2 + |7V (Y, Y)l2,—5/2 + [[Ric(Y)l|2,—5/2,

and the last terms are estimated by Holder, Sobolev and interpolation in-
equalities, eg:

2
[7Vull3_5/0 < cl[Vulls,—1 |7lls,—3/2
< clmlli,2,-3/2 [Vull3,-1

< elulla2,—1/2 + Clull2,0,

where C' depends on €, A and |/(g,7)|# as usual. Thus, F satisfies the
scale-broken estimate

(3.42) 1, Y)l2,2,-1/2 < cl[F(y, Y)ll2,—5/2 + C || (5, Y)l|2,0-

Now the adjoint F™* has a similar structure and the same argument shows
F* also satisfies an estimate (3.42). It follows that F' has closed range (from
(3.42)) with finite dimensional cokernel (since F* has finite dimensional
kernel by the elliptic estimate for F*). Since clearly ran F' C ran D®, we
have shown that D® has closed range and the proof of Theorem 3.12 is
complete. O]
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4. ADM energy-momentum.

The ADM total energy-momentum P(g,7) = (P,) = (E,p;) is usually de-
fined by the formal expressions

(4.1) 167E = y{ (0igij — 0gii) dS?
Soo

(4.2) 167Tp2' = 272 Tij de

where dS7 is the normal element of the sphere at infinity Suo, the indices refer
to a suitable rectangular coordinate system near infinity, and the integral
over S, is understood as a limit of integrals over finite coordinate spheres.
The expression for the total energy E was investigated in [5] and shown to be
well-defined (that is, independent of the limiting process used to define S
and of the choice of structure at infinity), for metrics satisfying g—g € Wflq /2
for some ¢ > 3, and R(g) € L'. In this section, we reformulate (4.1),
(4.2) and show that the redefined P is well-defined under weaker regularity
conditions, which are better adapted to the Hilbert manifold structure of C.
It is not immediately clear the formal definitions (4.1), (4.2) can be made
sensible under the weaker conditions; that this can be done, with result
agreeing with the definitions (4.10), (4.11) below, is shown in Proposition
4.5. We also show that P is independent of the choice of structure of infinity,
thereby extending the mass uniqueness result of [5].

The first result implies in particular that P (after suitable reformulation)
defines a bounded function from the (vacuum) constraint manifold C to
R*, which is smooth with respect to the Hilbert manifold structure of C.
However, it turns out that the definition of P cannot be extended to all
(9,m) € F as a bounded (well-defined) function. This restriction is not an
artifact of the rather weak regularity conditions of F; rather it reflects the
need for additional decay conditions in defining P. In the usual physics
framework, where (g, ) satisfy the decay conditions (with r = |z|),

(4.3) \gij — (Sij| +7r ‘&‘gjk‘ + 7 |aiajgkl| = O(1/r),
(4.4) |Kij| + 0Kl = O(1/r?),

the nature of the additional decay conditions is usually expressed by the
requirements [35]

(4.5) R(g) = O(r™4), 0;Kij — 0;K;; = O(r™™).
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These may be reformulated more invariantly (and more generally) as
(4.6) R(g9) € LY(M), v;m e LYTM),

and we emphasise that these conditions are not satisfied by general (g, ) €
F. Indeed, they are equivalent to requiring ®(g,7) € L'(7*), and exactly
this condition turns out to be sufficient for P(g, ) to be well-defined.

In order to define P in all of F, we first need a suitable definition of
translation vector at infinity. Fix a 4-vector £, = (€2) = (€9,,¢) € R4
(where the indices take the ranges a = 0,1,...,3, i = 1,...,3); using the
metric ¢ near infinity, which we consider as defining a connection on the
spacetime tangent bundle 7 which is flat near infinity, we may identify &,
with a parallel vector field éoo defined in an exterior region ER, for some
R > Ry. We say that a vector field 500 € C’OO(T) is a constant translation
near infinity representing ¢ € RYif 500 = & In Eog, and 500 = 0 in
M\ Epg,. Obviously 500 is not uniquely determined by its constant value
¢oo; however two representatives of &, differ only by a smooth, compactly
supported, vector field.

A vector field £ = (£%) is then said to be an asymptotic translation
if there is £ € R* with a corresponding constant translation vector at
infinity £, such that £ — € € L2, j2(T) = L. Note that if £ M) £ are two
asymptotic translations (representing the same translation vector £4,), then
¢ —¢@ e £; hence we may define the class

(4.7) fo+L=1{¢:6—Ex €L},

of asymptotic translation vector fields representing ... By replacing £ with
Wf’fﬂ (T), k > 1, we may similarly define classes of asymptotically constant
vectors with better regularity properties.

Rather than work with the asymptotic boundary integrals (4.1), (4.2),
it is more convenient (although logically equivalent, as we shall show) to
work with spatial integrals of exact divergences. Therefore we introduce the
density-valued linear operators R,(g), 7 (m) by

(4.8) Ro(g) = (6”9@' - Aotrw) Vi,
(4.9) Poi(m) = §ij Vimk.

The ADM (total) energy-momentum vector P(g, w) = (E,p) is then de-
fined by describing the pairing with a vector at infinity &, € R3!; let &5 be
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a corresponding representative translation vector field at infinity, then we
define {5, Pq (g, ) by

(@10) 167 Bo(0.) = [ (ELRole) + VEL (Vg — Vitrge) V3. )
(4.11) 167T§éo]P’i(g,7r) = 2//\/1 (ééopoz(ﬂ') + Wij%iéooj) )

where indices are raised and lowered using the background metric §. The
physical interpretation of %P, is as the energy of (M, g,m) as observed
by the asymptotic time vector £.,, and P, is the total energy-momentum
covector of (M, g, 7). Since Ro(g), P (), /g, 7 are all tensor densities, the
volume elements in (4.10),(4.11) are present implicitly, and it is readily seen
that the right-hand sides depend only on &, and not on the specific choice
of representative asymptotic translation vector 5007 since a change of 500
changes the integrands only by an exact divergence of compact support.

Theorem 4.1. If (¢,5) € L(T*), then P defined by (4.10),(4.11) defines a
smooth function on the Hilbert manifold C(e, S),

P e C™(C(e, S),R>Y).

Proof. We begin by proving an analogue of the L? bounds (3.2), (3.3).

Proposition 4.2. Suppose g € Q/J\r for some A > 0 and m € K. There is a
constant ¢ = c¢(\) such that

(4.12) 1®0(g, ) = Ro(g) L1 vy < € (1+ ||@g||§,73/2 + |73 _3/2
+ llg = gll2,~1/2 \|629||2,—5/2)7
(4.13) 19:(g, ) = Poi(m)llL1my < € (lg = gllg,—1/2 IVll2,—52

1Vl 372 l17llo, 372 -

Proof. From (3.7), we may express the scalar curvature in terms of R,(g) by

(4.14)  R(9) =Ro(9)/V 3+ Qg™", V) + ¢ Ric(§) 1

+ ((9”{ - §ik> g+ " <9ﬂ )) (V”gkl V?]ggjl) ;
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The individual terms may be easily estimated as before, giving
(4.15)

IR@VT — Ro(9)ll 2wy < ) (1+ llg = dllo,-1/2 IV2gll2 52 + V913 572)
from which (4.12) follows, since
I lolzr gy < e lIll3 -5 0-
From (3.9), it follows that

Oi(g,m) — Poi(m) = (g5 — Gij) Var?® + gij A,
which can be bounded easily,
(4.16) [®:(g,7) — Poi(m) || L1 ()

< (g = dlla-1/2 IV7lla, 572 + IVglls, 32 Il s/2) ,

as required. O

Since P(g, 7) depends linearly on (g, 7), to complete the proof of Theorem
4.1, it will suffice to show that P is bounded on C(e, S). From (4.12), we see
that

[Ro(@)llr < 109, ™) = Ro(g)llL1 + |Po(g, 7)1
<c(g)(1+ ||V9||§,73/2 + HWH%—ZS/Z
+ llg = gll2,—1/2 HV29||2,—5/2) + llellzrs
and hence R,(g) is integrable. Since Vés has compact support, it follows
that the integrand of (4.10) is integrable and Py(g, ) is finite on C(e, 5).
Similarly we estimate using (4.13), assuming |¢. | < 1 for simplicity,
€8P (M) L1 < [1€6(Pilgs ™) = Poi9)) o + €5 Pilgs ) 1
< (llg = gllo 121197l 52 + 1Vl /2 Il 32
+ 1Sz,

whereupon the integrand of (4.11) is integrable and thus P;(g,7) is
finite. O

We now show that the definitions (4.10), (4.11) adopted for P agree
with the formal definitions (4.1), (4.2), when suitably interpreted, under the
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general conditions of the mass existence Theorem 4.1, and that the value
of P(g,m) does not depend on the choice of structure of infinity ¢ and its
associated background metric g = ¢*(9) cf. [5, Theorem 4.2].

The following two elementary lemmas will take care of the major tech-
nical details of the proof, and will be useful elsewhere. The first lemma
reviews the validity of integration by parts, and is valid under considerably
more general circumstances than required here.

Lemma 4.3. Suppose M = Uk21 M is an exhaustion of a non-compact,
n-dimensional manifold M by compact subsets with smooth boundaries
OMy, and suppose [3 € VVli’CZ(A”_lT*M) satisfies dfg € L*(A"T*M). Then

6 exists for k> 1;
oM

j{ 8 := lim 0 exists.
Moo k=0 Jom,

Proof. Since dMj, is smooth, the trace theorem [31, 33] shows that 3 €
W22(0My) € L*(OMy) € LY(OMy,), where the fractional Sobolev space
is defined using the Fourier transform in the usual manner. This shows
that the finite boundary integrals are well-defined. The definition of weak
derivative allows us to apply Stokes’ theorem to d3 over any compact region;
in particular, for 1 < g < p, we have

}émp - }émq = /Mp\Mq v

Since dB € L'(A™T*M), the right-hand side is o(1) as ¢ = min(p, q) — oo
and hence {§, M, B2, is a Cauchy sequence and convergent as claimed. [

Likewise, the second lemma is valid with more general values for the
indices, but this will not be needed here.
Lemma 4.4. Suppose Ep, C R3, Ry > 1 and u € Wiﬁ/Z(ERO). Then
u € L*(SR) for every R > Ry, and there is a constant c, independent of R,
such that

(4.17) ﬁ ] dS < cRY2 Jull1a /5.,
R
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(where the notation indicates the norm over the annular domain AR); hence

(4.18) lull1.5, = o(RY?)  as R — .

Proof. As in [5], we define ur(z) = u(Rx) and recall the uniform comparison
lurllepa, = R [ullkps;45, for any R > Ro.
Since ur € WH2(Ay), the trace theorem again implies up € W1/22(S;), and
(4.19) lurlli/2,2s < llurllzsa;-
It readily follows that
lurllys; < cllurllas, < cllurlliees < llurll2a

and thus

lull;s, < cR? lurll124, < cR'? HU||1,2,—3/2;AR~
In fact, using the Sobolev inequality in W1/22(S;) gives
ulla;s, < cR™ HU||1,2,73/2;AR;

a stronger inequality which we will not need here. The conclusion (4.18)
follows as in [5], since u € Wék’p(ERo) implies both ||u||xps.4, = o(1) and
lullkpsar = O(Ré) as R — oo. O

It follows easily that the formal asymptotic definition of (F,p) agrees
with the integral definition of P. This generalises and extends Proposition
4.1 of [5].

Proposition 4.5. Suppose (g,7) € @~ YLY(T* @ A3)). Then (E,p) from
(4.1), (4.2) are defined, in the sense of Lemma 4.3, and satisfy (E,p) = P.

Proof. After noting that the integrals of (4.10), (4.11) may be written as
exact divergences, respectively of

\ (520 (ngj - ﬁitrgg» V9,
(4.20) 2V, (flgoﬁjkﬂij> ,

which both satisfy the integrability condition of Lemma 4.3, by Proposition
4.2 and the hypothesis ®(g,7) € L'(T* ® A3), we see that (E,p) is well-
defined. The equality of the two definitions is now a tautology. 0
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Corollary 4.6. The definition (4.10), (4.11) of %Py (g, ™) remains valid
(and unchanged) if the constant translation at infinity £~ is replaced by any

asymptotic translation £ € &5 + WE’E/Z(T).

Proof. The difference between the two definitions of P (usiqg éoo,g respec-
tively) is a sum of divergences of the form (4.20), with & replaced by
£ — ¢ € WEIZ /2(7 ). The weighted Sobolev inequality implies § — £ is
Holder continuous and decays as o(Rfl/ 2), so by Lemma 4.4, the boundary
integral of (4.20) is defined and decays as o(R~Y/?)o(R'/?) = o(1). O

The proof that the value of P is independent of the choice of structure
of infinity ¢ follows [5, Theorem 4.2].

Theorem 4.7. Suppose ¢ : M\My — R3, ¢ : M\M; — R3? are two
structures of infinity such that (g,m) € F(¢) N F(¢), where the notation
indicates the phase space (and weighted Sobolev spaces) defined with respect
to the indicated structure of infinity. Then F(¢) = F(¥), the underlying
Hilbert Sobolev spaces have comparable norms, and P(g,m; ¢) = P(g, 7).

This justifies the notation used elsewhere in this paper, where we do not
indicate the choice of structure of infinity.

Proof. If g € G* then by the Sobolev inequality, ¢.g — 6 € WH(Eg), and
¢, satisfy the conditions of [5, Section 3]. Hence the transition function
pog~l: Er, — R3 for some Ry > 1, after possibly moving v by a rigid
motion of R3, satisfies ) o ¢! —Id € W2’6(ERQ). A trivial modification

1/2
shows ot —1Id € Wl?’/’g(E R, ), whereupon the background metrics satisfy

¢*o —Y*o € WE’IZ/Q(S(MO N M;)) and it follows that the spaces G, K are
in fact independent of the choice of structure of infinity ¢.

To show invariance of the ADM energy-momentum, let g be a back-
ground metric for ¥, so § = ¥*J in M\ My, and let y(x) = 9 o ¢~ (z),
x € Epr, be the coordinate transition function. Let V and P, respectively,
be the connection and total ADM energy-momentum operators of g. By

Corollary 4.6 and the uniqueness of WEIQ /o) We may use the same vector

field € € £oo + Wf’f/Q(T) to define both P, P.
The divergence expression (4.20) for the integrand for (%P, may be

written in arbitrary coordinates in the form

9, <£O§ip§jk (ﬁkgij _ ﬁgw) \/!;) + 20; <£kg]k7ru]> ’
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with a similar expression being valid for 58‘01@a Since

Vigik — Vigjr = A7;9pk — AfYjp,
where flg =T ]igj -7 Ifj, after a certain amount of calculation, we find that
the difference between the energy-momentum integrands may be written in
the form

o ( €G- 9)(r+Vg) +£lg - 9)V3)
+ 0 (go (Wtrgg _ g}jkﬁlgkl) \/5) .

The precise form of the first term is of no account, since by the argument
of Corollary 4.6 and the decay conditions on g, g, &, the first term integrates
to zero. Integrating, we arrive at the relation

(4.21) EPalg, ) — £Palg, m) = £7Pu(3,0),

and it remains to show that (g,0) has vanishing energy-momentum (notice
that the fact § = v¢*(0) has not yet been used, so (4.21) is valid more
generally).

Working in the § rectangular coordinates x%, in which §;; = d;;, the met-
ric ¢ is given in terms of the transition functions y(x) by §i;; = 0;yP0;4",
where 0; = 0/0z'. Since § is explicitly flat in the coordinates z?,
£9P,(,0) = £°Py(g,0) is the integral of the R3-divergence of

€2(0:3i5 — 0;9u) = (03P 057 — OiyP Oy ).

After arotation, we may assume Jyf /9" — o € WE’IQ , in the exterior region,
and therefore, by the argument of Corollary 4.6 again, the above expression
may be reduced to

Oy’ — Oy
Expressing this explicitly as a 2-form gives

(32

(2

Y — Ry) xdal = 0, (0’ — Byy’) xda?
- —d (Eijkzaiyj dxk) ,

which is a closed 2-form and therefore it does not contribute to any boundary
integral. It follows that P(g,0) = 0. O
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5. Hamiltonians.

The formal variational structure of the Einstein equations is well-known and
due originally to Hilbert and Einstein [17, 20]: the Euler-Lagrange equations
of the Lagrangian functional

(5.1 Lonta®) = [ RaW)/o dt.

are obtained in the usual manner, by making a compactly supported varia-
tion of the spacetime metric ¢ and once integrating by parts, and are just
the (vacuum) Einstein equations. In this respect, the Einstein equations are
similar to the equations of motion of most other Lagrangian field theories,
such as the classical wave equation. However, it differs in that although the
resulting equations are second order in the metric, the Lagrangian contains
explicit second derivatives. As is well known, the Gauss—Bonnet formula
shows that the Einstein—Hilbert integrand can be written in a local coordi-
nate system in the form

R(gW)y/ 9@ d'z = d(A1(g?,09™)) + Az(g™, 09Y),

where A; is linear and A, is quadratic in ¢¥, and thus the Euler-Lagrange
equations are determined by As since compactly supported variations of the
divergence terms dA; will not contribute to the equations. However, As
depends on a choice of frame (cf. (3.7)) and thus is neither unique nor a
geometrically invariant quantity. We therefore have the curious situation of
a non-unique, non-geometric (coordinate dependent), integrand giving rise
to a geometric (tensorial) Euler-Lagrange equation.

The Hamiltonian interpretation of the Einstein—Hilbert Lagrangian was
provided by Arnowitt, Deser and Misner [2], who decomposed Lgy by im-
posing a 3+ 1 splitting of the spacetime V' and after an integration by parts
in the time direction and dropping the resulting boundary integral, arrived
at the ADM form of the Lagrangian

(2 Lon= | (re0ig = € Palo.m)
where ¢ = (I, X?) is the (unspecified) lapse and shift of the 3 + 1 decompo-

sition. This decomposition, incidentally, is the origin of the form (2.3) for
the conjugate momentum 7. Now introducing the ADM Hamiltonian,

(5.3) Hapm(g,m8) = — /M £ ®4(g, ),
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the Einstein—Hilbert variational computation, with compactly supported
variations, may be re-expressed as Hamilton’s equations of motion for
Hapwm,

d g *
(5.0 2 (4)=-rpeenre
0 1 . S .
where J = < 10 > : TF — TF is the implied symplectic form,
4 hy . .
J )=\, )i the (g, m) coordinates on F [18, 11].

We note parenthetically that this 34 1 reduction involves two geometric
(gauge) choices; that of a timeflow vector field (reducing to £ on the hyper-
surface) and a choice of spacelike hypersurface. Rather remarkably, it turns
out that the spacelike integrand may be considered as the restriction to the
hypersurface of a 3-form defined globally on the spacetime, and depending
only on the spacetime metric and the choice of timeflow vector field — see
[27] for the computations involved.

In this section we are instead concerned with formulating the above
equations in the context of the phase space F. The aim is to construct
Hamiltonian functionals which, together with apropriately chosen decay and
boundary conditions for the lapse-shift &, lead to the evolution equations
(5.4). The existence and uniqueness for the Einstein evolution equations is a
separate and rather difficult question in analysis which will not be considered
here — in particular, it does not seem possible to deduce this on general
grounds from the Hamiltonian structure on the phase space.

Since one of the primary difficulties is the control of boundary terms, we
record the complete form of the boundary terms arising from the integration
by parts relating the variational derivative D®(g, 7) to the adjoint operator
D®(g,m)*. This follows directly from the expressions (2.8-2.10).

(5.5) §*D®(g,m)(h,p) — D®(g,m)"¢ - (h,p)
= V" (VIhij — Vitrgh) — (hij V€0 — tr,hVi€%) } /g
+ Vi {2607 + 277 R, — €1 g |
In the following, we assume that OM is empty.

Theorem 5.1. The ADM Hamiltonian (5.3) with lapse-shift & € L defines
a smooth map of Hilbert manifolds

Hapm : F x L — R,
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If ¢ € W27 )(T), then for all (h,p) € Tg.mF,

(5:6)  DigmyHapar(g:m)(hp) = — /M<h,p> - DB(g, 7)"(£).

Proof. Hélder’s inequality and the decay condition £ € £ = L? | /2(’7 ) shows
that H apas is defined and bounded on F x £, hence the linearity in £ implies
smoothness with respect to £. Likewise, smoothness with respect to (g, )
follows from the smoothness of the map (g, 7) — ®(g, 7).

To show (5.6), we must control the boundary terms in (5.5). For this, we
use the trace theorem, in the form of Lemma 4.4. The individual components
of the boundary term

(5.7) B' =& (VI hij — Vitrgh) /g — (hi; V7E" — tr4hV,€%) /9,
+ & + ¥ hyy, — S hy

have well-defined traces on the spheres Sk (and on any other smooth hyper-
surface in M), thus integration of the adjoint operator formula (5.5) yields
the expected boundary integrals. We may now estimate the boundary con-
tribution over Sg in the limit as R — oo,

72 |BldS < [[€llocisr (VA5 + [IPl1:58)
R

+ ||hHOO;SR ( ||V§H1;SR + H§||OO§SR HWH1;SR)
<o(1) (IVhlli2,-3/2:45 + IVEll12,—3/2:45

+I7ll1,2,—3/2:45 + Hp||1,2,—3/2;AR) )

which shows the boundary integral is o(1) as R — oo. Integrating (5.5)
over Mp := {x € M : o(z) < R} and letting R — oo establishes (5.6)
and completes the proof of Theorem 5.1. Note that the use of the spheri-
cal exhaustion Mp, R > Ry, is merely a convenience; since the integrands
ED®(h,p), (h,p)- DP*E are integrable, the improper integrals in (5.6) are in-
dependent of the choice of exhaustion used to define them, and the boundary
integrals evaluated with any other smooth exhaustion of M will also vanish
in the limit. U

We emphasise that an identity of the form (5.6) is necessary if the Hamil-
tonian is to generate the correct equations of motion. The restriction above
to lapse-shift & decaying at infinity is essential, both in defining Hapas
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(since ®(g,7) is not integrable for generic (g,7) € F) and in ensuring that
asymptotic boundary terms are absent in (5.6). However, we would like to
be able to choose ¢ asymptotic to a translation at infinity in the evolution
equations and retain the validity of (5.6); this necessitates a modification of
the Hamiltonian functional Hapas, as suggested in [28].

The underlying principle here is that adding a divergence to the Hamil-
tonian (or the Einstein-Hilbert Lagrangian) will not change the formal equa-
tions of motion, but such a term will affect the phase space (domain of defi-
nition) of the Hamiltonian and the resulting equations of motion. In partic-
ular, to extend the definition of the ADM Hamiltonian to permit lapse-shift
asymptotic to a (non-zero) translation at infinity, we should add a divergence
which cancels the dominant contribution from the asymptotic translation —
from (4.10), (4.11), we recognise that the ADM energy £S P, is an appro-
priate choice. Thus we arrive at the Regge—Teitelboim Hamiltonian [28]

(5.8) Hpr (g,7;€) = 167E%Pa(g, ) — /M €%, (g, ),

where & € £+ L. This expression is well-defined on C, where it has the value
£2P,(g, ), and more generally on ®~1(L(7*)), but for general (g, 7) € F,
the individual terms are not defined, and thus (5.8) does not provide a
definition valid on all F. We circumvent this problem by inserting the
definition of P and rearranging terms — thus for general (g,7) € F and
€ € {oo + L, we define the regularised Hamiltonian H(g, 7, &) by

(5.9)
Home) = [ (- mm+ [ (& -€)on

i /M £, (Rolg) — Dolg, ™)) + /M VE, (Vigy — Vitrgg) v/
N /M &L (Palm) — @utg.m) + [ 20

M

where £ € £ + L and éoo is constant at infinity with value . For (g, 7) €
®~Y(LY(T*)), this agrees with (5.8). As in Section 4, the sum of the integrals
in (5.9) is independent of the particular choice of constant at infinity vector
field éoo representing the translation £, although the pointwise values of the
integrands are not invariant. We emphasise that for generic (g, 7) € F, H
does not have a simple geometric interpretation such as (5.8). Nevertheless,
it does have some useful properties.
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Theorem 5.2. The functional H(g, ;&) defined by (5.9) is bounded on F x
(R*! 4 £) and smooth with respect to the Hilbert structure on this space. If
€l + WE’E/Z(T), then for all (g,7) € F and (h,p) € T(y ) F, we have

(5.10) Digm Mg 7€) () = — /Mm,p) DB(g, 7).

Proof. As before, for smoothness it suffices to show that H is bounded on
F x (R¥' + £). Since 1€ = Eeoll2,—1/2 < C for § € & + L, the first two
integrals of (5.9) may be estimated by

INCES

which is bounded, by Theorem 3.1. The fourth and sixth integrals are
bounded because Véoo has compact support, and the third and fifth integrals
are bounded, since Proposition 4.2 shows that R,(g) — ®o(g,7) and R;(7) —
®;(g,m) are both integrable (L'(M)). Hence H is bounded and therefore
smooth, by the same arguments as used in Proposition 3.1. To show (5.10),
we must separately consider the variational derivatives of the individual
terms of (5.9). Since £ — &y € Wff 5(7), Theorem 5.1 may be applied to
the variation of the first two integrals, which may then be rewritten as

< 1€ = Eollz,—1/2 129, T)|l2,—5/2,

(5.11) /M<h,p> DB(g, 7) (€xo — ©).

The variational derivative of the third and fourth terms of (5.9) may be
rearranged using (4.8), (2.6), (5.5) to give

/ {%i (égo (ﬁjhij - ﬁitrf}h)> Vi - égqu’o(gaW)(h’p)}
M
- / [V (&% (Whis = Vitrgh) ) VG = V' (&% (Vhij = Vitrgh) ) /g
M

+V’ (Vjégohz'j - Vz-égotrgh) Vg — (h,p) - Dq)O(guﬂ-)*(égo)} :
The dominant terms of the first two divergences in this expression cancel,
and the remaining parts ofothe bogndary term may therefore be written
symbolically as (9 — §)(Vh + hVg). Now, || = O(1) and g — g =

o(R~'/?), and Lemma 4.4 serves to show that the remaining terms have well-
defined traces, hence the boundary integral is o(1) as R — oo. Consequently
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the variation of the third and fourth terms of (5.9) is just

- / (h.p) - Do(g. 7)" (€L).
M

The argument controlling the variational derivative of the final two terms of
(5.9) is very similar, and results in the expression

- [ (b Ditg 7 (€.
M
from which the final identity (5.10) follows. O
6. Critical points of the ADM mass.

The results of the previous section, particularly Theorem 5.2, have an elegant
interpretation in terms of critical points of the ADM mass. The fundamen-
tal observation is that stationary metrics are critical points of the ADM
energy functional on the constraint manifold; and an argument implying
the converse was suggested in [10]. In this section, we show that the phase
space F and the regularised Hamiltonian functional H allow a rigorous pre-
sentation of the previously heuristic arguments relating stationary metrics
and criticality properties of the ADM mass. The main result establishes
the equivalence between critical points of the total energy and generalised
Killing vectors.

Theorem 6.1. Suppose (g,7) € F satisfies ®(g,7) = (£,9;) € LY(T*®A3),
let £ € R3! be a fized future timelike vector and define the energy functional
E € C*(C(g,5;)) by

(6.1) E(g,m) = &Palg,m), V¥ (g9,7) €C(e,5).

Then the following two statements are equivalent:

(1) For all (h,p) € Ty~ Cl(e,S;) we have

DE(g,m)(h,p) = 0;

(it) There is € € &0 + Wf’fm('f) satisfying

D®(g, m)*¢ = 0.
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If the energy-momentum covector P is timelike or null, then the ADM
(total) mass can be defined,

mapm = \/ —PPq,

and in many applications, such as the quasi-local mass definition of [6], it is
more natural to use m4pys rather than the energy E(g, 7) with respect to the
direction . The following corollary shows how Theorem 6.1 can be used
to relate critical points of mapys to stationary metrics. The hypothesis that
P be timelike follows from the extension in [7] of the spinorial proof [34] of
the Positive Mass Theorem [29, 30, 34] to the decay and regularity condition
(g,m) € C(e,S;), assuming that the local energy-momentum density (e, S;)
satisfies the Dominant Energy Condition

e +£'S; >0, for all future timelike vector fields & € C2°(T).

Similarly, it is well-known that if £ is a Killing vector, timelike near infinity,
then P* and £ are proportional [9].

Corollary 6.2. Suppose (g,71) € F, ®(g,7) = (5,5;) € LYT*) and
P = P(g,7) is a future timelike vector. If Dmapn(g,7)(h,p) = 0 for
all (h,p) € TC(e,S;), then (g,m) is a generalised stationary initial data
set, with generalised Killing vector & such that £S is proportional to P =
n*PPs(g, 7). Conversely, if (g, ) is a generalised stationary initial data set,
with generalised Killing vector € such that £ is proportional to P*, then

DmADM(gv”T)(h?p) =0 fOT' all (h’p) € TC(EWSZ)

Proof. If P, is a timelike vector, then we may choose mapyE€S, = —no‘ﬂ]P’ﬁ,
thereby normalising £, to be a future unit timelike vector. Defining £ =
€& Py, we have Dmapy = & DP, = DE, and mapyy is critical on C(e, S;)
exactly when FE is critical also. Thus if (g, 7) is a critical point for mapas
on C(g,S;), then Theorem 6.1 shows that (g, 7) admits a generalised Killing
vector £ € £ + WEIZ /2 with £, proportional to (P%).

Conversely, if (g, 7) admits a generalised Killing vector & with £, pro-
portional to (P%), then defining E(¢',7") = L P4 (¢, ") with £ normalised
80 &0 1s a unit timelike vector, it follows that DE(g,7) = 0 on C(g, S;);
since Dmapy = DE, we then have Dm apas(g,7) = 0 on C(e, S;). O

The proof of Theorem 6.1 is based on a generalisation of the classical
method of Lagrange multipliers to Banach spaces, which we now recall. I
am indebted to John Hutchinson for the following elegant proof.
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Theorem 6.3. Suppose K : By — By is a C! map between Banach spaces,
such that DK (u) : By — By is surjective and splits (ie. DK (u) has closed
kernel, with closed complementary subspace), for every u € K—(0), and
suppose f € CY(By). Let u € K~1(0) be given, then the following are
equivalent:

(i) For all v € ker DK (u), we have

Df(u)v = 0;

(ii) There is A € By such that for all v € By,
Df(uyo = (A, DK (u)o),
where (, ) denotes the dual pairing;

(#ii) Defining F': Bix B3 — R, F(u,\) = f(u)—(\, K(u)), there is A € B;
such that DF (u, A\)(v, ) = 0, for allv € By, € B;.

We can paraphrase (i) by saying that “u is a critical point of f on
K~1(0)”. The conditions on DK ensure that K ~1(0) is a Banach subman-
ifold of Bj, by the Implicit Function Theorem, and thus T, (K ~!(0)) =
ker DK (u). Clearly, X is the infinite dimensional Lagrange multiplier.

Proof. The equivalence of (iz) and (iii) is obvious, as is the implication
(i) = (i). If u is a critical point of f on K~1(0), then ker DK (u) C
ker D f(u) C By, with both subspaces closed and having closed complements.
It follows that there is a natural projection

m: By/ker DK (u) — By/ker Df(u)

which is a bounded map of Banach (quotient) spaces. Since D f(u) € Bf, we
have a homomorphism j; : By/ker Df(u) — R. Since DK (u) is surjective
and splits, it factors as DK (u) = jyoms, where mo : By — By/ker DK (u) and
jo : B1/ker DK (u) — By is an isomorphism. Then A = j; o7roj2_1 :By — R
is a bounded linear map, ie. A € B;, and Ao DK (u) = ji omomy = D f(u),
which gives (i7). O

To show (ii) = (i) in Theorem (6.1), notice that for (g, 7) € C(¢, S), we
have H(g,m;€) = E(g,m) — [,,(§% +£'S;) and thus

D(g,ﬂ)H(.% ™ 5)(h‘7p) = DE(gv W)(h’p)v V(h,p) € T(gﬂr)c(gv S)
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But (i) and Theorem 5.2 together imply that
D(g,ﬂ)H(gﬂT;é)(hup) =0 V(h,p) € g xKk,

and (i) follows. To show the converse (i) = (i), choose any £ € & +
Wff /2(’7 ) and consider the functional
H(g,w'):=H(g', 7€), (9,7) € F.

From (i), it follows that (g, 7) is a critical point for both H and E = (%P, on
the submanifold C(e, §). We may apply Theorem 6.3 with B; =G x K D F,
By =L, K = ®— (¢,5) and f = H; since (¢) holds, there is A € £ =

L%l/Q(T) such that

(62 Dit(g.m(hp) = [ X*Dq(g.7)(hp)
for all (h,p) € G x K = TymF. Defining & = £ + A € &oo + L2, ,(T)
and inserting the definition of H into (6.2) shows that DgmyH(g, ;&) = 0;
Theorem 5.2 then implies D®(g, 7)*¢ = 0 (weakly) and thus (by Proposi-
tion 3.5), it follows that & € £ + WEIQ /2(7 ) is a generalised Killing vector,
as required. This completes the proof of Theorem 6.1.

Observe that under the conditions of Theorem 6.1, alternative (iii) of
Theorem 6.3 shows that (g,m;&) is a critical point in all F x £ for the
functional

Hig.m) — [ (€45
M
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