NON-EXISTENCE OF TIME-PERIODIC VACUUM SPACETIMES

SPYROS ALEXAKIS AND VOLKER SCHLUE

ABSTRACT. We prove that smooth asymptotically flat solutions to the Ein-
stein vacuum equations which are assumed to be periodic in time, are in fact
stationary in a neighborhood of infinity. Our result applies under physically
relevant regularity assumptions purely at the level of the initial data. In par-
ticular, our work removes the assumption of analyticity up to null infinity in
[Bicdk, Scholtz, and Tod; 2010]. The proof relies on extending a suitably con-
structed “candidate” Killing vector field from null infinity, via Carleman-type
estimates obtained in [Alexakis, Schlue, Shao; 2013].
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1. INTRODUCTION

This paper addresses the question whether there exist asymptotically flat solu-
tions of the Einstein vacuum equations which are “periodic in time” in a suitable
sense. We show that any such solution must necessarily be stationary near infinity.
Thus, genuinely “time periodic” solutions do not exist, at least in a neighborhood
of (null) infinity.

This question dates back at least to early works of Papapetrou [Pap57, Pap58a,
Papb8b], see also [Pap62]. His motivation for considering this question appears to be
tied to the dynamical problem of motion of gravitating bodies in general relativity.
Indeed, the first derivation of the equations of motion to first post-Newtonian order
is due to Einstein, Infeld and Hoffman [ETH38]. For a two-body system of masses
my, ma at positions 7, 75, the equations of motion, recast as an effective one-body
problem for the displacement ¥ = 7| — 75, reads:

(3l = S = 202-40) ) T = 22 )i
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where 7 = |7, and m = m1 + ma, n = mima/(m; + mg)? are mass parameters;
c.f. [PW14]. In the subsequent [Rob38] Robertson studied the equations (1.1) de-
rived in [EIH38], paying precise attention to whether they admit solutions which are
periodic in time (in analogy to elliptical orbits in Newtonian theory). He observed
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that such orbits do exist, namely circular processions around the center of mass.
As already noted in [EIH38], this is in apparent contradiction to the wave nature of
gravitation (already visible at the level of the linearized Einstein equations) which
suggests that the motion of bodies should result in the emission of gravitational
waves that carry energy towards infinity, thus causing in turn the two body system
to lose energy and hence ruling out the possibility of periodic-in-time solutions.
This issue was resolved in the setting of the slow-motion approximation for Ein-
stein’s equations, with the correct understanding of higher order post-Newtonian
approximations and their relation to the post-Minkowskian expansion of the metric;
see the book of Poisson and Will [PW14] for a comprehesive discussion, and also
the work of Damour and Blanchet [Dam84, DD85, DD86, Bla06].

This still leaves open the question of the existence of time-periodic solutions for
the actual Einstein equations; we take up this question here and show Theorem 1.1
below. We note that in physics an argument is often put forward to rule out such
solutions: namely that they should not exist, since time-periodicity, together with
the finiteness of the total (ADM) energy should imply that any such solution cannot
lose energy towards infinity, and must therefore by stationary. This reasoning has
in fact been applied to the more general setting of space-times which merely do not
emit gravitational radiation, and indeed underpins some of the central views on the
generic long-time behaviour of Einstein’s equations, see e.g. Section 9.3 in [HE73].
However, in spite of the wave nature of gravity, this is in fact a very subtle math-
ematical question: Indeed, while the simplest linear analogue of this prediction,
namely that non-radiating free waves in Minkowski space-time are trivial is a clas-
sical result of Friedlander [Fri73], one can easily construct small perturbations of
the free wave operator in Minkowski space for which the corresponding assertion is
false: There exist wave operators L := O+ V (for a smooth, small, compactly sup-
ported potentials V') which admit non-zero solutions which decay fast towards null
infinities (and thus in particular have vanishing radiation fields); see e.g. [AS14].
Our main result result’ rests decisively on the precise (non-linear) form of Einstein’s
equations, to rule out the existence of (asymptotically flat) time-periodic solutions:

Theorem 1.1. Any asymptotically flat solution (M,g) to the Einstein vacuum
equations arising from a regular initial data set which admits a discrete isome-
try (near null infinity) that maps any point into its chronological future, must be
stationary near null infinity.

In other words, the discrete isometry of the space-time (M, g) is in fact induced
by a continuous isometry. Thus the solution is not “genuinely” time-periodic.

We remark that if one strengthens the regularity assumption to include null
infinity, we can also prove that vacuum space-times that emit no radiation towards
I, ZT must also be stationary (near infinity); see Theorem 1.3 below.

1.1. Discussion. We digress here to discuss earlier work on this subject. The
analogous question for spatially compact (cosmological) space-times was settled in
the affirmative by Galloway [Gal84]; see also [Tip80] who puts this question in
a much broader context. The proof in [Gal84] is an application of a splitting
theorem in Lorentzian geometry which relies on the dominant energy condition
(and is thus applicable in the presence of matter fields). In the asymptotically
flat setting, in particular for asymptotically simple space-times, all approaches to

IThe precise version of this theorem is stated in Theorem 1.2 below.
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this problem [Pap57, Pap58a, Pap58b, GS84, BST10a, BST10b] seek to relate the
time-periodicity property to an analysis at null infinity. (An exception is the paper
[Daf03] of Dafermos who used the event horizons instead, to show that in spherical
symmetry time-periodic black hole space-times coupled to suitable matter models
are static.)

The main modern strategy to handle this problem has been to construct a vector
field (near null infinity) which satisfies the Killing equation to any order, by virtue
of the time-periodicity assumption. This analysis is performed most cleanly in the
recent work of Bi¢dk, Scholtz, and Tod [BST10a], where also a suitably flexible no-
tion of time-periodicity is introduced, which is the one we adopt here; c.f. Def. 1.1
below. The paper [BST10a] proceeds in two steps: First, assuming that the space-
time admits a C* smooth conformal compactification, they study the (conformally
transformed) Einstein equations at an interior portion of future null infinity. The
assumption of time-periodicity is employed to successive orders to derive the exis-
tence of a jet of a vector field T which satisfies the Killing equation to any order.
At this point the authors impose the additional assumption of analyticity on the
metric g up to and including ZT. This allows them to extend the formal jet of T'
to an actual Killing vector field in M.

As noted in [BST10a], one would naturally want to remove the assumption of
analyticity. In addition, in view of [Chr02], one would also wish to remove the
assumption of C*> smoothness at null infinity. In this paper we achieve both of
these goals, and are able to infer the stationarity of smooth space-times using the
Einstein equations alone.

Our proof follows the two-step strategy of [BST10a]: In Section 3 we first de-
rive the existence of a “candidate” Killing vector field which satisfies the Killing
equation to all orders. We take special care to perform this analysis in the actual
space-time; c.f. Section 2 for a precise description of the space-times considered,
and the relevant limiting procedures. We work under a regularity assumption on
the space-time which is imposed at the level of the initial data. At this point
the assumption of time-periodicity is essential. In the second step we discard the
assumption of analyticity at Z*, using instead our recent unique continuation the-
orem for linear waves derived jointly with Shao in [ASS13]. The latter is in fact not
directly applicable as a uniqueness result to deduce the extension of symmetry, but
is instead implemented at the underlying level of Carleman estimates; c.f. [ATK10b].
The fact that we extend from infinity introduces additional difficulties, which are
overcome in Section 4.

Remark. We remark here that a more general question is the stationarity of non-
radiative space-times, namely solutions to Einstein’s equations which are not nec-
essarily time-periodic, yet have the property that no graviational energy enters or
leaves the space-time, through suitable portions of past and future null infinities,
respectively. 2

Note that this question naturally allows for a localized version: One can inquire
whether solutions with no incoming and no outgoing radiation on small portions

2A version of this problem was in fact also considered by Papapetrou, first for linear (electro-
magnetic) fields and partially for the gravitational field [Pap65], who argued that if a solution is
stationary in the past of a characteristic hypersurface, and non-radiative towards the future, then
it should be stationary everywhere.
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vacuum

FI1GURE 1. Domain of stationarity near infinity.

Ty I of I7, I (see Fig. 1) must be stationary near those portions. (One can-
not expect the solution to be stationary throughout the space-time, by domain of
dependence considerations, since imposing incoming radiation “prior” to Z, im-
mediately yields a non-stationary space-time far from Z, U I{fo)

The methods developed in this paper do in fact apply to this setting also, at
least under strong regularity assumptions, see Section 3.1, and Theorem 1.3 below.
A sufficient condition to derive the existence of a stationary Killing field near Z; ,
7,, is essentially to assume a full asymptotic expansion of the metric near null
infinity, which is “well behaved” in the limit towards space-like infinity; (this is at
the same level as assuming the existence of a smooth conformal compactification
of null infinity). Moreover, for a local result of this kind, one expects that such a
regularity assumption is necessary; see for example the discussion for linear waves in
[AS14]. We stress again that in the setting of time-periodic solutions considered in
Theorem 1.1, one does not need to assume regularity at null infinity, but essentially
only on the initial data. We find this an appealing feature of the present result,
since the infinite order regularity of null infinities is not expected to hold in general;
see [Chr02, VKO04]. It is for this reason that we are careful to perform the analysis
of the Einstein equations in Section 3 in the physical space-time (as opposed to on
the boundary of a conformally compactified space).

Remark. We mention that in the time-periodic setting, one would wish to extend
the domain of existence of the stationary Killing vector field to the entire interior.
This however is a formidable challenge in full generality, due to the possibility of
trapped null geodesics. A discussion of this obstacle in the context of the present
methods can be found in [AIK10a].

Remark. We note that the problem addressed here, namely the extension of an
asymptotic symmetry “at infinity” to a genuine symmetry of the space-time metric
also appears naturally in other problems in geometric p.d.e.’s. The work of Brendle
on steady Ricci solitons [Brel3] is one such example in Riemannian geometry, where
the extension of an asymptotic (rotational) symmetry to the interior (for a metric
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solving the Ricci soliton equation) was the key step in showing that the metric must
then agree with the Bryant soliton.

Furthermore, apart from the question of extension of symmetry for soliton so-
lutions to geometric evolutionary p.d.e.’s, we note that stationary solutions of the
Einstein equations can be seen as analogues of self-similar (soliton) solutions of geo-
metric heat equations. In many such parabolic equations (such as the Ricci flow,
mean curvature flow, etc) one has monotone quantities (at least when the underly-
ing manifold is compact); often when this quantity is constant rather than strictly
monotone, one can conclude that the underlying solution evolves in a self-similar
way. As we will see, Theorem 1.3 below can be viewed as an analogue of the above
statement for solutions of the Einstein equations: The natural monotone quantity
is the Bondi mass (measured at null infinities, in advanced and retarded times). We
derive here that when this mass is constant (rather than strictly monotone) then
the underlying space-time must be time-independent (in particular, self-similar),
near infinity. We note that while for geometric heat equations one can usually
immediately derive that the constancy of the monotone quantity implies that the
solution solves the soliton equation everywhere, here the Bondi mass is measured at
infinity, thus to derive the implication of time-independence becomes much harder.

1.2. Definitions and main results. Let (M3T1 g) be a solution to the Einstein
vacuum equations:

(1.2) Ric(g) =0.

Here we shall be concerned with dynamical solutions arising from asymptotically
flat initial data. In the seminal work [CK93], Christodoulou and Klainerman gave
in particular a detailed description of the asymptotic behavior of solutions for a
general class of asymptotically flat initial data. We consider then an asymptotically
flat space-time (M, g) with the asymptotic behavior established in their work, and
restrict our attention to a domain D outside the domain of a influence of a ball B
in the initial data set ¥, as sketched in Fig. 2.3 We recall the precise asymptotics of
(M, g) towards null infinity in Section 2. In this paper we are primarily interested
in solutions which are periodic in time in the following sense; c.f. [BST10a]:

Definition 1.1 (Time-periodic spacetimes). An asymptotically flat space-time
(M, g) is called time-periodic if there exists a discrete isometry ¢ with timelike
orbits,

(1.3) o'g=g, o(p) € I'(p) for all pe M.

Moreover, we require that ¢ extends smoothly to future and past null infinities as
translations ¢ 1, o~ along the geodesic generators of future, and past null infinity,
respectively, in affine parameter,

(1.4) 0T (u, &) = (u+b,¢) (u,6) ERx S* ~TT
— 2 —
(1.5) e (0,8 =(w+b8 (v, eRxS ~T7,
for some fixed b > 0.
3Note that the global smallness assumption in [CK93] is not a serious restriction if our atten-
tion is focused on a neighborhood of spacelike infinity :°; see also the initial remarks in Section 2

and [Chr02] for a discussion of the relevance of the asymptotics obtained in [CK93] for the under-
standing of gravitational waves from potentially large sources.
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FIGURE 2. Penrose diagram of an asymptotically flat space-time
arising from initial data on X; sketched are the fundamental do-
main €, and the domain D extending to Z+, Z~.

Furthermore we say that (M, g) is time-periodic near infinity if for some fixed
advanced time v = vg and retarded time u = ug, 0 < vy < 00, 0 < ug < 00, there
exists ¢ as in (1.3) on a neighborhood of Z,; UZ

(1.6) Ih ={(w,&) €I :u<up}, T, ={(,§) el” :v>w},

and ¢ extends smoothly to translations only on I{j‘o s Loy -

Given the existence of a discrete isometry ¢ in time-periodic space-times, it will
be convenient to pass to the quotient of the manifold M by the action of the map
, which yields the fundamental domain ) as sketched in Fig. 2.

Definition 1.2 (Fundamental domain). Let (M, g) be an asymptotically flat space-
time arising from initial data on X, which is time-periodic. We say Q@ C M is a
fundamental domain for (M, g) if Q is connected, ¥ C 2, and 99 consists of two
smooth space-like hypersurfaces 31, ¥o such that ¢(31) = Xo; moreover, {2 has the
property that for each point p € Q,¢(p) ¢ Q, and for each ¢ ¢ Q there exists a
unique n € Z so that ¢ (q) € Q.

Since ¢ is an isometry, a time-periodic space-time (M, g) can be reconstructed
from ¢ in fundamental domain 2.

For convenience, and to ensure that our methods are applicable more generally
to non-radiating space-times, we will be working with the null structure equations
near null infinity. In particular, we will foliate null infinity by a family of cuts S}
which are the “boundaries at infininty” of a 1-parameter family of smooth outgoing
null hypersurfaces C, in the space-time; see Section 2. We remark that for time-
periodic space-times, the whole analysis then corresponds to the study of a family
of “broken” null surfaces in the fundamental domain €2, c.f. Fig 2.

This also illustrates that in the time-periodic setting any regularity assumptions
made at null infinity really correspond to a regularity assumption towards infinity
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in the domain ). Essentially, the regularity condition that we require follows by
assuming a full asymptotic expansion for all components of the metric and its first
derivatives, in the fundamental domain §2.

For definiteness, let us choose coordinates (t,r,9*,9%) such that

SND = {(t,r, 9", 9% :t=0,7 > R}

and the initial data on ¥ have mass m > 0, and angular momentum L = ma,
0 < |a] < m. (We also assume that in these coordinates the linear momentum of ¥
vanishes.) In particular, this fixes the metric g on 3 to highest order (in r). Beyond
the leading order, we assume a full asymptotic expansion of the metric (in inverse
powers of 7); we refer the reader to Definition 2.1 in Section 2.6 for the definition
of appropriate function spaces OS° (r*k ). This is an essential regularity assumption
needed in this paper to derive the existence of a vector field that satisfies the
Killing equation to infinite order. In the time-periodic setting, we show that this
assumption is sufficient, c.f. Section 3.

In summary, we require that on the initial hypersurface XND = {t = 0,r > R},
the first and second fundamental forms, g|s, and k, respectively are given by

(1.72) gls = gl li=0 + 9% i=0,
(1.7b) kls = 3t95§f2)|t:o + 0™ |t=0 »
where ggsr};) denotes the Kerr metric in Boyer-Lindquist coordinates (¢, 7,91, 9?),

and the tensor components gg; are functions in 05°(r=*), with k chosen depend-
ing on a, B € {t,r,9',9%} so that g°> contains the full asymptotic expansion in
1/r beyond the leading orders of the Kerr metric; see Section 4.3 for the precise
numerology of the exponents.

Remark. The existence of such an expansion is often assumed freely at the level of
the initial data (both for the metric and the second fundamental form). Such an as-
sumption corresponds to smoothness at (spatial) infinity of a suitably compactified
metric. We refer to [Fri04] for a thorough discussion of this issue.

Remark. The assumption that g matches a member of the Kerr family to a given
order (in particular capturing the first non-trivial order involving the angular mo-
mentum parameter a, c.f. Section 4.3) in principle merely corresponds to picking
out the Kerr metric with the same mass and angular momentum as our chosen
space-time. The agreement of the two metrics to suitably high order should then
be derivable, by normalizing the coordinates on the initial data set near spatial
infinity. A way to achieve this could be via conformal normal coordinates centered
at spatial infinity, as in [Fri04].

In fact, we shall require that in the entire domain 2 N D the metric g admits
an expansion of the form (c.f. Def. 2.1 for the definition of the function spaces
05°(r="))

(1.8&) g= —d¢? + dr? + r2 %AB d’LgAﬁB + goo

(1.8b) ¢ =0 (r Hdt* + O (r~1)dr? + 0 (r~)dtdr

2 2 2
+ )0 dtddt + > 0 (r Hdrddt 02 Y 03 (r ) doAE
A=1 A=1 A,B=1
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Definition 1.3 (Regularity at spatial infinity). Let (M,g) be a time-periodic
asymptotically flat spacetime and Q@ C M a fundamental domain. We say (M, g)
is regular at spatial infinity if g admits an asymptotic expansion of the form (1.8)
in Q.

Remark. It would be favorable to replace the regularity assumption on g in 2 by a
corresponding assumption purely on the initial data on 3. We expect it would be
possible to assume as initial data on ¢t = 0 the first and second fundamental form
induced by (1.8) on X, and then derive that (1.8) holds for all ¢ € [0, T}, for T' > 0
arbitrarily large, but finite; in particular, large enough to be valid in the entire
domain 2 ND. This requires a suitable “preservation of regularity” estimate (for
the Einstein equations in harmonic gauge, for example) which, however, appears to
be missing in the literature.

The main result in this paper is:

Theorem 1.2 (Stationarity of time-periodic spacetimes near infinity). Let (M, g)
be an asymptotically flat solution to the Einstein vacuum equations (1.2). Suppose
(M, g) is time-periodic near T UZ, as defined in Def. 1.1, for some ug,vo € R,
and g is regular in the fundamental domain Q) in the sense of Def. 1.3. Moreover
we assume that on X N'D the initial data coincides to leading order with a Kerr
solution, c.f. (4.61). Then (M,g) is stationary near infinity, i.e. there exists a
vectorfield T which is timelike near infinity such that

(1.9) Lrg=0 : 01 Dy ug) 5
where Dyy uey € M N {u < ug,v > vo} is neighborhood oijo UZ,; c.f. Figure 1.

Vo’

The proof, as we have already outlined above, proceeds in three steps: We shall
first construct a “candidate” stationary vectorfield for a large class of asymptotically
flat space-times in Section 2. Then we shall prove in Section 3 that by virtue
of the time-periodicity assumption this vectorfield satisfies the Killing equation
to all orders, namely its deformation tensor decays faster than any polynomial
rate in the distance. Finally we shall apply in Section 4 the results in [ASS13,
IK13] to infer that the deformation tensor of the “candidate” vectorfield in fact
vanishes identically in a neighborhood of infinity, using that by the Einstein vacuum
equations the relevant Lie derivative of the curvature satisfies a wave equation.

It is thus only in the second step, in Section 3, that the time-periodicity assump-
tion is crucially used; (besides the reduction of the regularity assumptions to the
initial data). Moreover, the time-periodicity assumption is used in a rather benign
way, essentially only to rule out linear growth, c.f. Section 3.1. It turns out that
the proof of Prop. 3.5 (which shows that our “candidate” vectorfield satisfies the
Killing equation to all orders) applies more generally, in the setting of non-radiating
solutions, if one is willing to assume instead a strong regularity condition on null
infinity, as discussed in the following theorem.

Definition 1.4. An asymptotically flat, dynamical solution to the Einstein vacuum
equations is called non-radiating (towards future null infinity), if the Bondi mass
M (u), as defined in Section 2.3, c.f. in particular (2.34-2.36), is constant as a
function of “retarded time” u. (Similarly for past null infinity.)

In view of the monotonicity of the Bondi mass, c.f. (2.36), the non-radiating con-
dition is strictly weaker than the time-periodicity assumption; see also Section 3.1.
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Theorem 1.3 (Stationarity of non-radiative spacetimes under strong smoothness
assumptions on null infinity). Let (M, g) be a dynamical solution to the vacuum
equations satisfying the asymptotics towards null infinity established in [CK93]
(c.f. Section 2.83). Let us assume that in addition to (1.7), more specifically (4.61),
the initial data on 3 C M is such that, with the notation of Section 2.2,

supr5|a|g<oo, supr4|5|g<oo,
) )

holds. Furthermore, let us assume that the space-time (M,g) is smooth at null
infinity in the sense of Def. 2.2, and that all components of the curvature, c.f. Sec-
tion 2.2,

k= aaﬁapaaaéag
admit and expansion (c.f. Def. 2.1) near future and past null infinities T, I,

(1.10) Kooy R (e, O TE ~ {(us, ) ur € R E €S
1=0
with the property that
. !
(1.11) uili{%oomjt(ui’é)' < o0, Vvl e N.

If (M, g) is non-radiating, in the sense of Def. 1.4, towards future and past null
infinity, then (M, g) is stationary near infinity, as concluded in Theorem 1.2.

Remark. We would like to remark that the localization achieved in both Theo-
rem 1.2, and 1.3, namely that it is possible to assume the time-periodic, or more
generally non-radiative property only on arbitrarily small segments of future and
past null infinity, relies crucially on the positivity of the mass of the spacetime.
Indeed, the unique continuation results in our [ASS13] which are used for the ex-
tension of the stationary vectorfield from infinity, allow for such localisation to a
neighborhood of spatial infinity only in the presence of a positive mass, c.f. Sec-
tion 4.2. The underlying relationship between the behavior of null geodesics in the
space-time, and the positivity property of mass, which has been exploited quanti-
tatively in [ASS13], has previously been observed by Penrose, see e.g. [PSW], who
sought to give an alternative proof of the space-time positive mass theorem [SY79]
based purely on the behavior of null geodesics near infinity; see also Galloway and
Chrusciel [CG04, Chr04].

Acknowledgements. We would like to thank Piotr Chrusciel for his encouragement
and pointing out to us the results in [BST10a] in the early stages of this project.
We also thank Greg Galloway for insightful discussions on [Gal84, CG04], and Arick
Shao for many useful suggestions.

2. ASYMPTOTICALLY FLAT DYNAMICAL VACUUM SPACETIMES

The asymptotics of a gravitational field have been described in [CK93, Chr91]
in the fully non-linear dynamical regime; (see also [KN03a]). In the following we
shall assume in particular the asymptotic behaviour towards future and past null
infinity of solutions to the Einstein vacuum equations arising from asymptotically
flat initial data; while the results in [CK93] were derived under a global smallness
assumption on the initial data, the rigorous analysis of the asymptotic behaviour
towards null infinty is also valid for gravitational waves from strong sources [Chr91].
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FiGure 3. Construction of coordinates near null infinity.

2.1. Choice of gauge and construction of candidate Killing vectorfield. In
[Chr91, CK93] all geometric quantities are decomposed with respect to a null frame
defined in terms of one optical function u, the level sets of which are outgoing null
hypersurfaces, and an affine function s. As we shall see this choice is particularly
well adapted to the construction of a candidate time-like Killing vectorfield.

In [Chr91] future null infinity Z* is constructed as a limiting ingoing null hy-
persurface emanating from spacelike infinity :°. More precisely, given an initial
asymptotically flat spacelike hypersurface ¥g, we can define a family of null hy-
persurfaces C'; relative to an exhaustion of ¥y by balls By, as the ingoing null
hypersufaces emanating from Sy; = 0By. The intersection of the outgoing null
hypersurface Cg from a fixed sphere, say Sp, with the ingoing null hypersurface
C; = C,., emanating from Sg- is a distinguished sphere S; at null infinity, as
d* — o0; see Figure 3.

Now define null normals (L, L) to the sphere S§ at infinity by the conditions
g(L,L) = g(L,L) =0, g(L,L) = =2, and g(L,X) = 0 for X € TS§, which fixes
the ingoing and outgoing null vectors L, and L, respectively up to a rescaling

1
(2.1) Lwal L =L
a

where a is a positive function on Sj. The null second fundamental form y, and
conjugate null second fundamental form y defined relative to L, and L respectively,
are then fixed up to rescalings

1
(2.2) X —ax XX

In view of asymptotic flatness, however, try > 0, and try < 0, and we can fix a
gauge, i.e. a function a on S§ such that

(2.3) trx +trxy =0 ton S .
Now define

(2.4) T:%(LnLL) con S ;
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the vectorfield T' thus defined coincides with the binormal to Sg, and has the
property that the first variation of the area of S; along timelike geodesics generated
by T vanishes.

Next the null normals (L, L) are extended to C; as follows: Define L to be
the null geodesic vectorfield coinciding with L defined on 53, and generating null
geodesic segments of C,

(2.5) ViL=0 son C .

Note that as d* — oo we obtain the null geodesic generators L of future null
infinity ZT as limits of null vectorfields along C-. With the auxiliary affine distance
function ¢ from S§, L-t =1, t = 0 on S; we define a retarded time function v on
C, to have the value

(2.6) u(t) = 2(ro — ;)

on the level sets S} of the function ¢, then simply denoted by S; here ry is the
area radius of the sphere Sy, c.f. (2.16) below. Note that v < 0 in the past of S§,
and u > 0 to the future of S;. Then L is defined to be the conjugate null normal
to L on each S}: g(L,L) = -2, g(L,X) =0 for X € TS}.

Finally we extend the null frame to the past of the null hypersurface C; by first
defining u to be a solution to the eikonal equation

(2.7) 9°P 0, udgu = 0

with the above prescribed values on C. The level sets C;F of the optical function u
are then outgoing null hypersurfaces that intersect C in 57, and we can extend L
to be the null geodesic vectorfield on C; coinciding with L previously constructed
on S;:

(2.8) VL =0.
We denote by s the affine parameter along C;F,
(2.9) L-s=1, sls: =71y,

and denote by S, s the level sets of s on C;f. Finally L is defined along C;" to be

the conjugate null normal to L on Sy s: g(L,L) = -2, (L, X) =0, X € TS, ;.
We shall now define a coordinate chart in the past of C, . First choose coordi-

nates (9%,9%) on Sj, and fix a diffeomorphism ®q of S? onto Sg. Then define

(2.10) (I)u,s :S? — Su,s

such that @, ;o <I>a1 1 S5 — Su,s is the group of diffeomorphisms generated by the
flow along null geodesics, first along the integral curves of L on C,, then along
the integral curves of L on C;f. Now we can assign to any point p € S, s the
coordinates (u,s,9',9?), where ®; {(p) has coordinates (9',9?) on Sj.

This choice of coordinates is closely related to our construction of the “candidate”
Killing vectorfield. In fact, in these coordinates

0
2.11 L=—
(2.11) s
and we now define everywhere

0

(2.12) T=_—.
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As we shall see in Lemma 2.1 the coordinate vectorfield 7' thus constructed is
timelike in a neighborhood of null infinity; it commutes with the geodesic vectorfield
L by construction:

(2.13) [L,T]=0

In Section 3 we shall prove under the time-periodicity assumption of Def. 1.1 that
T = 0, satisfies the Killing equation to infinite order (in r), while (2.13) is essential
in Section 4 to deduce further that T in fact generates an isometry.

Note that by construction

0
ErTR
it will be useful to work with an orthonormal frame E4 : A = 1,2 on the spheres
Su.s» 9(Ea, Eg) = d4p which is propagated along C; according to

(2.15) ViEa=—CaL,

(2.14) [L,X,]=0, X,= a=1,2,

where ( is the torsion recalled below. This complements the pair of null vectors to
a null frame (L, L, Eq, E5) for the spacetime.
Let ¢ be the induced metric on S, s and define the area radius function r by

(2.16) 4rr? (u, 8) = / dpg .

u,s

2.2. Bianchi and null structure equations. The present null frame (L, L, E1, E»)
introduced above obeys the frame relations: 4 (Here and in the following ¥ := IV,
where IT*Y = gh" + %(L“L” + LY L") is the projection to the tangent space of S, s,
denotes the induced connection on the spheres S, s.)

(2.17a) VaEp =Y aEp + %XABL"‘ %XABL
(2.17b) ViEa=—CL  VpyEs=YpEas+(aL—AaL
(2.17¢) VaL=xPEg+CL  VaL=x"{Ep- (L
(2.17d) VL =20"FEs—wlL  VpL=-20"E,
(2.17e) ViL=0 VpL=wL-2\"FE,

where y, and x denote the null second fundamental forms
(2.18) xaB = 9(VaL,Epg) X,p=9(VaL,Eg),
and ( is the torsion 1-form,

(2.19) ¢-X= %g(VXL,L) X eTS,s;
here we have also introduced the Ricci rotation coefficients
(2.20) w=-30(VLL L)  Aa=—5g(VLL Ea).

We shall also denote the trace-free parts of x, and x by X, and X, respectively.

4We refer the reader to Chapter 7.3 of [CK93] for the basic definitions of null frames, and the
associated decompositions of the connection and curvature.
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The null decomposition of the Einstein equations is presented in full general-
ity in Chapter 7 of [CK93]. We quote here in particular that with the following
decomposition of the curvature tensor

(2213) Aap = R(E/hL» EB7L) aAB = R(EA7 L7 EBvL)
(2.21b) éA = %R(EA,L,L, L) Ba %R(A,L,L, L)
(2.21¢) p= iR(L, L.L.L) o= %*R(L, L,L.L)

the Bianchi equations on a Ricci flat spacetime manifold take the form, c.f. Propo-
sition 7.3.2 in [CK93],

(2.22a) Y Lo+ %trxa +2wa = Y ®B + 5(®B — 3xp — 3*Xo
(2.22b) Yoo+ %tr xa = —V@Q + 5C®§ —3xp+3*xo
(2.22¢) ViB+2trxf =difa+¢*-a
(2.22d) ViB+2tryB —wh=—difa+ ¢ -a+3\p-3Ao
(2.22¢) ViB+trxB+wB=Yp+*Vo+3(p+3Co+2¢" f— N\ a
(2.22f) ViB+trxf=-Vp+*Yo+3(p—3"Co+25" B
3 1

(2:22g) Lp+5trxp=difh (G, 5) - 5 (X, @)

3
(22) Lo+ Strxp=—dif— (G8) - 2008) - 3(ka)
(2.22i) La—l—gtrxoz—cuﬂﬁ—&-g/\ﬂ—kéz/\a
(2.22)) Lo+%trxa:—cuﬂé—(/\Q%—Q/\/\,B—%f(Ag

Moreover, we recall the null structure equations from Proposition 7.4.1 in [CK93]:

(2.23a) cufl¢ = —%x AX+o

(2.23b) cuflX = —2AA

(2.23¢) VX +trxX —wi = —VYON+ 200N\ —

(2.23d) VLX—F%U”XX: -V &¢ — %try%JrC@C

(2.23¢) Viotrx + %trxtrx—gtrg: —2digA +4(X, Q) = (X, %)
(2.23f) Vitry + %trxtr& = =2dif ¢ — (%, %) +2(¢, () +2p
(2.23g) V¢ =Yw—x(-xA-5

(2.23h) Vi¢=-2x"-¢-8

(2.23) V£>2+%tryz+g>zzv®<—%trxXﬂLC@C

(2.23)) Vix+trxg = —a
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(2.23k) Vo trx+ %tr&trx—i—gtrx =2dif ¢ — (X, x) +2(¢,¢) +2p
(2.231) Yitrx+ %trxtrx = -

(2.23m) Yid=Yi¢=2x ¢+

(2.23n) Viw=—6(C.¢) —2p

Note that the Bianchi and null structure equations in this setting are slightly dif-
ferent from those of a double null foliation used so successfully in [KN03a, KN03b,
Chr09]. The present frame, which is based on a u, s foliation, where the level sets
of u are null hypersurfaces but those of s are timelike, is used primarily because
it is well-adapted to the construction of the vectorfield T', and allows us to refer
directly to the presentation [Chr91] of the results on the asymptotics obtained in
[CK93]; these we recall in the next section.

The above equations are stated in terms of covariant derivatives. Alternatively
the Bianchi and null structure equations can be written using Lie derivatives, for
the purpose of which we define

(2.24) Do =11L0, 0 : p-form on S, s

where II denotes the projection to the spheres S, s. Its relation to the covariant
derivative is summarised in Lemma 3.7 below.

2.3. Asymptotic quantities and limiting equations. We now recall several
conclusions of [CK93] on the asymptotics of dynamical vacuum solutions towards
null infinity which shall be viewed as assumptions in the present setting.

In the geometric setting of Section 2.1 limits at null infinity are obtained by
taking d* — oo thus sending C to an asymptotic incoming null hypersurface at
infinity. We follow [Chr91] and let every point on Sg, ¢ (91, 9?), trace a generator
of the outgoing null hypersurface Cj". We denote for simplicity by

(2.25) Py =Py 1 S* = S5
For any p-covariant tensorfield w on (S}, ¢) of order

(2.26) oy = O(r~1)

we denote the limit of the pull-back of w to (S?, %) by ®, as d* — oo, in so far it
exists, by

: * ., —p+ . -1 -1
(2.27) U;Llinm O r P Ay, = dllinoo rqw(r d®, -ea,,...,r dd, eAp)
where e4 : A = 1,2 is an orthonormal frame on S?, such that rE4 = d®, - e4.

For the spacetimes under consideration one has, according to Chapter 17 of
[CK93] and [Chr91],

(2.28) lim ®%r=2g =7 lim @ K[r2g] =1

U;T— 00 U;T— 00

in other words S} become round spheres, and ¢ converges to the standard metric
on S?. Moreover,

(2.29) lim @) (rtry) =2 lim @7 (rtry) = —2

U;T—00 U;r—00
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for each fixed u, and to next order

(2.30a) Jim @ ( (rtry — 2)) —H
(2.30b) Jim @ ( r(rtry + 2)) -H

are functions on S?, where H is independent of u, and of vanishing mean, and H
satisfies:

(2.31) OH = —

Here the limits of the trace-free parts of the null second fundamental forms are

(2.32a) Xy =0(r?) uggloo Py =3 tre X =0
Ol — -1 *aole = = —
(2.32b) IXlg = O(r™7) uly}gl@@ ¥ =E tre==0,

and are related by, c.f. (2.43),
(2.33a) 0 =

1o
2~
(2.33Db) dig ==Yy H+

N | =

(where ¥, and dif denote respectively the gradient and the divergence operator on
the unit sphere S?). It is shown in [CK93] that the Hawking mass enclosed by each
sphere Sy, s,

(2.34) m(u,s) = r(u2 2) ( + F trxtrxd,ug)

has a limit for each w, called the Bondi mass, which plays a central role in the
theory of gravitational radiation:

(2.35) M(u) = lim m(u,r}).

uU;T—>00

In particular it is a monotone quantity and satisfies the Bondi mass loss formula

2. M—_i ’_‘ O .
(2.36) d. 327r/| 2du

For this reason |Z|?(£)/327 is interpreted as gravitational power radiated to infinity
in a given direction ¢ € S? per unit solid angle. Moreover,

(2.37a) 0E=--A

(2.37D) dig 2= B

where A, B are the leading order components of the curvature. The main theorem
in [CK93] yields in particular the following asymptotics and limits for the curvature
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components:
_ -1 : *, —1
(2.38a) laly = O(r™7) u;lrlgoo Ora=A
(2.38b) 1Blg = O(r~2) lim &.rf =B
(2.38¢) Ip| = O(r—?) lim @ r’p =P
u;r—00
(2.38d) lo| = O(r~?) lim ®Xr’c =Q
wu;r—00
Moreover, the remaining curvature components are of lower order,
_z 1
(2:39) laly =0(r~3),  |Bly=0("%).
Remark. A strengthening of the assumption (2.39) to the existence of the limits
(2.40a) 1Bl4 =0 lim @33 =B
u;r—00
_ —5 . * .3
(2.40b) lafy = O(r™) M;ngoo orrta=A

would correspond to the presence of peeling; such decay properties are e.g. implied
by the existence of a smooth compactification of the spacetime at null infinity.
Moreover (2.40a) has in fact been derived under strong decay and regularity as-
sumptions on the initial data in [KN03b].

While (2.40) as an assumption on future null infinity would not be a major
assumption in the context of this paper the main purpose of which is to remove
the analyticity assumption in previous approaches, it is still undesirable from the
dynamical point of view. Thus in this paper we do not impose (2.40) as an as-
sumption on future null infinity. In the context of Theorem 1.2, the argument for
time-periodic solutions only relies on the existence of the limits
(2.41) OuA= lim 0,83, 0.B = lim 9,0:r383.

U;r— 00 U;r— 00
which we prove in Section 3.1; c.f. [Chr02].> However, in the context of Theorem 1.3,
for solutions which are merely non-radiative we have to impose the corresponding
assumption on the initial data, such that, c.f. (3.39),

(2.42) UE@W\A(U,EH < 00, UEIPOO|B(U,§)| < 00.
Finally the torsion has a limit

(2.43) Clyg=0672)  lim ®ir¢ =7,

and satisfies the Hodge system

(2.44a) el Z=Q— %2 AE

(2.44b) d?ﬁZ:ﬂ+P—%E-E

5The reason that these limits exist, while (2.40) may not, is that the coefficients to the gener-
ically present logarithmic terms are time-independent, that is to say if in fact

By logr B
T R

then 9, B« = 0, see (5) and (6) in [Chr02].
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where N is the limit of a “mass-aspect function” satisfying

1
(2.45a) 0ulN = — 7|2

1
2.45b — [ Ndu. =2M.
( ) 47 S2 7 'u'y

Regarding the remaining Ricci coefficients we assume

(2.46a) lig rw =0
u;r—00
(2.46b) lim ®%\=0;
U;T—00

note that while the coefficients decay by construction since the vectorfield L is
geodesic at infinity, the existence of the limits follows from (2.23m),(2.23n), and
(2.23g).

2.4. Asymptotic expression for 7. In the following it will be will be important
to have an asymptotic expression for the candidate Killing vectorfield T' in terms
of null frame (L, L, E4 : A =1,2) constructed in Section 2.1.

Lemma 2.1. In terms of the null frame (E, : p =0,...,3) = (L, L, E1, E3) the
coordinate vectorfield T = % is given by

3

1 1
(2.47) T=5(L+L) +;O(T—2)Eu.

Proof. We write

(2.48) a% =T =TEL+T L +T4E,

and can determine the coefficients as solutions to O.D.E.’s using that T is Lie
transported by L by (2.13). Indeed, on one hand, using (2.8), (2.15), and (2.17d),

dTL art dr4
2.4 T=—"—L+(—=——CTA)L+(=—-2«4TL)E,.
(2:49) Vi ds*+(ds Ca ) +<d5 ¢ )A
On the other hand, using (2.13), namely VT = V1L, we have
1
(2.50b) g(VLT, L) = 2wTE + 20, T*,

where have used (2.17). By comparison we obtain the following propagation equa-
tions for the coefficients:

drL
2.51 — =0
(2.512) ds ’

L
2.51b ar- _ —wTL,

d
S
dr4

(2.51c) o= 4CATE + xapT?®.

We determine the initial values of the coefficients on C from the geometric con-
struction as follows. By definition T is tangent to the curves u +— (u,s, 9%, 9?).
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Now we have by construction s =r on C_, and

0 _
(2.52) a—z = gtrx —1 as d* — o0,
so that in a neighborhood of C the level sets of s and r coincide as d* — oo, and T
on C is tangential to the level sets of . But in view of the asymptotics discussed
in Section 2.3 the null expansions with respect to L, and L are equal and opposite
in sign to leading order along all of future null infinity, c.f. (2.29),
(2.53) lim r(try+try) =0,

u;r— 00 —

and thus also L + L is asymptotically tangential to the level sets of r on C, as
d* — oo. Therefore T and L + L are asymptotically colinear on C; as d* — oo,
while the normalization is fixed by (2.6):

1
(2.54) Ou = 5(L + L) on C ,asd* — 0.
The initial conditions are thus
1 1
(255) T£|S:7‘:‘L = 5 5 TL|S:7‘,Z = 5 s TA|5:7~E = O7 as d* — 0.

Lastly by the decay properties of {, w, and x recalled below, we have from (2.51)
that

dTt dr*t dr4
2.56) ——Js=pr =0, S——|s=px >0, s——|s5=px =0, d* — oo,
( ) ds| u Sds' u Sdsl u as e
which proves the formula of the Lemma. O

2.5. Metric expression. In the coordinates introduced in Section 2.1 the space-
time metric takes the form

(2.57) g = —duds — Idu® + gap (A9 — b*du) (d9* — bdu)
and the null normals (L, L) are given by
0
2. L=—
(2.58a) P
(2.58b) L= 2£ — l2 +2b° 0

= TOu 0s o’
Note that since by (2.17d),

(2.59) [L,L] =V L—-VyL=-4¢ BZ“ +wl
we have

ol ab° a
(2.60) 95 = —w 9 = —2¢*.
Moreover,
(2.61) lim [ =1 lim 5*=0.

U;r— 00 U;T— 00
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2.6. Regularity properties. In Section 1.2 we have assumed that in the funda-
mental domain the metric g is of the form

(2.62) g=—dt* +dr® +r? %AB dvAoB + g

where each component ggj of the tensor g> in the coordinates (t,r,91,9?) is an

element of O3°(r=F), for a suitably chosen k¥ € N. We now define the function
spaces O2°(r*).

Definition 2.1 (Asymptotic expansions). We say a function f : [R,00) x §? —
R, (r,9%,92) = f(r,9',9?) belongs to the class O (r¥), for a fixed k € Z, m € N,
if there exist C™-functions f':S? — R, I € N such that:

(2.63a) f(r, 0%, 92) ~ Z Lt 9%)r
(2.63b) S f(r, 0, 92) ~ Zaa Lo, 9%)r
. oM aan
Where 819 :mm7a1++an:m,Aj:1,2,
co n—1
(2.63¢) o fir, 9,97 ~ > Tk D@9k 1 <n<m.
=0 j=0

Analogously we define the class O°(r¥) for functions f : R x [R,00) x §2 —

R, (t,7,9',9%) — f(t,r,9',9?) (with each f' now depending on (t,9%,92)) by

requiring in addition that:

(2.64)  OPOGf(t,r, 9", 0%) ~ > 0705 fL(t, 9", 0*)rk ! whenever n + o] < m.
1=0

Here f ~ Y2, flr*=! means that for all N € N there exists a Cy > 0 so that

N
(2.65) |f =D rr < ot

1=0
the above is assumed to hold for all values of r > R, (9!,9?) € S? (and t € R).

The following smoothness properties at null infinity are essential for the argu-
ment of Section 3. In the time-periodic setting these smoothness properties are
automatically inherited from the regularity in the fundamental domain.

Consider a p-covariant tensorfield on S, s as in the previous section. Let us
suppose that w is a geometric component of the null decomposition recalled in
Section 2.2, either of the curvature, the connection, or any derivative thereof, and
suppose that it is already known that
(2.66) lim @ (rfw)=0.

u; T—00
Definition 2.2 (Smoothness at null infinity). An asymptotically flat solution to
the vacuum equations is called smooth at null infinity if for any geometric quantity
w that vanishes in the limit to a given order ¢ in the sense of (2.66), we have

(2.67) @, (rw) = O(r ),
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and the limit of w exists to order ¢ + 1, in the sense that
(2.68) 05 @7, (rTw) = &) A1 (rTw) = O(r?).

Moreover, as part of the smoothness property, we require a mild angular regularity
assumption that states that if the limit of a geometric quantity vanishes in the
sense of (2.66) then so do its angular derivatives:

(2.69) lim YV @) (rfw) = lim & (r'Yw)=0.

U;T—00 U;r—00
Lemma 2.2. Let (M, g) an asymptotically flat space-time, which is time-periodic
and Q C M a fundamental domain. If g is reqular in Q, then (M, g) is smooth at
future null infinity.

Proof. Let s+ v(s) be an affinely parametrized null generator of a null hypersur-
face C,. We show s is comparable to r in the fundamental domain. The regularity
statement then follows immediately from the Definition 1.3. W.l.o.g. we can assume
that v(s) € S,.s. By time-periodicity there exists n € Z such that ¢ (y(s)) € Q.
This defines a map ¢ : C,, — €1, the image of v thus being a “broken null curve” in
Q, c.f. Fig. 2. Since by (2.29),

(2.70) lim L-r= lim _fry=1

wU;r— 00 wU;r— 00
and by definition L = 4, we obtain that there exists a constant ¢ such that ¢(y(s)) €
{(t,r,91,9%) € Q: c7ts < r < cs}. Then the limits in Def. 2.2 follow from (2.62)
with the components of > in O5°(r~*) as defined in Def. 2.1. O

Remark. In cases where the geometric quantity w satisfies a propagation equation
in the outgoing null direction, the existence of the limit to next order can in fact be
inferred if the forcing terms in the o.d.e. are known to be integrable; see Lemma 2.3
which we shall employ frequently below. However, for quantities where no such
equation is available from the vacuum equations (such as the curvature component
«), this a genuine smoothness assumption on the spacetime geometry at infinity.

Lemma 2.3. Let f : [sg,00) = R be a bounded function solving the o.d.e.

(2.71) 9sf(s) — %f(s) =g(s)
where k> 0, and g = O(s~2). Then

(2.72) f=0("1.

Proof. Multiplying the equation by s~* we derive

(273) Du(s™ 1) = 5~*g(s) = O(s™2)

which upon integrating yields in view of the boundedness of f,
(2.74) ls7Ff(s)] < Os™F1

for some constant C' > 0, proving the claim after multiplying by s*. O
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3. TIME-PERIODICITY AND STATIONARITY TO ALL ORDERS AT INFINITY

In this section we will prove that under the assumption of time-periodicity the
spacetimes described in Section 2 are “stationary to all orders”, i.e. the deformation
tensor of the time-like vectorfield constructed in Section 2.1 vanishes to all orders
at null infinity.

Proposition 3.1. Let (M, g) be a solution to the vacuum equations satisfying the
asymptotics of Section 2.3 towards future null infinity and the regularity assump-
tions of Definition 2.2. If (M, g) is time-periodic, then
(3.1) lim 7*Lrg=0  VkeNuU{0},

wu;r—00

where the time-like vectorfield T' is constructed as in Section 2.1.

In the spirit of [BST10a] this is achieved by an induction argument, which had
been employed therein in the case where the spacetime can be conformally com-
pactified. In Section 3.1 we first discuss the general asymptotics of non-radiating
spacetimes, and prove the stationarity of time-periodic spacetimes “to leading or-
der”. In Section 3.2 we then prove the main Proposition 3.5 for time-periodic
solutions showing that all components of the curvature and connection, and thus
of the metric, are time-independent to all orders at future null infinity.

3.1. Time-periodicity and leading order behaviour. In view of the Bondi
mass loss formula (2.36) which states in particular that the Bondi mass M (u) is
a monotone function of time u we have that for any time-periodic spacetime the
Bondi mass is constant,

(3.2) o0M=0, E=0.

A dynamical spacetime with the property (3.2) (not necessarily time-periodic) is
called non-radiating. While such spacetimes are of separate interest, we state here
a few consequences of (3.2) which will be used below.

Proposition 3.2. Consider a solution to the vacuum equations with the asymp-
totics towards future null infinity discussed in Section 2.3. If the spacetime is
non-radiating in the sense of (3.2) then

A:07 E:O,
0P =0, 0,Q =0, 0uZ =0, 0y % =0,

and 5
lim r9, 7=0, O,H =0, 0,H=0.

U;r— 00
Moreover, if the solution is smooth at future null infinity in sense of Definition 2.2
then in fact

lalg =007%),  |Bly=00"7).

Proof. Tt follows immediately from the asymptotic equations (2.37) that the no-
radiation condition (3.2) implies the vanishing of the leading order curvature com-
ponents:

(3.3a) lim ®r'a=A=-20,2=0
U, r—>00
(3.3b) lim ®;rf =B =dif Z=

U;T—> 00
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Already the next curvature component in the hierarchy (2.38), the limit of p, cannot
be expected to vanish identically®; however, it follows directly from the limit of the
Bianchi equations that P, and ) must be time-independent by virtue of (3.3).
Indeed, adding (2.22g), (2.22h), and multiplying by 73,

(3.4) r3(L +L)p+ gr(trx + tr&)'rzp = di//rgﬂ — TQ(TC, B) — %7’4(7”*1& «)

—difr%8 — (G, 8) — 22\, r8) — 514 (1,7 a)

we obtain after taking the limit using the assumptions of Section 2.3, in particular
(2.29), (2.32a), and (2.38),

(3.5) TP =~ it B~ 1(5,4),

where we have used the leading order identity 27" = L + L of Lemma 2.1, and the
result that T' commutes with 7 to leading order, c.f. Lemma 3.6,

1
(3.6) lim T-r= lim Z-(rx+fry) =0.

U;T—> 00 uU;r—00

Similarly, we obtain from (2.22i) and (2.22j) the limiting equation for o,
1 - 1

Therefore, by (3.3),
(3.8) oP =0, 0,Q =0.
Moreover, by (3.2) the Hodge system for the limit of the torsion (2.44) simplifies to
(3.9) cufl Z=0Q dix Z=N+P
and thus implies by (3.8), and (2.45a), that

[e] o 1
(3.10) cuyl 0,7 = 9,Q =0 dif 0,7 = —Z|E|2+8UP:07

which yields, this being a div-curl system on the unit sphere”, the time-independence
of the torsion

(3.11) 07 =0.

Finally as a direct consequence of Z = 0 the metric itself is time-independent,
in fact beyond the leading order,

o 1
. _ . * —2 _ = H *.—1 == =
(312) o 0= o SrDr(g) = 5 B (b =8 =0,
Also, by (2.33),
1
(3.13) 9,8 =--2=0,

2

6The value of P = lim r3p for the static spherically symmetric Schwarzschild solution is P =
—2M.

"We appeal here to the basic L2 theory of Hodge systems on compact 2-dimensional manifolds,
as presented e.g. in Chapter 2 of [CK93], c.f. Lemma 2.2.2 therein.
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and moreover, using (2.23k),(2.231) and (2.23e), (2.23f), or simply (2.31) we verify
that

H 1 1
(3.14a) 88— = lim 720,try= = lim r2Ltry+ 5 lim r?Ltry =0
u U;T—00 U;r—00 U;T— 00
oH . 9 1,

While (3.3) already proves, for smooth solutions, that
(3.15) laly =002, |Bly=00"2),

it remains to improve the order of vanishing of o beyond these leading order asymp-
totics. We return to the Bianchi equations for «, and use Lemma 3.7 to rewrite
(2.22b) as follows:

(3.16) Dra— %UXQZ -V &8+ %(X,Q)¢+5C®ﬁ— 3xp+3" X0
Since, by angular regularity,

(3.17a) Jim_ @L(7é5) —Y &B =0

(3.17b) Jim @ (r(va)g) = (2,4) I=0

and since in view of the smoothness assumptions the vanishing of the limits imply
that the tensors on the left hand side of (3.17) are in fact order O(r~1), we obtain
the propagation equation

1
(3.18) 0s®y, o — 3 trx®; ,a = O0(r ?)
which implies using (3.3), and Lemma 2.3, that
(3.19) u;lrigloo Pra=0, laly = O(r~?).
This completes the proof of the proposition. O

Remark. The time-independence expressed in (3.8) and (3.11) are related to the
preservation of linear and angular momentum in the system, c.f. [Riz98].

In Proposition 3.2 we have thus discussed general properties of non-radiating so-
lutions to the vacuum equations. We now proceed under the stronger assumption of
time-periodicity. According to Definition 1.1 a time-periodic spacetime is endowed
with a discrete isometry ¢ which extends as a translation to future null infinity.
Therefore any geometric quantity w, i.e. tensors derived from the metric, such as
components of the curvature tensor, which have a limit at future null infinity,
(3.20) lim ®fw=W(u,&), uweR, £e€§?,

U;r—00
are periodic functions of retarded time wu, if the spacetime is assumed to be time-
periodic in sense of Definition 1.1.

As a first consequence of the stronger time-periodicity assumption we state here
the time-independence of the lower order curvature components «, 8, which cannot
be inferred from the weaker no-radiation condition alone. The argument exploits
time-periodicity as in [BST10a)].
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Proposition 3.3. Consider a solution to the vacuum equations as in Prop. 3.2,
which in particular satisfies the smoothness assumptions of Def. 2.2. If the space-
time is time-periodic then in addition to the conclusions of Prop. 3.2 we have that

Q=0, P=-2M,
OuA = lim 09,8} (r*a) =0, 0B = lim 0,8 r*3=0.

wjr—r00 uir—00
Moreover, we have in fact
Blg =00™).

Proof. The Bianchi equations for § are (2.22c¢) and (2.22e), which we add and
multiply by 73 to obtain
(3.21) (VB +YLB) +2rtrxr?B + rtrxrzﬁ +rwr?f =r3difa + 3¢ - a

+ 3V p+r3*Vo +3Cr3p +3*Crio + 2r3 3t B - Ao
The limiting equation, under the assumptions of Section 2.3, in particular (2.39),
reads
(3.22) DiB=Y P+*Y Q+25-B
where D denotes (the projection of) the Lie derivative,

(3.23) DrB = lim O L (r36),

and we have used Lemma 3.7 relating the covariant and Lie derivatives of a 1-form
with respect to T. While we have already shown that B = 0, and that P(u,¢),
Q(u, &) are time-independent, there is a priori no reason why P and @ should be
spherically symmetric. The main idea to exploit time-periodicity — as it is also
done in [BST10a] — is now to differentiate (3.22) another time, and use (3.8):

(3.24) D2B :§7 (T-P)+* V (T-Q)=0

In fact, it is evident from (3.5) and (3.7) that the last equality requires the vanishing
of second order angular derivatives of B, and A; this is ensured by B = A =0 in
view of the smoothness assumptions imposed in Def. 2.2. Therefore, B must be a
linear function in w,

(3.25) B(uz,§) — B(u1,€) = Bo(§)(uz —u1);
however, since B is also periodic in u, we must have By(§) = 0, hence
(3.26) 0,B=0.

We may now return to (3.22) to infer that

(3.27) YP+ Yy Q=0,

which in view of the (Hodge) structure of this equation implies that P, and @ are
separately spherically symmetric. But then integrating (3.9) on the unit sphere
implies

(3.28) Q=Q=0 P=P=-2M
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where @ denotes the average value of @ on S?, and we used (2.45b). Similarly to
(3.22) we derive the limiting equation for a from the Bianchi equation (2.22a) using
the asymptotics of Section 2.3:

° 3 3

(3.29) DrA = ®B — FEP - 5*2@

Therefore, using (3.26),(3.28) and (2.33),

— O N

° . 3
(3.30) DZA = 3 Y &DrB — S ME=0,
where in view of (3.22), (3.28) we invoke again the smoothness assumption of
Def. 2.2 for the angular derivatives. As in (3.25) it then follows from the time-

periodicity assumption that
(3.31) OuA=0.

It remains to improve the order of vanishing of the curvature component 3. We
return to the Bianchi equation (2.22f) which we may rewrite using Lemma 3.7 as
follows:

(3.32) Dpj+ %trxﬁ =—Vp+*YVo+ ¢ “B+3¢p—3"Co+ ZXﬁ B
Since, by (3.28) and angular regularity,

(3.332) Jim ®L(°Y 1Y) = (Y P.Y Q) =0

(3.33b) i LY - B)=%-B=0

we obtain, in view of the smoothness assumptions, the propagation equation
(3:34) 0.87,,(r7B) ~ (X — 3 tr)PL(28) = O()

which implies by Lemma 2.3,

(3.35) Jim @i(?g) =0, |Bly=0("").

O

Remark. One may proceed to derive a complete description of the leading order
asymptotics in this setting. In fact, using the ideas in [Riz98] one can exploit the
freedom in the choice of H (related to the gauge freedom in the choice of S§) to
arrange for ¥ = 0, since Q@ = 0, and E = 0, c.f. (6-8) in [Riz98]. Returning to
(3.29) we then obtain

(3.36) Y ®B =0,

which says that B is a conformal Killing vectorfield on the unit sphere. Moreover,
by (3.9) the torsion Z is a gradient vectorfield on the sphere, here in view of (2.33),

° 1
(3.37) Z=Y ¢ ¢ =¢— §H
where ¢’ is a solution of vanishing mean to

(3.38) Ad = N—2M.
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Remark. We point out that the time-periodicity assumption is only used in the
proof of Prop. 3.3 to deduce the time-independence of B, (3.26), from the linearity
of B in u, (3.25), and similarly for A. Clearly the time-periodicity assumption can
be dropped if instead we assume the existence of the limits

o . o . . %/ 3

(3.39) Alg) = lim A(w,§) = lim Ilm &,(ra)
_ . o . . * 3

(3.39b) B(¢) = lm B(u,¢) = lim lim &.(°5).

For then taking the limit u; — —oo in (3.25),
(3.40) B(ug,§) — B(u1,§) = Bo(§)(uz — u1),

forces By(€) = 0, which then again implies 9,, B = 0; similarly for A. The condition
(3.39) requires in particular that on the level of the initial data, i.e. on a spacelike
Cauchy hypersurface 3,

(3.41) supr’|aly < oo, sup 7|8 < o0.
b s

This yields the following statement whose proof is identical to that given for
Prop. 3.3.

Proposition 3.4. Let (M,g) be a dynamical solution to the vacuum equations
satisfying the asymptotics of Section 2.3 towards null infinity, and the smoothness
assumptions of Def. 2.2. If the spacetime arises from initial data such that (3.39)
and (3.41) hold, and if the spacetime is non-radiating, i.e. the Bondi mass is con-
stant along future null infinity, then all conclusions of Propositions 3.2, 3.3 hold
true, in particular

laly = 0(r~?), Bly =00, ol =001,
Bup=0, 9,B=0, 9,A=0.

Note that the time-independence of A and B imply that if A and B are finite
on the level of the initial data, then these bounds are propagated along future null
infinity.

3.2. Induction. We have seen that as a consequence of time-periodicity all leading
order asymptotic quantities are time-independent. Now we will prove that the
argument can be iterated yielding the statement that the vectorfield T is Killing to
all orders at infinity.

Proposition 3.5. Let (M, g) be a solution to the vacuum equations satisfying the
asymptotics of Section 2.3 towards future null infinity and the reqularity assump-
tions of Definition 2.2. If (M, g) is time-periodic, then

(3.42a) lim CDZT'kDT(Q, r2B8,r3p, 130, r3ﬁ,r3a) =0

u;’r—)oo -
(3.42b) .lir_r>1 Ok Dr(r¢, X, 2 try, 7“_1& rtry,rw,\) =0 vk € NU {0}
(3.42¢) lim O rF D (r 2 v ) = 0.

Here D denotes the Lie derivative defined in (2.24), c.f. Lemma 3.7; see also the
commutation relations of Lemma 3.6 that are relevant for the proof.
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Proof by induction. We have by Propositions 3.2, 3.3 that (3.42) holds for k = 0.
Let us now assume that (3.42) holds for some k& € N. We will prove that (3.42)
then holds for k + 1.

Step la: Connection Coefficients. In a first step we shall show that the induc-
tive assumptions on the curvatures «, and 3, namely
(3.43) lim ®%rFDp(r?8,13a) =0,

u;T—>00

allow us to improve the order of vanishing of the null second fundamental form Yy,
and torsion (,
(3.44) lim ®r* Dy (r¢, ¢, r2trx) = 0.

U3 — 00
Propagation equations. While the leading order argument presented in Section 3.1
mainly draws consequences from the equations along future null infinity, the induc-
tion argument relies also on the use of propagation equations along the outgoing
null hypersurfaces C;". These equations are expressed in Section 2.2 in terms of a
null frame (L, L; E4), where E4 : A =1,2 is an orthonormal frame on each sphere
Su,s transported according to the equation

(3.45) ViEa = —CaL.

Since we are interested in “time-derivatives”, namely Lie derivatives with respect
to T = 0Oy, it shall be more convenient to use coordinate vectorfields, i.e. Jacobi
fields X, : @ = 1,2 along the null generators of C}:

0 0
3.46 L=— X =
( ) ds T gye

The change from covariant to Lie derivatives is readily faciliated using Lemma 3.7.

[L,X]=0

Null second fundamental form. We can write (2.23j) using Lemma 3.7 as

(3.47) Drx = (X, X)g —a.
Since L and T' commute by construction, we have in the above coordinates,
9(O0uXa . cedn o cof
(348) ( a;( b) = ‘X|23ugab + 2X dauXcdﬁab - 2(3ugrd)x fdeﬁab - auOZab .
Now by the inductive assumption (3.42),
(3.49a) 100X cagar = O(r~?)
(349b) rk+1(|§(|28ugabv)ACCff(dfgabaugcd) = O(T_2)
and in particular by (3.43),
(350) TkJrlauaab = O(T72) s
we derive that
A(rF10, Xa k+1 _
(3.51) T 0uXat) R 5, 80 = O(r)
ds 2
which implies in view of Lemma 2.3 that
(3.52) lim 75719, X0 = 0.

u;r— 00
Similarly for the trace part we have by the Raychadhuri equation (2.231),
(3.53) sy tr X = —2X0y Xab + (Oudap) X4X1. — tr XDy tr ¥
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and the inductive assumptions,

(3.54a) PR 0y Xap = O(r™?)

(3.54b) 7 Dudan)r* X R

that

(3.55) a(THZ“ ) _ (k e -n X0, trx = O(r )
and hence

(3.56) lim 7839, try =0.

U;T—> 00

Torsion. The equation (2.23h) can be written using Lemma 3.7 as

(3.57) Di¢+xt-¢=-8

We multiply by r and decompose x into its trace and trace-free part to obtain the
equation that guarantees the existence of the limit (2.43):

(359) 0,(rGa) + 5 (trx — TX)rGa = 1R — 7

Now differentiate, noting that 7' and L commute by construction, and multiply by
r**+1 to obtain,

O(rk10,(rCy))  k+1__
(3509) 2 as(rc ) _ ;tI'XTk+1au(T<a)

+

(try — ﬂ)rkﬂau(r(:a) + )%Zrk+18u(r(b) =

N | =

= —%rk+18u(trx — )7 + 20, d" X anCe — T OLX2) G — O, (rBa) -

Therefore, in view of the inductive assumptions, and smoothness assumptions in
the form,

(3.60a) 1o, (r¢) = O(1)
(3.60D) (rF 10, trx 7" 2 0udan, 7" OuXan , 72 0uBa) = O(r7?)

the function defined by the left hand side of (3.60a) is a solution to an o.d.e.
satisfying the assumptions of Lemma 2.3, which yields

(3.61) lim 29, =0.

U;r—00
Step 1b: In a next step we show that the inductive assumption on p, namely

(3.62) lim ®r*Dr(r3p) =0,

U T—> 00

allows us to improve the order of vanishing of the conjugate null second fundamental
form v,

(3.63) lim @5 r* ' Dr(r g, rtry) =0.

U;T— 00
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Congugate null second fundamental form. The propagation equation (2.23d) for ¥
reads in view of Lemma 3.7,

. 1 N edn R 1 ) R
(3.64) 85Xab ) tr XXy = XCchdgab —(V&C)ab — 5 tr XXab + (€C®C)ab

and thus

1 1 )
(3.65)  0s0uX,, = 5 trx0uk,, = 5(utrx)X,,

+ XCdXCda“gab + 2X0d(au>%cd).¢ab + 2(au¢cd)920f>2dfgab
B Vaaugb B Vbauga + augab dlf/C + gab dl](laug o %(8u trX)X&b - % trxauf(ub
+ 2<auCa)<b + 2Ca((9qu) - (augcd)ccgdﬁab - QCCaugcgab - CCCcau,gab .

Note that the inductive assumption on 0,,(,, and our angular regularity assumptions
imply
(3.66) lim @ ("3 2YDr¢) =0,  r*V,0. = O(r~?).

u;r—00

Therefore we obtain

or*oux )  (k— 1 A
(3.67) % - (?DYX +t3 tr X)Tkauiab = 0(r ?)
which implies in view of Lemma 2.3 that
(3.68) lim r*"*19,(r % ) =0.

U;r— 00

Now for the trace of x we have (2.23f) which yields

1 1
(3.69) 05Oy trx + 3 tr X0y tr x = —5((% trx) trx

+2(0ufar) V¢ = 2dif0uC — X*0uX,, — X" 0uXab — 2(0ugar) XX
+4C0uCa + 2(Duar) O+ 20up.
Since in particular by the inductive assumption
(3.70) 29,0 = O(r~?)
we have using the assumptions in this step,

or* 2o, trx)  sk+2_ 1 K
X _ ! +2 _ -2
s ( 5 try 5 tr X) "0 trx = O(r™7)

which yields as desired
(3.72) lim "9, (rtryx) =0.

U;T—00

(3.71)

Step 1c: The remaining connection coefficients are w and A which would vanish
in a null frame constructed from two optical functions. By (2.23n) we have

(3.73) DsOyw = —6(Duap)CCP —12¢40,Ca — 20up
which implies in view of the inductive assumptions that
(3.74) lim 7*29,w =0.

U;Tr— 00

Note also that directly integrating (3.73) justifies the assumption (2.46a).
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For the coefficient A we combine (2.23m) and (2.23g) to obtain in view of
Lemma 3.7:

(3.75) Dd=x"(+VYuw
Therefore
(3.76)  9s0uAa = = (Duffoe)X°,C" + 47 (0uX, )G + X, 0uo

+ %(fh tr x)Ca + tr x0uCo + VaOuw
and given that we have already proven (3.74) we obtain by angular regularity
(3.77) Y 0w = O(r~?).

The inductive assumptions then imply

19, 0) k+1__
(3.78) o asa ) _ ;r T 9\, = O(r—2)
which shows that as desired
(3.79) lim 719, A, = 0.

u;r—00
Step 2: Metric. By the very definition of the null second fundamental form
(3.80) Drg =2x

we derive the following propagation equation for the metric components which
ensures the existence of the limit (2.28):

A(r*gas) o —\ -2
(3.81) Ep =2r *Ya + (trx —tr X)r Jab
Here we multiply (3.80) by 7*, and use that [L,T] = 0 to derive
O(r*du g, [ — .
(3.82) % — (?urx + tr X) rké‘uﬁab = 2r*8, Xap + rk(au trx)d .

Given that we have already improved the inductive assumption on Y, c.f. (3.52)
and (3.56),

(383)  FT10u % = O(rY), (D, try)g = rF (@, trx) V= O(rY),
we conclude that the right hand side of (3.82) is O(r~2), hence

. k _
(3.84) u;lrlgloor Oufar = 0.

The remaining metric components ! and b in (2.57) satisfy the propagation equa-
tions (2.60) which after multiplying by r**! yield
A(rF+19,1)
0s

(3.85a)

(3.85b)

k+1 a 1—
o(r 358Ub ) _ k;— trx 10,0 = 24" g0y geaCy — 24*0 104G

k+1_
- ;_ trxr* o, = —rfFlo,w
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In view of the above obtained (3.74), and the inductive assumption (3.42) we con-
clude that the right hand side of (3.85) is O(r~2). Therefore by Lemma 2.3,

(3.86a) Jim rFHo,0 =0
(3.86b) lim o, = 0.

Step 3: Curvature. While Step 1 & 2 mainly relied on the inductive assumptions
(3.42) used in conjuction with the propagation equations for the connection coef-
ficients, the argument for the curvature components exploits the time-periodicity
assumption similarly to the leading order argument of Section 3.1.

Recall here the leading order expression for the candidate vectorfield T' given in
Lemma 2.1, and the commutation property of Lemma 3.6 below.

Curvature components p, o. The Bianchi equations (2.22g) and (2.22h) imply
3 — 3 .
(3.87) 27(r* " p) + §T(UX —Trx)r* o + gr(trx —try)r*thp =

= i 8 — (. 8) - %(& @) —digf = (¢, ) - %0@}

We observe that the terms on the right hand side are time-independent by the
inductive assumptions. In fact,

. 3+k+1(g - 7 kg ¢ i o rk =
(3.88&) u,%“lgloo au (T (ng)ﬂ) o u,lrlgoo (T‘ auX,Q)% + u,%“lgloo (X7 " 8ug)‘?/ =0
(3.88b)
U;Liinw Oy, (TSMH(C,E)g) = U;nglm(rk+13u§7 ré)% + u;lrigloo(rg, r’ﬂﬂ(%ﬁ); =0
(3.88¢) Jim o, (r3+k+1 di/zﬁ) = im0 diga,5 =0,

where the last limit (3.88¢c) follows from the assumption (3.42) on the curvature,
and the angular regularity assumptions, c.f. Def. 2.2. Moreover, by (3.42),

(3:89)  lim 9, (r* (,a),) =

= ulrlgloo r—2 (rk_lauX, r3a)% + ulranoo r2 (r_lz, rk+38ua)

0

3
(389b)  lim 2, (r?’*"“(c , BM) =

= lim r72(rk+13ué,1"3ﬂ)%+ lim 7’72(7{,7“]“331;5)%:0

u;r—>00 uU;r—r 00
. 3+k+1 - o . k+1 3: 3 —
(3.89¢) u;%"lgoo O, (T d1)(/,8> = u;lrlgloo riTdif 0y, (r°8) = 0.
Similarly on the left hand side,
. T34k )
(3.90) u;lrlgloo Ou(r(trx —trx)r*t*p)
= UEEXJ rF+1o, (trx —try) r3p+ ulrlgloo r(trx — try)r* 29,0 = 0.
Therefore,
(3.91) lim OZ(r*tFt1p) =0,

U;T—00
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which implies by time-periodicity that
(3.92) lim 78719, (r3p) = 0;

u;r—00
time-periodicity is here exploited as in the proof of Prop. 3.2 above, and as in the
argument given in [BST10a]. In complete analogy to the above, we prove
(3.93) lim r**19,(r30) =0.

u;r—00
Remark. Instead of using the time-periodicity assumption in this step, the state-
ment (3.92) can be inferred from (3.91) more generally by virtue of a smoothness

assumption on null infinity. Indeed, in the context of Theorem 1.3, we have in view
of (1.10) that by (3.91)

(3.94) 020+ (u,€) = 0.

Therefore 9, p’f‘l is independent of u, and

(3.95) P (uz) = P () = Oups(€) (u2 — wa)

which implies after taking u; — —oo that by the key assumption (1.11):
k

(3.96) dup =0.

Similarly for the curvature components o, and g3, a below.

Curvature component . We add the Bianchi equations (2.22¢) and (2.22e) after
multiplying by 72, and use Lemma 3.7 to obtain:

. 3 - 3 .

(3.97) 2D7(r3B) + 3 (trX —tr X)T‘36 + 3 (trz — trz)r‘sﬂ
— rtrirzﬂ — rgﬁ B 77'3)2‘1 . 6+rgr2ﬁ =

=3 difa+ ¢ - r2a+ Y(r3p) + YV (r30) + 3r¢ rip+ 3¢ rlo + 2% B- Ao
Multiplying the equation further by 7*+! and differentiating in u, we prove that
all terms on the right hand side are u-independent in the limit. In particular, by
virtue of (3.92) and (3.93), and angular regularity, we have
(3.98) lim 8, (Tk+1Va(r3p, 7“30)) = lim Y (Gup, uo) = 0.

U;T— 00 U;T— 00

Moreover, by the inductive assumptions,

(3.99)  lim 8u(r3+k+1¢b0§(abéc) —

U;T—00

obe

obc
= lim 7 *O,Rwr?B + lim ¥ X" 0,8 =0

U;T— 00 U;T— 00

and similarly for all remaining terms, including on the left hand side where we have

(3.100a)  lim au(r3+k+1gbcxab50) _

UsT— 00

obc

P obc
= lim 7 rkilauxabr‘sﬂJr lim 7y r*lauzabr’”?’auﬂﬁzo

U;T— 00 U;T— 00

(3.100b) lim 8u<r3+k+1gﬁa>: lim r*t19,wr3B.+ lim rwr*39,8, =0.

U;T—00 U;T—00 U;T—00
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Therefore

(3.101) lim 0%(r*tFH18,) =0,

u;r—00
hence, by time-periodicity as above,

(3.102) lim ~3t%+19,8, = 0.

uU;r—>00

Curvature component o. Recall the Bianchi equation (2.22a) in the form

1 .
(3.103) Dr(rPa) — 3 (trx + 3trx)r’a — (%, a)d + 2wr’a =
=Y QB + 5r3¢RB — 3r3xp — 3r¥*xo .
Since by inductive assumption

(3.104) lim r**Dra =0

U3T— 00

we here invoke the smoothness assumption of Section 2.6 to infer that

(3.105) D Dra = O(r=2?)

or simply

(3.106) lim +*+19,0,a4, = 0.
u;r—00

33

After multiplying (3.103) by r**! and differentiating in u, the limit thus yields a
statement for D7« in view of (3.106). Now given that we have already improved

Dry, cf. (3.52), and Dr(p,0), c.f. (3.92), (3.93) we obtain

(38107)  lim Dp(r**+15(p,0))) =

= lim " Dpy (rPp,rP0) + lim Y Dp(r3p,r30) = 0.

u;r—>00 U;T—>00
Moreover by (3.102) and angular regularity we have
(3.108) lim Yy &Drs =0,

w3 — 00

and all other terms in (3.103) are w-independent in the limit by the inductive

assumptions. Therefore

(3.109) lim r*T1DZ4(r%a) =0

u;r—00
and again by time-periodicity

(3.110) lim 7719, =0.

U;r— 00

Step 3b. Finally we improve the order of vanishing of Dra, and Dy with an
argument that is similar to the treatment of the connection coefficients. Indeed, we

can view the Bianchi equation (2.22b) as a propagation equation:

(3.111) Dp(r—'a) — %(trx —Tx)rta- (Xorla)g =

=—r'YeB+5r 1 (&B—3rtxp—3r g0
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Therefore by the inductive assumptions (3.42) we have after differentiating in v and
multiplying by 7*t2,

k+2__
(3.112) 0s (rk”@u(r*lgab)) — %tr 20, (r ) = O(r2)
and thus
. * k+1 _
(3.113) Jim @ (7“ DTQ) =0.

Similarly we rewrite (2.22f) as

(3.114) DL(rg)Jr%(trxfﬁ)réfxﬁ.rg = —erJrr*ngr?)(rp,3*§ra+2frxﬁ.5

and observe that after differentiating in u, and multiplying by r**+2 the right hand
side is O(r~2) by the inductive assumptions (3.42). Moreover, by (3.52) and (3.56)
also the remaining terms on the left hand side satisfy

(3.115) P20, ("%, ) = O().
Therefore, as above,

(3.116) lim & (M“Dﬂ@) ~0.

uU;T—>00
We have thus proven (3.42) holds for k£ + 1, and hence completed the induction
step, thus proving Proposition 3.5. [l

Proof of Proposition 3.1. Proposition 3.5 in particular proves the statement of Propo-
sition 3.1 because in (u, s,9*,9?) coordinates,

(3.117a) (L19)ab = Oulab
(3.117b) (Lrg)aw = —2(0ufac)b® — 24ac(9ub)
(3.117c) (L79)uww = —Oul + (Oubac)b™ b + 28 ac(0ub™)b .

O
Lemma 3.6. The vectorfield T' commutes to leading order with factors in r, namely
(3.118) M;Ligloo Our =0.

Proof. Since r(u, s) is defined by (2.16) as the area radius of S, s and

0 _ 1 ab
(3.119) 5y V 4t dsu = 59" Oufavy/ det dus

we have by Lemma 2.1 that

1
(3.120) lim Oyr= lim T-r=< lim r(trx+tryx)=0
U;T—>00 u;r—00 u;T—00 &
where the overline denotes the average on the sphere .S, ;. (I

Lemma 3.7. Let 0 be a S, s 1-form (i.e. 6(L) = 0(L) = 0), and w a symmetric
trace-free Sy s 2-form (i.e. w(L, ) = w(L,-) =0), then

(3.121a) DO0=V50+x" 0+ %trx@
(3.121b) Diw=VYw+ ({,w)d + trxw.
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Moreover, to leading order in r,

1 1 1 1
(3.122a) DT9:VT9+§Xﬁ-9+Ztrxﬂ+§§(ﬁ-9+ztrxﬁ
1 1 1 1
(3.122b) Drw =V rw+ §(X7u})¢ + 5()2,0.))54 + 5 tr xw + 3 troxw .

Proof. The identities (3.121) are discussed in Chapter 1 of [Chr09]. Moreover, by
definition, D6 = IIL76 where II is the projection to the S, ,-spheres. Therefore

(3.123) (D7r0)a = (Vr0)a+0-VaT,
and the formula follows from Lemma 2.1. Similarly,
(3.124) (Drw)ap = (Vrw)ap + w(Ve, T, ep) +wlea, Ve, T)
which gives to leading order by Lemma 2.1,
1 1 1 1
(3.125) DT‘*’:VTW"‘iXXW"‘iwXX+§XXW+§WXX‘
Since w is trace-free symmetric this simplifies to (3.122) using the formulas of
Chapter 1 in [Chr09]. O

4. ASYMPTOTIC EXTENSION OF TIME-LIKE KILLING VECTORFIELDS

In Section 3 we have proven that the time-like vectorfield 7' constructed in Sec-
tion 2.1 generates an isometry at infinity to all orders, c.f. Proposition 3.1. We shall
now prove that this vectorfield is in fact a Killing vectorfield in a neighborhood of
infinity.

Proposition 4.1. Let (M, g) be a time-periodic solution to the vacuum equations
satisfying the assumptions of Section 2.6. Let T be the time-like vectorfield con-
structed in Section 2.1. Recall that T has the asymptotic form towards future null
infinity given in Lemma 2.1, and satisfies

(41) [L7T}207 ViL=0, g(L7L):O7

in a neighborhood D, of infinity, w > 0; see (4.30) for the precise definition below.
Then

(4.2) Lrg=0 :on Dy
for some 0 < w' < w, i.e. (M,g) is stationary in a neighborhood of infinity.

The proof of Prop. 4.1 relies crucially on our unique continuation from infinity
results for linear waves on asymptotically flat spacetimes proven in collaboration
with A. Shao in [ASS13]; in fact it employs the Carleman estimates developed
therein (rather than the uniqueness theorem per se) and combines them with the
general framework developed by Ionescu and Klainerman in [IK13].

We note that the latter provided an alternative (purely tensorial) to the method
originally developed in [ATK10b] on the problem of extending Killing vectorfields
in Ricci flat manifolds using Carleman estimates. Interestingly, although for the
purpose of extending Killing fields across a finite boundary both the method in
[IK13] and the earlier in [AIK10b] are applicable,® in the case at hand where we
seek to extend from infinity, only the newer method in [IK13] is applicable. This

8The advantage of the former being that the Killing fields need not be tangential to the
boundary.
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is due to its tensorial nature, which allows us to evaluate the resulting tensorial
equation against any frame. In particular, we use an asymptotically Cartesian
frame, which has the advantage that the (connection) coefficients in the resulting
wave equation decay fast enough towards infinity for the theorem in [ASS13] to
apply. ¥

In Section 4.1 we derive the relevant equations from [IK13] in the present setting.
Then in Section 4.2 we restate the Carleman estimate of [ASS13] in physical space;
(this estimate was first proven in a conformally inverted space; see also [IK09]).
Finally, in Section 4.4 we prove the unique continuation theorem, and complete the
proof of Theorem 1.2.

4.1. Tonescu-Klainerman system of tensorial equations. In Section 2 we have
defined the time-like vectorfield T away from future null infinity according to

(4.3) [L,T]=0
where L is the geodesic generator of the outgoing null hypersurfaces C;f,
(4.4) ViL=0, g(L,L)=0.
This implies of course that T is a solution to the Jacobi equation
(4.5) ViVT =R(L,T)- L.
Let 7 denote the deformation tensor of T', # = Lrg, and following [IK13] let
(4.6) B = %(7? + w)
where w is an anti-symmetric 2-form defined by the transport equation
(4.7) Viwag = TapVaLll — 1, VoL ;

here and in the remainder of this subsection the components are expressed relative
to an arbitrary frame.
Moreover, define as in [IK13] the modified Lie derivative of the curvature R by

(4.8a) W :=LrR:=LrR—BOR,
4
(48b) (B @ R)a1a2a3a4 = Z Ba:Ral...p...a4
j=1

and also a tensor II algebraically similar to the Christoffel symbols (formerly de-
noted by I' in [IK13]), namely

1
(4.9) Moy = 3 (Voﬂrﬂu + VaTau — V,ma@)
and
(4.10) Poup =Mapu — VgBay .

It is then proven in [IK13] Proposition 2.7 that B and P satisfy the transport
equations

(4.11&) VLBaﬂ = PPBQLP — BPBVQLP
(4.11b) ViPapu = WQBWLV + RQBPVBMPLU - aﬁpvaLP :

91If one employed the method in [AIK10b] one would be forced to use a null frame, for which
the resulting coefficients decay too slowly.
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These transport equations complement a covariant wave equation satisfied by
W. Indeed, as a consequence of the Bianchi equations on Ricci flat spacetimes, the
curvature satisfies a covariant wave equation:

_ o P o 14 o 14
DRa1a2asa4 - +RUPQ3Q4R a0 +R00¢2PD¢4R o103 + RdazﬂéspR [e 2R

_ a P _ o P _ o
RUPOé:sOé4R s Ye%1 Rﬂalpa4R Q203 ROOuaspR

(4.12)

og

or for brevity,
(4.13) OR=ROR.

Now using the commutation properties of covariant and Lie derivatives (c.f. [IK13]
Lemma 2.2) we have

(4~14) D(ﬁTR)mazasom = ET(DRa1a2a3a4) + H 7 vamazag(m

+ZH 7 V R a4+zv HO‘J”P ag. a4+ZH0‘JUP 0t1 PR e

j=1 j=1
In view of the presence of metric contractions in (4.12) we have, schematically,
(4.15) Lr/OR=7n®ORO®R+RO LR,
or, more precisely,

4.16
A(CTD)RQIDLZQS,CM = +£TRo'pa3a4 Raalazp + £TRJQ2PQ4 Raalaap + ETRga2a3pRUala4p
— L7Rspaza, R P — LrRoaqpas R P —LrRoayaspR ya,
+ Ropa3a4LTRgala2p + Raagpa4£TRga1a3p + RgazagpﬁTRgal(Mp
— Ropasa LTR? — Roaipas LTR? — RUQIQSPETRUQZOMP

A A A
- 2770 RApa3a4 R? i Ty R>\012;0014 R? i To R)\OQCYSPRU

Q1o Q103

[e DY 5t Q203

Q21 Q23

[e5Re 7Y

— 21 *R R, .0 —m R R, ... —m R R, 0"
p 1lodaszay alag p tloazpay ajas p Tloazaz Al o 0y

A o P A o P
+ 7" Baarpos B asas T Mg RyayaspR asay

A o P
+7Tp RaochmR asasg +7T' R0a1u3>\R a2a4

where
(4.17) N =V, T + VT,
Furthermore, by (4.8b) we have
4
(4.18) (B O R)ayasases = 9 (OB, Ray.p.cs
j=1

4
+ 22 VB, VoRay p ast+ Y Bo’ORa, p a,
j=1 j=1
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and therefore

(419) UWaiaza504 = D(‘CTR)OHCQOQOM - D(B © R)041<X20430t4
4
= Lr(ORa,azasa4) + HaopvamaQasm + Z Ha? pvaRaﬁ..M
j=1

4
—+ Z VUPQJPU 041 o + ZHa]UpvaRalp...a4
j=1

j=1
4 4

Jj=1 Jj=1
where we have used that

(4.20) Vo, 0p — OB, = V° (Hajgp ~VoBa,p) =V Papo -
In conclusion, we have schematically,
(4.21) OW = ROLrR+(ROR)OT+VROVT+ROVP+VROVB+(ROR)®B

or equivalently, since w is anti-symmetric and

(4.22) Tap = Bap + Bga
we can substitute B in place of 7 in (4.20) and obtain, finally,
(4.23) OW=ROW+VROVB+R*0B+RGOVP.

The above can be viewed as a wave equation for L7 R with fast decaying coefficients,
given that in this setting the curvature R is O(r—3); c.f. Prop. 3.2. While this is
morally the reason why the uniqueness theorems of [ASS13] are applicable, we
have to revisit the underlying Carleman estimate because (4.23) is coupled to the
differential equations (4.11).

4.2. Carleman esimates in physical space. The results in [ASS13] concern
linear wave equations on asymptotically flat spacetimes (M, g). The class of space-
times (M, g) of particular relevance here have positive mass in the sense that

2
(4.24) ¢g= Guudu? — 4K dudv + g,,dv? + Z r2yapdydy®
A,B=1

2
+ ) (94w dudy” + ga, dvdy™)
A=1

where
2

(425) K:l_ﬂ’ mzmmin>0a
r

and the differential of r satisfies
(4.26) (1 + 2Tm)dr - (1 + O(T_Q))dv - (1 +O(r )du + Z oY)

For the precise assumptions on the remaining metric components we refer the reader
to Section 2.2 of [ASS13]. We recall here that while these assumptions include

(427) Guuy Guv = O, (7'73) 5
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the cross-terms are allowed to behave like

(428) JAu, JAv = Ol (’I"_l> :

In particular, it is shown in Appendix A in [ASS13], that the above class of metrics
includes the Kerr family. In Section 4.3 we will use this fact to show that the space-
times considered in Theorem 1.2, 1.3 are in the class of positive mass spacetimes in
this sense of [ASS13], c.f. Lemma 4.4 below.

In these coordinates we define

1
(4.29) f=—-—, F(f)=logf— [,

uw
for some fixed § > 0. In view of the freedom of choice of the constant of integration
in (4.26), we can set (u = 0,v =0) on a (u,v)-level set where r is arbitrarily large;
in other words, by the choice of the u = 0, v = 0 level sets, the domain

(4.30) D, = {(u,v,yl,yQ) 10 < fu,v) < w}

is an arbitrarily small neighborhood of spatial infinity, which extends to small
portions of future and past null infinity Z+, Z~. (It is useful to keep in mind here
the Schwarzschild geometry, where the freedom in the choice of the v = 0 and
v = 0 hypersurfaces corresponds to the choice of a radius r where r* := v —u =0,
c.f. Section 2.2 in [ASS13].)

For convenience we introduce the weight function W, and associated weighted
norms, for any A > 0 and domain D =D, w > 0,

431)  W=e M = W, 612 = /D & du,

relevant for the formulation and use of the Carleman estimates that follow.

Theorem 4.2 (Carleman estimate near infinity for linear waves, [ASS13]). Let
(M, g) be an asymptotically flat spacetime with positive mass m > My > 0, and
D., a neighborhood of infinity of the form (4.30) for some w > 0. Let 6 > 0, and let
¢ be a smooth function on D,, that vanishes to all orders at infinity, in the sense
that for each N € N there ezists an evhaustion (Dy) of D, such that

(4.32) lim V(2 +109/*) =0.
k—o0 oDy,

Then, for w > 0 sufficiently small and A > 0 sufficiently large,

(4.33) NI olw + A 202Vl S 11706l
where U is defined by '°

in 1
(4.34) g . Thmin 08T

r

10As discussed in [ASS13], the function ¥ measures the strength of the pseudo-convexity of
the level sets of f.
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Proof. We translate the Carleman estimate established in [ASS13] Proposition 4.1
into physical space. The relevant estimate (4.12) therein,!!

(4.35) /D ST Og0 P dpg 2 N /D frattpoagtg

2
+ A/ f72)\+1f2671|EN$|2d,u§ + )\/ f72A+1f71\Il Z ‘EA%‘QdIU@,
D D o]
(where E4 : A = 1,2 is tangential, and Ey is normal to the level sets of f, and
unit with respect to g) is expressed for functions ¢ in the inverted spacetime (D, g)
which are related to the corresponding functions ¢ in physical space (D, g) via the
transformations

(4.36a) g=0% Q*=K'f?  duz =%y,
(4.36b) o=0Q"1¢.
In particular, c.f. Section 5.2 in [ASS13],

_ B 1 B B
(4.37) Ogé = 006+ (272R, - R7) Q"0

where R , and Ry are the scalar curvatures of g, and g respectively, and we proved,
c.f. Section 5.4 therein, that

(4.38) 072R, — Ryl < 70
Firstly, we rewrite the zeroth order term on the right hand side of (4.35),
(4.39) /f_2A+1f_2+25$2d,u§ _ /f_2>\+1K_2f25¢2d,ug )

Therefore, by rewriting the principal term in (4.35) using (4.37),
(@a0) [ FI08Rd <
D
< [ {ario,ef + 1072k - By a7 by,

5/ f_2)\+1K2f_2||:’g¢|2d,U/g+/ f_2>\+1K_2f26¢2dMg7
D D

we see that the scalar curvature term coming from the conformal inversion can be
absorbed on the right hand side.

Secondly, we treat all derivatives uniformly (retaining only the weaker weight of
the tangential derivatives), and write

@an) [ o, -

:/ f72)\+1f71\1’02{974|v9‘2¢2 _2973¢VQV¢+972|V¢|2}dMg,
D

we observe that

(4.42) VO S K |VKPf2 + KT VP S f°

oy S, .
Hywe suppress for ease of presentation the common additional factor 22 in all integrals.
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so the first term is bounded by
@ [ vareds, < [ 1 e,

and is thus bounded by the zeroth order term (4.39) above, as long as 46 < 1.
We can thus also use the zeroth order term to bound the mixed term by Cauchy’s
inequality; in conclusion we have

) [ ok, 2

2 [P, + [ £,
D D

With the notation (4.31) we have thus obtained the physical space Carleman esti-
mate,

(445) NS+ A UEVG]2 e 2702,
which is precisely the statement (4.33). O

Recalling the o.d.e.’s derived in Section 4.1 we also need a Carleman estimate
for propagation equations of the form

0
4.46 L-¢g=90 L=—.
(1.46) o=, a
We can readily adapt the proof of [AIK10b] Lemma A.3 to obtain a Carleman
estimate from infinity under the infinite order vanishing assumption.

Lemma 4.3. Let (M, g) be an asymptotically flat spacetime, and L = 0, the out-
going null vectorfield in the coordinates (4.24). Let ¢ be a smooth function on D,
that vanishes to all orders at infinity, in the sense that for any N € N there is an
exhaustion (Dy) of D,, such that

(4.47) lim rNe? =0.

k=co Jop,
Then for any q > 1, and X > 0 sufficiently large,
(4.48) ML F =96l < 17 0L - bl
Proof. Given a smooth functions ¢ and F' on D, consider
(4.49) p=eg,
then for any vectorfield L,
(4.50) e ML pg=\NL-F)y+L-%
and so

(4.51) /De*AF(L.@(L.F)w:/DA(L~F)2¢2+%(L-F)L-¢2

— [ AL PP = (L LE) - (L F) (VL)
" 2 2

as long as there is no contribution from the boundary term,

(4.52) /8D(L CFY? =0.
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With the choices (4.29), and L = 9,,, we have
1
(4.53) (L-F)?~ S =L (LF)

and in the asymptotically flat setting of (4.24),
(4.54) Vol® =00,

moreover, by assumption (4.47),

1
(4.55) lim (L-F)y?* = lim —fTPer =0, A>1.
—o0 Jop, k—o0 9Dy v
Therefore
_ 1
(4.56) [errwow-puzaf v
and hence by Cauchy-Schwarz,
_ 1
(4.57) le 'L - ¢lla 2 All=9ll2
or, since r 2 v,
1
(4.58) Me =gll> S lle™ L - |2

Finally, we can apply (4.57) to the function f —2r~9¢; since
(4.59) L- fﬁérfq = O(vilff%rfq)
we have under the same assumptions
(4.60) Alem 2 f‘”‘%llz le=F f=2r 9L - |l
which is precisely the statement of (4.48). O

4.3. Construction of space-time domain from initial data. In this section we

prove that the space-times under consideration in Theorems 1.2, 1.3, arising from

initial data which are suitably close to a Kerr solution, fall under the assumptions

of Section 4.2. The argument applies to any space-time that admits a time-like vec-

torfield which statisfies the Killing equation to sufficiently high order, in particular

time-periodic, and smooth non-radiating space-times as established in Section 3.
In (1.7) we have imposed that g|x, and k|x asymptote suitably fast to the values

Kerr

induced by a Kerr metric ;). More specifically, we assume that gls and dig|x, are
obtained on ¥ = {t = 0} from the expression (for some m > 0, and 0 < |a| < m),

2
(4.61) g=glien +9% = —(1- =2 )ar? + 05 (r*)as?

r

2m  a® 5 2mad® 5 0\, 00 (1. —4\ 1,.2
+ (1+7—r—251n 9 +7T—2cos 9 )dr + O (r~%)dr
r2(do)? + r?sin® 9 (dv?)* Z 05°(r°)d9*do”?
A,B=1
2 2
+ > 0F(r Hdtddt + Y 05 (r~*)drdd? + OF (r~)dtdr .
A=1 A=1
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Note that the explicit leading order terms arise from the expansion in 1/r of the
components of the Kerr metric in Boyer Lindquist coordinates; see e.g. [HE73].

Lemma 4.4. Let (M,g) be a space-time satisfying the asymptotics of Section 2,
and g on ¥ C M be given by (4.61). Suppose the conclusion of Prop. 3.1 hold,
namely with T constructed as in Section 2.1 we have that (3.1) holds. Then there
ezists a domain D whose boundary at future and past null infinity contains segments
Ij[o, and L, , respectively, c.f. Fig. 1, and a system of coordinates on D for which

g satisfies the assumptions of Theorem 4.2, c.f. Section. 4.2.

Proof. We know that g on ¥ is a perturbation of the Kerr metric.'? We will use
the existence of a time-like vectorfield T such that (3.1) holds to prove that g
is in fact a perturbation of the Kerr metric in the entire domain of dependence of
Yn{r > R}, for R sufficiently large. The transformation to “comoving” coordinates
of Appendix A in [ASS13] then shows that (D, g) is positive mass space-time, as
discussed in Section 4.2, and in particular satisfies the assumptions of Theorem 4.2.
Firstly, we show that on ¥ the vectorfield T" obtained in Section 3 agrees to
leading orders with the vectorfield 9; in Boyer Lindquist coordinates; in fact

PN 40~ g O
(4.62) T— 5 =005 +00 )8t+/§10(r )59
To prove this we write
(4.63) T = (14 a)d; + B0, + 7" 0ga .

Recall that in Section 2.1 we have first defined T" on a single cut S§ of future null
infinity Z%, which is specified by a freely chosen surface Sy C ¥; c.f. Fig. 3. If
(M, g) is time-periodic we may choose Sy such that the limiting sphere S§ on Cy
can be identified with the sphere at infinity on 3. Then by construction, «, 8,7 — 0
as r — o0o. In the general case this is achieved by taking Sy = 0By, of an exhaustion
By C X of the initial hypersurface by balls Bg, and thus normalises 7" on S§ to
agree with J; in the limit as d — oc.
Now consider the equation

(4.64)  (L1g)w = (Op)gew + (Ov)gpur + (1 + @) (Lo, 9) o

+ (8u8)9rs + (00B)gur + B(L,9) v + (07940 + (07 )gua + 7 (Lo, u 9) v -
On one hand, we have by (3.1), that

(4.65) Lrg=0r"")  VkeN.

On the other hand, by assumption (4.61), we calculate

(4.66a)  (Lo,9)rr = OF(r™ "), (Lo,9)er = OF(r™ "), (Lo,g)ros = OF°(r™?),
(4.66b)

2m _ o[ . — oo [, —
(Lo.9)rr = 2 +O03°(r 3) ,(La,9)tr = O (1 5) y (Lo,9)roa = O3 (r 4) )
(4.66¢) (Lo, 9)rr = OF(r™?),(Lo,49)er = OF(r™") (Lo, 9) 95 = OF(r™?).

1275 already noted above, for a general asymptotically flat initial data set, this can be achieved
by choosing m, and a, suitably.
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Inserting (4.65) and (4.66) into (4.64) we obtain equations for «, 8, and 7. Indeed
the (u,v) = (r,94) component of the equation (4.64) reads, to leading order,

(4.67) (0,74) + %(aﬁA 8) + rig(ara)ogowl) — 0% VkeN.

In view of 8 — 0, « — 0, and smoothness of these functions, we have that
OgaB,0,a = O(r~!) and we obtain that v4 = O(r=2). From the (u,v) = (r,7)
component of (4.64) we get the equation

(68) 20,8 (14 °0) — (35 + 0o )8+ 1107 (2) = 0

note that we here used (4.66a), which directly reflects the assumption made on g
component up to order r~% in (4.61). This implies that 3 = O(r~3). Finally the
(u,v) = (r,t) component reads

@69)  ~20,0)(1- 1) £ @M0F () + 0P () = 06

where we used (4.66a), which is due to the assumption on g in (4.61). This also
implies that o = O(r~3).

Secondly, we pass to a new system of coordinates (£, r,9',9?), where f = 0 on X,
Tt = 1, and the coordinates (r,9',9?), are defined to be constant along the integral
curves of T. Now (4.62) shows that g on X is again of the form

2
2 - -
(4.70) g = _(1 - 7’”)&2 + O (r)dP + 05 (r)didr + Y 052 () did9?
A=1

2m  a® |, _3 _3 A
+(1+7_72sm 19)dr + O (r~3)dr? +Zo2 )drdo

r2(dd)® + 72 sin? 9 (dv?)? Z 05°(r°)dv*dv” .
A,B=1

Thirdly, in these coordinates,

t
(4.71a) g,w(tN, 7“,1917192) = g (0,7, 191,192) —|—/ 8t~gw(t,r,191,192)dt
0

t
(471b) |gliu(fvrvl917192) _gltV(07T71913192)| S / |(£Tg)l“/(t77"71917192)|dt'
0

Therefore, on a domain of the form
(4.72) D= {(t,r,9",9%) :7 > R, [t| <r +2mlogr — (R+2mlog R)}

we have from (4.71), by virtue of (3.1) say for k = 4, |Lrg| = O(r~*) that on D
thus defined,

(473) ‘gMV(fa T, 1917 192) - g,uV(Oa T, 1917 192)| = O(Tis) .

Thus g is of the form (4.70) in the entire domain D, and the transformation to “co-
moving coordinates” as discussed in Appendix A of [ASS13] can be applied to bring
the metric into the desired form (4.24), such that all assumptions of Section 4.2 are
satisfied. O
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4.4. Unique continuation of time-like Killing vectorfields from infinity.
We shall now prove a unique continuation result from infinity for Killing vectorfields
based on the Carleman estimates of Theorem 4.2 and Lemma 4.3.

Proposition 4.5 (Extension of Killing vectorfields from infinity). Let (M, g) be
an asymptotically flat spacetime with positive mass (c.f. Section 4.2) and rapidly
decaying curvature in the sense that uniformly with respect to an orthonormal frame

(4.74) |Rapys| = O(r?), [VeRapysl = O(r™%).

Let T be a time-like vectorfield on D,,, w > 0, chosen to be the binormal on future
null infinity, and extended according to (c.f. Section 2.1)

(4.75) [L,T]=0,

where L is the affine outgoing null geodesic vectorfield. Then we have:
If T satisfies the Killing equation to all orders at infinity, i.e. for all N € N there
is an exhaustion (Dy) such that

(4.76) lim ™ Lrg=0 lim rNLrR =0,
k— o0 8Dk k—oo aDk

then (M, g) is in fact a genuine Killing vectorfield for (M, g), namely
(4.77) Lrg=0, LTR=0 s on Dy
for some 0 < w' < w.

In Section 3 we have proven that all smooth time-periodic solutions to the Ein-
stein vacuum equations satisfy the conditions of Proposition 4.5. In particular, in
Propositions 3.2 and 3.3 we have shown that (4.74) holds, and in Proposition 3.5
of Section 3.2 we have proven that (4.76) is verified in the time-periodic setting.
The following proof in conjunction with Proposition 3.5 thus completes the proof
of Theorem 1.2.

Proof of Prop. 4.5. The strategy is to apply the Carleman estimates of Theorem 4.2
and Lemma 4.3 to the system of equations (4.23) and (4.11), and derivatives thereof.

These equations are covariant and can be expressed in any sytem of coordinates.
In order for Theorem 4.2 to be applicable to wave equations derived in Section 4.1
we have to ensure a sufficiently rapid fall-off of the Christoffel symbols, which is
achieved by evaluating all tensors relative to asymptotically Cartesian coordinates.
It is at this point that the method of [IK13] is essential.

Cartesian coordinates. Given the coordinates (u,s,y',y?) of Section 2.1 we may
pass to Cartesian coordinates (z°, 21, 2% ) such that the metric takes the form

3 3
, , 1
— _J,0 0 i @ - Jrs %
(4.78) g dz” ® dz” + E dz' ® da' + E Oz(r)dx dz
=1 w,v=0
and Oyo|,i coincides with 0y, 4 as 7 — oo where

(4.79) r=/(@h)? + (22)2 + ()2

Then, in these coordinates,

(4.80) re, =0(5).

n%
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It follows that

(4.81) VOVoWhrs = 6*20aV s Winrs
3
) D (VaWiias + VWasas + VaWirgs + VWias + VW)
\,B=0

+(9(1

r2
and

(4.82)
3
1
&xvﬂwuwﬁ = aaaﬂwuwé + 0(73) Z(W/\Vvﬁ + Wirys + Waas + Www\)
A=0
1 3
+ 0(772) Z (a@WkV"/fs + aaVV/LNy(S + aaWuuMS + aozvv/w—y)\)
A=0

which shows that the wave equations satisfied by the components of W in these
coordinates, for brevity now simply denoted by (W), are related to the components
of OW, denoted by (OW), via

(4.83) OW) = O(%)V(W) + O(%)(W) + (OW).

Notation 4.1. Here and in the following we denote by (T') any of the components

Tw, ...a,, of a tensorfield T' in the asymptotically Cartesian coordinate (20, 21, 2%, x3)

for which the metric takes the form (4.78).

In conclusion, by virtue of (4.23),

(484) (W) = O(R)(W) + O(-5)(W) + O(5) V(W)
+ O(VR)V(B) + O(R?*)(B) + O(R)V(P).

Moreover, it will be convenient to have uniform bounds on the components of
VL, and VVL in these coordinates. Since

0 T D~ g 0

(4.85) L=55+) 78xi+2(’)(7‘ )5

i=1 pn=0
we have
(4.86a) VuL? =0,L° +T%,L7 =0O(r ")
(4.86b) V,.V,LF =0(r?).
Also note that

> 0
_ —1

(4.87) Vi, V] = ; O )

In these coordinates, the covariant equations (4.11) yield simple transport equa-
tions for the components of B, and P, (evaluated against the Cartesian frame
above) simply denoted by (B) and (P), of the form:
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(4.88) Vi(B) = (P) + O(1)(B)
(4.88b) VL(P) = (W) + O(R)(B) + O(1)(P).

Furthermore, after commuting (4.11) with V,, taking into account (4.87), we obtain
the following propagation equations for the cartesian derivatives of the components
of P, and B, simply denoted by V(P), and V(B):

(4.89) VLV(B) = V(P) + O()(P) + O(1)V(B) + O(5)(B)

(4.80b) VL V(P) = V(W) + (’)(%)(W)

+O(VR)(B) + O(R)V(B) + O(-(R)(B) + O(-)V(P) + O(5)(P)

Infinite order vanishing condition. We note that the assumptions (4.76) imply that
(W), (B) and (P) vanish to all orders at infinity. In fact, by assumption 7 = Lrg
vanishes to all orders at infinity, and since w satisfies the transport equation (4.7),

(4.90) Vi(w) =0(

(and (w) = 0 on future null infinity by construction), also (w) vanishes to all orders,
which immediately implies that both

(4.91a) (B) = (m) + (w)

(4.91b) (W)= (LrR)+ O(R)(B)

vanish to all orders at infinity. Since by (4.88a) (P) is directly related to (B) by
1
(4.92) (P)=Vi(B) +0O(-)(B)

we have that also (P) vanishes to all orders. (Alternatively that can be infered from
integrating (4.88b).) Therefore by assumption (4.76) Theorem 4.2 can be applied
to the functions (W), and Lemma 4.3 to the functions (P) and (B), as well as its
derivatives V(P), and V(B).

Cutoff functions. The Carleman estimates are in fact not applied to the component
functions (W), and (B), etc., but instead to x - (W), x - (B), etc., where x is a
cut-off function whose level sets coincide with those of F o f,

(4.93) x=1:onD,,, x=0:onD , wy<wi<w.

This ensures that the resulting functions satisfy the support conditions of Theo-
rem 4.2 in the interior; this part of the argument is entirely standard for unique
continuation problems.

Given that the components of W satisfy an equation of the form

(4.94) OW) = M((W),V(B),(B),V(P)),
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where M for brevity refers to a multiple of the quantities that follow, then the
function x - (W) clearly satisfy

(4.95) O(x(W)) = (Ox)(W) + Vx - V(W) + xM((W),V(B),(B),V(P))
= (O)W) + Vx - V(W) + M(Vx) + M(x(W), V(x(B)), x(B),V(x(P))) .

Since the terms Oy, and V, are only supported in the cut-off region of x, it suffices
to focus in the following argument on the last terms, the multiples M coming from
the equation for W.

For simplicity in notation, we shall thus suppress both the cut-off and the com-
ponent notation in the argument that follows.

Weighted Carleman estimates for systems. We now proceed to prove the uniqueness
of W, and B using the Carleman estimates of Section 4.2.

Let A > 0. By (4.33) applied to W (recall that by convention we simply write
W, B, etc, instead of x - (W), x - (B), etc.) we have

(4.96) NI Wl + A F 202 W < (171 0W |

and by (4.84) we can estimate

(4.97) (If ' OWlhw S IF T BW w + If e Wil + [f 772V Wy
+IfFTHVR)VBllw + [f 7 R2Bllw + [f T RV Py + VXMl ;

(here and in the following VM refers to a term composed of multiples of W, B,
etc, which is however only supported in the cut-off region of x, and will remain on
the right hand side of the inequalities.) Since by assumption

(4.98a) R=0(r73%), VR=0(r1%),
1 1
—1 2
(4.98b) f/ s fRae ¥R

we can absorb the first three terms on the right hand side of (4.97), on left hand
side of (4.96) for A > 1 sufficiently large, as long as 0 < 26 < 1.
In order to control the term involving B on the right hand side of (4.97), we add
to (4.96) the inequality
1,41
(499) A7 L Blw <
S Ve Bllw SIF T Pllw + 177 Bllw + (VXM |l -

which is obtained using the Carleman estimate (4.48) and (4.88a); the new term
on the left hand side in particular controls

1,1 _
(4.100) M= f = Bllw 2 I/ R*Bllw -

While the second term on the right hand side of (4.99) is already controlled by
(4.100), so as to absorb the first term, we also add to (4.96) the inequality

1
(4.101) A= f"'r PPl S IF T VLPw S
S Wi + 1P RBllw + [1F7 T Pllw + VM lw

which is a consequence of the Carleman estimate (4.48) and (4.88b). Note that all
terms of the right hand side are already controlled.
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In other words, up to this point we have shown that for A > 1 large enough,

(4.102)  ALf 7N Bllw + AL Pl + NS Wl 4+ A28V |y
SIFHVYR)VBlw + [ RV P + [VxM|lw -
So as to absorb the term involving VB, we add to (4.102) the inequality

1
(4.103) A||;f*1r*3v3||W SN Y3V LVB|w <
S 3P + 1P
+ IV Bllw + 1Bl + (VXM |l

which in turn is obtained using the Carleman estimate (4.48) and (4.89a). As
desired, the new term on the left hand side in particular controls

1
(4104) N f Y Bl 2 1/~ (VR)V Bl

Moreover all terms on the right hand side of (4.103) except for the first term
involving VP can be absorbed on the left hand sides of (4.102) and (4.103); (the
cut-off term of course remains on the right hand side). Now we add to (4.102) the
inequality

1,1
(4.105) A[—f7' 5 VPIw S/ 2VLVPw S
SIS 2 Wl + 1~ Wl + 17~ 2T R)Bllw + I/~ 2RV Bllw

+IF TP RBlw + 1T TPV Plw + [T T P+ [VXM -

which is the result of the Carleman estimate (4.48) and (4.89b).
Now in particular the first term on the right hand side involving VW can be
absorbed on the left hand side of (4.96),

(4.106) N fTEOEVW | 2 | f 5 2V W
because
(4.107) FTRUE Z SN 2 f

using that the strength of the pseudoconvexity is bounded below by ¥ > =1, Also
the second term on the right hand side of (4.105) is already controlled because

(4.108) NPWlw Z 172 W

as long as 0 < § < 1/2. Moreover, all remaining terms on the right hand side of
(4.105) can be absorbed by the terms introduced on the left hand side of (4.102),
(4.103), (4.105).

Finally, also the remaining term on the right hand side of (4.102) involving VP
can be absorbed on the left hand side of (4.105).

Following standard procedure, we now restrict the integrals on the left hand side
to the smaller domain D,,,, where x = 1, while integrals on the right hand side
are over D, \ D, where V is supported. Since F'(f) is monotone increasing, the
Carleman weight e can be dropped from the inequality and we obtain

(4.109) N3 f2OW |2 + A[EVW o + A f 2 °Blla + Al £~ 27 4P|2
FAFT VB + A f 23V P S (£ 2VXM||a



50

SPYROS ALEXAKIS AND VOLKER SCHLUE

which by taking A — oo implies in particular that B = 0 and

(4.110)

[ATK10a)]

[ATK10b)
[AS14]
[ASS13]

[Bla06)

[Brel3]

[BST10a]

[BST10b]

[CGo4]
[Chro1]
[Chr02]
[Chro4]
[Chr09]

[CK93]

[Daf03)

[Dam84]

[DDS5]

[DDS6]

[ETH38)
[Fri73]

[Fri04]

Lrg=0, LrR=0 :on D, .

REFERENCES

S. Alexakis, A. D. Ionescu, and S. Klainerman, Uniqueness of smooth stationary black
holes in vacuum: small perturbations of the Kerr spaces, Comm. Math. Phys. 299
(2010), no. 1, 89-127.

Spyros Alexakis, Alexandru D. Ionescu, and Sergiu Klainerman, Hawking’s local rigidity
theorem without analyticity, Geom. Funct. Anal. 20 (2010), no. 4, 845-869.

Spyros Alexakis and Arick Shao, Global uniqueness theorems for linear and nonlinear
waves, arXiv:1412.1537 [math.AP], 2014.

Spyros Alexakis, Volker Schlue, and Arick Shao, Unique continuation from infinity for
linear waves, arXiv:1312.1989 [math.AP], 2013.

Luc Blanchet, Gravitational radiation from post-newtonian sources and inspi-
ralling compact binaries, Living Rev. Relativity 9 (2006), no. 4, 1-114,
http://www.livingreviews.org/lrr-2006-4.

Simon Brendle, Rotational symmetry of self-similar solutions to the Ricci flow, Invent.
Math. 194 (2013), no. 3, 731-764.

J. Bicak, M. Scholtz, and P. Tod, On asymptotically flat solutions of Einstein’s equa-
tions periodic in time. I. Vacuum and electrovacuum solutions, Classical Quantum
Gravity 27 (2010), no. 5, 055007, 23.

, On asymptotically flat solutions of Einstein’s equations periodic in time: II.
Spacetimes with scalar-field sources, Classical Quantum Gravity 27 (2010), no. 17,
175011, 29.

Piotr T. Chrusciel and Gregory J. Galloway, A poor man’s positive energy theorem,
Classical Quantum Gravity 21 (2004), no. 9, L59-L63.

Demetrios Christodoulou, Nonlinear nature of gravitation and gravitational-wave ex-
periments, Phys. Rev. Lett. 67 (1991), no. 12, 1486-1489.

, The global initial value problem in general relativity, Proceedings of the 9th
Marcel Grossmann meeting (Rome), World Sci. Publishing, 2002, pp. 44-54.

Piotr T. Chrusciel, A poor man’s positive energy theorem. II. Null geodesics, Classical
Quantum Gravity 21 (2004), no. 18, 4399-4415.

Demetrios Christodoulou, The formation of black holes in general relativity, EMS
Monographs in Mathematics, European Mathematical Society (EMS), Ziirich, 2009.
Demetrios Christodoulou and Sergiu Klainerman, The global nonlinear stability of the
Minkowski space, Princeton Mathematical Series, vol. 41, Princeton University Press,
Princeton, NJ, 1993.

Mihalis Dafermos, On “time-periodic” black-hole solutions to certain spherically sym-
metric Einstein-matter systems, Comm. Math. Phys. 238 (2003), no. 3, 411-427.
Thibaut Damour, The motion of compact bodies and gravitational radiation, General
relativity and gravitation (Padova, 1983), Fund. Theories Phys., Reidel, Dordrecht,
1984, pp. 89-106.

T. Damour and N. Deruelle, General relativistic celestial mechanics of binary systems.
1. The post-Newtonian motion, Ann. Inst. H. Poincaré Phys. Théor. 43 (1985), no. 1,
107-132.

Thibault Damour and Nathalie Deruelle, General relativistic celestial mechanics of
binary systems. II. The post-Newtonian timing formula, Ann. Inst. H. Poincaré Phys.
Théor. 44 (1986), no. 3, 263-292.

A. Einstein, L. Infeld, and B. Hoffmann, The gravitational equations and the problem
of motion, Ann. of Math. (2) 39 (1938), no. 1, 65-100.

F. G. Friedlander, An inverse problem for radiation fields, Proc. London Math. Soc.
(3) 27 (1973), 551-576.

Helmut Friedrich, Smoothness at null infinity and the structure of initial data, The
Einstein equations and the large scale behavior of gravitational fields, Birkhduser, Basel,
2004, pp. 121-203.



[Galg4]

(GS84]

[HE73)]

[1K09]
[IK13]
[KNO3a]
[KNO3b)
[Pap57]
[Pap58al
[Pap58b)

[Pap62]

[Pap65]
[PSW]

[PW14]
[Riz98]

[Rob38]

[SY79
[Tip80]

[VK04]

NON-EXISTENCE OF TIME-PERIODIC SPACETIMES 51

Gregory J. Galloway, Splitting theorems for spatially closed space-times, Comm. Math.

Phys. 96 (1984), no. 4, 423-429.

G. W. Gibbons and J. M. Stewart, Absence of asymptotically flat solutions of Einstein’s

equations which are periodic and empty near infinity, Classical general relativity (Lon-

don, 1983), Cambridge Univ. Press, Cambridge, 1984, pp. 77-94.

S. W. Hawking and G. F. R. Ellis, The large scale structure of space-time, Cambridge

University Press, London-New York, 1973, Cambridge Monographs on Mathematical

Physics, No. 1.

Alexandru D. Ionescu and Sergiu Klainerman, Uniqueness results for ill-posed charac-

teristic problems in curved space-times, Comm. Math. Phys. 285 (2009), no. 3, 873-900.
, On the local extension of Killing vector-fields in Ricci flat manifolds, J. Amer.

Math. Soc. 26 (2013), no. 2, 563-593.

Sergiu Klainerman and Francesco Nicolo, The evolution problem in general relativity,

Progress in Mathematical Physics, vol. 25, Birkh&user Boston, Inc., Boston, MA, 2003.

, Peeling properties of asymptotically flat solutions to the FEinstein vacuum equa-

tions, Classical Quantum Gravity 20 (2003), no. 14, 3215-3257.

A. Papapetrou, Uber periodische nichtsinguldre Losungen in der allgemeinen Rela-

tivitatstheorie, Ann. Physik (6) 20 (1957), 399-411.

, Uber periodische Gravitations- und elektromagnetische Felder in der allge-

meinen Relativitatstheorie, Ann. Physik (7) 1 (1958), 186-197.

, Uber zeitabhdngige Lésungen der Feldgleichungen der allgemeinen Rela-

tivitatstheorie, Ann. Physik (7) 2 (1958), 87-96.

, Non-existence of periodically varying non-singular gravitational fields, Les

théories relativistes de la gravitation (Royaumont, 1959), Editions du Centre National

de la Recherche Scientifique, Paris, 1962, pp. 193—198.

, Theorem on nonradiative electromagnetic and gravitational fields, J. Mathe-

matical Phys. 6 (1965), 1405-1410.

R. Penrose, R.D. Sorkin, and E. Woolgar, A positive mass theorem based on the focusing

and retardation of null geodesics, arXiv:gr-qc/9301015.

Eric Poisson and Clifford Will, Gravity: Newtonian, post-newtonian, relativistic, Cam-

bridge University Press, 2014.

Anthony Rizzi, Angular momentum in general relativity: a new definition, Phys. Rev.

Lett. 81 (1998), no. 6, 1150-1153.

H. P. Robertson, Note on the preceding paper (“The gravitational equations and the

problem of motion” by A. Einstein, L. Infeld and B. Hoffmann): the two body problem

in general relativity, Ann. of Math. (2) 39 (1938), no. 1, 101-104.

Richard Schoen and Shing Tung Yau, On the proof of the positive mass conjecture in

general relativity, Comm. Math. Phys. 65 (1979), no. 1, 45-76.

Frank J. Tipler, Essays in General Relativity: A Festschrift for Abraham Taub,

ch. General Relativity and the Eternal Return, Academic Press, 1980.

Juan Antonio Valiente Kroon, Does asymptotic simplicity allow for raditation near

spatial infinity?, Comm. Math. Phys. 251 (2004), no. 2, 211-234.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF TORONTO, 40 ST GEORGE STREET, RM 6290,
ToroNTO, ON M5S 2E4, CANADA
E-mail address: alexakis@math.toronto.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF TORONTO, 40 ST GEORGE STREET, RM 6290,
ToroNTO, ON M5S 2E4, CANADA
E-mail address: vschlue@math.utoronto.ca



