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1. Introduction

Nonlinear stability results are milestones in the study of the Einstein vacuum equations.
Nonlinear stability for the vacuum Einstein flow is known for two particular spacetimes,
those of Minkowski spacetime [1] and the Milne model [2]. If the cosmological constant
is non-vanishing a large class of de Sitter type universes and black holes are known to
be stable [3-5] and also toward the singularity of certain cosmological solutions, stabil-
ity has been established recently [6]. Restricting to stability results toward a complete
direction of spacetime and the case of vanishing cosmological constant, i.e. to the Milne
model and Minkowski space, several results appeared recently that generalize these
works to the non-vacuum setting. The matter models that have been considered in these
generalizations include Maxwell fields [7-11], collisionless matter [12-16] and scalar
fields [17-20], in particular Klein-Gordon fields, which are the subject of this paper.

1.1. The Einstein-Klein-Gordon system

The Einstein-Klein-Gordon system (EKGS) describes a non-vacuum spacetime with a
massive scalar field(s) as the matter model. The EKGS, for the unknown metric tensor
g and scalar field ¢ of mass m > 0, reads
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1
— 5 Rig]gw = 2Ty
V#Tuy - 0’

Rig] (1.1)

where we use natural units (c=1, 4nG = 1) and where the stress-energy tensor is given

by
1
T = ViVt =2 8w 87V Vb + m*¢?). (1.2)

The system emerges as a projection of the Einstein equations on massive modes of the
Fourier expansion of five-dimensional Kaluza-Klein metrics [19]. Independently, the
system poses an interesting mathematical model as it consists of a system of quasilinear
massless and massive wave equations. The presence of massive waves in the system
makes its treatment substantially more difficult than that of, for instance, the Einstein-
Scalar field system where only a massless wave is coupled to the Einstein equations. The
present paper considers the stability problem of the Milne model in the expanding dir-
ection as a solution to the Einstein-Klein-Gordon system.

The EKGS has been studied intensely in recent years with an emphasis on the nonlin-
ear stability problem [17, 19, 20] (cf. also [21] where the decay of the KG field on a
Kerr-AdS background is investigated).

1.2. Cosmological spacetimes and stability

The Milne model ((0,00) x M, g) with metric

2 o
= 2
g = —dt. + évijdx'dx], (1.3)
where M is a closed 3-manifold admitting an Einstein metric y with negative curvature,
ie. Rjly] = —%yij, is a solution to the vacuum Einstein equations in 341 dimensions.

It models a universe emanating from a big bang singularity at f, = 0 expanding for all
time with a linear scale factor. It is a member of the FLRW family of cosmologies and,
in comparison with related isotropically expanding models for the Einstein equations
with a positive cosmological constant (such as de Sitter space), has the slowest expan-
sion rate. This feature makes it difficult to establish stability results for the Milne model
as decay rates of fields in cosmological spacetimes correspond inversely proportional to
the rate of expansion.

The nonlinear stability of the Milne model in the expanding direction is known due
to a series of works by Andersson and Moncrief who resolved this problem in general
dimensions [2]. Their approach uses the CMCSH gauge, developed in [22], which casts
the Einstein equations into an elliptic-hyperbolic system. This gauge enables a crucial
decomposition of the spatial Ricci tensor into an elliptic operator and perturbation
terms. A corrected L*-energy based on this operator in combination with control of its
kernel then allows for a sufficiently strong energy estimate that yields decay of perturba-
tions at a rate that implies future completeness of the spacetime.

Recently, the stability of the Milne model has been generalized to the presence of a
variety of matter models such as collisionless matter [12] by Andersson and the first
author, fields emanating from generalized Kaluza-Klein spacetimes, in particular
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electromagnetic fields [8] by Branding, the first author and Kroncke and also Klein-
Gordon fields [19] by Wang. While the former two works use the CMCSH gauge to
control the evolution of perturbations, in [19] a CMC-vanishing-shift gauge and
Bel-Robinson-type energies (cf. [23]) are used.

A crucial difficulty that arises for massive matter models coupled to the Einstein
equations for data close to the Milne model results from the slow decay of the lapse
gradient. This is due to the matter quantity appearing in the elliptic equation for the
lapse function (7 in (2.7c)). Roughly speaking this implies that the decay of the gradi-
ent of the lapse, after rescaling, takes the form VN ~ ge~ T where & denotes the size of
the initial perturbation. Then in the evolution of the L energy of the Klein-Gordon
field, the critical term at lowest order (see (6.8) for higher orders) reads

m*VNV ¢, (1.4)

when written in rescaled variables. Given the coupling to the lapse gradient, this leads
to a small growth of ¢’ in the L* energy of the Klein-Gordon field. When the matter
field couples back into the lapse equation (via t#) it reduces the decay of the gradient
of the lapse to eel"1*97T and consequently one cannot close the bootstrap argument.
This issue was first observed for the Einstein-Vlasov system in [12], and also arises for
the Klein-Gordon field as discussed in [19] Einstein equations in CMCSH gauge take
and the present paper.

1.3. Upgrading decay estimates for massive fields by the continuity equation

The main motivation for the present paper is a rough similarity between the Milne sta-
bility problem for the EKGS and the corresponding one for the massive Einstein-Vlasov
system considered in [12]. Therein, the crucial step to overcome the problem of slow
decay of the lapse was the utilization of the continuity equation, which turns into a first
order evolution equation for the energy density. This evolution equation has a beneficial
structure that allows one to obtain better estimates for the energy density than for a
generic component of the energy-momentum tensor. As it is precisely the energy dens-
ity that causes the lapse gradient to lose decay, this auxiliary estimate is the essential
tool to obtain sharp bounds on the lapse and close the bootstrap argument. In [12] it
was conjectured that the continuity equation has similarly powerful applications in cor-
responding massive matter models.

In the present paper we show that this conjecture is true for the EKGS. In particular, we
use the continuity equation to obtain improved bounds for a suitable corrected energy
density on lowest order and based on this initialization construct a hierarchy of estimates
increasing in regularity. In particular, we consider the rescaled energy density p (defined
in (2.9)) and correct it with a small indefinite term to obtain the corrected energy density

P U Y - SN
p=p 2f¢<2N ¢ ¢), (1.5)

where 7, ¢ and ¢’ are mean-curvature, Klein-Gordon field and its time derivative
defined in Section 2. The corrected energy density fulfills an evolution equation, given
in (5.4), with only time-integrable terms on the right-hand side yielding uniform
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pointwise bounds on the energy density and, in turn, for the Klein-Gordon field. This
approach is sufficiently strong to close a bootstrap argument for the full system.

We remark that our main theorem is also shown by work of Wang [19], who uses
the CMC-vanishing-shift gauge and Bel-Robinson-type energies (cf. [23]) to control the
geometric perturbations. The issue of the slow decay of the lapse gradient is resolved
therein by a hierarchy which is initiated at lowest order of regularity using an estimate
for the Klein-Gordon field that has been proven in the work on Minkowski stability by
LeFloch and Ma [17] but surprisingly applies in the cosmological setting as well.

By contrast we work in CMC and spatially harmonic gauge. Consequently we have
access to the energy-method of [2, 12] based on the modified Einstein operator (4.6) to
control the perturbation of the geometry, which is significantly more concise than the
one based on Bel-Robinson energies used in [19, 23]. Defining the shift vector field
through the spatial harmonicity condition is necessary for this technique. We have
access to this approach since we do not require the shift vector to vanish as our auxil-
iary estimate for the energy density, based on the continuity equation, is sufficiently
robust to handle a non-vanishing shift vector field. In consequence, we obtain a signifi-
cantly shorter proof of the nonlinear stability problem which avoids many of the tech-
nical details used in [19].

1.4. Main theorem

We formulate the main theorem using terminology introduced in Section 2. To sum-
marize this briefly, we let (g,ic) denote the unknown Riemannian metric and second
fundamental form induced on a hypersurface of constant mean curvature 7 = trgic < 0.
On the background the mean curvature is related to the physical time variable in (1.3)
via t, = =3t and so © /' 0 corresponds to the direction of cosmological expansion.
Following the convention of [2, 22] we also introduce rescaled variables (g, k, ¢p), see
(2.6), so that on the background we have (g,k, ¢) = (y, I, O).

For functions and symmetric tensor fields on M we denote the standard Sobolev
norm with respect to the fixed metric y of order k > 0 by || - ||g+. The corresponding
function spaces are denoted by H* = HX(M). We let %, k’l’”’(y, 17,0,0) denote the ball
of radius ¢ in the space H/ x H* x H' x H™ centered at (7, 17,0,0).

Theorem 1. Let (M,y) be a negative, closed 3-dimensional Einstein manifold with
Einstein constant u = —2/9. Let ¢ > 0 and (go, ko, > P,) be rescaled initial data for the
Einstein-Klein-Gordon system at © = 1y such that

. 1
(80> ko» o> o) € 93?’4’5’4(% 370 0). (1.6)

Then, for ¢ sufficiently small the corresponding future development under the Einstein-
Klein-Gordon system is future complete and the rescaled metric and second fundamental
form converge to

(& k) — (% %v) as t /0. (1.7)
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1.5. Overview on the paper

The paper is organized as follows. Section 2 introduces notations and the fundamental
equations. Section 3 discusses the L*-energies for the Klein-Gordon field. Section 4 states
the bootstrap assumptions and introduces the L’-energies for the perturbation of the
geometry. Section 5 discusses the continuity equation and its modification for the Klein-
Gordon field. In Section 6 the energy estimates for the Klein-Gordon field are performed.
Section 7 recalls the elliptic estimates for lapse and shift. Section 8 discusses the hierarchy
of decay for the lapse function and the Klein-Gordon field. Finally, Section 9 closes esti-
mates for the shift and the perturbation of the geometry and ends the proof.

2. Preliminaries
2.1. The Einstein-Klein-Gordon system

We consider the Einstein-Klein-Gordon system (EKGS) consisting of the Einstein equa-
tions

Rig],, ~ 5 Riglg,,, = 2T (3] @)

where the stress-energy tensor is given by
e I L . -2
T10) = 909,60 — 38, (279,096 + m3?). (.2)

Note here V is the Levi-Civita with respect to g and for m >0 the Klein-Gordon equa-
tion is

V'V = m?p. (2.3)

2.2. Negative Einstein metrics, gauge choice and variables

The following setup is similar to earlier papers on the vacuum case or different matter
models. We recall it briefly for the sake of completeness. Throughout the paper let vy
denote a fixed negative Einstein metric such that R;[y] = — %y,] We choose the constant
for convenience, but any negative Einstein metric can be treated in the same way.
Roman letters will always range over spatial indices 1, 2, 3 and Greek letters will range
over spacetime indices 0,1,2,3.

To model the dynamic spacetime we consider the 3 + 1-dimensional metric in ADM
form

g =—NdP + g, (dx* + X"dt) (dx* + X" dt) (2.4)

where N ,g and X denote the lapse function, the induced Riemannian metric on M and
the shift vector field respectively. Let 7" denote the the future-directed unit normal to
hypersurfaces of constant ¢. Recall that g, =g, but in general g% £ 3% We denote
by 7 the trace of the second fundamental form k with respect to ¢ and decompose k =
T+ 17g. We then impose the CMCSH gauge via
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t=1, FII;-T}) =0, (2.5)

where I and T denote the Christoffel symbols of g and y, respectively.

Rescaling. We rescale the variables (g,i,N,X,&) with respect to mean curvature
time t = 7, calling the rescaled variables (g, %, N, X, ¢p). This coincides with the earlier
works [2, 12, 22], except for the Klein-Gordon field, which is rescaled here as follows.
The rescaling is done according to

i = T8 N =N,
g’] — T_zgij, 21] — ‘Ciij, (26)
b =—|t| P, X =1X"

On top of this we introduce the logarithmic time T = —In (t/79), (<> 7= 10exp (—T))
with Or = —10;. We have the following ranges 70 <7 /0 and 0 < T / 0o. We also
define N := N — 1. We let V = V|[g] denote the Levi-Civita connection for the rescaled
3-metric g, p, the volume form with respect to g, and A = gV, V,, the Laplacian with
respect to this metric.

The rescaled Einstein equations in CMCSH gauge take the following form

R[g] - |2|§ + % = 41p, (2.7a)
Vo0 = 275, (2.7b)
<A—%>N—N(|Z|§—m) -1, (2.7¢)
AX® + R[g]% X™ = 2V,NZ" — V°N + 2N7?)° (2.7d)
S2NE" = VX, ),

Orgab = 2NZap + 2Ngap — LxGab (2.7¢)

OrZap = =24 — N <R[g]ab + % gab> + VaVpN + 2NZ,%;
1. R (2.7f)

—gNgab —NZup — LxZap + N1Sap.
The energy density and energy current are defined by

p=NT"j =NT,, (2.8)

respectively. Furthermore 7° is defined by raising the index using g°°, and in general
we raise and lower indices on un-rescaled quantities (i.e. those with tildes) using g. We
define the rescaled matter quantities as

p=p(-1)7 = +g%Ta)(—1)

iy _ - 1. - _ (2.9)
P07 Sa = (T =g, T)(-0)
Here and throughout, spatial indices for rescaled quantities will be raised and lowered using
the rescaled metric g Thus 3, is defined using the rescaled metric g,;, and moreover 3, would
scale as 7,(—1) . For the Klein-Gordon field these matter quantities are evaluated as
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1 2 (3 S
p=m¢’ = <5N‘1d> - ¢>’> +578"Vap Vi (2.10)
)= TGN*W) - ¢/>gabvhq§ (2.11)
. 1 242 2 3 —1 / 2
1
Sab = 51 gab + T Vap Vi (2.13)
ab 3 —2..2 2 3(3 -1 / 2 1 ab
gabT - _ET m d) +E EN (:b - d) _Eg vad)vhd)) (214)

where we have used the following notation
Do :=0r+Lx , ¢ =N "0y (2.15)

For completeness note that the change of ¢ in the direction of the unit normal
becomes, in the rescaled variables,

Wb =N 0, - X0)p = 2N B0 = (-0 (N - o).
(2.16)

Finally, the rescaled Klein-Gordon equation takes the form
=~ 3 15 3 =
0o’ = V4 (NV,p) + (4 — N)¢p' + Xan ZN”d) - EN’Z(;’)(‘)ON — 1 m’N¢.  (2.17)

Note to derive (2.17) it was convenient to move to a ‘Cauchy adapted frame’, see for
example [24, VI§3]. This ends the setup of the EKGS in the CMCSH gauge with appro-
priate rescaling. In the following we will work solely with these equations.

3. Energy functionals for the Klein-Gordon field

In this section we define the L*-energy of the Klein-Gordon field in two steps. First, we
define the natural L>-norm of a massive scalar field. In the second step we modify this
energy with two non-definite terms to obtain the corrected energy, which turns out to
fulfill the desired energy estimate, which is derived later.

3.1. Natural energy

The following energy is the natural L*-energy expressed in the rescaled variables.
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Definition 1.

Ei(§) == [, 2 (1) (¢'A* ¢ — pA T ), + [,mP(—1) A P,

¢
(3.1)
&) = S Eu().
k=1
We need the following lemma further below.
Lemma 1. The following equivalence (denoted =) holds
pllezesz = APl + 1| D2 (3.2)
for a sufficiently regular function ¢. This implies
1911 = (1Al + (195 AFZ] 1 + ][] (3:3)
where k' = [k/2] — |k/2]. Thus
E(D)"? 2 |2 lle + 1[2bl s + [[mebll (3.4)
Proof. This follows from [25, Appendix H, Theorem 27]. O

It is important to note the appearance of |t| weights in (3.4).

3.2. Modified energy

We now introduce the modified energy, which contains two indefinite terms. This
modified energy is equivalent, up to an overall scaling of %, with the modified energy
considered in [19, (3.27)]. Since the modified energy arises by using the unit normal
vector field (instead of merely 0;) as a multiplier vector field it yields a better energy
estimate, see Proposition 2 and (6.6), than the standard energy. Note furthermore that
this procedure of adding additional off-diagonal terms to produce a modified energy
with improved estimates is very similar in spirit to the corrected geometric energies
given in Definition 3, see in particular (4.10). The equivalence of the modified energy
to the standard energy is also shown below.

Definition 2.
Bu(@) = | 20089 = o9+ 3¢ AN 9N
NN (NN ) [ 0 oo, )

Evd) = Y Eul().

k=0

Lemma 2. Assume that there exists a constant C>0 such that ||N||;~ + |[N7!|;~ +
llg = 7l < C and |IN||gvi < Ce2". Then there exists a T, such that for all T > 1, the
following equivalence holds.
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Eu(p) = &), L<N. (3.6)

Proof. We first write the difference between the two energies (note without summing in k).
9 _ _
Ex(9) — Ex(9) = [, (-)'C B3/ A(N~'9) — NI GA N )y

(3.7)
+ [, (1) <2N1¢Ak¢> — ¢’A’<¢>> -

Examine the first term on the R.H.S. of (3.7). The claim for £ = 0 is easily seen from:

| (30t 0))n,

where we used [[N7!||;~ < C and J is a constant we are free to choose. For sufficiently
small & and t, = trk, one can ensure all coefficients are strictly less than 1. Note that
0 > 1> 10 implies |t| < |7o|. Thus this term can be absorbed by the clearly positive
terms of Eo(¢).

A similar argument holds for ¢ > 1. For some smooth functions v, w

A'(vw) = (Av)w + Z ey Vv

[1|+]7]+1=2i

<C5J 2(¢)u —l—C—T(Z)J m**u
N M & om? )y §

for some coefficients c;; depending on g. So for a fixed value of k > 1, integration by
parts (where there are 2|k/2] + k = k derivatives distributed) gives

| Fevreat o,

— 3‘] 2 <(va) k/2 ( 1(1))) <( )DAU{/ZJ¢/>ﬂg
M
< CJTZN‘IV”AW“¢V"°A“‘/”¢>’lug +C > J*IVW’“NIV”A“‘/”lug

[T|+]7[+1=k

_ K k
<INl [V AKla|e7 AFRL )
— K
+C Y VISV INT eV A,

[T+ |+1=k

< Clldllglled' e +C D 11V Bl Y VNl - [le¢ ||

|T]<k-1 1<|7|<k-1
< Clltdgel[t¢ || + Clledl| g - [IN]| s [ |
Ct?
< C3|Jt¢ || 5.2 " ||m¢||Hk

In the third to last line we used the following estimate
Y IVN e <INl Nl + CANT ) D (VN [IN] ]
1<|J|<k I1<[k/2] (3.8)
< ClINlge + ClINT| g [N | < ClIN| e
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In this estimate we used |k/2] +2 <k+1 for k> 1 in order to take the terms with
low derivatives on N out in L* and embed using Sobolev, recalling also that N is con-
trolled at one order of regularity higher than ¢. Note we also used the Sobolev-embed-
ding H' — L*.

In a similar way we can show

[ o onor || (0t - In tonts
M M

< J |,L_vk°AUc/2J (N—1¢)|2,ug + CJ Tz‘kaA[k/zj (Nil(ﬁ)Vk:ALk/zjd)‘,ug
M M
2

+C5J 2 2k ARl

M

: Ct2
K ALK2) g/ P oJ
v ¢ ug + om? |,

Ct?
Cr IIWbIIHk +[IN[[FelledlFenr + COlle| 3 52 . IIWf)IIHk

< %5,4 ) + [10|Ex(¢) + CSEL(D) + %&W

Thus the claim holds by summing in k from 0 to ¢ and reducing ¢ and |ty| to be suffi-
ciently small so that all coefficients can be made to be strictly smaller than 1. O

4. Energy norms and smallness assumptions

In this section we state the global bootstrap assumptions which allows for a cleaner
presentation in the subsequent estimates. Also, we recall the definition of the corrected
L*-energy to control the perturbation of the geometry from the earlier works [2, 12].

4.1. Bootstrap assumptions

Fix the regularity N > 4 and some constant 0 < x < 1. We assume the following boot-
strap conditions hold.

llg = ¥l + 12|l < Crete ™, (4.1a)
|IN| s < Cree19T, (4.1b)

||X||HN+1 < C18€(71+K)T, (4.1¢)

En(p) < 2T, (4.1d)

A simple check shows the assumptions of Lemma 2 are consistent with (4.1). Note also
that, by the bootstrap assumptions, Sobolev norms with respect to the metric g are
equivalent to || - ||y, i.e. those with respect to y.

Remark 1. The growth in En(¢) reflects the fact that, due to certain critical terms (see
(6.8)) the energy for the Klein-Gordon field cannot be controlled uniformly. Without
improved bounds on the Klein-Gordon field, which we obtain from the modified con-
tinuity equation in the next section, the bootstrap argument could not be closed.
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4.2. Energy for the perturbation of the geometry

The discussion in this subsection closely follows [2, 12], however we give a brief sum-
mary here. Recall that (M, y) is a fixed closed 3-manifold admitting an Einstein metric
y with Einstein constant u = —2/9, i.e.

2
Rap[y] = — §yab. (4.2)

Let V[y] and R[y];; respectively denote the covariant derivative and the Riemann curva-
ture components with respect to y. The Einstein operator associated with y is defined to
act on symmetric two tensors h,;, by

Lhay = ="V [,V ) hab = R P (4.3)

The lowest positive eigenvalue of £ is denoted 4y. Under our assumptions on (M,7) a
result of Kroncke [26] implies, as argued in [12, §2.1], that 4y > 1/9 and kerL = {0}.
This condition guarantees that the energy to control the perturbation of the geometry,
given below in Definition 3, is coercive and allows us to avoid introducing a shadow-
gauge analog to [2]. From another perspective, see for example the discussion in
[2, §1.4], if a compact 3-manifold M admits a negative Einstein metric then it is neces-
sarily hyperbolic and hence, by Mostow rigidity, cannot be deformed since it is the only
such negative Einstein structure possible on M.
We define the correction constant o = a(4o, d;) by

_ 1 Ao > 1/9
%= { 1—8, Jo=1/9, (4.4)
where 0, = /1 —9(4g — &) with 1 > ¢ > 0 remains a variable to be determined in the
course of the argument to follow. By fixing ¢ once and for all, §, can be made suitable
small when necessary.
The corresponding correction constant, relevant for defining the corrected energies is
defined by

I 1 ;\40 > 1/9
E = {9(10 —¢) Jo=1/9. (4.5)
Define the following operator
1 Kl Kl
Lgyhay = —ﬂ—gv[ﬂk(g 1V [V hab) = 2R[Y] (4.6)
which acts on symmetric two-tensors h;;. Note that £, , = £. We recall also the decom-
position of the curvature term in the spatial harmonic gauge (c.f. [23])
2 1
R[g]ub + §gab = Eﬁgw(g - V)ab + Jabs (4.7)

where, for m > 1,

[llggnr < Cllg = 2z (4.8)
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We are now ready to define the energy for the geometric perturbation. For m > 1 let

1 . 9 .
Em) = EJM<6Z’ Ly 6%, + EJM«g =)Ly, (8 = 7))kg (4.9)
Lim) = JM<62’ L7 g = 7))y (4.10)

Then, the following corrected energy for the geometric perturbation is defined by

Definition 3.

Ek(gE) = Y Em + el im): (4.11)

1<m<k
Under the imposed conditions, the energy is coercive and equivalent

B8, Z) = |lg = 7l + [1ZI7-

4.3. Local well-posedness

Local existence theory is a prerequisite for addressing the global existence and stability
problem for any Einstein-matter system. The local existence problem for the vacuum
Einstein equations in CMCSH gauge was proven in [22]. We provide the corresponding
result for the Einstein-Klein-Gordon system below. As it differs from the vacuum sys-
tem only by coupling an additional nonlinear wave equation to the elliptic-hyperbolic
system there is essentially no difference in the proof. One issue is however important to
remark, which concerns the elliptic system. To preserve the crucial feature that the ellip-
tic operators are isomorphisms we need to impose a smallness condition on the matter
variables. This has been observed already in [27] for collisionless matter and, for simpli-
city, turned into a smallness assumption for the full perturbation. Following the strategy
of proof in [22] and making an additional smallness assumption analogous to that in
[27] yields the following local-existence theorem for the EKGS.

Lemma 3. There exists a 0 > 0 such that for any initial data set at time T, for the
rescaled Einstein-Klein-Gordon system in CMCSH gauge (go, ko, g () with

l1go = 7lls + I1Zolly + V/Iel(Ilholls + 1l o Il,) < 6, (4.12)

there exists a local-in-time solution to the rescaled EKGS in CMCSH gauge with this ini-
tial data. Moreover, let T, be the supremum of all T > T, such that the corresponding
solution exists up until T. Then either T, = oo or

lim sup |lg — 115 + [1Z[], + /<l (]ls + [l 1],) = 26. (4.13)

T—Ty

Remark 2. The mean-curvature factor in front of the Klein-Gordon field terms results
from the lapse equation, where this condition assures smallness of the corresponding
matter term —1t. As 5 is quadratic in the rescaled Klein-Gordon field, each term
obtains a factor of \/|1].
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Remark 3. We use the previous lemma to establish global existence of the solution cor-
responding to the considered perturbations by proving decay estimates that assure, in
particular, that the necessary bounds above hold.

5. Modified continuity equation

In this section we cast the rescaled Klein-Gordon equation in the particular form (5.1)
and derive a modified continuity equation (5.4). This is essential to prove an improved
bound for the pointwise norm of the energy-density, which in turn allow for an initial-
ization of the hierarchy that improves bounds on the Klein-Gordon field and the
lapse function.

The rescaled Klein-Gordon equation (2.17) when written in terms of the small quan-
tity N reads

A -~ 9 ~ 3 3 =~
Do’ = V*(NV,0) —3NP' + ¢’ + Ez\rlqw + ZN*%;ﬁ + 5qbaoz\rl — 1 2m*N¢. (5.1)
The standard continuity equation, see for example [28], is

N
Orp = (3—N)p — X*V,p + N 'V, (N*}*) — 7* ?guhT“b — ’NZ T

~ 3 ~ 1
= —3Np — XV,p + *N 'V, (va) <E¢ - 80(;5)) + 5Nm%ﬁ2
N N1/3 0~ 2 N
+ ngva(bva(b - TZT <E¢ - 80¢> + ‘EZEZahV“(bed).

The problematic terms in this expression are Nm?¢* and N(t¢')>. This is because
naively estimating such terms using the standard Sobolev embedding L™ < H? and the
bootstrap assumptions (4.1) leads to a problematic e’ growth for p. Nonetheless, moti-
vated by the notion of a ‘modified’ energy, we consider a modified energy density.
Consider the quantity

P:= ¢GN1¢ - qb’). (5.2)
Using the KG equation (2.17) its evolution equation is the following.
OrP = —LxP + 9oP
= —LxP+ 39+ FON " — N9 — ¢Dold)
= —LxP 309! — VUNVad) + NG'§ —> ¢ — 4g/g + N
— N(¢')? + 1 2m*N >
For some constant 4 define

D= p+ It*P. (5.3)
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We will be interested in the modified continuity equation for A = —1/2.
0rp = ~3Rp — X"V, + 7 (14 3/N)GVINV$ + 72 (3 + N)pAp
— T’ N¢'Ap + 123(1 +N/9)V,.pV?p — PNV $V,¢' — 21°¢p'VpV,N  (5.4)

F22 (U= 2N+ (1= N/ + 2 SV 69",

Proposition 1. Assume the bootstrap assumptions (4.1) hold. If 2 = —1/2 the following
equivalence holds p = p and also the estimates

10121 = (IN]5s + [1X]l 12 + 12l + [t Ea(), (5.5)
and thus

T
plr=plg, + C83J o125 g < Ce2. (5.6)
To
Proof.
8{/5 =0rp + /17:28TP —2)7°P
~ 1 1
= —3Np — X°V,p + Nm?$? <§ + )V) — N(¢')* <E + z)
2a7—1 a (3 3 2 3 3 2v7a 3 3
+ ! N"'V,NV*¢p 5¢>—6o¢ + °A¢ E(ﬁ*ao(ﬁ +1*V99V, E(}S—aoqﬁ
N 9 3 N
+ TZEV,@V“Q& -7 ngl(/)z + 7 Egbq')/ + 7 EZabV“d)Vqu

I (=49 — GVUNVa) + NO —> 6% + 2N 192 = 3N 192 + 20,

Choosing 4 = —1/2 we can remove the problematic terms. Indeed the evolution equa-
tion is now (5.4). To show the equivalence, note
] (3 2 3 :
—Dl=—p(=NT1dp— ¢ )| <L m?p?* + 62 (=N'p— ¢ | . 5.7
lp—=pl==1¢15 ¢¢‘_5m2m¢+12 b—¢ (5.7)

Thus for sufficiently small 6 and t© > 7y equivalency holds. Finally, and recalling (3.4)
and the standard Sobolev embedding H? < L™, we have
1010] = IIN| (Imepl 7 + TN~ Bl + (170 [7) + [1X]] | m* Vb
+ 11Xl (N7 Dl + 201 TV N D) + [V 1) + VN [V |
+ [ellleg |18 1 + IVl 1 + [Vl [V 1 + 128 || [TVl [VN]
+ 2l + lellle |l + 2o [TV 7
= Nl E5(0) + 1X1115E5(9) + [F1€4(8) + Il E2(6) -
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Lastly we estimate the initial value of p
2 ~1 4112 2
P|To = (||m¢||~ + [|TN 1¢||L°c + ||T¢)/||L°C>|To =< &(0) 1, = gt

|

Remark 4. The additional indefinite terms in p, just like the energy density (2.10), are
chosen to be quadratic in the Klein-Gordon field. Up to constants and an overall curva-
ture factor of 7, they are an off-diagonal combination of the terms (m¢)> and
?(3N"1¢ - ¢')2 appearing in (2.10). The idea to use off-diagonal terms is inspired by
the corrected geometric energies given in Definition 3, see in particular (4.10).
Alternatively we can consider the physical energy density p. By using (2.6), (2.9) and
(2.16), the additional correction terms added to p, up to constants, take the form
r(}ﬁ"aﬂ(}. This is one of the simplest corrections involving the Klein-Gordon field and
the curvature that one can consider.

6. Energy inequalities

In this section we derive decay inequalities for the time derivative Jr of the modified
L*-energy norm of the Klein-Gordon field defined in Section 3.2. The main results in
this section, Propositions 2 and 3, will then be combined with later estimates for the
Lapse in Lemma 10 in order to close the bootstrap argument.

6.1. Zeroth order Klein-Gordon energy

Recall the definition

Eo() = Lf [(W +8"VapVod + 3N pP'N + gN—quz @ - N)] He + ijz(;)zﬂg.

Proposition 2. Assume the bootstrap assumptions (4.1) hold. Then the zeroth-order esti-
mate holds
0rE0(9) = (1=l + [Nl + It Eo(9) (6.1)

and thus
T

Eo( )]y = Eol )]y, - exp (cj e“””ds). 62)

To
Proof. The modified energy takes the form
Eold) = | (o) + ¢

where fy(¢) is the expression between the square brackets above. An identity taken
from [12, (6.5)], valid for some function u on M, is the following
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~

8TJMu,ug = 3JMNu,ug + JMao(u),ug. (6.3)
Thus we find
Or€o(¢) = _JM(3 — N)(@fo() + m* )y + JM (ngo(fo) — 27 + m250(¢2)),ug

< N leEo(d) + UMrzéom ~22f 4w

(6.4)
Another identity taken from [12, (6.4)] and relevant for this and later calculations is
Dog™ = —2NE® — 2Ng™. (6.5)
Using these and the Klein-Gordon equation in the form (5.1) we find
20o(h) — 2% + m0o (")
=20V (00 Vath) + 30V (N V) + PV.NGBNN ' ¢V, + 24/ Vo — pV o))
#2836 -5+ o g Ny +5 (-3 v
—7? <3N—2¢>2 G - N) + 2(v¢>)2> + 3N 1¢¢'(2 — N) — 2NT* TPV, V¢ — 3m*N ¢
+ 20N (3¢¢>’ FINTPN — 3¢+ gN —§¢2>.
(6.6)

Note that due to our use of the modified energy, instead of the standard energy, the
terms involving yN in the above calculation cancel and so the final line (i.e. (6.6)) van-
ishes. Combining this with (6.4) we find

0rEo($) = (|Zllg + [Nl )Eo () + 7 jm + j eIt ¢ g

= (1=l + IN||gp + [1)Eo()-

Applying Gronwall’s inequality yields the result. O

6.2. Higher order modified Klein-Gordon energies

Now we calculate the time derivatives of higher-order energy norms for the Klein-
Gordon field. Recall the definition (3.5) of the modified L*-energy, which we repeat
again here for convenience.
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o]
=
=

i

[ 20t gntor - oat i apatonon) + v aat (3-8 )N o) |
M

| 1) onton,
M

The main energy estimate for the modified higher order energies is given in the follow-
ing proposition.

Proposition 3. Assume the bootstrap assumptions (4.1) hold, then the higher order ener-
gies for 1 < £ < N satisfy

0r€u(@) = (INllgp + 1=l + [[Zllzy + 1Nz + [T))E ()

¢
< z (6.7)
R+ 2l 3(8) + e+ D[ B
k=1
where By denote the border-line terms, which for k > 1 are defined by
By := m*¢/ [N, A] ¢. (6.8)

Proof. In a similar way to Proposition 2, we have

OrEx(¢) < |IN||~Ex(9) +

jM<—1>"<r250<fk> 22, + mBo($A) ),

where f, is the integrand inside the square brackets of Ej(¢) above. Hence we calculate
the final term above and use the Klein-Gordon equation (5.1) to simplify. For some
function u we have, by repeated applications of (6.5),

Du(Ahu) = Dolg g T Vo, Vo Vit

A2k—1

k
= Ak<80u) - ZNE ‘galaz DTS 'ga2ka2k71Vﬂ1 vﬂz U vaﬁvﬂzpl U vﬂzkflvﬂzku
i=1
— 2NkAFy + gma: . .. goaax [50’ VaVa, V| V@J u .
We introduce the following compact notation for the second and last terms.
k
ZIAIICu — E galaz R N L .gazkllzk—lvalvuz .. Vﬂzivﬂﬂ—l ... vﬂzkflvﬂzku (6 9)
P .

[50a Ak] U= gnh ... ghkihi [50> VoV, -+ vazk—lvazk] u.

Thus

jM<—1>"<rzéo<fk> 2%, + Bo($AD) ),

sL+LE+L+C+ Cﬁ+“ Biu,
M

where we define the lower-order integrals by



18 @ D. FAJMAN AND Z. WYATT

ol

= UMTZN(Iklfk - ¢Ak+1¢>ug\ + “Mfwzw;wg + UM*NM’A?“%\

(o))

+ H m* pT' A,
M

+ U UNG'T AN N ),
M

J’_

st

o

2= U PNAGA (N ¢N)p,
M

+ U VNV A $rp,
M

+ U VNV, A (NN p,
M

L= ‘JM‘CZ ( — 3N@'A¢r + (15 — 3N) ' AN(NN~' ) +§ (N - %)N’lqﬁAk(N’lqbﬁ))ug

+ U (2 — N)N*(/)A"(/)/ﬂg (6.10)

[ FE- s

and the integrals involving commutators by
Ci = UMm2¢ (90, A¥] <z>ug|+UMr2 <¢>’ (00, A1 — ¢[00, A ] ¢ + 3¢ [0, A*] (N 9N)

+ % (N"1¢)[Do, A¥] <<z - N) N1¢>>ug .
= ‘ 2 <—2A¢ (A%, N] ¢’ — N1 (A%, N] ¢’) n

. (6.11)

Finally, the terms without decaying factors (for example, without factors of |t| or
[IN]|;~), and which will require additional care to control, are the following.

By := m*¢’ [N, A¥] .

Note the terms involving 50N have canceled with each other. The terms I, will be con-
trolled using Lemmas 5 and 6. The commutator terms C; will be controlled using
Lemmas 7 and 9 below. Summing these estimates for k=0 to k = ¢, noting that k=0
is covered using Proposition 2, yields the claim. O

6.3. Auxiliary lemmas

As mentioned in the foregoing proof we require a series of lemmas that are used in the
proof of the main energy estimate above. We list and prove those in the following. The
main strategy throughout this section is to integrate by parts on each term and distrib-
ute k > 1 derivatives while also making use of the Sobolev embeddings H? < L
and H' — L*.

Lemma 4. For k > 1 and general functions v,u, and w we have

k
UMWA wikg| = [V |24l e W1 e - e oo [V [ e - 19 T e ]
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— 1 do not appear if k=1. Also assuming the bootstrap
assumptions (4.1) hold, then for k < N

1N e = (o] + [N ) Ex($)/2, (6.12)
123 = N)N' |1 < [7|Ex(d)"/* + |1]e2, (6.13)
lle(ot = N)NT' |1 = (1] + [IN]| et )E()> + |IN[E1 ()7, (6.14)

where o # 3.

Proof. Using the Sobolev embeddings H* <— L> and H' — L* and integration by parts
on general functions v, u, and w gives, for k > 1,

U vubwy, sJ (V)% A2 () () A (),
M M
= W g el |l W [ = [l [ 1] | [ ] e

> VI Y IVl wll

1<I[<k-1 1<j/[<k-1

ol L1 P P A P 2 P o PP PR

— 1 do not appear if k=1. We also have

[N EN] e = [l e + llEN "

o 5 _ S
= &) + [N E(8)" 4 (12l IN e + [2l [Nl Ex(9) "2
= [tlk(@)" + [ale.

and also
1/2

N bl = [N pelllle + | D JTZIV”INWZIV%I%
I+ 1<k ¥ M

<[t€@)'?+ Y IVINT D Vol

1<|I|<k 7| <k—1
=< (1] + |IN[ e ) Ex() /2.

Finally although N is small, there are several terms involving N — oo where a # 3. In
this case we take care to extract N — o in L*® when no derivatives hit it, but when
derivatives do hit this term we note that V(N — «) = VN and this is small.

[l7(e = N)N72 ] e = [[ot = N [[eN "l [+ 1eN T Bl [IN |+ [1EN T bl [N ]
= [EN T Pl + [N | [2b | [IN]
= (2] + [Nl )E(D)'2 + [IN][ e 1(¢)2.

The first set of lower-order integrals I; are controlled in the following Lemma.
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Lemma 5. Assume the bootstrap assumptions (4.1) hold, then

L= (NIl + [[Zl2)Ex(@) + (Nl + [[Zl)E2(8) + (IN] e + [1Z] 1) Ex()-
(6.15)

Proof. The results of Lemma 4 allow us to easily obtain
N2 A ope | [, 2N ([klfi — 92 )
= [INllgEk(d) + [IN[|g&2(¢) + [IN]|Ex(p)-

The remaining terms involving contractions with £ can similarly be estimated. For
example

[y OZ AF S| = (12| lmep g+ [lml [ 1=l e+ mepll sl 2] )l mepll e
= |ZlE(D) + |2l E2(D) + |2 k()

|

Lemma 6. Assume the bootstrap assumptions (4.1) hold, then the following estimate

holds.
L+ = (Nl + [IN|])E(®) + [Nl €3(9) + [l
Proof. We make frequent use of the identities from Lemma 4 and also the identity (3.8)

for derivatives of N~!. For the first term in I, we integrate by parts only k - 1 times
so that we avoid terms such as ||t¢|| . since this is only controlled by Exi1(¢).

HM<—1>’%2NA¢M<N*¢N>% < | ENAG g [N N )b

S(IINIILxlqu&HHm+||rAd>||Lx Y VNI > VNI Y HTV’A¢|IL4)

1<|11<k—1 1<|11<k—2 1<|J|<k—2
X <|IN*1NHL>CIIT¢HHM+Ir|II¢IILx SoOIVINTle+ D0 VN Y IIrV’¢\IL4>
1<|I|<k+1 1<|1|1<k 1<]]|<k

= (Ile@llzees + 1wl IN gz ) (el e [N zeor 4 [N ] s |70 )
= |INlgn €3(¢) + [N |1 Ex()-

Sums involving |I| <k —1 or |I| <k — 2 do not exist for k=1 and k=2, respectively.
The key point above is the estimate

[eNT' NG ger = [t lggr [Nl + [ele® = Ex() 1N |gger + [zl

Note the first term E’k((b)l/zHNHHkH above is worse than the term gk(¢)l/2|r| from
(6.13). This is because we have more derivatives to distribute and so we must allow for
a term with both high derivatives in N and ¢.



COMMUNICATIONS IN PARTIAL DIFFERENTIAL EQUATIONS @ 21

For the remaining terms of I} we integrate by parts k times to obtain

“ rZV“NVud)Aqu'HU VNV, A (N ¢N)|
M M

= (1N [V Dl + 1V Dl VN + VN5 [V g5 (2 g + [N NI )
= (INllgs + Nl ) () + 7l [Nt €3() + &'l IN |-

Thus
1= (IIN]lgeor + |INT 1) Ex() + [IN|lernE3(p) + [z]&.

Turning to I, we see that the last two terms contain no factors of N. We estimate
these using (6.14) to obtain

|72 = N)NT' A Prp| = [[1(2 = NIN T ¢l [ 7|

A\ g HE (6.16)
= (7| + [IN|[gr1)Ex(@) + [IN|[E2()-

The other terms of Ii’ are estimated in a similar manner, using instead (6.13). Thus
L= ([N + [ol + |IN[]2)Ex(®) + [IN [ () + [e]e™.

|

We now estimate the commutator terms C;, divided into those commutators of the
form [80,Ak], see Lemma 7, or those of the form [Ak,N], see Lemma 9. We start with
the following identity, adapted from [12, (6.6)] and [31].

Lemma 7 (Commutator identity). For some general functions v, w and k > 1 we have

~ -~ -
UMV[%A e P e ey 1 R [ P o[ S S
(6.17)

Proof. From [12] we have
(D0, AJw = g% -+ g1" (00 Vi, Vs -+ Ve, Ve w

A2k—1

= gﬂlﬂZ .. .gazkflgazk |: Z Z Val .. Va,,l (VaIH . Vaj,lvcvajﬂ N VaZk (W) . K;jﬂi)

i<2k—1i4+1<j<2k

where

K = Vy(NK?) + V(NKS) — V4 (k).
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Thus after integration by parts, we find

U v[go,Ak]w,ug
M

|| v K,

I+ =2k—1
=

< + Y CUJ vV (W)K)p,
I +|=2k—1  |I|+]]|=2k—1 M
1< <k 1 <k
= Z J |VI/VVI//(V]W ) K)|,“g + Z J ‘V]’WV]”(VIV . K)}Mg
I+ =k—1"M I+ =k—17M
[I'|=k =k
J]>1 ' =1

= (Wl el Wl zer + 1wl 9] ) QUK e A 1K et

[
Finally recall k = X + ¢/3 so that K = V(Nk) = V(NZ) +£VN. Thus
1Kl + 11K s = 12l + [N+ e+ 1N e
Lemma 8. Assume the bootstrap assumptions (4.1) hold, then
Ci = (Ex(@) + Iele") (1K1l + 1Kl 1)- (6.18)

Proof. Using Lemma 7 the ‘symmetric’ terms are controlled by

jM<rZ¢’ [0, AF]¢' + m? (80, A¥] d)atg] = (K[ + K] [0 Ex().

The remaining terms are

. ‘JMTZ(N1¢)[5°’Ak] ((% - N)Nld))ug

UMT%[@o,Ak“]wg\ +|[ 2oon a0 9Rn,
= (elllod e bl + 115 el eN 9N

1N Ll 70 (1 3/2N) ) (1Kl + 11K )

< (Iel&e(®) + [1l2® + s Ex( )UK L + 1K)

In the final line we used Lemma 4. O

The final result in this section controls commutators involving N.

Lemma 9. Assume the bootstrap assumptions (4.1) hold, then
Ci = |IN Iz Ex(®) + [Nl E3(0) + [Nl Exl ). (6.19)
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Proof. First note the expansion
[A¥ N]w = Z cyVITINVw
[T|+|T|=2k-1

where the constants ¢j; are functions of g and so will be bounded below by some large
overall constant. For general functions w, v and k > 1 we have the following

Jv[Ak,N]w,ug
2N VWIENY WL+ YD IV N,
1+ =k -1 I+ =k -1
=k ) =k+1

= { IV N g+ [Nl [P+ D0 119l D AN |l

|| <k—2 |Bl<k—1

(Wl + 1Vl Wl + >0 IVl D Wl | 1IN gees
o<k pi<k-2

= ([l + Wl e IN | [ W] e + (HW||H’<||N||H3 + |!W||Hz||NHHk+1) [N g [ -
The claim follows, recalling for example the estimate (6.12). O

7. Lapse and shift estimates
We first recall the following elliptic estimates from [12, Proposition 17] for the lapse and shift.

Proposition 4. Under appropriate smallness conditions we have the pointwise estimate

N € (0,3] and the following estimates

NIl < CUZea + [l ]l e-2), 7.1)
2 2 . :
[1X[ e < CUZ e + g = 7l + Ielllnllges + T INjllgez).

Applied to the present case this yields the following estimate for the lapse function.

Lemma 10 (Lapse estimate). Assume the bootstrap assumptions (4.1) hold, then for 2 <
¢ <N+ 1 we have

Nz = 1ZlF-2 + elllollpe + [l e-a() (7.2)
and furthermore

Nl = &[] + [l -2 (). (7.3)

Proof. For k > 0 and some function w we have

2 2 2 4 4
W1 = (Il S jM|vfw| ot Y jM(|vmw|+V’“w| n

<k [T]-+17]+2<k

2 2 4
= ||wllp W]l + Z ||VI+1W||L4 (7.4)
[Il+1<k—1

= [lwllzoe Wil + [l
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Recalling the definition of # from (2.12) and the estimate from Proposition 4 we see
S 2
[N = 12772 + [zl |l e
= |21 + [t (Impll = + TN Pl + [le¢ [ )E—a(d)* + [7|Exa ()
<122 + [t1€2(d) + el pl| -

|

Remark 5. It is crucial in the final line of the previous proof (specifically for ¢ = 2) to
use the pointwise estimate from Proposition 1 instead of the standard Sobolev estimate
invoking £,(¢), since the latter would have created a e’ growth preventing the envi-
sioned bootstrap argument.

Lemma 11 (Shift estimate). Assume the bootstrap assumptions (4.1) hold, then for
3</<N+1

X lgze = 112l + llg = 7l + Ielllolle + [t1€e-2(9)
and furthermore

[1X] e = &2le] + [T]€0-2(p). (7.5)

Proof. Recall the estimate from Proposition 4. We may use the estimate for ||n||
derived in Lemma 10, and will also need an estimate for the rescaled matter current

1= r<;N1q’> - (f)’) V. (7.6)

For k > 0 using the standard Sobolev embeddings, we have
sl = 11Vl Ex(9) + (TN Dl + [17]]1)Ex()"? + Enl(9)
=llpll~ + Ex(®)-
So for 3 < ¢ < N + 1 we have
Xl = 122 + g = 7l + Lelllnllzes + 2 lINjl -
=12l + llg = i + [elEe=s(d) + Ialllpll

e (||N||Lx||rj||Hu + Y Rl + ||N||Hu||rj||H“)

l1<e—2

=< [1Zllf2 + llg = 7l + [elEs(@) + [el(lpll e + Ee-a($) + IN]|E2(6))-

|

8. Hierarchy between lapse and Klein-Gordon field

In the following Lemma we estimate the borderline terms for the Klein-Gordon energy.
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Lemma 12 (Borderline terms). Assume the bootstrap assumptions (4.1) hold, then for
1 </ <N we have

/ .
> JMBkug < [t ~'6€u($)IIN e + 12l EDIN e + 2] Ec($) P Er1($) I[N g (8.1)
k=1
Proof.
| | = | vt~ sy
M M
<| VNS STV [ S VNS gl
M1+ 1+]|=k Ir|<k Mn+14 7=k |F|<k
T P P P PP N vy ([ Y oA v
[Tl+1+/|=k
I 2P P P o 7 PP S [ v g PP v
[I|+1+|]|=k
= |t Mol (@) 1IN e + 1] Ex(8) > (IV N 10 g + 11 o [IN )
+ 27 eEk(@) PN e + [t T E(@) (VN It gt + [N s |76 )
< [t e€x(0) 1INz + 111 EL(D)IN |2 + 1717 Ex(D) 2 Eir () [ IN oo
Summing from k=1 to ¢ gives the required result. O

Remark 6. We now outline the key ideas behind closing the Lapse and Klein-Gordon
bootstrap assumptions, as proved below in Proposition 5. The estimates for éo((j)) and
||K7 || are readily improved. Then, starting from ¢ =1, the most problematic terms
needed for the £,(¢) estimate are contained in Lemma 12. Nonetheless, Lemma 12 tells
us that we need information about |[N||;pz, ||N||ge and £;1(¢), all of which have
been upgraded from the previous steps. The upgraded estimate for £(¢) will then be
used, via Lemma 10, to close the bootstrap estimate for ||N||;... One then moves onto
improving the estimate for £/,,(¢) and continues until £ = N.

Proposition 5 (Upgraded Lapse and Klein-Gordon estimates). Assume the bootstrap
assumptions (4.1) hold, then

Nl = e, (8.2)
Eo(p) =&, (8.3)
and for higher orders 1 </ < N
|IN|| g1 < 2e 71509, (8.4)
Exlg) = 2T (8.5)

Proof. From Proposition 2

Eo(¢)r = Eo($)l,- (8.6)
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The lapse estimate Lemma 10 with ¢ = 2 then implies
IN||;p <% T+ e T (dp) s e (8.7)

The Klein-Gordon estimate of Proposition 3 combined with the borderline estimate of
Lemma 12 for { =2 — 1 =1 together imply

0r&1(9) = eeTHITE () + [tl€1 () + e HIT + et[t] + [1] " eE1 () *|IN] | o
+ [t EL (DN + 27 E1($)E0(§) | IN |
5836(71+K)T 4 &t + (8e(71+K)T + |‘C| + 82)51((1)).
Thus Gronwall’s inequality implies
_ N T T
£l < (B1@l, + €[ @4 ae) exp(c |
To

= (&E1(P)|, + 2T exp (CeT).

<e—s + 86(_1+K)S + 82)d5)
To

(8.8)
Note we used the identity: x < 14 x < e* for x > 0.
Returning to the lapse estimate from Lemma 10 with ¢ = 3 now implies
IN||;p S e T+ e TE (¢) = el ~1H20IT, (8.9)

Now we use this result to improve the ¢ = 2 estimate for the Klein-Gordon field. From
Lemma 12, Proposition 3 and the upgraded estimates obtained so far, we have

OrEx() = el ITE($) + [elEx(¢) + eI gt 4 [2] e ()N g
+ [t EAD)IN e+ [] " Ex(9)*E1(8)' Nl
= e TEN() + [1lE2(9) + eI 4 282()' 2 + £ (9)
+ 83eCST<§2(d))1/2
< el 71T L 20T o (geT1IHIT 2| 4 62)E, ().
Thus by Gronwall:
Ex()lr = (Ex(P)ly, + Jp, (el 79 + heCds)) exp (C [, (e7* + &)ds)
= (Ea()ly, +&7eT)eT.
Continuing in this way we stop at £ = N + 1 for the lapse estimate.
IN|[jpve S €T+ e TE 1 (¢) < e2el 7T, (8.10)

Using this to estimate the final / = N energy (recall N > 4) for the Klein-Gordon field
gives

OrEn() = el TOTEN(D) + [tEn($) + e 4 [rlet + [o| e (9)" N
+ [t T EN(PIIN | + 171 EN(P)2En-1(0) 2 IIN] g
< gde(-1+CaT t|En () + 83eC8TgN(¢)1/2 + 82§N(¢)
< e(-14Ce)T 4 g4p2CeT o (86(—1+CS)T + |1’| + SZ)EN(QS)-
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Thus by Gronwall we have
~ ~ T T
EN(¢>|T = (EN(d))'To + J (823(*1+C£)S + 84eCss)dS) exp (CJ
Ty

< (En(9)ly, + )",

(e + es)ds)

To

9. Energy estimate - geometry

In this final section we obtain improved estimates for the shift vector field and the
second fundamental form and metric perturbation.

Corollary 1 (Improved Shift estimate). Assume the bootstrap assumptions (4.1) hold,
then for 3 < ¢ < N+1

1] [ e = 2T (9.1)

Proof. This follows clearly from Lemma 11 and Proposition 5. O

Recall the definitions from Section 4.2. Using the energy estimate given in [12,
Lemma 20], itself adapted from [2] we have the following estimate for the second fun-
damental form and metric perturbation.

Corollary 2 (Improved geometry estimate). Assume the bootstrap assumptions (4.1)
hold, then for 1 <{ <N +1

OrBSy < —20E%; + 6E8) |t |INS| | jys + CES)? + CESY (|l s + 22Nl ge-2).-

(9.2)
Furthermore
OrES, < —20F8, + CEg;/ZSZe(—H-Cs)T + CEgz/z,

Finally
B8l < CePe T, (9.3)
where for sufficiently small ¢ we may choose ( arbitrarily close to 1, in particu-
lar { <1 — %
Proof. The estimate (9.2) comes from [12, Lemma 20]. Recall S;; from (2.13). So for 2 <
{ < N+ 1 we find
[INS| e
= [IN{l g (1l 1D ze-r + [ [Fge-s + 1TVl [TV Bl 51 + [TV B [0-1)
N (17 + DlE Nl s + 1] e
VOl + [TVl [Vl s + 1TV Bl [0-1)
= lplli~ + Ee-1(¢) + [IN[[ e ([l + E1(4))

where we took note of the product identity (7.4). Also following the method of Lemmas
10 and 11 we have
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[ellller + N ges = [21€e-1(¢) + Lelllpl ]
Hel (ol + E2(@D NI~ + [IN1lge).
Putting these together gives
OrEEy < —20B% + 6%} <||NS|| s + CE&} + CEE) (Je]|nllges + <2 INjl 12
< 20 + 6B, 1(|lpll + Er-1(9)) + CES
+ CES(|2l€-1(¢) + Ialllol e + [elllol Nl e + [2lEe2(d)IN]] )
Thus
Or(ESY?) < a8} + Ce?e T + CEX,.
Now recall o € [1 — J,,1] where J, can be made suitably small. Given o, pick { such
that 3 < (<1 and —(a{ —2) <0 (i.e. a{ >3). Indeed we can guarantee ol >3 holds
by choosing ¢ sufficiently small such that 1 — d,(¢) > . Then we have
Or <e4TEg1/ > <ocC )e‘tTEgl/2 + Celel 71T e%TEgé/z(a(l -0 - CEgé/z)
— <ocC — 4) e%TEg}/2 + Celel 71T e%TEgé/z(oc(l —{) —Ce)

— <O(C — —) eATEgl/z + C826(71+%)T

where we dropped the final term by picking ¢ small enough so that «(1 —{) — Ce > 0.
Then by Gronwall we have

T T
N s 3 3
eoTEg2/2|T < <e4ToEg;/2|TO + Cé? JT e(1+4)5d5>> exp (— JT (ocC — Z) ds). (9.4)

This implies

R 05

and thus
Eflp < (B4, + Cet)e T < Cete . (9.6)
U

Proof of the main theorem. The main theorem is now a consequence of the foregoing
lemmas. Considering a sufficiently small perturbation of the Milne initial data it follows
along the lines of the corresponding argument in [30] that there exists a CMC surface
in the maximal development with initial data close to the Milne geometry. This initial
data set is now evolved by the rescaled CMCSH EKGS. The local existence theory then
implies the existence of a solution, which according to our previous analysis obeys the
decay estimates for the perturbation given in (9.3). In particular, the solution exists for
T — oo and moreover is future complete, which follows analogous to [29]. O
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