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Abstract: We consider the Einstein flow on a product manifold with one factor being
a compact quotient of 3-dimensional hyperbolic space without boundary and the other
factor being a flat torus of fixed arbitrary dimension. We consider initial data symmetric
with respect to the toroidal directions. We obtain effective Einsteinian field equations
coupled to a wave map type and a Maxwell type equation by the Kaluza—Klein reduction.
The Milne universe solves those field equations when the additional parts arising from
the toroidal dimensions are chosen constant. We prove future stability of the Milne
universe within this class of spacetimes, which establishes stability of a large class of
cosmological Kaluza—Klein vacua. A crucial part of the proof is the implementation of
anew gauge for Maxwell-type equations in the cosmological context, which we refer to
as slice-adapted gauge.

1. Introduction

1.1. Kaluza—Klein spacetimes. The classical approach to unification of general relativity
with electromagnetism and more generally with gauge fields goes back to the original
works of Kaluza and Klein. The Kaluza—Klein approach considers general relativity in
4+n dimensions with spacetime factorizing as

M*D = M@ x B, (1.1

where M® corresponds to the macroscopic spacetime and B is a compact g-dimensional
Riemannian manifold referred to as internal space. The latter models compactified di-
mensions practically invisible to observers.

Identifying the ground state of Kaluza—Klein theory has been a long-standing open
problem, which may be considered in different contexts. The terminology ground state
here refers to a stable fixed point of the Einstein flow. Original works show semiclassical
instabilities in the case M@ is equipped with the Minkowski metric [Wi]. If results on
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the Einstein—-Maxwell system [BZ, Sp], which relate to the special case B = § Pand M@
being equipped with the Minkowski metric, are excluded, then mathematically rigorous
nonlinear stability or instability of Kaluza—Klein spacetimes in the context of classical
general relativity was unknown until recently. In a recent work Wyatt established stability
of Kaluza—Klein spacetimes for the class of models, where M @ carries the Minkowski
metric and B is a flat g-dimensional torus [Wy],

8KkK = Ny + &flat, T4 - (1.2)

In the class of Kaluza—Klein spacetimes, the vacuum Einstein equations on M 4+ re-
duce to an Einstein-wave map—Maxwell type system on M, which is shown to have
the Minkowski metric as its stable ground state. From the perspective of classical general
relativity this result justifies the interpretation of the corresponding higher-dimensional
Kaluza—Klein background spacetime (M 4*%), g x) as the ground state of the general-
ized higher dimensional field equations.

1.2. Cosmological spacetimes. A prerequisite for the stability analysis of the class of
Kaluza—Klein spacetimes with Minkowski space as their macroscopic part is the cor-
responding nonlinear stability result for the classical 4-dimensional vacuum Einstein
equations [CK,LR]. In the class of asymptotically flat spacetimes Minkowski spacetime
is the only solution known to be stable. The analogous problem for the Kerr family is
still open. There is only one other spacetime in the class of solutions of the Einstein
equations with vanishing cosmological constant that is known to be stable, which is the
Milne model. This solution belongs to the class of cosmological spacetimes, i.e. it has
spatial slices with compact topology that carry a negative Einstein metric . The Milne
model is future complete and past incomplete and its future nonlinear stability problem
has been resolved in the vacuum setting by Andersson and Moncrief [AMb]. This result
covers also the higher-dimensional case, however, not in the sense of compactified di-
mensions. In analogy to the asymptotically flat case we ask for the natural ground state
for Kaluza—Klein theory in the class of cosmological spacetimes. It will be shown in
this paper that the generalized Kaluza—Klein spacetime arising from the Milne model,

reading
2

t
—di* + 37/ + gflat, T » (1.3)

is future nonlinearly stable for perturbations that are invariant under the isometry group
of gfiar, e . In the following, we call this invariance just T?-invariance.

1.3. Main theorem.

1.3.1. Result. We first state a rough version of our main result. A detailed version will
be given later in Theorem 7.1. The Sobolev norms used in the statement are defined with
respect to the metric y.

Theorem 1.1. Let (M, y) be a compact, negative, 3-dimensional Einstein manifold with-
out boundary and Einstein constant L = — 2 and gflat, Ta a flat metric on T9. Then there
exists an € > O such that for T9-invariant initial data (g, k) on M x T4 satisfying

le = & + gat) || fa + 1k = (1/9 -y +0) I g3 < € (1.4)
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the corresponding maximal globally hyperbolic development under the Einstein vacuum
equation is T9-invariant (hence a Kaluza—Klein spacetime), future-global in time and
future complete. Moreover, there exists a foliation of the spacetime by almost CMC
hypersurfaces such that the induced metric g, t € [1, 00) converges in H* x H? after
a natural rescaling to a product metric ¢ - y + g{iat’w where c is a constant close to 1

and gﬁat’w is a flat metric on T? which is close to ggat,T4.

We formulate the detailed version of the main result in terms of rescaled variables,
adapted to the evolution. At first the symmetry assumption reduces Einstein’s equation
to a system of Einstein equations in 3+ 1 dimension coupled to a Maxwell-type equation
and to a wave map type equation. To obtain the final reduced equations two rescalings
are performed. The first is a conformal rescaling necessary to avoid regularity problems
arising from the Kaluza—Klein reduction. The second rescaling uses the CMC-time
function to obtain variables which are scale free and independent of the expansion.
By using the CMC-time function, the conformal metric admits a foliation by CMC
hypersurfaces. These hypersurfaces are not CMC anymore with respect to the physical
metric but almost CMC which justifies the corresponding sentence in the main theorem.

The detailed reduced system is given in (3.13)—(3.18). We consider initial data sets
consisting of a Riemannian metric g on M, the trace-free part ¥ of the second funda-
mental form restricted to M, an RY-valued one-form A (corresponding to the mixed
terms of the metric on the product M x T?) and its time derivative A as well as set of
wave-type maps ® (which is formally a map & : M — GL(g, R) corresponding to a
flat metric on T7) and their time derivatives ® fulfilling the reduced constraint equations
(3.13)—(3.14).

Remark 1.2. The one-form A is coupled to the full system via a Maxwell-type equation
(see (3.9) below). To obtain a suitable solution theory for this equation, we need to impose
a gauge condition, e.g. the Lorentz gauge, which turns (3.9) into a hyperbolic equation.
In the main theorem, we have imposed the Lorentz gauge and the initial data (A, A)
is meant as initial data with respect to this hyperbolic equation. However, to control
the long-time behaviour of (3.9), a different gauge turned out to be more suitable, see
Sect. 1.3.2 below.

Remark 1.3. The Kaluza—Klein reduced Einstein equations restrict all possible pertur-
bations of the background to those which preserve the isometry group of the flat torus.
This, however, still allows that at each point in the macroscopic space the torus (which
is the internal space at this point) may evolve within the class of flat tori.

Remark 1.4. By the conformal rescaling we perform in Sect. 3.2 of this paper, the Rie-

mannian metrics g of the spatial hypersurfaces satisfy 725 — det(@oo)’% yast— 0.
Here, t represents the mean curvature of the hypersurfaces. Moreover, as @, is con-
stant, this limit metric is also negative Einstein but with a possible different Einstein
constant. It is interesting to note that the macroscopic geometry encoded in g is affected
by the geometry of the internal space through the above rescaling.

Remark 1.5. Our main result can also be applied to the stability analysis of classical
vacua in string theory since toroidal compactifications are often employed as toy models
here. [Po05, Chapter 8].

Remark 1.6. In order to connect the present result to the existing literature we would like
to point that another stability result for the Einstein flow (with positive cosmological
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constant) holds for the deSitter solution and corresponding counterparts with other spatial
topologies [Ri]. The same analysis could also be performed in the context of compactified
dimensions. However, the main difference between the Milne model considered here and
deSitter space lies in the fact that the presence of a positive cosmological constant causes
an accelerated expansion while the Milne model and perturbations of it only experience
linear expansion. In consequence, as shown in [Ri], the analysis of the stability of deSitter
space localizes in space and the topology of the spatial slices becomes irrelevant in the
analysis (as long as a suitable background solutions exists). This effect is not present
in the case of the Milne universe, which makes the particular approach by Andersson
and Moncrief [AMb] necessary. For more details in this regard we refer to [VK] for a
presentation of the respective conformal structures.

We comment in the following on some technical aspects of the stability proof.

1.3.2. Gauging Kaluza—Klein fields: the slice-adapted gauge. A standard gauge for a
vector potential that is used to consider Maxwell-type equations is the Lorentz gauge
V#A, = 0. One obtains a nonlinear wave equation of second order on A. However,
it turns out to be surprisingly difficult to analyze this equation in the present context
and to construct a natural energy which yields optimal bounds for the decay of the
perturbation. A source of this difficulty may arise from the fact that the vector potential
A is not determined by the Lorentz gauge as this gauge is preserved by transformations
A +— A+df if O f = 0 and thus has infinitely many degrees of freedom. To overcome
this problem, we choose a gauge which is adapted to a foliation of the spacetime by
spacelike hypersurfaces and which uniquely determines A: We demand that the spatial
components of A, w, associated to this foliation are divergence-free and orthogonal to
the kernel of the Hodge Laplacian and that the time component of A, W, regarded as a
function of the spacetime has vanishing integral on each spatial slice

divew = 0, w L ker(Ap), / WdV, =0. (1.5)
M

In this gauge, the Maxwell equation is a wave equation on the spatial part of A coupled
to an elliptic equation for its time component. Details are provided in Lemma 5.4 and
Proposition 5.5. To the best of our knowledge, such a gauge has not been used in the
context of related problems so far. However, the slice-adapted gauge can be applied to
Maxwell-type equations on other spacetimes with compact spatial hypersurfaces (e.g.
on the deSitter space).

Recently, several gauges for the analysis of the Einstein equations were introduced,
which are of elliptic or parabolic nature [RS18a,RS18b]. We would like to point out that
the latter do not have any relation to the slice-adapted gauge which we introduce in this

paper.

1.3.3. Regularity aspects and the momentum constraint. Another interesting aspect of
the Kaluza—Klein reduced system is the fact that the momentum constraint, which is
not explicitly used in controlling the perturbation in the pure 3 + 1-dimensional vacuum
stability proof, does play an important role in the present problem in the following sense.
Below, we will use energies that control the H*-norm of an evolving metric g (in terms
of a fixed background metric) and the H3-norm of the tracefree part ¥ of the second
fundamental form. However, when differentiating the energies for the perturbation of the
fields generated by the internal space, one obtains 4 derivatives of X and 3 derivatives
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of its time derivative. Those in turn can not be controlled by the H>-norm of ¥ and
the H2-norm of its time derivative, respectively. A closer analysis however reveals that
these terms only appear as third derivatives of div, ¥ and second derivatives of d7div, X.
Replacing those terms using the momentum constraint improves the regularity by one
order and closes the estimate.

1.4. Related systems. Theorem 1 has some immediate consequences for related sys-
tems and in particular automatically implies the following results.

1.4.1. Einstein-Maxwell-Dilaton system. In the special case of B = T¢ = S! the
5-dimensional U (1)-symmetric vacuum field equations with S' being the symmetry
direction reduce to the 4-dimensional Einstein—-Maxwell-Dilaton system [OW]. This
implies in particular the following corollary.

Corollary 1.7. The Milne model is future stable as a trivial solution to the Einstein—
Maxwell-Dilaton system.

We use the terminology trivial solution in the sense that it is actually a solution to the
Einstein vacuum equations.

In the case that the field ® is given by the identity map its equation of motion is
trivially satisfied and does not contain any geometric information. In this setup we obtain
a new system that is formally equivalent to the classical Einstein—-Maxwell system. This
implies

Corollary 1.8. The Milne model is future stable as a trivial solution to the Einstein—
Maxwell system.

1.4.2. Brans—Dicke theory. Another well-known system that is captured by our main
result is the Brans—Dicke model of general relativity. This system is obtained by setting
the one-forms A to zero. The Brans—Dicke model couples pure gravitation with a scalar
field in which the value of the scalar field can be interpreted as a dynamical version of
Newton’s gravitational constant, see [OW] for more details.

Corollary 1.9. The Milne model is future stable as a trivial solution to the Brans—Dicke
model.

1.4.3. U(1)-symmetric spacetimes. There is a third relation of Theorem 1.1 with previ-
ously considered models, where in this specific case the present result can be considered
as a higher-dimensional analog. In their work on the stability of certain Bianchi type-IIT
models Choquet-Bruhat and Moncrief consider spatial topologies of the form ¥ x S!,
where X is a closed two-dimensional higher genus surface [CM]. The background so-
lution being investigated is —4dt> + 2t*0x + dx?, where oy is a metric of constant
negative scalar curvature on X. They prove future stability of this solution considered
within the set of solutions to the 4-dimensional vacuum Einstein equations obeying a
U (1)-symmetry in the S! direction. By a Kaluza—Klein reduction this symmetric sys-
tem is equivalent to the 2 + 1-dimensional Einstein equations on R x X with a source
term given by a massless scalar field. In a way this can be seen as an analogue to the
problem considered in the present work, where the Kaluza—Klein fields are replaced by
a single massless scalar field. However, the approach of Choquet-Bruhat and Moncrief
does not carry over to higher dimensions as it relies on the particular features of the
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2+ I-dimensional geometric setting. Those are for instance the existence of a monotone
L?-energy and the usability of the momentum constraint to control the trace-free part
of the second fundamental form. In 3 + 1-dimensions these methods are not available
and need to be replaced by the energies provided by Andersson—-Moncrief [AMb]. Nev-
ertheless, the structure of a torus bundle over a negatively curved compact Riemannian
manifold is present in both cases. The result in this paper implies that those geometries
are stable under the Einstein flow irrespective of the low dimensional features used in
[CM].

1.4.4. Higher-dimensional backgrounds. Finally, we mention that by the methods used
in this paper, one can also prove nonlinear stability of a higher-dimensional Kaluza—
Klein Milne model

2
t
—dfz + WV + &flat, T¢ (16)

under the same class of perturbations. Here, y is a negative Einstein metric with Einstein
constant —(m — 1)/m? on a compact m-dimensional manifold. In higher dimensions,
the conformal behaviour of the Maxwell-type equation yields a faster decay of F,, and
improves the energy estimates.

1.5. Organization of the paper.  This paper is organized as follows. In Sect. 2 notations
are introduced as well as the rescaling of the macroscopic geometry and several auxiliary
quantities. In Sect. 3 we perform the Kaluza—Klein reduction and derive the reduced
Einstein-wave map—-Maxwell system. In Sect. 4 we compute the energy-momentum
tensor in the reduced Einstein equations in terms of the fields generated by the internal
space and introduce norms to estimate them. Section 5 derives energy estimates for all
evolution equations individually and thereby constitutes the core step of the stability
analysis. Section 6 presents the elliptic estimates for the macroscopic lapse function
and the shift vector field. Section 7 presents the proof of the main theorem and Sect. 8
presents all related systems listed above for which our stability analysis of the Milne
model applies.

2. Preliminaries

2.1. Notation.  Throughout this paper, M is a compact manifold eventually equipped
with different Riemannian metrics and / C R is an open interval. In this paper, the
appearing Lorentzian metrics on M = I x M will be denoted by 4, and the associated
covariant derivative will be denoted by V. The wave operator associated to % is defined
with the sign convention such that [ = tr;, V2. In this paper, we will sometimes also
denote Lorentzian metrics by fz, h, h and the associated covariant derivatives and wave
operators will be denoted by V,V,Vand O, Oand 0, respectively. Riemannian metrics
on M will be denoted by g, g and the associated covariant derivatives will be denoted
by D, D, respectively. The Laplacian of g is defined as A = trgD2 and the volume
form will be denoted by dV,. The exterior derivative acting on differential forms on M
is denoted by d and the formal adjoint with respect to g is d*. The Hodge-Laplacian
acting on differential forms is then Ay = d*d + dd*. The Lie-derivative of a tensor
T in the direction of a vector field X will be denoted by Zx T. Throughout this paper,
Greek indices «, 8, y, . .. will denote spacetime coordinates on / x M and Latin indices
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i, J, k,...will denote coordinates on M. The coordinates on the torus T will be denoted
by m, n, p, .... The index O will either refer to a time coordinate or to a timelike vector
field. Its meaning will be clarified in the subsection where it is used.

2.2. The macroscopic spatial background geometry.  In what follows we consider M
equipped with a negative Riemannian Einstein metric y with Ric[y] = — % y fixed once
and for all. The Einstein operator A g associated with y acting on symmetric 2-tensors,
Ap = —A — 2R, has trivial kernel, i.e. ker Ap = {0}. This fact is relevant for the
features of the natural energy associated with Ag. This has been discussed in [AF17]
and is mentioned here for the sake of completeness.

2.3. Geometric formalism for the evolving spacetime. In the following sections, we
will study the evolution of a 3+1-dimensional Lorentzian metric & (more precisely of
its rescaled version & introduced below). For this purpose, we will now introduce some

geometric quantities that will be used throughout the paper. In the ADM formalism, /
is written as

h=—N%d7>+ gij(dx' + X'dv) ® (dx/ + X/d7), 1€ (~00,0) 2.1)

and the tracefree part of the second fundamental form of the hypersurfaces {t = const}
is denoted by X. Here we assume that these hypersurfaces all have constant mean
curvature and that the mean curvature of {t = const} is t. We define rescaled quantities
g, N, X, X by

~ ~

gijZfZgija N:'L’ZN, Yij = t2ij, X =X’ (2.2)
and a rescaled time 7 via

T=19-¢ 7, T € (—o00,00), 719 < 0is fixed. (2.3)

It is easily seen that with respect to this new time coordinate, the above Lorentzian metric
is given by

o= (19) 2e*T (=N?dT?* + g;;(dx" — X'dT) ® (dx! — X/dT)) =: (r0) e’ - h.
(2.4)

Let IT be the second fundamental form of the slice {7 = const} with respect to the
Lorentzian metric 4. Then one can show that

N=-X+N'(1-N/3)g. (2.5)

The future-directed timelike unit normal of the hypersurfaces {T = const} with respect
to h is

eo = N~ 197 + X). (2.6)

We use e to split 1-forms on M described in the following. For A € Q! (M ), we deﬁne
afunction ¥ € C°°(M ) and a time-dependent family of one-forms w € C>®(I, Q' (M))
by W := A(ep) and w(9;) = A(3 ). Throughout the paper, we will view any w €
C®(1, Q' (M)) as an element in Q'(M) by demandlng a)(eo,l = 0. This allows us to
write the above splitting as A = w + We[ where ¢ € Ql(M) is the dual of ey. We



1094 V. Branding, D. Fajman, K. Kroncke

compute the connection coefficients for the rescaled Lorentzian metric 4. Using the
Koszul formula, one shows
L(h)gy =T () =0, T(h)h=g'N"a;N. Th)y;, = -1,

Ty =—¢' M, Tk =Tk,

2.7)

where i, j, k are coordinates on M and the index O refers to the vector field eg given in
(2.6). The following lemma is technically relevant for computations performed further
below.

Lemma 2.1. We have

%og == _21_[7
[Zey, divgln = 2(I1, D) + (D1og N, Zeyn) + (S, n) + 2(I1, D1log N ® n)
—trII(Dlog N, n),
[Ley. Aglf = 2(I1, D> ) + (Dlog N, Dy, f) + (S. Df)
+2(I1, Dlog N ® Df) — tr,II{Dlog N, Df)

forall f € COO(M) and n € C®(I, Q' (M)). Here, S = 2div,IT — Dtr,I1.
Proof. At first, we compute
Zoy8 = Ln-1(p+x)8 = N_l"%(arﬂ()g = —2IL (2.8)

Let {01, 02, 03} be local coordinate fields on M such that Dy, 9; = 0 at some fixed point p
and with respect to a fixed metric g,. We then extend these local vector fields to elements
in C* (I, X(M)) by defining 9; (1) = ¢;*9; (t9), where ¢; € Dift (M) is generated by —X.
Then by construction, [d7 + X, 9;] = 0 and therefore, [eq, 9;] = %eo. Then at the point
(t, p), we compute

8., Tk = Lokl (digj1 +0;gi1 — Ngi))

2 ”_Zg eo\0i 8l j 8il 18ij
= L oM 0,00+ 0000211 — Neogis
= 2g (0; 08 jl + 0j0ey8il /A eogtj)

1
+ —g"(leo, ;181 + Leo, Bj12i1 — eo, Ailgi})

2
1
= 5850 (Zey®) 1 + 0 (Ley®it = 81(Ley2)if)
+ — kl(Ma . +J_8 . _Ma )
2g N eo8jl N eo8il N e08ij
1
= 58" (Di(Zey8) j1 + Dj(Ley®)it = Di(Zey8)i)
1, N 3N N
+ 58 (ZT.ZEOgﬂ + IT,,%Og,-, - T"%ogij)' 2.9)
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Therefore, we obtain
Loy (divgn) — dive(Loyn) = (3eg&™)(@imj — Time) + &7 leo, dilw; — g By T )mi
= 2g" ¢l Ty (3n; — Ffjnk) + gijaiTNaeonj
+g"g" (DTl + D;T1;; — DyTT;j)nk
;N N

N
kl(lTnjl"“_Hil = —ij)nk. (2.10)

+g'
88 N N

The third formula follows from the second and the fact that [.£,,, D]f =0. O

3. Kaluza—-Klein Reduction

In this section we perform the Kaluza—Klein reduction beginning with the physical
Lorentzian metric on the full spacetime.

3.1. Kaluza—Klein metrics.  Following [CHO9, p. 653] we consider the Kaluza—Klein
ansatz for the Lorentzian metric 2 on R x M x T?, where g > 1 denotes the dimension
of internal space,

hap0"0" = hapt®0” + @, (0™ + ALO*) (0" + ABOP). (3.1)

Here, /’_la/g denotes a Lorentzian metric on R x M, {®,,,} is a set of functions on M and

Afl is an R?-valued 1-form on M. Moreover, 0% and 0™ are suitable co-frames on M
and TY, respectively. We obtain for the macroscopic part of the Ricci tensor (cf. [CHO9,
p- 659eq. (5.2)])

. I - _
Rop = Rap = 5 Fpp g Fi = 5 (CD’”’I(Vaﬁ + V) Pg + vacbmqvﬁcbmq) . (32

Here, {®""}, <, < s the inverse of the matrix {®un}i <, n<4 and F is the curvature of
A givenby F = d A or equivalently F},, = 9, A, — 0, A,,. Imposing Einstein equations
on ﬁaﬂ yields

— I 1 1 2 .o < v
Rup = 5 Rhap = S Fps g Faty + 5 (@1 (Vo + Vo) @y + Va @195,

1 /1 I = 1T omiv i

=: Topl®, F. (3.3)

In particular, T[CD, F] determines the matter source terms in the effective 3+1-dimensional
Einstein equations. The remaining parts of the Einstein vacuum equation yield the equa-
tions of motion for the fields F and @, cf. [CHO9, p. 659, eq. (5.3, 5.4)]. Those equations
read

1= 1 —
EVAF,%Q + ZFZ’}(X@””’VACDW =0, (3.4)

— 20®p — PPIV Dy V By + 20PIV D,V @y + F o FP = 0. (3.5)
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3.2. Conformal rescaling. ~ From an analytical point of view the second order terms of
® on the right-hand side of (3.3) are problematic. In this section, we therefore perform
a standard conformal rescaling of the metric that yields an equivalent system that has
a better analytic structure. Let us recall some standard transformation formulas. If 4 =

ezufz,we have
Rap = Rap — (n — 2)(V2gu — VouVgu) — (O + (n — 2)|Vu|*) hap,
R=e@R-2n—D0u— (n—2)(n — 1)|Vul?),

— - -~ — - e ™ (3.6)
Vsl = Vigf = VauVgf = VguVo f + FHNuV,, fhop.,
Of = e 2@Qf + (= 2*V;uV, f),
where n is the dimension of the spacetime. As a conformal factor, we set
u = c - log(det ) (3.7)

with a constant ¢ whose value is to be determined. We have
Vatt = ¢+ @""Vo @, Vigu = c(@""V2®pn + Vo @'V ®pn).  (3.8)

where we used that for a matrix A we have d, det A = det A tr(A__1 dyA). We now put
¢ = —1/4, n = 4 and the relation between the physical metric 4 and the conformal

L__j. Then for ﬁ, F and ®, the equations read

metric /1 is h = e®h =

det @
A A 1 A FMP T
Vil = =5 Fly @V, 00y, (3.9)
~ - ~ ~ 1 -~
O®,, = A ®PIV, D, V), Dy + E\/det @ Fyp s Fu.pshHY ™ (3.10)

and
o 1~ 1\/_ m A 1 mpuviAoT
Rop — ERhaﬁ = 3 det ®[Fyyy, up F oy B — 3 m,;LAvah h*P hag
1 L
+ 7" Fon i P o0 hap]
1 ~ 1, ~ ~
= Ve @ Vg + L OPINGDp OV D
| e Ty ~ -
+ Z@quuq>m,,q>’""vkcpnqhwhaﬂ + ghwvucpm"vmmnhaﬁ

1 - ~ - s
- Rhﬂkqquu@pq@m"vk@mnhaﬁ. (3.11)

3.3. Macroscopic Einstein equations.  (3.11) are the effective macroscopic Einstein
equations. Their energy-momentum tensor, arising from the geometry of the internal
space, takes the form

. 1 . 1 L
TuplA, @] = Ex/det D[ Fpypup I — 3 i Eo R B g

1 s
+ 5 O™ Fon iy B oo 1 hap]
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1o - 1~ ~
= 3 Ve @ Vg By + L DLV D g @V Py
1 = o~
+ Z@Pffvﬂ@m,,qwnvkcl)nqhwhaﬂ
3. o . 1 - ~ ~ .
+ gthM@mnvmmnhaﬁ - Eh’”dﬂ’qvud)pq DMV Dy -

We use in the following the standard 3+ 1-dimensional ADM formalism for the spacetime
metric as in (2.1), where N, g and X are lapse, physical metric and shift vector field.
The matter quantities appearing in the ADM-Einstein equations in [Re] read

~ o~ ~ pd ' 1 7
- 2500 0 5. okl 68
p=NT®. ji=NTP. Sy =8n(Ty— 588" T) —4wpliy. ;)
=4 (p+g"T;).

Here, O refers to the time-function .

3.4. Rescaled system. We perform now the rescaling of the macroscopic Einstein
equations according to (2.2). All symbols in the following denote the rescaled variables
as in (2.2). Then, the Einstein flow in CMCSH gauge reads

R(g) —|Z[;+ % =41 p. (3.13)

D' =13, (3.14)

(A-HN=N(ZZ+n) -1, (3.15)
AX'+ R\ X/ =2D;NS/ - D' (§ — 1) +2N7?)’

—@Nzk = DIX*)(IrE, — T, (3.16)

argij = 2N%;; +2(5 — 1) gij — Zxgij, (3.17)

37‘2,']‘ = —ZEU - N (R,‘j — 3,‘j + %g,-j) + DiZjN +2N2ik2j{'
—3(5 =g — (5 —1) Tij — LTy + N1 - S
The relation between the rescaled matter quantities and the original ones is

3

pi=4mp-t7°, n:= 4n(ﬁ+§ij7~}j) T3, ni= 47r§i-j]~}j ST,

i -5~ -1 [# ls 7 (3.18)
J =8xlt|77), S =8nt [T,-j - Eg,-jT] .
This set of equations is the basis for analyzing the dynamical behaviour of the perturba-
tions of the geometry of the macroscopic space.
Before going on we define our notion of smallness. In what follows we say a solution
or data is small or fulfills a smallness condition if

g = vlms + 1 Xl gz +IN = 3lgs + 1 X1l gs + [P — Ppllgs + | Fllgs <& (3.19)

for a sufficiently small ¢ > 0, where ®y, is a fixed constant map. By construction this
condition holds for the initial perturbation we consider, then by local stability of the
system, the condition holds on a finite time-interval. This justifies to make the smallness
assumption to derive the decay estimates in the sense of a standard bootstrap argument.
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4. Estimating the Energy-Momentum Tensor

In this section we evaluate the matter terms in the Einstein equations in terms of the
wave-type-map and the one-forms determining the energy-momentum tensor. We clarify
important notations prior to the computations. The index O corresponds to the t time-
function in this section and we use the notation tr to compute the trace of the Lie-algebra
indices. We first compute the rescaled energy density

p =4nt 3N T® = 4n e 3 N2 RO Ty, = 4t NT2(Too + T X XU T;)).
4.1)
We evaluate Ty in the following.

Too = %Mtr(F%FOM) — %%qﬂnq Vo @y + %(cb’"‘l Vo @y ) (@ VD)
+ [( - %Mtr(F’; FY)+ gw DMV, Dy — %(cbmwy D) (D"IVY Dy ))
+ q>m”(i<1>1’q%<1>mﬁ*q>nq + é\/M(FW,mF#”))]T—“(—NZ +I1X[). (42
The spatial part is given by
Ti; = %Mtr(F’;Fm) - %6,-@”“16,4:,"4 + %(@qubmq)(@mqﬁj@mq)
+ [( - %Mtr(F‘; FY)+ %W DIV, By — %(qﬂ‘i%q%q)(qﬂq%yq%q))
+ q:””(iw‘f%@mﬁ%nq + %M(FMU,mF#U))}T_ng. (4.3)
We evaluate now the trace-part of n
T = tzgij[%«/Wtr(F’ij) — %6,»@"“1%%6, + %(cb’"q@i <I>mq)(c1>’"‘16j<1>m,,)]
+ 3[( - %«/Mtr(F‘;F/{) + %W@mwy@mq - %(@’”WV D) (PMIVY D,))
+ q>'"”(%c1>"q%q>m,ﬁkq>nq + %M(F,w,m F,f“’))]. (4.4)

We evaluate the current
77 =8n|t| PNT GV = 8ne 2N~ gl (=T |t| + Tri X*). (4.5)

Here, we require the off-diagonal components of the energy-momentum tensor. Those
are given below

. 1. - 1 - .
Toi = 5 VAt BU(F{Fi) = 3 Vo™V Pg + o (97 VgByg) (@Y D)

1 3. - 1 - .
+ [( - Zx/det (FhFY) + gvycp’"‘lvycb,m, - E(cb"“lvyoI>,,u,)(el>’"‘1VV DPing))

1. . - 1
+ <1>'""(Z<1>P‘i Vi@ VD, + gx/det O(Fyuvm F,ﬁ“’)):| 7|3 X;. (4.6)
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4.1. L*>-norms of the energy-momentum tensor. ~ When analyzing the dynamics of the
metric variables we require bounds on standard Sobolev norms of the matter variables as
listed in (3.18). Those correspond directly to bounds on the Sobolev norms of components
of the energy-momentum tensor. We derive those bounds in the following, expressed
in terms of the corresponding norms of the matter fields F, A and ®, respectively. We
define some useful norms for this purpose.

IENe =) /M (|r|2g"f' Dy ... Dy (Foim)D™ ... D*(Fojm)

m k<¢{

+87g"D; ... Dy (Frum)D'" ... D"k(F,-v,m))dvg. 4.7)

Moreover, F is antisymmetric and the factor |t|> compensates a growth of the 0-
components of F relative to the pure spatial components. It needs to be determined/fixed
as soon as the decay properties of F' are understood. Note that all objects and derivatives
here are defined with respect to the rescaled metric g such that there is no more intrin-
sic scaling in this energy. More precisely, this means that under the condition that the
rescaled metric remains close to the reference metric y, this energy measures the field
F without introducing a growth resulting from the expansion as it would be the case for
the unrescaled physical metric.

Remark 4.1. Note that the tensor F is given in terms of derivatives of the 1-form A
here with respect to the dual basis (dt, dx!', dx?, dx3). As shown in the analysis of
the asymptotic behavior of A, the coefficients of A are controlled when expressed with
respect to the basis (dT, dx!, dx?, dx3). From the comparison of the bases we obtain
that the coefficients are related via A; = %AT =—t1Ap.

Analogously, we define for the field ® a similar Sobolev norm.

I3, :=Z[ > /M (D1 - Dy @0Pp) D" .. D* 20 @n) ) AV

m,n =k<{—1

+Z/M 2 ((Dil .. Dy (®py) D ...Dik(CI)m,,)>dVg]. (4.8)

k<t

We obtain the following estimates for the components of the energy-momentum
tensor as appearing in the matter variables. Recall, X = X/N. Then we find the following

Lemma 4.2. Let £ > 3/2. Then the following estimate holds
I Tooll e + 11 W Toill e + 121720 M e + 1214187 Tijll e
= CO+IRIZO[IFIZ. + 1912, ] (4.9)
Here, C = C(|IN||zo, [N~ 1o, | @l o<, |97 |50, | Nl 5¢) and we denote by T the
spatial part of the tensor T.

Proof. The estimates follow immediately from the expansions of the energy-momentum
tensor components (4.2)—-(4.4) and (4.6). 0O
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Remark 4.3. Note that the constant, given that all arguments are uniformly bounded, as
we assure by suitable bootstrap assumptions, can be considered a generic constant.

Proof. We evaluate first the term, Too- For the first estimate we evaluate
tr (FY Fuo) = ©2(g" — X'X7)8™" Fio,m Foj.n (4.10)

and then apply Sobolov embedding with £ > 3/2. We evaluate next the square of F,
which is

§mn FJI/L,mFl)i/»n = 28mn|: — TéNizgij Fio.m Fj()’,1 + ZTGNiz)A(i)%j FOi,ijbO,n
+ Ts(gij - Xi)%j)N_l}}v (Fiv,ijO,n + Fiv,nFjO,m)

1 AlA s
+ 574" = XX = X&) Fivn Fujn | (*.11)

The related term containing a square of F , where §™" is replaced by ®"" can be
decomposed identically by replacing 6 by ®. For example, we consider the following
term

- ~ 1 1 ~.
VYRV, By =~ 80" P + T K B0 D + D" 5P

+ (g — X' XT3, dM9; D,y (4.12)

Similar decompositions hold for the other terms in the brackets on the right-hand side
of the equation for Tpy. The remaining terms in the first line of that equation can be
estimated directly. To deduce the full estimate it is sufficient to use the fact that the
regularity is high enough to use product estimates for the Sobolev norm and that every
time derivative of ® and every zero-component of F' appears with one additional
factor. _

We turn now to the estimate for Tp;. We note that the term in the big brackets is identical
to the case considered above. Since the last factor is now only a t=3 and a shift term
we obtain the first summand in the estimate. It remains to evaluate the first line of the
evaluation of Tp;. The terms containing derivatives of @ can immediately be estimated.
We evaluate the first term containing F.

A~
v

X A A
Fom Finn =T~ FoomFion + 72" = X" XY Foom Fuun. (413)

These terms yield terms that decay like t as contained in the estimate. We turn to the
estimate for T now noting that the trace of T can be treated similarly. The term in the
large brackets is unchanged and is here multiplied only with a =2 factor. This leaves
an overall v2 factor, which appears in the estimate. 0O

4.2. Estimating the matter variables as appearing in the Einstein equations. ~ The final
estimates for the rescaled matter quantities as appearing in the Einstein equations are
the following:
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Proposition 4.4. Let ¢ > 3/2, then we have

ol e < ClTlA+IX1%0 [ IF 1%, + 1®013,.

Mgt = X ¢ ¢ ¢
Inllge < Clel(L+ 1X113,0 [IF I, + 121,

X - : (4.14)
Jigt = ¢ ¢ el
1l = €A+ IR0 [IFI3, + 191 ]

ISl e < Clel(L+ X130 | IFI, + 1212, |-
H H H

Proof. This is an immediate consequence of the foregoing lemma as well as (4.1) and
(4.5) and the definitions of n and §. O

5. Energy Estimates

5.1. Energy estimate for the geometry. ~ We define the energy to measure the tracefree
part of the second fundamental form and of the difference between the metric and the
background metric as in the related work [AMb]. We recall briefly some necessary
notation. The lowest eigenvalue of the Einstein operator corresponding to the specific
Einstein metric is denoted by Aq. For arelevant lower bound in the present case cf. [Kr15].
The correction constants @ = (g, §,) and cg are given by

1 Ao >1/9 1 Ao >1/9
fr— i = 5.1
“ {1—aa ao = 1/9 E {9(,\0—8’) ao=1/9 -1

with 8§, = /1 —9(o — &), where 1 >> & > 0 is a free variable to be chosen below.
The energy is defined in the following. For m > 1 let

1 _ 9 "
Em) = 5/M(62,fgy16Z>dVg+§/M<(g—y),$g,y(g—y))dVg,

(5.2)
Cimy = /M(6E,$g;1(g —y)dV,.
The corrected energy is
Eqg—v.Z)= Y Em+celm). (5.3)

1<m<s

Lemma 5.1. There exists a § > 0 and a constant C > 0 such that for §-small data
(g, X, A, D) the inequality

g = I3 + 12131 < CEg(g, %) (5.4)
holds.

Proof. This is analogous to the previous work [AMDb] taking into account the triviality
of the kernel of the Einstein operator. O

The relevant energy estimate for the corrected energy is
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Lemma 5.2. For sufficiently small E; we have

I7E; < —20Ey + 6E)T||INS|| o1 + CEY?
1/2
+ CE (1Tlllpll s + 2Pl oo + [T PIN S lppz) . (55)

Proof. The proof is analogous to the one in [AF17]. O

Substituting the norms of the matter quantities by Proposition 4.4 we obtain the
energy estimate.

Proposition 5.3. Let s > 5/2 and E; be sufficiently small. Then we have

1/2 3/2
OBy < —20E, + CEP P [IF I, + 100, |+ CE, (5.6)

where C = C(|[X || o1, IN | oo, [N~ lzoo, [N o).

5.2. Energy estimates for the vector potential. ~ With respect to the Lorentzian metric
h defined in (2.4), (3.9) can be written as

1
RN Fe = —EhWquf"Paﬂ%p. (5.7)

Here and in the rest of the subsection, we omit the index [/ in equation (3.9) due to
convenience.
Lemma 5.4. (Slice-adapted gauge). Let F' € QZ(M ) be exact. Then there exists a unique
form A € QY (M) withdA = F such that

divew =0, w 1L ker(Ap), / VdV, =0, (5.8)

M

where w and V are defined in Sect. 2.3. In the statement and the proof of the lemma, d
is the exterior derivative on M.

Proof. Let B € '(M) such that dB = F.Let f € C*(M) with [,, fdV, = 0 for

eachT € I,c € C®(I)and n € C®(I, Q' (M)) be such that € ker(Ap) for each
T el.Let

A=B+d(f+c)—ne Q' (M). (5.9)

By construction,d A = d B. Demanding the first condition of the lemma yields g’/ D; B i+
Ag f = 0 and because f M ¢ D;B jdV = 0, this equation can be uniquely solved at

each time. Let wy, . .., wr € C®(I, QY (M)) be foreach T an Lz(g)—orthonormal basis
of ker(Ay) (Note that the dimension of ker(A g) equals the first Betti number of M.
Thus, it does not depend on g). The second gauge condition is obtained by defining

L L
n= Z/ (B+d(f +¢), wq)gdVy - 0g :Z/ (B, wq)gdVy - wq.  (5.10)
a=1 M a=1 M
The third condition yields

/ Aleo)dV, =/ (B(eo)+df(eo)dVg+8Tc-/ N7'av,, (5.11)
M M M

which fixes d7c. Uniqueness of A follows by construction. 0O
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Proposition 5.5. Let F € 92(1\7 ) be exact and assume it solves (5.7). Let A € Q! (1\7 )
be a potential for F which satisfies the gauge conditions of Lemma 5.4 and let ¥ and
be as in Lemma 5.4. Then we have the equations

1 ..
By(¥) = ~divg (¥ - d(10g(N))) = [ Loy, divelo = 387 Fo®"8;®pp. (5.12)
(9%0(9%0(1)))]( + AH('Uk

WN N y
=3k(3e0‘1’)+3e0‘1’7+‘I"3k(3e010g(N))+g — Fik—¢ g Foj

+1rg 1 - Fox + gV Tk Fjo — %F()kd)’"pa()d)mp + %h"fﬂkwaqu,,. (5.13)
Proof. Using (2.7), one computes
gV Fjo = divg(ie, F), (5.14)
where i, F € C*(I, QI(M)) is given by i., F(0;) = F(9;, ep). Moreover, by using
w(eo) = 0, A(d;) = »(8) and [3;, el = — %N eg + N~'[3;, X1, we find
ieo F(3;) = 8; (W) + a’Tpr — Lo (3) (5.15)
which implies
gV Fjo = divg(ieyF) = AgV +divg(W - D(I0g(N))) + [ Ly, diviw,  (5.16)

where we have used that divew = 0. The first formula follows from (5.7). To prove the
second formula, we compute, using (2.7) again,

87V Fix = —Apay +trgI1 - For + g/ T Fjo (5.17)

and
kN
Vo Fok = (ZLeg (Loyw))k — 0k (0g V) — 3eoWT — W - 9k (0, log(N))
L ON ,

_glJlTij"'gljnkiFOj- (5.18)
Therefore, the second formula again follows from (5.7). O
Remark 5.6. Local existence for the system (5.12),(5.13) is argued as follows: One first
solves (5.7) by using the Lorentz gauge h)‘“VkA,L = 0. In this gauge, (5.5) becomes

1
OupAe = EW Fiq @3, D) (5.19)

for which local existence follows from standard theory. Here, Ly j denotes the Hodge
wave operator of the metric /. By the construction in the proof of Lemma 5.4, we obtain
in a unique way a pair (@, W) which solves the system (5.12),(5.13). On the other hand,
as long as the solution (w, W) of (5.12),(5.13) is bounded, any corresponding solution
A of (5.19) is also bounded: Let B = w + W - ¢ and f be a solution of the equation

Onf = WV, B,,. (5.20)

Then A = B + df satisfies the Lorentz gauge and is bounded by construction. The
main advantage of the slice-adapted gauge is that it is easier to control the solution
(5.12),(5.13) by energy estimates.



1104 V. Branding, D. Fajman, K. Kroncke

The structure of the system (5.12),(5.13) motivates the following energy

k—1
E (@)=Y /M (AR Loyw, Loyw)g + (AT 0, ) )dV
=0

2

= ||-=g€0w|| kal(g) + ||a)||%.1k(g) (521)
with k£ > 1. Note that due to the gauge condition @ L ker(Ay) and elliptic regularity,
the L2-norm of w is controlled by Ej ().

Lemma 5.7. Suppose that F solves (5.7), A € Q! (A7I ) is a gauged vector potential for
F and ¥V and w are as in Lemma 5.4. Then for k > n/2 + 1 and provided that N is
uniformly positive and | N || g is bounded by some fixed constant, we have the energy
estimate

d7Ex < C(ID1og Nl i1 + Tl it + S| g1 + | DD it + [ 9o @ | 1) E

+ C(”aequHHk + (”860 10gN||Hk + [T a1 + ||860¢||Hk—1) ||\I’||H‘)\/E>k
(5.22)

Proof. Firstrecall that the Hodge Laplacian is defined as Ay = dd*+d*d. By extending
this definition to the exterior algebra Q*(M), we may also write Ay = (d +d *)2 where
d +d* is a self-adjoint first-order differential operator acting on the exterior algebra. Fix
1 €{0,...,k — 1}. By integration by parts,

/M (Ag) Lo, Zugo)e + (D) w0, 0))dV

/ ((d +d") Loy, (d +d*) Loyw) g + ((d +d*) T w, (d +d*) M w))dV
M

=: / &dVv. (5.23)
M

At first, we compute

Br/ é‘}dV:/ N(Beoé?)dV—/ N - &troI1d V. (5.24)
M M M

In the following we will make use of the x-notation to denote various contractions
between tensors. Therefore, after integration by parts we get

aT/M@@ldv=/MN.n*((d+d*)l.,sﬁ,0w)*((d+d*)l.§f;0w)dv
+/MN-l'I>x<((d+d*)l+]a))*((d+d*)l+]a))dV
+ 2/M N - (% (d +d") 1 Loyw, (d +d*) Lyyw)dV
+ 2/M N - ([%y, (d +d) o, (d +d*) T w)dV

+ / DN % (d +d*) (ZLyw) * ((d +d*) ' w)dV
M
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+ / (d +d( Loy (Loyw) + Apw), d +d*) ZLoyw)dV
M

- / N - &itr T1dV. (5.25)
M
‘We have
/ N T % ((d + d*) Zyw) * ((d + d*) ZLoyw)dV
M
+ / N T ((d +d*)"* w) * (d +d)* w)dV
M
—/ N - &itrgT1dV < C||N || g2 I TT|| g2 Ex, (5.26)
M
and
/ DN x (d +d")! (L) * (d +d*) ' w)dV < C |DN| yi— Ex. (5.27)
M

Now we estimate the commutator terms. Similarly as in Lemma 2.1, we have

[Ley, d+d)In =Ly, d*In =Tl 5 Dn+ DlogN x ZLon+S*n+TIlxDlogN *n
(5.28)

for a general differential form n € C* (1, Q™ (M)). Here, we used the notation S =
2divgIT — DtrgIT. By induction, we get

-1
[ Loy, (d +d*) 1 Loyw = Y D" % D" Lo
m=0
-1
+ Y D" og N+ DI~ (L (Loyw))
m=0
-1
+ Y D" ogN % [Ly. (d +d*) ™" Ly
m=0
-1
+Y DS« DT Ly
m=0
-1
+ Z D" (Il % Dlog N) * D!~1™" %, w, (5.29)

m=0

and again by induction,

-1 n
[Zey. (d +d") Loy = Z Z Z D'"*1log N s ... D'"*log N «
n=03 li+p=n p=0 p—times
[—=1—n
[ Z D™ Dl—n—mpipeow

m=0
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[—1—n
+ Y D" ogN x DI (L (Luyw)
m=0
I—1—n
+ Y DSk DT L0
m=0

I—1—n
+ Y D"(IT*DlogN)+ D' '™ "L, 0] (5.30)

m=0

Similarly, we get

1 n
(L, d+d*) o = Z Z Z D'"*log N « ... D'r*llog N
n=03"l;+p=n p=0

p—times

[—n [—n
|:Z D™ s DFL==me) 4 Z D" og N D™ %, w

m=0 m=0

l—n l—n
+ Z D"S % D' "M + Z D™(I1 % D1og N) D’—”—mw] )
m=0 m=0

(5.31)
Therefore, by the bounds on N,

/ N ([ Ley. (d+d*) Loy, (d +d*) Loyo)dV
M
< CLUT ez + ISll iz + | Dlog N || ez [ITT | 2 ) Ex
+ 1D 10g Nl iz | Lo (Leg) || i v/ Exc]. (5.32)

Similarly, the second commutator term is estimated as

/ N - ([Zep, (d +d") Mo, (d +d*) ' w)dV
M
< CUITT g1 + [IS]l =1 + | D1og N1l g1 (1 + [|T1]l ye—1)]1 Ex.. (5.33)

Finally, the second last term in (5.25) can be treated by (5.13) and standard estimates.
O

Lemma 5.8. As long as ||Dlog Ny« + |D®|| k-1 is small enough, the function WV
satisfies the estimate

Wl st <= CUTT =1 + (1 + ([T gge—1) 1D 1og Nl g1 + IS | g1
+ qu‘ HHH ID®| 1)y Ex. (5.34)
Proof. By elliptic regularity and the first equation in Lemma 5.5,

Wl gnr < C - Wl i | Dlog Nl i + [[Zey, divgle|] ppucs

o

+ lieo F || s . [ D®]| i . (5.35)
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By Lemma 2.1, we have

(Lo divgle| i < CUTT gt + (L + [T 1) || D 1og N || g1 + | S| gri-1)v/ Ex.
(5.36)

and by (5.15),
lieo F[| g1 = CUDWI gt + 11| g1 1D log N g1+ Ex). (5.37)
Combining these estimates finishes the proof of the lemma. 0O

Lemma 5.9. As long as ||Dlog N|| gy« + | DP|| gr—1 is small enough and ||T1|| ye—2 +
|| ¢! H k- s uniformly bounded , the function \V satisfies the estimate

|00 || e = CUMl iz + 1S g2 + D log Nl s + 1DD Il g + |0y @ | 12

+ |- Lo | yia + |- Lo S|| s + | DOey log N i)V Ek + 191 10).
(5.38)

Proof. By differentiating the first equation in Lemma 5.5 in the direction of e( and using
elliptic regularity, we obtain

|90 ¥ || i < C(|[-Zeys DI || pia + [ 9ey (dive (Wd log N)) | 2
+ (| 0y ([Leg- divglw) || s +

aeo(g”Fiocmeajq%,,)HHH). (5.39)

By using Lemma 2.1 and standard estimates, we get

[EZANTT
< CUITT gz (1 + D log Nl g2) 19| ¢
+ || Dlog N gr—2 ” aeow”Hk—l + IS =2 1| ga—1),
[ 0c, (divg (Wd log N)) || 1yica
< CUIT| g2 1| =1 [ID 1og N || gr—1 + (1 + | D log N || ge—2)
(|| e W | it 1D Tog N gt + W1l =1 | Dy log N || 1)
+ | Dlog Nl gr—2 (IIS1l gr—2 + IT1]| gx—2 [[ D log N || gx—2) W] gr—21,
| 0eo ([Ley» divgle) | i
< CUITT| g2 (TN g2 + 1D Tog N || a2 + [[S ]| g2
+ T a2 D Tog N g2)y/ Exc + (| L T
+ (1 + | Dlog N gi-2) T3 -1 + [Tl a2 + || D3y log N | 2
+ | LeoS|| ez + 1S gz + | LogTT| s 1D Tog N | a2
+ 1Tl g2 | Doy 1og N | s + 1T g2 | D log N |l ye—2)/ Ex
+ [ Dlog N gr—2 HZO (Leyw) ” pi—2ls

o (8" Fio®"70; 0|

< CIM | g2 i F || o2

c1>*1HHk72 1D e
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+ ||°%oi80F”Hk—2

o-! HHH ID® |

o

2
+ JicoF | yes I oL PP oy

=

+ ||ie F | e i | D0, @ || 1yi2)- (5.40)

Using the smallness of || D log N || g« + || D®|| gx—1, we can absorb the terms containing
norms of 9.,V into the left hand side of the equation. Consequently, by assuming in
addition that || TT]| gx—2 + || ot || yi—2 1s uniformly bounded, we get
10eo W || e < CAUITT a2 + (IS g2 + | DBy 10g N || i) W 1| g

+ C(ITT|| g2 + ISl g2 + || DOy log N || 14—

+ | Zeo S| iz + | Zeo T p2)V Ei

+ (I D1og Nl gz + [ID®| i) | Loy (Loy®) | i

+ (W g1 + VED (DD i1 + |00 P 1) (5.41)

Using the smallness assumptions again and treating H.i’;o (Zopyw) ” k-2 by the second
equation in Lemma 5.5 and standard estimates, we arrive at the estimate of the lemma.
O

Proposition 5.10. We have the energy estimate

IrEx < C(IZ | gr—1 + |divE[ gr—1 + [N = 3l g& + | DDl gyr—1
+ || % 2| g2t ||$€0diVE||Hk*2 + |9 NV | kT | 8EO(I)“Hk*I)Ek (5.42)

as long as the norms of the appearing objects are uniformly bounded and N is uniformly
positive.

5.3. Energy estimates for the functions. ~ With respect to the metric &, given by (2.4),
equation (3.10) is

D4 @oun — 2N 10y @y = OPI Dy @y D P g h®
+/det ®(t0)*e¢ 2T Fypop Fuysh® hP° =: (x)  (5.43)

and with respect to the future-directed timelike unit normal ey, we can express this
equation as

2 ,
—0eg (0eg Prmn) + Ag Py — §8€0<D = —g"Y0;(log N)3; Dy — trgIl - 3oy P
1 1
- 2(5 - N)aeo(bmn + (*)
=: (kx) + (), (5.44)
where (xx) are the linear error terms and (x) are the nonlinear error terms. The global

existence of a similar system, namely wave maps from a large class of expanding space-
times, has been studied in [BK].
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To write down the right energy, we consider the model ODE

. 2.
X+ §X +AX =0. (5.45)
Let
1 if Ao > 4, 1 ifag > 4,
o= , Cp = . .
1 —JT=9% if0<hio<3 E7 on if0<ng <)
(5.46)
Define
1., .
E=-X)2+2x2+Lxx. (5.47)
2 2 3

Lemma 5.11. Let Ag be positive and Ao # é. Then, E is positive definite and if (5.45)
holds for & > Ao, E < —2aE.

Proof. 1t is straightforward to check that E is positive definite. A computation yields

. 1 CE ) CE .
E=(——+—)X)?— =XX—
(=3 + 35X -~

%E,\Xz. (5.48)

In the case A9 > %, the right hand side equals —%aE . In the other case, we get £ =

— %(xE +0Q (X , X), where Q is aquadratic form in (X , X) which is negative semidefinite.
For details, see [AMb, Lemma 6.4] in a similar case. 0O

We denote the mean value of @, by @y = f,; PpundV and we write o+ = & — .
We define

k—1
1
Ep(®) = E E / [(_Ag)laeocbmn “ 0y Prun + E(_Ag)lﬂq)ftn : cI)rtn
M

m,n [=0

CE
+ ?(—Ag)’am@m,, oL

mn

]dV. (5.49)

By decomposing into a basis of Laplace eigenfunctions, one sees that Ey (P) ~ || ot || gt
[0y @] 11

Lemma 5.12. Suppose that (5.44) holds. Then, assuming that ||N || gr+1 is uniformly
bounded and N is uniformly positive, we obtain the energy estimate

— 3/2
0 EL(®) < 2Bt CIM s +1Slpor +IN =3l ) Ec+ € 07! | B

+Ce 2T H /dethHLOO ||F||?_1k,1 \/Eik_ 3 g aeocbmn/ aeocDmndV.
M
m,n
(5.50)



1110 V. Branding, D. Fajman, K. Kroncke

Proof. We consider an arbitrary summand of the energy. For convenience, we write
u = &,,,. For the rest of the proof, let / be even, the odd case is similar. By integration
by parts

/M[(—Ag)laeou B + %(—Ag)“‘ﬁ cut %E(—Ag)’agou cutdv
— /M[(—Ag)l/zaeou - (—Ag)’/zaeow%(D(—Ag)’ﬂui, D(—Ag)"?ut)
+%E(—Ag)l/zaeou A=A PutldV = /M@@,dv. (5.51)
Similar as in the previous subsection, we compute
dr / &dV = / [Ndgy b1 — N&tr, T11dV
M M

= —/ N@@ltrgndvu/ N -TI(D(=A)"?ut, D(—A ) ut)dV
M M
+ Commutator terms

+/ N(—=A)" Doy (3egu)) (— A ) ?dpyud V

M

+ / N(D((= D)8y (ub)), D(—=A)?ut)dV
M

+%E/MN((—Ag)l/zaeoui)(—Ag)’/zaeou
+ N((—A)2uh) (= A ) (3ey (Begu))d V. (5.52)

By integration by parts and using (5.44), we can treat the last four terms as follows:
/ N (=8)"" 3oy (Degu)) (= 2)"*dequd V
M
+ [ N2 ), Do) Pty
M

+C—E/ N((— A )2 8eu) (= A g) 28,1
3 Ju
+ N((=A)"2ub) (= A )" 3oy (deyu))dV

=— / N(—=A)2((#) + (%)) (= A ) (3gou)d V
M
— %E /M N(=A) @) (= A2 () + (+%))dV
- %E /M N (= A2 (D t) (— A ) 2o u)d V
+/ DN % (—A)(3gu™) % D(—A) ?utdv
M

+/ DN % (=A)"?ut D(—A)?utav
M
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1
+(—5+ C_E)/ N(=A0)"? 9t - (= A)'?dequdV
2737y
— C—E/ N(D(—Ag)Put, D(—A)2uty
3 /u
1
+ 5N((—Ag)’/zui)((—Ag)’/%)eou)dv

=< CUIN Lo 1) + o)l -1 v/ Ex + [IDN || oo Ey)
_ Za/ &AV +C N — 3| Ex — C—Eaeoﬁ/ NdgudV. (5.53)
M 3 M
In the last step we applied Lemma 5.11 to the last three terms before the inequality

sign. Note that the last term on the right hand side only appears in the case [ = 0.
Straightforward estimates show that

[l Ge) + Gro) || gt
< C[ID1og Nl i1 DDl i1 + (| trg T s + IN = 31 1) |0y @ -

Jdet & ” pu! (5.54)

It remains to consider the commutator terms. At first, we conclude from Lemma 2.1 by
induction that for any / € N and any sufficiently regular function f,

-1 2 2T 2
w|o7t| L IDRI + e IR

21-2 n
[0e> (A)'1f = Z Z X:Dl]+l log N ... D""*'log N
n=0 3 li+p=n p=0 p—times

2(—1)—n
Z [Dml-[ * D2l—n—mf+D21—n—m—l IOgN * Dm+18€0f

m=0
l—n

+D"Sx D* " f 4+ Y " D™ (1% Dlog N) + DX ="~ 1 £,
m=0

(5.55)
Assuming that || D log N|| g« is uniformly bounded, the four commutator terms can be
estimated by
/ N1dey. (—A) gt - (—A) P3udV
M

< CIINIl oo [T i + 1S g2) | Begte | i
+ I D1og Nl g1 || eq (Beou) | k2] 9o | Hk=1o

/ N{[Ley. D(=28)"Jut, D(=2)"ut)dV
M
< CUINlgeo [T geor + 1Sl i) ||

+ [ D1og Nl i [|0eqte | 1] H“lH A

/ N[Beg, (=AWt - (=N 28,udV
M
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=< ClINIlgeo [ATTN g2 + IS ga—2)

]

+ D log Nl g1 ” 8eo’/‘” kaz] ” 8eou|| Hk=1 >

Hk-1

/ N(=2)"2ub - [49, (—N)/*10eoud V
M
< CIIN |l zoe LTI g2 + IS 1l i) || et | s
+ 1D 10g Nl g1 || deq (Begit) | i 2]

‘uJ‘” e (5.56)

The statement now follows from combining all the estimates and using (5.44). O

Lemma 5.13. Let u be a function, i = §,, udV and ut = u — ii. Then we have

depit = N~ <][ Ndg,udV —][ tr IT - uidv> . (5.57)
M M

In particular, under the assumptions of Proposition 5.12,

Begit = Tegitl < CIN =3l oo (] o + |t

L2) . (5.58)

Proof. Recall that9,g = —2I1 — Xxgandey = N -1 (97 + X). Then a straightforward
computation shows

dv
deii = N~1or Ju
Sy dv
_ oy [y drudV + 1 [ u-tworgdv 1 [, udV - [, wdrgdV
Judv 2 ([yydV)>

wrd ()
= — or XudV—/ u-tr 1'I+][ udV-/ tr l'[dV). (5.599)
NfMdV(M ’ M # M u f

The second assertion of the lemma follows from standard estimates and using [T =
—Y+(N"'=3"hHg. @

Proposition 5.14. Under the assumptions of Lemma 5.12, we have

01 Ex(®) < —2aE + C(I S| ot + I1VE [ ot + IN — 3 i) Ex
B+ e |Vaetd| IFIGc VE.  (560)

wc o]

Hk-1

Proof. This follows from Proposition 5.12, Lemma 5.13, and using the notations S =
div,I1 — DtrglTand T = -X+ (N~! =371)g. O

Remark 5.15. Note that we have control over |®~!|,;_; due to Lemma 5.13 and the
exponential decay of the energy that we will obtain.
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6. Elliptic Estimates

We provide in this section the standard elliptic estimates for lapse and shift and their
time-derivatives.

Proposition 6.1. Under smallness conditions for the lapse function, a pointwise estimate
of the form O < N < 3 holds and moreover the following two estimates.

2
IN =3l = € (1130 +Iellol e + T lnles)

IXllge < C (||E||i,g72 +11g = ¥ I3 +ITlllpl ge=s + T Inll gre—s + r2||NJ||H«-z) :
(6.1)

Proof. These estimates are an immediate consequence of elliptic regularity applied to
(3.15) and (3.16), respectively and the maximum principle applied to (3.15). O

6.1. Estimates of the time derivatives.

Lemma 6.2. Let £ > 4. For sufficiently small perturbations, the following estimate
holds.

107 Nl e < C[uﬁum +1X et + IS 5ems + N1 — ¥ 156 + 1211 gre—2
+ 1zl ol ger + 1T Il e + 12121 e + TP IT ) e
+ r2|||F|||HH(||.$e0w||m4 +llooll 1 + |||F|||Hzfz)
+ (107 ®ll g2 + [ DOl i) |,

187 X || e < C[||X||Hm S0 + 118 = V130 + 1N e

3
+1T|[ISll ge—2 + Izllloll et + TPl e

+ TP et + 1T PIT N et + T2 F e
x (1Zegl g2 + 0l gt + IF =)
+ (107 @l gz + D@ =)’ . 6.2)
The constant C depends implicitly on the perturbation via
C = C(IXIlgest, IN =3l et INl[zoo, INT 2o, 12l g1, g = ¥l o). (6.3)

Proof. By differentiation with respect to 7 the elliptic system implies
(A — %) drN =2N(DDN, £) —2NAN + (DDN, %xg)
+ (21)"(1\/2,@) +D'(N) — %Axf - %DkDiXk) D;N
+ 2N< —2NIZ[; + 2ﬁ|z|§, —2(DX, %, %) - 2|2}

_ l _ 3N 2
N(%, 2.,g,”(,’,’),((g y)+J)+ (X, DDN)+2N|X|, — N|Z[,
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— 2(S, Zxg) +877I(Z, 5)) + N (o (zlo) + or (I )

+ (IS +Ielp +12Pn) or N, (6.4)
where (DX, =, %) = D,-XJ'E,QE? and

A@r X))+ R, (0rX™) = —(r R,)X™ — [3r, A1X'
+2D;(3rN)ZY +2D;N(9r ")
ik AT 1 ik
—(drg )DkN_gg Dy (07 N)
+27 N)[t|* )" + 2Nor (|77
— 2@ N)E"™ (T — T ) —2N@r ="\, — T )
— 2N 97T, + (9rg™ g") DX, (T, — Th)

mn

+D" (X" (T —T! Y+ D"X"orTl . (6.5)

We proceed analogous to [AF17] using the evolution equations for the energy-density
and the current, which are independent of the matter model. The divergence identity of
the energy momentum tensor in the unrescaled form, V TP (cf. [Re], (2.606), (2.67))
reads with respect to the rescaled variables, p = g|t|~> and ; = || ],

. ; N . .
drp=0B—=Np—XVip+TtN'V;(N?;)) — ‘L'Z?gijT’-/ —2NX;TY,

o)’ =36 =N =X/ = (VX)) TV INTY) — 2N~ Iz~ pVIN.
(6.6)

The time derivative of the term containing 1, however, requires a detailed evaluation
as it depends on the equations of motion for the matter model. We need to estimate
the H*"2-norm of 37 (v>1). This term is 73y = 4772 T;; and up to a constant and
the factor T2 it is evaluated in (4.4). We now take the time derivative of the terms on
the right-hand side of (4.4) modulo the t2-factor and replace, if necessary, second time
derivatives of the matter fields using the corresponding equations of motion. We do this
explicitly for two terms to illustrate the computation and leave the remaining terms to
the reader. This computation will provide an estimate for |07 r377|| pe-2. The first term
we consider explicitly is -

[ (V1 )] ons (1 5)
+ (O Vet @) e (F)' Fiy)

+ g/ /det ® (E)Ttr (F]“Fm)) . (6.7)

The norms of the first terms on the right-hand side can directly be estimated. We focus
on the evaluation of the last term.
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g Orte(FI i) = g8 or (72 N2 Fjo.m) (t Fio)
+ N72X* (¢ Fjim Fion + TFjom Fikn)
+(g" = X*X) Fjm Fiz,n])
= g8 T2 N2 (¢ Fjon)dr (t Fion) + . .- (6.8)
Here we suppress terms that can either directly be estimated or those that can be handled
similarly to the one considered explicitly. We proceed with that term.
818" TN Fjo,)01 (t Fion) = —8"/8"" >N Fjo) (01 A1 = 07 As )
(6.9)

There are two terms with time derivatives on the right-hand side, which cannot be
estimated by the energies. We therefore replace those by the corresponding evolution
equations or by suitable quantities estimated in the respective sections on the control of
the matter fields. The relation between A, W and w and the definition of ep imply

AT ATy = Ndgy ¥y — XW,, + (dr N)W,, — (37 A; ) X' — A; n0r X',

37 Avn = LogLogwon + N QN + X' N) - (37 + X 9)wgn — (X 91w
— X' 3 97wen — OrXNdiwen — X 378000 — H(XHN @7 + X 9w 0
— Loy (3 XD wj . (6.10)

We intend to use those equations to replace the left-hand side appearing in the time-
differentiated equations by the right-hand sides, which can then be estimated using the
corresponding results from Sect. 5.2. We can estimate the Sobolev norms of W and
or¥ by Lemmas 5.8 and 5.9, respectively. The spatial components, i.e. w and their
time-derivatives are estimated using equivalency of energies as stated in (5.21). The
term %, %, w¢,, is substituted using equation (5.13). This, in turn, makes terms in ¢
appear, for which we use the standard Sobolev norm. Proceeding as described leads to
an estimate for the H~2-norm of the left-hand side by

CT2Fl e - {nNaeown — X, + @r N, — Q7 Ain) X' — Aind7 X || g2

+ Loy Zegwen + N QN + X' 9iN) - Or + X' 0)og,n
— (Xiai)za)e,n — XiaiaTw(f,n”H‘f*2

+ = (O X)diwp 0 — X 0rdiwen — (XN @1 + X' 0)w;

— zeowﬂ?l')w,-,nnmz}

< CT?||Fllge2 - {(1 + 187 Nl e + 197 X [l 1) (1Ll e + ool o)

+IFllge-2 (IN = 3l ge=1 + | DR ez + [|TT|| gye—2 + (|97 || gye-2)
+ (ISl gges + D@ ge—s + 187 Pl gye-s + |-Log S ge—s + 1 Lo divE | ye-3)

(1Ll gre—2 + llwll gre—1) } 6.11)
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where C = C([Nll, NIz, 1PNz, X[ ge-1, IN = 3]l o=, 1T e,
[|D®|| ge-3). The second term from (4.4) that we estimate explicitly is

1
|07 (maT "9y d>mq) | e

< c{lor Nl gz llor @12,

+ |I3T¢IIH@—2[(II3T¢IIH@—2 + [ D®| ge-2) (|07 N e
+IN =3l g1 + 197 X[ ge—2 + | X || 1)

+ | D®@|| ge-1 + [10eq Pl e—2 + | ) || gre—2 + ||(*)||Hz—2i| } (6.12)

Note that the last two terms are defined in (5.44) and estimated in (5.54). Evaluating the
remaining terms of (4.4) after taking the time derivative we conclude an estimate of the
following form.

107 nll gre—2
< c{ 137 N || gye—2 (r2|||F|||H«-z (IZeyll gre—2 + o]l gre=1)
+0r @l e (107 | gre—2 + | DD yre-2))
+ 1107 X || gre—2 (r2|||F|||HH (I-Zey@ll o2 + lloll gre-1)

+97 @l ge—2 (107 @l ge—2 + | DD yre—2)) }
‘.. (6.13)

Here, the suppressed terms are not in factors of the norms of 97 N and d7 X and therefore
contribute directly to the right-hand side of the final elliptic estimate for the norm of
or N. The terms, which are listed explicitly are handled in the following way. We note
that the factor multiplied with the term |07 N || ¢ is small by assumption. Applying
elliptic regularity to (6.4) this term can therefore be absorbed in the constant.

On the right-hand side of (6.13) aterm with ||d7 X || ;¢—2 remains, which is also multiplied
by a small factor. This preliminary estimate for d7 N is then used in conjunction with the
elliptic estimate for (6.5), which contains dr N terms that are replaced by the preliminary
estimate. This estimate in turn contains dr X terms on the right-hand side, which can
be absorbed using smallness of the factors and we obtain an estimate for ||dr X|| ge
independent of a7 N. This can then in turn be used in the preliminary estimate for
|07 N || e to obtain the final estimate for |07 N|| yge. O

7. Proof of the Main Theorem

7.1. Preliminaries and local existence. ~ Small perturbations of an initial data set, cor-
responding to the background solution, are not necessarily CMC. As argued in [FK15],
for a related situation, the corresponding maximal globally hyperbolic development con-
tains a CMC surface with data close to the background. A similar argument applies in
the present context. Starting from this CMC surface we apply the local existence theory
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for the reduced system, which is of hyperbolic-elliptic nature. An analysis as in [AMa]
yields a local existence theory for our system and a continuation criterion assuring the
existence as long as the Sobolev norms in suitable regularity (H* for metric and fields
and H3 for time derivatives) is sufficient. It therefore suffices to establish the energy
decay to conclude global existence. We now give a detailed description of the main
theorem.

Theorem 7.1. Let (M, y) be a compact, negatlve 3-dimensional Einstein manifold with-
out boundary and Einstein constant p = —35 Z and @y, a set of constant functions corre-
sponding to a flat metric on T9. Then there exists an ¢ > 0 such that for an rescaled
initial data set (g, X, A, A, @, d) € H* x H> x H* x H3 x H* x H3 with

(gaEaA5A5 q>7 q>) EBE (J/705 07 09 (I)b70) (7‘1)

the corresponding solution to the rescaled Einstein—Kaluza—Klein system (3.9)—(3.11),
is future-global in time and future complete. As the mean curvature T of the macroscopic
part tends to zero the perturbation (g —y, £, A, ® — ®) goes to zero in H* x H> x
H* x H*. In particular, the field ® asymptotically freezes, i.e.

(g, 2,A,P) = (y,0,0, Py) (7.2)

for some set @, of constant functions. In particular, the Milne model is an attractor
for the macroscopic geometry of product spacetimes with a torus as an internal space
within the class of perturbations that preserve the full symmetry group of the torus.

7.2. Global existence.  The proof of Theorem 7.1 is an almost immediate consequence
of the individual energy estimates for the geometry, the one-forms and the functions.
We define a total energy measuring all perturbations simultaneously by

Eot(g — 7. 2.0, ) 1= E4(g — v, B) + ¢ E4(w) + E4(®). (7.3)
The energy-estimate for the total energy is given by

Lemma 7.2. Under the smallness assumption on the perturbation the following estimate
holds.

I7Ewt(g — v, , 0, ®) < —20Eiot(g — ¥, T, ®, ®) + CEot(g — ¥, T, w, ®)¥/2.
(7.4)

Proof. This estimate is a consequence of Propositions 5.6, 5.10 and 5.14 and the elliptic
estimates. O

In order to determine the decay rate of the total energy let us consider the model equation
3
dry(T) = —2ay(T) + Cy(T)>.
For yg := y(0) > 0 we obtain the solution
4o

y(T) = :
(e«T (2 — )+ )

2 .
If we assume that yp < % then we can deduce that the solution y(7) has a decay rate

of e~ 2T

Performing a similar analysis of (7.4) we can conclude that the total energy decays
with a rate of =27 . In the following, we will use this result to determine the decay of
the individual energies based on the individual energy estimates.
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7.3. Decay rates.  Appealing to the individual energy estimate for E4(w) this yields
the following decay rates.

Lemma 7.3. For sufficiently small initial perturbations, the following estimates hold.

Ey(g—y. ) S e, Eqw) S1, Eg(®) Se 7. (7.5)

7.4. Completeness.  The energy decay rates of the macroscopic geometry are identical
to those of Andersson—Moncrief for the vacuum Einstein flow [AMb]. Therefore future
completeness follows analogously. This completes the proof of Theorem 7.1.

8. Other Related Systems

In this section we list other well-known models for which our method applies. More
precisely, one also obtains nonlinear stability of the 3 + 1-dimensional Milne model as
a solution of the following systems.

8.1. The Brans—Dicke system. — The Brans—Dicke model is governed by the action

S(h, ¢) = /M @R = SHP Va4V, 8.1)

where w denotes the dimensionless coupling constant. The critical points of the Brans—
Dicke action are given by

1 a) 1 1
Raﬁ - _Rhaﬂ =¢_2(Va¢vﬁ¢ - Ehaﬁh VV8¢VV¢) + a(vavﬂ(ﬁ - |:|¢)s

2 (8.2)

C¢p =0.

This system is obtained from our result by setting F = 0 and assuming T¢ = S! so that
Dy = ¢

8.2. The Einstein-wave map system.  In order to define the Einstein-wave map system

we also take into account a Riemannian manifold (P, k;;) and consider a map ¢p: M —
P. This allows us to provide the action for Einstein-wave maps

S(h.¢) = / (R = h*PN ' V¢ kij (§))d Vi. (8.3)
M
The critical points of the Einstein-wave map system are given by
1 . . 1 . .
R = 5 Rhy = V' Vo kij = 5 Vad' Vo  hPkijh .

D¢’ = —T%($)Vad’ Vo n,

(8.4)

where 1"3. « (@) are the Christoffel symbols on the Riemannian manifold P. This system
is a slight modification of our system in the case of F = 0 since we are now assuming
that the map ¢ takes its values in a Riemannian manifold. If the map is almost constant
one can assume that its image is contained in a single coordinate chart such that we can
think of it as a set of functions rather than a map between manifolds. The Einstein-wave
map system is not directly captured by our main result by setting F' = 0 but exactly the
same energies can be used.
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8.3. The Einstein—-Maxwell system. To define the energy for the Einstein—Maxwell
system we consider the vector potential A,, and its curvature two-form F),, . The energy
functional for the Einstein-Maxwell system is the following

1
S(h, F) = / (R — 3 Fup F,sh®Y hP)dv,. (8.5)
M
The critical points of the Einstein—-Maxwell system are given by

1 1 5
Ry — ER/’Z,“; :FMﬁFuahaﬂ - ZFaﬂFyahayhﬁ hl“)’ (8.6)

h*f v, Fgs =O0.

We obtain the Einstein-Maxwell system by setting ® ,, = 0, neglecting the equation for
® ,, and changing some constants on the right hand side of the equation on the metric.
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