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Abstract. In this article, we study small perturbations of the family of Friedmann—-Lemaitre—
Robertson—Walker cosmological background solutions to the coupled Euler—Einstein system with
a positive cosmological constant in 1 + 3 spacetime dimensions. The background solutions model
an initially uniform quiet fluid of positive energy density evolving in a spacetime undergoing ex-
ponentially accelerated expansion. Our nonlinear analysis shows that under the equation of state
p = cszp, 0 < ¢y < +/1/3, the background metric + fluid solutions are globally future-stable
under small irrotational perturbations of their initial data. In particular, we prove that the perturbed
spacetime solutions, which have the topological structure [0, c0) x T3, are future causally geodesi-
cally complete. Our analysis is based on a combination of energy estimates and pointwise decay
estimates for quasilinear wave equations featuring dissipative inhomogeneous terms. Our main new
contribution is showing that when 0 < ¢; < +/1/3, exponential spacetime expansion is strong
enough to suppress the formation of fluid shocks. This contrasts against a well-known result of
Christodoulou, who showed that in Minkowski spacetime, the corresponding constant-state irrota-
tional fluid solutions are unstable.

Keywords. Cosmological constant, energy dissipation, expanding spacetime, geodesically com-
plete, global existence, irrotational fluid, relativistic fluid, wave coordinates

1. Introduction

The irrotational Euler—Einstein system models the evolution of a dynamic spacetime
(M, g) containing a perfect fluid with vanishing vorticity. By spacetime, we mean a
4-dimensional time-orientable Lorentzian manifold M together with a spacetime met-
ric g,y on M of signature (—, 4, +, +). In this article, we endow this system with a
positive cosmological constant A and consider the equation of state p = cs2 p, where p is
the fluid pressure, p is the proper energy density, and the nonnegative constant c; is the
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speed of sound. As is fully discussed in Section 3, under these assumptions, the irrota-
tional Euler—FEinstein system comprises the equations (here and throughout, we use units
with 87G = ¢ = 1, where c is the speed of light propagation in Maxwell’s theory of
electromagnetism, and G is Newton’s universal gravitational constant)

Ric,y —3Rguy + Aguy = T (n,v=0,1,2,3), (1.1a)
Dy (0°g*P Dp®) =0, (1.1b)

where D is the Levi-Civita connection corresponding to g, Ric, is the Ricci curvature
tensor, R = g"‘ﬂ Ricypg is the scalar curvature, ® is the fluid potential (see Remark 1.1),
Téf,calar) = 20°(3,®) (3, D) + guv(s + 1)"lo*+! is the energy-momentum tensor of an
irrotational fluid, o = — g% (9, ®) (0 ®) is the square of the enthalpy per particle, and
s = (1 — c?) / (2c3). The fundamental unknowns are (M, g, d®), while the pressure
and proper energy density can be expressed as p = ﬁo“‘l, p = ZS‘Y_‘_—JFIIUSH. In this
article, we will mainly restrict our attention to the case s > 1, which is equivalent to
0 < ¢y < +/T/3. Although we limit our discussion to the physically relevant case of 1+ 3
dimensions, we expect that our work can be easily generalized to apply to the case of
1 4+ n dimensions, n > 3.

Remark 1.1. Due to possible topological obstructions arising in the application of
Poincaré’s lemma on the spacetime slab [0, T] x T3 (see Section 3.1), the function ®
may only be defined locally (even though the one-form d®, which is the physically rel-
evant fluid variable, does not suffer from this problem). For simplicity, we only give
complete details in this article in the case that @ can be globally defined. Equivalently,
we only give complete details in the case that the spacetime one-form g, defined in equa-
tion (3.12) below is exact. We remark that the exactness condition is preserved by the
flow of the relativistic Euler equations if it is satisfied by the (3-dimensional) initial data
one-form ,3°j (which is discussed in more detail below). Under our exactness assumption,

in any spacetime slab [0, T'] x T3 where By exists, there exists a function @ such that
0y ® = B,. For a general irrotational fluid, 8, is closed (i.e., dB = 0) but not exact (see
Section 3.1 for more details). In this general case, equation (1.1b) would be viewed as an
equation for the components 8. Furthermore, one would have to supplement (1.1b) with
the equations dB = 0 (the corresponding evolution equations are d; 8; — d; o = O relative
to the wave coordinate system we use throughout our analysis). We chose to provide full
details only in the exact case because exactness simplifies the presentation and the deriva-
tion of the fluid energy estimates. However, we stress that the estimates that we derive for
0,,® in the exact case are precisely the same as those that could be derived for 8, in the
general irrotational case; all of our proofs in the exact case could be slightly altered in a
very straightforward fashion to apply to the general irrotational case.

As we explain in Section 3, the specification of an equation of state is sufficient to
close the relativistic Euler equations. Our choice of p = cf, p is often made in the math-
ematics and cosmology literature. As is explained in Section 4, under such equations of
state, there exists a family of Friedmann-Lemaitre—Robertson—Walker (FLRW) solutions
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to (1.1a)—(1.1b) that are frequently used to model a fluid-filled universe undergoing accel-
erated expansion; these are the solutions that we investigate in detail in this article. The
cases p = 0 and p = (1/3)p, which are known as the “dust” and “radiation” equations
of state, are of special significance in the cosmology literature. The latter is often used
as a simple model for a “radiation-dominated” universe, while the former for a “matter-
dominated” universe. Unfortunately, as we will see, these two equations of state lie just
outside of the scope of our main theorem. Our results can be summarized as follows. We
state them roughly here; they are stated more precisely as theorems in Sections 11 and 12.

Main Results. If0 < ¢, < J/1/3 (i.e.,s > 1), then the FLRW background solu-
tion ([0, 00) x T3, %, d®) to (1.1a)—(1.1b), which describes an initially uniform
quiet fluid of constant positive proper energy density evolving in a spacetime
undergoing exponentially accelerated expansion, is globally future-stable under
small perturbations. In particular, small perturbations of the initial data corre-
sponding to the background solution have maximal globally hyperbolic develop-
ments that are future causally geodesically complete. We remark that through-
out this article, 9; is future-directed. Above, g = —dt? 4 ¢¥0 Z?zl(dxi )2,
and 9P := (3, P, 91D, 1, P, RP) = (We 2" 0,0,0), where W is a positive
constant, 3 = 3/(2s + 1) = 3¢2, Q(t) ~ (/A/3)t is defined in (4.15), and
T3 := [—m, n]? with the ends identified. Furthermore, in the wave coordinate
system introduced in Section 5.1, suitably time-rescaled versions of the compo-
nents g, of the perturbed metric, its inverse g"”, the fluid potential one-form
0®, and various coordinate derivatives of these quantities each converge to func-
tions of the spatial coordinates (xl , X2, x3) as t — oo. The limiting functions
are close to time-rescaled components of the FLRW solution, which are constant
in 7 and (x', x2, x3).

Remark 1.2. In future work, using other techniques, we plan to extend the results as
follows: (i) by removing the assumption of irrotationality, and (ii) by proving future sta-
bility in the case ¢; = 0. The case ¢; = +/1/3 has recently been addressed [LVK13]
via Friedrich’s conformal method (see Section 1.1). Furthermore, we note that Rendall
[Ren04] found (using formal power series expansions) evidence suggesting instability
when ¢; > /1/3.

Remark 1.3. In this article, we do not address the issue of whether or not the perturbed
solutions are decaying towards the exact FLRW background solution. Note also that our
results only address perturbations of fluids featuring a strictly positive proper energy den-
sity p. We have thus avoided certain technical difficulties, such as dealing with a free
boundary, that arise when p vanishes. Furthermore, note that we have only shown stabil-
ity in the “expanding” direction (t — 00).

We would now like to make a few remarks about the cosmological constant. We do
not attempt to give a detailed account of the rich history of A, but instead defer to the dis-
cussion in [Car01]; we offer only a brief introduction. While the cosmological constant
was originally introduced by Einstein [Ein17] to allow for static solutions to the Einstein
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equations in the presence of matter, the present day motivation for introducing A > 0 is
entirely different. The story behind the modern motivation begins in 1929, when Hubble
discovered the expansion of the universe [Hub29]. In brief, Hubble’s “law,” which was
formulated based on measurements of redshift, states that the velocities at which distant
galaxies are receding from Earth are proportional to their distance from Earth. Further-
more, the present day explanation is that the cause of these velocity shifts is the expansion
of spacetime itself. For example, a metric of the form g = —dt* + d*(1) Z?:l (dx")?,
with %a > 0, creates a redshift effect. Now in the 1990’s, experimental evidence derived
from sources such as type la supernovae and the cosmic microwave background led to a
surprising conclusion: the universe is in fact undergoing accelerated expansion. Our main
motivation for introducing the positive cosmological constant is that it allows for space-
time solutions of (1.1a)—(1.1b) that feature this effect. A simple example of a solution
to the Einstein-vacuum equations that features such accelerated expansion is the metric
g = —dt* + &t Z?:l (dx")? on the manifold (—oo, 00) x T3, where H = /A /3.
The introduction of a positive cosmological constant is not the only known mech-
anism for generating solutions to Einstein’s equations with accelerated expansion. In
particular, Ringstrom’s work [Rin08], which is the main precursor to this article, shows
that the Einstein-nonlinear scalar field system, with a suitably chosen nonlinearity V (),
has an open family of future-global solutions undergoing accelerated expansion. More
specifically, the system studied by Ringstréom can be obtained by replacing (1.1b) with
gDy Dgd = V/(®) and setting T\ = (8, )(3,®) — [1¢% (3, D)(95D) +
V(CD)]g,w in equation (1.1a). V is required to satisfy V(0) > 0, V'(0) = 0, V"(0) > 0,
so that in effect, the influence of the cosmological constant is emulated by V(®) when ¢
is small. Ringstrom’s main result, which is analogous to our main result, is a proof of the
future-global stability of a large class of spacetimes featuring accelerated expansion.

The Main Results stated above allude to both the existence of an initial value prob-
lem formulation of the Einstein equations, and the existence of a “maximal” solution.
These notions are fleshed out in Section 3.2, but we offer a brief description here. One
of the principal difficulties in analyzing the Einstein equations is the lack of a canonical
coordinate system. Intimately connected to this difficulty is the fact that due to the dif-
feomorphism invariance of the equations, their hyperbolic nature is not readily apparent
until one makes some kind of gauge choice. One way of resolving these difficulties is
to work in a special coordinate system known as wave coordinates (also known as har-
monic gauge or de Donder gauge), in which the Einstein equations become a system of
quasilinear wave equations. One advantage of such a formulation is that local-in-time ex-
istence for a system of wave equations is immediate, because a standard hyperbolic theory
based on energy estimates has been developed (consult e.g. [H6r97, Ch. VI], [Tay97, Ch.
16], [SS98], [Sog08]). Although the use of wave coordinates is often attributed solely to
Choquet-Bruhat, it should be emphasized that use of wave coordinates in the context of
the Einstein equations goes back to at least 1921, where it is featured in the work of de
Donder [dD21]. However, the completion of the initial value problem formulation of the
Einstein equations is in fact due to Choquet-Bruhat [CB52]; her main contribution was a
proof that the wave coordinate condition is preserved during the evolution of solutions to
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a modified version of the equations if it is initially satisfied and the constraint equations
(1.2a)—(1.2b) are satisfied (see the remarks below).

The initial data for the irrotational Euler—Einstein system consist of a 3-dimensional
Riemannian manifold 3. and the following fields defined on 3: a Riemannian metric 8,

a symmetric two-tensor K, a function ¥, and a closed one-form f (i.e., d = 0, where

d denotes the exterior derivative operator on ). A solution consists of a 4-dimensional
manifold M, a Lorentzian metric g, and a closed one-form d® (see Remark 1.1) on M
satisfying (1.1a)—(1.1b), together with an embedding ¥ < M such that g is the first

fundamental form of ¥ [see definition (3.33)], 5 is the second fundamental form of %
[see definition (3.34)], the restriction of Igdto X is W, and the restriction of 9® to

vectors tangent to 3. is _ﬁ - Here 9 @ denotes the duality pairing of the one-form & with

the vector field N , wWhere N is the future-directed unit normal N to ¥ (i.e., 05 @ is the
normal derivative of ®); see Section 2.3 for a summary of the conventions we use for
identifying tensors inherent to ¥ with spacetime tensors. It is important to note that the
initial value problem is overdetermined, and that the data are subject to the Gauss and
Codazzi constraints. The constraints can be expressed as follows relative to an arbitrary
local coordinate system (x!, x2, x3) on »:

R — KK + (3P Kap)® — 2A = 2T (N N)|s, (1.2a)
DKoj — §°DjKap = TSN, 9/0x7) g (j=1,2,3), (1.2b)

where R is the scalar curvature of 8 D is the Levi-Civita connection corresponding
to _g and N is the future-directed normal to 3. We remark that when p = c?,o, the
results of Section 3.3 imply that TG (N, N)|; = 26°W? — (s + 1)~'6**! and
TEAD (N 9/9x)) |y, = 265U f;, where 6 = 2 — g% BB, = o5

Remark 1.4. In this article, we do not address the issue of solving the constraint equa-
tions for the system (1.1a)—(1.1b).

17 years after the initial value problem formulation was understood, Choquet-Bruhat
and Geroch showed [CBG69] that every sufficiently smooth initial data set [satisfying the
constraints (1.2a)—(1.2b)] launches a unique maximal globally hyperbolic development.
Roughly speaking, this is the largest spacetime solution to the Einstein equations that is
uniquely determined by the data. This result is still a local well-posedness result in the
sense that it allows for the possibility that the spacetime might contain singularities. In
particular, future-directed, causal geodesics may terminate, which in physics terminology
means that an observer (light ray in the case of null geodesics) may run into the end
of spacetime in finite affine parameter. For spacetimes launched by initial data near that
of the FLRW solution, our main result rules out the possibility of these singularities for
observers (light rays) traveling in the “future direction.”

We offer a few additional remarks concerning wave coordinates. The classic wave
coordinate condition is the algebraic relation I'* = 0, where the I'* are the contracted
Christoffel symbols of the spacetime metric. In this article, we use a version of the wave
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coordinate condition that is closer in spirit to the one used by Ringstrom in [Rin08],
which was itself inspired by the ideas in [FR0OO0]. Specifically, we set I'* = I'*, where
' is the contracted Christoffel symbol of the background solution metric. Simple com-
putations imply that I'* = 3wd];, where (1) ~ /A/3, which is uniquely determined
by the parameters A > 0, p > 0, and ¢ = 3(1 + cf), is the function from (4.21).
Here, p denotes the initial proper energy density of the FLRW solution. It follows that
in our wave coordinate system, the (geometric) wave equation g%f D, Dgv = 0 for the
function v is equivalent to the modified (also known as the “reduced”) wave equation
g"‘ﬂ 0y 0gv = 3w0, v, which features the dissipative source term wd,v. We provide a more
detailed discussion of this modified scalar equation in Section 1.2. Furthermore, in Sec-
tion 5, we modify the irrotational Euler—Einstein system in an analogous fashion, arriving
at an equivalent hyperbolic system featuring dissipative terms. More precisely, the modi-
fied system is equivalent to the Einstein equations if the data satisfy the Einstein constraint
equations (1.2a)—(1.2b) and the wave coordinate condition.

1.1. Comparison with previous work

First, it should be emphasized that the behavior of solutions to the fluid equation (1.1b)
on exponentially expanding backgrounds is quite different than it is in flat spacetime.
In particular, if one fixes a background metric on [0, c0) X T3 near the FLRW metric
Zuv. then our proof shows that the fluid equation (1.1b) on this background with 0 <
cs < +/1/3 has global solutions arising from data that are close to that of an initial
uniform quiet fluid state, which is represented by d®. This is arguably the most interesting
aspect of our main result. In contrast, Christodoulou’s monograph [ChrO7b] shows that
on the Minkowski spacetime background, shock singularities can form in solutions to the
irrotational fluid equation arising from smooth data that are arbitrarily close to that of a
uniform quiet fluid state. Our original intuition for this article was that rapid spacetime
expansion should pull apart the fluid and discourage the formation of shocks.

In addition to Christodoulou’s nonlinear instability result in the case of flat spacetime,
we also mention the well-known linear instability result of Sachs and Wolfe [SW67],
which features slowly expanding spacetimes. In this work, they consider the Euler—Ein-
stein system with A = O under the equations of state p = 0 and p = (1/3)p. Sachs—
Wolfe then consider a family of background solutions to this system on the manifold
(—00, 0) x R3. We remark that these well-known background solutions are of FLRW
type, and can be obtained as special cases of the solutions that we present in Section 4
(modulo the fact that the Sachs—Wolfe solutions have spatial slices diffeomorphic to R,
while our solutions have spatial slices diffeomorphic to T3). When A = 0, the back-
ground metric is § = —dr? + 1?¢ Z?zl(dxi)z, where Q = ﬁ In particular, the
expansion is not accelerated. For the purposes of the present articlej the most important
result of [SW67] is that the linearization of the Euler—Einstein system with A = 0 around
the FLRW solutions is unstable. In particular, the linearized system features solutions
whose relative density perturbations can grow like 1€, where C > 0 depends on cy. Com-
bining this Sachs—Wolfe result with the results of the present paper and those of [LVK13],
one reaches the following moral conclusion: rapid spacetime expansion can suppress the
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formation of fluid instabilities, while slow spacetime expansion does not. As a side re-
mark, we mention the most well-known aspect of [SW67]: Sachs—Wolfe showed that the
growing density perturbations couple back into the metric. The resulting variations in the
metric lead to anisotropies in the cosmic microwave background. In particular, the amount
by which photons are gravitationally shifted varies with direction in the sky. The theoret-
ical predictions of this effect, which is known as the Sachs—Wolfe effect, are consistent
with the variations in the cosmic microwave background detected by the Mather—Smoot
team’s COBE satellite in 1992 [BMW192].

Next, we note that Brauer, Rendall, and Reula [BRR94] have shown a Newtonian ana-
logue of our main result. More specifically, they studied Newtonian cosmological models
with a positive cosmological constant and with perfect fluid sources under the equation
of state p = C,of\’lewt, where pnewt > 0 is the Newtonian mass density, C > 0 is a
constant, and y > 1 is a constant. These models were based on Newton—Cartan theory,
which is a slight generalization of ordinary Newtonian gravitational theory that can be
endowed with a highly geometric interpretation. The authors showed that small pertur-
bations of a uniform quiet fluid state of constant positive density lead to a future-global
solution. It is of particular interest to note that they do not require the fluid to be irrota-
tional. This suggests that our main result can be extended to allow for (small) nonvan-
ishing vorticity. As discussed in Remark 1.2, we will address this issue in an upcoming
article.

We also note a curious anti-correlation between our results and some well-known
stability arguments for the Euler—Poisson system (a nonrelativistic system with vanish-
ing cosmological constant) which may be found e.g. in Chapter XIII of Chandrasekhar’s
book [Cha61]. Chandrasekhar considers a simple model for an isolated body in equilib-
rium, namely a static compactly supported solution to the Euler—Poisson equations under
an equation of state equivalent to p = Cn?”, where n denotes the fluid element number
density, C > 0is a constant, and y > 0. He uses virial identity arguments to suggest that
such a configuration is stable if y > 4/3. However, since (3.7) implies that the equation of
state p = cf p (here p denotes the proper energy density, a relativistic quantity) is equiv-
alentto p =C nH‘C-% , our main results show that our background solution is stable under
irrotational perturbations if 1 < 1 + cs2 < 4/3; i.e., our results seem to anti-correlate
with the aforementioned nonrelativistic one. We temper this observation by noting that
our problem differs in several key ways from that of Chandrasekhar; Chandrasekhar stud-
ied compactly supported data for a nonrelativistic system on a flat background, while
here we study relativistic fluids of everywhere positive energy density on an expanding
background.

In addition to the previously mentioned work of Ringstrom, we would also like to
mention some other contributions related to the issue of global nonlinear stability for
solutions to the Einstein equations with a positive cosmological constant. The first au-
thor to obtain global stability results in this direction was Helmut Friedrich, first in vac-
uum spacetime [Fri86] in 1 + 3 dimensions, and then later for the Einstein—-Maxwell
and Einstein—Yang—Mills equations [Fri91]. Anderson then extended the vacuum result
to cover the case of 1 + n dimensions, n odd [AndO5]. Their work was based on the con-
formal method, which reduces the question of global stability for the Einstein equations
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to the much simpler question of local-in-time stability for the conformal field equations,
which were developed by Friedrich. We remark that the conformal field equations are
symmetric hyperbolic, and for such systems, local-in-time stability is a standard result.
Unfortunately, the conformal method does not seem to be easily applicable to all mat-
ter models that arise in general relativity. In particular, Ringstrom has stated that one of
his main motivations for his wave coordinate approach in [Rin08] is that the conformal
method cannot necessarily be easily adapted to handle matter models other than Maxwell
and Yang—-Mills fields. Our work can be viewed as an example of the robustness of the
wave coordinate approach when A > (0. We also note that future-stability in the case
cs = /1/3 was shown [LVK13] via the conformal method. We remark that the key struc-
tural property that allows one to apply the conformal method is the vanishing of the trace
of the energy-momentum tensor; for a perfect fluid, the vanishing occurs only for the
equation of state p = (1/3)p.

Finally, we compare our work here with the body of work on the stability of Min-
kowski space, which is the most well-known solution to the Einstein-vacuum equations
in the case A = 0. This groundbreaking work, which was initiated by Christodoulou and
Klainerman [CK93], covered the case of the Einstein-vacuum equations in 1 + 3 dimen-
sions. Their proof, which is manifestly covariant, relied upon several geometric foliations
of spacetime, including maximal t = const slices and also a family outgoing null cones.
In particular, it was believed that wave coordinates were unstable in this setting and there-
fore were unsuitable for proving the global stability of Minkowski spacetime. However,
Lindblad and Rodnianski have recently devised yet another proof for the Einstein-vacuum
and Einstein-scalar field systems [LROS5], [LR10], which is much shorter but less precise,
and which proves the global stability of Minkowski spacetime in the wave coordinate
gauge ['* = 0. In particular, Lindblad and Rodnianski were the first authors to show that
a wave coordinate system can be used to prove global stability results for the Einstein
equations. As we will explain in the next section, our result was technically simpler to
achieve than either of these results. More specifically, in 1 4 3 dimensions with A = 0,
the Einstein-vacuum equations contain nonlinear terms that are on the border of what can
be expected to allow for global existence. More precisely, the equations contain nonlin-
ear terms that, on the basis of their order alone, might be expected to produce finite-time
blow-up (even for small data). However, in wave coordinates, the Einstein equations were
shown to satisfy the weak null condition [LRO3], which means that they have a special
geo-algebraic structure that allows for small-data global existence. As we will see, the ad-
dition of A > O to the Einstein equations, together with our previously mentioned wave
coordinate choice, will lead to the presence of energy dissipation terms. Consequently,
in the parameter range 0 < ¢; < +/1/3, we do not have to contend with the difficult
“borderline integrals” that appear in the proofs of the stability of Minkowski spacetime.
A more thorough comparison of the proofs of the stability of Minkowski spacetime to the
proofs of the stability of exponentially expanding solutions can be found in the introduc-
tion of [Rin08]. Moreover, we remark that readers interested in results related to those
of Christodoulou—Klainerman and Lindblad—Rodnianski can consult [BZ09], [KNO3],
[Loi08], [Spel0].
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1.2. Overview of the analysis

Our working version of the modified irrotational Euler—Einstein system is provided by
equations (5.15a)—(5.15d) below. These equations form a coupled system of quasilin-
ear wave equations containing dissipative inhomogeneous terms and “error” inhomoge-
neous terms. The system has a diagonal principal part and features two distinct inverse
Lorentzian metrics: (i) the inverse spacetime metric g !, and (ii) the reciprocal acoustical
metric m~! [see (5.17a)—(5.17¢)], which is an inverse Lorentzian metric corresponding
to the irrotational fluid equation (1.1b). We remark that m~! depends on both g and 3 ®.
More precisely, each equation in the system (5.15a)—(5.15d) can be written in the form

E*9e0v=aHdv+ pPH v+ F, (1.3)

where v € {®, goo + 1, goj, hjk = e_Zngk}j’k:LQ,?,, e is one of the two aforementioned
inverse Lorentzian metrics, o« > 0 and 3 > 0 are constants, H = /A/3, and F is a
nonlinear inhomogeneous error term. We remark that strictly speaking, equation (5.15d)
below is not written in the form (1.3). However, since the function w(¢) [see (4.21)]
rapidly converges to the constant H, equation (5.15d) can be massaged into this form
with « = »H by viewing the difference »(H — w(t))d,P as an additional error term.
Now as we will see, our main future stability theorem is driven by the dissipative terms
ocH d;v and B H?v. Although the system (5.15a)—(5.15d) is quasilinear, our basic strategy
for analyzing (1.3) can readily be seen by studying a model semilinear wave equation for
a single unknown. For simplicity, we will only address the case 3 = 0 in this section.
The model equation is g*# D, Dgv = F(v, dv) for the pre-specified metric gunodery =
—dt? + ¥ Z?:l(dxi )2 on the manifold-with-boundary M = [0, 0co0) x T3. Here, we
are using a standard local coordinate system (x!, x2, x*) on T3. An omitted computation
implies that relative to this coordinate system, this model equation can be expressed as
follows (where 87 is the standard Kronecker delta):

—0%v + e 259,00 = 30,0 + F. (1.4)

A standard strategy for proving future-global existence for wave equations such as
(1.4) is to derive a priori estimates showing that suitably strong norms of the solution
cannot blow up in finite time. The proof that global existence follows from the finite-
ness of the norms is known as a continuation principle. We remark that the precise
details of the continuation principle used in this article are provided in Theorem 5.4.
Roughly speaking, in order to apply the continuation principle, it suffices to control
the H3(T?) norm of the perturbations. In order to dynamically control these norms,
we use an L2-L*> framework based on energy estimates + Sobolev embedding. To de-
rive energy estimates for solutions to (1.4), one can define the “usual” energy E2(f) =
fT3 {(atv)2 + 21590y, v)(8;,v)} d3x, and a standard integration by parts argument to-
gether with a Cauchy—Schwarz estimate leads to the estimates

d
—E’= —2/ (3(8,;v) + e 28 (8,v) (Bpv) + (D) F}d>x < —2E% +2E||F|| 2.
T3

dt
(1.5)



2378 Igor Rodnianski, Jared Speck

Note that the energy dissipative term —2E? on the right-hand side of (1.5) arises from two
sources: (i) the dissipative term 39;v on the right-hand side of (1.4); (ii) the fact that the
spatial part of g~! decays at the rate e=2. It is clear from (1.5) that sufficient estimates
of || F|l;2 in terms of E would lead to energy decay as t — oo, which is the main step in
establishing future-global existence.

Our estimates for the modified irrotational Euler—Einstein system are in the spirit of
the above argument. The corresponding energies are defined in Section 6 (we remark that
in our work below, we work with rescaled energies that are approximately constant in
time), and by using integration by parts, one can derive analogous versions of (1.5) for
the quasilinear equations (5.15a)—(5.15d); see Lemmas 6.4 and 6.7. However, in (5.15a)—
(5.15d) [and hence also in (1.3)], the metric is not pre-specified, but instead depends on
the solution itself. Consequently, the coerciveness of the energies also depends on the
solution. In order to handle this difficulty, we introduce Sobolev norms (also in Section 6)
that are independent of the solution. The Sobolev norms are strong enough to control (by
Sobolev embedding) the norms appearing in the continuation principle. We then compare
the strength of the energies to the strength of the norms. This comparative analysis, which
is carried out in Proposition 10.1, shows that (under viable bootstrap assumptions) the
energies and norms are equivalent up to factors bounded by a constant.

The bulk of the work in this article goes towards estimating the inhomogeneous error
terms [analogous to F' in (1.4)] and towards ensuring that the perturbed solution remains
close to the background solution. This analysis is carried out in Section 9. We remark
that the main tools used for estimating the inhomogeneous terms are Sobolev—Moser
type estimates, which we have placed in the Appendix for convenience. Our analysis of
the spacetime metric components closely parallels the work [Rin08] of Ringstrom. In
particular, based on Ringstrom’s work, we provide a Counting Principle estimate [see
(9.33)] based on the net number of spatial indices in a product of metric and fluid quan-
tities. This tool can be used to quickly (and roughly, but well enough to prove small-data
future-global existence) determine the rates of decay/growth of products of such terms.
We remark that the Counting Principle is not precise enough to detect the improved decay
estimates derived in Section 12.

Although Ringstrom’s framework is useful for analyzing the metric components, our
analysis of the fluid variables 9,® (1 = 0, 1, 2, 3) involves additional complications
beyond those encountered in his analysis. We would now like to briefly discuss these
complications, and also to indicate why we make the assumption 0 < ¢; < +/1/3. We
believe that the breakdown of our proof in the case ¢y = 0 is merely an artifact of our
methods; we cannot address the equation of state p = 0 here because under the present
framework, the Lagrangian for ® would vanish [see equation (3.17)]. In a future article,
we will investigate the Euler—Einstein equations with p = 0 using a different framework.
In addition, as mentioned above, future stability in the case ¢; = m has been shown
in the recent article [LVK13]. In contrast, the question of how perturbed solutions behave
when ¢; > /1/3 is open. However, as noted above, Rendall [Ren04] found heuristic ev-
idence (in the form of formal series expansions) suggesting instability when ¢; > /1/3.
In addition, in Section 11.3, we indicate why our future stability proof breaks down when
cs > /1/3.
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The principal difficulty we encounter in our analysis of 9 is that the background fluid
one-form 99 = (Ve .0,0,0) and the associated quantity & = —g®f (80[<I>)(8ﬂ d>)

(here § = —dt? + %0 Zi: 1 (dx! )2 is the background FLRW metric discussed in the
Main Results above) both exponentially decay to 0 as ¢t — oo. Therefore, the quantity
o = —g*(3,P) (dg®) corresponding to a slightly perturbed solution will also decay.
Furthermore, by examining the fluid equation (1.1b), we see that o = 0 corresponds to
a possible degeneracy. In particular, our proof (Lemma 7.3) that the reciprocal acoustical
metric (m~")*" is well-defined and Lorentzian can fail when o = 0. In order to avoid this
degeneracy, and in order to close our bootstrap argument for global existence, we prove
that o does not decay too quickly, and that it never becomes 0 in finite time. In fact, for
the future-global solutions that we construct, we show that the perturbed o decays at the
same rate as o. Since this fact plays a key role in our estimates for the fluid equation,
we now outline our approach to its proof; our approach is intimately connected to the
assumption 0 < ¢; < 4/1/3, which is heavily used throughout the paper.

We begin by noting that our main Sobolev norm bootstrap assumption is that Sy ()
< € on an interval t € [0, T), where Sy(¢) is defined in (6.2f), N > 3 is an inte-
ger, and € is a sufficiently small positive number. We remark that our main future-global
existence theorem (Theorem 11.5) shows that when the data are small, Sy (-) is future
globally bounded by a multiple of Sy(0). Now assuming that € is sufficiently small,
that the perturbed g, is near g, and that 0 < ¢; < /1/3, the results of Proposi-
tion 9.1 [see (9.7)] imply that o is strictly positive and decays at the same rate as .
A key ingredient in the proof of these estimates is suitable L°° estimates for the ratios
Zj = 0;®/0,® (j = 1,2,3). Let us explain how these ratios enter into the analysis.
First, assuming for simplicity of the discussion that g, is near g,,, we deduce that
o~ (8,CI>2)[1 — e 225ab7 7,1 Now our bootstrap assumption Sy (f) < € implies via
Sobolev embedding that 9, ® =~ We S where s = 3c§. Thus, in order to show that o
decays at the same rate as &, it suffices to show that e~ K5aby 7, decays to 0. The main
point is that our proof only allows us to deduce such an estimate when 0 < ¢; < 4/1/3.
Specifically, our bootstrap assumption Sy (#) < € implies via Sobolev embedding that
0;0; @[z < Cee 920 < Cee M Integrating this estimate from r = 0, assuming
that 9; ® is initially of size €, and using the fact that e~ M is integrable over the interval
t e [0 00), we deduce that ||0; @[~ < Ce on [0, T) (where C does not depend on T').
Also using 3, ® ~ We > we deduce that 1ZjllL~ < Cee*? on [0, T). Therefore, we
conclude that [e=225%0Z, Zb||Loo < Ce2e?>~ D9 Thus, if 0 < » < 1, then the esti-
mates we have just outlined strongly suggest that indeed o decays like 5. In contrast, if
% > 1, then the estimate ||e 2289 Z,Z} |10 < Ce2e**~ D allows for the possibil-
ity that the spatial derivatives e 228%? (3, ®) (3, ®) become large in magnitude relative to
(9;®)2. In turn, this allows for the possibility that o becomes 0 in finite time; we expect
that instability may be present in these cases. Hence, throughout the article, we make the
assumption 0 < > < 1. This is equivalentto | < s < oo and to 0 < ¢, < +/1/3; this
parameter range of stability is precisely the one mentioned in the Main Results stated
above.

The above mathematical conditions have a physical interpretation. To elaborate, we
first note that the four-velocity u of the fluid is connected to the fluid one-form via equa-
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tions (3.12) and (3.14), which imply that u, = —o~!/29,,®. From this relation, the
bootstrap assumption Sy () < €, and the Sobolev estimates of Proposition 9.1, it is
straightforward to verify (using arguments as in the previous paragraph) that u® — 1 and
gapu®u® both decay towards 0 whenever 0 < ¢; < +/1/3. Hence, in this parameter
regime, the perturbed four-velocity decays towards that of the “quiet FLRW fluid” state
u* = (1,0,0,0). In contrast, when ¢; > +/1/3, our estimates allow for the possibil-
ity that g,,u“u® grows without bound; again, for this reason, even though we currently
have no rigorous proof, we suspect that the background solutions may be unstable when
cs > +/1/3.

1.3. Applications to spatial topologies other than T>

The model metric g(model) = —di? + 213=1(cl)c")2 has another feature that is of cru-
cial relevance for possible extensions of our work. To illustrate our point, let us consider
&(model) to be a metric on [0, 00) x R3, a Lorentzian manifold-with-boundary that has
the Cauchy hypersurface Y = {r = 0}. Simple computations imply that the causal past
of the causal future of a point intersects Yina precompact set. For example, in this
model spacetime, the causal past of the causal future of the origin is contained in the set
{(t,x,x2, 3 |t >0, Z?zl(xi)2 < 4}. This is in stark contrast to the situation en-
countered in Minkowski spacetime, where the causal future of a point is the solid forward
null cone emanating from that point, and the causal past of this solid null cone contains
the entire Cauchy hypersurface {t = 0}. One consequence of this fact is that the study
of solutions to wave equations on exponentially expanding spacetimes is a “very” local
problem; i.e., if we make assumptions about the data in a large enough ball B C ¥, then
we can control the solution in a noncompact region of spacetime that includes a cylinder
of the form [0, c0) x B, where B C Bisa suitably chosen spatial-coordinate ball.

Using these observations, Ringstrom was able to prove the future stability of various
solutions to the Einstein-nonlinear scalar field system for many spatial topologies in ad-
dition to T3 [Rin08]. The main idea of the proof is to choose local coordinate patches on
the spatial slices on which the problem is quantitatively close to the case = T3, and to
piece together the future development of these patches into a global spacetime. The most
difficult part of his argument is the global existence theorem on T3. However, his patching
argument requires the use of cut-off functions, which introduces regions in which the Ein-
stein constraint equations are not satisfied. To deal with this difficulty, he constructs his
modified system of equations in such a manner that one can still conclude future-global
existence, even if the constraint equations are not satisfied in the cut-off regions. Finally,
after patching, these artificially-introduced regions are of course “discarded” and are not
part of the spacetime.

The modified system (5.15a)—(5.15d) that we study is similar to Ringstrém’s modified
equations in that our global existence argument depends only on a smallness condition on
the data, and not on whether or not the constraint equations are satisfied. As noted above,
this is the main step in Ringstrom’s work. For these reasons, it is very likely that his
patching arguments can be used to extend our result to other spatial topologies. However,
for the sake of brevity, we do not explore this issue in this article.
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1.4. Outline of the structure of the paper

e In Section 2, we describe our conventions for indices and introduce some notation for
differential operators and Sobolev norms.

e In Section 3, we introduce the irrotational Euler-Einstein system.

e In Section 4, we use a standard ODE ansatz to derive a well-known family of back-
ground Friedmann-Lemaitre—Robertson—Walker (FLRW) solutions to the irrotational
Euler-Einstein system.

e In Section 5 we introduce wave coordinates and use algebraic identities valid in such
a coordinate system to construct a modified version of the irrotational Euler-Einstein
system. We then discuss how to construct data for the modified system from data for
the unmodified system in a manner that is compatible with the wave coordinate condi-
tion. Finally, we discuss classical local well-posedness for the modified system and the
continuation principle that is used in Section 11.

e In Section 6, we introduce the relevant norms and the related energies for the modified
system that we use in our future-global existence argument. We also provide a prelim-
inary analysis of the time derivatives of the energies, but the inhomogeneous terms are
not estimated until Section 9.

o In Section 7, we introduce some bootstrap assumptions on the spacetime metric g, .
We then use these assumptions to provide some linear-algebraic lemmas that are use-
ful for analyzing g,., the inverse metric gV, and the reciprocal acoustical metric
(m~ YR which is the effective inverse metric for the irrotational fluid equation (1.1b).

e In Section 8, we introduce our main bootstrap assumption, which is a smallness con-
dition on Sy, a norm of a difference between the perturbed solution and the FLRW
solution. We also define the positive constants ¢ and 1y, which play a fundamental
role in the technical estimates of the following sections.

e Section 9 contains most of the technical estimates. We assume the bootstrap assump-
tions from the previous sections and use them to deduce estimates for g,., g"’,
(m~YH" and for the nonlinearities appearing in the modified equations (5.15a)—
(5.154d).

e Section 10 is a very short section in which we show that the Sobolev norms we have
defined are equivalent to the energies.

e In Section 11, we use the estimates from the previous sections to prove our main the-
orem, which is a small-data future-global existence result for the modified equations
(where “small” means close to the FLRW background solution). We then discuss the
breakdown of our proof in the case ¢; > +/1/3. Finally, we use the global existence
theorem to prove a related theorem, which states that initial data satisfying the irrota-
tional Euler—Einstein constraints, the wave coordinate condition, and a smallness con-
dition lead to a future geodesically complete solution of the irrotational Euler—FEinstein
system.

e In Section 12, we prove that the global solution from the main theorem converges (in
a certain sense) as t — 00. The main idea is that once we have a global small solution
to the modified system, we can revisit the modified equations and upgrade some of the
estimates proved in Section 11.
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2. Notation

In this section, we briefly introduce some notation that we use in this article.

2.1. Index conventions

Greek indices «, B, ... take on the values 0, 1, 2, 3, while Latin indices a, b, - - - (which
we sometimes call “spatial indices”) take on the values 1, 2, 3. Pairs of repeated indices,
with one raised and one lowered, are summed (from O to 3 if they are Greek, and from 1
to 3 if they are Latin). We lower and raise indices with the spacetime metric g, and its
inverse g"¥. Some exceptions to this rule include the constraint equations (1.2a)—(1.2b)
and (3.32a)—(3.32b), in which we use the 3-metric g;; and its inverse g’ kK to lower and
raise indices, and in Section 12, in which all indices are lowered and raised with g, and

g"¥ except for the 3-metric g](.,fo), which has g{ :O) as its corresponding inverse metric.

2.2. Coordinate systems and differential operators

Throughout this article, we work in a standard local coordinate system (x 1 x2, x3) on T3,
Although strictly speaking this coordinate system is not globally well-defined, the vec-
tor fields 9; := 9/ dx/ are globally well-defined. This coordinate system extends to a
local coordinate system (xo, x!, X2, x3) on manifolds-with-boundary of the form M =
[0,T) x T3, and we often write ¢ instead of x°. In this local coordinate system, the
background FLRW metric g is of the form (4.1). We write 9,, to denote the coordinate
derivative d/dx*, and we often write 9, instead of dy. Throughout the article, we will
perform all of our computations with respect to the fixed frame {9,},=0,1,2,3-

If @ = (n1,na,n3) is a triplet of nonnegative integers, then we define the spatial
multi-index coordinate differential operator d by 95 := 9] 9,20;°. We denote the order
of @ by |a|, where |a| := nj + ny + n3.

We write

r s
VyeeVp V] Uy Vg V17 Va—10Va+1Vr Z o Dy Uy
Dy Ty = 0Tyl + Z Uy Ty LT TR C 22
a=1 a=

[where the Christoffel symbol I uav is defined in (3.2d)] to denote the components of the

covariant derivative of a tensor field on M with components 7),!)/" .

We write 9™ T/I}7 to denote the array containing all of the N'" order spacetime
coordinate derivatives (including time derivatives) of the component T,f}ff.'m. Similarly,
we write 3V 7)1 )" to denote the array containing all of the N order spatial coordinate

derivatives of the component 7,!."/,/,. We omit the superscript (M) when N = 1.

2.3. Identification of spacetime tensors and spatial tensors

We will often view T as an embedded submanifold of the spacetime M under an em-
bedding ¢, of the form 1; : T> < {t} x T> ¢ M, 1, (x!, x%, x?) := (t, x', x?, x?). Note
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that the embedding is a diffeomorphism between T3 and {r} x T>. We will often sup-
press the embedding by identifying T* with its image t,(T?). Furthermore, if T}/ is a
T3-inherent “spatial” tensor field, then there is a unique “spacetime” tensor field Tli‘;‘.ff;fj’
defined along ¢,(T3) ~ T3 such that (T’ = T and 7" is tangent to (,(T?). Here ¢ de-
notes the pullback by ¢;. Recall that T,i‘fl..' L. is tangent to (T3) if any contraction of any
upstairs (downstairs) index with the unit normal covector N 1 (unit normal vector N Ky
results in 0; for downstairs indices, this notion depends on the spacetime metric g,,,. We
will sometimes identify T with T’ (especially along the initial data Cauchy hypersurface

¥ ~ T%), and use the same symbol to denote both, e.g. T}/ ~ T, 1"\ For example,

we shift back and forth between viewing g as a Y-inherent Riemannian metric g ik, and
as a spacetime tensor field g,,, defined along the embedded hypersurface ¥ C M lie.,

viewing éo’uv as the first fundamental form of ¥ relative to (M, g)]. All of these standard
identifications should be clear in context.

2.4. Norms

All of the Sobolev norms we use are defined relative to the local coordinate system
(x 1 x2, x3) on T3 introduced above. We remark that our norms are not coordinate invari-
ant quantities, since we work with the norms of the components of tensor fields relative to
this coordinate system. If f is a function defined on the hypersurface {x € M | x? = 1}
~ T3, then relative to this coordinate system, we define the standard Sobolev norm
| £l g~ as follows, where d3x = dx'dx2dx3:

1/2
Lf gz :=<Z /T3|3af(t,x1,x2,x3)|2d3x> : (2.2)

la|<N

The symbol d3x represents a slight abuse of notation since the coordinate system
(x 1 x2, x3) is not globally well-defined on T3, More precisely, by “ fT3 fd 3x,” we mean
the integral of f over T with respect to the measure corresponding to the volume form
of the standard Euclidean metric on T3.

Using the above notation, we can write the N™ order homogeneous Sobolev norm
of f as

10N fllp2 =Y 195 fll2- 2.3)

la|=N

IfRCR"or 8 C T, then C év (R) denotes the set of N-times continuously differen-
tiable functions (either scalar or array-valued, depending on context) on the interior of &
with bounded derivatives up to order N that extend continuously to the closure of K. The
norm of a function F € C}Y (f) is defined by

|Fln.s =) supld;F O, 24)
[j<N <%
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where 97 is a multi-indexed operator representing repeated partial differentiation with
respect to the arguments - of F', which may be either spacetime coordinates or metric/fluid
potential one-form components depending on context. When N = 0, we also use the
notation

|Flg :=sup|F()l (2.5
-€R
Furthermore, we use the notation
IFM|g:= " [9;F|s. (2.6)
|I|l=N

In the case that & = T3, we sometimes use the more familiar notation

|z = esssup | F(x)]. @7
xeT3

IFllcy = > 0aFlle~ 28)
la|<N

If I C Ris an interval and X is a normed function space, then we use C NI, X) to
denote the set of N-times continuously differentiable maps from / into X.

2.5. Running constants

We use C to denote a running constant that is free to vary from line to line. In general,
it can depend on N [see (8.1)], ¢5, and A, but can be chosen to be independent of all
functions (gyv, 0,P) (u,v = 0,1,2,3) that are sufficiently close to the background
solution (§,w, BMED) of Section 4. We sometimes use notation such as C(N) to indicate
the dependence of C on quantities that are peripheral to the main argument. Occasionally,
we use ¢, C,, K1, etc., to denote a constant that plays a distinguished role in the analysis.
We remark that many of the constants blow up as A — 0.

2.6. A warning on the sign of Ijg

Although we often choose notation that agrees with the notation used by Ringstrém in
[Rin08], our reduced wave operator L1, := g% o, 0p has the opposite sign of the one in
[Rin08].

3. The irrotational Euler-Einstein system

The Einstein equations connect the Einstein tensor Ric,, —% g R, which contains in-
formation about the curvature of the spacetime (M, g), to the energy-momentum-stress-
density tensor (energy-momentum tensor for short) 7,, which contains information
about the matter content of spacetime. In 1 4+ 3 dimensions, they can be expressed as

Ricyy —3Rguw + Aguv = Ty (kv =0,1,2,3), (3.1)
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where Ric,,, is the Ricci curvature tensor, R is the scalar curvature, and A is the cosmo-
logical constant. We stress that the stability results proved in this article heavily depend
upon the assumption A > 0. Recall that the Ricci curvature tensor and scalar curvature
are defined in terms of the Riemann curvature tensor Riemwf , which can be expressed
in terms of the Christoffel symbols T ', of the metric. In a local coordinate system, these
quantities can be expressed as follows (¢, 8, u, v =0, 1,2, 3):

Riem,,.f = 8,1 f, — 9,1, +r/r} —rfrk. (3.2a)
Ric,,, := Riem,,,5 = 0,1, — 0T, + T 5, —T5 T, (3.2b)

R := g*’ Ricyg, (3.2¢)

T, = 4™ @ugin + dugur — 0aguu). (3.2d)

We remark that under our sign convention, D, D, Xy — D, D, Xy = Riem,m’f Xg.
The Bianchi identities (see e.g. [Wal84]) imply that the left-hand side of (3.1) is di-
vergence free, which leads to the following equations being satisfied by 7/":

D,TH" =0 (n=0,1,2,3). (3.3)

By contracting each side of (3.1) with g*”, we deduce that R = 4A — T, where

T = go‘/S Typ is the trace of T),,. From this fact, it easily follows that (3.1) is equivalent
to

Ricuy = Aguy + Tuw — 3Tgu (kv =0,1,2,3). (3.4)

It is not our aim to give a complete discussion of the notion of a perfect fluid. A
thorough introduction to the subject, including a discussion of its history, can be found
in Christodoulou’s survey article [ChrO7a]. Here, we only provide a brief introduction. In
general, the energy-momentum tensor for a perfect fluid is

Ty = (0 + P)u'u’ + pg"”  (1,v=0,1,2,3), (3.5)

where p > 0 is the proper energy density, p > 0 is the pressure, and u is the four-velocity,
a unit-length (i.e., ugu® = —1) future-directed vector field on M. The relativistic Euler
equations, which are the laws of motion for a perfect relativistic fluid, are the four equa-
tions (3.3) together with a conservation law (3.6b) for the number of fluid elements. In a
local coordinate system, they can be expressed as follows:

DyTiay =0 (0=0,1,2,3), (3.6a)
Dy(nu”) =0, (3.6b)

where n is the proper number density of the fluid elements. We also introduce the ther-
modynamic variable 7, the entropy per fluid element, which we will discuss below.

Unfortunately, even in a prescribed spacetime (M, g), the equations (3.6a)—(3.6b) do
not form a closed system. The standard means of closing the equations is to appeal to
the laws of thermodynamics, which imply the following relationships between the fluid
variables (see e.g. [GTZ99]):
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1. p > 0isafunctionof n > 0 and n > 0.
2. p > 0is defined by
ap

p=n_—

-0, 3.7
™ Iy 3.7

n

where the notation |. indicates partial differentiation with - held constant.
3. A perfect fluid satisfies
dp

>0, —
0 an

dp

0
> 0,, »
on

n n

>0, with“="&n=0. (3.8)

n

As a consequence, ¢, the speed of sound in the fluid, is always real for n > O:

_9p
=5

_ dp/only
. o/onl,

In general, ¢ is not constant. However, for the equations of state we study in this article,
¢ is equal to the constant cy.

4. We also demand that the speed of sound is positive and less than the speed of light
whenever n > 0 and n > 0:

o2 (3.9)

n>0andn>0= 0<¢ <l (3.10)

Relationships 1-3 express the laws of thermodynamics and are fundamental thermo-
dynamic assumptions, while relationship 4 ensures that at each x € M, vectors that are
causal with respect to the sound cone in T, M are necessarily causal with respect to the
gravitational null cone in Ty M. The sound cone is defined to be the subset of tangent
vectors X € Ty.M such that magX"‘Xﬂ = 0, where m,,, is the acoustical metric. The
matrix m,,, is the inverse of the reciprocal acoustical metric (m~1" which is intro-
duced in Section 5.4; i.e., m, is not obtained by lowering the indices of (m_l)’“’ with
8uv- The gravitational null cone is the subset of tangent vectors X € T, M such that
8upX*X B = 0. The physical interpretation of relationship 4 is that the speed of sound
is less than the speed of propagation of gravitational waves. See [Spe09b] for a more
detailed analysis of the geometry of the sound cone and the gravitational null cone.

We note that the assumptions p > 0, p > 0 together imply that the energy-momentum
tensor (3.5) satisfies both the weak energy condition (Tofﬂuld) X%XP > 0 whenever X is
timelike and future-directed with respect to the gravitational null cone) and the strong
energy condition ([T,E‘E“‘d) - % g®P Tofgmd) guv]X*X” > 0 whenever X is timelike and
future-directed with respect to the gravitational null cone). Furthermore, if we assume
that the equation of state is such that p = 0 when p = 0, then (3.9) and (3.10) guarantee
that p < p. It is then easy to check that 0 < p < p implies that the dominant energy
condition holds (—gH* Toﬁﬁ‘“id)x V is causal and future-directed whenever X is causal and
future-directed with respect to the gravitational null cone).

Under the remaining relationships, relationship 1 is equivalent to making a choice
of an equation of state, which is a function that expresses p in terms of n and p. An
equation of state is not necessarily a fundamental law of nature, but can instead be an
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empirical relationship between the fluid variables. In this article, we consider the case of
an irrotational, barotropic fluid under the equation of state p = cfp, where 0 < ¢5 <
+/1/3, and according to (3.9), the constant c; is the speed of sound. A barotropic fluid is
one for which p is a function of p alone. Because 1 plays no role in the analysis of such
fluids, this quantity is absent from the remainder of our article. As discussed in Section

3.1, these assumptions imply that the tensor T(’él‘ji ) defined in (3.5) is equal to the tensor

T(gcvalar) defined in (3.44), and that the equations (3.3) are equivalent to (3.43), a single
quasilinear wave equation for a scalar function ® (see Remark 1.1). As a consequence, it

follows that T(l:cvalm also satisfies the weak, strong, and dominant energy conditions.

3.1. Irrotational fluids

In this section, we introduce the notion of an irrotational fluid. Our main goal is to show
that for an irrotational fluid, the entire content of the relativistic Euler equations is con-
tained in a single scalar wave equation for the fluid potential [equation (3.20)]. We as-
sume that the fluid is barotropic, but we do not yet impose the particular equation of state
p= cs2 p. The fluid potential description of an irrotational fluid in a curved spacetime goes
back to at least 1937 [Syn02]. However, in this article, we use modern terminology and
notation found e.g. in [Chr07b]. We begin by introducing an important thermodynamic
quantity o > 0, which is the square of the enthalpy per particle \/o > 0:

d
Jo.= PP _dr G.11)
n dn

where we have used (3.7).
We also introduce the following one-form:

Bu=—vou, (n=0,123). (3.12)

The fluid vorticity v is then defined to be df, where d denotes the exterior derivative
operator. In local coordinates, we have

U/AU = aMIBV - 8Uﬂ/¢l (/’L7 V= 09 17 25 3)' (313)

An irrotational fluid is defined to be a fluid for which vy, vanishes everywhere. In
this case, by Poincaré’s lemma, there locally exists (see Remark 1.1) a scalar function ®,
known as the fluid potential, such that

Bu=0u® (n=0,1,2,3), (3.14)
which implies that the four-velocity is connected to & via the equation
a,®
”M — _ k=
Jo

and the square of the enthalpy per particle is connected to d® via

(n=0,1,2,3), (3.15)

o = —g" (0, D) (3pP). (3.16)
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We now show that under the assumption of irrotationality, the equations (3.6a) reduce
to a single quasilinear wave equation for ®. We begin by postulating that the Lagrangian
for the purported wave equation is equal to p:

p=%=2%(o). (3.17)

We note for future use that we can differentiate (3.11) with respect to +/o and use the
chain rule to conclude that dp = nd\/o + dn(\/o — %) =nd./o, ie.,
dp
——=n
d/o

In (3.18), we are viewing p as a function of o. We also note that from (3.17) and (3.18),
it follows that

(3.18)

0.7 _ip 0L n n?
—_— =0 _— O — = ——,
do dJo Jo p+p
We now recall a standard fact: that the Euler—Lagrange equation corresponding to the
Lagrangian (3.17) is

(3.19)

0L
Da[—gaﬂ Dlgfbi| =0. (3.20)
do

Using (3.15) and (3.19), we conclude that for an irrotational fluid, (3.20) is equivalent to
the continuity equation D, (nu"”) = 0 from (3.6b).

To show that the remaining fluid equations (3.6a) follow from (3.20), we first recall
that the energy-momentum tensor for a Lagrangian scalar-field theory can be expressed
as

0.7
aghrv

Tp(;calar) ) + g;wg’ (321)

and that if 9 is a solution to (3.20), then T,Ef)calar) is symmetric and divergence free:

TH =T  (u,v=0,1,2,3), (3.22)
DTl =0  (n=0,1,2,3). (3.23)

For future use, we remark that if 9 is a solution to the inhomogeneous equation

0L op
D, _3 g Dg® |+ I =0, (3.24)
o
then
DTy = —2l5oD"®  (1=0,1,2,3). (3.25)

In the case of the Lagrangian (3.17), one can check that (3.21) implies that

, .Y
T = 25— @ ®) (3 ®) + guwZ. (3.26)
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Using (3.11), (3.15), (3.17), and (3.26), we compute that

n
Tliicalar) = ﬁ(a;ﬁb)(av@) + guvp = (0 + pluyuy + pguv- (3.27)
By examining (3.5) and (3.27), we observe that T(SCdl‘lr) T(ﬂmd) To summarize, we

have shown that if d® is a solution to (3.20), then (3. 23) necessarlly holds. Furthermore,
we have shown that if p, n, u, and p are defined through 0 ® via equations (3.17), (3.18),
(3.15), and (3.19) respectively, then it follows that all five equations from (3.6a)—(3.6b)
are necessarily satisfied. Thus, it follows that for an irrotational fluid, the entire content
of the Euler equations is contained in the single scalar equation (3.20) (see Remark 1.1).

We conclude with a summary of the constraints that d® and .2’ (o) must satisfy in
order to have an irrotational fluid interpretation. We first summarize the following rela-
tionships between various fluid quantities, 0, and £ (o):

tp d
N e A CLICE NS (3.28a)
p=L0), (3.28b)
% V%
) i .28
"Tale Vo (3.28¢)
Rz d (& d (&
p=20— - L =0c—| =) =20"— ==, (3.284)
do dJo \\Jo do \ /o
b _ [M (3.28¢)
dn .27 | dZL :
dl’l 20 do? + da
4 iz
£ # (3.28f)

Let us quickly discuss how to derive the relations (3.28a)—(3.28f). Equation (3.28a) fol-
lows from (3.7), (3.11) and (3.16). Equation (3.28b) is a restatement of the postulate
(3.17). Equation (3.28¢) follows from (3.18) and (3.28b). Equation (3.28d) follows from
the thermodynamic relation p = n/o — p, (3.28b), and (3.28c). Equation (3.28e¢) fol-
lows from the chain rule relation ZZ = jg [ d”] 1 (3.28b), and (3.28c¢). Equation (3.28f)
follows from j” = 4[41-1(3.28a), and (3.28¢).

As dlscussed at the beglnnlng of Section 3, physical considerations lead to constraints
on the fluid variables. For simplicity, we assume that all of the scalar-valued fluid variables
are strictly nonzero; this assumption holds for the fluid solutions considered in this article.
Then the following physical constraints hold:

o >0, (3.29a)
p >0, (3.29b)
n >0, (3.29¢)

o >0, (3.294d)
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d_p >0 [see (3.8)], (3.29%)
dn
0< Z—/I; <1 [see(3.9) and (3.10)]. (3.291)

With the help of (3.28a)—(3.28f), it is straightforward to verify that (3.292)—(3.29f)
are collectively equivalent to the following inequalities regarding 0® and .Z":

8% (3, @) (3p®) < 0, (3.30a)
ZL(o) >0, (3.30b)
VA%
— >0, (3.30¢c)
do
L z1e) >0, (3.30d)
do
&>
Jo2 > 0. (3.30e)

We remark that the Lagrangians .2’ (o) corresponding to the equations of state p =
cf p [see (3.40)] satisfy the above assumptions when 0 < ¢; < 1; this claim is verified in
Section 3.3.

3.2. The initial value problem for the irrotational Euler—Einstein system

In this section, we discuss various aspects of the initial value problem for the Einstein
equations, including the initial data and the notion of the maximal globally hyperbolic
development of the data. We assume that we are given a Lagrangian .¥ = (o) and a
fluid one-form 0@ that are subject to the constraints (3.30a)—(3.30e). We remark that the
discussion in this section is very standard, and we provide it only for convenience.

3.2.1. Summary of the irrotational Euler—Einstein system. We first summarize the re-
sults of the previous sections by stating that the irrotational Euler—Einstein system is the
following system of equations:

Ricuy —% Rguv + Aguy = TS (u,v=10,1,2,3), (3.31a)

3L
Dy [—gaﬁbﬁop] =0, (3.31b)
do
where £ = £(0), 0 = —g*f (8, @) (B ®), and T;5"™ = 222 (3, 0)(3, D) + g,00-Z.

3.2.2. Initial data for the irrotational Euler—FEinstein system. The initial value problem
formulation of the Einstein equations goes back to the seminal work [CB52] by Choquet-
Bruhat. Initial data for the system (3.31a)—(3.31b) consist of a 3-dimensional manifold by
together with the following fields on 3: a Riemannian metric §, a symmetric covariant

two-tensor L( , a function W, and a closed one-form /_3 (i.e., 0; éj —0; /_é,- = 0).
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It is well-known that one cannot consider arbitrary data for the Einstein equations.
The data are in fact subject to the following constraints, which can be expressed as follows
relative to an arbitrary local coordinate system (x!, x2, x3) on ¥:

R— KapK™ + (3" Kap)* — 2A = 2TC(N, N)|3, (3.32a)

(j=1,2,3). (3.32b)

- - . D
DKy — §DjKop = TC (N, —
L Bej — 8§ LjBap ax) s

Above, B is the scalar curvature of g, Q is the Levi-Civita connection corresponding
to g, and N is the future-directed normal to 3. We remark that when p = cf,,o, the
results of Section 3.3 below imply that 7 ¢alan (N N”i =265W2 — (s 4+ 1)"165t! and
7O (N 3/9x7)|g = 265U f;, where & = U2 — 394, .

The constraints (3.32a)—(3._32b) are manifestations of the Gauss and Codazzi equa-
tions respectively. These equations relate the geometry of the ambient Lorentzian space-
time (M, g) + matter field 9 (which have to be constructed in the problem at hand) to
the geometry + matter field inherited by an embedded Riemannian hypersurface (which
will be (2, )+ (b, 5) after construction). Without providing the rather standard details
(see e.g. [Chr08]), we remark that they can be derived as consequences of the following
assumptions:

3 is a submanifold of the spacetime manifold M.
§ is the first fundamental form of X.

_I% is the second fundamental form of 3. .
03P =Vand 90|y = ;_3 (see Remark 1.1), where N is the future-directed normal to

¥ and 0®|y, denotes the restriction of 3P to .
e The irrotational Euler—Einstein system is satisfied along 3.

We recall that § is the Riemannian metric on ¥ defined by
(X, Y)=¢gl«(X.Y) VX, YeTX, (3.33)
and that L( is the symmetric tensor field on 3 defined by
KX, V) = glo(DxN,Y) = gle(DyN,X) VXY eT,E, (334

where D is the Levi-Civita connection corresponding to g.

3.2.3. The definition of a solution to the irrotational Euler—Einstein system. In this sec-
tion, we define the notion of a solution to the irrotational Euler—Einstein system launched
by a given initial data set. We begin with the following definition, which describes the
maximal possible region of causal influence associated to a set S C M, where (M, g) is
a spacetime.
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Definition 3.1 (Cauchy developments). Given any set S C M, we define D(S), the
Cauchy development of S, to be the union D(S) = DT (S) U D~(S), where DT (S) is
the set of all points p € M such that every past-inextendible causal curve through p
intersects S, and D~ (S) is the set of all points p € M such that every future-inextendible
causal curve through p intersects S. Recall that a curve y : [so, Smax) — M is said to
be future-inextendible if there does not exist an immersed future-directed curve y : [ =
[s0, 51) = M with 51 > Smax and ¥ |[sy.sm) = V- Past-inextendibility is defined in an
analogous manner. DT (S) is called the future Cauchy development of S, while D~ (S) is
called the past Cauchy development of S.

We also rigorously define a Cauchy hypersurface.

Definition 3.2 (Cauchy hypersurface). A Cauchy hypersurface % in a Lorentzian man-
ifold M is a hypersurface that is intersected exactly once by every inextendible timelike
curve in M.

It is well-known that if & C M is a Cauchy hypersurface, then D(¥) = M (see e.g.
[O’NS83]).

Definition 3.3 (A solution). Given sufficiently smooth initial data (ZQJ, gjk, L( ks ‘jl, !@)
(j, k = 1,2,3), as described in Section 3.2.2, a (classical) solution to the irrotational
Euler-FEinstein system (3.31a)—(3.31b) is a 4-dimensional manifold M, a Lorentzian
metric gy, a closed one-form 9, ® (corresponding to a locally defined function ®—
see Remark 1.1) (u, v =0, 1, 2, 3), and an embedding S M subject to the following
conditions:

g is a C? tensor field and @ is a C! tensor field.

Equations (3.31a)—(3.31b) are satisfied in M by the components of g and 9.
3 is a Cauchy hypersurface in (M, g).

§ is the first fundamental form of .

K is the second fundamental form of . A
e 3730 =Wand 3d|s = /_3 (see Remark 1.1), where N is the future-directed normal to

¥ and 0®|y, denotes the restriction of 3 to .

The triple (M, g, 0®) is called a globally hyperbolic development of the initial data.

3.2.4. The maximal globally hyperbolic development. We now recall a fundamental ab-
stract existence result of Choquet-Bruhat and Geroch [CBG69], which states that for ini-
tial data of sufficient regularity, there is a unique “largest” spacetime determined by it.
The following definition captures the notion of this “largest” spacetime.

Definition 3.4 (Maximal globally hyperbolic development). Given sufficiently smooth
initial data for the irrotational Euler—Einstein system (3.31a)—(3.31b) [which by definition
satisfy the constraints (3.32a)—(3.32b) and d /3 = 0], a maximal globally hyperbolic devel-
opment of the data is a globally hyperbolic development (M, g, d®) together with an em-
bedding ¢ : & <> M with the following property: if (M’, g, d®’) is any other globally
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hyperbolic development of the same data with an associated embedding ¢’ : ¥ <> M/,
then there is a map ¥ : M’ — M that is a diffeomorphism onto its image such that
Yrg =g, Y*0d = 9d’, and ¥ o/ = 1. Here, ¥* denotes the pullback by 1.

Before we can state the theorem, we also need the following definition, which captures
the notion of having two different representations of the same spacetime.

Definition 3.5 (Isometrically isomorphic developments). The developments (M, g, D)
and (M, g/, 9®’) are said to be isometrically isomorphic if the map ¥ from the previous
definition is a diffeomorphism from M to M’.

We now state the theorem. The first conclusion is from [CBG69], and the second
from [Ger70].

Theorem 3.6 (Existence and topological structure of a maximal globally hyperbolic de-
velopment). Given sufficiently smooth initial data for the irrotational Euler—Einstein
system (3.31a)—(3.31b) [which by definition satisfy the constraints (3.32a)—(3.32b) and
d ,8 = 0], there exists a maximal globally hyperbolic development of the data which is

unique up to isometric isomorphism. If Yisa Cauchy hypersurface in M, then the max-
imal globally hyperbolic development is homeomorphic to R x X.

We remark that the article [CBG69] only discusses the case of smooth data. However, as
discussed in [CGP10, Section 6], the regularity assumptions on the data stated in Theorem
5.2 are sufficient for the conclusions of Theorem 3.6 to be valid.

Most of the remainder of this article is dedicated to the properties of the maximal glob-
ally hyperbolic developments of sufficiently smooth data near those corresponding to the
FLRW background solutions of Section 4. The following proposition gives a simple crite-
rion for identifying the portion of the maximal globally hyperbolic development manifold
that lies to the future of a Cauchy hypersurface 3.

Proposition 3.7 (Identification of DH()). Let (M, g, 0®) be the maximal globally
hyperbolic development of initial data given on the Cauchy hypersurface Y, and let
M = DT(E)UD () be the splitting of M into the future and past of Y. Assume
that F C D+(2°?) has the following properties: (i) ¥ C F, and (i1) (F, g|F) is future-
causally geodesically complete. By “future-causally geodesically complete,” we mean
that all future-directed causal geodesics can be extended indefinitely in affine parameter.
Furthermore, g| r denotes the restriction of g to F. Then

F=Dr®). (3.35)

Proof. Any point x € Dt(3) can be joined to by by an affinely parameterized, past-
directed timelike geodesic y. If we reverse the orientation of y, we have an affinely pa-
rameterized future-directed timelike geodesic initiating from ¥ and passing through x.
By assumption, all such curves are contained in F. O
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3.3. Calculations for the equation of state p = cf,o
For the remainder of this article, we restrict our attention to equations of state of the form
=c? 3.36
P =cip, (3.36)

where by equation (3.9), ¢ is the speed of sound. As mentioned in the introduction to this
article, our stability results are limited to the following parameter range:

0<cs </1/3. (3.37)

quuations (3.7, (3.17), (3.19), and (3.36) imply that there exist constants C > 0 and
C > 0 such that

p=Cn't4 = Co't, (3.38)
where
1—¢? 5 1
= L 2= : 3.39
T2 ST+ (339

Choosing a convenient normalization constant, we conclude that under the equation of
state (3.36), the Lagrangian (3.17) is given by

Gs+l
£ = . 3.40
s+ 1 ( )
Recall that in order for the Lagrangian (3.40) to have a fluid interpretation, we must
verify that (3.30a)—(3.30e) hold. The following computations confirm that the Lagrangian
(3.40) in fact has a fluid interpretation whenever o > 0:

d¥
o =o' >0, (3.41a)
o
d 25 + 1
— (¥ = 125, 3.41b
4o EIN) 2w+’ (3.410)
d*
ﬁ = SO’Sil > 0. (341C)
o

In particular, (3.28b)—(3.28f) imply that for the Lagrangian (3.40), we have

p=6+D"let >0, (3.42a)
n=2"12-0, (3.42b)
25 + 1

o= SSL ot =0, (3.42¢)
dp 1
& 0, 3.42d
=iV (3-42d)
dp 1

= . (3.42e)
dpo 2s+1
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Furthermore, in the case of the Lagrangian (3.40), the Euler-Lagrange equation (3.20) is
Dy (c°g* Dg®) =0, (3.43)

while the energy-momentum tensor (3.26) is easily calculated to be
TS = 20 (8, 0) (3, D) + guv(s + 1) 1o (3.44)

For future reference, we record here the following two identities, which follow easily
from (3.44):

T (scalar) . _ gaﬂ T(i/sscalar) — %aﬂrl7 (3.45)

scals scala S
T[E;Cdld.[‘) _ %T(stlar)gﬂv — 2O_Y(auq))(avq>) +

s+ 1

g (n,v=0,1,2,3).
(3.46)

3.3.1. Summary of the irrotational Euler—Einstein system under the equation of state p =
c?,o. To summarize, we note that under the equation of state p = c_% p, the irrotational
Euler-Finstein system comprises the equations

Ricyy —Aguy — TH 4 IT60e =0 (1,0 =0,1,2,3) (3.47a)

where T35 = 2659, ®)(3,P) + guu(s + 1) ~'o* ! is as in (3.44), together with
(3.43), the equation of motion for an irrotational fluid:

Dy (0°g*P Dg®) = 0. (3.47b)

4. FLRW background solutions

Our main results concern the future stability (with respect to irrotational perturbations) of
a class of background solutions ([0, co) x T3, g, 0®) to the system (3.47a)—(3.47b). These
background solutions, which are of FLRW type, physically model the evolution of an
initially uniform quiet fluid in a spacetime that is undergoing rapid expansion. We remark
that strictly speaking, the terminology “FLRW” is usually reserved for a class of solutions
that have spatial slices diffeomorphic to S?, R3, or hyperbolic space (see e.g. [Wal84]).
To find our FLRW-type solutions of interest, we follow a procedure outlined in [Wal84,
Chapter 5] which, under appropriate ansatzes, reduces the Euler—Einstein equations to
ODEs. Although our goal is to find ODE solutions to the irrotational equations (3.47a)—
(3.47b), the procedure we follow will produce ODE solutions to the full Euler—Einstein
system (3.1) + (3.5). However, these ODE solutions will turn out to be irrotational. Thus,
as discussed in Section 3.1, these solutions can also be interpreted as solutions to the
irrotational system. We remark that the derivation of these solutions is very well-known,
and that we have provided it only for convenience.
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4.1. Derivation of the FLRW solution

To proceed, we first make the ansatz that the background metric g has the warped product
structure (see e.g. [O’N83])

3
g=—di’ +a*(t) ) _(dx'), CRY
i=1

from which it follows that the only corresponding nonzero Christoffel symbols are

M =ogie, Tfy=o0sf (k=12.3) 42)
where
o) = a0 La) (4.3)
= 7 ) )

Using definitions (3.2b) and (3.2c), together with (4.2), we compute that
Ricoo — L RZo0 = 307, (4.42)
Rico; — 1R%0; =0 (J=1273), (4.4b)

~ ~ d?

Ricj — %jok = —{2a—1ﬁa +0)2}gjk (j,k=1,2,3). (4.4¢)

We then assume that o = p(¢), p = p(t), and u* = (1,0,0,0), which implies that
ad = (9;9(r), 0,0, 0). We also assume that the equation of state (3.36) holds. Inserting
these ansatzes into the Bianchi identity (3.3) with ;« = 0 and using (3.5), we compute that

d d >
= Ing=-3wl+c)= - In([a ()P, (4.5)

Integrating (4.5), we deduce that p(¢)[a (t)]3(1+‘7% ) is constant:

FadHed) = pgdlted —. o (4.6)
where the positive constant p denotes the initial (uniform) energy density, and the positive
constant @ is defined by a := a(0).

Similarly, inserting the ansatzes into Einstein’s equations (3.1) + (3.5), equating 00
components, and using (4.4a) + (4.6) , we deduce (as in e.g. [Wal84]) the following ODE:

d A 5 [a R
Co=af2y a2y L 4.
TN FT T3 TN T T a0 @7

Equations (4.6) and (4.7) are known as the Friedmann equations in the cosmology lit-
erature. We observe that the rapid expansion of the background spacetime can be easily
deduced from the ODE (4.7), which suggests that the asymptotic behavior is a(t) ~ e'’’,
where H := /A/3. A more detailed analysis of a(t) is provided in Lemma 4.2.
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Let us make a few remarks about the remaining 0j and jk components of Einstein’s
equations (3.1) 4 (3.5). Clearly, (4.4b) and (3.5) imply that the 0j components of Ein-
stein’s equations are satisfied by (g, 0, &) since both sides of the equations are equal to 0
in this case. In contrast, using (4.4¢) and (3.5), we deduce that the quantities (g, 0, i)
satisfy the jk components of (3.1) + (3.5) if and only if the following ODE is satisfied
by a(t):

2 2
Zaj?a + <%a> —Ad® = —cszazﬁ. 4.8)
It is straightforward to verify that (4.8) in fact follows as an automatic consequence of
(4.6)—(4.7). We conclude that if a(¢) satisfies (4.7), §,w is defined by (4.1), p is implicitly
defined by (4.6), and u* = (1,0, 0, 0), then the quantities (g,w, 0, ﬁ“) do in fact solve
Einstein’s equations:

Ricyy — 3 RZu + AZw = T (u,v =0,1,2,3). (4.9)
In addition, the fluid equations
DTl =0 (u=0,1,2,3) (4.10)

follow as a consequence of (4.9) and the Bianchi identities. Finally, for barotropic fluids,
it is straightforward to verify that (3.6b) follows as an automatic consequence of (4.10)
and the thermodynamic relation (3.7):

D, (") = 0. .11

In summary, we have shown that the FLRW background variables satisfy the full Euler—
Einstein system (3.1) 4 (3.5) + (3.6a)—(3.6b).

We now use the above results to calculate the background one-form 3P. With & :=
—3% (3, ) (0g®) = (Btfb)z, we use (3.39), (3.42a), and (4.6) to compute that

2 2
Lszg(lﬂf)/(%?) _ % @& 1S @1
I +c; I +c;

20 —3(14c2) _ 2~ _ o~ _
coka SV=cp=p=

The equalities in (4.12) imply that

9,3 = Bg Y@+ = G2 4.13)
where

B s 1\ /@
=5 57, 4.14
<p 25 + 1) “ (4.14)
Q) :=In(a(t)), (4.15)

3

3¢? (4.16)

7= = 3c¢”.
25 + 1 §

Remark 4.1. 2 (¢) has been introduced solely for cosmetic purposes.
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For future use, we also note the following consequences of the above discussion:

30> — A =p = ke O HDL = Bl 15”1, (4.17a)
s+1
—3ia) —30? AR +2 o2xGHDR _3p S +1 o223zl
dt 2s + 1 2s + 1

(4.17b)

4.2. Analysis of Friedmann’s equation

In the following lemma, we analyze the asymptotic behavior of solutions to the ODE
4.7).

Lemma 4.2 (Analysis of Friedmann’s equation). Let @, k, ¢ > 0 be constants, and let
a(t) be the solution to the following ODE:

o

4 ) = A £ 0) =4 4.18
Ea()_a(t) E—G—W, a(0) = a. (4.18)

Then with H := /A /3, the solution a(t) is given by

Ht\ [ & Hr\|¥¢
a(t) = {sinh(—g2 ) —322 +as +as/? COSh<—§2 )} , (4.19)
and for all integers N > 0, there exists a constant Cy > 0 such that for all t > 0, with
A= {%( R/GBH?) +4s —|—c°1§/2)}2/§, we have

(1/2)¥aef!" < a(r) < Ae™", (4.20a)

dN
e M= _q@t)— AHN| < Cye s, (4.20b)

dtN

Furthermore, for all integers N > 0, there exists a constant Cy > 0 such that for all
t >0, with

d
w:=a"'—a, 4.21)
we have
H < () 5\/H2+3ZT§, (4.222)
N ~
‘dz_N(“’(t) — H)| < Cye sH1. (4.22b)

Remark 4.3. Because of equation (4.7), we will assume for the remainder of the article
that ¢ = 3(1 + ¢2).

Proof. We leave the elementary analysis of this ODE to the reader. O
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5. The modified irrotational Euler—Einstein system

In this section, we introduce our version of wave coordinates, which is based on the
framework developed in [Rin08]. We then use algebraic identities that are valid in wave
coordinates to construct a modified version of the irrotational Einstein equations, which
is a system of quasilinear wave equations containing energy-dissipative terms. Next, to
facilitate our analysis in later sections, we algebraically decompose the modified system
into principal terms and error terms. Finally, we show that solutions to the modified sys-
tem also verify the unmodified system if the Einstein constraint equations and the wave
coordinate condition are both satisfied along the Cauchy hypersurface 3.

5.1. Wave coordinates

To hyperbolize the Einstein equations, we use a version of the well-known family of wave
coordinate systems. More specifically, we use a coordinate system in which the contracted
Christoffel symbols ['* := g Fa“ 8 of the spacetime metric g are equal to the contracted

Christoffel symbols T = 5P Fa” 5 of the background metric g. This condition is known

as a wave coordinate condition since T* = T'* if and only if the coordinate functions
(which are scalar-valued) are solutions to the wave equation gD, Dgxt + F* = 0.
In the wave coordinate system, the four scalar-valued functions F* can be expressed as
Ft =TH =3w (t)86‘. Using (4.1) and (4.2), we compute that in wave coordinates,

T =TH* =3ws8l, T,=gul®=3wg0 (5.1)

where w(t), which is uniquely determined by the parameters A > 0, p > 0, and ¢ =
3(1 + cf), is the function from (4.21).
We now define the quantities

Qt:=FK -TH, Q,:=F,—T,. (5.2)

We will treat Q,, I',, and F), as one-forms when we compute their covariant derivatives.
However, one should note that this is an abuse of notation; for example, the F,, do not
have the transformation properties of a one-form under changes of coordinates.

The idea behind wave coordinates is to work in a coordinate system in which Q* = 0,
so that whenever it is expedient, we may replace ['* with 3a)8(‘; (and vice versa) without
altering the content of the Finstein equations. The existence of such a coordinate system
is nontrivial, and it was only in 1952 that Choquet-Bruhat [CB52] first showed that they
exist in general. With ’ﬂlis idea in mind, we define (as in [Rin08, equation (47)]) the
modified Ricci tensor Ric, by

Ricuw == Ricyy +1(Du 0y + Dy Q)
- %‘jgg;w + %(D}.LFV + Dy F,) + g“ﬁg”‘s(l“awl"ﬂgv
+ Fayurﬂué + Fayvrﬂus)v (5.3)
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where
O, = g% 0,05 (5.4)
is the reduced wave operator corresponding to the metric g.

We now replace the Ric,,, with Ric,, in (3.47a), expand the covariant differentiation
in (3.47b), and add additional inhomogeneous terms /,,,, and /34 to the left-hand sides of
(3.47a) and (3.47b) respectively, thus arriving at the modified irrotational Euler—Einstein
system (u,v =0,1,2,3)

Ricuy — Aguy — T 4 Lpbeag g, =0, (5.5a)

[0 — 25(8%% 3, D) ("8, )10, 05D — o T8, D

+ 2s1“"‘w(8ad>)(81¢>)(8ﬂ¢>) + I =0. (5.5b)

Here, the additional terms are defined to be

Ioo := — 200" =20(I'" — 30), (5.6a)
loj = Ijo := 200; =2w(Bwgo; — ;) (i =1,2,3), (5.6b)
Lik = Ij :=0, (. k=1,2,3), (5.6¢)
Lo = —0g%? 0,05® = o3, — 3wo 3, P. (5.6d)

We have several important remarks to make concerning the modified system (5.5a)—
(5.5b). First, because the principal term on the left-hand side of (5.5a) is —%ﬁg guv, the
modified system comprises a quasilinear system of wave equations and is of hyperbolic
character. Second, the gauge terms /1,,,,, Iy have been added to the system in order to pro-
duce an energy dissipation effect that is analogous to the effect created by the 39;v term
on the right-hand side of the model equation (1.4). These dissipation-inducing terms play
a key role in the future-global existence theorem of Section 11. Finally, in Section 5.5, we
will show that if the initial data satisfy the Gauss and Codazzi constraints (3.32a)—(3.32b),
a/n\d if the wave coordinate condition Q|,—o = 0 is satisfied, then Q,, 1., I3o = 0, and
Ric,, = Ric,,; i.e., under these conditions, the solution to (5.5a)—(5.5b) is also a solution
to the irrotational Euler—Einstein system (3.47a)—(3.47b).

5.2. Summary of the modified irrotational Euler—Einstein system for the equation of
_ 2
state p = c;p

For convenience, we summarize [with the help of (3.46)] the results of the previous sec-
tion by listing the modified irrotational Euler—FEinstein system (j, k = 1, 2, 3):

Ricoo + 20T — 60% — Agoo — 20° (3, D)* — Si—la*‘“goo =0, (5.7a)

Ricoj + 2w (3wgo; — T'j) — Agoj — 20° (3,P)(0; D) — %oﬁlgo,- =0, (5.7b)
S

ST s s s+1

Ricjp — Agjr — 207 (9, @) (0 D) — P 10 gik =0, (5.7¢)

[08°" — 25(g* 3 ) (79, )10 0p D — 300 ;@ + 25T (3, D) (9, ) (9 P) = 0.
(5.7d)
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5.3. Construction of initial data for the modified system

In this section, we assume that we are given initial data (202, g, L( , \IJ B) for the irrota-
tional Euler—Einstein equations (3.47a)—(3.47b) as described in Section 3.2.2 [which by
definition satisfy the constraints (3.32a)—(3.32b) and d,é = 0]. We will use these data
to construct initial data for the modified equations that lead to a solution (M, g, d®) of
both the modified system and the unmodified irrotational Euler—Einstein equations; recall
that a solution solves both systems if and only if Q,, = 0, where Q,, is defined in (5.2).
We remark that in general, we may consider arbitrary data for the modified equations
(5.7a)—(5.7d). However, if the solution of the modified system is also to be a solution of
the Einstein equations (3.31a), then we cannot choose the data arbitrarily.

To supply data for the modified equations, we must specify along Y ={r =0
the full spacetime metric components g,|;—o, their transversal derivatives ;g li=0
(u,v = 0,1,2,3), the transversal derivative d; ®|,—¢ of the fluid potential, and the tan-
gential (i.e., spatial) derivatives 0 ®|;—¢ of the fluid potential (see Remark 1.1). To satisfy
the requirements

¥ ={t =0},
g is the first fundamental form of X,

0; is transversal to 203,
K is the second fundamental form of X,
0 Nd>|§: = 0;®P|;—9 = W, where 0 = differentiation in the direction of the future-

directed normal to 203,

o

® 0P|y =P,
we set (for j,k = 1,2, 3)

gooli=0 = —1, 80jli=0 =0, 8jkli=0 = &jk» (5.8)
dgikli=o = 2Kji. 9 ®li—o =W, 9®li—0=p;. (5.9)

Furthermore, we need to satisfy the wave coordinate condition Q=0 = 0 (u =
0, 1, 2, 3). To meet this need, we first calculate that

Toli—o = —5(3:800)li=0 — §*’ Kap. (5.10)
Tjlimo = —0:80jli0 + 18" Q0udsy — 9ida) (G =1,2,3). (.11
With the help of (5.10) and (5.11), the condition Q=0 = 0 is easily seen to be equiva-
lent to the following relations, where w(¢), which is uniquely determined by the parame-
ters A >0, 0>0,and ¢ =3(1 + cf), is the function from (4.21) (and j = 1, 2, 3):
3r800l—0 = 2(—=3wli=0 gooli=0 — §*"Kap) = 23 (0) — §” Kap). (5.12)
S & &

-1
3:80jli=0 = —3li=0 80jli=0 + $8°"(20agv; — 0j&ab) = & (dagrj — $9;8ap). (5.13)

——

0

We remark that in the above expressions, §/% denotes a component of 1. This completes
our specification of the data for the modified equations.
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5.4. Decomposition of the modified irrotational Euler—Einstein system in wave
coordinates

Naturally, the key step in our proof of our global existence theorem is our careful analysis
of the nonlinear terms. In order to better see their structure, we dedicate this section to a
decomposition of the modified system (5.7a)—(5.7d) into principal terms and error terms,
which we denote by variations of the symbol A. The estimates of Section 9 will justify
the claim that the A terms are in fact error terms. We begin by recalling the previously
mentioned rescaling £, of the spatial indices of the metric:

hig =e g (ok=1,2,3). (5.14)

The decomposition is captured in the next proposition. Additional details are provided in
Appendix A.

Proposition 5.1 (Decomposition of the modified equations). The equations (5.7a)—
(5.7d) can be written as follows (for j, k = 1,2, 3):

‘jg(gOO + 1) = 5Hd,800 + 6H>(g00 + 1) + Aqo, (5.15a)
Oeg0; = 3Hd, g0 +2H?g0; — 2Hg Ty + Ao;, (5.15b)
Oghjx = 3Hdhjx + Aji, (5.15¢)

Op® = 20, ® + Ajo, (5.15d)

where H = /A/3, w(t), which is uniquely determined by the parameters A > 0,

p>0,and ¢ =3(1 + cs2), is the function from (4.21), s = 1_325 = 3cs2,

Oy = =82 +2m~1)%9,8, + (m =18, (5.16)

is the reduced wave operator corresponding to the reciprocal acoustical metric (m~ )"’
(u, v =0,1,2,3), and the components of m~" are given by

(mH0 = —1, (5.17a)
0j
‘ A
mH = (5.17b)
(I+2s)+ D)
. k
. gk — !
myk=_>___"m (5.17¢)

0429+ Ay

The error terms Ay, Dyo, DAgny, A((),f;), and A{,i) above are provided in equations
(A.4a)—(A.4d) and (A.6a)—(A.6¢).

5.5. Classical local well-posedness

In this section, we discuss classical local well-posedness for the modified system of PDEs
(5.152)—(5.15d). The theorems in this section are stated without proof; we instead provide
references for the rather standard techniques that can be used to prove them.



The nonlinear future stability of the FLRW family 2403

Theorem 5.2 (Local well-posedness). Let N > 3 be an integer, and assume that 0 <
Cs < 1;L€t fi;w = g/w|t=0a 21%;1,11 = (atg,uv)|t=0 (n,v =0,1,2,3), ¥ = (3 ®)|r=0,
and ;P = pj = 0jPli=0 (see Remark 1.1) be initial data (not necessarily satisfying
the Einstein constraints) on the manifold ¥ =T for the modified irrotational equations
(5.152)—(5.154) satisfying (fori, j, k=1, 2,3)

goo+1e€HV g0, e HNY 981 € HY, (5.18a)
Koo € HY, Koj e HY,  Kj — 0(0e**Og; e HY, (5.18b)
U —weH", 3deHY, (5.18¢)

where U > 0 is a constant. Assume further that there are constants C1 > 1 and C,, C3>0
such that

Cr'8u X XP < gupX*X" < C18.XX?, vix! X%, x3) e R3, (5.19a)

goo < —Ca, (5.19b)

J > Cs, (5.19¢)

where & = —g® (0¢ @) (g P@)|;=0. Then these data launch a unique classical solu-

tion (guv, 0, P) (u,v = 0, 1,2, 3) to the modified system existing on a spacetime slab
(T-, Ty) % T3, with T_ <0 < Ty, such that

g € C) NI, T x T, 8,® € C) 2((T=, Ty) x T, (5.20)

such that goo < 0, 0 > 0, and such that the eigenvalues of the 3 x 3 matrix gji are
uniformly bounded from below strictly away from 0 and from above.
The solution has the following regularity properties:

200+ 1, g0j € COUT-, Ty), HVHY), (5.21a)

digik € COUT-, Ty), HY), (5.21b)

3800, 380, I gjk — 20 () gk € COUT-, Ty), HY), (5.21¢)
e™R9,® — W, 9, e COT-, Ty), HY). (5.21d)

Furthermore, g, is a Lorentzian metric on (T_, T} ) x T3, and the sets {t} x T3 are
Cauchy hypersurfaces in the Lorentzian manifold (M = (T_, T4) X T3, g) fort €
(T_, T). Similarly, the reciprocal acoustical metric (m~")Y*V is an inverse Lorentzian
metric on (T—, Ty) X T3,

In addition, there exists an open neighborhood O of (8., I%W, ‘i’, 8j<i> = _Bj) such
that all irrotational data belonging to O launch solutions that also exist on the inter-
val (T_, T) and that have the same regularity properties as (g, 0, ®). Furthermore,
on O, the map from the initial data to the solution is continuous. By continuous, we mean
continuous relative to the norms on the data and the norms on the solution that are stated
in the hypotheses and conclusions of this theorem.

Finally, if, as described in Section 5.3, the data for the modified system are constructed
from data for the irrotational Euler—Einstein system (which by definition satisfy the con-
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straints (3.32a)—(3.32b) and df = 0 on the Cauchy hypersurface {0} x T3), and if the

wave coordinate condition Q,4|{0}XT3 = 0 holds, then (g, 3, ®) is also a solution to

the unmodified equations (3.47a)—(3.47b) on (T_, T4) x T3.

Remark 5.3. The hypotheses in Theorem 5.2 have been stated in a manner that allows
us to apply it to sufficiently smooth initial data near that of the background solution of
Section 4. Furthermore, we remark that the assumptions and conclusions concerning the
metric components g;; would appear more natural if expressed in terms of the variables
hji = e X ik; these rescaled quantities are the ones that we use in our global existence
proof.

Proof of Theorem 5.2. Theorem 5.2 can be proved using standard methods that follow
from energy estimates in the spirit of the ones proved below in Sections 6.2, 6.3, and 10.
See e.g. [H6r97, Ch. VI, [Maj84, Ch. 2], [SS98, Ch. 5], [Sog08, Ch. 1], [Spe09b], and
[Tay97, Ch. 16] for details on how to prove local well-posedness as a consequence of
the availability of these kinds of energy estimates. Also see [Rin08, Proposition 1]. We
remark that the Lorentzian nature of (m~')*¥ follows from that of &uv and the inequality
o > 0; see Lemma 7.3. The fact that (g, 9, ®) is also a solution to the unmodified
equations if the constraints and the wave coordinate condition Q,|s¢ = 0 are satisfied is
addressed in Section 5.6. O

In our proof of Theorem 11.5, we will use the following continuation principle, which
provides criteria that are sufficient to ensure that a solution to the modified equations
exists globally in time.

Theorem 5.4 (Continuation principle). Assume the hypotheses of Theorem 5.2. Let Trax
be the supremum over all times T such that the solution (g, 0,®) (u,v =0,1,2,3)
exists on the slab [0, Ty) x T3 and has the properties stated in the conclusions of Theorem
5.2. Then if Tmax < 00, one of the following four possibilities must occur:

(1) There is a sequence (t,,, x,) € [0, Tmax) X T3 such that lim,,_ o goo(ty, x,) = 0.

(2) There is a sequence (t,, xn) € [0, Tmax) X T3 such that the smallest eigenvalue of the
3 x 3 matrix gj(tn, xn) converges to 0 as n — o0.

(3) There is a sequence (t,, xn) € [0, Tmax) X T3 such that lim,_, o o(ty, x,) = 0, where
o =—g% (3, D) (D).

3
@ timsup [190@ g + D (g (@ ez + 18 (@ ) | = o,

1= Tnax 0<t <t w,v=0
Similar results hold for an interval of the form (Tuin, 0].

Remark 5.5. If (1) or (2) occurs, then the hyperbolicity of equations (5.15a)—(5.15¢)
breaks down. Similarly, if (3) occurs, then either the finiteness or the Lorentzian nature of
the reciprocal acoustical metric (m~1HY can break down (see Lemma 7.3).

Proof of Theorem 5.4. See e.g. [H6r97, Ch. VIJ, [Sog08, Ch. 1], [Spe09a] for the ideas
behind the proof. O
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5.6. Preservation of the wave coordinate condition

In Section 5.3, from given initial data for the Einstein equations, we constructed initial
data for the modified equations that in particular satisfy the wave coordinate condition
along the Cauchy hypersurface ¥, i.e., Quli=0o = 0. As mentioned in the statement of
Theorem 5.2, these data launch a solution of both the modified equations and the Einstein
equations. As we have discussed previously, this fact would follow from the condition
Q.. = 0. In the next proposition, we sketch a proof of the fact that this condition holds.

Proposition 5.6 (Preservation of the wave coordinate condition). Let (¢ ik L( ik ‘jl, 0; )

= ,éj) (j,k = 1,2,3) be initial data (see Remark 1.1) for the unmodified irrota-
tional Euler—Einstein system (3.47a)—(3.47b) [which by definition satisfy the constraints
(3.32a)—(3.32b) and df = 0). Let (8uvli=0, 0 &uvli=0, 0, 8j<i>) (u,v=0,1,2,3) be the
initial data for the modified equations (5.15a)—~(5.15d) that are constructed from the data
for the unmodified irrotational Euler—Einstein system as described in Section 5.3. In par-
ticular, we recall that the construction of Section 5.3 leads the fact that Q ;=0 = 0 where
Q,, is defined in (5.2). Assume that the data for the modified system satisfy the hypotheses
of Theorem 5.2, and let ((T—, T4+) x T3, 8uv, 0, P) be the corresponding solution to the
modified equations provided by the theorem. Then Q, = 0in (T_, Ty ) x 3.

Proof. First, using definition (5.3), we compute that for a solution of the modified equa-
tion (5.5a), the following identity holds:

Ric,, =3 Rguy + Aguy — T = =3(Du Qv + Dy Q) + 3 (D Qo) g
— L + 58P Lap gy (5.22)

Note that the left-hand side of (5.22) is the difference of the left and right sides of the
unmodified Einstein equations (3.31a). We then apply D" to each side of (5.22) and use
the Bianchi identity DV (Ric,, —%ng) = 0, equation (3.25), and the curvature relation
D, D*Qy = D*D;, Q — Ric lf‘ Qg to deduce that Q,, satisfies the following hyperbolic
system:

8 DyDgQy + Ricy Qu + 28 Do g — 8P Dy lup = —4139 Dy, @, (5.23)

where 1, and I3, which depend linearly on the Q,,, are defined in (5.6a)—(5.6d).
Since (5.23) is a system of wave equations and is of hyperbolic character, the fact that
Ou =0in (T_,T;) x T3 would follow from a standard uniqueness theorem for such
systems (see e.g. [Hor97, Ch. VI], [Tay97, Ch. 16]), together with the knowledge that
both Q,|s¢ = 0and 0;Q |y = 0hold. However, in constructing the data for the modified
equations, we have already exhausted our gauge freedom. Although the construction of
Section 5.3 has led to the condition Q,|s¢ = 0, it seems that we have no way to enforce
the condition d;Q|s = 0. The remarkable fact, first exploited by Choquet-Bruhat in
[CB52], is that the construction of the modified data carried out in Section 5.3 necessarily
implies that 0, O, |y, = 0. The remainder of the proof is dedicated to proving this fact.
Since the left-hand side of (5.22) is the difference of the left and right sides of the Ein-
stein equations (3.31a), and since the initial data (203, 8, K , \il, ,80) for the Einstein equa-
tions are assumed to satisfy the constraints (3.32a)—(3.32b), it follows that the left-hand
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side of (5.22) is equal to 0 at t+ = 0 after contracting against NHNY or N#XV. Here, N*
is the future-directed unit normal to 3 and X* is any vector tangent to 3 (in fact, one
derives the constraint equations by assuming that these contractions are 0 at t = 0). Fur-
thermore, since Q|;—o0 = 0, it follows from definitions (5.6a)—(5.6d) that I,,,|;=0 = 0
(u,v=0,1,2,3), and I3¢|,=0 = 0. Using these facts and (5.22), we conclude that the
following equations hold:

{(~1(Du0y + Dy Q) + 1(D* Qu)gyn |, W' N = 0, (5.242)
{(~3(Du0v + Dy0u) + 1D Qu)gun }|,_o N X" = 0. (5.24b)

Recalling that Nt = 8(‘; is the future-directed unit normal to ¥, setting X (“I.) =47,
and using the facts that Q,|;—=0 = 0, (XE’].)BV 00li=0 = 0, and go;l;=0 = 0, we deduce
from (5.24b) that ‘

0=—3N*X{; (0,00 + 3 0)li=0 = =38, Qjlizo (j =1,2,3). (5.25)
Similarly, we use (5.25), the facts that Q,|;—0 = 0, gool=0 = —1, and g0“|,=0 = —Sg,
and (5.24a) to conclude that

9:Qolr=0 = 0. (5.26)
From (5.25) and (5.26), we conclude that the data for the system (5.23) are trivial. |

6. Norms and energies

In this section, we define the Sobolev norms and energies that will play a central role in
our global existence theorem of Section 11. Let us make a few comments on them. First,
we remark that in Section 10, we will show that if the norms are sufficiently small, then
they are equivalent to the energies; i.e., the energies can be used to control Sobolev norms
of solutions. The reason that we introduce the energies is that their time derivatives can
be estimated with the help of integration by parts. Next, we recall that the background so-
lution fluid one-form 9 satisfies 3, ® = We >, 9® = 0, where U > 0 is the constant
defined in (4.14). The quantity Sye;y, Which is introduced below in (6.2¢), measures the
difference between the perturbed variable (9;®, 0®) and the background (9, P, 0). We
also follow Ringstrom [Rin08] by introducing scalings by e*? where « is a number,
in the definitions of the norms and energies. The effect of these scalings is that in our
proof of global existence, a convenient and viable bootstrap assumption to make for these
quantities is that they are < €, where € is sufficiently small. Finally, we remark that the
small positive constant g that appears in this section and throughout this article is defined
in (8.5) below, and we remind the reader that 4 := e’mgjk (J, k=1,2,3).

6.1. Norms for g and 9P

In this section, we introduce the weighted Sobolev norms that will be used in Section 9
to estimate the terms appearing in the modified equations. The weights are designed in
order to make the bootstrap argument of Section 11 easy to close.
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Definition 6.1. Let N > 1 be an integer. We define the norms S, 41.5(f), Sgp,.:n (),

Shue:N @)y SN (1), Sy Ny Sgoor 1N @), Sgo:N (@) Sh:N (), Sg:n (1), Sya:n(¢), and
Sn (¢) as follows:

3
Sep+1:N = qu||3t800||HN + qu||800 + g~y + Ze(q71)9||3jg00||1.11v, (6.1a)
i=1
3 3
Seon = Y (70,80, ll v + €UV goj v ) + Y eI digoj
j=1 i j=1
! " (6.1b)
3 3
Shan = Y e lhirligy + D 10kl gy-1 + e V3l gv). (6.1¢)
Jik=1 i,j k=1
B 3
Soarn = €20 D — W[l gy + e V2" 9;® v, (6.1d)
i=1
Sgoo+1:N (1) := sup Sgp+1:n3 (7)), (6.22)
0<t<t
SgoN (1) = sup Sg,.N(T), (6.2b)
0<t<t
Sh:N (@) == sup Sp,.n(T), (6.2¢)
O0<t<t
Sg:N = Sgoo+1;N + Sgou;N + ShuusNs (6.2d)
Sya;N (1) := sup Spo;N(T), (6.2¢)
0<t<t
Sy == Sg;n + Sho;N- (6.2f)

6.2. Energies for the metric g

6.2.1. The building block energy for g. The energies for the metric components will be
built from the quantities defined in the following lemma. They are designed with equa-
tions (5.15a)—(5.15¢) in mind.

Lemma 6.2 (Properties of the building blocks of energies for the metric; [Rin08, Lemma
15]). Let v be a solution to the scalar equation

Oyv = aHdv+ BH>v + F, (6.3)

where ljg = g"3.0,, o« > 0 and B > 0 are constants, and define Eq.5lv, 0v] = 0 by

£ 5. 0v] =3 /w {—£%3v)2 + g% (3,v) (Bpv) — 2yHg®vd,v + §H?v?} dx.
(6.4)
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Then there exist constantsm > 0, C > 0, Cgy = 0,y > 0, and & > 0 such that

180+ 1] <n (6.5)
implies that

& 5, dv] = C /Ta{(atu)2 + 8% (9av) () + C(pyv*} d’x. (6.6)

The constants y and & depend on « and 3, while , C, and C(g) depend on «, 3, vy,
and . Furthermore, C(gy = 0 if = 0 and Cgy = 1 if B > 0. In addition, if p = 0,
theny = & = 0, while if 3 > 0, then we can arrange fory > 0 and & > 0. Finally,

d
TG 5o 0vD

< —MHEL, 5 v, dv] + /Tz{—(a,u +YHO)F + Agy iy 5[0, d01} dx, (6.7
where
Agiiy,5) v, 9v] = —YH (328" vdpv — 2y H (3,8 )vd;v — 2y Hg™ (3,0) (3 v)
— (028" 3v)? = (3ag™) () (Brv) — 538" (3v)°
+ (18,8°% + Hg®) (8,v)(3pv) — YH (38" vd v
—vHE" + D(3v)% (6.8)
Proof. The proof is a standard integration by parts argument that begins with the multi-
plication of both sides of equation (6.3) by —(9;v +yHv); see Lemma 15 of [Rin08] for
the details. For later use, we quote the following identity from Ringstrém’s proof:
%(5(2%5)[1;, av)) = /T3{—(oc — V) H(3v)? + (6 — B — yx)H?vd,v — ByH>v?
— (1 +V)Hg™ (0,0)(pv) — (v + YHV)F + Agyy.5[v, dvl}dx. O

6.2.2. Energies for the components of g. In this section, we will use rescaled versions of
energies of the form (6.4) to construct energies for the components of g.

Definition 6.3. We define the nonnegative energies Eq 11.n(t), Eg..N (), Ep,.n (1),
Egn®), Egor1:n8(@)s Egy:n (1), Ep,.n(t), and E,. y(¢) as follows:

—g00+1 N = Z ezqggwoo 5001 0a (800 + 1), 3(9a800)], (6.9a)
|&|<N
3
Epon= Y, ZI:e“‘f*”“eﬁm,z—,m)[8ago,,~, 993801, (6.9b)
l@|<N j=

3
Ej.n= Y, {Z e*12EG, [0, a(a&hjk)]+%A3 caHz(B&hjk)2d3x}, (6.9¢)

l@]<N Yjk=1
Eg;N = Egoo+l;N +Ego*;N +Eh**;Nv (6.9d)
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Egp+1;8(t) == sup Egy+1:8 (1), (6.10a)
o<t<t

Egy;n (1) := sup Eg :N(T), (6.10b)
0<t<t

Ep,.N(@) = sup Ep,..n(T), (6.10c)
o<t<t

EgN = Egy+ ;N + EgoiN + Enpins (6.10d)

where

hik =g (jk=1,2,3), (6.11a)

cz =0 if |a| = 0, (6.11b)

c; =1 if ja| > 0, (6.11¢)

and (Y00, 800), (Y0x, 80x), and (Y, Oxx) are the constants generated by applying Lemma
6.2 to equations (5.15a)—(5.15¢) respectively [note that (V.x, 04x) = (0, 0) in definition
(6.90)].

In the next lemma, we provide a preliminary estimate of the time derivative of these
energies.
Lemma 6.4 (A first differential inequality for the metric energies). Assume that
(8uvs 0 ®) (u,v = 0,1,2,3) is a solution to the modified equations (5.15a)—(5.15¢),
and let Egpo 11N, Egy,:n, and Ej,,. N be as in Definition 6.3. Let [ﬁg, 9] denote the
commutator of the operators 0 ¢ and 0. Then under the assumptions of Lemma 6.2, the
following differential inequalities are satisfied, where Ng,y, s)[-, 9(-)] is defined in (6.8),
the constants (Y00, 800), (Yox» 00x), and (Ysx, Osx) [note that (Vx, 84x) = (0, 0)] are the
constants from Definition 6.3, and oo, Nox, N« are the positive constants “n” produced
by applying Lemma 6.2 to each of the equations (5.15a)—(5.15c) respectively:

d 2 2 2
E(Egoo-Fl;N) <(2q _TIOO)HEgOO.;_l;N +2g(w — H)Eg00+1;1v

- /T 10,3520 + 1)+ Yoo H (00 + D)

l@|<N

x {95 200 + [Cg, 831(g00 + 1} d>x

+ ) f €1 Ay 500 [ (00 + 1), D (Dagoo)1 dx,
al<n T

d 2 2 2
TEL ) S [20g — D) =ModHE v +2(g — D@~ HE, .y

3
Y [ A g o Hi )
=N j=1 7T

|oe

X {—2Hd3(g%Tujp) + 3300; + [y, 831g0;} d>x

3
+ >y f V2N o 500080 3(9380,)1dx,  (6.12a)
ja=n j=17T°
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d 3
i) = Qg =) H D0 D M9 (0, 0(Bah00)
|@|<N jk=1

3
+2q(—H) Y Y XL )10, 9(dzhn)]
|a|<N j,k=1

3
-y > /T 190,05 hji) (0 Ajic + (g, da1hji} d’x

l&|<N j.k=1

3
+ > /T 10000, B@hj) 1 dx

l@|<N jk=1

3
+ > Z/ H>(359:hjx)(35hj1) dx.
1<|G<N jik=1"T>

Proof. Lemma 6.4 follows easily from definitions (6.92)-(6.10d), and from (6.7).

(6.12b)

O

The following corollary follows easily from Lemma 6.4, definitions (6.9a)—(6.9c), and the

Cauchy—Schwarz inequality for integrals.

Corollary 6.5. There exists a constant C > 0 such that under the assumptions of Lemma

6.4, we have

d 2 2 2
E(EgOO'HiN) < (2q _HOO)HEgOO+1;N +2q(w — H)Eg00+1;N

Q
+ CSgpor1:n€" | Aol g

+ CSgrtn D e[, 31(g00 + D2

la|<N

+ D A tyon. 0019 (800 + 1), (800l 1.
lal<N

d
E(Eéz’o*;’v) =[2¢-D- ﬂo*]HEgo*;N +2(q = D(w— H)Eéz’o*;N
3
+ CSgpin Y €TV Ty | g

Jj=1

3
+ CSgpin Y eV Ag |
j=1

3
+ CSgpv Y VY[, 03180, 112
la|<N j=1

3
+ Y D U Mgy, 500 [0a80) 90820 1
la|<N j=1

(6.13a)

(6.13b)
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d 3
T ) = Qg =) H D0 Y NG [0, 0k
&|<N j.k=1

3
+29(@— HE, .y + CShun Y A5l
Jk=1

3
+CShuin Y, Y, 2N, 9kl
|&|<N j,k=1

3
+ > D 50000, 0@kl +Ce 1S, Ly, (6.130)
la|<N j,k=1

where the norms Sgo,+1;N» Sgo.;N s Shi; N are defined in Definition 6.1.

6.3. Energies for the fluid one-form 0®

In this section, we define the energies that we will use to analyze solutions to the irrota-
tional fluid equation (5.15d). We begin by stating their definitions.

Definition 6.6. Let W be the positive constant defined in (4.14). We define the nonnega-
tive energies Eya. y(t), Eyo. v (¢) for 9P as follows:

Elon =3 /TS{(e"QB,CD — 0?2 + P m Y (3, 0) (3} d’x

+1 Z /T{e2“9(3,8&®)2+e““(m—l)“b(aaaacb)(aba&ob)}d3x,
I=lel<N (6.14)
Eyo;n () := sup Eye:n (7). (6.14b)

0<t<t
In the next lemma, we provide a preliminary estimate of % (qu,; D).
Lemma 6.7 (A first differential inequality for the fluid energy). Assume that 0P satisfies
O ® = 2013, + Ajo, (6.15)

where
O = =07 +20m™ 0,0, + (m™")*" 0,0,
is the reduced wave operator corresponding to the reciprocal acoustical metric (m~ )"’

[see (5.17a)—(5.17¢)], and
3

= =3c3.
14 2s )

Let [ﬂm, 03] denote the commutator of the operators ﬂm and dg. Then
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d _
—(Ejg.y) = _/ (0 (m ™10 (728, — U)* dx
dt ’ T3

— Z \/g eZ%Q(aa(m—l)Oa)(ata&q>)2 d3x
T3

I<|a|<N

—/ (3, (m™ 1) (%9, D — W) (9 D) d>x
T3

-2 f L7 ™)) (3,85.9) (005 P) dx
T+

I<|a|<N

—/ e (Nyo) (9,0 — W) d3x
T3

- Z f 2733 090)3,;05P d°x
T3

I<|a|<N

- > /62”9([ﬁm,8&]¢)318&d>d3x
']T3

I<|a|<N
+3 Zf 2D, (m ™) + 2300 (™)} (3,05 P) (05 D) dx. (6.16)
=N T

Proof. This is a standard integration by parts lemma that can be proved using the ideas
of Lemma 6.2. We provide a sketch of the proof. We begin by differentiating under the
integral in the definition of E §<I>~  to conclude that

d _
E(qu;;jv) = Z A}[a&(€%93;¢ — ‘l/)]ataa(e%g@tcb) d*x
la|<N

+ 3 [ o 60,000 0050) d
3

la|<N
+1 Z/ >3, (m ™% + 2300 (M~ )(8,05 D) (905 @) d°x.  (6.17)
=N T

For each fixed @, we will now eliminate the highest derivatives of ® in (6.17) (i.e., the
derivatives of order |&| + 2). To this end, we first differentiate equation (6.15) using 33
and multiply both sides of the equation by ¢***, which allows us to express the resulting
equality as
—0:05,(e20, @ — W) + & (m™ ) 0,050 D = %3890 + ¢ [D, 5] P

— 2% (m%8,0,0; . (6.18)
We then multiply both sides of (6.18) by —d3 (€29, d — 1), integrate over T3, and
integrate by parts. Inserting the resulting identity into (6.17), we arrive at (6.16). ]

We now state the following corollary, which follows easily from definition (6.1d), Lemma
6.7, and the Cauchy—Schwarz inequality for integrals.
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Corollary 6.8. Under the hypotheses of Lemma 6.7, we have

d _ d _
T Eion) = Sionl10a(m™ )Y 10 + Sigx Y e®l0a(n™ ) 110
! b=1
+ Ssone™ N Dpollgy + Saoy Y, 0w, 91P 12
I<|a|<N
3
+ 3850y 2 €720 m™ Y + 20 (m ) 1o

a,b=1

+ (- Do Z /362"9(m_l)“b(aaaad))(BbGad))d3x, (6.19)
laj<n /T

where Syo: N is defined in (6.1d).

6.4. The total energy En

Definition 6.9. Let £,y and Ejg, y be the metric and fluid energies defined in (6.10d)
and (6.14b) respectively. We define E, the total energy associated to (guv, 0, ®) (1, v =
0,1, 2, 3), as follows:

Ey :=Egn + Ejo;N. (6.20)

7. Linear-algebraic estimates of g,,, g"", and (m~!)*"

In this section, we provide some linear-algebraic estimates of g,,, ¥, and (m~H* In
addition to providing some rough L°° estimates that we will use in Sections 9 and 10,
the lemmas will guarantee that g, is a Lorentzian metric and that (m~ 1) is an inverse
Lorentzian metric. We remark that we already made use of these facts in our statement of
the conclusions of Theorem 5.2.

Lemma 7.1 (The Lorentzian nature of g”"; [Rin08, Lemmas 1 and 2]). Let g, be a
symmetric 4 x 4 matrix of real numbers. Let (gy,)jx be the 3 X 3 matrix defined by (gy)jx =

gjk, and let (g[l)-/k be the 3 x 3 inverse of (gv)jk. Assume that goo < 0 and (gy)jk is

positive definite. Then g, is a Lorentzian metric with inverse gV, g% <0, and the 3x3
matrix (g%)7% defined by (g*)7* := g/* is positive definite. Furthermore,

1
00
= — 7.1a
8 200 — 42 (7.1a)
800 — _

— (& ) Xa X = (€)X X < (8D Xa Xy, V(X1 Xo, X3) €R,
800 (7.1b)

=L (g (j=1.2.3) (7.1
- n b 80a J=14 ) . C)

d= — goo

where
d* = (g, g0ag0b- o
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The next lemma requires the following rough bootstrap assumptions, which we will im-
prove during our global existence argument.

Rough bootstrap assumptions for g,,: We assume that there are constants 1 > 0 and
K1 > 1 such that

Igoo + 1] =m, (7.2a)

K '8apXXP < e, XX < K18upXXP, VX', X%, X% eR?,  (7.2b)
3

> lgoal* <mklHmC, (7.2)

a=1

For our global existence argument, we will assume that 1 = N, Where Mmin is defined
in Section 8.2.

Lemma 7.2 (First estimates of g"”; [Rin08, Lemma 7]). Let g, be a symmetric 4 x 4
matrix of real numbers satisfying (7.2a)—(7.2c), where Q@ > 0 and 0 < q < 1. Then g,
is a Lorentzian metric, and there exists a constant g > 0 such that 0 <n < ng implies
that the following estimates hold for its inverse g :

8%+ 1] < 4n, (7.32)
3 3
> 1g% 2 < 2K1e7 | g0al. (7.3b)
a=1 a=1
3
8% g0al < 2K1e7*% ) " |goal, (7.3¢)
a=1

2 3K

375“17an,, < 2y X, < Tlaﬂbxaxb, V(X1, X2, X3) € R3S, (7.3d)
1

O

The next lemma provides criteria that are sufficient to ensure that the reciprocal acoustical
metric (m 1) is finite and Lorentzian. It is needed to fully justify the conclusions of the
continuation principle (Theorem 5.4).

Lemma 7.3 (The Lorentzian nature of (m~")*"). Let 8uv be a symmetric 4 x 4 matrix
of real numbers satisfying the assumptions of Lemma 7.1. Assume further that c > 0.
Let (m~YHY*Y denote the reciprocal acoustical metric defined in (5.17a)—(5.17¢). Then
(m~ Y™ is an inverse Lorentzian metric of signature (—, +, +, +). Furthermore, if & is
any timelike covector (i.e., g“ﬁ&x&ﬁ < 0), then (m_l)“ﬂéaéﬂ < 0.

Proof. Tt is straightforward to verify using (5.7d) and (5.17a)—(5.17¢c) that the assump-
tions of the lemma and the conclusions of Lemma 7.1 imply that

(m~Hw = p(n=HH, (7.4)
(n~HH = gh" — 2501 (g" 8, @) (g dp D), (7.5)
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where P > 0. The fact that (m_l)"‘ﬂéaéﬁ < 0 whenever g"‘ﬂéaéﬁ < 0 now follows
trivially from the expression (7.5). To show that (m~!)"" is Lorentzian, we set T# =
gh*9,®. The assumptions of the lemma guarantee that 7" is timelike relative to g (i.e.,
8up T°T# = —6 < 0), and Lemma 7.1 ensures that guv and gV are Lorentzian. Set
TH = o~12TH sothat gus TTP = —1. It follows that we can choose spacelike (relative
to g) vectors X}, X(5), X(3, such that (T, X(1), X(2), X3} is a g-orthonormal basis. Let

Xy)::guaxg)g;=1,z3y1tﬁmowsﬁom(15)mm

(n~HPB T, Tg= —(1 + 29), (7.6)
nHPTLx) =0 (j=1.273), (17
@ HPXPXP =57 (jk=1.23), (7.8)

where 8/% is the standard Kronecker delta. Thus, (2~ 1) is an inverse Lorentzian met-
ric of signature (—, +, +, +). Since P > 0, it follows that (m’l)’“’ is also an inverse
Lorentzian metric of signature (—, 4, 4, +). O

8. The bootstrap assumption for Sy and the definition of N, 1y, and g

In this short section, we define the quantities N, Nmin, and g. We then introduce some
bootstrap assumptions that will be used in our derivation of the estimates of Sections 9
and 10.

8.1. The definition of N and the assumption Sy < €

For the remainder of the article, we will assume that N is an integer subject to one of the
following requirements:

N >3 (this is large enough for the validity of all of our results
except for some of the conclusions of Theorem 12.1), 8.1)
N > 5 (this is large enough for all of our results to be valid). (8.2)

We require N to be of this size to ensure that various Sobolev embedding results are valid,;
see also Remark 12.2.
In our global existence argument, we will make the following bootstrap assumption:

Sn <e. (8.3)

where Sy is defined in (6.2f), and € is a sufficiently small positive number. Observe that
Sy measures how much (g, p, u) differs from the FLRW solution (g, p, i) derived in
Section 4. In particular, Sy = 0 for the FLRW solution.

8.2. The definitions of Nmin and q

Definition 8.1. Let 19, No«, N+« be the positive constants appearing in the conclusions
of Lemma 6.4. Furthermore, let 19 be the constant from Lemma 7.2. We now define the
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positive quantities (recalling that 0 < 3¢ < 1 when 0 < ¢y < 4/1/3) Nmin and g by

Mmin ‘= %min{lyTIO»TlOO’nO*’T]**}» (8.4
q := 3 min{fmin, 52, 1 = 5. 8.5)

We remark that npi, and g have been chosen to be small enough so that the bootstrap
argument for global existence given in Section 11.2 will close. In particular, inequality
(7.3a), with 1 < Nmin, guarantees that the energies £y 5)[-, d(-)] for solutions to (5.15a)—
(5.15c¢) have the coerciveness property (6.6).

Remark 8.2. If € is sufficiently small, then inequalities (7.2a) and (7.2c) (for 11 < NMmin)
are implied by the definition of Sy, the bootstrap assumption Sy < €, and Sobolev
embedding.

9. Sobolev estimates

In this section, we use the bootstrap assumptions of Sections 7 and 8 to derive estimates of
all of the terms appearing in the modified equations (5.15a)—(5.15d) in terms of the norms
defined in Section 6.1. The main goal is to show that the error terms are small compared
to the principal terms, which is the main step in closing the bootstrap argument in our
proof of future-global existence (Theorem 11.5). More specifically, in Section 11.1, the
estimates of this section will be coupled with the energy inequalities of Corollaries 6.5
and 6.8 in order to derive a system of energy integral inequalities for the solution.

We divide the analysis into two propositions: Proposition 9.1 provides basic estimates
for g and 0®, while Proposition 9.3 provides estimates for the nonlinearities and er-
ror terms. In particular, Proposition 9.1 provides estimates for the ratio Z; := 9;®/9,®
(j = 1,2, 3) that are crucial for closing the bootstrap argument of Theorem 11.5. The
main tools for proving the propositions are standard Sobolev—Moser product-type esti-
mates, which we have collected together in the Appendix for convenience.

9.1. Estimates of the basic metric and fluid variables

In this section, we state and prove the first proposition that will be used to deduce the
energy inequalities of Section 11.1.

Proposition 9.1 (Estimates of the basic metric and fluid variables). Let N > 3 be an
integer and assume that the bootstrap assumption (7.2b) holds on the spacetime slab
[0, T) x T3 for some constant K| > 1. Assume further that 0 < ¢y < «/1/3. Then there
exist a constant €' > 0 and a constant C > 0, where C depends on N and K, such
that if Sy(t) < € on [0, T), then the following estimates also hold on [0, T), where

hjk = efzggjk:

1% + 1 yn < Ce 998, v, 9.1a)
g/ |l oo < Ce™22, (9.1b)
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1887 Il yv—1 < Ce™ 2 Sy, 9.1¢)

1% | v < Ce™IHD2g, (9.1d)

18:gjx — 2wgjkll gy < Ce®~DLs, ., (9.2a)

lorgjilley < Ce*2, (9.2b)

18 8, gak — 28] | gv < Ce 1Sy, 9.3)

13,7% + 2wg k|| v < Ce™FTDRs, (9.42)
H 8

18:8% | v < Ce %S,y (9.4b)

18,8% | yn < Ce™IHDLg, . (9.4c)

18,87 || e < Ce 2. (9.4d)

The following estimates for the term g**T, jb from the right-hand side of (5.15b) hold on
[0, T):

I8 Cajpll g < CeU1=Dg, (9.52)

g Tujpll gn-1 < CSp,,.N- (9.5b)

The following estimates for Z; = 9;®/0;® hold on [0, T), where » = 3052:

1Zjllgn < Ce®Syarn, (9.6a)
1Zjll -1 < Ce* % Syan . (9.6b)
The following estimates for o = —g"‘ﬂ(aa@)(&ﬁ ®) and for the FLRW quantity ¢ :=
—g% (3, D) (3p D) = e~ 2*2W2 hold on [0, T):
@2
——
120 — e**%5 || v < CSy. 9.7)

In the above estimates, the norms Sp,,.N, Sg:N, Sao;n, and Sy are defined in Defini-
tion 6.1.

Proof. Most of these estimates can be found in the statements and proofs of Lemmas 9,
11, 18, and 20 of [Rin08]. The exceptions are (9.4c), (9.4d), and (9.6a)—(9.7). For brevity,
we do not repeat all of the details of the estimates that are proved in [Rin08].

Remark 9.2. Throughout all of the remaining proofs in this article, we freely use the
results of Lemma 4.2, the definitions of the norms from Section 6.1, the definitions (8.4),
(8.5) of Mmin and ¢, and the Sobolev embedding result HM+2(T3) — CM(T3) (M > 0).
We also freely use the assumption that Sy, which is defined in (6.2f), is sufficiently
small without explicitly mentioning it every time. Furthermore, the smallness is ad-
justed as necessary at each step in the proof. To avoid overburdening the paper with
details, we do not give explicit estimates for how small Sy must be. We also remark that
as discussed in Section 2.5, the constants ¢, C, C, that appear throughout the article can



2418 Igor Rodnianski, Jared Speck

be chosen uniformly (however, they may depend on N, ¢y, and A) as long as Sy is suffi-
ciently small. Finally, we prove statements in logical order, rather than the order in which
they are stated in the proposition.

Proofs of (9.1b) and the preliminary estimates ||g*°+ 1L~ + g% +1 ;2 < Ce‘qQSg;N
and || g% || Lo +118% 1| 2 < Ce=UFTDRS, . The L™ estimate (9.1b), as well as the afore-
mentioned preliminary estimates, which we will need shortly, follow from the definition
(6.2d) of S, i, the assumption (7.2b), Lemma 7.1, and Lemma 7.2.

Proofs of (9.1c)—(9.1d). These proofs begin with the fact that when 1 < |a| < N, 95 g""
is a linear combination of terms of the form

KL ghnknl g VR (e g3 ) - (3, Qhmkcn)s 9.8)

where @1 +- - -+a, = & and each |@;| > 0. We remark that (9.8) can be shown inductively
via the identity 9, g"" = —g"< g"* 3y g1

To prove (9.1d), we first recall that the bound ||g% || 2 < Ce=(1+95,. \ was shown
above. Therefore, it remains to estimate (9.8) in L% forl < || < N, with @, v in (9.8)
equal to 0, j. To this end, we first bound the terms g*10g*2<1 ... ghnkn—1 gJjkn in [°° and
then estimate the remaining product (3, g1,«;) - - - (3, &k, ) N L? using Proposition B.2.
The L*° terms are bounded using (9.1b) and the preliminary estimates ||g00 + 1|jpe <
Ce_qQSg;N and [|g% ||z < Ce_(l"’q)QSg;N shown above. The L2 norm of the product
is controlled by Proposition B.2 and the definition (6.2d) of S, . The only difficulty is
keeping track of the powers of ¢, which Ringstrom accomplishes inductively through
a counting argument that is analogous to the Counting Principle estimate (9.33) that we
provide below; the details can be found in the proof of Lemma 9 of [Rin08]. The proof of
(9.1c) is similar.

ghig

Proof of (9.1a). The estimate (9.1a) follows from the identity ¢V +1= gﬁ[(goo +1)—
g% g041, Corollary B.3 with v = ggo and F(goo) = 1/goo in the corollary, Proposition
B.5, the definition (6.2d) of Sy, y, and (9.1d).

Proofs of (9.2a)—(9.2b). The estimate (9.2a) follows directly from the definition (6.2c)
of Sp,,.n and the observation that 0,4 = e 20 (0:gjx — 2wgjk). Inequality (9.2b) then
follows from the assumption (7.2b) and (9.2a).

Proof of (9.3). Note the identity 5,{ = g% gor + g% gax. From this fact, the estimate (9.3)
follows from Proposition B.5, the definition (6.2d) of S,.y, and (9.1a)—<(9.2a).

Proofs of (9.4a)-(9.4d). To prove (9.4a), we first note the identity 9;¢/% =
—gv gﬂk 0rgap- We then use Proposition B.5, the definition (6.2d) of S, n, (9.12)—(9.1d),
and (9.3) to conclude that
10,87 + 28  gv < 118" (8 31 gab — 2wl v + 118% 8% 3 gow | v
+ 118 g% 0 goall v + 18% 8% 31 gooll v
< CeFH1%g, 9.9)
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which gives (9.4a). Inequality (9.4d) then follows from (9.1b) and (9.4a). The proofs of
(9.4b) and (9.4c¢) are similar, and we omit the details.

Proofs of (9.5a)—(9.5b). To prove (9.5a), we first use Proposition B.5 to conclude that
lg“"Tajpll gy < CUIE™ N + 138l znv-1}ITajpll v (9.10)

Recalling that 'y, = 3(348p) -+ 9b8aj — 3j8ap) and that gjx = €*?hx, and using (9.1b),
(9.1c), the definitions (6.2¢) and (6.2f) of Sj_..n and Sy, and Sobolev embedding, we
deduce that the right-hand side of (9.10) is bounded from above by C e(l_‘])QSh**; ~- This
proves (9.5a). The proof of (9.5b) is similar.

Proofs of (9.6a)—(9.6b). To prove (9.6a), we first express

7, = 09 ©.11)
I e”‘Qat(D' '

Then applying Corollary B.3 (with v = ¢**3,® and F(v) = v~') and Proposition B.5
to the right-hand side of (9.11), and using the definition of Sy4.», we deduce that

1
+ || ———
Lo H-(ema@)
as desired.

To prove (9.6b), we first note that by the definition of S;. v, we have

I1Z;ll gn < cue"ﬁa,-@nﬂw(‘

) < Ce*Syo.n
9.12)

e”QHICD HN-1

19:05 Pl 2 < e Sgan (1 <& < N). (9.13)
Integrating (9.13) from 0 to ¢, using the fact that e=**?() is integrable over the interval
t € [0, 00), using the initial condition ||9;05P||;2]:=0 < Ssa.n(0), and using the fact
that Sy, v (¢) is increasing, we deduce

10z ®@ll 2 < CSparn (1) (1 <&l <N). 9.14)
We now revisit the proof of (9.12) and use the estimate (9.14) to deduce the desired bound
I1Zjll gv-1 < Ce She. N (9.15)

Proof of (9.7). We first decompose ¢>**%o — ¢2*5 as follows:

g — 2795 = (799, d — U) (e, ® + ) — (g% + 1) (%0, D)?
—28%(e¥8,®)2Z, — g™ (%0, 9)> Z, Zp. (9.16)

Inequality (9.7) now follows from Proposition B.5, the deﬁni_tion (6.2f) of Sy, Sobolev
embedding, (9.1a)—(9.1d), (9.6a), and the fact that e>*95 = W2, o
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9.2. Estimates of the nonlinearities and error terms

In this section, we state and prove the second proposition that will be used to deduce the
energy inequalities of Section 11.1.

Proposition 9.3 (Estimates of the nonlinearities and error terms). Let N > 3 be an in-
teger, and assume that 0 < ¢y < /1/3. Let (8uv, 0, ®) (u,v =0,1,2,3) be a solution
to the modified equations (5.15a)—(5.15d) on the spacetime slab [0, T) x T3, and assume
that the bootstrap assumption (7.2b) holds on the same slab for some constant K1 > 1.
Then there exist a constant €’ > 0 and a constant C > 0, where C depends on N and K1,
such that if Sy (t) < €’ on [0, T), then the following estimates also hold on [0, T) for the
quantities Az v, Ac,00, and Ac o, defined in (A.13a)—(A.13c) and (A.15a)—(A.15b):

A4 00l gy < Ce 29983, (9.17a)
1240/l gy < Cel 20087 (9.17b)
1A4 jkll gy < Ce@20083 (9.17¢)
IAc00ll gy < Ce 24985, (9.17d)
IAc0jllyy < Cel72098T,. 9.17¢)

Additionally, for the quantities ARapid, v defined in (A.7a)—(A.7c), we have the following
estimates on [0, T):

| ARapia.00ll gy < Ce~ G328, (9.18a)

pid, 00l 7

| ARapid.0f | g < Ce™GH3DRG, (9.18b)
pid,0/ |

| ARapid, jk I g~ < Ce~GH3ech0g, . (9.18¢)

For the quantities A, defined in (A.4a)—(A.4c), we have the following estimates on
[0, T):

[ Aooll v < Ce 198y, (9.192)

180;ll gy < Ce' 2098y, (9.19b)

187kl gy < Ce 2198y, (9.19¢)

For the commutator terms from Corollary 6.5, we have the following estimates on [0, T):
115 931(g00 + Dl 2 < Ce 1Sy (la| < N, (9.20a)

115, d31g0jll ;2 < Ce' 2028y (la| < N), (9.20b)

110 % hjll 2 < Ce %8y (la| < N). (9.20¢)

For the terms from Corollary 6.5, where Ag,(, 5)[v, dv] is defined in (6.8), we have the
following estimates on [0, T):

12| At (yo0. 500103 (00 + 1), 3Bz o0l 1 < Ce 998 1:8Sn (1@ < N,
(9.21a)
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ez(q_l)Q||Ag;(y0*’5o*)[8agoj, 0(0z80) 1l L1 < Ce_qQngo*;NSN (le] < N),
(9.21b)

1 Ag.0.0)[0, 3@z 1)l 1 < Ce 8y, NSy (la] < N).
(9.21c)

For the error terms (A.17a)—(A.17f) corresponding to the fully raised Christoffel symbols
of Lemma A.7, we have the following estimates on [0, T):

1AMl v < Ce™ 498y, (9.22a)
AR gy < Cem0FD9S,, (9.22b)
A gy < Ce~0FDRS,, (9.22¢)
A I < Ce™ Doy, (9.22d)
A I gn < Cem Doy, (9.22¢)
IAGS gw < Ce= D2y (9.22f)

For the fluid wave equation error terms © and Ajyo, defined in (A.6d) and (A.4d) respec-
tively, we have the following estimates on [0, T'):

IOl gy < Ce 9S8y, (9.23a)
Dyl gy < Ce 1Sy, (9.23b)

For the reciprocal acoustical metric error terms Ay, A?’i), and A'(ir];), defined in (A.6a),
(A.6b), and (A.6¢) respectively, we have the following estimates on [0, T):

1A llgy < Ce 198y, (9.24a)
AU gy < Ce™ Sy, (9.24b)
IA0 gy < Cem @RSy, (9.24¢)

For the reciprocal acoustical metric components (m=HY% and (m—1)/* defined in (5.17b)
and (5.17c), we have the following estimates on [0, T):

ln ™% || yn < Ce 98y, (9.252)

—1yjk _ Jk < Ce~ Gta)02g 9.25b

H(m ) 2 1® |, = N (9.25b)

[m =)K< Ce™2, (9.25¢)

Cc 8% X, X, < e m Y X, X, < C8PX, Xy, VX1, X2, X3) € R?, (9.25d)
19(m =" *|| v < Ce >SSy (9.25¢)

For the commutator terms from Corollary 6.8, we have the following estimates on [0, T),
where »x = 3c§:

I, 91®@ |2 < Ce™1H92gy (@] < N). (9.26)
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For the time derivatives of the fluid-related and reciprocal acoustical metric-related quan-
tities, we have the following estimates on [0, T):

18, [”%0, ®]|| yv—1 < Ce IS, (9.27a)

18: Z; || yn—1 < Ce™ S, (9.27b)

18: A gy ll gpv—1 < Ce 198y, (9.27¢)

18, A0 Il gv-1 < Ce™ IHD9S,, (9.27d)

18, A% | v < Ce™GHORg,y, (9.27¢)

18, m =) || gnv—1 < Ce”1TD28y, 9.27)

18: (m™ )% 4 20 (m ™)K yvor < Ce™FFDLS (9.27g)
18, an ") ¥ || oo < Ce?%. (9.27h)

In the above estimates, the norms Sgy+1:Ns Sgo,:N > Sh,,:N» and Sy are defined in Defi-
nition 6.1.

The proof of Proposition 9.3 is located in the next section. As we will see, many of the
estimates in the proposition can be essentially reduced to counting spatial indices. This
motivates the following definition, in which we introduce three classes of quantities that
have slightly different properties with regard to spatial indices.

Definition 9.4 (The sets Gy, Hyr, and Zy). Let N > 3 be an integer and assume that
M = N—1lorM = N. Let v be a function on T3, and let A denote its number of
downstairs spatial indices minus its number of upstairs spatial indices (e.g. A = —1
when v = 9;g/%). We write v € Gy if there exists a constant C > 0 such that

vl g < Ce 9248y (9.28)

forall ¢+ > 0 whenever Sy is sufficiently small. Above, ¢ is the small positive constant that
is defined in Section 8.2 and that appears in the definition of the norms (i.e., Definition
6.1).

We write v € Hy if there exists a constant C > 0 such that either

o]l gu < Ce*Sy (9.29)

for all + > 0 whenever Sy is sufficiently small, or
[vllzee < Cet, (9.30)
8]l g1 < Ce? Sy 9.31)

for all + > 0 whenever Sy is sufficiently small.
In the case M = N only, we write v € Zy if v=Z; (j = 1,2, 3).

Remark 9.5. Note that v € Gy = v € Hy. Also, by (9.6a) and (9.6b), v € Zy =
v € Gy_1 NHy whenever N > 3.
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Remark 9.6. The main idea of the above definition is that if v € Gy U Hyy, then up
to correction factors, various norms of v can be estimated by counting its net number of
spatial indices. This idea is made precise in Lemma 9.7. The point of introducing the sets
G is that their elements are “good” in the sense that they decay by a factor of e =9 faster
than the rate predicted by counting spatial indices.

Observe that the definition of Sy (for N > 3) and the estimates of Proposition 9.1
imply the following estimates, which will implicitly be used many times in our proof of
Proposition 9.3:

g0 + 1, 80j, 8 + 1, 8%, 8800, Br180/, drgjk — 2wgjk, 3™, 3,8%, 887* — 2wg'¥,
\_\f_—/

22 0ihj (9.32a)
;800> 9i&0j» 9 gjk> 'ooo, ['joo, Tojo, Tijk € Gn,s
9800, 980, 09800, 9980, 0rdgjx — 2wdgjk, ;800> ;080 » 0 9gjk> Zj € GN-1,
—_———

<90k 3hjk (9.32b)
8jks g’k 0:gjk> gk, Lok, Tjko, 529, @, Zj € Hy, (9.32¢)
dgjk. 0g’% € Hy-1. (9.32d)

Note that, for example, dg;x in (9.32d) is counted as having only two spatial indices.
In our proof of Proposition 9.3, we will often use the following lemma.

Lemma 9.7 (Counting Principle). Let N > 3 be an integer and assume that M = N — 1
or M = N. Let] > 1 be an integer, and suppose that vy € Gy U Hy for 1 <i <.
Assume further that v(;y satisfies (9.29) for some j satisfying 1 < j <1 (i.e., at least one
of the vy is in L? and is controlled by Sy). Then there exist constants € > 0 and C > 0
such that if Sy < €, then

!
J3E8
i=1

forallt > 0. In inequality (9.33),

i < Ce*n(gM)qu*n*(ZM)qumotalQSN (9.33)

® Noal IS the total number of downstairs spatial indices minus the total number of up-
stairs spatial indices in the product (e.g. nyoa) = —1 for gj 4Za).

o n(Gy) is the number of the v that belong to Gy (e.g. n(Gn) = 0 and n(Gy—1) =1
Jor 7°Zy).

e Inthe case M = N — 1, n,(Zn—1) := 0, and the factor e M (EN-1)9 g therefore
absent; in this case, the quantities Z; (j = 1,2, 3), are counted as elements of Gy _|
(see Remark 9.5).

o Inthe case M = N, ny(Zy) := 0 if none of the vy belong to Zy, and n(Zy) is the
number of the vy that belong to Zy minus one if at least one of the v(;y belongs to
Zy (e.g. nx(Zy) = 0 for g/ Z, and n,(Zy) = 1 for g°°Z, Zp).
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Remark 9.8. Note that since hj; = 28 gjk, estimates involving hj; need to be mod-
ified by a factor of e=>2. That is, e*%hjx € Hy, €*?9,hjx € Gy, and e*%d;hj; € Gy,
etc.

Proof of Lemma 9.7. Without loss of generality, we assume that v € L?. By Proposition
B.5, we have

l
v
i=1

The estimate (9.33) follows easily from (9.34), Sobolev embedding, and the definition
of Huyr, Gu, and Zp. Note that in the case M = N, if more than one element of Zy
is present in ]_[f: 1 Vi), then in each product on the right-hand side of (9.33), all but at
most one of these elements of Zy are bounded in the L*> norm. Hence, by (9.6b) and
the Sobolev embedding estimate || Zj|| o < C||Zjllgn-1 < Ce* Sy < Cell-DR8y
these elements contribute the additional decay factor e+ (ZNa o the right-hand side of
(9.33). o

-1 -1
o = v la [Tivo I+ 10ve g [Tl I} ©34)
i=1 i=1 JFi

9.3. Proof of Proposition 9.3

Proof of Proposition 9.3. We prove statements in logical order, rather than in the order
in which they are listed in the conclusions of the proposition. See Remark 9.2 for some
conventions that we use throughout the proof.

Proofs of (9.172)—(9.17e) and (9.222)—(9.22f). To prove (9.17a)—(9.17e), we apply the
Counting Principle estimate (9.33) to the right-hand sides of (A.13a)-(A.13c) and (A.15a)
—(A.15b). Note that every product on the right-hand side of the expression for A4 ,, has
the same net number of spatial indices as A 4 ;.. Furthermore, by inspection, we see that
these right-hand sides are quadratic in the elements of Gy (i.e., n(Gy) > 2); this results
in the presence of the €724 factor on the right-hand sides of (9.17a)—(9.17¢). The same
reasoning allows us to deduce (9.22a)—(9.22f), but in this case, some of the corresponding
products on the right-hand sides of (A.17a)-(A.17f) are only linear in elements of Gy
(which results in a single e~ decay factor).

Proofs of (9.182)—(9.18c). All products on the right-hand sides of (A.7a)—(A.7c) except
two are of the form F(Q (1), Q2))8uv, Where F is a smooth function of its arguments,
Q1. Qo € {e3(1+cs2)9(w—H), w+H, w, e”QEi,CD, eZ”Qa}, 0,.v is a product of elements
of Gy UHy, and each product contains at least one element of Gy U Zy. Hence, 6,,, can
be bounded in H” by counting spatial indices and using (9.33):

160l gn < CeowiS . (9.35)

Above, nyota) refers to 0y, i.€., nyotal = 0 for Opo, nioral = 1 for Oy, and nr = 0 for O
(we made the adjustment involving e~2% mentioned in Remark 9.8 when computing ngal
for 0j¢). The remaining two terms [the last term on the right-hand side of (A.7a) and
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the next-to-last term on the ~right-hand side of (A.7c)] are, up to constants, Qf the form
(F(Q(]), 0w) — F(Qq), Q(z)))é,w, where F and theNQ@ are as before, Q(;) is equal
to Q(;) evaluated at the FLRW background (and thus Q) is either constant or depends
only on t), and &, € Hy (specifically, §oo = 1 and &;x = hjx). Hence by (9.33), we have
€l oo < Ce™oul®, (9.36)

19€u0ll -1 < Ceo?Sy, (9.37)

where noa1 is as above. We claim that: (i) [|Q)llze < C and |90l gyv-1 < CSp;
and (i) | Q@) — é(i)”HN < CSy. When Q) = 63(1+C»%)Q(w —H)or Qi =w+H
or w, (i) and (ii) follow from Lemma 4.2. When Q) = 29, ®, they follow from the

definition of Syy. When Q) = 27, they follow from (9.7). Consequently, we can
invoke Corollary B.4 to deduce that

IF(Qy, Qo)L= < C,  13[F(Qay, Qo)lllgv-1 < CSy, (9.38)
IF(Qy. Q@) — F(Qq), O@)llyn < CSy. 9.39)
Now by Proposition B.5, all of the terms on the right-hand sides of (A.7a)-(A.7c) can be
respectively bounded in H" by one of
ClOwll gy (1F(Qay. Q) iz + 18[F (Q 1y, @)1l gv-1), (9.40)
Cl&w Iz + 1880 | pv-DIF(Qary. Q) — F(Qq1y. Q) ll g - 9.41)
Thus, using (9.35)—(9.37), (9.38)—(9.39), and (9.40)—(9.41), we conclude that all products
on the right-hand sides of (A.7a)—(A.7c) are bounded in HY by
Celouflg . (9.42)
This yields the desired estimates (9.18a)—(9.18c¢).

Proofs of (9.192)—(9.19c). The estimates (9.19a)—(9.19b) follow trivially from the def-
initions (A.4a)—(A.4b) and the estimates (9.17a)—(9.17e), (9.18a)—(9.18c). The esti-
mate (9.19¢) follows similarly, but we also have to estimate the —Za)goaaahjk =
—2e—2%g043agjk term from (A.4c); the Counting Principle estimate (9.33) with
n(Gy) = 2 immediately yields e—29w||g0aaag,k||HN < Ce™ 2498y as desired.

Proofs of (9.21a)—(9.21c). We first rewrite equation (6.8) as follows:
Agiiy.5)[v. 0] = —YH (28" vdpv — 2y H (328" )vd,v — 2y H g™ (3,v) (,v)
— (328" (3v)* — (3.8"") Bpv) (Bv) — 5(3,8%) (B,v)*
+ (308" + 0g™) (0av) (Bpv) + (H — )g*" (94v) (pv)
—vH (3,8 vd,v — yH (™ + 1)(8,v)%. (9.43)

We now claim that the following inequality holds for any function v for which the
right-hand side is finite:

—2Q

188y, [v. BVl 1 < Ce 2|, v]7, + e >2|dv]|7, + CipylvliTo}, (9.44)
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where C(p) is defined in (6.6) (recall that C(gy =y = 0 when 3 = 0). To obtain (9.44),
we use the Cauchy—Schwarz inequality for integrals, (9.1a)—(9.1d), (9.4a), and (9.4b).
Inequalities (9.21a)—(9.21c) now easily follow from definitions (6.1a)—(6.2f) and (9.44).

Proofs of (9.24a)—(9.24c). These estimates (9.24a)—(9.24c) all follow from the Counting
Principle estimate (9.33). Note that all products on the right-hand side of (A.6a) and
(A.6¢) either contain a factor belonging to Gy (i.e., n(Gy) > 1) or are quadratic in Zy
(i.e., ne(Zy) > 2 — 1 = 1); hence, the estimates (9.24a) and (9.24c) feature an ¢~
factor. In contrast, the right-hand side of (A.6b) features the term goog“j Z, (for which
n(Gy) = ny(Zy) = 0), which results in the lack of an e =9 factor on the right-hand side
of (9.24b).

Proof of (9.23a). We first note that (9.22a)—(9.22f) show that A’(Llf;\ € Gy . Consequently,
it follows by inspection that all products on the right-hand side of the expression (A.6d)
for © either contain an element of Gy as a factor (i.e., n(Gy) > 1) or are quadratic in
Zy (i.e., ny(Zy) = 2 — 1 = 1). By the Counting Principle estimate (9.33), the estimate
(9.23a) thus follows.

Proof of (9.23b). We first multiply each side of equation (A.4d) by ¢** to deduce that
e Nye = 30[e” 0 PUF (Am)) — F(0)} — [0, PUF (Awmy) — F(0)}O
— F(0)[e%3,0]0O, (9.45)
where
F(Amy) = [(1425) + Mgy ], (9.46)

and A(;,) and © are defined in (A.6a) and (A.6d). By Corollary B.4, with v = A(,) and
v = 0 in the corollary, and (9.24a), it follows that

IF (Amy) = FO)l gv + I13LF (D)l -1 < Cll &gyl gy < Ce 1Sy, (9.47)

Therefore, by definition, F(A¢y,)) — F(0) € Gy and F(A(y)) € Hy. Note that e, d
€ Hy and that (9.23a) implies ® € Gy. Thus, all terms on the right-hand side of (9.45)
are products of elements of Gy U H and each product contains an element of Gy (i.e.,
n(Gy) > 1). By the Counting Principle estimate (9.33), the estimate (9.23b) thus follows.

Proofs of (9.252)—(9.25¢e). We first use (5.17c) to decompose

L
2s+1

1 1 ik —— . ik
— - A F(Agmy) — F(0))(g/F — A7% ), (9.48
25 + 1 25 + 1 (m)+( ( (m)) ( ))(g (m)) ( )
where F'(-) is defined in (9.46). The estimates (9.1b), (9.1¢), (9.24¢), and (9.47) show that
gjk € Hy and Afnk”, F(A@my)) — F(0) € Gy. Thus, both terms on the right-hand side of
(9.48) contain an element of Gy (i.e., n(Gy) > 1) and have two upstairs spatial indices.

Therefore, the Counting Principle estimate (9.33) implies that

(m—yJk — jk _

8

kKl < cemPrRgy (9.49)
HN

8

‘(m—l)jk _

2s + 1
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Furthermore, it easily follows from (9.1b), (9.1c¢), and (9.49) that

1m= 1)Kl oo < Ce™, (9.50)
137K v < Ce™ Sy 9.51)

We have thus proved (9.25b), (9.25¢), and (9.25¢). Inequality (9.25d) now follows from
(7.3d) and (9.25b).

Inequality (9.25a) can be proved using ideas similar to the ones we used to prove
(9.25b)—(9.25¢e); we omit the details.

Proofs of (9.20a)—(9.20c). Let xo0 = goo + 1, x0j = &oj, Xjk = hjx. We rewrite
equations (5.15a)—(5.15¢) in the form

3725 = (€™ (88,8 X0 + 28" 0 da Xpv — Fuv)s (9.52)

where the f,, are the terms on the right-hand sides of (5.15a)—(5.15c). By (9.1a) and
Corollary B.4, with v = goo, v=—1,and F(v) = v~ !in the corollary, it follows that

&™) e < C, (9.53)
180(g") Tl ynv—1 < Ce 198 y. (9.54)

Hence, by definition, (goo)’1 € Hy C Hy—_1; we will use these estimates below.

Let us first consider the cases xo0 = goo + 1, x0; = go;. In these cases, we see by
inspection of the right-hand sides of (5.15a)—(5.15c¢) that (goo)_1 fuv 1s a sum of products
of elements of Hy_; and an element of Gy_1. To justify this claim, we are also using
(9.192)-(9.19b), which show that A,, € Gy_1 in these cases. Furthermore, the same
claim is true for the term (g%°) ! (g**9,0) Xpv + 2¢%5,9, Xuv) from (9.52) in these cases;
this claim relies on (9.32b), which shows that 9, 0p, v, 0: 94 X0 € Gn—1 (more precisely,
(9.32b) implies that eﬂaaabxw, eQB,E)aXW € Gn_1, but we do not make use of the
“extra” factor ¢ in this argument). In total, we have shown the right-hand side of (9.52)
is a sum of products of elements of Hy_1 and Gy_1, and that all products contain an
element of Gy_1. Since each product has the same net number of spatial indices as x,,,,
the Counting Principle estimate (9.33) (with n(Gy—1) > 1 for all products) implies that

182 g00l yv—1 < Ce 98y, (9.55a)
1820 | -1 < Ce'=P9S (9.55b)

In the case xjx = hjr, we can apply a similar strategy. However, in this case, we take into
account the adjustment mentioned in Remark 9.8. That is, the counting estimate (9.33) is
modified by a factor of e~

1827k || -1 < Ce 998y (9.55¢)

(note that this adjustment has also been accounted for in the estimates (9.32a) and (9.19c¢),
which show that €*? fjx = 3He*?9,hji + e*2Aji € Gn-1).
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Now by Proposition B.7, the following commutator estimate holds for |&| < N:

g, 8z 102 < ClIE® 4 1l gn 1182 0l gpv—1 + CUE Nl v 11 Xpw |l v

3
+C > |98 vt 19e xuwll g - (9.56)

a,b,c=1

Let us first discuss the cases of xgp and xo;. We define nioa1 = 0 for xgp and niora = 1
for xo;. In these cases, our previous estimates have shown that 3" € Hy_1 and
g%+ 1, 8%, 3 Xy, 3 xuv € Gn, While (9.552)~(9.55b) show that 82 x,,, € Gy—1. Thus,
the [|g*° + L gw ||812X,“;||HN—1 term is quadratic in norms of elements of Gy and Gy_
and can therefore be bounded from above [via the Counting Principle estimate (9.33)] by
Ce2492emou2§ y The || g% l g~ 119¢ X o |l g~ term is also quadratic in norms of elements
of Gy, but it has an additional upstairs spatial index compared to the first product, and
it can therefore be bounded from above by Ce™(1120)2em0aRg, < Ce™24%eMoul§y
as desired. The ||§g“b||HN_| 10¢ Xyv | v term is only linear in 9. x,.» € G, but like the
second product, it has an additional upstairs spatial index compared to the first product.
Therefore, it can be bounded from above by Ce (11920 < Ce24L Mo 2§y ag
desired.

In the case xjx = hji, we can apply a similar strategy. However, in this case, we
take into account the adjustment mentioned in Remark 9.8, i.e., all counting estimates
are modified by a factor of ¢~>% (this is possible since we have already shown that
e*¥02hji € Gy_1, and e*20,hji, e*2d;hji € G).

Proof of (9.26). We first note the identity
9, ® = [0, D] Z,,. (9.57)

We then use Propositions B.5 and B.7 and the fact that (m~1H% = —1 to deduce

3
e[y, 91PN 2 < C Y 1om™ D) [1[e”0, @] — B v
a=1
+ CUIm ™ v (1] + (1[0, @] — Wl i) | Zall v -
(9.58)

Using (9.25a), (9.25¢), and (9.25¢e), we see that all terms on the right-hand side of (9.58)
are products of norms of elements of H_1 and Hy and are quadratic in quantities that
are controlled by Sy. Since there is one net upstairs spatial index in each product, the

right-hand side of (9.58) can be bounded from above [via the Counting Principle estimate
(9.33)] by Ce S Sy; this yields the desired estimate (9.26).

Proof of (9.27a). To prove (9.27a), we first solve for 3, [e7%29, @] using (5.15d) and
(9.57):

¥[8, @] = 2(m~ 1% 9,[e29, @] + (m 103, ([729, @1 Zp) — ™ Ay (9.59)
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Using Propositions B.5 and B.7, we deduce that

3
19,120, ]l -1 < C D N1 n ™% v 120, @] — Wl v

a=1

3
+C Y (el + 13 6m™ Y 1) (1] + 11720, @1 — Wl gy ) | Za |l v
b=1

+ Clle” 2 Dgoll -1 (9.60)

The last term on the right-hand side of (9.60) was bounded in (9.23b). Using (9.25a),
(9.25¢), and (9.25¢), we see that the terms under the X’s are quadratic/cubic in norms of
elements of H y, feature one net spatial index upstairs, and are at least linear in quantities
that are controlled by Sy . Hence, the Counting Principle estimate (9.33) implies that these
terms can be bounded from above by C e~ 2Sy. The result (9.27a) thus follows.

xQq.
Proof of (9.27b). Since Z; = i, it follows that

57 P 3 [e*23, D)
! J / / E%QBZCD

9.61)
Hence, by Corollary B.4 (with v = e*29,®, v = W, and F(v) = v~!) and Proposition
B.5, we have

18: Zj | -1 < CIIZj || a1
+ CIZi v (W] + 128, D1 — Wl i) 19, [0, DT g1, (9.62)

Using (9.6b) and (9.27a), we conclude that the right-hand side of (9.62) is < Ce*“Sy.
This is the desired estimate (9.27b).

Proofs of (9.27¢)—-(9.27e). The proof of (9.27¢) is similar to the proof of (9.24a). More
precisely, we note that the estimates (9.6b) and (9.27b) show that Z;, 9, Z; € Gy _1. Thus,
when we differentiate (A.6a) with 9;, we observe that all products contain a factor belong-
ing to Gy_1. Hence, the Counting Principle estimate (9.33) guarantees the availability of
the factor e~7% on the right-hand side of (9.27c). The proofs of (9.27d) and (9.27¢) are
identical.

Proof of (9.27f). We differentiate equation (5.17b) with 9; to deduce

0j % o
(ri;) + (F(0) — F(A(m)))atA(rL) - A(?il)

where F(A(y)) is defined in (9.46). We next use Corollary B.4, Proposition B.5, (9.24a),
and (9.27c¢) to deduce that

3 (mH% = —F(0)3,A % [F(Aumy)],  (9.63)

10:[F (Al gn-1 < 1F'(0)8: Ayl gnv-1 + 1(F'(0) — F' (A m)) 3 Aimy | -1
< Ce 1Sy (9.64)
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The estimates (9.24a), (9.24b), (9.47), (9.27d), and (9.64) show that A((),{L) € Hy—1 and

Ay, F(Amy)—F(0), 8,A?,£l), 3 [F(Agn))] € Gy—1. By the Counting Principle estimate
(9.33) [with n(Gy—1) > 1 for all products in (9.63)], the desired estimate (9.27f) thus

follows.

Proofs of (9.27g)—(9.27h). From the decomposition (9.48), we deduce that

) ) 1 . . 2w i
—1,jk —1\jk _ jk Jjky _ jk
o(m™ )" 4+ 2w(m™ )" = nrl l(atg + 2wg’") Y IA(’")
- ik 1 ik j ik
+ 20)(F(A(m)) — F(O))(g]k — A{m)) — matAZm) + (8t[F(A(m))])(g]k - A{m))

+ (F(Dny) — FO)dg7" — (F(Amy) — F0)3, 00,

where F(A(y)) is defined in (9.46). The estimates (9.4a), (9.24¢), (9.47), (9.27e), and
(9.64) show that &,g/* + 2wg/*, ALY F(Amy) — F(0), ALy . 3 [F (D) € G-t
Thus, all terms on the right-hand side of (9.3) are products of elements of Gy_1 UHy_1,
and each product has two upstairs spatial indices and contains an element of Gy_1. By
the Counting Principle estimate (9.33) [with n(Gy—1) > 1 for all products in (9.3)], we
deduce the estimate (9.27g). The estimate (9.27h) follows from (9.25¢c) and (9.27g).

This concludes our proof of Proposition 9.3. O

(9.65)

10. The equivalence of Sobolev and energy norms

As is typical in the theory of nonlinear hyperbolic PDEs, our global existence proof is
based on showing that the energies of Section 6 remain finite (they happen to be uniformly
bounded for ¢ > 0 in the problem studied here). However, the boundedness of the energies
does not in itself preclude the possibility of blow-up; to show that the blow-up scenarios
from the conclusions of Theorem 5.4 do not occur, we will control appropriate Sobolev
norms of dg and d®. In this short section, we supply the bridge between the energies and
the norms. More specifically, in the following proposition, we prove that under suitable
bootstrap assumptions, the Sobolev-type norms and energies defined in Section 6 are
equivalent.

Proposition 10.1 (Equivalence of Sobolev norms and energy norms). Let N > 3 be
an integer and assume that the bootstrap assumption (7.2b) holds on the spacetime slab
[0, T) x T3 for some constant K\ > 1. Let (v, d) be any of the pairs of constants from
Definition 6.3, and let C(g) be the corresponding constant from Lemma 6.2. Then there
exist constants € > 0 and C > 0, depending on N, K1, y, and 8, such that if Sy < €,
then the following inequalities hold on the interval [0, T) for the norms and energies
defined in (6.22)—(6.2f), (6.4), (6.10a)—(6.10d), (6.14b), and (6.20):

CHI8 vl 2 + Cpyllvll 2 + e vl 2} < Ey )V, BV
< Clldvll 2 + Cpyllvllgz + e Hldvll2},  (10.1a)
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C_lEg00+l;N < Sgoo-‘rl:N < CEgOO—&-l;N’ (10.1b)
CilEgo*:N = Sgo*:N = CEgo*;N’ (10.1¢)
C'"Ep..n < Shpo:n < CEpov, (10.1d)

C'Egn < Sg:v < CEgun, (10.1e)
C_1E6<I>;N < So:y < CEjo.n, (10.11)
C'Ey <Sy < CEy. (10.1g)

Analogous inequalities hold if we make the replacements

(Egoot+1:Ns EgouiNs EnysNs Egins Eao;N) = (Egyo+1:Ns EgousNs EniNs Egins Egorn)s
(Sg00+1;1v, Sgo*;Ns Sh**;Nv Sg:N’ Sad;N) = (§goo+1:N’ §go*:N’ §h**;N»§g;N7 §3<I>;N)~

Proof. The inequalities in (10.1a) follow from the definition (6.4) of £, 5)[v, dv], the
definition (6.2f) of Sy, (6.6), and (7.3d). The inequalities in (10.1b)—(10.1d) then follow
from definitions (6.2a)—(6.2¢), definitions (6.10a)—(6.10c), and (10.1a). The inequalities
in (10.1f) follow from definitions (6.2e) and (6.14b), and from (9.25d). Finally, (10.1e)
and (10.1g) follow trivially from definitions (6.2d), (6.2f), (6.10d), and (6.20), and from
the previous inequalities. O

11. Future-global existence

In this section, we use the estimates derived in Sections 9 and 10 to prove two main
theorems. In the first theorem, we show that the modified system (5.152)—(5.15d) has
future-global solutions for initial data near that of the FLRW background solution (g, 9®)
on [0, 00) x T3, which was derived in Section 4. As described in Section 5.6, if the
Einstein constraint equations and the wave coordinate condition @, =0 (u =0, 1, 2, 3)
are both satisfied along the Cauchy hypersurface Y = {x € M | t = 0}, then the
solution to the modified equations is also a solution to the irrotational Euler—Einstein
system. The main idea of the proof is to show that the energies satisfy a system of integral
inequalities that forces them (via Gronwall-type estimates) to remain uniformly small
on the time interval of existence. Since Proposition 10.1 shows that the norms of the
solution must also remain small, the Continuation Principle (Theorem 5.4) can be applied
to conclude that the solution exists globally in time. In the second theorem, we provide
for convenience a proof of Propositions 3 and 4 of [Rin08], which provide criteria for
the initial data that are sufficient to ensure that the spacetime they launch is a future
geodesically complete solution to the irrotational Euler—Einstein system.

11.1. Integral inequalities for the energies

In this section, we derive the system of integral inequalities that was mentioned in the
previous paragraph.

Proposition 11.1 (Integral inequalities). Let N > 3 be an integer and assume that the
bootstrap assumption (71.2b) holds on the spacetime slab [0, T) x T3 for some constant
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K| > 1. Assume further that 0 < ¢y < /1/3. Assume that on the same slab, (8uv, 0, D)
(m,v = 0,1,2,3) is a classical solution to the modified system (5.15a)—(5.15d). Then
there exist constants €' > 0 and C > 0, where C depends on N and K1, such that if
Sn(@) <€ on[0,T)and 1ty € [0, T), then the following system of integral inequalities
is also satisfied fort € [t1, T):

t
Efon() < Ejg.n(t) + C/ e HTES (1) dr, (11.1a)

n

t
Ey @0 < EL () +c/ e~ 1MTE (1) dx, (11.1b)

131

1
E; N < E; )+ /t {—4qHE} .y (¥) + CEn,.N(T)Eqg, N (D)} dT

1
—I—C/ e BN (T)E,,, v (7) d, (11.1c)
4]

t

Ej yO <E; ) +c/ e TR (1) dr. (11.1d)

n

Proof. We apply Corollary 6.8, using (9.23b), (9.25a), (9.25¢e), (9.26), and (9.27g) to
estimate the terms on the right-hand side of (6.19), using Proposition 10.1 to bound the
norms with corresponding energies, and dropping the term

(3¢ — Do Zf > m™ 1 (9,05 P) (3,05 D) d°x (11.2)
T3

l@|<N

on the right-hand side of (6.19), which by (9.25d) is nonpositive for s < 1, thereby
arriving at the following inequality:

d
Z(ng(t)) < Ce 1HTEL (1). (11.3)

Integrating (11.3) from #1 to ¢ gives (11.1a).

To prove (11.1c), we apply Corollary 6.5, using (9.5a), (9.19b), (9.20b), and (9.21b)
to estimate the terms on the right-hand side of (6.13b), using Proposition 10.1 to bound
the norms with corresponding energies, and using definition (8.5) to deduce that 2(qg — 1)
—No« < —4q, thereby arriving at the following inequality:

d _
T(Eg (1) = —AGHE (6) + CEn.inEgoin (1) + Ce ! Ex () Egy,in (1.
(11.4)

Inequality (11.1c) now follows by integrating from #; to 7. Inequalities (11.1b) and (11.1d)
can be proved similarly; we omit the details. O

Remark 11.2. The term CEj, .NEg,.ny in inequality (11.l1c) arises from the
CSepuiN 2/3.:1 eV g@P || yn term on the right-hand side of (6.13b). This term
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is dangerous in the sense that it does not contain an exponentially decaying factor, and
looks like it could lead to the growth of Ey,, .. However, as we shall see in the proof of
Theorem 11.5, there is a partial decoupling in the integral inequalities in the sense that
the CEp,,.n factor in the dangerous term can be effectively controlled from inequality
(11.1d) alone. We will then insert this information into (11.1c), and also make use of the
negative term —4q H I_Ef,o*;  to obtain a bound for Eg . .

For completeness, we state the following version of Gronwall’s inequality; we omit
the simple proof. We will use it in Section 11.2.

Lemma 11.3 (Basic Gronwall estimate). Let b(t) > 0 be a continuous function on the
interval [t1, T, and let B(t) be an anti-derivative of b(t). Suppose that A > 0 and that
y(t) > 0 is a continuous function satisfying the inequality

t
y(i) < A +/ b(t)y(r)dr (11.5)

1

fort € [t1, T). Then fort € [t1, T], we have
y(t) < Aexp[B(1) — B(11)]. (11.6)

In addition, in our proof of Theorem 11.5, we will apply the following integral estimate
to inequality (11.1c) in order to estimate the energy Eg ..y (?).

Lemma 11.4 (An integral estimate). Let b(t) > 0 be a continuous nondecreasing func-
tion on the interval [0, T, and let € > 0. Suppose that for each t; € [0, T], y(t) > 0 is
a continuous function satisfying the inequality

t
YA < yAn) + / {=b(D)y*(7) + ey(v)}dt (11.7)
1
fort € [t1, T). Then for any t1,t € [0, T] with t; < t, we have
€
(@) < y@) + b (11.8)

Proof. Let C be the “highest” curve in the (¢, y) plane on which the integrand in (11.7)
vanishes; i.e., C = {(t,y) | y = €/b(t)}. Then by (11.7), above C (i.e., for larger y
values), y(t) is strictly decreasing. Let y(¢) achieve its maximum at fax € [t1, T]. We
separate the proof of (11.8) into two cases. In case (i) we assume that fnax = 1. Then
y() < y(tmax) = y(t1) for ¢t € [t1, T], which implies (11.8). In case (ii) we assume
that fmax € (f1, T]. We claim that y(fmax) < €/b(fmax). Indeed, otherwise the point
(fmax» ¥ (tmax)) lies above C. Since y(t) is then strictly decreasing in a neighborhood of
max, it follows that there are times t, < tfmax, With #, € (¢1, T), at which y(#x) > y(fmax)-
This contradicts the definition of #,,x. Using also the fact that 1/b(¢) is nonincreasing,
we deduce that y(7) < y(fmax) < €/b(tmax) < €/b(t1); this concludes the proof of (11.8).

O

11.2. The future-global existence theorem

In this section, we state and prove our main theorem, which provides global existence
criteria for the modified system (5.15a)—(5.15d).
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Theorem 11.5 (Future-global existence). Let N > 3 be an integer, and assume that
0 < ¢s < /1/3, where cg denotes the speed of sound. Let (&, I%,w, liJ, quOD = /_éj)
(G = 1,2,3; u,v = 0,1,2,3) be initial data (see Remark 1.1) on the manifold T3
(not necessarily satisfying the wave coordinate condition or the Einstein constraints but
satisfying d,Ba = 0) for the modified system (5.15a)—~(5.15d), and let Sy = Sgyy+1:n +
Seou;N + Shy:nN + Sya;n be the norm defined in (6.2f). Assume that there is a positive
constant K1 > 2 such that

2 K
F5(,;,)(“)(” < gapX9X? < %sabxf‘x”, vx!', X2, x3) e R3. (11.9)
1

Then there exist a small constant €y, with 0 < €y < 1, and a large constant C, > 0,
both depending on K| and N, such that if ¢ < €g and Sy(0) < C*_le, then the classical
solution (g, 0, P) provided by Theorem 5.2 exists on [0, 00) x T3, and

Sn(t) <€ (11.10)

forallt > 0. Furthermore, the time Tnax from the hypotheses of Theorem 5.4 is infinite.

Proof. See Remark 9.2 for some conventions that we abide by during this proof. To prove
future-global existence, we will use a standard bootstrap argument to prove that Sy ()
remains uniformly small for all time and that the 3 x 3 matrix g;; remains positive definite;
the theorem will then follow from the continuation principle (Theorem 5.4).

To begin, we use Theorem 5.2, which implies that if Sy (0) < %e and € > 0 is suf-
ficiently small, then there is a maximal time 7 > 0 such that a unique local solution
(8uv, 9, P) exists on the slab [0, T') x T3 and such that the following bootstrap assump-
tions hold (we are using the continuity of Sy (¢) and Sobolev embedding):

Sn(@) <e, (11.11)
K '8apXXP < e g, X9XP < Ki5apX?X?, V(X' X% XHeR) (1112

Note that by Remark 8.2, (11.11) implies that the rough bootstrap assumptions (7.2a)
and (7.2c) are satisfied with room to spare (for 1 < Mpip) if € is sufficiently small. Fur-
thermore, we note that (11.12) is precisely the rough bootstrap assumption (7.2b). By
“maximal,” we mean that

T := sup{t > 0 | the solution exists on [0, t) X T3, and (11.11)—(11.12) hold}.
(11.13)

We may assume that T < o0, since otherwise the theorem follows. The remainder of this
proof is dedicated to reaching a contradiction if € is small enough and C, is large enough.
For the remainder of the proof, we assume that € is small enough so that Propositions 9.1,
9.3, 10.1, and 11.1 are valid on [0, T)). We will make repeated use of Proposition 10.1
throughout this proof without explicitly mentioning it each time. We remark that g > 0
[see definition (8.5)] is essential for many of the estimates we derive; this is where we use
the assumption 0 < ¢; < +4/1/3.
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As a first step toward deriving a contradiction, we will show that inequality (11.12)
can be improved. By (11.11) and the definition of Sy, we have

13: (e 22 gji)ll oo = 13:hjllpe < Cee 11", (11.14)
Integrating 9, (¢ 22 gjy) in time from ¢ = 0 and using inequality (11.14), we deduce
le gk (r, ) — gk (VL= < Ce. (11.15)

By (11.9) and (11.15), we conclude that if € is small enough, then on [0, T) X T3, the
following improvement of (11.12) holds:

%5,1;,)(“)(” <e g XX < ?sabxaxb, vix!l, x2, X3 eR3. (11.16)
1

To complete our proof of the theorem, we will show that if € is small enough and C,
is large enough, then the bootstrap assumption (11.11) can be improved; the primary tool
for deducing an improvement is Proposition 11.1. For the remainder of the proof, we use
the notation € := Sy (0), and we assume é < €/C,, where the constant C, will be chosen
near the end of the proof. To begin our proof of an improvement of (11.11), we use a very
nonoptimal application of Proposition 11.1 with #; = 0, deducing that on [0, T), we have

t

E3 (1) §E§V(0)+f0 cE3 (1) dt. (11.17)

Applying Lemma 11.3 (Gronwall’s inequality) to (11.17), using Sy (0) = €, and using
Proposition 10.1, we conclude that the following preliminary “Cauchy stability” estimates
hold on [0, T):

Sn(t) < Cée, (11.18)
Ey(t) < Cée”. (11.19)

Remark 11.6. By modifying the argument in the last paragraph of this proof, Theorem
5.4 and inequality (11.18) can be used to deduce that T is at least of order c! In(C,/C)
if € is sufficiently small and C, is sufficiently large.

We now fix a time #; € [0, T); #; will be adjusted at the end of the proof. Roughly
speaking, it will play the role of a time that is large enough so that the exponentially
damped terms on the right-hand sides of the inequalities of Proposition 11.1 are of size
« €. Toestimate Eyg.n(t) fort € [t1, T), we simply use (11.11) and (11.19) to estimate
the two terms on the right-hand side of (11.1a):

t
Ejon() < Ejguy(t) + Ce / et dr < Clee™ +ee 122 (11.20)
4

Using (11.19) again to estimate Eyq.n(¢) on [0, 1], and then taking the sup over the
interval [0, ¢), we thus conclude that the following inequality is valid for # € [0, T):

Ejp.n () < Clée + ee™111/2), (11.21)
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Applying similar reasoning to inequalities (11.1b) and (11.1d), we also have the fol-
lowing inequalities on [0, T'):

Egpt1:n (1) < Clée™ + ee™1HN/2y, (11.22)
Ep,.n(t) < Clée™ + ee™1H1/2, (11.23)

To estimate Eg .y (1), we use (11.1c), the bootstrap assumption (11.11), and (11.23)
to arrive at the following inequality valid for ¢ € [t1, T):

t
Eg ov(®) < Ej iy + / [~4gHE2 (1) + Clée™ +ee 1M E y ()] dr.

|
(11.24)

Applying Lemma 11.4 to (11.24), with y(t) = E,,.n(t) and b(t) = 4¢q H in the lemma,
and also using (11.19), we conclude that the following inequality holds on [0, T'):

Eg,:N(t) < Clée"t 4 eem111/2), (11.25)

Adding (11.21), (11.22), (11.23), and (11.25), referring to definitions (6.2f) and
(6.20), and using Proposition 10.1, we deduce that the following inequality holds on
[0, T):

c
Sn (1) < C{ée™ + ee~9H1/2) < C—Eem + Cee™?H1/2, (11.26)

*

We now choose 71 sufficiently large such that Ce=7H"1/2 < 1/4, and then C, sufficiently
large such that (C/Cy)e < 1/4. Consequently, the following inequality holds on [0, T'):

Sn(t) < 3e. (11.27)

We remark that in order to guarantee that the solution exists long enough (i.e., that T is
large enough) so that #; € [0, T'), we may have to further shrink € and enlarge C,; see
Remark 11.6.

We now claim that 7 = oo. We argue by contradiction, assuming that 7 < oco. Then
by combining (11.16) and (11.27), it follows that none of the four existence-breakdown
scenarios stated in the conclusions of Theorem 5.4 occur: (1) is ruled out by the Sobolev
embedding result ||goo + 1L < Ce9Sy; (2) is ruled out by (11.16); (3) is ruled out
by (9.7); and (4) is ruled out by the Sobolev embedding results ||goo+1]| o +1/9rg00 ”Cg <

_ 3 _ 3
Ce %Sy, Zj:l(HngHCg +119:80jllcy) = Cel=09g 2 ik=1 13gjkllcr < Ce* Sy,

€*29,® — W||z~ < CSy, and 2};1 9@l < Cel=299S )y together with inequal-
ities (11.16) and (9.2b). By the continuity of Sy (¢), it thus follows from Theorem 5.4
that there exists a § > 0O such that the solution can be extended to the interval [0, T + §)
on which the estimates (11.11)—(11.12) hold. This contradicts the maximality of T'; we
therefore conclude that T = oo. O
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11.3. On the breakdown of the proof for cg > /1/3 (i.e., s <1, > 1)

In this short section, we give a brief example of how our proof breaks down when ¢ >
J1/3. If ¢ > 1, we cannot use our previous reasoning to bound the following term,
which is the last term on the right-hand side of (6.16):

%Z / 223, (m™ N + 2500 (m ™)) (3,05 P) (935 P) d°x. (11.28)
T3

la|<N

Previously, we had split this term into two pieces, one of which is

(> — Do Z / (m~ (8,05 D) (9,05 D) d°x, (11.29)
ar<n /T

which, as is explained in our proof of Proposition 11.1, could be discarded from the
energy inequality (11.1a) because it is nonpositive when s < 1. Obviously, we can no
longer discard this term when s > 1. Furthermore, even in the case » = 1, inequality
(9.6b) is weakened to

18 (m )7 4+ 20 (m ") ¥ || o < C{67252S%V + positive terms}. (11.30)

Ultimately, this fact can be traced to the fact that the L estimate for Z; from (9.6b) must
be replaced with || Z;|| . < CeSSy.

With the help of Proposition 10.1, it can be shown that the net result in both the case
s = 1 and the case > > 1 is that the term (11.28) leads to (as in our proof of Proposition
11.1) an integral inequality of the form

t
Ejp. (1) < Ejg.y(11) + positive terms + CE/t E3 (1) dr. (11.31)
1
Inequality (11.31) allows for the possible growth of Eje.n(?); i.e., unlike the case 0 <
¢s < +/1/3, there is no e 9H7 factor with ¢ > 0 in the integrand. Therefore, this inequal-
ity does not provide a means of improving the bootstrap assumption Sy () < €.

11.4. Future causal geodesic completeness

In this section, we prove our second main theorem, which provides criteria for the ini-
tial data under which the global solutions provided by Theorem 11.5 are future causally
geodesically complete. The theorem and its proof are based on Propositions 3 and 4 of
[Rin08].

Theorem 11.7 (Future causal geodesic completeness). Let N > 3 be an integer,
and assume that 0 < ¢; < 1/3, where c¢s denotes the speed of sound. Let
([0, 00) x T3, §,w, 9, ®) (u,v = 0,1,2,3) be one of the FLRW background so-
lutions derived in Section 4. Let (8., I%W, \il, 8j<i> = ,éj) G = 1,2,3 u,v =
0, 1,2, 3) be initial data for the modified irrotational Euler-Einstein system (5.15a)—
(5.15d) on the manifold T3 (see Remark 1.1) that are constructed from initial data
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(T3, §jk, Kijk, W, 9;® = B) (j, k = 1,2, 3) for the unmodified system (3.472)~(3.47b)
[which by definition satisfy the constraints (3.32a)—(3.32b) and d,é = 0] as described
in Section 3.2.2. Let Sy be the norm defined in (6.2f), and assume that the data for the
modified system are near the FLRW data in the sense that Sy(0) < C, Leo, where €
and Cy are the constants from the conclusion of Theorem 11.5. Also assume that the per-
turbed data satisfy the inequality (11.9), so that all of the hypotheses of Theorem 11.5 are
satisfied. Let ([0, 0o) x T3, 8uv, 0, @) be the future-global solution to both the modified
system and the unmodified system guaranteed by Theorem 11.5 and Proposition 5.6, and
let y(s) be a future-directed causal curve in M with domain s € [sg, Smax) such that
¥%(s0) = 0. Let y* denote the coordinates of this curve in the universal covering space
of the spacetime (i.e., [0, 00) X ]R3). Then there exist constants C > 0 and €1, where
0 < €1 < €, such that if Sy(0) < C*_le and € < €1, then )}O(s) > 0 for s € [s0, Smax)
and furthermore, the length of the spatial part of the curve as measured by the metric

&jk = §j satisfies
Smax
/ gav(m o y)yylds < C, (11.32)
50

where T denotes projection onto spatial indices, i.e., m/ o y := yJ. The constants C
and €| can be chosen to be independent of y. Additionally, if y is future-inextendible,
then y°(s) 1 00 as s 1 Smax-

Finally, the spacetime-with-boundary ([0, 00) x T3, g) is future causally geodesically
complete. In particular, if (M, g', 3®") denotes the maximal globally hyperbolic devel-
opment of the data, then relative to our wave coordinate system, the portion of M lying
to the future of {0} x T3 [i.e., DT ({0} x T3)] is exactly [0, co) x T3.

Remark 11.8. It is possible to restate the stability criteria in terms of quantities that
manifestly depend only on the closeness of the initial data ('JI‘3, gjk, K ik ‘iJ, ﬁj) for the
unmodified system to the corresponding data for the FLRW background solution (g, d 5).
For example, a sufficient condition for future-global existence and future causal geodesic
completeness would be

3 3
D gk — a2 Okl gy + D I1Kjx — 00)a® 08l v
Jk=1 jk=1

3
+1a* O — Wl yn + Y 1Bjllgy <€ (11.33)
j=1

where € is sufficiently small. This is because the condition (11.33) implies that Sy (0) <
Ce and furthermore (by Sobolev embedding) that a condition of the form (11.9) holds
(i.e., that the hypotheses of Theorem 11.7 hold).

To see that Sy (0) < Ce follows from (11.33), we first use the definition (6.2f) of
Sn (0), the construction of the modified data described in Section 5.3, and the triangle
inequality to deduce that
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3 3
Sn(0) < 2013w(0) — g Kapll gy + Y 19&jkll v +2a72(0) Y e (©) gt — Kjl g
J.k=1 J.k=1

3 3
+ (184" (0agnj — 30j 8av) | yu + @™ O = Wligw + > 118l v
j=1 j=1

< 201(8"" — a2 (0)8P) K ap || g +2a72(0) 18 (K 4y — @ (0)a® (0)8ap) || gy

3 3
+a720) Y 138kl px +200)a>(©0) Y gk —a>(0)8xll
Jk=1 Jik=1

3 3
+2a72(0) Y o ©a*O)8jc — Kixllgn + Y _[| 8" (0ag; — 39iéav) | yu
J.k=1 j=I1

3
+ 1l O = Ty + Y 1Bl - (11.34)
j=1

Now using Corollary B.4, Proposition B.5, and Sobolev embedding, we deduce that if
(11.33) holds and if € is sufficiently small, then the right-hand side of (11.34) is < Ce.

Proof of Theorem 11.7. See Remark 9.2 for some conventions that we use throughout
this proof. The conclusions of Theorem 11.5 imply that Sy () < € for all > 0; we will
make repeated use of this estimate throughout the proof.

Let y (s) be a future-directed causal curve in M with domain s € [so, Smax) such that
y%(s0) = 0. We first show that y°(s) > 0fors € [s0, Smax), Where y*(s) := %y“(s). To
this end, we note that since y is causal and future-directed, and since 9, is future-directed
and timelike, we have

gap7 7P <0, (11.35)

207" < 0. (11.36)

Our first goal is to prove that if € is small enough, then the following estimates hold:
ganyy? < C(Y0?%, (11.37)

Sapyy" < Ce ()% (11.38)

To this end, we use the Cauchy—Schwarz inequality and the estimate (11.16) to deduce

3
1280077 < Cee "D ROI D " |99 < Ce(p0)? + Cee Mgyt (11.39)

a=1

Combining (11.35) and (11.39), we have
gan? 7" < —g00(7*)* + 12800771 < (1+Ce)(7°)* + Cee X gy y”.  (11.40)

From (11.40), it follows that if € is small enough, then there exists a constant C > 0 such
that (11.37) holds. Inequality (11.38) then follows from the estimates (11.16) and (11.37).



2440 Igor Rodnianski, Jared Speck

We now claim that |y°| > 0. For if |y°| = 0, then inequality (11.38) shows that
izo |y¥| = 0, which contradicts (11.36). We may therefore divide each side of (11.39)
by |7°] and use (11.37) to arrive at the following inequality:

l20a7| < CelpP). (11.41)

Using (11.41) and the estimate |goo| > 1 — Ce, we conclude that if € is sufficiently small,
then

sgn(goay®) = sgn(gooy), (11.42)

where sgn(y) = 1if y > 0, and sgn(y) = —1 if y < 0. Since (11.36) implies that the
left-hand side of (11.42) is negative, and since goo < 0, we conclude that )70 > 0.

We now show the estimate (11.32). First, from the assumption (11.9), the fact that
gjk = gjk, and the estimate (11.16), it follows that

o g K . _ g -
Bar? P’ < TSQW“V” < Ce g, papPh. (11.43)

Integrating the square root of each side of (11.43) from s¢ to smax, recalling that e‘Q(VO(S )
< CeHr°® and using (11.37), y°(s) > 0, and y(so) = 0, we have

Smax Smax
/ gap(m o y)yiylds < / Ce H'®p0(s) ds
S0 S0

C [/ d C
N <—e_H7’O(S)) ds < —, (11.44)
H Jg, ds H

which proves (11.32).

We now show that the additional assumption that y is future-inextendible necessarily
implies that y°(s) 1 0o as s 1 smax. Since y° > 0, it follows that either y(s) converges
to infinity as s 1 smax, Which is the desired result, or that yo(s) converges to a finite
number. In the latter case, by (11.38), we also conclude that the yf (s) converge to finite
numbers as s 1 smax- Lhus, in this case, the curve y can be extended towards the future,
which contradicts the definition of future-inextendibility.

To show that ([0, oo) x T3, &) 1s future causally geodesically complete, we consider
a future-directed causal geodesic y. We recall that the geodesic equations (for a geodesic
y parameterized by affine parameter s) are Y (s) + Fa“ ﬂ))"‘(s))?ﬂ (s) = 0, which in the
case of = O reads

PO+ v 9P =0. (11.45)

We assume that [sg, Smax) is the maximal interval of existence for y (i.€., ¥ |[sy,smax) 15
future-inextendible). To analyze solutions to equation (11.45), we will use the following
estimates for the Christoffel symbols:

Il < Cee™ 1 (11.46)
|I‘00j| < Ceel~DH! (11.47)
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0% — wgjkl < Cee® P, (11.48)

We will prove the estimate (11.48); the estimates (11.46)—(11.47) can be shown similarly.
To begin, we use the definition (3.2d) of I jok and the triangle inequality to obtain

0% — wgiel < 318%118; g0k + degoj| + 118 + 110,85l + 319 gjx — 2wgji]
+ 118%1188ak + dgja — dagjkl- (11.49)

Inequality (11.48) now follows easily from (11.49), the estimate Sy < €, Sobolev em-
bedding, (9.1a), (9.1d), (9.2a), and (9.2b).
We now use (11.37), (11.38), and (11.46)—(11.48) to arrive at

. .0 . v . _ 0 .
Tl 4+ 2102y 09 + 11,0, — wgap yy? < Cee™HY O (02 (11.50)

where it is understood that both sides of (11.50) are evaluated along the curve y (s). From
(11.45), (11.50), and the negative definiteness of the 3 x 3 matrix —gjy, it follows that

)-/-0 _ —Fooo(?0)2 _ ZFOOaJPO)?” _ l—waobya)}b
. .0 - v . _ 0 .
< Tl PN + 210, 707 + 1T 0, — wgaplyy? < Cee MY O (02 (11.51)

Since we have already shown above that y° > 0 if € is small enough, we may divide
inequality (11.51) by y° and integrate:

-0 s 500/ s
1[1( yo(s) > _ / yo(s) ds’' < CE/ e—qHyo(s’))}O(S/) ds’
s s

¥0(s0) o YOG 0
[y gy < E pmanr'o) (11.52)
qgH Jy, ds’ ~ qH

Using also the fact that y%(s0) = 0 (since r > 0 in (0, 00) x T3), we therefore conclude
that )}O(s) is bounded from above for s € [sg, Smax):

y0s) < C. (11.53)

Integrating (11.53) from s¢ to s, we have

y2s) — ¥%(s0) = / ) y2(s")ds’ < Cls — sol. (11.54)

50

Since we have already shown that y%(s) 1 00 as s 1 Smax. it follows from (11.54) that
Smax = 0O.

Finally, thanks to the future-causal geodesic completeness of the spacetime-with-
boundary ([0, c0) x T3, g), Proposition 3.7 implies that D ({0} x T3), the future Cauchy
development of {0} x T> in the maximal globally hyperbolic development (M, g’, ®’),
is exactly [0, c0) x T, O
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12. Asymptotics

In this section, we strengthen the conclusions of Theorem 11.5. More precisely, we show
that suitably time-rescaled versions of the components g,,,, ", 9, ® (u, v =0,1,2, 3)
and various coordinate derivatives of the rescaled quantities converge as t — 0. Because
our strategy is to integrate bounds for time derivatives (with spatial derivative terms on the
right-hand side of the inequality), we will lose some differentiability in our convergence
estimates. Furthermore, we note that although our bootstrap assumptions were sufficient
to close the global existence argument, they are far from optimal from the point of view of
decay rates. Thus, at the cost of a few more derivatives, we will also revisit the modified
equations and derive improved rates of decay compared to what can be directly concluded
from the estimate Sy < €. In particular, the Counting Principle estimate (9.33) is not
precise enough to detect these refinements. These results should be viewed as an initial
investigation of the asymptotics; it is clear that more information could be extracted at the
expense of more work. This theorem is analogous to [Rin08, Proposition 2].

Theorem 12.1 (Asymptotics). Assume that the initial data (see Remark 1.1)
(Buv> Kun, W, 80 = ) (j = 1,2,3; i, v =0, 1,2, 3) for the modified system (5.15a)—
(5.15d) satisfy the assumptions of Theorem 11.5, including the smallness assumption
Sy(0) < C*_le, where 0 < € < €. Let g"" denote the inverse of .. Assume in ad-
dition that N > 5, and let (g, 0, D) be the future-global solution launched by the data.
Then there exist a constant €, satisfying 0 < €3 < €y and a large constant C > 0 such

that if € < ey, then there exist a Riemannian metric g;,fo)

, with corresponding Christoffel
symbols Ff;,f) (i, j, k = 1,2,3) and inverse g(jfo) on T3, a function W(s0) 0N T3, and a
one-form _/3;00) on T3 such that g},fo) —8jk € HV, g(jfo) — gk e HV, Wioo)— W € HN-!
[where W is defined in (4.14)] and ,4_3;00) e HY=1 and such that the following estimates
hold for all t > 0:

lgfe” = &jkllgn < Ce. (12.1a)
ik o f

lgls) — & llgn < Ce, (12.1b)
le™ gk — 7 Il gy < Cee M, (12.22)
le™>%gjx — g5 w2 < Cee M1, (12.2b)
le*2g7% — gl |l yn < Cee™1M1, (12.2¢)
le*2 g7k — gl% Il vz < Cee M1, (12.2d)
le ™28 gk — 2085 Il yn < Cee 0", (12.2¢)
le ™8 gk — 2085 Il -2 < Cee 2", (12.2)

j ik _
€20, g% + 2085, gy < Cee™ M, (12.2g)

1€223,g7% + 2wg 5 [l w2 < Cee™ M, (12.2h)
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lgo;j — H™' gl T\l yvs < Cee™1M1, (12.3a)
18:80; Il gn—3 < Cee 4H1, (12.3b)

lgoo + Ll gv < Cee™9H!, (12.4a)

ligoo + Ll gnv—2 < Ce(l +1)e M1, (12.4b)

13 gooll yv < Cee 11", (12.4¢)

113 800 + 2 (g00 + Dl yv—2 < Cee 1, (12.4d)
le 22 K — wglo” || w1 < Cee 1", (12.5a)
le ™2 Kji — wgp” | yv—2 < C(1+ 1)ee™ 1. (12.5b)

In the above inequalities, Ky is the second fundamental form of the hypersurface {t =
const}. Furthermore,

€720, ® — Wiog)|| yn—1 < Cee 17, (12.6a)
€720, ® — Wioo)|| yrn—2 < Cee 21HI (12.6b)
[W(oo) — ¥l ynv-1 < Ce, (12.6¢)

18;@ — B |l yv-1 < Cee ", (12.6d)
1B, -1 < Ce. (12.6¢)

Remark 12.2. We assume that N > 5 so that we can use standard Sobolev—Moser esti-
mates during our proofs of the improved rates of decay.

Proof of Theorem 12.1. See Remark 9.2 for some conventions that we use throughout this
proof. In our proofs below, we will introduce new energies, and the differential inequali-
ties that we will derive for them are valid only under the assumption that the energies are
sufficiently small; we do not explicitly mention the smallness assumption each time we
make it. In the interest of brevity, we will only sketch the proofs of the estimates involving
the improved decay rates. We also remind the reader of the conclusion (11.10) of Theo-
rem 11.5, which is that Sy := S+ 1;8 + Sg.;N + Sh,N + Sao;n satisfies Sy (1) < €
fort > 0.

Proofs of (12.1a), (12.1b), (12.2a), (12.2¢), (12.2e), and (12.2g). It follows from the
definition (6.2f) of Sy that

8:hjkll gv < Cee™4H1, (12.7)
Integrating 9, /; and using (12.7), it follows that for #; < #,, we have
Ihjk(t2) — hjx () || gy < Cee 41N, (12.8)

From (12.8) and the fact that hj; = e 20 gjk. it easily follows that there exist functions
g;;o) (x!, x2, x3) such that
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le ™%k — 7 Il v < Cee M, (12.9)
IIgjk — gikllgy < Ce. (12.10)

We have thus shown (12.1a) and (12.2a) . Inequality (12.2e) follows from (12.2a) and
12.7).

To obtain the asymptotics for g/, we use (9.4a), which implies that
19:(€*? /) | g < Cee™ M. (12.11)

From (12.11) and the estimates (9. lb) (9 lc) at t+ = 0, it follows as in the previous
argument that there exist functions g( )(x x2, x3 ) such that

le*?g/* — g{k)IIHN < Cee™9M", (12.12)
IIg(oo) — &Ml gy < Ce, (12.13)
||§g(oo)||HN—u < Ce, (12.14)
lgis, iz~ < C. (12.15)

where §/% := gJ/¥|,_. This proves (12.1b) and (12.2¢). (12.2g) then fqllows from (12.2¢)
and (12.11). Furthermore, since the identity g% g, + g% gox = 5%, Proposition B.5,
Sy <€, (9.1b), (9.1¢c), (9.1d), (12.2a), and (12.2c) imply that

(00)

gl 8ae = 81 lmn < 18y — 8 Dgs Nmn + 18 (85 — gat)ll v + 118% gokl gy
< Cee2aH1 (12.16)

(00)

)

it follows that g(oo are the components of a Riemannian 3-metric g and that g{ fo) are

the components of its inverse g(;l)).

Proofs of (12.4a) and (12.4c). The estimates (12.4a) and (12.4c) follow trivially from
definition (6.2a).

Proofs of (12.6a), (12.6d), and (12.6e). To prove (12.6a), we first recall equation (5.15d),
which can be re-expressed as follows:

3 (29,0 — U) = ™A, (12.17)
where W is defined in (4.14) and
Aye = m H%9,0,® +2(m™)%9,8,® — Ay (12.18)

From Proposition B.5, the definition (6.2f) of Sy, Sobolev embedding, (9.23b), (9.25¢),
(9.25e), and (9.25a), it follows that

€Al || gv—1 < Cee 1", (12.19)
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As in our proof of (12.9)1 it easily follows from (12.17), (12.19), and the initial condi-

tion ||e”£_2(0)8,d>(0, ) — W]y~ =< Ce that there exists a function W) (x!, x2, x3) with
W) — ¥ € HV=! such that

€720, ® (1, ) — Yoo yv—1 < Cee 1M1, (12.20)

[Wioo)y — Wl gn-1 < Ce, (12.21)

which proves (12.6a) and (12.6c).
Furthermore, the bound Sy () < € implies that

16,0; @l -1 < Cee™ M1, (12.22)

It follows easily from (12.22) and the initial condition [|9; (0, -)||zv < Ce that there
exists a one-form ;_3;00) (x!, x2, x?) satisfying ;_3;00) e HN=! such that

18;@(t, ) = B> | -1 < Cee M1 (12.23)
1B, | -1 < Ce, (12.24)
which proves (12.6d) and (12.6e).

Proof of (12.5a). We first observe that N, the future-directed normal to the hypersurface
{t = const}, can be expressed in components as

Nt = —(—g00)=1/250n (12.25)
Using the relation Kz = gak8j1\7°‘ +ijaN“, the relations 2I"jxo = 0, gjx +9; gko — 9k gjo
and 0;hjx = e’m(a,gjk — 2wgji), and Proposition B.5, we have

1Kk — wgiilgn-1 < 131(=g") 2% Ml g1 (I gak 2o + 13gak Il gn—1)

+ 1(=g") 2% Djiall -1 + 8% — 1Tjroll g1

+HIL=g") "2 = 1™ Tjroll yr-1 + 318;8x0 — degjoll -

+ 318, hjll g - (12.26)
By Corollary B.4 (withv = g%41, 5 =0, and F(v) = (1—v)"1/2—1 = (=g~ 1721
in the corollary), we have (—g%~1/2 — 1 € Gy (see Definition 9.4). Therefore, every
product on the right-hand side of (12.26) is a product of elements of H—1 and Gy—_1 and

contains at least one element of Gy_1. Hence, by the Counting Principle estimate (9.33)
[with n(Gny—1) > 1 for all products on the right-hand side of (12.26)], we have

le 2Kk — we P gjpll yn-1 < Cee 111, (12.27)
Inequality (12.5a) now follows from combining (12.2a) and (12.27). ]

Proofs of (12.3a2)—(12.3b). The proofs are based on two refined versions of the energy
inequality (11.1c). The main point is that even though the energy E,,. v defined in (6.9b)
allows us to efficiently close the bootstrap argument of Theorem 11.5, there is room for
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improvement. In particular, Theorem 11.5 only allows us to conclude that Eg . .xn <
CSy < Ce, which implies that [|3,g0jll gy < eePH! and |lgo;llyv < ee!=DHT,
As we will see, it is possible to improve these estimates by a factor of e~ DH! This is
a preliminary step that we will need in our remaining proofs. This improvement will be
based in part on the following simple matrix identity:

) 1 .
g% = ——g" goa. (12.28)
800

We begin our proof of the improvement by defining a new energy &,..y—1 for the
goj (j =1,2,3) by

3
e voi= D D El sonlago;. (3ago)], (12.29)
la|<N—1j=1

where S(ZYO*’SO*)[B& 80j, 9(9380;)] is defined in (6.4), and the constants Yo, 8o« are de-
fined in Definition 6.3. Note that the scaling in (12.29) differs from the scaling used in
definition (6.9b) by a factor of e!! =92, Furthermore, we are using an (N — 1)% order
energy rather than an N™ order energy because we will make use of the improved rates
of decay for lower derivatives that are already discernible from the fact that Sy < €
[compare e.g. (9.5a) and (9.5b)]. Now using (10.1a), we have the following comparison
estimate:

3
C™' Eppin—1 = ) _{119:g0j I -1 + 1120l -1 + N0 ll -1} < Cpppin—1-
j=1
(12.30)

From the definition of &%,,.y—1 and the comparison estimate (12.30), it follows that

the energy inequality (6.13b) can be replaced with

3
d
—(é"g%*;;v_l) < —Tlo*Héﬁ)*;N_l + C&:N—1 Z g Tajpl 1

dt o
3 3 R
+ CEgpin—1 + Cpn—1 Y _ 1 Do0jllgn-1+ Y > I dalgojllz2
j=1 l&|<N—1j=1
3
+ Y D I8 o0 [0a20j, 3@a g0l - (12.31)

le|<N—1 j=1

We now claim that the following improvements of (9.17b), (9.17¢), (9.19b), (9.20b),
and (9.21b) hold for |@| < N — 1:

M40l gn-1 < Cee &, N1 + Cee™ 1M1, (12.32)
[ Ac,ojll gyt < Cee ™ &, Ny, (12.33)
| A0j 1l g1 < Ce™ 1 &,y + Cee 1", (12.34)
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115, 03180, 2 < Cee @' &y vt + Cee ™', (12.35)
1Ag: (vor, 500 [05 807, (058011 L1 < Ce“f”’é”;o*;N_l. (12.36)

These improved estimates can be derived using methods similar to the ones we used in
our proofs of the original estimates, together with the identity (12.28). More specifically,
in our proofs of (9.17b), (9.17¢), (9.19b), (9.20b), and (9.21b), we used the Counting
Principle type estimates [|3;go;ll gy =< e(l_q)9§g0*;N, lgojll v < e(l_q)9§g0*;N, and
1980l v < e? DS, . n, which follow directly from the definition of Sy, to-
gether with (9.1d), which reads ||g0j||HN < Ce’(”q)QSg;N. However, whenever it is
convenient, these estimates can be replaced with

10:g0jll gv—1 < C&ypin—1s (12.37)
lgojll gn-1 < Cégpin—1, (12.38)
1380l gv-1 < Ce® &gy, in—1. (12.39)
18% I vt < Ce ™2, Ny (12.40)

respectively, where (12.37)—(12.39) follow from (12.30), while (12.40) follows from
applying (12.30), Proposition B.5, Sobolev embedding, (9.1b), and (9.1c) to the iden-
tity (12.28). We remark that the Ce_thng*;N71 term on the right-hand side of
(12.34) arises from e.g. the (w — H)d;go; term on the right-hand side of (A.4b). Sim-
ilarly, the Ce*‘IH’_é?gzo*;]\_1 term on the right-hand side of (12.36) arises from e.g. the

(H — w) g“h(aa v)(dpv) term on the right-hand side of (6.8). See [Rin08, Section 14] for
additional details on these improved estimates.

Now using (9.5b), (12.31) and (12.34)—(12.36), we argue as in our proof of (11.4) to
deduce the following inequality:

d 2
— _ —qHt p2
dt (fgo*;N—]) = T]O*Héago SN—=1 + Ce éago SN—

where the last term on the right-hand side arises from applying inequality (9.5b) to the
second term on the right-hand side of (12.31). Integrating (12.41) from O to ¢, using the
smallness condition &%,.n—1(0) < Ce for small ¢, and applying Lemma 11.4 for large
t (the Ce™ qH’éaz _, term is dominated by the —no*Hé" .- term for large ¢), we
conclude that the f0110w1ng bound holds for all ¢ > 0:

EooiN—1 =< Ce. (12.42)

805

|+ Cepin-t1s (12.41)

This completes the proof of our preliminary improved estimate.
We are now ready for the proofs of (12.3a) and (12.3b). Defining

v = goj — H™'gf2 1), (12.43)
and using equation (5.15b), we compute that v; is a solution to
Ogvj = 3Hd,v; + 2H?vj + A, (12.44)
where
A = Doj +2H (LT — g™T ) — H g™ a0, (s20, T, (12.45)
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To estimate v; (j = 1, 2, 3), we will use the energy

3
Er oy z=H N N EL o avy. 0], (12.46)
la|<N-3j=1
where 5(2%*’ 60*)[8,;, vj, 3(dzv;)] is defined in (6.4), and the constants Yo, o« are defined

in Definition 6.3. Note that in response to the last term on the right-hand side of (12.45),
we have further reduced the number of derivatives in the definition of our energy by two.
From (10.1a), it follows that

3

-1 Ht Ht —D)H¢t

C' i3 = D e 10ijll gv-—s + Ciypn e l1vj 1l gr-s + e | Jv; | yn-s }
j=1

< C&in-s. (12.47)

Arguing as in our proof of (12.31), we have

d 3
Ty ) < Qg = HE 5+ Cel 8,y 3 Y 1Al
j=1

3
+CeME va Y D I, 9Tyl
la|<N-=3 j=1

3
+ N T 1D von00 10507 9o (1248)
GI<N-3 j=1

Note that the inequality (12.48) does not have a term corresponding to the || g%/ T, bl gy
term in (12.31); the remnants of this term are present in ||A; || yv-s3.

We will now estimate ||A;||y~v-3, our goal being to show that it is bounded by
Cee 91! We begin by estimating the term 2H (g?fo)f‘flﬁ) — g [4jp) from the right-
hand side of (12.45). Let us first recall the definitions of the lowered Christoffel symbols
F}ff:) and I, corresponding to 2 and g respectively:

(00) ._ 1 (00) (c0) (00)
Fijk = 5(0; i +8kgl-j —9igik ) (12.49)
Tuav = 5 (Ou8av + d&ua — dugun)- (12.50)

Using Proposition B.5, the definition (6.2f) of Sy, Sobolev embedding, (12.1a), (12.1b),
(12.2a), (12.2¢), (12.15), (12.49), and (12.50), we conclude that

g (t, Y aji (2. ) — gE2 Lo g

< 1e*g% (¢, ) — gl Il gv-1lle > Taj (t, ) v

+ (8% Il + 12872, Il v—2)lle > (2, ) — Ff,??,)llwal
< Cee 17, (12.51)

g, T g1 < Ce. (12.52)
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We now estimate the term H ! gl”’ 010y (gf’fo)Fflﬁ)) from the right-hand side of

(12.45). By Proposition B.5, (9.1b), (9.1c¢), and (12.52), it follows that

8" 313 (8{y iy Ml - < Cee M1, (12.53)
Applying the estimates (12.34), (12.42), (12.51), and (12.53) to the terms in (12.45), we
deduce the desired estimate for || A; || zv-3:

1Al gv-3 < Cee1H1, (12.54)

In addition, we argue as in our proof of (12.35) and (12.36) and in particular make
use of the improved estimates (12.37)—(12.40) and (12.42), thus arriving at the following
inequalities:

I, 91vjll 2 < Cee 11 &, 3 4 Cee 1H! (la| < N —3), (12.55)

1A (yon, 500 [0a0j. 8@av)]Il < Ce g o (lal <N —3). (1256
From (12.48), (12.54), (12.55), and (12.56), it follows that

d _

T (Eln ) S Cq—M0IHE, 5+ CeTMER 4 Cebyins (1257)

Using the fact that 2¢g — 1o« < 0, we argue as in our proof of (12.42) to conclude that,

forallt > 0,
Ev,in—3 < Ce. (12.58)

Inequalities (12.3a) and (12.3b) now follow from the comparison estimate (12.47) and
from (12.58).

Proofs of (12.2b), (12.2d), (12.2f), (12.2h), (12.4b), and (12.4d). We begin by using
equations (A.la) and (A.1c), together with the identity 80+ 1=2¢%g00+ 1)+ g%g0a
to derive the following equations:

d
921e* (200 + 1] = —wd[e**(goo + 1] + 2<Ew>€29(800 + 1) 40, (12.59)

U0, hjx] = —we o hjp + >0y (12.60)
where
Ay = —(€") 7128048, 800 + 8" a9 g00)
+50(8") {8 (g00 + 1) + g% 2043 00
+ 608" 7 (g% (500 + 1D* + ™ g0a(g00 + 1)}
+2(8%) " {A4.00 + Ac.00 + DRapido0) (12.61)
Ny =—(@") (28" 0ud,hji + 8" adphji}
+30") g% (g00 + 1) + 8% goa}drhjk
+2") e A jk + Diapia,jx — ©8™ dahji}. (12.62)

where Ai{apid,oo is obtained by setting all terms that explicitly involve the factor o — H
equal to 0 in the expression (A.7a) for Arapid,00, and similarly for Ai{api d,jk-
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Using the fact that Sy < e, the improved estimates (12.37)—(12.40) and (12.42)
(whenever they are convenient), and the Sobolev—Moser type inequalities in the Ap-
pendix, we derive the following inequalities:

| Agoll -2 < Cee™ 2+ Cee™ {1 goo 4 1)l yyv—2 + 1,800 | grv—2 + 1872k | grv—2},
(12.63)

1A%l gv—2 < Cee™*% + Cee™M)|9hje|| 2. (12.64)

Since the derivation of the above inequalities is similar to many other estimates proved
in this article, we have left the tedious details to the reader. However, we remark that the
e goo+ 1| p~—2 term on the right-hand side of (12.63) arises from e.g. the first term
on the right-hand side of (A.15a), that the ee™4 Hi 19:gooll yv—> term on the right-hand
side of (12.63) arises from e.g. the first term on the right-hand side of (A.13a), that the
ce—qH! 10:ji || yv—2 term on the right-hand side of (12.63) arises from e.g. the last term
on the right-hand side of (A.13a), and that the ee’qH’||8,hjk||HN_z term on the right-
hand side of (12.64) arises from e.g. terms on the fifth, sixth and seventh lines of (A.13c).
Furthermore, we remark that we are using H"Y~2 norms because of the presence of the
terms on the right-hand sides of (12.61)—(12.62) that contain second spatial derivatives,
e.g. the term 8,95 g00; by examining e.g. the definition (6.1a), we see that the HV =2 norm
of such a term has a more favorable rate of decay than its HV~! norm. We need this
additional decay to deduce (12.63)—(12.64).

Now in order to derive our desired inequalities, it is convenient to introduce the fol-
lowing nonnegative energies:

Erogriin-a = D /T (@ale*(goo+ DD dx = [le*?(goo + D3 n--

|| <N-2
(12.65a)
& gt DEN—2 = D /(a&at[em(goo+1>])2d3x=||af[e29(goo+1>]||§,N,z,
’ laj<N—27T
(12.65b)
3 3
Eoppnar= 3 Y / o dx = 3 1220l .
" lg|<N—2jk=17T k=1
(12.65¢)

Observe the following simple consequence of the definitions (12.65a) and (12.65b):
11,8001l pv-2 < C{E 22 g0+ 1):N—2 + En e gop+ N —2)- (12.66)
Now from (12.63) and (12.64), and (12.66), it follows that
) Agll v
< Ce+ Cee™ M Epa gy 111:n—2 + Ey 12 (oot DiN—2 F B2 n,v—a)s  (12.67)

| Al gn—2 < Ce+ Cee™ ' Epay ),y . (12.68)
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We may therefore use equations (12.59)—(12.60) together with (12.67)—(12.68) to de-
rive the following system of differential inequalities, which is valid if &,20g)11):N—2-
5,122 (g00+1): N—2> and Epoay .y are sufficiently small:

d 2
E(éaezg(goo+l);1\’—2
d 2 2 2Q /
ar Gategorinin—2) = 7208 a2 267 Gy g+ v -2 Booll -2

) = 2802 g0 1) N—280, 1622 500+ DN 25 (12.692)

+4 ’Ew‘ 22 go0+1: N -283, 2 (g0 + DN -2

2
= _zwfat[em(gowl)];zv—z

—qHt
+ Ce™ M G0 (g1 N 285, (22 g0+ DN -2
+ Ce&y 1022 (g0 + 1 1N-2
—qH
+ Cee™ M &y 1022 g 1N -2E0 N -2 (12.69b)

2 2 2Q /
E(éaema,h**;zv—z) = _2w§e2931h**;1v—2 + 27 6oy, N2l Akl v -2

IA

2
_zwéDeZQath**;N_z + CeéanQath**;N—Z

+Cee M0 na (12.69¢)
We remark that (12.69a) follows from a simple application of the Cauchy—Schwarz in-
equality, after bringing the time derivative under the integral over T>. Using the initial
conditions &2 (g0 11):n—2(0) = C€, &y 122400 +1):n—2(0) = Ce, and Epay,, . y—2(0)
< Ce, and assuming that ¢ is sufficiently small, we apply a Gronwall-type inequality to
the system (12.69a)—(12.69c¢), concluding that, for all # > 0,

Eagyiyn—2 < Ce(l+1), (12.70a)
é{)at[em(goo-‘rl)];N—Z = Ce, (12.70b)
&y, .N—2 < Ce. (12.70c)

Inequalities (12.4b) and (12.4d) now follow from (12.70a) and (12.70b). Similarly,
(12.70c) implies that

8:hjill gyv—2 < Cee™ <, (12.71)

from which (12.2b) and (12.2f) easily follow.
To obtain (12.2d), we first use the improved estimates (12.37)—(12.40), (12.42), and
(12.71) to modify inequality (9.4a) as follows:

1,87 + 2w || yn—2 < Cee ™2, (12.72)

(12.2d) then follows from (12.72) as in our proof of (12.2c). (12.2h) then follows from
(12.2d) and (12.72).
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Proof of (12.5b). We use the identity g0+ 1 = ﬁ[(goo—l— 1) — g% go,] and the improved
estimates (12.4b), (12.4d), (12.37)—(12.40), (12.42), and (12.71) to modify inequalities
(12.26)—(12.27) as follows:

le > K i — we™ L gipll yn—2 < Ce(l +1)e 11, (12.73)
Combining (12.2b) and (12.73), we deduce (12.5b) [as in our proof of (12.5a)].

Proof of (12.6b). We use the improved estimates (12.4b), (12.4d), (12.37)—(12.40),
(12.42), and (12.71) to modify inequality (12.19) as follows:

e 2L gl gv—2 < Cee 21=29HT, (12.74)

(12.6b) then follows from (12.74), as in our proof of (12.6a).

Appendices
A. Derivation of the modified system

In Appendix A, we sketch a derivation of the modified system (5.15a)—(5.15d).

Proposition A.1 (Decomposition of the modified equations). Equations (5.7a)—(5.7d)
can be written as follows (for j, k =1,2,3):

ﬁg(goo +1) =5Hd,800 + 6H>(g00 + 1) + Ago, (A.la)
Oggoj = 3Hd,80; + 2H>g0; — 2Hg Tyjp, + Aoj, (A.1b)
Olghjx = 3Hdhjx + Aji, (A.lc)

O ® = 200, + Ayo, (A.1d)

where H = /A/3, w(t), which is uniquely determined by the parameters A > 0,

0 >0,and ¢ =3(1 + CS2), is the function from (4.21), s = 1+32S = 3cs2,

Oy i= =02 + 2(m~H)%8,0, + (m =", (A2)

is the reduced wave operator corresponding to the reciprocal acoustical metric (m~")"*"
(u,v=0,1,2,3), and the components ofmf1 are given by

m=H% = -1, (A.32)
0j
‘ A
m Y= (A.3b)
(1 +2s) + Ay
. LN
mlyk= 5 " Cm (A3¢)

(4 25) + Ay
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The error terms Ny, Dy, Dy, A(()r{l), and A{r]:l) above can be decomposed as follows:

%Aoo = Aa,00 + Ac,00 + ARapid, 00, (A.da)
$80j = Daoj + Ac,oj + Drapid,0) (A.4b)
%Ajk = e A ik + ARapid, jk — 208° b, (Ado)
3 3 1
Ayp = w(3z<19){ — } - (3z¢){—}®, (A.4d)
(I4+28) +Agny 1425 (L42s) + Ay
s
where
7= U9 (A.5)
S TN '
Ay = (1+29)E0 + DEY = 1 +2(1 4+ 258" 2,
+ (g% + 25%¢") 2, 2, (A.6a)
0j i
Aghy = 8%8% (1 +25) + 2[(s + g% g™ + 5g08Y12,
+ (g% g% + 258 g 2, Z,, (A.6b)
Af}i) _ (goo—i—l)gjk+2sgojg0k+2(g]k Oa —i—ngkga] _I_ng]gak)Z
+ (g% g™ + 258 g") 2, 2, (A.6c)
O =30 + 1)+ 6wg™Z, + 3 — 25)wg* 2, Z),
+25{8%00 + 640" Zy + 600" ZZy + NS 2,2 Z,), (A.6d)

(a00) and (0ab) denote symmetrization, the A?I‘-x)v (u, o, v =0,1,2,3) are defined below
in Lemma A7,

2 2
AU ARvia.00 = 3T w — H) o + H1(g00 + 1)

+ 31D @ — H)] [ 51 (g0 + 1)
s+1
~ )00+ D +L1f = f1. (A7a)
2 2 2
AR Apapiq o) = [T @ — D)lw + Hlgo; + %[e“”@v)“(w —~ H)1d,80;
30+ H)1e%T [ 2% YO I
[e (w— H)]g" ajb + 2Us +1)[€ o] 80j
_ %[ezkﬂa]x‘-‘rl O] _ 2[62%90} [6%98[ ] s (A7b)
N
2 2 ~
SO Aapia jik = 31V (@0 — D)ghjic + (€795 TH (8% + Dy
N

e ; [[ Z%Q""]S-I—l [ Z%QO,]S+1]hjk

26—29[62%QU]S [e%QBt (I)]ZZJ' Zr, (A.7¢)
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N

f — 2[62%90_]5‘[6%98’(1)]2 _ _[62%90]s+1, (A7d)
s+ 1
f: 2[62%Qg]s[e%§28[a‘>]2 _ L[eZ%Qg]s+l
s+1
2 ~
= :[ L[ 0, BP0, (A7)

the A4y are defined in (A.13a)—(A.13c), and the Ac 00, Ac,0j in (A.15a)—(A.15b). In
the above expressions, quantities associated to the FLRW background solution of Sec-
tion 4 are decorated with the symbol ™ .

Remark A.2. As discussed in Section 1.2, the variable Z; has been introduced to facili-
tate our analysis of the ratio of the size of the spatial derivatives of @ to its time derivative.

Remark A.3. In Section 9, we show that under suitable bootstrap assumptions, vari-
ous norms of the quantities in brackets [-] in equations (A.7a)—(A.7c) are either < C or
< CSpn.

Proof of Proposition A.1. The proof involves a series of tedious computations, some of
which are contained in Lemmas A.4—A.7 below. We sketch the proof of (A.1c) and leave
the derivation of the remaining equations to the reader.

To obtain (A.1c), we first use equation (5.7c), Lemma A.4, and Lemma A.5 to obtain

the following equation for £, = 28 gjk:

N d
Dghjk = 3wdhj; — 2(g00 + D(Ew)hjk — 4a)g0“8ahjk

+2[e ™ A0 jk — 2¢7 05 (3, D) (3 D)]

d s
2(30® — A+ —o )by —
+ {(w +dtw> TS

We now use (4.17a)—(4.17b) to substitute in equation (A.8) for 3w? — A and %a) in terms
of &, thus arriving at the following equation:

a”]hjk}. (A.8)

Oghjk = 3wdchjk +2(g% + D& T hje — 4wg™d,hjk
+2[e X Ak — 2¢ 05 (3; D) (3 D)]
S st 1
+ 2m(os+ — T Hhjy. (A.9)

Equation (A.1c) now easily follows from (A.9) via straightforward algebraic manipulation
and the definition Z; = 9; ®/0, ®. We remark that the proofs of (A.1a) and (A.1b) require
the use of Lemma A.6, and the proof of (A.1d) requires the use of Lemma A.7. To obtain
(A.1d), it is also helpful to note that —(8,D)2{(1 +25) + A(n)} is the coefficient of the
differential operator 8,2 in (5.7d). ]

We now state the following four lemmas, which are needed for the proof of Proposi-
tion A.1.
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Lemma A.4 ([Rin08, Lemma 4]). The modified Ricci tensor from (5.3) can be decom-
posed as follows:

ﬁﬂ:uv = _%ljgg/w + %(gOMauw + govdyw) + %watg;w +Aup  (u,v=0,1,2,3),
(A.10)

where

Ay = 8P &M (B gu) Bpgun) — TaweTppn] (v =0,1,2,3). (A.11)
]

Lemma A.5 ([Rin08, Lemma 5]). The term Ay, (u,v = 0,1,2,3) defined in (A.11)
can be decomposed into principal terms and error terms Ay .y as follows:

Ago = 30” — wg™ 8 gap + 208" dag0p + A 400, (A.12a)
Agj = 2wg003z80j — 2602800ng — wgooajgoo + wgabrajb +As0; (j=12,3),
(A.12b)
Aje = 20808, gjx —20%¢%gjk + 24k ok =1,2,3), (A.12c)
where

A 00 = (€*)*(31200)> — (To00)*)
+ 8% g% {2(3,800) (3 g0a + dago0) — 4T00000a}
+ 8% {(8,804) (31 80b) + (3a£00)(3800) — 2T'00a 005}
+ 8% g% {2(3,800) (3agob) + 2(3:805) (9ag00) — 2T'000Ta0s — 2T006 004}
+ 2" " {2(3: 80a) (31.801) + 2(35200) (Dag0r) — 4T 004 105}
+8"¢"™ (3agon) Bpgom) + 58" (8" 018a1 — 28] ) (Bpgom + Imgob)
22gaby, hyy —2wg%goy
- };gabglm(aag()l + 9180a)(8p80m + Omgob)
— 18 0i8a — 2087 )( & 3 gbm — 208, ), (A.132)

€22gb 8 hy —20g% g0y €22g1M 3y b —20g% gop
Aa0j = (8")?{(3:800)(3:80;) — ToooT0j0}
+ 88" ((3,200) (31 8aj + 9ag0}) + (3180, (3800 + ag00)}
—28%¢%{T000T0a + T0j0T00a}

+ 8% g8, gp; — 2087 )(3:80a — 50a800) + 1892 (3,800) (380, + 3;80»)
—_—
22gab ;b —20g% go

+ g% g% {(3:800) (Dagbj) + (3 806) (Bag0;) + (3ag00) (B:&1j) + (3agon) (320}
— g% ¢%{To00Tuji + 2T00sToja + CaosTojo}
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+ 8" g% (3, 800) (D181)) + (3180a) (1 gb}) + (3p800) (Bagtj) + (Bpgor) (Dago;))
— g*¢"(2000a Ty + (31804 + dago)Tojp — %(3zgla)(3bg0j —9j80p)}
+ g% (3 gaj — 2wga;) + 38 ( 80D g1a — 28] )3, gv;
B P —
2281y €228 3,1, —2wg% gy
+ g% g™ ((8a801) (Bpgmj) — %(311801 + 0180a)bjm)
+1¢%( g™ 3810 — 208! Yhjm, (A.13b)
—_—

2 2glmd hyq—2wg™ goq

Aajk = (8”320 (3 gor) — Tojoloko}
+ 8% g% (3,80, (3 gak + dagok) + (3180k) (31 8aj + 3a80/)}
— %% 2T 0T oka + 2C0k0T0ja )
+ 8% 8" {(3a807) (g0k) — 5 (Bag0; — 8j80a) (Bpgok — Bk gon)}
— 58%°( 8 918aj — 2087 )(Bpgok — dkgov)
emg"”ﬁthn_/—2wg°”g;
— 18%( 8" 8, gk — 208¢ )(3ag0; — 9jg0a)
L’ZQg“b&hbk*zwgoagOk
+ g™ (grig™ — 50)0igaj + 38°°C 80180 — 2087 ) (rgpk — 2080
—g;;gT/ 22ab 3,y —2wg% go 229, hpy
+g {(0:80;)(3agpk) + (0:8pj)(3agok) + (3280,)(9rgbk) + (3a8p;)(3rg0k)}
— g% %10 ;0Takp + 20,5 Toka + TajnToko}
+ 8" (B 8a)) (D1 8pk) + (9184)) (31 8bk) + (9807) (Dagik) + (Ip81/) (Bagok)}
— 8" g% {210 jaTikp + 2154 Toks)
+ 878" {(3a817) (3gmik) — TajiTpkm - (A.13¢)

]

0a ,0b
8

Lemma A.6 ([Rin08, Lemma 6]). The sums Aoy + loo and Ag; + Io; (j = 1,2,3)
can be decomposed into principal terms and error terms as follows, where Iy, ly; are
defined in (5.6a)—(5.6b); Ago, Ag; are defined in (A.11); and A 4 00, Aaoj are defined in
(A.132)—(A.13b):

Aoo + 20T — 60 = wd;goo + 30> (g00 + 1) + 307800 + Aa00 + Ac.oo,  (A.14a)
Aoj +20(3wgoj — T)) = 40’ g0; — 08" Tujh + Daoj + Dcyoj) (A.14b)

where
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Ac00 = —6(200) " @*{(g00 + D> — g% g0a} — 0@ + D( g”d1gap — 6w )
EZanbathab_zwé’O:gOa
+20 (g% + Dg® 8,800 + 0 (g% + D (g™ — 1)d,g00
+ 208" g% (To40 + 2T000) + 4™ g% Toup + 208 ¢" Tarp,  (A.152)
Acoj =207 (8% + Dgoj — 208" {(38aj — 2w8aj) + 8a80; — 3j80a}.  (A.15b)

eZQ 3,1’!,1_,'
O

Lemma A.7. The fully raised Christoffel symbols TH*V (u,a,v = 0,1,2,3) can be
decomposed into principal terms and error terms Aﬁft)v as follows:

%% = A%, (A.16a)
ri% = o = A (j=123), (A.16b)
o0 = Al (j=1,23), (A.16¢)
rOk = Th0 = —oglh 4 ALY (i k=1,2,3), (A.16d)
Pi% = 7K = gk 4 AN (ki =1,2,3), (A.16¢)
rijk — AZ“k) (i, j, k=1,2,3), (A.16f)
where
AR = 38" drgo0+3 (87?8 (291 80a+Bag00)
+58%8% 8% (8, gap+204 805)+ 5.8 8°° 8" B g1 (A.17a)
ALY = 1% (8% 8, 800+8" Bag00) +8° 8" %8 g0a+38% 8% g% B gab
+8%5 6% 0,800+ 18 % ¢ 0u g0, (A.17b)

0j0 j ' /
A% = 182 (8% 8 goo+28% 91 80a — 8 dago0)

+8%(g g% 8, gap+£° g% 84 800+£° 8% ug0r— 8% €% Bag0b)

+18%¢% g% (28,800 — 31 ap)
+8%¢% g% 0,801~ 18% g% ¢ 0 gu, (A.17¢)

it . .
Ay = 58"18" ¢ 0 g00+8" g agoo)

+58%(g% 8% (20 80a— 04 800) +8“/ g*" (9800 —0a g0}

+38%(8% g% dag00+8" " (dagor+3pg0a— 3 8ab))

+38%(8% % (8, gab+3agop— 3p.20a) + 8% 8™ (Dagbi +18ab— b gar)}

+1900 g% gP 3 g0 —20g7% )+ (g% +1) g7k, (A.17d)

8Pk (€22 g% 0 hap—2wg% gop)
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AR = 1%01g% g%, g00+5% g™ B go0+8%7 8% 8a 800+ 8" (3ag0b+b80a))
+38°(2% 8% (20: 804 — 9 200) +8" £”* (B 8a+0b80a—Da g01))
+38"(" g% (3 gab+ 0 80a — dagon) +8" & (96 ga1 + 01 8ab—dagp)}

—38%( 89" 0, 8ap— 208" )= (s +1)g/*, (A.17¢)
8Pk (€22 g% 3t ha, —208% gop)

A = 18 g% g%, go0+ 5 (g% g% g% +% g% g% — g g %), 200 +5 g7 g% By g0a

+%(gaigbjgOk+gainggbk+gbig0jgak+g0ighjgak_gbigangk_gOigajgbk)aagOb
+%(g0igajgbk +gaigbj80k_gainggbk)algab

+3(8 8" g +¢" 8" g™ —" % ¢")dugni. (A.17f)
Proof. The proof is again a series of tedious computations that follow from the formula
Lrey = %gqua)Lgvo(akgka + 058k — 00.8ka)- O

B. Sobolev—Moser inequalities

In Appendix B, we provide some standard Sobolev—Moser type estimates that play a
fundamental role in our analysis of the nonlinear terms in our equations. The propositions
and corollaries stated below can be proved using methods similar to those used in [H6r97,
Chapter 6] and in [KM81]. The proofs given in the literature are commonly based on a
version of the Gagliardo—Nirenberg inequality [Nir59], which we state as Lemma B.1,
together with repeated use of Holder’s inequality and/or Sobolev embedding. Throughout
this appendix, we abbreviate L? = L? (T3) and HM = HM(T3).

Lemma B.1. If M, N are integers such that0 < M < N, and v is a function on T3 such
that v € L™ and ||[d™Nv| ;2 < oo, then

1-M/N M/N
18 v v < M. N ol 19 ) MY, (B.1)

Proposition B.2. Let M > 0 be an integer. If {v,}1<a<i are functions such that v, € L*°,
18Mv,ll;2 < cofor 1 <a <1,anday, ...,q are spatial derivative multi-indices with
lai| + -+ |a| = M, then

1
1@z, v1) -+ @, v)ll 2 < CUA, M) Z(n@(M)vaan I ||vb||Loo). (B.2)
a=1 b#a

Corollary B.3. Let M > 1 be an integer, let R be a compact set, and let F € C ,ﬁ” (R)
be a function. Assume that v is a function such that v(T?) C & and 9v € HY~!. Then
d(Fov)e HM! and

M
I0CF 0 W)l -1 < CM|3v]l a1 Y IFP | gllvll =2 (B.3)
=1
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Corollary B.4. Let M > 1 be an integer, let R be a compact, convex set, and let F €
Cf)” (R) be a function. Assume that v is a function such that v(T?) C R and v —v € HM,
where v € Ris a constant. Then Fov — F o b € HM | and

M
IFov=Foblgu < COD{IFV gl =5l + 100l gy Y IFOlalol L}
=1
(B.4)

Proposition B.5. Let M > 1,1 > 2 be integers. Suppose that {vs}1<q<i are functions
such thatv, € L™ for1 < a <, thatv; € HM, and that dv, € HM_lforl <a<lI-1.
Then

-1 [—1
o -+ vl g < €, M){nvanM [Tvallze + > 18vallgm1 | | ||vb||Loo}. (B.5)
a=1 a=1 b#a

Remark B.6. The significance of this proposition is that only one of the functions,
namely vy, is estimated in L2,

Proposition B.7. Let M > 1 be an integer; let R be a compact, convex set, and let F €
Cé” (R) be a function. Assume that vy is a function such that v (T?) C &, dv; € L*, and
dMy e L2, Assume that vy € L and dM Vv, € L?, and let & be a spatial derivative
multi-index with |&| = M. Then 95 ((F o v1)v2) — (F o v1)d3v2 € L%, and

195 ((F o v1)va) — (F o v1)dzv2ll 2

M

< CD{IFO v =10 vall 2 + ozl 9wl s Y IFOLellon L.
=1

(B.6)

Remark B.8. The significance of this proposition is that the MM order derivatives of v,
do not play a role in the conclusions.
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