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FUTURE ASYMPTOTICS AND GEODESIC COMPLETENESS
OF POLARIZED T2-SYMMETRIC SPACETIMES

PHILIPPE G. LEFLOCH AND JACQUES SMULEVICI

We investigate the late-time asymptotics of future-expanding, polarized vacuum Einstein spacetimes with
T2-symmetry on T3, which, by definition, admit two spacelike Killing fields. Our main result is the
existence of a stable asymptotic regime within this class; that is, we provide here a full description of
the late-time asymptotics of the solutions to the Einstein equations when the initial data set is close to
the asymptotic regime. Our proof is based on several energy functionals with lower-order corrections (as
is standard for such problems) and the derivation of a simplified model that we exhibit here. Roughly
speaking, the Einstein equations in the symmetry class under consideration consist of a system of wave
equations coupled to constraint equations plus a system of ordinary differential equations. The unknowns
involved in the system of ordinary equations are blowing up in the future timelike directions. One of
our main contributions is the derivation of novel effective equations for suitably renormalized unknowns.
Interestingly, this renormalization is not performed with respect to a fixed background, but does involve
the energy of the coupled system of wave equations. In addition, we construct an open set of initial data
that are arbitrarily close to the expected asymptotic behavior. We emphasize that, in comparison, the class
of Gowdy spacetimes exhibits a very different dynamical behavior to the one we uncover in the present
work for general polarized T2-symmetric spacetimes. Furthermore, all the conclusions of this paper are
valid within the framework of weakly 72-symmetric spacetimes previously introduced by the authors.

1. Introduction

This is the third of a series of papers [LeFloch and Smulevici 2015; 2016] devoted to the study of
weakly regular, T>-symmetric, vacuum spacetimes. There has been extensive work on the mathematical
analysis of T2-symmetric spacetimes with high regularity and we refer for instance to the introduction of
[Smulevici 2011] for related literature. Our motivation in studying these spacetimes is two-fold. First
of all, given the high degree of symmetry, one can study these solutions under much weaker regularity
than in the general case. In [LeFloch and Smulevici 2015], we introduced the notion of weakly regular,
T2-symmetric, vacuum spacetime and we established a future-expanding, global existence theory in the
so-called areal coordinates — generalizing a previous result in the smooth setup [Berger et al. 1997]. Our
notion of weakly regular spacetimes extended a notion first proposed by Christodoulou [1993] (see also
[LeFloch and Sormani 2015]) for radially symmetric spacetimes and later by [LeFloch 2015; LeFloch
and Mardare 2007; LeFloch and Rendall 2011; LeFloch and Stewart 2005; LeFloch and Stewart 2011]
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for Gowdy symmetric spacetimes. See also the more recent developments in [Grubic and LeFloch 2013;
2015].

Our second motivation comes from the fact that, apart from special cases (see, for instance, [Chrusciel
et al. 1990; Ringstrom 2004; 2009]), a complete description of the late-time asymptotics of 72-symmetric
spacetimes has not been given yet even for smooth initial data sets. In fact, the techniques available until
now provide the existence of future developments, but are not sufficient to prove that these spacetimes
are future geodesically complete or not.

Recall that a 7%-symmetric, vacuum spacetime is a solution to the vacuum Einstein equations Ric(g) =0
arising from an initial data set which is assumed to be invariant under an action of the Lie group T2. We
are concerned here with the study of T2-symmetric spacetime arising from initial data given on 7. For
such spacetimes, it is known [Chrusciel 1990] that, unless the spacetime is flat (and therefore the solution
is trivial) the area of the orbits of symmetry, say R, admits a timelike gradient and, therefore, can be used
as time coordinate and leads one to define the so-called areal gauge. By convention, we can choose the
time direction so that R increases toward the future. In the present paper, we restrict attention to polarized
T2-symmetric spacetimes, which are T>-symmetric spacetimes for which the Killing fields generating
the T2 symmetry can be chosen to be mutually orthogonal.

Our main result is a complete description of the future time-asymptotics of polarized, 72-symmetric,
vacuum spacetimes, under the assumption that one starts sufficiently close to the expected asymptotic
regime. As a consequence, it follows that these spacetimes are future geodesically complete. We refer to
Theorems 7.1 and 8.1 for precise statements. These results are new even for smooth initial data, but we
also emphasize that all of our estimates are valid within the framework of weakly regular, 72-symmetric
spacetimes introduced in [LeFloch and Smulevici 2015].

Prior to the present work, two important subclasses of T2-symmetric solutions were studied in the
literature. First of all, when the initial data set is invariant not only by an action of 72 on T but by
the action of 73 on itself, then the spacetime is homogeneous, i.e., admits three independent spatial
Killing fields. The Einstein equations then reduce to a set of ordinary differential equations. Second,
another subclass of solutions is the class of Gowdy spacetimes, which, by definition, are T?-symmetric
solutions for which the family of 2-planes orthogonal to the orbits of symmetry is integrable. One of
the main differences between the Gowdy solutions and the general 72-symmetric solutions is that the
equations in areal gauge are semilinear in the Gowdy case, while they are quasilinear in general. The
future time-asymptotics of Gowdy spacetimes were derived by Ringstrom [2004] (see also [Chrusciel
et al. 1990] for polarized Gowdy spacetimes).

The following question thus arises. Are the asymptotics of homogeneous 72-symmetric or Gowdy
spacetimes stable within the whole set of T2-symmetric solutions? For homogeneous solutions, it turns
out that there are not even stable within the class of Gowdy spacetimes [Ringstrom 2004]. As far as
Gowdy spacetimes are concerned, the asymptotics derived in the present work show that they are not
stable within the set of Tz—symmetric solutions. For instance, according to Theorem 7.1, the norm of the
gradient of R behaves like R~2, while it decays exponentially in the Gowdy case. Of course, one question
which remains open is whether the future asymptotic behavior that we uncover here is stable, first within
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the whole class of Tz—symmetric solutions (i.e., for nonpolarized solutions) and, then, within the class of
solutions arising from arbitrary initial data defined on T3. We observe that many of the estimates we
prove below can be generalized to the nonpolarized case.

Independently of this work, Ringstrom [2015] has recently obtained interesting and complementary
results on T2-symmetric spacetimes. His main results can be summarized as follows. For any 72-
symmetric spacetime that is nonflat and non-Gowdy, there is a certain geometric quantity! which, if
bounded as R — +oo, implies that the solution is homogeneous. This result does not give sharp
asymptotics on the solutions, but it is a large-data result and therefore, it is so far the strongest result
available for T2-symmetric spacetimes with arbitrary data. It implies, in particular, that the asymptotics
of non-Gowdy, nonhomogeneous solutions are quite different from the asymptotics of homogeneous or
Gowdy solutions. A second set of results proved in [Ringstrém 2015] concerns polarized T2-symmetric
under a smallness assumption (which is slightly different from the initial data assumption that we make
here). A partial set of asymptotics is then obtained therein, while, in the present work, we derive a full set
of late-time asymptotics; it is interesting to point out that the methods of proof appear to be quite different.

The rest of this paper is organized as follows. In the following section, we introduce standard material
on T2-symmetric and polarized solutions, which we will use throughout. In particular, we recall the
global existence of areal foliation for weakly regular initial data established in [LeFloch and Smulevici
2015]. Apart from this result, this paper is essentially self-contained. We conclude the preliminary section
by presenting the general strategy that we will use in order to derive the asymptotics. In Section 3, we
derive some formulas for the evolution of certain mean values and we also provide some estimates about
the commutator associated with the time derivative operator and the spatial average operator. Section 4 is
devoted to the analysis of the corrected energy. In Section 5, we introduce several renormalized unknowns,
derive a system of evolution equations for them and provide estimates on various error terms arising in
the analysis. In Section 6, we introduce and close a small bootstrap argument, linking all the previous
estimates together. In Sections 7 and 8, we present and give the proofs of the main results of this paper,
concerning the full set of asymptotics and the geodesic completeness of these spacetimes, respectively.
Finally, in Section 9, we construct an open set of initial data satisfying the assumptions of Theorem 7.1.

2. Preliminaries on 72-symmetric polarized solutions

2A. Einstein equations in areal coordinates. Let (M, g) be a weakly regular, 72-symmetric spacetime,
understood in the sense introduced in [LeFloch and Smulevici 2015]. From the existence theory therein,
we know that if R : M — R denotes the area of the orbits of the symmetry group then its gradient vector
field VR is timelike (and future oriented thanks to the standard normalization adopted in [LeFloch and
Smulevici 2015]) and, consequently, the area can be used as a time coordinate. In these areal coordinates,
the variable R exhausts the interval [R(, +00), where Ry > 0 is the (assumed) constant value of the area
on the initial slice and the metric takes the form

g="""V(—dR*+a7?d0*) +e*V (dx + Ady + (G + AH) dO)* + e *YR*(dy + H d0)*. (2-1)

!1n the notation of this paper, it coincides with the quantity 4 introduced in (2-19).
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Here, the independent variables x, y and 6 belong to S' (the 1-dimensional torus or circle) and the
metric coefficients U, A, n, a, G and H are functions of (R, 6), only. We will, for convenience in the
presentation, identify S' with the interval [0, 277] and functions defined on S! with 27 -periodic functions.
The vector fields 9, and d, are Killing fields for the above metric and so are any linear combinations of
dy and 0y.

We are interested here in polarized T?-symmetric spacetimes, defined as follows.

Definition 2.1. A T2-symmetric spacetime is said to be polarized if one can choose linear combinations
X and Y of the vector fields 0, and 9, generating the T? symmetry such that g(X, ¥) = 0.

For a polarized spacetime, it follows that the metric can be rewritten (possibly after a change of the
coordinates x and y) as

g =*""U(—dR*+a2d6*) + *V (dx + G d6)? + e *Y R*(dy + H db)>. (2-2)

Now, the Einstein equations for 7>-symmetric spacetimes written in areal coordinates have been
derived in [Berger et al. 1997] for smooth solutions (see also [Chrusciel 1990] for the existence of areal
time). In [LeFloch and Smulevici 2015], we introduced the weak version of the Einstein equations for
weakly regular, T2-symmetric spacetimes and we proved that, using areal coordinates, we could still
reduce the Einstein equations to those obtained in [Berger et al. 1997]. In the polarized case, we are thus
left with the following system of partial differential equations:

(1) Three evolution equations for the metric coefficients U, n and a:

(Ra™'Ug)g — (RaUy)g =0, (2-3)
1
(@™ 'nR)k = (ang)g = Q" = =5 (R @ He)w, 2-4)
K2
Qlna)g = —Fezn, (2-5)
where K is a real constant and Q27 := —a_lU12e +aU92.

(2) Two constraint equations for the metric coefficient n:

KZ
77R+m62” =aRE, (2-6)

ne = RF, 27

where E :=a‘1U,% +aU92 and F :=2URUjy.

(3) Two equations for the twists:

K
Gr=0 and Hg= Fa—‘eZ". (2-8)

Here, K is the twist constant and K = 0 corresponds geometrically to the integrability of the family of
2-planes orthogonal to d, and d,. The special solutions with K = 0 are called Gowdy spacetimes (with
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T3 topology). Since the dynamics of Gowdy spacetimes are well known [Ringstrom 2004], we focus
here exclusively on the case K # 0.

Note that the metric functions G and H do not appear in the equations apart from (2-8). These latter
equations can simply be integrated in R, once enough information on their right-hand sides is obtained.
They will therefore be ignored in most parts of this paper. Note also that (2-4) is actually a redundant
equation, i.e., can be deduced from the other equations.?
Finally, observe that the identity

e

(-) = 2REe™ (2-9)
R

a

will be useful later in this paper; it can be easily derived from the Einstein equations (2-5) and (2-6).

2B. Global existence in areal coordinates. In [LeFloch and Smulevici 2015], we proved local and
global existence results for general T>-symmetric spacetimes in areal coordinates. In the specific case of
polarized, T2-symmetric spacetimes, these results imply the following conclusion:

Theorem 2.2 (global existence theory in areal coordinates). Fix any constants K, Rg > 0. Consider any
initial data (Uy, Uy) € H'(S") x L*(S"), ag € W>1(SY) and ng € Wh1(S") such that ag > 0. Suppose
moreover that the constraint equation (2-7) is satisfied initially, i.e.,

99 (o) = 2RoU; 99 (Vo). (2-10)
Let € be the class of functions (U, n, a) such that

U e C'([Ry, +00), L*(S") N CO([Ry, +-00); H'(S)),
n € CO[Ry, +00); WhI(shy),
a € CO([Ry, +00); WHL(sh).

Then there exists a unique solution (U, n, a) € € of the Einstein equations (2-3)—(2-7) which assumes the
given initial data at R = Ry, in the sense

U(Ro) =Uy, Ur(Rop) =Ui, n(Ro)=no, a(Ry)=ap.

Moreover, on any compact time interval, the solution can be uniformly approximated by smooth solutions
in the norm associated with 6.

Since all of our estimates here will be compatible with the density property stated at the end of the
above theorem, it is sufficient to perform our analysis by assuming our initial data to be smooth.

ZMore precisely, (2-4) can be obtained by multiplying (2-6) and (2-7) by a 'anda, respectively, differentiating the resulting
equations in R and 6 and taking their differences before replacing second derivatives of U and first derivatives of a using the
evolution equations.
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2C. Energy functionals. Important control on the metric coefficients, mostly on their first-order deriva-
tives, is obtained by analyzing the energy functionals

&(R) = /1 E(R,0)dd, E=a'Ui+alUZ, (2-11)
S

and
2

K
&k (R) ::f Ex(R,0)do, Eg ::E—l—ma_lez”. (2-12)
Sl

Using the Einstein equations (2-3)—(2-7), it follows that both functionals are nonincreasing in time, with
2

d £(R) = K
dR -

2
— Ee2’7a’9——/ a Y (Ug)? de,
2R3 Sl R Sl

(2-13)

d K? 2
— & (R) = —— Mgy — = “L(WUgr)?de.
agx Rstla ¢ R Jg @ R

As a direct consequence, we have the following result:

Lemma 2.3 (uniform energy bounds for 72-symmetric spacetimes). The following uniform bounds hold:

sup  &(R) <&(Ro) and sup &k (R) = &k (Ro), (2-14)
Re[Ry,+00) Re[Ry,+00)

as well as the spacetime bounds

+00

/ (a™'cf (Ur)* +ac{ (Us)*) dR db < &(Ry), (2-15)

Ry S
400 K2

—5/ e?a ' dRd6 < &k (Ry), (2-16)
R, R Jg
with
2 K%, U K? 5
o =E+me” and cj = s 7,

2D. Heuristics and general strategy. To understand the asymptotic behavior of the solutions to wave
equations such as (2-3), it is important to note that, while for the flat wave operator in 1 4+ 1 dimensions
there is no decay of solutions, the R-weights present in (2-3) reflect some expansion of our spacetime
and that, in general, waves decay on expanding spacetimes.

The general strategy to capture this decay is to first observe that the global energy dissipation
bound (2-15) associated with the energy functional £(R) gives an integrated energy decay estimate
but with weaker weights for Uy than for Uy (see the missing 2/R in cij compared to cg ). To match the

weights between Ug and Uy, we will work instead with the modified energy functional
E(R) :=ER)+9Y(R) (2-17)
with

v._ 1 _ =
G" = (U—-(U))Ura™" de,
R S]
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in which the average (f) of a function f = f(0) is not defined with respect to the flat measure d6 but
with respect to a weighted measure a ! d6, i.e.,

o faldo

S T

(2-18)

Our strategy is then to “trade” a time derivative for a space derivative. This method of proof was previously
used in [Ringstrom 2004; Choquet-Bruhat and Moncrief 2001; Choquet-Bruhat 2003].

The following notation will be useful. We introduce the length & of the circle S' with respect to the
measure a~! d@, that is,

27
P(R) ::/ a~'do, (2-19)
0

which we refer to as the perimeter. The geometric interpretation of this quantity is that the principal
symbol of the wave operator appearing in the wave equation (2-3) for U is that of the 2-dimensional
metric

ds* = —dR*+a"*do*.

Thus, &2 is the volume of the constant-R slice for this metric.
Naively, one may expect the following behavior as R — +o00. In view of the energy identity (2-13)
satisfied by & and focusing on the second integral term, one may expect that

—& < _Eg (modulo higher-order terms),
dR R

so that & should decay like 1/R?. This behavior is indeed correct for spatially homogeneous spacetimes,

as can be checked directly. However, for nonspatially homogeneous solutions, a space derivative must be

recovered from a time derivative, using the corrected energy & defined in (2-17), as we already explained

above. This would lead to a rate of decay determined by

~

d 1~
d—Ré’(R) < —Eé’(R) (modulo higher-order terms),

so that & should decay like 1/R. If one can then check that the correction term in & is of order o(1 /R),
it should follow that £(R) is of order 1/R. This is indeed the rate of decay established by Ringstrém
[2004] for (sufficiently regular) Gowdy spacetimes.

For the more general class of spacetimes under consideration in the present paper, and due to the
variation of the metric coefficients a and 7, the behavior & ~ 1/R is not consistent with the field equations,
as we now check formally. At this stage of the discussion, we are working under the (later invalidated,
below) assumption that the first term in (2-13) is negligible, say specifically

2
le™lzeesy 1
2R3 ~ Rl—i—e’

€>0. (2-20)

From (2-5) we would deduce
2n
e
(na)g = —sz elLk,
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hence the coefficient a would then admit a finite limit as R — +o0o. Next, in view of

in which f gt REdO is bounded thanks to our energy assumption, it would then follow that f 1 TR behaves
like 1 and thus |, s, 1 ~ R (modulo a multiplicative constant). In turn, this invalidates our original
assumption (2-20).

This means that the first term in (2-13) should not be neglected and that it contributes significantly to
the energy decay. We will prove that, modulo an error term due to the spatial variation of 7, this term can
be rewritten as — (g /)&, where & is the perimeter defined by (2-19).

Taking this into account, it follows, assuming that all the error terms can be controlled, that the rescaled
energy

F = PE (2-21)

should decay like 1/R and, in other words, the energy & should decay like 1/2R. This brings more
decay into our analysis, provided the perimeter & is growing as R — 400 —as we will actually show
later. Indeed, we will establish that the perimeter and metric coefficients have the asymptotic behavior
(possibly up to multiplicative constants)

P2(R)~R'?,  Pr(R)~R7'V2, "~R* a~RV2 (2-22)

For the energy, we will therefore have & ~ R~3/2. Surprisingly, all the multiplicative constants in the
above asymptotic behavior are linked to each other. For instance, we will show that R?2~ & — 45'1
as R — 400. One of the main difficulties lies in fact in trying to understand these relations. Thus, our

work really consists of three ingredients:

(1) A version of the corrected energy functionals adapted to polarized, T2-symmetric spacetimes
(Sections 3 and 4).

(2) A derivation and analysis of a dynamical system to understand the interplay between & and the
energy functionals (Section 5).

(3) Estimates on all the error terms involved in the above two steps and the interplay between all the
previous estimates. Since all the estimates involved in the above estimates depend on each other, we
use a small bootstrap argument to obtain closure (Section 6).

Once these elements have been obtained, deriving the asymptotics of the solutions consists mostly
in revisiting the previous estimates in the proper order (see Section 7). Finally, we prove the geo-
desic completeness by using the approach already developed in [LeFloch and Smulevici 2016] (see
Section 8).
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3. Evolution of the mean values

3A. The length variable. In addition to the perimeter & (R) introduced in (2-19), the metric coefficient a
also determines a length function

0
ﬁ(@,R)::/ a'do, 6eS', 3-1)
0

and its inverse ® = © (8, R) (for each fixed R). In other words, we set ® (9 (0, R), R) =6 for all 6 € S!,
so that

9
®(19,R)=/ a(@®, R), R)dv', ©O(Z(R), R)=2m. (3-2)
0

Using the change of variable determined by the length function, we can parameterize any function
f = f(R,0)into f = f(R,®), defined by

f(R, D)= f(R, O, R)). (3-3)

This is nothing but a change of coordinates from (R, 6) to (R, ¥¥), but we insist on keeping the “tilde
notation” in order to avoid confusion (when taking averages and R-derivatives).

The average of any L!(S') function f is now naturally computed with respect to the measure d¥, that
is,

. 1 Z(R) 1 2 |
(f(R)) = —/ fR)dY. = —— f(R)a(R)" do = (f(R)), (3-4)
P (R) 0 & (R) 0

which, as stated, obviously coincides with { f (R)) as defined by (2-18). Note that the periodicity property
is preserved in the new variable, that is,

F(R, 0+ 2(R)) = f(R,0)

for all relevant values of R and 9.
Using the above notation, we can for instance rewrite the correction %Y introduced in (2-17) in the
form

1 2® _ N N
9Y (R) :=E/O (UR) — (U(R)))Ug(R) dv. (3-5)

This form has some advantages when differentiating with respect to R, since it directly involves the
perimeter and its derivative, which have a geometric meaning.

3B. Derivatives of the mean values. We will be taking time derivatives of the above quantities but,
since the time-derivative operator and the spatial averaging operator do not commute, an analysis of the
corresponding “commutator” will be required. The following properties will be used throughout the rest
of this article.
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Lemma 3.1 (general identities for the mean values). For any (sufficiently regular) function f = f(R, 0),

one has 5
d - ~ K- ~ PR~
_ — _ 2ny 2%
dR(f) <fR)+2R3<f ) @<f),
d () = 2 ) + 2K
dR —TVR Rz
in which f is defined by (3-3).
Proof. From the definition
B 1 P 5 1 2 |
= — dy = — R,8)a " dé,
(f) 7 J, S 7 ), S(R,0)a
we deduce that )
d - ~ 1 T - Pr =
— = — dg — —
dR(f) (fR)+9, ; S@ e gz(f)
~ 1 2 KZEZn . PR~
= JR— - de -
<fR>+{@/0 e 30
2
~ — gR ~
= [ 277 -
(F) + s (Fe2) = ),
which leads us to the two identities stated in the lemma. O

The above lemma allows us to derive the following estimate:

Lemma 3.2 (commutator estimate). The commutator associated with the time-differentiation and averag-
ing operators satisfies, for all functions f,

d

- - K? .
d_R(f>_(fR> < %(Ifl)ll(ez")ellu(sl)-

Proof. From the above lemma, the expression of &g and the evolution equation satisfied by a, we deduce

d N 5 2 2 . 27
—(f) = < (R, 0)|e* (R, 0) % — 2a-Y(R,0')do'| do
) <fR>‘_2R392f0 |Fla"\ (R, 6)|¢>(R, 6) fo (R, 0')
JTK2 r 2 o 2 "N —1 / ’
< (1f1) sup|e”(R, 0) 7 — e”(R,00a" (R,0")do
R3‘@ peS! 0
with
2
sup eZ"(R,e)gﬂ—/ e*(R,0)a " (R,0") do’ gy(supez'?—milnez”)§9||(e2’7)9||y(51). a
fes! 0 gl S

The following conserved quantity will also be useful in our analysis. It follows simply after a global
integration in space of the wave equation (2-3) and an integration in R on [Rj, R].

Lemma 3.3. For all R > Ry, the following conservation law holds:

RZ(Ug) = RiZ(R1)(Ug)(Ry).
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4. Evolution of the modified energy functional

4A. Evolution of correction terms. Using Lemma 3.1, we can compute the time derivative of the
corrector ¥ in (3-5); indeed:

dgv__Lyv, 1 2N(U (ONHU ’1d9
_ — — a
dR R R K
1 U + 2 -1 K> —- PR ~
=——wV4+— | U2a'do+— ——U2'7 2 (U))Ug dv
R / pa Ao /( 3 Ve + 5 (0)) U
1 [ ~
+— | (U—{U)Wra Hrdo,
R Jo
so that, by using the field equation (2-3) satisfied by U,
d 1 1 (7~ P~ K? -
— gV =——gU —/ UZdo — = ((Ug))? — — 2(Ug)(Ue?
TR 27t Uk R(( R)) R (Ur)(Uem)

27 -1
+&(U><UR>+_ (U—(U))(—URa +(0U9)0> do

Integrating by parts the last term, we obtain

2 1 (7~ 1 (7~ P~ K? PR~ ~
—ZgV 4 — Uzdﬁ——/ T2d9 — = (Up)? — —— 2 (Ur) (U + 2Ty (Tg
= +R/O R0 — ¢ [ T3do (00 = 5 2T U + S D).
After reorganizing some of the terms, this leads us to
d o 1 (7 ~, 1/W~2 1 v Pr_y
—gV =—— Ujdo+— Usdd ——9Y — =9V + Qu, 4-1
dR Rfo PR ), R R A 41
with
PR oy P o~ 5 1 ., K? PR~ ~
Quu = 2RV T (Tp))? — %Y — —— p(Ur)(Ue) + 2R (T )(Tg). 4-2
9= 7 (UrD"— & Sra 2 UrNUe™) + R( MUR) (4-2)

The term Qv will be shown to be an “error term”, while the remaining terms in the right-hand side
of (4-1) will contribute to the derivation of a sharp energy decay estimate. In (4-1) and (4-2), we have
added and subtracted the term (£ /P)Y U as this will simplify some of our estimates.

4B. Evolution of the corrected energy. Summing together the contributions of the energy and the
correction ¥V, we find

d K2 2 2
L er9Uy=—"_ Ez”de——f ~1U2y 40
TR 2R3/ ¢ R, @ VR

2
1
—/ _IURdG——/ Uﬂdﬁ——gU—EgU+QgU

Z
R(£+%U)——(£+%U)+szg+szwy, (4-3)
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where the error terms are Q4v, defined by (4-2), and

V7 K2 27
Qp = —R@@——f Ee* do.
2" 2R3 ),

4C. Estimate for the energy correction. We will need the following 1-dimensional Poincaré (or Wirtinger)
inequality: for any a > 0, if f is an a-periodic function in H'!(0, ) and has mean value 0 on this interval,

then
2 a2 12
f Em [ (4-4)
[0,a] [0,a]

This is easily checked by, for instance, using a Fourier decomposition of f. Using the above notation, we
have the following lemma:

Lemma 4.1 (estimate of the Y correction of the energy). We have

9 R)| = T s (R)

Proof. We apply the inequality ab < %(a2 +b?) to the integrand of R%Y, but we insert weights of 2 /(21)
S0 as to obtain

P2 (7 ~ 2 7 Lo P [T 2 (7 ~ P
|RgU|5—/ U};dﬂ+—”/ (U—(U))2d15‘§—/ U,%ald9+—/ Usdd=-"—¢&. 0
47'[ 0 2(@ 0 47'[ 0 47'[ 0 47'[

4D. Estimates for the error terms. In this section, we estimate all the error arising in the corrected
energy formula (4-3).

Lemma 4.2 (estimate for the |Q2¢| error term). We have

21 KZ 21 eZn
Q] <g—f 2RE® = 6 — —.
2R3 a )g

P KZ 2 2 -1
—R:—3 ez”a_ldQ(/ a_lde) ,
P 2R> Jy 0

so that

KZ 2 P
——f Ee¥do+ =X ¢| <
2R3 ), Iz

Proof. Recall that

2 2
E(R,0)do “I(R,0")|e*"(R,0") — e*" (R, 0)| dO’
2R3ﬂfo (R,0) foa( e "( ) —e”(R, 0)]

2 21

2
Eéam |2ng|e~" d6

2 27r 2 2 2n
<E— 2REe™ df = & — — ) deb,
2R3 2R3 a )g

where we have used the constraint equation (2-7) for ¢ and the identity (2-9). [l
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Next, we analyze the error term Q4uv. It is convenient to split it into three components as follows:
Qyu = I + I + I3, where [1, I and I3 are defined as

1
L=-—9Y,

R

PRy PR o~ o~ K?
L =—9 Z2(UWUR) — — 2 (Ug){Ue?M),
2= 90 + S UNOR) = Sz P (UR)(Ue?)
I = -2 (00
3= R R

3] < *
Y= RP(R)
where d is a nonnegative constant determined by the initial data:
sl = R{2(R)*(Ur)*(Ry).

Proof. The estimates on I and /3 follow immediately from Lemmas 4.1 and 3.3, respectively. We then
estimate I, as follows. Note first that

P PN Xy Ny R Sap Ty MYy
Ty R kIR VR
KZ 27 27
= 5 Ur(R,0)a (R, 0 </ (R, 0)a""(R,9)[U(R,0)—U(R, 9)]d0) do’:
2 Jo 0
hence,
- i Pr P
|| < / |UR|d0/ ezndﬁ/ Ts|do < =2 (&2 < ZRp O
2R4 2 ), 0 0 R R

4E. Combining the estimates for the corrected energy. Collecting all the estimates for the error terms
above and noting that /3 has a sign, we obtain the estimate

d 1 P P Pr K2 (27 (e
— (& +9Y —+ = )Ee+9Y) < £+ =6 (g)—/ —.
arCT )+(R+ 32>( TSRS T R R o \a /g

from which it follows that

R2(&+9Y)(R)

R (@257 R R K2 21 e2n
5R09(<§3+§4U)(R0)+/ dR' + PrPEAR + PE / — | d6dR'.
Ry 4T R’ Ro Ro 2R? Jo a /g
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Similarly, we can obtain

d U o P2 K2 2w 20
—(RP(E+9 ) >——— ——E+ PPrE+ PE—— — 1, 4-5
R BT CETT Nz = = pgf T T TRES 2R2/0 (a)R )
leading to
R g
RP2(&+9Y)(R) ZRog”(éa-i-%U)(Ro)—/ dR’
Ro 47TR/
R R KZ 2 2n R oA
— | orpedrR | 2 2/ (e—) d@dR’—f _dR,
Ry Ry 2R"* Jo a Jr Ry R’

where A is the constant in Lemma 4.3.

5. A dynamical system for the renormalized unknowns

5A. The dynamical system. In the previous section, we have obtained differential inequalities for the
quantity (& +%Y), with error terms depending mostly on & and 2. In this section, we will try to obtain
effective equations in order to control the asymptotic behavior of £2. For convenience, we introduce the
notation

F.=2& and 9G:= 2 +9Y).

We have thus seen that % satisfies “good” differential inequalities while it is ultimately & that we want to
control, as it is a manifestly coercive quantity (contrary to ). We will rely on the guess that the function 4
decays like 1/R, but we will not use yet the differential inequalities derived for % in the previous section.
In fact, 6 will appear here only in the form RY /4.

The system of ODEs: spatial integration and first error terms. Let 2 = |, sl %K 2e21q=1 d. After integra-
tion in the spatial variable of the Einstein equations (2-5)—(2-6), we obtain

9

Pr= e (5-1)
g =2RFAP >+ Q, (5-2)
where €25 is given by
K’ 2 —1
Q9 =2R —Ee T — 2769 ).
S1 2
As in Lemma 4.2, Q9 satisfies the estimate
2 6277
Q0| < RK%@/ (—) d6 =2REAR. (5-3)
0 a /g

Renormalization. According to our previous discussion, we expect &2 to blow-up in the limit. One can
check heuristically that “# growing like R'/?” and “2 growing like R>/?” seem the only possibilities
(as powers of R) compatible with the equations, under the assumption that 2& behaves like R~ (see



FUTURE ASYMPTOTICS AND GEODESIC COMPLETENESS OF POLARIZED T2-SYMMETRIC SPACETIMES 377

1/2

the discussion at the end of Section 2D). Thus, one may try to introduce variables ¢ = ZR~"/~ and

d = 9R~5/% and prove that ¢ and d converge to some finite values. Using (5-2), the equation for d is then

_d
R

<2R2%@_2 _ %) + Q.

dr
From this equation and the coupled equation for ¢, it is not clear whether & and d converge. However,
assuming 9 to be a negligible term, it suggests that 2RF 22 — % as R — +o0. Equivalently, it
suggests that 22/ RF'/? — % Similarly, one can guess that 2./(R*%!/?) — % We thus introduce a
new set of variables ¢ and d, replacing & and 2, based on these considerations.
However, since it is actually % that satisfies “good” differential inequalities, we define ¢ and d as

P

= 5-4

c PG (5-4)
)

di=—— (5-5)

where we recall that Y = 22(& +%Y). Once again, we emphasize that, while § behaves asymptotically
as %, it is important to use this normalization rather than the one based on %, since the normalization
procedure will introduce a derivative of % in the equation and it is this derivative (rather than that of %)
that we can control directly.

Note that, while & is manifestly nonnegative, this is not the case for 4. In the rest of this section, we
will assume that ¢ > 0, which ensures that all the computations below (as well as the definitions of ¢
and d) make sense. In the next section, a lower bound on % using a bootstrap argument will be recovered.

An easy computation shows that (c, d) satisfies

, d ¢ ¥
=—=——=—=—— , (5-6)
R R 2%
F2dc™> 3 d¥ Qg
A= Syt 0 (5-7)
4 R R 2% RW/g
To find the correct limits for (¢, d), let us first consider, the ordinary differential system
, d ¢ c
c=—=——=4+—,
R R 2R
5-8
. 2dc™? 3 d (>-8)
d = I + P
R R 2R

which is obtained from the previous one by replacing %/% by 1, dropping the error term 5 /(R3+/%9)
and replacing —%9' /4 by 1/R.
Looking now for a static point (¢, doo) Of the above system, we find that there is only one solution:
Coo = %5 and dy, = % Thus, let us introduce ¢ and d; by
1

2
cil=c—— and di=d— —. (5-9)
: NG : V5
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We finally deduce the equations satisfied by ¢ and d; from the equations (5-6)—(5-7); that is,

1 2 2
d1+7§_7§+01 _\/—g—i—clg’
R R 2 9’

1
g2 di+—= 3 1 g Q
dg:——z—ﬁz——(dﬁ—) (d1+—)— %
&@R(TSJFCI) R J5 JV5)24  R3J94

Looking first at (5-10), we rewrite it in the form

1 1C1 C1l (g/ 1 (g/
et -2 A R - —(14+R).
TTRMTIR 2R< + Cg) Rﬁ( + %)

C1:

From (5-11), elementary calculations (keeping in mind the linearization of the system) lead us to

g S (1 G N L RY
TR R T2 29 R2J5 )

oL

dl+%f5

(5-10)

(5-11)

Qo

R f<dc>+2("* 1)
- - 9 1, C1 PP
Rler+ ) e

+ b
R3.J/%4

where f(cy, d;) is a polynomial in c¢; and d; with vanishing linear part (the first terms are quadratic in ¢

and d;). Thus, we have

5
di = —Jzc1+ QU+ Q) + 9 + Q5+ 9,

d1 C1 .
C/l :E_ﬁ-i_szhn-i_szt’

d . .
where the terms Qf contain all the error terms, i.e.,

- (00 10)

M=k f( M)

Qd——l f
2 — 2 lacl)
R(c1+ %)

Qd—z(%_l) d1+f

3T R\ y ’
(ﬁ+c1)

d_ 2o

YT RIVEG

(5-12)

(5-13)

(5-14)

(5-15)

(5-16)

(5-17)

(5-18)

(5-19)

(5-20)
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Setting now u := (2‘1 ), we rewrite the system under consideration as

;1 ((-51 1(, L 9RY,
u—R —%O_Z +<g 2 Juto,

where o contains all the terms Qf’d apart from Q¢ and Q¢

lin lin @nd 7> is the identity matrix. Consider the

matrix

and also let

Then, we find

KA+B . RAYB ] o
u = exp R dR u(Rp) + exp dR" |o(R")dR'. (5-21)
R

0 Ro , R//

Note next that

RA+B R A R B R A RoG(R)\ 2
CXP/ + dR/=exp/ —dR’exp/ —,dR’=exp/ —dR’ (M)
R R k R x R xR R RY(R)

and that the eigenvalues of A are AL = —4—11 + %@. Hence,

RaA Ro\?
exp [ = dR| <Ca =2
o R R

0
for some constant C4 > 0 depending on the matrix A and we have the following result:

Proposition 5.1. Provided the corrected energy G is positive for all R € [Rg, R1], one has, for all
R €[Ro, Ri],

Ro\* [ Ro4(Ro) \? R /RN (RGRH\ .
[u(R)| < CA(?) (W(R)) |M(R0)|+/RO CA(E) (m) lw(R)|dR’, (5-22)
where

o] < C(1Q¢|+ 94| + 199 + 124] + 12£)).

It remains to combine the above inequality with our differential inequalities for ¢ and estimates on the
error terms.

5B. Source terms of the dynamical system. We now combine our results in the latter two sections and
we estimate the source terms of the dynamical system. We will assume here that % is strictly positive, a
property that we shall retrieve below in a bootstrap argument.
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Estimate for |Qq9/ (R3\/@) |. Since we have
3 @

9 =dR’V4 and ng_dRR3f+3dR2f+d2f

w
R

Observe that, while some terms in the right-hand side have no sign, their sum does (because 2y is

it follows that

/

d 4
<2&Rd 6RE— + R&EA—.
=< R+ R+ 3

positive).

Estimating R9' /% + 1. From the corrected energy estimate, we get

<g'+<g - 9”5+ o %KZ /62" +@Rg
P PR|” 4nR? R32(R) 2R3\ Js1 a ), R

hence,
RY 2 F 4 FK? e F A FIx FJG

=173 9 — PR ozt . (523
’% * ‘_47TR‘§+‘§R2+‘52R2</51 a>R+<g R TSR e m Ty “/_ -23)

Estimates for Q’l It follows from the estimate (5-23) and the definition of Q2] and Qf that there exists a
constant C > 0 such that, fori =d, c,

o Cf A Fop %/_
Q<= —+=-=2 d 5-24
| 1|—R(<gR2+<gR2+<g4 [) (5-24)

Estimates for %6~ and Qg . Using Lemma 4.1, we have

1 2% P2 F
< < —.
“47R % T 47R Y

(5-25)

‘ g ‘

F-4| |or9Y
4 =

As a consequence, provided that c; is sufficiently small — so that % + ¢ is bounded from below by,
say, % — we find

oL

4TR2 %G

Q4] < C(ldi|+ 1) (5-26)

for some constant C > 0.
Note that at this point, we have estimates on all the error terms arising in (5-14)—(5-20), apart from Q‘zi
which will be estimated directly in the next section (using a smallness assumption on c, d).

Estimates on 6. After integration of the corrected energy estimate, we find

11 R/ For  FI
IRG — RyS(Ro)| < &4<R— _ —) +/ ( F+ X4 ) dR'. (5-27)
0 Ro

R 47R" T RZ T R3

The last term can be rewritten in terms of #g, giving

R — RyG(Ro)| < ot - — 2 +/R 7 G+ TR gm0 ) dR (5-28)
0 0)l = RO R R, A7 R’ R/Z R :
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6. Small data theory

6A. Assumption on the initial data. We now restrict ourselves to small data in the following sense. Fix
C; >0, A €[0,+00) and Ry > 0, as well as some € > 0. Consider the class of initial data satisfying

Ro%(Ro) — o >C; >0, (6-1)
Ry
lc11(Ro) <€, (6-2)
|di|(Ro) <€, (6-3)
F
lg—l'(Ro)Sl, (6-4)
A
9(Ro) + — <¢, (6-5)
Ry

where s = R} ([ a‘lUR)z(Ro).

Note that the first assumption implies in particular that 6 > 0. The second and third assumptions imply
that & and £y are close to their expected asymptotic behavior (which depends on &, hence the need
for normalized quantities). The fourth condition implies that the correction term ¢V is “not too large”
compared to the energy &. The last inequality means that the (rescaled) energy is small.

Let R, be the largest time R such that the following bootstrap assumptions are valid in 3B := [Rg, Rp).
For all R € %, we have

le1|(R) < €'/, (6-6)
|di|(R) < €'/4, (6-7)
E — 1‘(R) <2, (6-8)
0 <%9(Ry) < (RO%(RO) + %) % (6-9)

The set 9B is clearly open in [ Ry, +00). Moreover, Z is nonempty, by the smallness assumptions.
As an immediate consequence of (6-6) and (6-7), if € is sufficiently small then we have, in %,

1 1
—(Rp) = ————(Ro) <2, (6-10)
c? cl +%)2
|C|=‘ﬁ+cl <1, (6-11)
1
|d|=‘ﬁ+d1 <1 (6-12)

Furthermore, from (6-9) and (6-5), we have immediately, in %,

G <22 G(Ro) + <22 <2 (6-13)
— — €— <2e. -
-~ R 0 R(z) - R T
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We now consider C| and o as fixed in (6-1). We will show that there exists an €y > 0 and a constant
r > 0 such that, for all 0 < € < €g and Ry > r, the set R is closed; this will be done by “improving” each
of the bootstrap assumptions (6-6)—(6-9). Moreover, €y will depend only on a lower bound for r (as well
as o and Cy).

6B. Improving the assumption on %9~1. In view of the estimate (5-25), we have
1/2
——1 <3C(g <3_\/§€1/2
4 T 4m T 4m
by using the bootstrap assumptions (6-8) and (6-11), and using (6-13). This improves (6-8).
Throughout, the letter C will be used to denote numerical constants that are independent of € and Ry

) (6-14)

‘ F

and may change at each occurrence. Thus, the above estimate reads

o
‘ §Cel/2.

F
~
)

Improving the 6 assumption. From the corrected energy estimate (5-28), we have

A R % K AR PR
RY < Ry9(R — RG—| —— dR’;
= Fos( O)+Ro+/RO <g<4nR/2+R/3+ R/)

hence,

Dy R | P . PR
Gg<— 14 Ce'/? 9xR 4+ 2.
_Rexp RO(—i— € )|:471R/2+(R +R/

where Dy = RypG(Ry) + /Ry and we have used the improved inequality (6-14).
The integral fé(@/@ﬂ R’?))dR’ can be estimated using (6-13):

dR < Cel/?

R L /R cR'G\/2 IR < /R Cel/zRé/z
Ro 47TR/2 Ro 47TR/2 - Ro 47TR/3/2
for some fixed numerical constant C > 0.
For the other integrals, we integrate by parts:

R R
Ar | Pr , 2 2z 3. @ ,
/R (ﬁ*?)“ B r ) [WJFE}"R
0

0
R
3d
<(c+d)§+ / Mt g
Ro
R ol)2

§C61/2+C/ RLel/zdR/
%, R

(R))dR’

< Cel?,
Combining this result with the previous estimate, we have thus obtained
RG < Dyexp((1+Ce'/*)Ce'/?) < 3Dy (6-15)

providing that € is small enough. This improves (6-9).
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A lower bound on 4. We derive here a lower bound on R%. From the corrected energy inequality in
differential form (4-5) and the estimates on the error term, we have

d st F( 2 O P
— (R9>—-—— —RY| == + 2 4 2|, 6-16
R F9= " |:<§<47rR’2+R/3+ R )] (6-16)

Let

4

o _F( 2 A Pr
mR: TR R

The estimates of the previous sections have shown that

R
/ QdR < Ce'2.
Ro

We can rewrite (6-16) as

d s )
—_(R9) > —— — R4,
dR R2

leading to
d R A R
— R(Qexp/ Q' dR' | > ——exp/ Q' dR’'
dR Ro R? Ro
d (d k
=—| = exp/ Q'dR’,
dR\ R %
d (A R A R
=— —exp/ Q' dR’ ——Q/exp/ Q'dR'.
dR\ R Ro R Ry
Thus,

d A R oA R
—|{ RG— — exp/ Q' dR’ z——Q/exp/ Q' dR/,
dR R &, R R

which leads after integration to

sd sd s sd c
RG—= > (RyG(Ry) — — | (1= Ce'?) = ZCe'P =Ci(1 = Ce'?y = =ce'? > =L
R Ro Ro 2

Ry (6-17)

provided that € is sufficiently small, depending on ${, C; and a lower bound on Ry.
Since A > 0, we have thus obtained R > %C 1. In particular, we have improved the lower bound
bootstrap inequality for 4.

Remark 6.1. Instead of starting from the corrected energy inequality in differential form, one could use
here the estimate (5-28) as well as the estimates of the previous section to estimate the term containing 4
in the error term. This would lead to an estimate of the form

RG> Cy — DyCe'/?

and would therefore require € to be small compared to Dy. The above method has the advantage of not
constraining € any further.
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Improving the ¢ and dy assumptions. Using the lower bound on % just obtained, the bootstrap assumption
(6-9), the initial data assumptions (6-2) and (6-3) and the fact that R’/R < 1 if R’ € [Ry, R], it follows
from (5-22) that

1 1 1
CADQ 2 4D0 2 R 4D0 2 R R\ *
Iu|§< = )e+c(—) (1921 +194)+194) dR +C 222 [ Y qed1+194) dr'.
R

i C Ro C s LR
(6-18)
We now estimate all the error terms in w. First, we have
C 4 Cl2 d R
QL Q<=1+ R=|<=[==+4C=+c9'?), 6-19
| 1|_R‘+ ‘g_R(ClR—'_ =t (6-19)

using (5-23), (5-24) and (6-8). The first term in the parentheses in the right-hand side of the last inequality
will contribute to (6-18) as

1
3 R
<4ﬂ>/ o dR < C DR < C
cr) Jy ai® cV

32 1/2(D0R0_1)1/2SC(C1,R0,&Q)61/2,
C/'"Ry

by using the smallness assumption (6-5). The second term can be estimated using an integration by parts,

1 1
C R, R - Ci
Since Dy/Ci =1—24/(C1Rgp), we thus obtain

1
5 R
c(ﬂ)zf 2 dR' < Ce'?,
Cl Ro R’3 -

by choosing € sufficiently small, depending only on a lower bound on C; and s and a lower bound on Ry.
The last term in (6-19) can be estimated using (6-13) leading to

R l/2
/ “ dR' < Ce'/?,
R

leading to the estimate

0 R/
The estimates for Qg and Qg’ are straightforward using the bootstrap assumptions

C C
|Q§|§—el/2 and |Q§1|§—61/2.
R R

For Qj’ , we note that, in view of (5-18) and (5-3), we have

Q%] < ——.
R3V%
Then, we note that
F F
T 2 cRY/Y

hence,

g1 L(Z
cR\9)
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Using the bootstrap assumptions, this leads to

1%29
Q] <~ == <C%R (6-20)
cY R3

where we have used that 2 > 0 in the last estimate. Its integral can then be estimated by integration by
parts, as we have already done previously.
Combining all these estimates leads us to

1
2Do\?
lu| < C(C—O) €+ C(Cy, Ry, A)e'/? < C(, Ry, Cy)e'/?,
1

which improves (6-6) and (6-7). In conclusion, we have improved all of the bootstrap inequalities and it
follows that

B = [Ro, +00).
7. The asymptotic regime

In this section, we state and prove our main result.

Theorem 7.1 (late-time asymptotics of 7>-symmetric polarized vacuum spacetimes). Let s > 0 and let
C1 > 0 and r > 0 be fixed constants. Then there exists an €y such that, if 0 < € < €y and Ry > r then,
for any initial data set satisfying the smallness conditions (6-1)—(6-5), the associated solution has the

following asymptotic behavior: for all times R > Ry and all 6 € S',

lul(R,0) = O(R™%), (7-1)
|IRG(R) — Coo| = O(R™'/%), (7-2)
2
P(R CI2R'2| = O(R'%), 7-3
‘ (R) — ﬁ (R'/%) (7-3)
A(R) — —=C2R?| = O(R*Y), 7-4
‘ (R) ﬁ (R%/%) (7-4)
ﬁcgz —7/4
‘m)—w = O(RT1, (7-5)
1 / / / -1/2
— [ n(R,0)d0' —n(R,0)| = OR™'?), (7-6)
27'[ sl
|K2e®"(R,0) — R?| = O(R"%), (7-7)
la="(R,0) 27 (R) — 2(0)| = O(R™'/?), (7-8)
‘i/ U(R,0)d0 —U(R,0)| = O(R™'/?), (7-9)
27T s1
|U(R,0) —Cy|l=O(R™ /%), (7-10)
4
H(R,0)— ——C\2R'2%0)| = O(RYY), 7-11
l (R,0) P ©) (RY%) (7-11)
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where Coo > 0 and Cy are constants depending on the solution and $(6) is a W'1(S") strictly positive
function.

Proof. Most of the above estimates are simply obtained by revisiting the proof in the previous section and
checking that the error terms are now integrable.
For instance, in order to prove (7-1), note that, from (5-22) and the estimates of Section 6, we have

R
lu| < CR—1/4<1+/ R’1/4|w(R/)|dR’). (7-12)
Ro

From (6-19) and (6-20), one can easily see that the contributions of Q, Qf and Qf are integrable in R.
For instance, using an integration by parts,

o 2 o2
R, R34~ R3—1/4+ ROW ’

R
1/2 p—1/4
(R9)/“R JFC/R0 BT

S C (R/(g)l/zR/—S/4dR/’

R341/2

R
SCR—1/4+C/\ R/—5/4dR/
Ro

<C.

For le , it follows from (5-26) and the estimates of the previous section that |S2§1 | < CR73/2. Thus, its
contribution to the integral of (7-12) is integrable. Since, moreover, |SZ‘21| <(C/R) lu|?, (7-12) has now
been reduced to

R
|u §CR1/4(1+/ R/3/4|u|2(R’)dR’>. (7-13)
Ro

1/2

Since we already know from the estimates of the previous section that |u| < Ce'/~, an application of

Gronwall’s lemma gives us the weak bound
RY4|u| < CR".

It then follows that R=3/#|u|> < CR™/4*€ and thus, for € sufficiently small, (7-13) now implies the
desired estimate (7-1).

Similarly, to prove (7-2), first note that d(R%)/dR is integrable, using the estimates of Section 6
and (5-23). Thus, there exists a constant C, such that R§ — Cy, as R — +oo. Since RY is uniformly
bounded from below in view of (6-17), we have Co, > 0. To get the rate of convergence, it then suffices
to write R§— Coo = [ ;;o (d(R'9)/dR) dR’ and to estimate the integral as before.

Then, (7-3), (7-4) and (7-5) follow from the definitions of &2, 9 and &.

For (7-6), using (2-7), the simple estimate F' < E and (7-5), we have, forall R > Ryand 6 € S L

1
—f n(R,Q/)dG/—n(R,G)‘Sf Inel(R,G’)dG/S/ RFdQ/Sf RE <CR™?
27'[ st Sl s1 s1
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for some C > 0. For (7-7), we use (7-6), (7-3) and (7-4) as well as

c@%Kzezn(le’ 9) — f a_l(R, 0/)%K262(77(R,9)—n(R,9/)+n(R,9’)) d@/
Sl

s1
=9(1+O(R™'%).

For (7-8), we first differentiate (2-5) in 0; that is,

2

K=
(2 lna)Rg = —Fe 2779. (7-14)

Note that the right-hand side is integrable in L([Rg, +00) X S 1) since

Jo k.

in view of (7-5). This implies that (Ina)y(R, 6) converges in L'(S') as R — 400 to some function

K2
=5 2o

R
dodR < / CR'R& <C, (7-15)
Ro

R(0) € L'(S") and, moreover, we have the estimate

I(na)y — Rl sy = O(R™?),

by using (7-15).
Integrating over [6, 6'], we get

a(R’Q) _ o " " —1/2>
RO —exp( i RO dO" + O(R™'?)).

Integrating again in the 6’ variable, we get

< C(exp(O(R™H)—1)= O(R™'/?).

a(R,0)P — / el R@ 0" g
Sl

For (7-11), it is sufficient to note that, with the knowledge of the asymptotic behavior of a and 7,
and (2-8), we can integrate Hp directly and then compute the integral up to some error.
The property (7-9) is an easy consequence of (7-8), (7-3) and (7-5). For (7-10), we observe that

d 2 2 2 %
—f Udb| = / Urdd| < 2m)'/? / Uz db
dR Jo 0 0

2 2 2
(/ Uz de)(R) = (f a”laUs d@)(R) < sup a(R,0) a”'Uzdo
0 0

[0,27] 0

1 1 o —1y72
5(54‘0(61))%/0 a URd0

C
<

and
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for some C > 0. Here we have used (7-8) together with the fact & is bounded away from zero uniformly,
as well as (7-3) and (7-5).
d 2
| uae
dR Jo

This implies that
5 J—
and, by integration and (7-9), we obtain the rough bound on U,

U <CInR

Applying now the commutator estimate from Lemma 3.2, we have that

d ~ TK? ~ m
i - R =~ e 2] Ll(Sl)' -
dR< ) —(UR)| = 8 (TNl (7-16)
From the above rough bound on U, we have
(I0))| < CnR.

Moreover, one can estimate || (e*")g|| L1(s) as before to get
2 3/2
€Ml L1cs1y < CRYZ.

Thus, the right-hand side of (7-16) is integrable in R. Since, moreover,

~

1 2 . RO 2w )
Ugp) = — Ura (R,0)d0 = — Ura™ (Ry, 0)d6
(Tr) @/0 ra (R, 6) @R/O ra~" (Ro, 0)

using the conservation law in Lemma 3.3, it follows that (Ug) and, therefore, d(U) /dR are integrable.
By having checked the convergence of all the integrals involved in our analysis, this completes the proof
of (7-10) and, thus, of Theorem 7.1. O

8. Future geodesic completeness

In this section, we complete the proof of the geodesic completeness property under the smallness
assumption (6-1)—(6-5). There are only small modifications in comparison to the proof already presented
by the authors in [LeFloch and Smulevici 2016] for weakly regular Gowdy spacetimes. One of difficulties
(observed and solved in [loc. cit.]) is that, with limited control of the Christoffel symbols in the L'or L?
norms (in space) only, the local existence of geodesics is not guaranteed by the standard Cauchy-Lipschitz
theorem. Instead, we first established that the Christoffel symbols admit traces along timelike curves and
we relied on a compactness argument a la Arzeld—Ascoli in order to establish the existence of geodesics.
This part of the analysis can be repeated here almost identically in our T setting, by using the estimates
in [LeFloch and Smulevici 2015] for the compactness argument. (This compactness is required in the
proof of existence of traces, as explained in Proposition 3.5 of [LeFloch and Smulevici 2016]). We do
not repeat these arguments here and directly assume the existence of geodesics (which, for instance, is
immediate in the smooth case).
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Theorem 8.1 (future geodesic completeness). Let (AL, g) be a nonflat, polarized, T?-symmetric, vacuum
spacetime with weak regularity whose initial data set satisfies the conditions (6-1)—(6-5). Then all future
timelike geodesics are future complete.

Proof. For simplicity in the presentation, we focus on the smooth case. Let £ be a future maximal timelike
geodesic defined on an interval [sg, s;). We have g(é , S ) < 0 and
E¥ 4Ty £PEY =0. (8-1)

Following [LeFloch and Smulevici 2016], we observe that, since X and Y are Killing fields, Jx = g(é , X)
and Jy = g(é, Y) are constant along &, so that Jx = e?V (éx + Gé‘g) and Jy = e_ZURZ(éy + Hée) are
constants along £. We use the same strategy as in [ibid., Section 4]. First, by standard arguments (see [ibid.,
Lemma 4.10]), it follows that R(£(s)) — +o00 as s — s;. Then, since R(&(s)) — R(£(sg)) = fs“; ERds, it
follows that any bound of the form £% < CR? for p < 1 implies that s; = +00. Note also that, since
R(&(s)) — 400, given any R’ > 0 we may assume, without loss of generality, that R(£(sp)) > R'.

We now analyze the structure of the equation satisfied by £,

ER TR EPEY =0 (8-2)
The term FR ";‘ P&V =0 is decomposed in the form

T EPEY =TRRERER 4 T EE% 4 2T £ ERES 4 oT f E08° 4 TR &,

where {a, b} = {X, Y}. Recall now that

= U &
_ U —Z(TI—U)

Ly = R—zR - a_;; + 2V URGZe 2170 (6_2UR2H2)R6—’ (8-4)
a a 2

O, =y~ Us. (®3)

1
— Uy =2R|Ur — — Uyp.
No 0 <R 2R>0

while

As a consequence, it follows that the following quadratic form inequality holds:
2, =2 372 1 K? o2 2, 2
(Mr—UR)AR"+a "d0°)+2(ng — Up) dRdO + 4R+4 ")(dR*+a"2do*) >0. (8-6)

Returning now to (8-2), this leads us to

‘R _ 1 K’ 2 2, -2 2
3 (—-i-me )((S ) +a (S))Jr (5)

—2(n-0)

Ri——)@ﬁzwgs—rs?

_ (eZU URG2€—2(7]—U) _|_ (e—ZURZHZ) 2
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Note that the term containing ag/a> has the right sign and can absorb the term K2¢>"(£7)2/(4R3). Using
moreover the estimate (7-7) and the fact that |a‘1§'9| < éR, for all € > 0 we may assume that R&(sg) is
sufficiently large that

¥R 3+€ 2 R 16 a R taib 2w 2 _2(n-U) N A YT
£7 < (ER? —2rf %6 —TR el — [ 2VURG?e ") + (e RH)RT(S)-

Recalling now that d R /ds = R, the last inequality can be rewritten as

di(R—3/4—eé.R)
s
< R—3/4—€ (_ (eZU URGZE_Z(n_U) + (e—ZU RZHZ)R%e—Z(T]—U))(éH)Z _ ZFQRaéeéa _ Ffbéaéb)- (8'7)
For the three terms in the right-hand side, recall that
FR — —27} 4UU G
FII;Y é —201-U) (¢=2U R2 ..
These terms can be combined with the terms containing H> and G? above arising from Fg@ as follows:
PRy E? + 20 7Y 4 2 URGRe 20 (E0)2 = e 2V U (6% + GE%)? = 7 1UR 1}
and
Ty () + 2Ty 676" + (2 RPH?) g 1™ (E7)?
= e 20~ U)((e_ZURZ)R(é +HE® + e U RP2HHR (§)* + 2 *Y HR R*E7EY)
=362 ((e YRR~ Iy + 2HRETTY).

Nowletu:n—U+%lnR—%lna. Note that

1 2
2772
MR:R((UR_ﬁ) +a U@)ZO

Then, using that U is uniformly bounded and (7-7), we easily have the estimates

1
le 21Uk T3] < CR2<R1/2M}{2 + E)’ (8-8)

—2(n=U) 1
eT(e’ZURZ)RR’4e4UJ§ <CR™ (Rl/zlu}e/z i E)’ (8-9)

for some constant C > 0. Moreover, in view of (2-8), (7-7) and the estimate |:§9| < aé R,

R
| —2(n— U)H $9JY|<C§
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Returning to (8-7), we obtain
i(R—3/4—eé.R) < CR_13/4_6(,u1/2 L RTI/2y +Cé_R
ds - R R3
The second term in the right-hand side is integrable since £é® = d R&(s) /ds. Moreover, R~13/4=€¢ R=1/2 js
decreasing in R and, therefore, integrable on any bounded interval [sg, s1]. Thus, it remains only to show
that R‘13/4_€,u}e/2 is integrable.
Let M2 = —g(£, &). Then we have

) £0 M2e—20—U)
- <l—-—\
<SR> B (£R)2

Let x = M?e 2= /(ER)2 < 1 and let p = n — U. Then we find?

d—"+——(1 R) = So6R = (1= (1= )"

- xHrER. (8-10)

)urER

l\.)lH

In particular, dp/ds + }‘d(ln R)/ds — (aR/(Za))éR > 0. As a consequence, we have

dp 1d AR R\ as—220%R
<2l —+4+>—(InR)— — M PER,
Hr = (ds+4ds(n ) 2aS ers
Now, recall from (7-7) that
ar 1 5/4
——=—+0(R™
2a 4R+ ( )-

In particular, there exists some R, > 0 such that, for all s with R(£(s)) > R»,

aR<1+e

2a — 4R

9

and we can assume that R(£(sg)) > R». Thus, we have

dp  1+5d -2 2p£R
<2 pER,
Mk (ds > ds ) ers

where the quantity in the parentheses is positive.
Thus, we conclude that

1
14+£d T dp 1+5d
w2 <Vam (L 4+ 225 Ry ) @R 2 <L e+ C
V2 <ds+2ds(n)e(§) = ds+2d +Cs".

It follows that
do 1+5d
ds T2 ds

R34, 2 CR™ 1%/4—e( ) &% 4 CR™1I/A—€£R

3We would like here to consider d wn/ds, however, this would introduce the quantity ag, for which we do not directly have an
evolution equation.
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where the last term is clearly integrable since éR =dR(&(s))/ds and % — € > 1. Finally, using (7-7) and
an integration by parts to estimate the term containing dp/ds, we have, for any s € [sg, 51)

s dp 1+5d
/ R-13/4-¢ <—p 2%, R)) % ds
5 ds 2 ds

2 €
= fs R’13/4’€1—de ’ ds + /s R*13/47€—1 3 i(ln R)e* ds
s 2 ds s 2 ds

<Ce**R V<4 / RV/A—€gR20 gg 4 C / R¥ERgs < C.
50 50

Thus, we have shown that d(R~3/4=€£R)/ds is integrable and, therefore, that €8 < CR3/*t< for
some C > 0. This completes the proof of Theorem 8.1. ([l

9. Existence of initial data sets close to the asymptotic regime

In this section, we prove the following result:
Proposition 9.1 (existence of a class of initial data sets). Fix C; > 0 and s € [0, +00). For any € > 0,

there exists Ry > 0, (Uy, Uy) € H'(SY) x L*(SY), ag > 0 € W>1(SY) and ny € WH(SY) such that
(Uy, Uy, ag, no) satisfies the constraint equation (2-7), that is,

99 (n0) = 2RoU1 95 (Uy), 9-D

and such that the conditions (6-1)—(6-5) are all satisfied with U (Rg, 8) = Uy(0), Ur(Ry, 0) = U1(0),
n(Ro, 8) = no(@) and a(Ry, 0) = ap(f). As a consequence, there exists an nonempty set of initial
data satisfying (6-1)—(6-5) which is open in the natural topology associated with the initial data on
H'(S") x L2(81) x W2I(S") x whI(sh.

While our construction requires us to choose a sufficiently large Ry (depending on €), the € satisfying
the assumption of Theorem 7.1 depends only on a lower bound on Rj. Hence, the data constructed above
satisfy the requirements of Theorem 7.1 provided Ry is chosen sufficiently large.

Proof. Let C; > 0 and A € [0, +00) be fixed. We define ag to be

oo 2
0= pRé 72
where p > 0 is a constant. Thus the associated term & reads & = pRé/ 2. We then define U 1 as
172
U= j:pR—S/z,

so that

2 2
(Rof Ulao_ld6> =dl.
0

Consider now any nonconstant Uy € H'(S'). We will impose several conditions on Up.
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Let € = f si(ag 'u 12 + aO(UO)g) d6 be the energy associated with our initial data set. Note that the
energy correction* 'Y = (1/Rp) fsl(Uo— < Uy >)U1aO_1 dR equals O since Ulao_1 is constant.

Let F=2& and = 2(& +T'V) be the rescaled energy and the rescaled corrected energy associated
with Uy, U; and ag. Note that 4 = F since 'Y = 0, so that (5-25) trivially holds. Observe that

2 o 2
F=2 | (ay'Uf+aoUp)j)do =— +2m f (Uo)3 do.
0 Rj 0
Suppose now that fozn (Uo)g df = C1/(2m Ry), where C; > 0. Then we have

_d4 G
" R2 Ry

o
In order to satisfy (6-2), we now fix p in terms of C; by setting
(200
r={—=)-

2 P
N

Then we compute

|6‘1|=’

|2 =2
V5 ReF

On the other hand, we have

2 pRY? _2<+&4>‘1
RoF'/2 " Ry(sd/R2+C1/R)V2 /5 RoCi/)

This shows that (6-2) is satisfied provided that ¢/(RoC)) is sufficiently small, which we can always
ensure by choosing Ry sufficiently large compared to s¢/Cj.
One can then easily check that (6-1) and (6-5) hold true provided Ry is sufficiently large. It remains to
define 1o so that (6-3) and the constraint equation (9-1) is satisfied.
For (6-3), we only need to ensure that ’QZ/RS@I/Z — \%\ < €. Recall that 2 = fozn %Kzez”"ao_1 db. By
fixing no(6 = 0) we can certainly ensure that
K2 ono@, 1 — L pacip
e a, = 5 ﬁRof .

2
Now we define 1 for all other values of 9, so that (9-1) is satisfied:
0
1n0(0) =no(0) + 2R0/ Ui (Up)g dO = n0(0) +2RoU, (Up(0) — Up(0)).
0

From the above, we see that g € W1 1(S!) (and in fact it is in H'(S!)) and that
170 (0) (9)|</2ﬂ| 140 < Ry~ < — R(ﬂ+cl)< 2
noV) —no = yle SRp— = ——pm | 5+ 5 ) =€,

0 2~ pRY? \R; Ro

4We would like to thank an anonymous referee for pointing out this nice simplification.
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again by choosing Ry sufficiently large, depending only on C; and s{. We then check that

2
‘i - L‘ - ; 9 — 2ﬂK_62no(0)a—1
RF2 /5| R}F? 0
1 KZ 2
= 200 =1 / |62('70(9)—770(0)) —1]do < Ce? <e¢
=RF2 2 oy =tes
provided € is sufficiently small. O
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