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Abstract. We provide a geometric well-posedness theory for the Einstein equations within the
class of weakly regular vacuum spacetimes with T2—symmetry, as defined in the present paper, and
we investigate their global causal structure. Our assumptions allow us to give a meaning to the Ein-
stein equations under weak regularity as well as to solve the initial value problem under the assumed
symmetry. First, introducing a frame adapted to the symmetry and identifying certain cancellation
properties taking place in the standard expressions of the connection and the curvature, we formu-
late the initial value problem for the Einstein field equations under the proposed weak regularity
assumptions. Second, considering the Cauchy development of any weakly regular initial data set
and denoting by R the area of the orbits of symmetry, we establish the existence of a global folia-
tion by the level sets of R such that R grows to infinity in the future direction. Our weak regularity
assumptions only require that R is Lipschitz continuous while the metric coefficients describing the
initial geometry of the symmetry orbits are in the Sobolev space H I and the remaining coefficients
have even weaker regularity.
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1. Introduction

This is the first of a series of papers [25, 26] devoted to weakly regular vacuum spacetimes
of general relativity satisfying Einstein’s field equations (that is, the Ricci-flat condition)
under certain symmetry assumptions. One of the main difficulties we overcome here is to
determine the natural weak regularity conditions that are required to deal with the Ein-
stein equations under the assumed symmetry. Within this framework, for any initial data
set with weak regularity we determine the global geometric structure of the associated
development. Our symmetry assumption is that the initial data are defined on a mani-
fold diffeomorphic to the 3-dimensional torus 7> and are invariant under the action of
the Lie group 7. This requirement characterizes the so-called T2-symmetric spacetimes
on T3 with possibly non-vanishing twist constants, one of the simplest classes which al-
low one to study the propagation of gravitational waves. A large literature is available on
T2-symmetric vacuum spacetimes when sufficiently high regularity on the initial data is
assumed. Let us especially refer to Moncrief [29], Chrusciel [8], Berger, Chrusciel, Isen-
berg, and Moncrief [3], and Isenberg and Weaver [17]. (For further references, cf. [37].)
The present paper is motivated by earlier work by LeFloch and Stewart [27, 28] (see
also [1]) and LeFloch and Rendall [23], which treats a special case of T2-symmetric
spacetimes (namely Gowdy-symmetric spacetimes) but also includes the coupling with
matter and thus covers the Einstein—Euler equations; see also [4, 13, 14]. Therein, it was
recognized that, due to the formation of shock waves in the fluid and by virtue of the
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Einstein equations, only weak regularity of the geometry can be allowed. It is also of
physical importance to include impulsive gravitational waves, and therefore these pa-
pers provide us with a strong motivation for the present work. In addition, we recall that
Christodoulou’s proof [7] of the weak and strong cosmic censorship conjectures for spher-
ically symmetric Einstein-scalar field spacetimes also relied on the introduction of a class
of spacetimes with weak regularity.

Let us recall briefly the formulation of the initial value problem in general relativity
(in the vacuum case). An initial data set for the vacuum Einstein equations is a triple
(2, h, K) such that (X, h) is a 3-dimensional Riemannian manifold, K is a symmetric
2-tensor field defined on X, and satisfying the so-called Einstein constraint equations

R® — K>+ (Tr(K))? =0, (1.1)
VOIK;; — v Tr(k) =0, (1.2)

in which the covariant derivative V® and the scalar curvature R® are computed from
the Riemannian metric 4. Then a solution to the initial value problem associated with
the initial data set (X, &, K), by definition, is a (3 4 1)-dimensional Lorentzian manifold
(M, g) satisfying the vacuum Einstein equations

Ry =0, (1.3)

together with an embedding ¢ : ¥ — M such that ¢ (X) is a Cauchy surface of (M, g)
and the pull-back of its first and second fundamental forms coincides with & and K,
respectively.

Recall that the existence of a unique (up to diffeomorphism) maximal globally hyper-
bolic solution (M, g), or maximal Cauchy development, was established in pioneering
work by Choquet-Bruhat [11] and Choquet-Bruhat and Geroch [6]. The local existence
theorem given by Hughes, Kato, and Marsden [15] requires that the initial data (h, K)
belong to the Sobolev space Hﬁ)c(Z) X Hl‘z)zl(E) for some s > 5/2. The current state
of the art is provided by Klainerman and Rodnianski [18] (see also [35]) and requires
asymptotically flat initial data with s > 2 only. Moreover, beginning with [19], there has
been considerable work on the L2 curvature conjecture, which asserts that the Einstein
equations are well-posed for initial data sets having curvature with finite local L> norm
and second fundamental form whose covariant derivatives have finite local L? norms [20].

In this paper, we restrict attention to the class of 7'2-symmetric spacetimes, while our
regularity assumptions go far below those which can be covered without symmetry. For
the precise definitions and concepts presented in this introduction, we refer to Section 2,
and here we only provide an overview of the theory established in the present work. These
results were first announced in [24].

As far as the initial data set is concerned, our weak regularity conditions can be sum-
marized as follows. First of all, we assume that the area R of the orbits of T'2-symmetry is
Lipschitz continuous, and we observe that additional regularity of the function R (namely,
admitting integrable second-order derivatives) is implied by Einstein’s constraint equa-
tions. The remaining components of the data set prescribed on the initial slice X either
represent the geometry of the 72-orbits and are assumed to belong to the Sobolev space
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H'(%), or represent its orthogonal complement and have even lower regularity. A weak
regularity property is also imposed on the second fundamental form. (See again Sec-
tion 2.)

These regularity assumptions are weaker than those needed to define, in the weak
sense, the Levi-Civita connection or the curvature of the metric without symmetry as-
sumptions, as recognized by LeFloch and Mardare [22]. Hence, our first task is to exploit
the symmetry assumptions to provide alternative definitions for these objects, and in par-
ticular to reformulate equations (1.1)—(1.3) under our regularity assumptions.

Theorem 1.1 (Weak formulation of the Einstein equations for weakly regular space-
times). If (X, h, K) is a weakly regular T?-symmetric triple, then Einstein’s constraint
equations (1.1)—(1.2) can be reformulated in a weak sense. Similarly, if (M, g) is a
weakly regular T>-symmetric Lorentzian manifold, then Einstein’s (constraint and evolu-
tion) field equations (1.3) can be reformulated in a weak sense.

We refer to Section 2 for the terminology and the proof of this theorem. In particular, we
introduce therein a set of frames adapted to the symmetry, which are not smooth under
our regularity assumptions. However, in any such frame, we uncover certain cancellation
properties within the standard expressions of the Riemann and Ricci curvatures, and these
properties allow us to introduce an alternative (but equivalent if the metric has enough reg-
ularity) definition of the Riemann and Ricci curvatures, by suppressing certain (otherwise
ill-defined) terms.

Our second main result establishes the existence of a weakly regular, future Cauchy
development of any given initial data set, and provides detailed information about the
global geometric structure of the constructed spacetime. In particular, we establish that
these weakly regular developments may be covered by a global foliation whose spacelike
leaves coincide with the level sets of the area function R, as stated now.

Theorem 1.2 (Existence theory for the Einstein equations of weakly regular spacetimes).
Given any, nonflat, weakly regular T*-symmetric initial data set (£, h, K) with topol-
ogy T3 and with orbits of symmetry having initially constant area denoted by Ry > 0,
there exists a weakly regular, vacuum spacetime with T*-symmetry on T3, say (M, g),
which is a future development of (X, h, K), is maximal among all weakly regular T>-
symmetric developments, and admits a unique global foliation by the level sets of the
area R € [Ry, 00).

The proof of this theorem will rely on the material developed in Sections 3 to 6 and be
finally provided at the end of Section 7. We emphasize that the restriction that the initial
slice has constant area is not an essential assumption and is made only for convenience
of presentation. Also, the past direction can also be covered by our technique and (with
some additional estimates) we could also extend to weakly regular metrics the argument
by Isenberg and Weaver [17] which shows that (except for flat Kasner spacetimes) the
area R approaches zero in past directions.

In addition, since we derive estimates on the difference of two solutions (cf. Sec-
tion 6.5), we also establish uniqueness of solutions for the reduced partial differential
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equations, both in areal and conformal coordinates (as defined below). This result can
be easily upgraded to a more geometric uniqueness theorem,! within the class of weakly
regular T'2-symmetric developments of a given initial data set. The definition of the class
of spacetimes under consideration here includes, in particular, a natural replacement for
the standard condition of global hyperbolicity. See Section 8 for further details.

Moreover, based on the norms to be introduced in Section 6.5, we establish continuous
dependence on initial data (see, for instance, Proposition 6.10). Hence, our results pro-
vide a fully satisfactory well-posedness theory. Observe in passing that on any compact
time interval our weak solutions can be uniformly approximated by smooth solutions.
Due to the weak regularity conditions, many key estimates derived in [29, 3] for smooth
T2-symmetric solutions no longer hold for our larger class of spacetimes, especially the
estimates involving second-order derivatives of the metric coefficients. The new estimates
and compactness arguments of this paper rely, in particular, on identifying a certain null
structure of the Einstein equations within this symmetry class which enables us to control
the quadratic nonlinearities in the equations.

Interestingly, our analysis relies on two different sets of coordinates, the so-called
conformal and areal coordinate systems. One difficulty arises from the fact that these co-
ordinate systems must be constructed together with the solution to the Einstein equations,
and therefore also enjoy weak regularity only. We show that the coordinate charts are
nonetheless at least C! compatible and we establish that the coordinate transformation
preserves our regularity conditions (cf. Section 5.2). On the one hand, conformal coordi-
nates enable us to establish compactness properties and to study the local well-posedness
of solutions. Indeed, the equations become semilinear, whereas the constraints and cer-
tain nonlinear terms take a more involved form. On the other hand, in areal coordinates,
the evolution equations admit a monotone energy-like functional and the constraint equa-
tions degenerate to a first-order system. We take advantage of this to control the long-time
behavior of solutions and analyze the global structure of the spacetimes.

To establish our existence result for the Einstein equations, we also need to investigate
the constraints imposed on the initial data. We propose here a novel regularization scheme
that allows us to approximate any weakly regular initial data set by a sequence of smooth
initial data sets, while preserving the Einstein constraints. In addition, we establish the
existence of weakly regular initial data sets, in which each metric coefficient has just the
assumed regularity.

An outline of this paper is as follows. In Section 2, we define the class of weakly
regular initial data and spacetimes of interest, and we provide a fully geometric refor-
mulation of the Einstein constraint and evolution equations; this analysis leads us to a
proof of Theorem 1.1. Then, in Section 3, we rely on our symmetry and weak regular-
ity assumptions and introduce certain (admissible, conformal, areal) coordinates adapted
to the symmetry. In Section 4, we express the weak form of the Einstein equations as a
system of partial differential equations whose (generalized) solutions are understood in
the sense of distributions. Section 5 contains several preliminary results, and in particular

1 This uniqueness statement is naturally not as general as the one in Choquet-Bruhat and Ge-
roch [6], since it holds within the class of T2-syrnmetric solutions only.
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includes a discussion of the regularization of initial data sets. Section 6 is concerned with
local existence and compactness arguments and takes advantage of the (null) structure of
the Einstein equations under the assumed symmetry. In Section 7 we analyze the global
geometry of the constructed spacetime and complete the proof of Theorem 1.2. Finally,
in Section 8, we state and establish a uniqueness theorem for the constructed solutions.

2. Geometric formulation

2.1. Weakly regular T*-symmetric Riemannian manifolds

All topological manifolds? under consideration are of class C*°, that is, are defined by
local charts such that the overlap maps are differentiable of any order. On the other
hand, metric structures under consideration have low regularity, specified in the course of
our analysis. Throughout the paper, we use standard notation for Lebesgue and Sobolev
spaces such as L' H? etc.

Observe first that the Lie derivative £zh of a measurable and locally integrable
2-tensor A (on a differentiable manifold) is defined in the weak sense, for any C 1 vec-
tor fields X, T, Z, by

Lxh)(T,Z) =X(T,2))—h(LxT,Z)—-h(T,LxZ), 2.1

where the last two terms are (classically defined as) locally integrable functions (that is,
in Llloc), but the first one is defined in a weak sense only. We begin with several standard
properties of manifolds admitting a torus action, and refer to [8] and [21, Chap. 9] for a

proof of the following lemma.

Lemma 2.1. Let X be a smooth (connected, orientable) 3-manifold and assume that X
admits a smooth effective action G of T2 = U(l) x U(1) on ¥ such that ¥ has no
fixed point under G. Then ¥ is diffeomorphic to T and the action is unique up to an
automorphism of U(1) x U(1) and a diffeomorphism of T3. Moreover, there exist two
smooth, linearly independent (in particular nonvanishing) commuting vector fields X
and Y on X that are generators of G.

Note that, conversely, given two smooth, linearly independent commuting vector fields X
and Y with closed orbits, the flows of X and Y define an effective 72-action with no fixed
point on X.

Definition 2.2. Under the assumption of the above lemma, one says that a function v
in L}, _is invariant by the action G if ( o G)(p, g) = ¥ (p) forall (p, g) € T x T2

This definition can be extended to tensor fields in the usual way and, for instance, a (0, 2)-
tensor field S;p in LlloC is invariant by G if G*(-, g)[S o G(p, g)] = S(p) for all (p, g)
in ¥ x T2, where G*(-, g) is the pull-back associated with the map G(-, g) : £ — X,
defined for all g € T2.

2 All manifolds in this paper are assumed to be Hausdorff, orientable, connected, and paracom-
pact.
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Lemma 2.3. Under the assumptions of Lemma 2.1, if an LllOc tensor field S is invariant
by G, then LxS = LyS = 0 in the weak sense. Conversely, if LxS = LyS = 0 in the
weak sense, then S is invariant by G.

Proof. The proof is elementary and we sketch it only for completeness. Since ¥ is diffeo-
morphic to T3, there exist periodic coordinates (x, y, z) defined on X such that X = 9,
and Y = 0y, are generators of G. Let us assume for simplicity that S is a scalar function.
Let ¢; be the flow of the field X, hence (S o ¢p;)(x,y,2) = S(x +1¢,y,2) = S(x, y,2). If
Y is any smooth 3-form field, then we have

/E (SY — 67 (Sy) o ¢1)) = 0.

By dividing by ¢ and letting + — 0, it follows that

/ SCxy =0,
)

so that Lx S = 0 in the weak sense. This also clearly shows the converse statement. O

In view of the above lemma, we can state the symmetry property in terms of either the
group action or the generators X, Y. From now on, this fact will be used without further
reference to the above lemma. We can now introduce the following definition.

Definition 2.4. A weakly regular 72-symmetric Riemannian manifold (2, /) is a
compact, C* differentiable 3-manifold ¥ endowed with a tensor field %, enjoying the
following properties:

1. Riemannian structure. The field /4 is a Riemannian metric in L.

2. Symmetry. The Riemannian manifold (X, ) is invariant under the action of the Lie
group T2 generated by two (smooth, linearly independent, commuting) Killing fields
X, Y (with closed orbits) satisfying, therefore, in particular

Lxh=0, Lyh=0, 2.2)

understood in the weak sense (2.1).
3. Regularity of the orbits. The functions 2(X, X), h(X,Y), and h(Y, ) belong to the
Sobolev space H'(X), and the area R of the orbits of symmetry defined by

R? = h(X, X)h(Y,Y) — h(X,Y)?, (2.3)

which then lies in W11 (%), actually belongs to W1>°().

4. Regularity of the orthogonal complement. There exists a (smooth) vector field ®
defined on X such that (X, Y, ®) forms a frame of commuting vector fields (Lx® =
Ly® = 0) for which, by introducing the (nonsmooth!) vector field

Z:=O+aX +bY, Ze{X, Y} (2.4)
for some real functions a, b, the regularity h(Z, Z) € WL1(2) holds with?
irE1fh(Z, Z) > 0. (2.5)

3 1In fact, the lower bound (2.5) is a consequence of the assumed regularity and symmetry (stated
explicitly for clarity of presentation), since wl1 regularity and symmetry imply continuity.
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In the context of Definition 2.4, we refer to the triple (X, Y, Z) as an adapted frame
on X. Observe that, by Lemma 2.1, the existence of a T2 action leaving no point of X
fixed implies that ¥ is diffeomeorphic to the 3-torus 73, which guarantees the existence
of a vector field ® commuting with (X, Y).

We emphasize that the above definition is fully geometric, as it is easily checked
that it does not depend on the specific choice of Killing fields within the generators of
the T2-symmetry. We emphasize that no regularity is required on the derivatives of the
“cross-terms” h(X, ®) and h(Y, ®). On the other hand, since % is a Riemannian metric,
the definition (2.3) yields a positive function R?, and since R is a continuous function
defined on a compact set,

mZinE > 0. (2.6)

The strict positivity conditions (2.5) and (2.6) ensure that the isomorphism * (and the iso-
morphism ”, respectively) which transforms covectors into vectors (and vice versa, resp.)
is a multiplicative operator with L® coefficients. Moreover, (2.6), the symmetry assump-
tions and the H' regularity of & on the orbits imply that the inverse metric components
hXX_ XY and hYY all have H! regularity.

To fully describe the class of initial data sets of interest, we need to consider Rie-
mannian manifolds endowed with a 2-covariant tensor field which will later stand for the
second fundamental form describing the extrinsic geometry of the initial slice.

Definition 2.5. A weakly regular 72-symmetric triple (X, &, K) is a weakly regular

T?-symmetric Riemannian manifold (X, 4) with an adapted frame (X, Y, Z) satisfying
the following conditions:

1. Regularity. K is a symmetric 2-tensor field on X such that
K(Z,Z)e L'(%) 2.7)
and, forall U, V € {X, Y, Z}* with (U, V) # (Z, Z),
KU, V) e L*(%). (2.8)

2. Symmetry. The field K is invariant under the action of the Lie group T2 generated
by (X, Y):

LxK =LyK =0, (2.9)

understood in the weak sense (2.1).
3. Additional regularity. The trace of K on the orbits of symmetry is bounded:

TrP(K) == XX K (X, X) + 2hXYK (X, V) + WYY K (Y, Y) € L®(2),  (2.10)

where each product involves an H' function and an L? function.
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As far as solutions to the Einstein equations (which are not assumed yet) are concerned,
the additional regularity in (2.10) corresponds to a Lipschitz continuous bound on the
time derivative of the area R of the orbits of symmetry, and therefore is a natural regular-
ity condition in view of the assumption R € W !> made in Definition 1.1. Note also that
we could have assumed a lower regularity of K (X, Z) and K (X, Y), namely that they
only belong to L'; however, this is unnecessary since Einstein’s momentum constraints
will eventually imply that these components lie even in L*. Indeed, importantly, in Sec-
tion 2.3 we shall show that the weak regularity described in the above two definitions is
suitable to deal with the constraints associated with Einstein’s field equations.

2.2. Weakly regular T*-symmetric Lorentzian manifolds
We now introduce the class of spacetimes of interest.

Definition 2.6. An L°° Lorentzian structure is a (34 1)-dimensional manifold M (pos-
sibly with boundary) endowed with a Lorentzian metric g in L, (M) whose volume form
is LY. and bounded below.

Definition 2.7. Let (M, g) be an L> Lorentzian structure such that M = I x T3 and
assume that (M, g) is invariant under an effective action of the Lie group 7'> with no point
of M being fixed by the action. One says that (M, g) admits a (3 + 1)-decomposition
adapted to the symmetry if the following conditions are satisfied:

1. There exist global coordinates (¢, 8, x, y) adapted to the product decomposition of M,
with ¢ € I and (0, x, y) periodic coordinates on T3, such that X = d/ox and Y =
0/0y are generators of the symmetry group.

2. There exists a family of scalars n(¢) and Riemannian metrics h(¢) defined on each
level set of ¢ and belonging to L°°, uniformly in ¢ on any compact subset of 7, such
that, in the coordinates (¢, 6, x, y), the metric takes the form

g = —n*(t)dt* + hj;()d¢' ® d¢’

with (d¢?) = (dx, dy, dz) (so that the so-called shift vector* vanishes in these coor-
dinates).

As usual, n(¢) is referred to as the lapse function. Since (M, g) is invariant by the group
action, we have
Lx(n?*)=Lyn* =0 (2.11)
and
Lxh=Lyh=0 (2.12)

in the weak sense. We shall denote by %, the level sets of 7, i.e. the hypersurfaces {r} x T3.
Note that since the function ¢ is invariant by the group action, there is a natural induced
action on each %;.

4 We are restricting attention to zero shift, since the areal and conformal coordinates (constructed
later) in the weakly regular case—which are known to always exist for smooth T2—syrnmetric space-
times on T3—enj0y this property.
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Definition 2.8. Let (M, g) be an L™ Lorentzian structure with M = I x T3. Assume
that (M, g) is invariant under an effective action of the Lie group 72 such that no point
of M is fixed by the action and that (M, g) admits a (3 + 1)-decomposition adapted to
the symmetry, as in Definition 2.7. Let (T, ®, X, Y) be the induced basis associated to
the global coordinates (¢, 8, x, y) of Definition 2.7

One says that (M, g) is a weakly regular 72-symmetric Lorentzian manifold with
spatial topology T3 if the following regularity properties hold:

1. Timelike regularity. The field L7/ belongs to L'(2;), uniformly in # in any compact
subset of 1.

2. Spacelike regularity. For each ¢ (and uniformly on any compact subset of /), the
triple (X;, h(t), K(¢)) with

1
K(t) ;= ———=(Lrh)(t 2.13
Q) 2n(t)( rh)(t) (2.13)

is a weakly regular T'2-symmetric triple in the sense of Definition 2.5, with the group
action being the induced action on %,. The implied constants are bounded on each
compact subset of 1.

3. Conformal metric regularity. Finally, the vector field

Z:=0©+aX+bY, Ze{l X, Y} (2.14)

satisfies

=82 ST ey 2.15)
n g(T, T)

Spacetimes satisfying the above definition will indeed be constructed in the present work
by solving the initial value problem for the Einstein equations from initial data sets
satisfying Definition 2.5. The solutions will in fact have more regularity and be actu-
ally continuous in time (in certain topologies in space). We will first construct one spe-
cific foliation along which the regularity conditions in the definition are satisfied, and
next deduce the same regularity along general foliations. Note also that the function
0% = —g(Z,7)/g(T,T) in (2.15) determines the conformal quotient metric and the
wave operator relevant later in this paper when dealing with the evolution part of the
Einstein equations.

A frame such as (T, X, Y, Z) will be referred to as an adapted frame for a weakly
regular Tz-symmetric Lorentzian manifold. The restriction of (X, Y, Z) to a surface X;
provides an adapted frame for a weakly regular T'2-symmetric triple on ¥,. From the
definition of Z and the regularity of L4, it follows that

LrZ=T@X+T®)Y,

where T (a) and T (b) are in L1 (Z;) (uniformly in # on any compact time interval). More-
over, from the definition (2.13) and for all ¢;, e; € {X, Y}, we have

1 1
K(ei.ej) = =7 T(hlei.¢j). K(Z.Z)=—-T(h(Z,2)),

K(Z,ei) = K(ei, Z) = zih(ei, LzT),
n
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which, by our definition, are L! or L? functions on each slice.

We conclude this section by introducing a notion of second fundamental form asso-
ciated with the orbits of symmetry (of any 72-symmetric weakly regular manifold). Ob-
serve that, due to our low regularity assumptions, a family of second fundamental forms
defined almost everywhere only can be introduced here.

Definition 2.9. Let (M, g) be a weakly regular T2-symmetric Lorentzian manifold with
adapted frame (7, X, Y, Z). Then the weak version of the second fundamental form
in the Z-direction associated with the orbits of symmetry is defined (almost everywhere
only) as the tensor field

Xij = —%(h(t)(Z, Z))_l/zyiay/bZ(h(t)ab) almost everywhere in M,

where yl.“ is the projector on the space generated by X, Y, withi, j = X,Y, Zanda, b =
X, Y. Similarly, the weak version of the second fundamental form in the 7 -direction
associated with the orbits of symmetry is defined (almost everywhere only) as the tensor
field

Kijj = —%(h(t)(T, T))_l/zyi“yij(h(t)ah) almost everywhere in M.
Recall that, by definition, y* = h{ — h(Z, Z y~1Z47.. Thus, in view of Definition 2.4,
the components of y, in the frame (X, Y, Z) are in L*°(X,), and it follows from the H !

regularity of /4, that x belongs to L?(%;) uniformly in the time variable on any compact
time interval. The same is true for the components of «, so

Xij» kij € L*(3;)  locally uniformly in 7. (2.16)
We can now state without proof the following elementary result.

Lemma 2.10 (Normal derivative of the area element). If (M, g) is a weakly regular
Lorentzian manifold with adapted frame (T, X, Y, Z), then Tr® (x) is determined by the
(normalized) Z-derivative of the area element:

Tr(z)(x) = h“bxab = (h(t)(Z, Z))_I/QZ(ln R) almost everywhere in M. (2.17)

Similarly, Tr® («) is determined by the (normalized) T -derivative of the area element:
1
Tr® (k) = h“h/cab = ——T(nR) almost everywhere in M. (2.18)
n

Similarly, we have the following.

Lemma 2.11 (Normal derivative of the volume element). Let (M, g) be a weakly reg-
ular T?*-symmetric Lorentzian manifold and let K (t) be the second fundamental form
associated with the slice of constant time t, as in Definition 2.8. Then the trace Tr(K) :=
hiK; j of the second fundamental form is determined by the time derivative of the deter-
minant h := deth;;,

1
Tr(K) := ——T(n~h)  almost everywhere in M. (2.19)
n
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2.3. Weak version of Einstein’s constraint equations
Christoffel symbols

The standard definition of the Christoffel symbols involves certain nonlinear terms that
cannot be defined—even as distributions—under the weak regularity conditions intro-
duced in Sections 2.1 and 2.2 above. A fortiori, it is unclear whether any component
of the curvature could be well-defined. In fact, for general manifolds, the minimal reg-
ularity assumption for the curvature to make sense as a tensor distribution is known to
be H' N L™ (cf. [22]). In the present paper, we assume a weaker regularity for certain
components of the metric and need to take advantage of the symmetry of the spacetimes
under consideration. We will reformulate Einstein’s constraint and evolution equations so
that, for weakly regular 7'2-symmetric spacetimes, all of the geometric objects of interest
are well-defined in a suitably weak sense, and our definitions reduce to the classical ones
when sufficient regularity is assumed.

First of all, we emphasize that a geometric standpoint based on an adapted frame, as
we propose in this work, is required. Indeed, under the conditions stated in Proposition
2.12, below, one cannot define the Christoffel symbol I' 8®, as this would involve products
of the form A'®®(hep) (with b = X, Y), which cannot be defined in the weak sense
when hgp € L°(X). This is why we introduce a (nonsmooth) adapted frame (X, Y, Z)
(as defined in (2.4) or (2.14)) where the problematic terms vanish by construction since
Z is orthogonal to X, Y.

A preliminary remark is in order. The vector field Z introduced is not smooth so that
it does not apply to general functions of class L', but yet can be applied to T2-symmetric
functions, by defining

Z(f)=0() for Tz—symmetric fe LI(E),

where the right-hand side involves the C*° vector field ® of the frame (X, Y, ®), as in
Definition 2.4. In the following, this observation will be used without further notice.

Proposition 2.12 (Definition and regularity of the Christoffel symbols in an adapted
frame). Let (X, h) be a weakly regular T*-symmetric Riemannian manifold with adapted
frame (_X, Y,Z)and foralli = X,Y,Z and a,b = X, Y, consider the formal expres-
sions F]l'k defined by
¢ =0, T2 :=—3h"*Z(hg), TZ,=T% =0,

[y =Th, = 30"* Z(hax) + W Z(hay)),

ry,=T5,:=0, T%,:=1hn"*Z(hzz).
Then, for (j, k) # (Z, Z), the symbols F]i'k are well-defined as functions in L?(X), while
F% 7 is well-defined as a function in L! (X) and, in addition,

re, e L°(%). (2.20)

Moreover, if (2, h) is sufficiently regular, then these functions F]‘: ¢ coincide with the stan-
dard Christoffel symbols (in the frame X, Y, Z) associated with the metric h.
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Proof. We observe that the given expressions do make sense and have the claimed reg-
ularity, as follows immediately from Definition 2.4. The additional regularity of I'], is
a direct consequence of (2.10). On the other hand, when the data are sufficiently regular
and since X, Y, Z commute, the Christoffel symbols can be computed in a standard way.
Fori = X,Y,Z and a,b = X, Y and by using the symmetry properties of i and the
orthogonality condition Z € {X, Y}, we find (a comma indicating differentiation)

Tl = Y0 (hajp + hjba — hab, ;) = —5h'Z Z(hap),
ry, = %hzj(haj,z +hjza—haz,j) =0,

b _ 1pbjey . o N LpbX bY 291
FaZ - 2h (ha],Z +hjZ,a haZ,]) = z(h Z(hax) +h”" Z(hay)), (2.21)
r%, =3h"Qhjz,7 —hzz;) =0,

I, = %th(Zth,z —hzz.) = Ah*% Z(hzz).

Hence, when the data are sufficiently regular, F} & do coincide with the standard Christof-
fel symbols. o

Although this is not needed in the rest of this paper, it is possible to introduce a suitable
notion of connection whose components in the adapted frame (X, Y, Z) are the coeffi-
cients we have just constructed. This is done in the Appendix, where we also prove that
standard results such as the uniqueness of the Levi-Civita connection can be extended to
our setting.

It follows from Proposition 2.12 that, for weakly regular 7'2-symmetric Riemannian
manifolds, the main obstacle to defining the curvature tensor in a weak sense (in the frame
X, Y, Z) comes from the component I % 7 which is only in L (%), and therefore cannot be
multiplied by Christoffel coefficients—which are in L2(Z) or LI(Z). Fortunately, as we
check below, for sufficiently regular T>-symmetric spacetimes and within the expression
of the curvature, the formal products involving such coefficients cancel out. This suggests
redefining the Ricci scalar by a new formula taking this cancellation into account, as we
now explain.

Weak version of the Hamiltonian constraint

To write down a weak form of the Ricci scalar, denoted by R® we need first to redefine
the component R(Zg’% of the Ricci tensor as follows. The definition will be fully justified be-
low in the proof of Proposition 2.16, where terms of the form +I" % 4 % , will be checked

to cancel out and, for that reason, do not arise in the definition.

Definition 2.13. Let (X, ) be a weakly regular 72-symmetric Riemannian manifold
with adapted frame (X, Y, Z). The weak version of the Ricci curvature in the direction
(Z, Z) is defined as
3
R(z% i=—Z(% )+ T, 5, - Ti,T0,. (2.22)

where the first term of the right-hand side is defined in the weak sense only, and the other
terms are products of the type L*L! or L?L?.
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Based on the above definition, we can now formulate the Hamiltonian constraint in the
weak sense. First, we observe that, in view of the Gauss equation and the flatness of the
orbits of symmetry,

R® =2n(z, Z)_IR(Zg +1x> = (TP ()2 for sufficiently regular metrics ~ (2.23)

(with x given in Definition 2.9). However, in our setting, the Ricci curvature term R(Zg of
(2.22) is defined in the weak sense only, and it does not make sense to multiply it by the
factor h(Z, Z)~!. This motivates introducing the following normalized version.

Definition 2.14. Let (X, /) be a weakly regular T2-symmetric Riemannian manifold
with adapted frame (X, Y, Z). Then the weak version of the normalized scalar cur-
vature of (X, &) is defined as
3
R = 2RS) + h(Z, Z)(Ix* = (T'? (x))?),

norm

where x is the weak version of the second fundamental form in the Z-direction. In addi-
tion, a weakly regular T2-symmetric triple (X, &, K) is said to satisfy the weak version
of the Hamiltonian constraint if

R +1(Z, ) (TP (KN +2TrP(K)KE — KapK? —2KazK %) = 0. (2.24)

norm

Remark 2.15. The weak form of the Hamiltonian constraint is independent of the spe-
cific choice of adapted frame (X, Y, Z). Indeed, the orthogonal complement to the orbits
is one-dimensional, and thus the vector field Z is uniquely determined up to multiplication
by a C*° function, which does not change the set of solutions to (2.24). This fact can be
checked as follows. Write Z = 0+aX+bY € {X, Y}  and Z = 0'+a'X+b'Y € {X, Y}
for some other field §’. Since {X, Y}L is a one-dimensional vector space, there exists a
scalar field ¢ such that Z' = ¢ Z. Furthermore, one can decompose 6 in the basis 6, X, Y
and write 0 = y0' + o X + BY where a, B,y are C*® and y # 0 since §’, X, Y is also
a basis. Then an elementary calculation shows that ¢ = 1/y, which is thus C* (despite
the coefficients a, b, a’, b’ being only weakly regular).

Proposition 2.16 (Equivalence to the classical definition). Let (X, h, K) be a weakly
regular T*-symmetric triple. If h, K are sufficiently regular, then (X, h, K) satisfies the
weak version of the Hamiltonian constraint equation (in the sense of Definition 2.14) if
and only if it satisfies the constraint equation (1.1) in the classical sense.

Proof. In view of (2.23), and since, if K has sufficient regularity,
(Tr@(K))? +2Tr'P(K)KZ — KapK® — 2K,z K% = (Tr(K))? — |K|?,

the result follows if, assuming now sufficient regularity, we can prove that the classical

definition for R(Z3% coincides with the one adopted in Definition 2.9. Namely, computing

R(Z3% in the classical sense from the trace of the Riemann curvature, we find R(Z% =

Q1 + > with (a comma indicating differentiation, as mentioned earlier)

— T i — i J i
=172, —Tlizz =157, -T705.
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On the one hand, since F%Z’a = 0 we have
z z
1 =T%;,+0%2,7,-V727-"Tazz=-2Tgy),
where we have cancelled out the terms +I" % 7 7- On the other hand, we have
Z Z z z b
Q=T7,T7,+T4,17,+T2,0%7,+TaT7,
Z Z Z b z b
— U702, =T 72 —T27007 =TTz
z b
= r‘erzz - F%bFaZ7

where we have used FaZZ = I'Y, = 0 and cancelled out the products :I:F%ZI%Z. This
leads us to (2.22), as claimed. ]

Weak version of the momentum constraints

Next, we introduce the following definition.

Definition 2.17. A weakly regular T2-symmetric triple (X, &, K) is said to satisfy the
weak version of the momentum constraints if the equations

Z(T? K) —h(Z, )P Te? (K% —T%, Kb =0,

(2.25)
Z(WZ,Z)'?K?) —Th,KZ =0, a=X.,Y,

hold in the weak sense, with Tr® (K) = Tr(K) — K Z.

Observe that the second set of equations in (2.25) has been weighted by the scalar
h(Z, Z)l/ 2__in order for it to be well-defined in a weak sense, while the first equation
has a different homogeneity in Z.

Proposition 2.18 (Equivalence to the classical definition). Let (X, h, K) be a weakly
regular T*-symmetric triple. If h, K are sufficiently regular, then (X, h, K) satisfies the
weak version of the momentum constraint equations (in the sense of Definition 2.17) if
and only if it satisfies the constraint equations (1.2) in the classical sense.

Proof. Assuming sufficient regularity and that the momentum constraint equations hold
in the classical sense, i.e.

VOIK; — v Tr(K) =0,
we begin by computing VO K , j in an adapted frame:
VOIKz; =K ,+ K5, —Ti K] +TLK}
z Z pZ z z b
= KZ,Z - FZZKZ - FazzKa - FazK% - FZzKa
+T%,K +T5,Ke +T),KZ +T) K&

z b, b pZ
=K7 ;- TypK, +TyzK7,
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where we used FaZZ = I'y, = 0 and cancelled (potentially problematic) terms :I:F% 7
Since h(Z, Z)'/? Tr(x) = —TI'},,, the momentum constraint equation in the Z-direction
is equivalent to the first equation in (2.25). For the remaining two momentum constraint
equations, we write

i _ xJ i 7 J i
vYK] = K], ~T,K! +T/K!
z 7 pZ e i
=Z(K;) —T K7 — Z F(lzjKij +I7,K; + Z Fj!iKéll
i, )#(Z,2) i, ))#(Z,2)

=Z(K))+T5,K + Y (TLK,—TK)).
W.)HAZ.2)

Recalling that the term involving I’ % 18 not well-defined for weakly regular spacetimes,
we multiply the above equations by #(Z, Z)'/? and expand the Christoffel symbol of the
second term, in order to get

Wz, 2)\PVO K] = nz, ) (Z(KD) + 3h(Z, 2)" Z((Z, Z)K])

+h(Z,Z)\? Z (MK, — Tl K.
(. )#(2.2)

Combining the first two terms on the right-hand side yields the second set of equations
in (2.25), as expected. We conclude that (1.2) and (2.25) are equivalent for sufficiently
regular data. O

2.4. Weak version of Einstein’s evolution equations

We are now in a position to discuss the Einstein equations. As before, we need first to ex-
amine the regularity of the Christoffel symbols, now associated with a spacetime metric.

Proposition 2.19 (Definition and regularity of the Christoffel symbols in an adapted
frame). Let (M, g) be a weakly regular T>-symmetric Lorentzian manifold with adapted
frame (T, X, Y, Z), spacelike slices X; with t € I, and second fundamental form K, as
introduced in Definition 2.8, and for all a, b = X, Y define

rl, = —lKa,,, rl, .= —lK(Z, Z),

n n
F7, =T = %Z(n), r7,=Tl;:= —%K(', Z)as
fa=Tar =0, Mf, =T% = —¢"*nK(Z, 2),
r% =T%, = —ng?’K(, Z)as T4, =Tz = —g“nKpe,

ré, =T% :=nK(, 2)% I, =0,

F;T =T mn"!, F%T = ng?% Z(n).
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In addition, define F,ij fori, j,k = X,Y, Z as in Proposition 2.12, but with h replaced
by h(t). Then these functions are well-defined, have the regularity
rr, rz. rl.eL'z), Tl el* =), TL, % T, eL®E), (226)

uniformly in the time variable in any compact subset of 1. Furthermore, the following
linear combinations of Christoffel symbols are better behaved:
'Y, =Tar € L¥(%)), 2.27)
M1, —T%, e LX), T%,-TL;eL®%). (2.28)
Finally, if (M, g) is sufficiently regular, then the above definition coincides with the stan-
dard definition of the Christoffel symbols.

Proof. Inthe frame (T, X, Y, Z) = (eo, €1, €2, e3) (which is not induced by coordinates),
and provided the data are sufficiently regular, we have the classical definition:

rg, = 18%°(8ps.y + 8ys.p — 8py.s + Copy + Coyp + Cpys).
cpys = lep. ey]s = gsplep. ey 1°.

Except for (2.27) and (2.28), the regularity properties stated in the proposition follow im-
mediately from our definitions. Then (2.27) is an immediate consequence of Lemma 2.11
and of the assumptions on Tr'? (K). To derive (2.28), we use the regularity assumption
onp= n’zgzz to obtain

1 1 B
i =T = 55 (T = T(gz20n’s"%) = 5 5822T(0™)

and

rz _rr zl 2Z 7 )_lz(nz)zﬁ 22, ( 822 zﬁ 22 7(?)
zz zT 28 8zz " ) 8 ) ) 8 o).

It remains to check that the above definition agrees with the standard one when
the spacetime is sufficiently regular, which we now assume. We recall that [eq, e2] =
[e2, e3] = 0, and from the definition of Tz-symmetric spacetime, we also have [eg, e2] =
[eo, e3] = 0. Indeed,

8([eo, eal, e0) = 2ea(g(eo, €0)) =0

by using the symmetry assumptions, and

g(leo, eql, ei) = —g(eo, [eq, €i]) =0

by the orthogonality of ey, e1, and the commutation property of e,, e;.

Moreover, still under the assumption that the spacetime is sufficiently regular, it fol-
lows from the definition of Z that [Z, T] = f X 4 gY for some functions f and g, and in
particular [Z, T'] is orthogonal to both Z and T'. We now compute the Christoffel symbols
as follows. For i, j = 1, 2, 3, we obtain

(T, Viej) = grrT}; = g(nN, Viej) = nKij,
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where N is the timelike unit normal to X;, thus FS = —%K ij-

ForT'T, TT, . TT and "%, one derives the desired formulas directly from (2.4), for
instance

Iy, = %gTT(gTZ,T +grr.z—grzr +crrz +crzr +czrr) = Z(n)/n.
On the other hand, fori = 1, 2, 3 we find
gle1, Vre)) = gzzT'f; = gler, ViT) = —g(Vie1, T) = —ng(Vier, N) = —nKiz.
For I'},, we get
glec, Vrep) = geal'7y, = glec, VpT) = —g(Vpee, T) = —nKpe,
while, for I'}.
glec,V1Z) = geal'r, = —8(Vrec, Z) = —g(V.T, Z) = g(T,V.Z) = nK.z,
and finally, for 'Y,
gec, VzT) = geal'yr = —g(Vzee, T) = —nKz.. |

Finally, we introduce a weak version of Einstein’s evolution equations. Given a (3 + 1)-
splitting of Einstein equations and provided the constraint equations are satisfied on each
slice, the evolution equations are equivalent to R;; = 0 (cf. [5, Sec. VI-3.1]). Hence, since
we have already derived the constraint equations in a weak form in the previous section,
we can now restrict attention to the components R;; of the Ricci curvature.

Definition 2.20. When (M, g) is a weakly regular 72-symmetric Lorentzian manifold,
the weak version of the component Rz of the Ricci tensor is defined as

Rzz =T}y — Z('77) — Z(Tgy) = T3, Tay + TirT 7, + T4 7,
+ 2}, T%r + 17,07y —T%p) + 1, (05, = T7p), (2.29)

in which the first three terms of the right-hand side are derivatives of L? functions on
each slice, while the remaining terms belong to L' on each slice. (Observe that the last
two terms make sense, thanks to (2.28).)

Definition 2.21. When (M, g) is a weakly regular 72-symmetric Lorentzian manifold,
the weak version of the components Rz, of the Ricci tensor is defined as

Rza =TT j,) +Tj,(Cir —T5) +Te T,

Finally, the components R.4, c,d = X, Y, need to be suitably weighted by the norm of
the vector field Z, in order to be well-defined as distributions.
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Definition 2.22. When (M, g) is a weakly regular T2-symmetric Lorentzian manifold,
the weak version of the normalized components R of the Ricci tensor is defined as

RY™ :=Tng(Z, 2)'°T}) + Z(ng(Z, 2)'*T7,)
+ ng(Z, Z)I/Z(FgTrgc + 1—‘IZZFch - F;ZF%C - F[%Trgc

T T Z Z
- 1—‘da F?"c - FZTFac - 1—‘dal—‘aZc - FZZFuc)’

Definition 2.23. A weakly regular 72-symmetric Lorentzian manifold (M, g) is said to
satisfy the weak version of Einstein’s evolution® equations if

Rzz=0, Rzq4=0, Mm=0, c¢,d=X,Y, (2.30)
in the weak sense introduced in Definitions 2.20 to 2.22.
Again, we have an equivalence result establishing the link with the classical definition.

Proposition 2.24 (Equivalence to the classical definition). For any sufficiently regular
T2-symmetric spacetime (M, g), the weak version (2.30) of the Einstein evolution equa-
tions is satisfied if and only if the Ricci flatness condition

Ric(e;,ej) =0, e, ej €{X,Y,Z},
holds, where Ric denotes the Ricci tensor of g defined in the classical sense.
Before providing a proof of this result, we summarize our conclusions in this section:

Theorem 2.25 (Weak formulation of the Einstein equations). If (X, h, K) is a weakly
regular T?-symmetric triple, then Einstein’s constraint equations (1.1)—(1.2) make sense
in the weak form (2.24)-(2.25). Similarly, if (M, g) is a weakly regular T>-symmetric
Lorentzian manifold, Einstein’s evolution equations (1.3) make sense in the weak form
(2.30). Furthermore, the new geometric objects introduced in Definitions 2.13-2.23 coin-
cide with the classical ones when sufficiently high regularity is assumed.

We have thus restated and established Theorem 1.1 (presented earlier in the introduc-
tion). We refer to a weakly regular 7'2-symmetric triple satisfying the weak version of the
Hamiltonian and momentum constraint equations as a weakly regular 72-symmetric
initial data set. Analogously, we refer to a weakly regular 7%-symmetric Lorentzian
manifold satisfying the weak version of the Einstein constraint and evolution equations
as a weakly regular 72-symmetric vacuum spacetime.

Proof of Proposition 2.24. We assume that g is smooth and we will show that the dis-
tributions defined by Ric(e;, e;) for e;,e; = X, Y, Z agree with the ones introduced in

5 Of course, we shall later consider only spacetimes which are solutions of both the evolution
and constraint equations.
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(2.20)—(2.22) (where an additional weight must be introduced for Ric(e, e4)). Abusing

notation, we denote the Christoffel symbols defined in the classical sense by F . With

!, =lec, eq)!, we find

Ric(Z,2) = Ryyz =T —Tazz + TagThs —TosThy — kT 23D
We expand the right-hand side of (2.31) by focusing our attention on the terms which, for
a T?-symmetric solution having only weak regularity, are a priori not well-defined:
Ric(Z, Z) = Z(T5,) + T(Thy) — (Z(T5) + Z(T} ) + Z(T4y)
T T z

+ 770, + 15,05, + 1,05, + 577,

+ FTF%Z +rért, +rz, 8, +1%,1%,

+ TG, — T + 15,05, + Ty T7, +T5:T22)

T z b T

- (FZaF?"Z + T4 Ta, + 5,05, +T5,T2) — T30, — 5,7,
To handle the latter term, we observe that the only non-vanishing commutator is [T, Z],
and it is orthogonal to both Z, T. Note that this last term can be rewritten in terms of the
connection coefficients since

(1,21 =1%, -15,.

Taking into account the cancellations in Z(I'5,), I'Z,T'Z, and I'Z, '], as well as the
antisymmetry of '} and the fact that '/, = I'Z = 0, we obtain

Ric(Z,Z) =TT}, — z(TL,) — z(T%)) + (FTTFZZ +rl,rz,)
+@4rl, + 19,1z ) 419
- () Tf,+TL,T7,) - F%bFaZ + zrgaF%T’

and the expression for Ric(7', T') then follows by factoring out I" %T and I‘%T.
For Ric(Z, e;4), we proceed similarly and obtain

Ric(Z, eq) = Ty 4 — Ty 4+ T4Th, —T%TE, — L re,
=T(Cgp) + ZU5) + (T1p Uiy + T5, 05, + T1,05, +T5:Tiy)
+ TG, + T4 T, + 17,5, + T4, T,
+ T8, — T T + T 05, + Ti T, + Tl )
— (T3 TGz + TirTa, + T4, TS, + 14,12, = T4, Tl

Next, using 'Y, = FZ = FT = I'j. = 0 and the fact that X, ¥ commute with Z, T, we
obtain

Ric(Z,eq) = T(T),) + L 00, + 1%, 10, + 1%, 1],
— (CgzTF 7 +THT ) — (T T, + TirTay).
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‘We also note the cancellation in I’ %T FZZ as well as the identities
T T T T T z T T
Prrlaz — FzleFZZ =Tz4@Crr = TZ7), _Fa'arg"Z - Fflrraz =0,
and arrive at the desired formula
Ric(Z,eq) = T(CY,) + 1L ,(CF, — 1%, + 19,11,
Next, for Ric(e., e4), we have
Ri =12 —r* 4+rerf _peph P e
ic(ec, eq) dee ~ Vaed Tlaglae = Vaglae = Caalep
=T () + Z(G) + (C7pTge + 7,50 + T7,0 7 + 7,150
+ (T T + T5,T60) + (TCor T + T4 T7) + T T, — Cgp T +T5.T5)
— (CazThe + T T3 = (Cg T + TipTh) — (T, TG + T4, T%) = T4, T,
and,using ', =TI'T =T¥¢ =0,

Ric(ec, e) = T(Tg0) + Z(Tg.) + (CrpTae + U705 + Cr20 G + T77Tgc)
+ (FZleTC + 1—‘ZZFch) - (ngr%c + F;’Tr‘gc)
- (Fgar%c + FZTFZC) - (FgaFaZc + I‘ZZFaZc)’
The first six terms of the right-hand side above can be rewritten as
T'(n)
n
=n"'8(2. 2)"*T(ng(2, 2)'Tg,),

T(Cj) + Tplhe + T TS = T(TG) + Th.—— +T.8(2.2) ' *T(g(Z, 2)'?)

and similarly

Z(n) _
Z(Tf)+T4,T% + T4, =Z(T%) + rch + T3¢z, 2712282, 2)'/?)
=n"'g(Z,2)7"?Z(ng(Z, 2)'°1%).

1/2

This suggests introducing a weight in Ric(e., eg), that is, ng(Z, Z)'/<, which leads us to

the desired expression:
ng(Z., 2)'* Ric(ec, eq) = T(ng(Z. 2)'*T},) + Z(ng (2. 2)'/*T],)

+ng(Z, Z)I/Z(FZTFL?C + FZerc - (FZ;ZF%C + FfTrgc)
~ (CgaTfe +TrTa0) = TG Tg. +TizT5)). O
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2.5. Twist coefficients

We end this section with an important property of the so-called twist coefficients associ-
ated with two Killing fields X, Y. In the smooth case, they are defined by

Cx = Eapys XOYPVY X2, Cy i= Eupys YOYPVY X0,

where Eypy 5 is the volume form of (M, g). On the other hand, under our weak regularity
assumptions, we can rely on an adapted frame (7', X, Y, Z) and set

Cx = Eapys X“YPP'TS . Cy = EupysYYPP'TY

where each term is evaluated in the frame (7', X, Y, Z) and so the expresssions above are
well-defined since they involve products of L> by L! functions, or L? by L? functions.

We recall that for all sufficiently regular spacetimes, it is well-known that the vacuum
Einstein equations imply that the twists are constant [8]. We check now that this property
is preserved at our level of (weak) regularity.

Proposition 2.26 (Constant twist property). The twist coefficients of any weakly regular
T2-symmetric spacetime are constants. Furthermore, one can always choose the Killing
fields X, Y in such a way that one of them vanishes identically.

Proof. 1t follows from the antisymmetry of the volume form that

Cx = Exyrzg "Iy + Exvzrg”“T )y

ZZFT

7x» We have

Moreover, in view of the relation F% x = n’g
ZZT Ror
Cx =28xyz18° " T7x = _ZFFZX'

It follows immediately from one of the Hamiltonian constraint equations and the evolution
equation Rzx = 0 that Cy is a constant. The same holds for Cy, and moreover one of the
twists can be made to vanish by introducing a suitable linear combination of the Killing
vectors, say

X =aX +bY, Y =cX+dY, ad—bc=1, (2.32)

where the last restriction on a, b, ¢, d ensures that the transformation preserves the peri-
odicity property. Then the conclusion follows easily from

Cx' = Eapys X" Y'PVY X"° = (ad — be)(aCx + bCy). o
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3. Weakly regular metrics in admissible coordinates

3.1. Weakly regular Riemannian manifolds in admissible coordinates

In this section, we introduce several choices of coordinates, in which we will later (cf. Sec-
tion 4) express the weak version of the Einstein equations in a form amenable to tech-
niques of analysis for nonlinear partial differential equations. We determine here the reg-
ularity of the metric coefficients that is implied by the geometric regularity assumptions
made in the previous section. From now on, functions invariant by the action of the Killing
fields are identified with functions defined on the circle S? (and, later in this section, also
depending on a time variable).

If (X, Y, Z) is an adapted frame, with Z being the orthogonal projection on {X, Y }*
of some vector field ® (commuting with X,Y), a system of coordinates (x, y, ) such that
(X, Y, ®) is the basis of vector fields induced by (x, y, 8) is said to be adapted to the
symmetry or admissible.

Lemma 3.1 (Weakly regular 72-symmetric metrics in admissible coordinates). Let
(2, h) be a weakly regular T*-symmetric Riemannian manifold and (x, y, ) be coor-
dinates adapted to the symmetry. Then the metric h takes the form
o2V 2P _ o ___ ) _ o
h= Td62 + P R(dx +Ady + (G +AH)dO) + e *PR(dy + Hdo)?, (3.1)

where the coefficients R, P, A, V, G, H depend on the variable 0 € S 1 only, and satisfy

P, AeH (SH, vewh'l(sh), G, HeL>SY,
while the area function R (already defined in (2.3)) satisfies R € W“°(S!) and is
bounded above and below by positive constants.

Proof. We rely here on the conditions introduced in Definition 2.4. Clearly, any metric

can be expressed in the form (3.1), provided one defines v, P, A, G and H by h(X, X) =:
62?5, h(X,Y) = Ee2fz, ... Since the metric is T2-symmetric, all coefficients are
independent of the variables (x, y). By our assumption (2.3), we have R € Wlo°(%) and,
after identifying R with a function on S!, it follows that R € W>°(S1). Since PR =
h(X,X) € H'(Z), we obtain P e H (%), and after identifying ¢*P with a function
of & € S, it follows that 2P e H I(sH. In particular, P (defined almost everywhere)
admits a Holder continuous representative. Since 2P e cO0(sh is positive and defined on
the compact set S, its inverse ¢=2P also belongs to the space L>°(S'). From this, it also
follows that Py = %e’ﬁ(eﬁ)g belongs to L2(S!), and we conclude that P € H'(S").
A completely similar argument applies to A and shows that A € H'(S).

For G and H, we have (X, Z) = ¢2PR(G + A H) € L®(S") and thus P € C°(S")
and R € C(S1). So, we find

G+ AH e L®(Sh. (3.2)
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On the other hand, from the assumptions on 4 (Y, Z), we also know that
h(Y,Z) = Re*PAG + AH) + e 2PRH e L2(S)),

in which the first term is in L*°(S!) by (3.2), and so we have ¢ 2P RH € L>®(S").
Moreover, using the lower bound on R, the function ¢>? /R belongs to L>°(S') and thus
H e L>®(S"). From (3.2), it then follows that G € L°°. Finally, by observing that 4(Z, Z)
provides a control of ¢, similar arguments show that U belongs to W1 1(s1). O

Relying on Definition 2.5, we now introduce a decomposition of the tensor field K and
specify the regularity of each component. The proof of the following statement is omitted.

Lemma 3.2 (Decomposition of weakly regular tensor fields K). Let (X, h, K) be a
weakly regular T*-symmetric triple in admissible coordinates (3.1). Then there exist func-

tions IS’ 1(4)\, G, I-OI , I§ v and a symmetric 2-tensor hgp such that, in an adapted frame
0 0 0

(X, Y, Z), the components of K read
Kap = 3h(Z, zr”zhgb,
K(X,2) =} "PP G +AH),

K(Y,Z) = e*“jﬁzg +AK(X,Z) = %e”ﬁ(ﬁze*ﬁg + Zeﬁ@ +AH)),

ol —

Tr(z)( K) = e—v+?§§—1 _ e_i+ﬁﬁ_1/2§,
Kzz =" PR3- P -RQR)),
0 0 0

with B
hap = ﬁ‘?hab +R(e*F 2§(dx + Ady)* — 2Ee_zpdy2)
0

+ Eeﬁ@%dxdy + 2Z§dy2),
and the following regularity properties hold:

P,A, G, H, hgycL>SYH, Rewh>®@$hH, velLlsh.
0 0 0 0 o 0 0

3.2. Weakly regular Lorentzian manifolds in admissible coordinates

If (M, g) is a weakly regular T2-symmetric Lorentzian manifold, a system of global
smooth coordinates (¢/, x’, ¥/, 6") on M such that the metric when expressed in these
coordinates takes the form and the regularity of Definitions 2.7 and 2.8 will be called
admissible coordinates adapted to the symmetry or simply admissible coordinates.
From now on, (¢, x, y, #) will denote an arbitrary system of admissible coordinates. We
shall also refer to the expression (3.3) below as the metric in admissible coordinates.

In the context of Definition 2.8, applying Lemma 3.1 to each slice of the foliation, one
has the following result.
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Lemma 3.3 (Weakly regular (3 4+ 1)-metrics in admissible coordinates). Let (M, g)
be a weakly regular T?-symmetric spacetime and (t, x, v, 0) be admissible coordinates
adapted to the symmetry. Then the spacetime metric g takes the form

20-2P
g = —n’di* + erez + e R(dx + Ady + (G + AH)d0)’ + ¢ 2P R(dy + Hdo)?

3.3)
with coefficients P, A, v, G, H depending only ont € I and 6 € S', satisfying
P,Ae L, H(SY), velLld, whi(sY)), G, HeLZd, LS.

and such that the area function R (defined in (2.3)) satisfies R € W-°(I x S') and is
bounded above and below by positive constants.

From now on, a subscript (like # and 6) denotes a partial derivative, possibly understood
in the weak sense. The regularity assumed on the second fundamental form implies some
regularity on the time derivative of the metric coefficients.

Lemma 3.4 (Timelike regularity in admissible coordinates). Let (M, g) be a weakly
regular T?-symmetric spacetime and (t, x, y, 0) be admissible coordinates adapted to the
symmetry, with t € 1. Then the metric coefficients in (3.3) enjoy the following regularity
in time:

P Ay € LS, L*(SY), Ry € L3I, L=(S"Y),

v € LI, L'(SY), Gy Hy € LI, L*(S")).
Proof. In view of Definition 2.8, the components of K satisfy
L'(S") 52nK(Z,2) = (e H*R + Re*" (G + AH)* + e *PR™") ,

while all other components belong to L2(S!):

2nK(Z, X) = (*"R(G + AH)),,

2nK(Z,Y) = (¢*’ RA(G + AH) + ¢ > RH),,

2K (X, X) = (*’R);, 2nK(X,Y) = (¢*’ RA);,

2nK(Y,Y) = (¢*P RA* + Re™?P),
with, moreover,

L®SH s TP (K) = 2P R7IK(Y, Y) — 24P RTK (X, Y)
+ P AR + DK (X, X).

We first use the conditions (¢2” R); € L%(S') and (¥ RA); € L?(S') and deduce that
P,, A; € L%(S"). Then the condition on Tr® (K) implies that R, € L>®°(S"). We then

deduce a control on the functions G, H;, and finally the condition 2nK (Z, Z) € L'(S")
yields v, € L1(Sh). o



1254 Philippe G. LeFloch, Jacques Smulevici

3.3. Conformal coordinates for weakly regular metrics

A well-known problem in general relativity and, more generally, in geometric analysis is
to exploit the gauge freedom at our disposal to simplify the analysis. This typically means
choosing a coordinate system or a frame well-adapted to the problem. Here, it will turn
out that we need to make two different gauges, i.e. we will use two different choices of
admissible coordinates, specifically the so-called conformal and areal coordinate systems.
We begin by proving the existence of conformal coordinates.

Lemma 3.5 (Existence of conformal coordinates). Let (M, g) be a weakly regular T?>-
symmetric spacetime and (t, x, y, 0) be admissible coordinates adapted to the symmetry,
witht € Iand x, y,0 € S'. Also assume that the function p introduced in (2.15) belongs®
to the space W', Then there exist functions t, £ : M — R such that:

1. In the coordinates (t, x, y, 0), the functions t, & depend on (t, 0) only, and belong to
WL (1 x Sh.

2. The functions t, &, x, y determine a global chart on M and hence define a smooth
differential structure on M. Moreover, the charts (t, &, x, y) and (¢, 6, x, y) are wloeo
compatible at least (but need not be C*° compatible).

3. In the coordinate system (1, &, x, y), the metric takes the form

62v72P

R
+ e *PR(dy + Hag)?, (3.4)

(—d7® + d&%) + *F R(dx + Ady + (G + AH)dE)’

g:

where the coefficients v, P, A, R, G, H dependont € J and & € st only, where J is
an interval.
4. The hypersurface t = ty coincides with a level set of t.

In fact, the coefficients of the metric, when expressed as functions of (z, &), will also
enjoy the same regularity properties as those presented in Lemmas 3.3 and 3.4, provided
the weak version of the Einstein equations holds true. This fact will be checked later in
Section 5.

Proof of Lemma 3.5. We restrict attention to the quotient metric
2v-2P
R

and establish the existence of functions 7, & such that

g= (—p2di® + d?),
629—2P
R

(the relation between v and D being specified below). We are going to construct null
coordinates u, v : M — R enjoying the following properties:

g= (—dt? + d&?)

6 This higher regularity will indeed be established within our proof of existence.



Weakly regular Tz—symmetric spacetimes 1255

1. The functions u, v depend on (¢, ) only, and belong to wloor x 81y,
2. The following equations hold:

U+ pug =0, v, — pvg =0. 3.5)
3. The following periodicity conditions hold:
u(t,0 +2mr) =ut,0)—2m, v(,0+2x)=uv(t0)+2x. 3.6)
4. Themap I x S' 5 (t,0) — (u, v) is a W diffeomorphism onto its image.

Once this is established, one easily checks that the functions

vV—Uu vV+u
s T .=
2 2

£ =

satisfy the desired requirements, and that the functions v and ¥ (in the expressions of the
metric) are related by writing du = u,dt + upd6 and dv = v,dt + vypd6, which lead to

2

e =2

v Ugvg.

Actually, the equations (3.5) are linear transport equations and are easily solved by
the method of characteristics. First of all, setting / = [t{, t2], we can choose the initial
datat — 6 and r + 6 for the functions u, v at time f1, that is,

u(ty,)=n-60, v, ):=tn+86.

Then we consider the characteristic equations

45 _ (1, 6(1))

ar P,
with initial condition §(t1, 0) = £6, and we denote by 0L =04 (t, 0) the corresponding
solutions. Since p € W>>(I x S') by assumption,’ from a standard theorem on ordinary
differential equations it follows that 6+ € W1’°°(I x §1), and

t
Fio(t.0) = exp( / @(ﬂ,éi(r/ﬁ))dﬂ) €Ly,
n P

never vanishes. Thus, the maps I x R > (¢,6) — (¢,60+) € I x R are Wlfo-diffeomor-
phisms. Since the solutions are unique and the data are periodic, we obtain 6+ (7, 6 + 27)
= 64(t, 0)xX2m. Finally, we arrive at the desired conclusion by defining the functions u, v
by

u(t,0) :=ui(t,0,(t,0)), vt 0):=vt 0_(t0)). o

7 The higher regularity on p is used in order to ensure that the functions 6+ are Lipschitz con-
tinuous, as required.
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3.4. Areal coordinates for weakly regular metrics

We will also use a time function coinciding with the area of the orbits of symmetry. In such
coordinates, the area function is obviously of class C*°, while the metric coefficient a
introduced below in (3.7) has weak regularity.

Later we will justify this choice and show (cf. Proposition 5.1 below) that the gradient
of the area function R is timelike so that the area can be used as a time coordinate. In the
so-called areal coordinates, the metric takes the form

g = 20 (—dR? + a72d0%) + ¢V (dx + Ady + (G + AH)db)’
+ e 2YR?(dy + HdH)>, (3.7)

where U, A, n,a, G, H are functions of R and 6 € S 1 The variable R describes some
interval [Rg, R) and the variables x, y, 6 describe S 1 As in the conformal case, we will
prove in Section 5 that areal coordinates are admissible if the weak version of the Einstein
equations holds and that, in particular, the regularity in Lemmas 3.3 and 3.4 holds in areal
coordinates, as now stated.

Lemma 3.6 (Weak regularity in areal coordinates). Let (M, g) be a weakly regular T2-
symmetric spacetime and suppose that the area function has a timelike gradient V R.
Assume that the areal coordinates (R, x, y, 0) are admissible and that the metric takes
the form (3.7) where all functions depend only on R, 0 with R € I C (0, 0o) (an interval)
Then the following regularity properties hold:

Ug, AR, Ug, Ag € L2.(I, L*(S")),  nr, 7m0, G, H € L.(1, L' (S")), 35)
ae L, whesh). '

loc

4. Field equations in admissible coordinates

4.1. Constraint equations in admissible coordinates

In this section, we derive the Einstein equations in admissible coordinates from the geo-
metric formulation of the equations presented in the previous sections. To begin with, we
consider the constraint equations.

Lemma 4.1 (Weak version of the constraint equations in admissible coordinates). Let
(2, h, K) be a weakly regular T?-symmetric triple and consider the metric in admissible
coordinates as described in Lemmas 3.1 and 3.2. Then the weak version of the constraint
equations defined in (2.24)—(2.25) is equivalent to the following four equations:

— 1 — = = = - _ = = =2 =2
Rog+ —=(R3+R")—Ry(vg — Pg) — RG—P)+ R(P, + P°)
4R 0 0 0 0 0

+ 1R + e + L THTRG + AR + 1 TRH =0, (4D



Weakly regular Tz—symmetric spacetimes 1257

— N R 1] — — - - 5
(R)g — (Vg — Po)R — (V — P)Rg + ——=RoR + RQP Py + 3A Age*) =0, (4.2
0 0 0 0 2R 0 0 0
(R'V=2(G + A H)), =0, (4.3)
0 0

(Re™H+AR G +AH), =0, (4.4)

in which G H A, g E and R were introduced in Lemma 3.2, and the equations above

0
hold in the weak sense.

Since the term Rgg is the only one containing second-order derivatives, if one evaluates
the constraint equations above on a hypersurface of constant area R, then no second-order
derivative of the metric arises in the constraints; doing so suppresses the elliptic nature
of these equations and is the key reason why the analysis of 72-symmetric spacetimes is
natural in areal coordinates.

Proof of Lemma 4.1. We consider ﬁrst the Hamiltonian equation (2.24) and compute

the normalized scalar curvature Rnorm in terms of the metric coefficients (introduced in
Lemmas 3.1 and 3.2):

R =2RY) + h(Z. Z)(|x|* — Te(x)?)
= —27Z(T%,) 4+ 2I%,T%, — 2%, T2, + h(Z, Z)(Ix > — Tr(x)?).
Observe then that
Xab = g(h(Z, Z2)"' 2, Ve e0) = W(Z, 2)' T ] = =1 (0" %) P Z(hap).
thus

R®

norm

= —2Z([%,) +2T%, 0%, — 2 h*Z(hep) 10 Z (hay)
+h(Z, Z) (5P D) P Z(hap) 5 (W) Z(hea)h* 1™
_ (j(hZZ)IﬂZ(hah)hab)z)
Hence, we obtain

R = —2Z(T4) + 24,5, — 3 Z(het) Z(haa)h*h* — {(Z(hap)h®")?.

norm

Using the identity
3hZ(hap) = Zn R) = T4, = —h(Z, 2)'* Tr(x),
where R% = det(hyp), we find

RO = 27 Al 2
)= —2Z(Z(nR)) +2Z(InR) —sp v Py | — (Z(InR))
— 1 Z(hep) Z(haa)h*h™
R RG 2 1 acy, bd
=27 R + 2—(1)9 — Py) — ? — 7 Z(hep) Z(hga)h““h”". (4.5)

Thus, we need to evaluate %Z(hcb)Z(hda)h“hbd.
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To this end, by decomposing 4,p in the form h,, = RN, with det(R,,) = 1, we
obtain

1 Z(hep) Z(haa)h“h" = =L Z(RR)(RR) ' Z(RR)(RN) ™!

R9 Rg 2
= _ZILZ(N)N_IZ(R)N_I - %Z(N)?N—l _ ‘_112<?)

| Ro\’
=—3ZMONTZEHNT! - %(7> ,
where we have used Tr(Z(R)8~!) = 0 (since X has constant determinant). Therefore,
€2P A62P
R=| 42P 42,2P Le2P )

and a straightforward computation gives

—1ZRTTZEORT = —2PF — L AZeMT,
from which it follows that
R Ro\?
RO = _22( 9) + 2—(1)9 — Py) — -(f) —2P; — 1AM (4.6)

To complete the derivation of the Hamiltonian constraint equations in admissible coordi-
nates, it remains to determine the contribution of the tensor K.
Note that

h(Z, Z)(Te(K))? — |K %)

R? 1_
— 20 2,22 ZZ\1/2 1
= + (Kzz)“h +2Kz7(h“*) §1§
— (Kz2)*h?? —=20(Z, Z)K 74 K?* — h(Z, Z)Kap K

R2
=R—g+2K (hZZ)l/zRR 20(Z, Z)K7aK?* — W(Z, Z)Kap K™, (4.7)

and, as before, we define R, by
0
1 — —
hab = =Rhab + RNabs
0 RO

so that the trace of 8, vanishes: Nabh“b = 0, which follows from the definition of R
One then has 0

—h(Z, Z)KpK™® = —

and moreover
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_ We now consider the last term on the right-hand side of (4.7). From the definition of
G and I(;I , it follows that
0

KZaKza = KZaKZhhab = K%XhXX + szhYY + 2szszhXY
— L HPRG + AHY + L RPE.
0 0 0

Collecting all the terms computed above, we have established that the Hamiltonian con-
straint equation reads

(B foRom _mys(Re) D L@y 2reop
), TR R) Topee TRAG W
-2

—2 =2 —2 =2 4P AP S | v
—2(Py +P7) = 1A, +4 )ett — le 2“+4PR(g +A 1;1)2 —Le 2“Rzlgr 0.

From a straightforward density argument it then follows that this equation is equivalent
to (4.1). On the other hand, the twist equations (4.4) are obtained easily by observing that
the geometric formulation is equivalent to Z(h(Z, Z) I2R-1K aZ ) = 0, and then using the
decomposition of K.

‘We now consider the last momentum constraint equation (4.2). For this, we compute
all the terms appearing in the first equation of (2.25) one by one. For the first term we
have

—Z(THX(K)) = —Z(e—ﬂﬁgﬁ—l)
_ _Z(e—i g)eUﬁ—l + E(E)_zﬁge_i—i_ﬁ _ Eﬁ—l(_vg _ ve)g—wﬁ
_ _Z(e—igﬁ—lﬁ)eﬁ _ Z(F)e‘ﬂﬁ?ﬁ_l/z.
For the second term we find
—h(Z, )P Tr()K% = —RyR K% = EQR—I/Ze—”?(g -P- 25(2?)—1)
and, for the last term,
1%, K2 = — L Z(hp)h" K g = —;{e—ﬂvh“ChhdZ(hbc)hgd.
Using the fact that the traces of Ngb and Z(RX) vanish, we obtain
_FaZbe _ _%e—v+PE—3/2?§9 _ %e—v+P§1/zhhdhacz(xbc)xgd’
Finally, in view of
_211e_V+PE1/2hhdhaCZ(Nbc)Ngd _ _Rl/ze—v+?(2§59 + %gzee@)’

the last momentum constraint equation follows by collecting all the terms. O
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4.2. Evolution equations in admissible coordinates

In this section, we rely on the geometric formulation introduced earlier and derive the
Einstein equations in admissible coordinates.

Proposition 4.2 (Weak version of the evolution equations in admissible coordinates).
Let (M, g) be a weakly regular T*-symmetric spacetime with admissible coordinates
(t,x,y,0). Then (M, g) satisfies the weak formulation (2.30) of the Einstein equations
if and only if (¥;, h(t)) satisfies the constraint equations on each slice and the following
equations are satisfied:

R, \? Ry \?
0=T(pv)—Z(p ) —p(P = L) +p (P — 2
2R 2R

et 3
— AT —pTlAD + T KE, (48

R4
R; ~1 Ry R U;
0= Pi+—)) - Po+—)) —
(A 50)),~ (7' (v 55)), %

RoU, -1
—1eVe 0 4p 2 P ap 2
+ol = Se ”A,——2 AL 49)
— R[A[ 71R0A9
0= (pA): — (0 'A)); — -
(pA) — (p Dr—p R 1Y R
—4(p~ Ay P9+& — pA, Pt+& . (4.10)
2R 2R
0= (pR): — (p”'Ry)o — ﬁp—lez”lﬂ, @.11)
0= (pR* 2 Hy),. 0= (pR2e™ 2P (G, + AH))),. (4.12)

Proof. The equations (4.12) are easily obtained from Rz, = 0, as in Proposition 2.26.
We now consider the equations R,y = 0 which read

0=T(ng(Z,2)'’TL) + Z(ng(Z, 2)'*1%) + ng(z, 2)"/*(re,rl + 19,17
- FZ;ZFIZC) + ng(Z’ Z)1/2(_F5tr‘£c - Fgarflc - FZ,FZC - Fgar%c - 1_‘fi{ZFaZc)'

First, we note the following identities:

1
ng(2.2)'7 = Tfp= s gaer T8(2.2)PT ) = 3T (0gaes).
R, 1

Z0g(Z, 2)'PT3) = =327 gace),  Tailde = o 3 8ders
Ry 1 1 KK
z 0 z,Z T ~Z _ df&c
ngrdc == R Eg 8deo, 24 T = 5 R2

1 1
T b Z b
Cialie = mgda,tgbc,fg“ o Tl = —mgda,egbc,eg” :
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where K; = K if d = y and 0 otherwise. To investigate the last two expressions in more
detail, we set g, =: R¥;p. Then we have

RZ

8da.18he 8" = 2R Ny + — e + RR g4 Rpe R
R R?

= Zﬁtgdc,t - R_tzgdc + RNda,thc,tNab-

Now we compute, ford = ¢ = x,

Rax Npx  R? = 2Pe*0)2(e72P 4+ A%2P) 4 2(—Ae*P) 2P 2P 2P AT + A,e*T)
+ (ZPIAEZP + A,e2P)2e2P
= 2P (AP2 + A2*P),
ford =c=y,

Nay,txhy,txab — (A,E2P +2PIA62P)2(8_2P +A262P)
+2(—Ae*P) (2P e 2P +2AA,6*F + A?2P,e*P) (AT +2P, AT
+(=2Pe 2P +2AA,6*F + A*2P,e?P)2 2P
— (4P[2+Atze4P)(€72P+A262P)’
and ford = x and c = y,

Rax 1 Rpy R = 2Pe* ) (Ae*F +2P, AT (72 + A%eT)
+ (—AP)2P — 1®P)(—2Pe 2P +2AA,6*F + 2P, A%*T)
+ (—Ae*P) (AT + 2P, A%?T)?
+ P (AP + 2P, A (—2Pe 2 +2AA,6* +2P,A%%T)
=4P2APT 4 AA2SP = AP (4P2 4 A2,
Similar expressions are valid for R,¢ 68546 Rab by replacing the 7-derivatives by 6-deriva-

tives.
Putting everything together, we obtain ford = ¢ = x

_ p R o~ Ry
0= %T(pgxx,l) - %Z(,O lgxx,e) - 5 Etgxx,t + T ?gxx,e
o(-.R R?
- E(zftgxx,t - R_tzgxx + (4P;2 + At234P)gxx

-1 2
yol Ro R
+ T(zﬁgxxﬁ - R_ggxx + (4P92 + A§e4p)gxx)-

Finally, substituting g,x = Py + 2R_1te’ one easily obtains (4.9). The wave equation (4.10)
for A is derived similarly.
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To derive equation (4.11), we note that, for sufficiently regular solutions,
g (3T (pgeas) — 3 Z(p™" 8ca0))

R _Re . o
= T<p;'> — Z<p 1;) — 1088 gap,18cas + 307" 88 gub08cd .0,

from which (4.11) follows. Finally, a straightforward density argument shows that (4.11)
remains true under our regularity assumptions. We now consider the equation Rzz = 0
and, in view of the definition, we have

Rzz=T(T},) — Z(F,) = 284 — T4,r% 4 14,12, + 14T, + 21T re,
+T5,(Crr —T4p) + 1,05, —Thp).

We evaluate successively each of the terms above and obtain
Taoly=r 1K(z 7) T 1 Z@kE ) Z 1Z( )
= - ) = ) - = - - n )
7z n 2 8271 TZ "

1
—Z('%)) = —Z(Z(nR)d), T4I}, =T(n R)5 58271
The algebraic expressions of the products
b z T
1_‘%braZ’ 1_‘ZZI_‘ZZ’ 1-‘Zal-‘aZT

have already been computed in terms of the metric functions (for the derivation of the
constraint equations):

%, T2, = —1Z(ha) Z(ha)h® 1" = —2PF — 1A%,
R
FZZI_%Z = Z(In R)(—ﬁ + vy — P9>,
P T%y = KSKaz = p2(Le 2P R(G, + AH)? + Lo R2H?) = 1R2 2K,

where K denotes the only non-vanishing twist constant. The last two terms in the defini-
tion of Rzz give

1 _
r7,Crr =T = _4n4gZZ,tgzZT(,0 %),
n

F72(M77 = T7p) = 587720 Z(p?).

Adding all the terms together, we obtain the equation

Y (] (A T | N (P T BT (S
- PV "7 SR PP\ Vi T 5k 0 0 IR
—\vw—Po— | —Z\| —o vy, — P — —
+p<9 0 2R> <R)+Rp ; Y

R R
T T

Equation (4.8) then follows by using (4.9) as well as (4.1) to eliminate all second-order
derivatives of P, R. O
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4.3. Field equations in conformal coordinates

Applying Proposition 4.2 to the special case of conformal coordinates, we obtain the
following result.

Proposition 4.3 (Weak version of the field equations in conformal coordinates). Let
(M, g) be a weakly-regular T?-symmetric spacetime and let (v, &, x, y) be a system of
conformal admissible coordinates for (M, g) in which the metric® takes the following
form:

g =2V (—dr? +dg?) + Y (dx + Ady + (G + AH)d$)2 + e 2YR*(dy + HdE).
(4.13)

Then the weak version (2.30) of the Einstein equations is equivalent to the following
system of evolution and constraint equations:

1. Four constraint equations:

4U 2v
e R v R veR e
0=U2+ U+ (A2 + A}y 268 Tt A% K% (414
P Ut e T AD R R ' 4R* (4.14)
4U
e Rg+ ve R; Ve R
0=2U0.Us + —5AAe + =— — — — ——, 4.15
Ut g dcte T g R R “.15)
K: =0, K.=0. (4.16)
2. Four evolution equations:

R:U. R U
Upr — Uge = % - 2R2 (A2 AD), (4.17)

R:A; RgAzg-
Are — Agg = —® +4(AgUsg — A Uy), (4.18)

eZu )
Rir — Reg = K-, 4.19
T S‘E 2R3 ( )
2, vy 2 >
T — Vgg = UE U; 4R2(A —Ap) — 1R K-. (4.20)
3. Two auxiliary equations:
eZv

G, +AH, =0, G.;= FK 4.21)

4.4. Field equations in areal coordinates

Similarly, in the case of areal coordinates, we obtain the following equations.

8 The variable P is now replaced by U := P — %ln R, as this leads to some computational
simplifications later on.
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Proposition 4.4 (Weak version of the field equations in areal coordinates). Let (M, g)
be a weakly regular T?-symmetric spacetime and let (R, x,y,0) be areal admissible
coordinates. Then the weak version (2.30) of the Einstein equations is equivalent to the
following evolution and constraint equations:

1. Four evolution equations for the metric coefficients U, A, n, a:

(Ra™'Ug)r — (RaUy)g = 2RQY, (4.22)
(R 'a "Ap)r — (R 'aAp)g = e 2V QA, (4.23)
(@ 'nr)r — (ane)g = Q" — R (RY*@ Hp)r, (4.24)
(2lna)g = —R K%, (4.25)

where the right-hand sides are defined by
QY= 2R) 2V (a7 A% — aA)),
Q4 :=4R7'e*V (—a"'UR AR + aUpAyp),
Q"= (—a U +aU3) + QR 2 (a7 ' A% — aAd).
2. Two constraint equations for the metric coefficient n:
nr+ tR e K*=aRE, no=RF, (4.26)

where
E:=(a"'U2 +aU}) + 2R)2* (a7' A% + aA2),

F :=2UgrUy + 2R 2e*Y AR Ay.

3. Four auxiliary equations for the twists:

(Re*V=21a(Gg + AHR))s =0, (R3¢ *aHg)g =0,

(4.27)
(R*V="24(Gr + AHR)r =0, (R’¢ *aHg)g = 0.
4. Two equations for the metric coefficients G, H:
Gr=—AKe*a'R™3,  Hgp=Ke*a 'R, (4.28)

5. First properties of weakly regular 7'2-symmetric manifolds

5.1. Properties of the area function

In this section, we collect some properties of weakly regular T'>-symmetric manifolds
which will be useful for the analysis of the initial value problem in Sections 6 and 7. First
of all, we derive some properties of the area function which are immediate consequences
of the field equations. The first one is an additional L' regularity for the second derivatives
of R.
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From the constraint equations (4.1)—(4.2) and the assumed regularity, we see that the
second-order derivatives Rgy and R;p may be written as a sum of functions that have L!
regularity at least. Moreover, in view of the evolution equation (4.11), R;; also has L'
regularity. The additional regularity (5.1) will be crucial to prove local well-posedness of
the system in Section 6. Furthermore, for sufficiently regular 7>-symmetric spacetimes,
it is known that VR is timelike unless the spacetime is flat [8, 31]. That this is still true at
our level regularity is the subject of the second statement below.

Proposition 5.1 (Properties of the area function). Let (M, g) be a vacuum T?-symmet-
ric Lorentzian manifold and let (t, 0, x, y) be admisssible coordinates.

1. The area function R = R(t, 6) has the following additional regularity properties:
Re LEW2'(S"), R e LEWI(SY),  RyeLZ(LYSYH).  (5.1)

2. If this manifold is nonflat, that is, g does not coincide with a smooth metric on M
whose curvature tensor vanishes, then the gradient VR is timelike, i.e.

g(VR,VR) <0 in M. 5.2)

This, in particular, establishes the existence of an areal coordinate system of class C' for
any weakly regular T'2-symmetric spacetime. Note also that an alternative statement of
the second item of Proposition 5.1 is as follows: for any weakly regular T2-symmetric
initial data set, one has either

R_-R:>o,
§ TR

or else the initial data is trivial, i.e. R, A, U are constants and ?, %, U vanish identically.
0

Proof of Proposition 5.1. It remains to establish the second item. We follow here an
argument due to Chrusciel [8] and Rendall [31] for sufficiently regular spacetimes. In
our weak regularity class, it follows that the norm g(VR, VR) is a measurable and
bounded function defined almost everywhere, at least. However, it follows from the first
item of this proposition that R is actually of class C! in both variables 7, . Define
AT := pR, £ Ry and H := vg — Py + v; — P,. Taking the sum and the difference
of the two constraint equations (4.1)-(4.2) leads to Z (M) = —ATH 4+ N, where N
can be checked to belong to L. (L%(S1)) and be nonpositive almost everywhere. From
the last two equations and the continuity, as well as the periodicity, of A%, it follows
that either At = 0 or AT never vanishes, as is clear from the integrated expression

AO) = e f"ti) H©)ae’ ff?i e f"ti) H(e//)de//N(H’) d®’. A similar conclusion holds for A™.
Moreover, periodicity of R excludes the possibility that AT > 0 and A~ < 0, as well as
the possibility that AT < 0 and A~ > 0. Thus, it follows that either A*A~ > 0 or else
A+ = 0and N = 0. In the latter case, U and A are constant functions and the spacetime
is flat. O
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5.2. From conformal to areal coordinates

To solve the initial value problem, we will need two different coordinate systems, one
better suited for the local-in-time analysis (the conformal coordinate system) and the
other better suited for the long-time control of the growth of the initial norms (the areal
coordinate system). However, since the construction of these coordinates depends on the
metric, the weak regularity of the metric imposes a restriction on the regularity of these
coordinates as functions of the original coordinates. In this section, we prove that despite
this difficulty, the weak regularity of the metric coefficients is invariant under such a
transformation. We begin with the following technical result which establishes additional
regularity in time.

Lemma 5.2 (Additional regularity in time). Consider a 2-dimensional Lorentzian man-

ifold (Q, g) with
Q:=1lw,m) xS, §i=—pdt>+p~'ds?, (5.3)
where p = p(t, £) is assumed to be of class C'. Let

f e LE(to, 1), H'(S) N WE>([10, 11), LA(S1))

loc

be a weak solution to the wave equation
Uz f =4q.

where the right-hand side satisfies q € leoc([to, 1), L2(SY)). Then f is actually more
regular and belongs to C°(H'(S')) N C1(L2(S1)).
Proof. Let a time interval [to, 2] C [to, t1) be fixed, let £, f5,, and g€ be smooth
functions approximating f (fo, -), f;(to, -), and g in the topology of H'(S!), L%(SY), and
L%([to, 1] x 1), respectively. Let £€ be the solution to the corresponding wave equation
with source ¢ and initial data (fj5, f;,). Observe that f€ is of class C! at least, and set
Af = f— f¢, Aq ;= q — ¢F, etc. Then a standard energy estimate implies that for all
t € [to, 121,

1AL O+ AL 72 S I fo— 15 1 sty Fro=Fol T2s1, TN AL AG L1y 1151

where the implied constant depends on the Lipschitz constant of p and 1, t;. Applying
Cauchy—Schwarz to the last term above, we arrive at a Lipschitz continuity estimate which
implies convergence of f€ toward f. O

Note that in conformal coordinates, p = 1 in (5.3) and hence is indeed C', while for
areal coordinates p = a~! for which we prove W2! (thus C') regularity in Section 7.
Moreover, we will prove later in Section 6 that the source terms in the wave equations
for R, U, A are indeed in leoc so that the above lemma applies with (Q, g) chosen to
be the quotient space M/ T? with its induced metric and differential structure given by
either conformal or areal coordinates.

These observations lead us to the following important result which, in particular,
shows that the regularity of the metric functions does not change under a change of coor-
dinates from conformal to areal coordinates or vice versa.
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Proposition 5.3 (From conformal to areal coordinates and vice versa). Let (M, g) be a
weakly regular vacuum T?-symmetric spacetime and assume that C = (t, &, x, y) are ad-
missible conformal coordinates. It follows from Proposition 5.1 that there exists an areal
coordinate system A = (R, 0, x,y) (with VR timelike) that is W*'-compatible with
C = (1,&,x,y). Let M 4 be the topological manifold M¢ endowed with the (unique)
C°-differential structure compatible with (R, 0, x, y). Then (R, 6, x, y) are admissible
coordinates for the manifold (M 4, g) and, in particular, the Einstein field equations hold
in areal coordinates.

Similarly, let (M 4, g) be a weakly regular vacuum T?-symmetric spacetime and let
A= (R, 0, x,y) be admissible areal coordinates. It follows from Lemma 3.5 and the im-
proved regularity of the coefficient a that there exists a conformal coordinate system C =
(1, &, x,y) that is W>'-compatible with A. Let Mc¢ be the topological manifold M 4
endowed with the (unique) C*°-differential structure compatible with (t, &, x, y). Then
(t, &, x, y) are admissible coordinates for the manifold (Mc, g) and, in particular, the
Einstein field equations hold in conformal coordinates.

Proof. We establish the result for the transformation from conformal to areal coordi-
nates, the proof of the second statement being similar. Note first that since the change of
coordinates is of class C, the measures of volume associated with (t, £) and (R, 6) are
equivalent, hence we may talk about L” functions unambiguously. Lemma 6.9 below en-
sures that the assumptions of Lemma 5.2 are satisfied. (In this situation, the source terms
g in Lemma 6.9 contain terms like A% - Ag which are precisely Lt2, o thanks to Lemma
5.2.) Standard energy estimates and a density argument then show that U, A, as functions
of (R, 6), are of class C%(Hgl) nc Ile (Lg). By density, the weak version of the Einstein
equations must hold in areal coordinates. It then follows from the constraint equations
that n and a are in C%(ng’l) N Cll? (Lé) and Cll?ﬁ’ respectively. Recall here that a € w21
by Lemma 7.8. Note finally that, by construction, R is C* in areal coordinates. O

5.3. Regularization of initial data sets with constant area of symmetry

We now establish that any given weakly regular 7'2-symmetric initial data set with con-
stant area R = Ry can be uniformly approximated by smooth 72-symmetric initial data
set. In view of (4.26), the initial data for the functions G, H do not enter the constraint
equations, hence we may suppress here any reference to these functions. Therefore, we
set

X = Uo, Ao, U1, A1,a, 09, 11),

which represents an initial data set for the reduced equations (4.22). We are interested in
the existence of a suitable regularization of X.

Lemma 5.4 (Regularization of initial data sets in areal coordinates). Let X be an ini-
tial data set for the reduced Einstein equations, in particular satisfying the constraint
equations (4.26) (with Uy replaced by U, etc.). Then there exists a sequence of smooth
functions defined on S!

X'= Uy Ay, Uy AL G707, n=1,2,...,



1268 Philippe G. LeFloch, Jacques Smulevici

referred to as a regularized initial data set, such that X" satisfies the reduced Einstein
constraint equations (4.26) and converges almost everywhere (for the Lebesgue measure
on S l) with moreover °

Uy, Ay, Uy, A — U, Ao, U1, Ay in LA(SY),

@' —a weakly-starin W (S,

(T 1) — (.7 in L'(SY).
Importantly, the method of proof of this lemma given now can also be applied to es-
tablish the existence of weakly regular 72-symmetric initial data sets with constant R

whose regularity is precisely the one introduced in Definitions 2.4 and 2.5, apart from the
assumptions on R.

Proof of Lemma 5.4. By convolution of the data X and relymg on the regularlty assumed
on the initial data set, one can define smooth functions U 0> AO, U 1> Al ,a" defined on S!
such that, as n — oo, the functions UO, AO, Ul, Al converge in L2(S ) toward Uy, Ao,
ﬁl, Zl, respectively, while a” converges to @ in wil ’°°(S] ).

In order to obtain a complete set of regularized initial data, we also have to regularize
the functions 7 and 7; in such a way that the constralnt equatlons (4 26) hold for each
integer n. To this end, to each regularized set Y" (U 0> Ao, U’ 1> A1 ,a), we associate
the function and scalar

olY"]:=2RULT, + R2V ALAY),  Q[Y']:= /1 w[Y"]d6.
S

It follows that the function w[?n] converges in the space L'(SY) toward 71, and that the
sequence 2" (is uniformly bounded and) converges to 0.

Assuming first that we have been able to choose the regularization Y" so that Q[Y"]
= 0 for each integer 7, and let us fix an arbitrary value 6, € S!. Then, by defining

0
7' 0) := n(6y) + /9 olY"1d6’,

we see that the functions 7" converge in W1 1(S!) toward the initial data 7. We can also
define the function 77 by

20" K2

e —1— 1€
@)~ + @)~

E[Y":= @) T2 +a" @) + @R 2V (@)~ @A) +a' @)?).

= RE[Y"],

5.4

Here, the constant K is precisely the twist constant of the original initial data set. The
right-hand side of (5.4) converges in L'(SY) to the right-hand side of (4.26). We also claim

9 In the application of this lemma, one could initially normalize the function a to be identically
one.
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that @)~ 'e*” K2R3 converges toa~'e27K2R~3 in L' (S"). Indeed, @" converges to @
in WH°(S!) and thus in L*(S'), and moreover e converges to e?m in L'(S1), as
follows from the convergence of 77" in w1 and thus in L™ ) l). Therefore, we see from
(4.26) that 7j; converges in L'(S") to 7, and passing to a subsequence if necessary, we
may also assume almost everywhere convergence. Thus, 7" and 77 satisfy the requirement
of the lemma.

It remains to determine a regularization such that Q[Yn] vanishes. We start from an
arbitrary regularized set Y" that may not satisfy the constraints. Without loss of generality,
we may assume that f gl U)?or f gl (A1)? > 0 (or both) are positive. For, if both of these
terms vanish, U and A are almost everywhere constant, say U =U, A = A,, and
choosing for regularization R := (U, US, Ay, Zg, a™), we obtain Q”R =0.

Assume, for instance, that f gl (ﬁl)2 =: c is positive, the case of f gl (Zg)2 positive
being similar. For all sufficiently large n we have | gl (ﬁ?)z > ¢/2 and, by assumption,
QY, goes to zero as n — 00. Setting

o QI
2R [ T2

we now claim that
Y = @U", Uy+8"U), A", Ay, @")

satisfies the constraints. Indeed, one can check that, by construction, 9[7/] = 0 and the
conclusion follows from the estimate

Q[Y"
) < 12
2c
where the right-hand side converges to 0 as n — oo. O

5.4. Regularization of generic initial data sets

In passing, we now establish a stronger version of the previous regularization scheme
which is of independent interest and applies to generic initial data sets. This result is not
needed for our main result in this article, but is included for completeness.

Proposition 5.5 (Regularization of generic initial data sets). Let (X, h, k) be a weakly
regular T?-symmetric Riemannian manifold satisfying the weak version of the vacuum

constraint equations. Assume that either the area R of the symmetry orbits is constant on
Y, or the following condition holds (using the notation of Lemmas 3.1 and 3.2):

2 7f2ﬂ e ,
A f@&)e e 8T dg" £ 0, (5.5)

where f and g are defined by
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1
TR maw

4U 55
@ -t me (2 2, ¢ w2, w2y, Re
g=2[R — R} ( RR5<l0] +U$+4E2(/3 + A+ §>

e4U__ (R)g
+RR<2UU§+TAA +—)>,
2R% 0 R

U=P+1/2 and g = ?—i—?/ (2R). Then there exists a smooth family of T?*-symmetric

metrics h® (parameterized by € € (0, 1)) invariant by the same T? action, together with a
smooth family of T?-symmetric, symmetric 2-tensors k€ invariant by the same T? action
such that the triple (3, h€, k€) satisfies the constraints in the same conformal system of
coordinates and (h€, k) converges to (h, k) as € goes to 0 in the following topology:

U A > U, A inH'\(SYH, gi%‘ —>ﬁ,§ in L*(SY,
0
-1 inwhlsh, ST in LY(sh,
RE >R inw>l(sh, F—)E in whi(sh,

and the twist coefficients associated with (h, k, X, Y) converge to the twists coefficients
associated with (h€, k¢, X, Y).

Proof. For simplicity of notation, we drop the bars and write R, for R Without loss of

generality, we may also assume that the initial data are not trivial, in partlcular A, U are
not constants and A, U, do not vanish identically. Since R;, R¢ are of class C! at least
and R% — R? > 0 (cf. Proposition 5.1), by a continuity argument we obtain the lower

bound R? — Rg > ¢ > 0 for some constant c. It follows that the constraint equations are
equivalent to

4 2v 2
Ree
O_RR§<U2+U5+—(A2+A2)+ TS )—ngg—er,Rg,

4U

0= RR, <2UTUg i

oy )—Vng—vTRTRg,

where K denotes the twist constant associated with Y, the other twist constant being set
to O (without loss of generality in view of Proposition 2.26). Taking the difference of the
last two equations, we obtain

RR: K2 et

2v 2 2\—1 2
Ve + ———— ——¢e° = (R — R RR:( U; +U? +
& R%—R§4R2 ( T 5) < 5( &

€4U
—|—RRI<2UrU5 + — R2 ))

(A2+A)+R >
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Let us rewrite this equation as (e?)ge™2" + K2 fe?” = g with

RRg 1
T
T N

4

2 2,—1 2 2, ¢ v 2 2 Reg

el R
&t
+ RR; (ZUTUg + WATA'E + R ))

Setting ¢ = e~2”, we then have ¢’ + ¢g = K2 f, which may be solved as
& ’ / f _ 3 "
) = e B k2 [ pee o ag (5.6)
0

We now use the above formula to define the regularized coefficient v, as follows. First,
we regularize R, R, U, U;, A, A; by a standard convolution.

If R¢ = 0 uniformly, then R = const initially and we may apply the regulariza-
tion scheme developed in areal coordinates in the previous section. Thus, we can always
assume that Rg # 0 so that the technical assumption of the lemma holds.

Next, let us define K€ by

2T € et / 2 2 €dEg” -
(Ke)2 — e—2V(0)(1 —e Jo 8 (5)d5)</(; fe(f)e_fé/ gedg d§/> .

From the strong convergence of f€ to f and g€ to g it follows that (K €)? is well-defined
and converges to K2 (as € goes to 0). Define now v¢ as

ne € st / s _ € "
(€)= (O R 4 (k)2 / ree B gy s
0

It follows from the definition of K€ that v€ is periodic with period 27 (and so can be
identified with a smooth function on S') and converges to v in W'! as € goes to 0.
Finally, we define v¢ so that the remaining constraint equation holds, i.e.

1 4U¢€

€ __ € p€ € € € € € €

4U¢ R¢ 20€ ( gre2
€ p€ €\2 €\2 € €\2 €\2 13 € (K )
+R R,((U,) U+ e (DR + (ADD + 22+ e ) ).

The convergence of the right-hand side and the given constraint equations then imply that
v¢ converges in L' to v;. ]
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6. Local geometry of weakly regular 72-symmetric spacetimes

6.1. Strategy of proof

For the existence of weak solutions to the initial value problem associated with the Ein-
stein equations under the assumed symmetry, we proceed as follows.

Step 1. Local existence in conformal coordinates and blow-up criterion. First, we prove
a compactness property for solutions to the conformal equations. This yields, for any
weakly regular initial data set, the existence of a local-in-time solution, defined on
a sufficiently small interval of (conformal) time [z, 7] + €), where € only depends
on natural (energy-like) norms corresponding to the assumed (weak) regularity of the
initial data. Together with this local existence result, we obtain a continuation criterion.
This result is stated precisely in Theorem 6.1 below, and the rest of this section is
devoted to its proof.

Step 2. Local existence in areal coordinates. We can always arrange that the condition
T = 711 coincides with R = R; (cf. the construction of conformal coordinates in
Lemma 3.5), and since R is strictly increasing with t and weak solutions to the con-
formal equations can be transformed to weak solutions to the areal equations (i.e. the
equations derived in Proposition 5.3), we obtain a local solution to the equations in
areal coordinates, defined on a small interval of areal time [R;, R; + €). Moreover,
we also obtain a continuation criterion in areal coordinates which states the solution
ceases to exist only if the natural energy-like norms are blowing up.

Step 3. Global existence in areal coordinates. Finally, performing a further analysis of
the Einstein system in areal coordinates, we obtain a global-in-time control of the
natural norms which will lead us to the desired global existence result. This step will
be presented in Section 7.

The above strategy is motivated by the following observations. Due to the quasilinear
structure of the equations in areal coordinates, one cannot directly estimate the difference
of solutions. While we do obtain a priori estimates for solutions in Step 3, these estimates
do not provide sufficiently strong compactness properties. A possible strategy (for general
quasilinear systems) in order to cope with this difficulty would be to prove compactness
in a weaker function space. However, under our weak regularity assumptions, the natural
function spaces for U, A which one may think of would be L? (instead of H' ); however,
one cannot control the behavior of the remaining metric coefficients @, v by the L> norm
of U, A. This is the reason why we propose here to rely on conformal coordinates (in
which the equations become semilinear) in order to prove local well-posedness. How-
ever, in conformal coordinates, the natural energy associated with U, A fails to be a priori
bounded, and this is why only local-in-time existence is obtained in conformal coordi-
nates, one must introduce areal coordinates to get a global-in-time result. In the rest of
this section, we discuss the issue of local existence in conformal coordinates.

6.2. Local existence

As explained above, the aim of this section is to prove the following result.
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Theorem 6.1 (Local existence in conformal coordinates). Let (X, h, K) be a weakly
regular T?-symmetric initial data set. Assume that (X, h, K) admits a regularization
(Z€, h€, K€) as described in Lemma 5.5, which, for instance, applies if the associated
area function R is constant on X. Let (&, x, y) be admissible coordinates and g be de-

fined in as in Lemma 3.2. Assume finally that
My := inf|R — Rg/|inf|R + Rg/|
T 0 x 0

is nonvanishing (which holds for nontrivial data in view of Proposition 5.1). Then there
exists a weakly regular T*-symmetric Lorentzian manifold (M, g) endowed with admis-
sible conformal coordinates (t, &, x, y) such that:

1. M = [1, t1) X X for some 19 < t1, and the metric g takes the conformal form (3.4).
2. R is strictly increasing with t.
3. |11 — 19| > 0 depends only the initial norm Ny of the initial data set, defined by

No := ||U, Z||1-11(sl) + ||g,§||L2(Sl) + Vllwrisy + ||E||Ll
— — — 1
~1
+ ||R||W2,l(sl) + ”§”W1'1(51) + ||R ||L°°(S1) + VO (61)

4. The metric coefficients have the following regularity:

U.AeCUHASY) NCHLESY),  ve 2w, (sh) ncHLish).

Recdw2shynclw)sh).
5. Considering the embedding ¥ : ¥ — M, (&, x,y) — (10, &, x, y), one has

U,Uc, A, Az, v, ¢, R, R, G, G+, H, Hy)(10)

Observe that this embedding respects the symmetry property.

6. Let (M, g) be a weakly regular T?-symmetric manifold with admissible conformal
coordinates satisfying all of the conditions above but with another embedding ' :
Y — M, (&, x,y) = (10,&,x, V). Then there exists a neighborhood U C M of
Y (X), a neighborhood U’ C M’ of ¥'(Z) and C*®-diffeomorphism ¢ : U — U such
that g'lyy = ¢*gly and pls o ¥’ = 1.

To establish this result, we are going first to derive a priori estimates for any given smooth
solution, and next a priori estimates for the difference of two solutions. Compactness of
the set of all solutions arising from a regularization of the initial data follows easily from
these estimates. Interestingly, our estimate for the difference of two solutions requires a
property of higher-order integrability on curved spacetimes with weakly regular geom-
etry, inspired from Zhou [38] who treated a system of (1 + 1)-wave maps on the (flat)
(1 4 1)-Minkowski background. The uniqueness statement in the above theorem also fol-
lows from our estimates on the difference of two solutions, once a system of conformal
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coordinates has been fixed, which is equivalent to fixing a system of admissible coordi-
nates on X.

The derivation of a priori estimates for smooth solutions given below relies on a boot-
strap argument. To establish energy estimates for the wave equations for U, A, we need
an upper bound on the sup norm of the first derivatives of R as well as on the sup norm
of v. Thus, we first prove energy estimates depending on these bounds, and next use these
energy estimates to improve the upper bounds, on sufficiently small time intervals at least.

6.3. A priori estimates for smooth solutions

We consider a smooth solution (U, A, R, v) of the Einstein equations in conformal co-
ordinates defined on some interval [7g, T;) with 7| > 735. Moreover, we assume that the
solution is nontrivial (i.e. does not lead to a flat spacetime) and that the time orientation
has been chosen so that R; > 0.

Lemma 6.2 (Monotonicity of the area function). Both functions R, & Rg are strictly
increasing along the integral curves of T F & = const, as functions of T F &, respectively.
Moreover, R is a strictly increasing function of T and in particular, for all T > 1o,
R(t, &) > min R.
/=19

Proof. Introducing the notation 9, = 9; — 0¢, dy = 9 + ¢, we observe that

Ryy = 0,
which, in view of our assumptions on the initial data, leads to the desired claims. O
From now on, we set
Ro := min R, (6.2)
=19

and we work with the energy-like functional

5 9 AU ) 5 2V K2
Eeonf(T) 1= /;1 <R(U1 + Ug) + E(Ar + AS) + W)
Lemma 6.3 (Energy estimate). For all T > 1(, one has

C(R, R +1)(t—
Econf(t) < Econt(To)e Ro)IRlc1 ) D TO),

where C(Ry) > 0 depends only R.

Proof. From the constraint equations, it follows that

Econt = fl(—Rss —VeRy —veRe) = fl(—vaf — Ve Rg)
S S

and, after several integrations by parts,

d

Eé‘conf = fSl (_Vr(th - RSS) — Ry (vyr — \)gg)).
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Using the wave equations for v and R, we then obtain

d
dt

2
2\)K

Econf < C(RO)”R”Clgconf - /Sl 12449 m

The desired result then follows by integration in time, using Gronwall’s lemma and inte-
grating by parts to control the second term above. O

Lemma 6.4 (First-order estimates on the area function). By defining

M(R)(t) := inf R,(t,-) inf Ry(z, "), (6.3)
tes! tes!

the area function satisfies

IRllc1 (7)< C((x = )€ Il oopzy e1wst + IRl (70))
(R? — R})(t) = M(R)(10).

where the constant C = C(Ry, K) > 0 only depends on Ro and the twist constant K.

Proof. Both estimates are straightforward consequences of the wave equation satisfied
by the function R. The second uses the fact that R% —R?= R, R, and that R,, and R, are
increasing in respectively v and u. O

A direct consequence of the constraint equations is now stated.

Lemma 6.5 (First-order estimate on v). The metric coefficient v satisfies

lvell i (T) + llvellpi(T)
< CIRIl ¢t gz r1x 1) (Econt(T) + | Ree [l 1 (2) + [ Reell 1 (), (6.4)
where C = C(Ry, M(R)(t9)) > 0 is a constant.

Finally, we have the following additional estimate on R.

Lemma 6.6 (Higher-order estimates on the area function). The area function satisfies
the following second-order estimates:

[ Regll 151y (T)
T
< C(Ry) / (Ivell 1 (&) + IRl et g st €2 i dT’ + [ Reell 1 sty (0),
70
||R§r ||L1(sl)(f)

T
=< C(Ro)f (||Vr||L1(T/) + ||R||Cl([10,f/]><sl))||€2v||L°° dt’ + ||R$r||L1(Sl)(TO)-
70
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Proof. This is a simple commutation argument for the wave equation of R. Recall that R
satisfies an equation of the form R, = Qr, hence we have

Rey(§,v) = / 9 Qr + Reu(€, vo).

Similar expressions holds for Rg,, Ry, and R;,. Since Qp = e2v KZ/(2R3), the result
follows. o

To close the argument and arrive at the desired uniform estimate, we consider the boot-
strap assumptions

[vilzoe(T)
<5Ci(IRllc1 sty + I|§||c0(sl))(5conf(fo) + [IRee |l 11 (z0) + II(E)sllLl (t0) + 1)

1
—|Vlpr, 6.5
+ 7_[||V||Ll (6.5)

and
IRt (79,115 s51) = 2UI R c1(s1) + ||I§||c0(sl)), (6.6)

where C; = C{(Rp, Mp) > O is the constant arising in (6.4). Let § > 0 be fixed, and
B C [t0, 70 + 8] be the largest spacetime region which is included in [7g, 79 + 8] and
in which (6.5)-(6.6) hold. Then B is clearly non-empty and open. We show that for all
sufficiently small § (in terms of the initial norm of the data (6.1) only) we can improve
(6.5)—(6.6), namely the following holds.

Lemma 6.7. If§ > 0 is sufficiently small (depending only on the initial norm (6.1)) then
B is closed.

Proof. 1t follows from the previous estimates and the bootstrap assumptions that if § is
sufficiently small, depending only on the initial norm of the data, we have

|VE||L1(S1)(T) + ||Vr||LI(SI)('C)

< 4C1(IRlc1esty + IRl cogst) (Econt(0) + | Reell 1 (70) + | Ree | 1 (70) + 1/2).
Since . |
vllze=(7) = EIIVIILI(IO) + llvellpi () + E(T = 10)llvellp1 (),

we have improved (6.5), and then (6.6) is easily improved using the wave equation for R.
]

Hence, we have established the following result.

Proposition 6.8 (A priori estimates in conformal coordinates). There exists a real § > 0
depending only on the initial norm of the data (6.1) such that, on [ty, T + 6],

N(@) = IU, All g1y (0) + Uz, Acll 2051y + IVt + Ivellz
+ IRz sty + IR sty + IR Hioo(sty + N(VR) ' (2) <€, (6.7)
where C := C(N (19), M(R)(79)) is a constant.
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6.4. Higher integrability in spacetime

In order to prove compactness of sequences of solutions, we need a better control over
the source terms arising in the equations satisfied by the metric coefficients U, A. To this
end, we now establish a higher integrability property in spacetime for these source terms,
which is motivated by Zhou [38] who treated (1 + 1)-wave maps. The following result is
actually stated in a more general form than needed for the proof of local well-posedness
in conformal coordinates in the present section, but the full statement will be relevant in
our analysis in areal coordinates (cf. Section 7). This lemma is essential for the existence
theory for the Einstein equations with weak regularity, since it will allow us to compare
two arbitrary solutions and eventually establish a compactness property.

Lemma 6.9 (Spacetime higher integrability estimate). Let w_, w4 : [Rg, R* ] xR — R
be weak solutions in L?oLg to the equations drw+ £ dg(aw+) = h, respectively, where
the coefficient a : [Ry, R*] x R — R belongs to L*° and satisfies 0 < ag < a < a| and
ht :[Ro, R* ] xR —> Rin L;’oLé are given functions. Then for each L > a| R one has

d
— N + 249N < N1,
IR =+ 2a9 =

with

L—aR L—aR
N'(R) = /L Rf ws (R, 6)] [w_ (R, 6_)] d6, d6_.
+ay

1 L—aR
N (R) = / lwi (R, ) w-|(R, ) db,
—L+aiR

111 I Lrak
N"H(R) =)
+

L*(J]R

h(R, )| de/ wa (R, -] do.

—L+aR —L+a;R

Proof. Tt is not difficult to check that
Irlw+| £ dp(alw]) < [h+l.

On the other hand, from the definitions, we obtain

L—aR L— alR
N (R) </ f (=du(alwy ) + s 1) (R, 0:)|w_ (R, 0_)| do_ do,
L+a1R

L—aR L—aR
+f / [ (R, 613 alw_1) + 1h—[) (R, 6_) do_ dos
L+aiR

L— a|R
—alf lws (R, =L + a; R)| lw_(R, 6)| d@
—L+a1R

L alR
—a / lw. (R, )] |w_ (R, L —ayR)| d6
—L+a1R
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and therefore

d L—aR
—N'(R) < —2/ a(R, 0)|lwi (R, 0)| lw—|(R, 0)d0
dR —L+aiR

LfalR LfalR
+/ / (Ih41(R, 61)[w—(R, 6-)| + [w|(R, 64)|h—(R, 6-)[) dO— db.y
—L+a R Jo,

L—aR
—/ (a1 —a(R,0))lwi (R, —L +a1R)| [w—(R, 0)| dO
—L+aiR

L*d]R
—/ (a1 —a(R, 0)|wi (R, 0)| lw_(R, L —a1R)|d6.
—L+aiR

Using the lower and upper bounds of the function a, we obtain the desired estimate. O

6.5. Well-posedness theory for weak solutions

We are now in a position to complete the proof of Theorem 6.1 concerning local existence
of solutions for the system (4.14)—(4.20) by establishing estimates for the difference of
two solutions. Let (U€!, A€, vl R€1, K€1) and (U€2, A9, v€2, R€2, K€2) be two C*®
solutions to the system (4.14)—(4.20), with respective twist constant K ¢! and K 2, defined
on a cylinder [7g, 71] X S 1 where 71 = 70 + 8, with § small enough so that the uniform
estimates of the previous section hold for both solutions. Denote by N’(t) (i = 1, 2) the
norms of the solutions at time t, i.e.

N'(r) = U, A sty (0) + U AT 2 gsty + 10 Tty + ol
1

i i iy—1
+ ”R6 ||W2,1(Sl) + ||R.i ”W],I(SI) + ”(R6 ) ”LOO(SI) + m

From the uniform estimates established above, it follows that for i = 1, 2, there exists a
positive constant C', depending only on N*(tp), such that

Ni(r) < C'.
We define AU := U — U, AA := A®2 — A€l ... and we set

N2(1) := AU, AAll g1 s1y(T) + [|Av, ARz, AR lyyii (1) + [|AUz, AAc|l 12(51y(7)
+ el (@) + IAR, AR D151y (1) + AR | cogst) (T).

Then AU, AA, etc. satisfy the equations

AU — AUge = QU AArr — AAge = Q24
Aver — Avgg = Q%Y ARy — ARgs = Q°F,
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with error terms given by

€]

R€2 Rel R R
AU g T e § € _ 5 rrel
Q = _R€2UTZ+R51 Url +R€2U‘§ Rel Ug
L 4Uc2 ((A€2)2 _ (AEZ)Z) _ 4U¢1 ((Ael)z _ (A€1)2) (6 8)
2(R)? T 2(R€1)2 T £ ) .
QA — R—?A? — R—?A? Rf Afz + & RS AEI
Reé2 Re€1 Re2 Re1
+AHAZUSZ — APUR) — (AL US — A UEY, (6.9)
and
Av __ (U€2)2 _ (U€2)2 _ (U€1)2 + (U€|)2 n 4U<2 ((AEZ)Z _ (A€2)2)
= 3 T & T 4(R52)2 T £
_ e4U€1 ((Ael)Z B (Aél)Z) B 3([(62)2 62\)62 3(K€1)2 -
4(R€1)2 T 4(R62)4 4(R€1)4 ,

gor_ (KD e (K9P 5
2(R2)3¢ 2Ra2C

Moreover, from the constraint equations we also have
Av; = QA Ave = QA
where Q2V* and Q2" are obtained from the equations

1 € e 6
Vi=————— [ RYR 2U6’U ! AE’A ! R
T (R§’)2< ( Tawep et )

AU RS 2V (K €2
€ REi €2 €2, ¢ €2 € SS (K<)
+ R RS ((UT) + U™ + o (AT + (A )) —4(R€i)2 ))

REiRgi (K€)2
UE - €\2 €2 4(REi 26’
(Re)2 — (Re)2 4(Re)

2v¢i

—((R); — (R 'RYRE ((UHZ+ (U} + . (A9 1 (A2 4 Ree
T § & T & 4(REi)2 T £ (R%)

2 1 € etV € R?r
+ ((R® R RYRS| 2U5 U + 57— AT AT + .
(R~ (R)2)™ AR AT A+ R
We now arrive at one of our key estimates, i.e. a Lipschitz continuity property for
solutions to the Einstein equations in terms of their initial data. Note that the small-time
restriction below is made for convenience of application of Lemma 6.9. Using the follow-
ing proposition, we obtain the existence of a solution when € — 0, thus completing our
proof of Theorem 6.1.
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Proposition 6.10 (Continuous dependence on initial data). Provided that 1) — 19 < 7,
one has

N%(x1) < CN®(x0),
where C > 0 only depends on the constants C'.

Proof. We apply Lemma 6.9, first with w; = (AA})? = (AA; + AAg)? and w_ =
Az = (A, — Ag)z, where A stands for any of the components A%, Then w4 and w—
satisfy

drwy — dgwy =2AA QMM dw_ +dsw_ =24_Q4,
with Q44 given by (6.9) and 2 given by

R:A:  R:A
- ’Rf —%+4(A5U§—AIUQ,

QA

using (4.18). This leads to

T
||(AA+)A_||iz([rOﬂXSI)542/ / |h:|:|d§/ lws|d§
’ T Jro JS! st

for any 7 € [19, 71], with

hy =2(AA0DQM, wy| < 2(AA)° +2(AA),
ho =2A_QA4, lw_| <247 + 24;.

Thus, we have

2
” (AA+)A* ||L2([‘L’0,‘L']><Sl)

T T
5CN2/ / AA+|QAA|dsdr’+/ (NA)Z(I’)/ A_|QAdedT,  (6.10)
79 JS! 70 St

where N is the maximum of N'(zp) and N 2(ro) and where C > 0 is a constant.
For the second term on the right-hand side, recall also the estimate

T
| [ a2t = en(a-Rag A1, +IR-Adlz 141
w Jsi Tt rg re vt
FIA-Usll2 IA- Nz, +1U-Aclz ATz ),

where A stands for any of the A€ and where || - || 12, stands for || - || 12 (¢, . r1x s2)- Together

70,71
with the a priori estimate in Lemma 6.9, we then obtain

7
/ /A_QASCN3.
70 s!
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For the first term on the right-hand side of (6.10), we note that
Q24 <Y (3R IARL||AZ| + SRy AAL] RS + FIAR!| |AL Ry
+
+2|AAL| [UZ| + 2|AL | |AU=),

where Ry > 0 is the minimum of (Rf)_1 fori = 1, 2 on the initial data. Then we have
1944 < CN Y (IARL|[AZ| + |AAL| RS | + AR |AL Ry
*

+2|AAL||UZ| +2|AL || AU=I)

for some constant C > 0. Thus, using the Cauchy—Schwarz inequality, we find
T
/ / AALIQA dEdT < CN(I|AAL A 2 IAR 2,
7 /8! B 2

FIAALAZ 2 IART Ryll2 +IAALUS 2 18442,

+||AA7U.?IIL§E IIAA+|ILgs+IIAA+A€_2||L§E IIAU+||L35+IIAU7A12IIL3§ IIAA+|IL§£)

T
+/ (IAZAR-I 2 NAA LI 2 +HIAALRE 2 1AL 2 +IAA-RI 21 AAL 2
70

+IART e IAALRE 21 A4l 2) dT' (6.1D)

On the right-hand side of the previous inequality, we have two set of terms, those which
contain spacetime L? norms of null products of AA, A, AU or U, and those which
contains a null product involving always a factor of AR+ or Rt and which have been
estimating using Cauchy—Schwarz in the spatial variable only. For these last terms, we
consider each of the products

||AiAR:F||L§||AAi”L§» IIAAxRiIILgllAAiIILg,
IIAR_IIILgo IIAA+R€_2||L§I|A+IIL§,
and estimate the R+ and A R4+ terms in the uniform norm

IAZ AR 26 (DIAAL 26 (T) = CIARL cogey (DN AAL| 26 (7)
< CN(N®)%(1),
and similarly
1842 Rell 2D AL 2 () < CNWE (),
IAR™ lco@) MIAALRE |2 (D Al 2 (1) < CNA(NS)(2).

Similar estimates hold with 4 replaced by —, A by U, and AA by AU, and so we have

. X T
>3 Il Au|?, < C(N? + NZ)/ (N (<) dT'. (6.13)
i * & 70
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where (u1, up) = (U, A) stands for either (U€!, A1) or (U2, A€?) and Au’/ = (AU, AA).
In view of

d
—/ (AA%+AA§)=f 2AAL Q24
dt [ sl

we have proved that
2 2 2 2 2
(/1 (AAZ + AUZ + Av + AAg + AUZ + Avs)df;?)(t)
p :
T
< (/I(AAi+AU$+AU3+AA§+AU§+Av§)d§)(ro)+CN/ (NM2()ydr',
S 70

where Cy > 0 only depends on N.
For R, we proceed as before, by integration along null lines, to check that

T
I AR co scNf (ARl + 1 Av] =) d7’
T
< 1
<Cx [ AR i + 18Vl + 18wl 1) de'
)
Similar estimates for higher derivatives hold in L! after following the same strategy as in

the previous section. Using

1 1

2 2 2.2
_ < lxi — x5+ |y; — ¥l

2_ .2 2_ .2
TN X —»n

Ix? — v x3 — ¥3|

to estimate the differences for the terms containing 1/ ((REH? — (R?)2), we also easily

obtain the necessary estimates for Q2% and Q2.
Finally, we trivially have the following estimates for AA, AU in L? (and not deriva-
tives thereof):

d
I, Al = (VS ();

similarly, we have estimates on Av and AR simply from the definition of N2. Thus,
putting everything together, we have the following estimate from which the result follows:

(N®)2(2) < (N®)* (1) + Cw / T(NAP(r’) dt’. a]
70

7. Global geometry of weakly regular 72-symmetric spacetimes

7.1. Continuation criterion

We are now in a position to complete the proof of Theorem 1.2. Combining Theorem 6.1
and Proposition 5.3, we deduce that, for any weakly regular T2-symmetric initial data
with constant R = Ry, there exists a weakly regular 72-symmetric Lorenztian manifold
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arising from this data with admissible areal coordinates. Consider one such development
and let R; denote the final time of existence of this solution. Note that, in conformal
coordinates, we have the following lower bound:

1
R, > -( inf R, + inf Rv), 7.1)
2 \t=1 T=1)

where we have used the notation of the previous section. Since the conformal time of
existence given by Theorem 6.1 only depends on the initial norm (6.1), it follows that the
areal time of existence of the solution is bounded below by a constant depending only on
(6.1). Hence, we have the following continuation criterion.

Lemma 7.1 (Continuation criterion). Let (U, A, n, a) be a solution to the equations
(4.22)~(4.26) with the regularity U, A € C%(H}(S1) N CL(L2(SH), n € ChW, ' (1)
NChLESH), a,a™' e ChHW ' (sY) N Ch(Wy ' (S1)), and defined on an interval of
time R € [Ro, Ry). Assume that Ry < oo and that the norm
N :=|U, Allg1(R) + Ugr, Arll;2(R) + |In, ar, aglly1.1(R)
+ g, arr, are, agell 1 (R) + lla, a1 (R)
is uniformly bounded on the interval [Ry, R1). Then the solution can be extended be-

yond Ry with the same regularity.

As a consequence, we can prove the existence of global solutions in areal coordinates
provided we derive uniform estimates on the above norm, as we do in the rest of this
section. Moreover, since one can approximate (locally in time, at least) weakly regular
solutions by smooth solutions, we consider, in the rest of this section, a smooth solution
(U, A,n,a) to (4.22)—(4.26) defined on [Rgy, R*) for some R* > Rgy. We search for
bounds that are uniform on [Ry, R*). Constants that depend on the (natural norms of the)
initial data only are denoted by C, while those that also depend on R, are denoted by C*.

7.2. Uniform energy estimates in areal coordinates

Both energy-like functionals

4U
E(R) :=/ E(R,6)do, E:=a_l(UR)2+a(U9)2+:?(a_l(AR)2+a(A9)2)
S]
and
K2 2n 1
Ex(R) := Ex(R,0)d0, Eg:=E+ —e*la~
K (R) /S K (R.6) k= E4 e
are nonincreasing in time, since
d K2 2 1
—ER) = —— E2’7d9——/ TWUr)? + —e*Ya(Ap)? ) db,
arS P =g | B R 51<a Ur)™+ qgae a(Ao)

d K? 2 il
—Ek(R) = —— _‘2"d9——/ UR)? + —a(Ap)? ) db.
k(R) Lae ® Jo\ (Ur) + gz%(40)

These functionals yields a uniform control for all times R > Ry.
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Lemma 7.2 (Energy estimates). We have the energy bounds

sup  E(R) < E(Rp), sup  Ek(R) < Eg(Ro),
Re[Rg, R*) Re[Rg,R*)

as well as the spacetime bounds

o
/ /1 (c1(Up)*a™" + c2(Ug)?a + c3(Ar)*a™" + ca(Ag)*a) dO dR < E(Ro)
Ry JS

with
2 K%, K? ,
c1:=—+ =€, = —=e,
D= R T 2R3 2T OR3
K i I ., K i
3= —=e¢ T ey = etV 4 U
T8RS 4T OR3 8RS
and

00 K2
/ —e*a”'dOdR < Ex(Ry).
Ry sl R

Moreover, since the function a is bounded above and below on the in_itia_l slice R = Ry,
the initial energy £(Ry) is comparable with the H I norm of the data U, A, that is,

CIE(Ro) = (U, U, A, All251) < C2€(Ro)

for constants C1, C; > 0 depending on the sup norm of the data at time R = Ry only.
To have similar inequalities at arbitrary times R requires a sup-norm bound on the other
metric coefficients, which we derive below.

We now derive direct consequences of the energy estimate in Lemma 7.2.

Lemma 7.3 (Upper bound for the function a). The function a satisfies the upper bound

sup a <supa,
[Ro,R*)x S! sl

as well as
1
— 1 do < Ex(Ryp).
7R /s' [(1/a)r1dO < Ek(Ro)

Proof. From (4.25) we see that a decreases when R increases, which implies the desired
sup-norm bound for a. The other estimate follows immediately from the equations (4.25)
and (4.26), since

2

K 2n —1
Sﬁe a  =4R(Ex — E) <4REg. ]

0< —ZaRa_l
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Lemma 7.4 (Estimates for the function n). The function n satisfies the integral estimates

1 1
E/ Ingla™" d6 < Ex(Ro), —/ Ingld6 < E(R) < E(Ro)
sl R sl

and the pointwise estimate

2 R2

(R, 0)] < RE(R0)+‘/lﬁd9/ + (supa@) —5—L&x (Ro).
S Sl
Proof. We have
1 a5 o
- 4N _
Ine| < RE, Ingrla §RE~|—4R3e K* = REg.

On the other hand, in view of Lemma 7.3, for any 6,6’ € § I we have
In(R,0) —n(R,0")| < RE(R).

Thus, by integrating in 8, we find

/ n(R,0)do0 — 27 RE(R) < 27n(R, ) < 2w RE(R) +/
s1

n(R, 6" do’.
s1

On the other hand, we have

R
‘/ n(R,0")de’ f/ nr(R,0')do’ /ﬁd@’
S! St JRy st

and we can evaluate the second term on the right-hand side above from Lemma 7.3, as

follows:
R
// nr(R,0)do’
st JRy

The desired conclusion then follows from the energy estimates in Lemma 7.2 and the
upper bound on a in Lemma 7.3. O

< +

’

2

R%? — R?
< (S;llf)a(R, -))TOEK(R).

7.3. Conclusion of the proof of Theorem 1.2

We already know that a is nonincreasing, and so bounded above, but the lower bound is
less obvious and is now discussed.

Lemma 7.5 (Lower bound for the function a). The function a satisfies

a ' <c*.
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Proof. Using Lemma 7.4, we find (a‘z)R < CR_3eCR2 and by integration,

R CR"?

a(R,O)_2—E(6)_2<f cS__dar
— Ro R/3

R 1,CR?

2R

5/ CEEE AR < C1(CF - O,
R 2R

By estimating @ (#)~2, this concludes the proof. O

Lemma 7.6 (Estimates of the functions U, A). The functions U, A satisfy the integral
estimate

/1(U3+A3+ U + A})do < C*,
s
and the pointwise estimate
sup  (|U[+|A]) = C*.
[Ro,R*]x S!

Proof. It follows immediately from the energy estimates and the estimates for a and a~!
that

/ (U2 +e*YA2ydo < C*, / (U? + VA% ao < C. O

st st

Lemma 7.7 (Additional estimate for the function a). The mixed derivative of the metric
coefficient a is controlled by the energy density

2

[(Ina) |<K—e2'7E
ROl = 2R2 5

and therefore its 0-derivative satisfies the pointwise estimate
lag| < C*.
Proof. Taking the 0-derivative of (Ina)g = —e*"K?/(2R>), we obtain

2 2
K 2 < K_ezﬂRE
J— 2R3 :

Py el

|(Ina) g ='

since |ng| < RE. From the identity
(a 'e* g =2RE, (7.2)
we obtain
K> 1,
[(na)ge| < - 5(a™"e Nk

The second statement follows immediately by integration and using Lemmas 7.5 and 7.4.
]

Finally, we obtain further control on the metric coefficient a.

Lemma 7.8 (Higher-order estimates on a). The following uniform estimates hold:

llare, arr, asoll 1 (R) < C*.
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Proof. For the mixed derivative agg, this follows from the pointwise estimate derived
in the previous lemma and the energy bounds. For the derivative agg, this follows from
the L' uniform estimate on nz by commuting the evolution equation for a. For agg, we
proceed as follows. Note first that

(@ 2(MR)R — (€M)gs = 4e* (@ 0% — n3) + 2> ((a*nR)R — M60)-

The second term on the right-hand side is known to be uniformly bounded in L', using
the wave equation for 7. For the first term, we note that it involves the product (a~'ng +
ne)(@ 'ng — ng). This is a null product which rewritten in terms of U and A and up
to uniformly bounded factors is the sum of uniformly bounded functions and the null
products (a Y Ur+aUp)2(a 1 Ur —alUp)?, (a ' Ap+aAp)*(a Y Ar —aAy)?. However,
these are bounded in spacetime L' as an application of Lemma 6.9. On the other hand,

2

53 (@ 2Rk + F),

K2
(—e*M)gp =

1 = —
(Ina)grge 2R3(

where F is a function uniformly bounded in L'([Ro, R*] x S1). The result then follows
by integration of the previous equation, using an integration by parts and the L' estimate
on ng to control the term arising from (a_z(ezn) R)R- O

This completes the derivation of global-in-time uniform estimates, and hence the proof of
Theorem 1.2. We can now reformulate our existence result in coordinates.

Theorem 7.9 (Global existence in areal coordinates). For any weakly regular initial
data set with constant area R = Ro > 0, the system of partial differential equa-
tions describing T*-symmetric spacetimes in areal coordinates admits a weak solution
U, A,v,a, G, H, satisfying the regularity conditions (3.8), defined on the whole interval
[Ro, 00) and which is unique among the set of functions satisfying (3.8). The solution
constructed has the following regularity:

U, A e CYHHINSH) NCRULISY),  ne W, (ShH)nChLish),
a,a b e Chw sy nckw, (s,
G,H e CHL®(SY), Gg, Hg € CH W, (1) N ChLL(SH).

We emphasize that additional regularity of the metric is established here, which was not

required to express Einstein’s field equations in the weak sense, but was deduced from
the structure of the Einstein equations under the assumed symmetry.

8. Geometric uniqueness and maximal development
In this section, we discuss the issue of geometric uniqueness and the notion of maximal

development associated with a given initial data set. First of all, we introduce the follow-
ing concept of 72-symmetric development.
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Definition 8.1. Given a weakly regular 72-symmetric initial data set (¥, &, K), a weakly
regular 72-symmetric development of (X, i, K) is a weakly regular T2-symmetric
Lorentzian manifold (M, g) together with a smooth embedding ¢ of ¥ onto one of the
hypersurfaces X, (where ¢ is as in Definition 2.8) and such that (4, K) coincides with
(h(t), K(t)). The development is called one-sided if ¢ (X) coincides with the boundary
of M.

Recall that in the classical case, if (M, g) is diffeomorphic to I, x X, with ¥ a compact
manifold without boundary and ¢ € I; a time function, each ¢t = const hypersurface is a
Cauchy hypersurface for (M, g). Hence, the notion of development as introduced above
contains a natural replacement for global hyperbolicity. On the other hand, in the above
definition, the symmetry is imposed on the development, while in the classical case, it
can be propagated from the data. Naturally, if enough regularity is imposed, a one-sided
development is a past or a future development. Next, we also introduce the following
partial order relation.

Definition 8.2. Given two developments (M, g) and (M, g’), one says that (M, g) is
an extension of (M, g') if there exists a C! isometric embedding of (M’, g’) into a
proper subset of (M, g). A maximal development is a development admitting no proper
extension.

Based on this definiton, we have the following result.

Theorem 8.3 (Uniqueness theory for weakly regular 72-symmetric developments). For
any weakly regular T?-symmetric initial data set (X, h, K) with constant area of sym-
metry R, there exists a unique (up to C'-diffeomorphisms) and maximal (for the order
relation induced by the notion of extension in Definition 8.2) one-sided weakly regular
T2-symmetric development with R > R, which coincides with the solution constructed
in areal coordinates in Theorem 7.9.

The requirement that R be constant is made for convenience only. The inequality for R is
a replacement for the time orientation. Interestingly, we do not need to use the geodesics
construction as in [6], since the solution in Theorem 7.9 is necessarily maximal. This
follows since T2-symmetric spacetimes always admit an areal foliation and since the
solution of Theorem 7.9 exhausts all values of R.

Proof of Theorem 8.3. Let (X, h, K) be a weakly regular initial data set with constant
area of symmetry Rg. Let (M, g) be a one-sided development of (X, &, K) with R > Ry.
From Proposition 5.1, the function R enjoys additional regularity and, in particular, is C'.
Hence, we may introduce a new coordinate system, with R as the time coordinate, which
is C! -compatible with the original differential structure of (M, g), and such that the reg-
ularity of all metric functions is preserved, as in Proposition 5.3. Hence, areal coordinates
may be introduced on (M, g) and the reduced Einstein equations (4.22)—(4.28) hold. It
then follows from the uniqueness of the solution of the reduced system that (M, g) can
be identified with a subset of the solution obtained from Theorem 7.9. m]
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Appendix. Compatible connections of weakly regular 72-symmetric manifolds

We establish here that the standard properties of the Levi-Civita connection of a Rieman-
nian manifold may be extended to our weak regularity framework.

Definition A.1. Let (X, i) be a weakly regular 72-symmetric Riemannian manifold and
(X, Y, Z) be an adapted frame. Define the space C;"’Y’ » of (X, Y, Z)-smooth vector
fields to be the set of all vector fields on ¥ whose components in the basis (X, Y, Z)
are smooth functions defined on X.

Since X, Y are smooth and Z is L®°, vector fields in C;)(O,Y, 4 have L* components in
any smooth frame (such as (X, Y, ®)). Note also that we can extend the definition of
the commutator [, -] to vector fields in C3’y , by computing its components in the basis
(X, Y, Z). We denote this commutator by [-, -]1x.y,z.

Lemma A.2. C;‘?Y’ 7 and [+, -1x,v,z are independent of the choice of the adapted frame.
Moreover, if V, W are in C;’é’y 7, then h(V, W) is a whl (X) function at least.

Proof. The Killing fields X, Y are uniquely determined up to a linear combination. More-
over, the orthogonal supplement of X, Y is one-dimensional, and so Z is uniquely deter-
mined up to multiplication by smooth functions. Consequently, C;‘fY’ 7 1s independent
of the choice of the adapted frame. The second claim follows immediately. For the last
claim, we compute 4 (V, W) in the basis (X, Y, Z) and easily check that the term with the
weakest regularity is 7z VZWZ, which is in W1, O

With some abuse of notation, from now on, we simply write [-, -] instead of [-, -1x.y,z.
We can now introduce the desired concept of connection.

Definition A.3. Let (X, /) be a weakly regular 72-symmetric Riemannian manifold.
An L' connection compatible with the 72-symmetry is a bilinar map V, mapping a
pair of vector fields (V, W) € CF’y , x C¥’y , to an L' vector field Vy W and satisfy-
ing, for any smooth function f, ViyW = fVyWand Vy fW = fVy W+ V(f)W. The
connection is said to be torsion free if moreover Vy W — ViV = [V, W].

Definition A.4. Let (X, 1) be a weakly regular T2-symmetric Riemannian manifold and
A = (X, Y, Z) be an adapted frame. Let Fj’. « be the LY(Z) or L3(X) functions introduced

earlier in Proposition 2.12. Then one may define an L' connection compatible with the
T2-symmetry, denoted AV, via

AVy W) = VI(W, + 1)Wb),
which, precisely, defines the components of AVy W in the basis (X, Y, Z).

We then have the following existence result.
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Proposition A.5. The operator AV is the unique, torsion free, L' connection compatible
with the T?-symmetry satisfying

S(h(V,W)) =h(VsV, W)+ h(V,VsW) (A.1)

for any (S,V,W) € (C?Y’Z)S. In particular, AV s independent of the choice of the
adapted frame.

Proof. Since h(V, W) belongs to W!! and S has L™ components with respect to any
smooth frame, the expression S(h(V, W)) = Si(h(V, W)).; is well-defined as a sum
of L™ times L' products. Hence, the uniqueness may be established as in the regular case.
What remains to be proven is that AV indeed satisfies (A.1). One easily finds that this is
equivalent to saying hji ; = hy; Ff e Thik Ff I which can be checked from Proposition 2.12.

O
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