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Exposé n°III, 1-16

Probleme de Cauchy spatial-caractéristique avec courbure L2
en relativité générale

Olivier Graf

joint work with Stefan Czimek

Abstract

The present article is a summary of the papers [10] and [11] which establish a bounded L?
curvature theorem for the spacelike-characteristic Cauchy problem of general relativity. More
precisely, we obtain a lower bound on the time of existence of classical solutions to the spacelike-
characteristic Cauchy problem for Einstein equations in vacuum, depending only on the L2
curvature fluxes through the initial spacelike and initial characteristic hypersurfaces and on
suitable additional low regularity assumptions.

1 Introduction

This article provides an overview of the recent papers [10] and [11] and serves as a companion to
the presentation given at the Séminaire Laurent Schwartz in November 2019.

The main result of [10] and [11] is a bounded L? curvature theorem for the spacelike-
characteristic Cauchy problem of general relativity. The spacelike-characteristic Cauchy problem
is an initial value problem for data posed on a classical spacelike hypersurface 3 diffeomorphic
to the unit disk of R?® and on the outgoing characteristic hypersurface H emanating from the
boundary 0% of ¥. In [10] and [11], we obtain a lower bound on the time of existence of classical
solutions to the spacelike-characteristic Cauchy problem for Einstein equations in vacuum, de-
pending only on the L? curvature fluxes through the hypersurfaces ¥ and H and on low regularity
assumptions on X N H.

b
(a) The classical spacelike Cauchy problem (b) The spacelike-characteristic Cauchy
of the bounded L? curvature theorem [19]. problem of [10] and [11].

1.1 Einstein vacuum equations

A spacetime (M, g) is a 4-dimensional manifold M endowed with a Lorentzian metric g. In this
article, M will be (a domain of) R; x R3 and at each point (t,2) € M, the metric components

8. (t, z) are the elements of a symmetric matrix (g, (t,2)),,_, 3 of signature (— + ++).t

IGreek indices range from 0 to 3, Latin indices range from 1 to 3 and Einstein summation convention is used.
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Remark 1.1. The prime example of a spacetime is Minkowski spacetime,
M=R; xR3, g=—(dt)*+ (dz*)* + (dz?)* + (dz>)*.

A spacetime (M, g) is called a vacuum spacetime if it satisfies the following Einstein vacuum
equations

Ric(g) =0, wp,v=0,...,3, (1.1)

where Ric(g) denotes the Ricci curvature tensor of the spacetime metric g. Each component
Ric(g) is a second-order nonlinear differential operator on the metric components gqs, for
a,B8=0,...,3. Therefore, Einstein equations (1.1) form a system of 10 nonlinear coupled partial
differential equations on the 10 unknowns g,,,,. The equations (1.1) reduce to 6 independent equa-
tions and we have the freedom to impose 4 additional equations on the metric components gw,.2
In what follows, we shall call such an additional choice of equations a gauge choice.

1.2 The maximal gauge and the classical Cauchy problem

In this section we introduce the so-called mazximal gauge. Under this gauge choice, Einstein vacuum
equations (1.1) can be cast as a system of coupled evolution and elliptic equations which admits a
well-posed initial value formulation.

Let us first impose that the metric g can be written in the following form
g = —n’dt* + g;;da'da?, (1.2)

i.e. we set that gg; = 0 for 1 < ¢ < 3. The unknown n is called the time lapse and g is the
Riemannian metric induced by g on the constant time hypersurfaces Lr := {t = T'}.

Define the second fundamental form k to be the following (normalised) time-derivative of the
metric g

1

kij == finflatgl-j. (1.3)
The maximal gauge condition reads

trgk := gk = 0, (1.4)
where (gij )ijzl,.S = (gij)i_jlzl_.g. Geometrically, this corresponds to the requirement that the

hypersurfaces 3; are mazimal hypersurfaces of the spacetime (M, g).3

Define the electric-magnetic tensors E and H to be

E;j := Ric(g)s; — kikij,
Hi‘ = curlg kij7
where curl, is a standard curl operator associated with the Riemannian metric g (see [7] for a
definition).

Einstein vacuum equations (1.1) together with the additional choices (1.2) and (1.4) can be
rewritten as the Einstein vacuum equations in mazimal gauge, which is the following system of
coupled quasilinear transport-elliptic-Maxwell equations (see [7], pp. 8-9 and p. 146):

the first variation transport equation for g

n10igi; = —2kij, (1.5a)

2This is related to the so-called general covariance of Einstein equations, i.e. that the system of equation (1.1)
is covariant under a change of coordinates (see [39] for further discussion).

3Maximal hypersurfaces should be thought of as the Lorentzian equivalent of minimal surfaces in Riemannian
geometry.
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the second variation transport equation for k
nilatkij = 7TL71V1'VJ‘TL + B — kilk§'7 (15b)

the Hodge-type elliptic equations for k

trgk =0,
divg k; =0, (1.5¢)
curlg kij = Ijj,
the Laplace equation for n
Agn = n|k’\§, (1.5d)
the Laplace-type elliptic equation for g*
Ric(g)i; = Eij + kikuj, (1.5e)

and the Maxwell-type equations for F and H

trg B = trgH = 0,
dng El = (k AN H)Z,
div, H; = —(k A E);,

! ' ) ) (1.5¢)
n_latEij + curlg H” = —n_l(Vn A\ H)” + §(l€ X E)U — g(k . E>gl.77

1 2
—’I’L_latHij + curlg Eij = —n_l(Vn A E)ij — 5([{5 X H)” + g(k . H)gij7

where V, div, and A, are respectively the standard covariant derivative, divergence and Laplace-
Beltrami operators associated to the Riemannian metric g, and where | - |4, A, X, - are standard
contractions with respect to the metric g (see [7] for definitions).

The system of equations (1.5) displays an hyperbolic structure due to the Maxwell-type equa-
tions (1.5f) for the electric-magnetic tensors E and H. The unknowns g, k and n can be determined
only by solving the transport (1.5a), (1.5b) or elliptic (1.5¢), (1.5d), (1.5e) equations, for which
the electric-magnetic tensors E' and H are source terms. In particular, we expect that the equa-
tions (1.5) admit a well-posed initial value formulation.

To define the Cauchy problem, we consider (classical) mazimal Cauchy data which are a triplet
(2, g, k) such that (X, g) is a Riemannian manifold, k is a symmetric 2-tensor on ¥ and such that
the following constraint equations are satisfied

trgk =0,
dng k;, = 0, (]_6)
R(g) = |k2,

where R(g) := tryRic(g) is the so-called scalar curvature of the metric g.

We have the following local well-posedness result for Einstein vacuum equations in maximal
gauge.

Theorem 1.2 (Local well-posedness, [7] pp. 299-300). Let (X0, go, ko) be smooth mazimal Cauchy
data such that ¥o ~ R3.> There erists T > 0 and a unique 5-uplet (g,k,n, E, H) defined on
[0,T); x R2 smooth solution of the system of equations (1.5) such that Xo = {t = 0} and the initial
conditions gli=o = go, k|i=0 = ko are satisfied.

4In the so-called harmonic coordinates for the Riemannian metric g, the Ricci tensor Ric(g);; can be rewritten
as the Laplace-Beltrami operator of the metric component Ag(g;;) up to lower order terms. Using the so-called
Cheeger-Gromov convergence theory to deal with the existence of such coordinates, elliptic-type results can be
obtained for the metric g (see the results of Chapter 11 in [29] for instance).

5We denote by ~ the diffeomorphism equivalence for manifolds.
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Remarks on Theorem 1.2

1.2a Here smooth means regular with respect to standard Sobolev norms. In [7], the initial data gg
and ko are assumed to be respectively in H;} .(X) and H} (¥) and the solution (g, k,n, E, H)

loc
belongs to suitable corresponding functional spaces on [0, 7] x R3.

1.2b The time lapse n is only defined through the elliptic equation (1.5d) on each slice 3, and is
therefore well-determined up to a choice of a limit condition at spatial infinity. Making such a
choice is roughly equivalent to prescribing the boundary values for the maximal hypersurfaces
Y, at infinity. We shall see in Sections 2 and 3 that one of the crucial step in the proof of
the spacelike-characteristic Theorem 2.1 is to make an appropriate choice of boundaries for
maximal hypersurfaces on a finite (null) hypersurface delimiting our domain of study. In
the case of Theorem 1.2, the chosen condition is n — 1 at spatial infinity, which physically
corresponds to considering a centre-of-mass frame for the system (see the discussion in the
introduction of [7]).

1.2¢ Additional appropriate fall-off conditions at spatial infinity have to be imposed on the initial
data g and ko for Theorem 1.2 to hold (see [7]).

1.2d The proof of Theorem 1.2 goes by a standard Banach-Picard iteration and relies on standard
energy estimates and Sobolev embeddings.

1.2e Defining M := [0,7] x R? and g := —n?dt? + g;;dz’dz’, we obtain a vacuum spacetime
(M, g) such that Xy is a spacelike hypersurface of (M, g), go is the induced metric by g on
3o and ko is the second fundamental form of ¥y in (M, g).

1.2f Using the so-called wave gauge, one can prove local well-posedness for Einstein equations for
more general Cauchy data (3, g, k) (see the seminals [3] and [12]).

1.2g Local well-posedness results for Einstein equations have also been obtained for initial data
posed on null hypersurfaces (see [21] or [30]). Null hypersurfaces of a spacetime (M, g) are
hypersurfaces orthogonal to null vector fields for the Lorentzian metric g.° These hyper-
surfaces are characteristic for the hyperbolic equations (1.5f). The characteristic Cauchy
problem is of particular interest in the case of Einstein equations since, contrary to the clas-
sical Cauchy problem where initial data are posed on a spacelike hypersurface and have to
satisfy elliptic constraint equations (1.6), initial data can be freely prescribed on null hy-
persurfaces (see the seminal [31]). The characteristic Cauchy problem is therefore used in
numerical general relativity (see [33]), as well as in the construction and control of solutions
to Einstein equations (see the dynamical formation of black holes solutions in [6], or the
impulsive gravitational waves solutions in [22]).

1.3 The weak cosmic censorship conjecture

One of the most natural question for nonlinear evolution PDE is the large-data global-in-time
existence of solutions. For Einstein equations, singularities can form in finite time as in the case
of the explicit Schwarzschild solutions. For Schwarzschild spacetimes, the singularity lies inside
a so-called black hole region which, by definition, cannot be seen by an observer at infinity. The
global-in-time behaviour of solutions to Einstein equations is subject to the celebrated conjecture
of weak cosmic censorship which states that this feature is generic.

Conjecture 1.3 (Weak cosmic censorship, [28]). For generic initial data, solutions to (1.1) only
form singularities that are hidden in a black hole region.

In the seminal work [5], it is shown that the conjecture holds true in the case of spherical
symmetry for Einstein equations coupled with a scalar field.” The result relies crucially on the

6The prime example of a null hypersurface is the lightcone emanating from a point.

"Due to Birkhoff’s rigidity theorem, there are no non-trivial spherically symmetric solutions to Einstein vacuum
equations (1.1). Einstein equations coupled with a scalar field can be seen as one of the simplest set of dynamical
equations involving Einstein equations in spherical symmetry.
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sharp breakdown criterion and local existence result proved in [4] at the level of initial data with
bounded variation, which is adapted to the (1 + 1)-setting of spherical symmetry and to the
conservation laws for Einstein equations in this setting. For general evolution equations that
display an energy conservation, local well-posedness of the Cauchy problem for initial data with
regularity controlled by the conserved energy is key to obtain large-data global-in-time existence
results. In many physically relevant situations, the conserved energy only controls low regularity
norms and it is therefore required to prove non-trivial well-posedness results for rough initial data.
See for instance the proof of global existence for the energy subcritical Yang-Mills equations in
(1 + 3)-dimension in [13], or the proof of the threshold theorem for the energy critical Yang-Mills
equations in (1 + 4)-dimension in [24]-[27].

In the proof of the weak cosmic censorship conjecture in spherical symmetry [5], it is moreover
crucial that the local existence result in [4] is formulated for initial data posed on null hypersurfaces.
This is specific to Einstein equations and enables to construct appropriate generic initial data
(see Ttem 1.2g), to control their propagation and highlight a so-called trapped surface formation
mechanism (see [4], [5] and also [20] for further discussion).

In what follows, we present a generalisation of the local existence result in [4] outside of spherical
symmetry. In Section 1.4, we introduce the so-called bounded L? curvature theorem obtained
in [19] which is the sharpest known local existence result for Einstein vacuum equations (1.1) in
terms of the regularity of the initial data. This result is obtained for data posed on a spacelike
hypersurface (see Theorem 1.4). In Sections 2 and 3 we present and give an overview of the proof
of a generalisation of the bounded L? curvature theorem to the case of initial data posed on a
spacelike and on a null hypersurface obtained in [10] and [11] (see Theorem 2.1).

1.4 The bounded L? curvature theorem

In the case of Einstein vacuum equations without symmetry, local existence results are naturally
formulated in terms of L?-based functional spaces (see for example the discussion in the intro-
duction of [19]). In this context, the sharpest known local existence result in terms of regularity
of the initial data is the celebrated bounded L? curvature theorem (see [19] and the companion
papers [34]-[36]). The following is a rough statement of that result.

Theorem 1.4 (Bounded L? curvature theorem, [19]). Let (3o, go, ko) be (smooth) mazimal Cauchy
data such that ¥g ~ R® and such that

1EolIZ2(59) + 1 Holl72(s5) < €7 (1.7)

Then there exists a solution to Einstein vacuum equations (1.1) defined on [0,1]; x R3 such that
we have the following L?-bounds on the constant time maximal hypersurfaces ¥y

vt € [0,1], [Elli2s,) + 1HZ2(s,) S €%

together with additional estimates, and such that smoothness is propagated.

Remarks on Theorem 1.4

1.4a The L2-bounds on the electric-magnetic tensors E, H correspond to a control on the electric-
magnetic energy flux naturally arising from the Maxwell equations (1.5f). They are roughly
equivalent to L?-bounds for the curvature Ric(g) and for Vk. Theorem 1.4 is therefore at
the level of initial data (go, ko) with regularity H? .(30) x H} . (3o).

1.4b Theorem 1.4 is a small-data time 1 existence result that can be turned into a large-data
small-time existence result by a rescaling argument.

1.4c The hypothesis ¥y ~ R? is crucial in the construction and control of a parametrix for the
wave operator (g associated to Maxwell equations (1.5f) because an approximate Fourier
transform is needed (see the parametrix construction and control performed in the series of
papers [34]-[36]).
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2 The spacelike-characteristic bounded L?urvature theorem

In view of the use of null hypersurfaces in the proof [5] of the weak cosmic censorship conjecture in
spherical symmetry, one wishes to obtain a generalisation of the bounded L? curvature Theorem 1.4
for initial data posed on null hypersurfaces. This has been achieved in [10] and [11]. In the following,
we introduce and give an overview of the results obtained in these papers.

2.1 Geometric set up and rough version of the theorem

Let (M,g) be a vacuum spacetime. Let Xy = {t = 0} be a spacelike maximal hypersurface
diffeomorphic to the unit disk of R3. Let Sy := 0%y and H be the null hypersurface emanating
from Sp.

Figure 2: The spacelike-characteristic geometric set up.

The following is a rough version of the theorem we obtained in [10] and [11].

Theorem 2.1 (Spacelike-characteristic bounded L? curvature theorem (rough version), [10]). Let
smooth maximal Cauchy data posed on Yo and smooth characteristic data posed on H such that

R¥ + R™ < &2, (2.1)

where R¥ and R™ denote the energy fluzes for the electric-magnetic tensors E and H through ¥
and through H N {0 < t < 1} respectively, and such that compatibility and regularity conditions
hold at So = 3o NH. Then, there exists a solution to Finstein vacuum equations (1.1) from t =0
tot =1, such that we have the following L?-bound on the constant time mazimal hypersurfaces ¥y

vt € [0,1], |Elli2s,) + 15> (s,) S

together with additional estimates, and such that smoothness is propagated.

Remarks on Theorem 2.1

2.1a The energy fluxes R> and R are at the level of L2-bounds for the electric-magnetic ten-
sors E and H on the initial hypersurfaces ¥y and H.® The result from Theorem 2.1 therefore
only relies on bounds at the level of curvature in L?, and makes no symmetry assumptions.
Until now, in the available literature, the Cauchy problem for Einstein vacuum equations on
null hypersurfaces outside symmetry is studied under higher regularity assumption for the
initial data, see for example [21], [30].

2.1b The time function ¢ and the maximal hypersurfaces of the foliation X; are determined by
the choice of the boundaries 9%X; = X; NH (see also Item 1.2b). The most natural choice is
to impose that they coincide with the 2-sphere leaves S’ of the so-called geodesic foliation
(SL)o<s<1 on H, i.e. 95, = 5] for all 0 < ¢ <1 (see Section 3 for definition).
The fact that there exists a smooth non-degenerate geodesic foliation on H is an assumption

8Note that while R¥0 ~ ||E\@2<EO)
tensors E and H since the hypersurface H is null. It is however only relevant that these quantities are the energy
fluxes arising naturally from Maxwell equations (1.5f) (see Section 2.2).

+ ”H”%Z’(Eo)’ R™ does not control the L2-norm of all components of the

I11-6



Exp. n°III— Probléme de Cauchy spatial-caractéristique avec courbure L? en relativité générale

in [10] and [11]. However, the existence of this foliation is consistent with the a priori control
obtained in [16] for the geodesic foliation at the bounded L? curvature level. We believe that
using this control together with an assumption on the injectivity radius or on the topology
of H could lead to existence of the foliation on H by a geometric continuity argument.

2.1c It turns out that the regularity of the geodesic foliation on H is not enough to control the
maximal hypersurfaces ¥;. In [10], we show that, under the small L?-bound assumption on
the electric-magnetic flux R*, one can deform the geodesic foliation to the so-called canonical
foliation on H, which provides the required regularity to control the hypersurfaces X (see
Section 3). The canonical foliation was first introduced by Klainerman-Nicolo in [14] and [15]
to obtain similar improved regularity features (see also [23]).

2.2 Overview of the proof of Theorem 2.1

Let us first assume that boundaries on H for the maximal hypersurfaces ¥; have been chosen and
postpone this choice to Section 3. In this section, we shall give an overview of the main ideas of
the proof of Theorem 2.1.

The proof of Theorem 2.1 goes by a standard continuity argument. Let ¢t* > 0 be the maximal
time such that the solution to Einstein vacuum equations in maximal gauge (1.5) exists, is smooth
and the following bootstrap assumptions hold for all ¢ € [0, t*],

1BNZ2 () + 1H L2 s, < (De)?, (2.2)

where D > 0 is a fixed (large) constant.

Our aim is to show that ¢* > 1. Using classical local existence results, it can be shown that
t* > 0 and that the solution can be extended as long as it remains smooth. In what follows, we
shall therefore restrict to the improvement of the bootstrap assumption (2.2) which is the crucial
step in the continuity argument.

At the centre of the improvement of the bootstrap assumption (2.2) is the standard energy
estimate for the nonlinear Maxwell equations (1.5f), which reads schematically

B + IH s oy S RE +R* + [ 5B, (23)
where D denotes the spacetime domain bounded by ¥, ¥; and H and where k- E - H denotes
trilinear error terms. Using the bootstrap assumption (2.2), one wishes to obtain the following
control of the error term

/k~E~H‘§(D5)3.
D

Using the initial assumptions (2.1) and the energy estimate (2.3), we would therefore obtain
1EZ2 (s, + 1 HI22s,) S €%+ (De)?
Séel,

which would improve the bootstrap assumption (2.2).

Controlling the trilinear error term at our level of regularity is the heart of the proof of the
bounded L? curvature Theorem 1.4. In [11], we circumvent this difficulty by applying the bounded
L? curvature Theorem 1.4 from the slice ¥y backwards and by performing an energy estimate in
the region D. To apply Theorem 1.4, the data (g,%k) on X; need to be extended to data (2,9, k)

such that ¥ ~ R? and HEH;(E) + Hﬁ”i%i) < (De)?. Such an extension procedure was established
in [8]% and requires to obtain H? and H'! estimates for respectively g and k on X

lgi; — €ijllaz(s,) S De, (2.4)

[kijllm (=) S De, (2.5)

where e;; is the Euclidean metric on ;.

9In establishing such an extension procedure, the main difficulty is that the constraint equations (1.6) have to
be satisfied by the extended data (X, g, k). The result can not be obtained by a simple cut-off procedure.

II1-7



OLIVIER GRAF

extension

bounded L2
theorem

——————————————

o

Figure 3: Extension procedure and backward application of the bounded L? curvature theorem.

The bound (2.4) is obtained by considering equation (1.5¢) for the Ricci curvature tensor of the
metric g. In the so-called harmonic coordinates, the Ricci curvature tensor is a nonlinear Laplace-
type operator on the metric coefficients g;; and equation (1.5e) turns to a Laplace-type nonlinear
equation with the electric-magnetic tensor E as linear source term. The main difficulty is to
obtain such appropriate global coordinates on ;. This is done by a contradiction argument, using
local (boundary) harmonic coordinates, the Laplace-type equation (1.5¢) and Cheeger-Gromov
convergence theory for Riemannian manifolds. To obtain the HZ-estimate (2.4), one needs L>-
control of the source term E to equation (1.5e¢) on X, as well as an H3/?-type control on the
boundary value for the metric g on 9%;.'°

The bound (2.5) is obtained by a standard energy estimate for the Hodge-type elliptic equa-
tion (1.5¢) which reads schematically

/ VAP < / mP+ [ kYR (2.6)
M M [o)M

where ¥ denotes the tangential covariant derivative on 0%; and k - YV k are contractions of k and
tangential derivative of k. To explicit this boundary term, let us first decompose the tensor k into
its normal and tangential components on the boundary 0%;. We define N to be the outgoing unit
normal to 0%; in ¥; and the 0%;-tangent tensors 4, €, by

0:=knn, €a:=kna, naB:=kaB, (2.7)

where capital Latin indices range from 1 to 2 and denote the evaluation with respect to 0%;-tangent
vectors. With these definitions, the boundary integral in (2.6) writes

/ k-Yk= / e-Yo— / (6% + [€e]* + |n|?) + trilinear error terms, (2.8)
o) [P (o)

where it should be noted that the second term appears with a favourable sign. Using this fact and
the energy estimate (2.6) we can control the full H'-norm of k on X;, and we obtain

Hk”%{l(z:t) < ||H||%2(Et) + / € - YV § + trilinear error terms
[o)on
(2.9)
S [ e
(o)

provided that the trilinear error terms can be controlled.!* Obtaining the desired bound (2.5) thus
requires to control the last boundary integral in (2.9). This can be achieved provided that one has

an H/2-control of § on 9%;.
Obtaining the desired H?/2-control of g and H'/?-control of § on 9%, will depend on the choice
of the (foliation of) prescribed boundaries 9X; on H. Let us first introduce the geometric quantities
that describe foliations on the null hypersurface . Let L be a fixed (background) null geodesic

10This is consistent with a Dirichlet-type problem for the Laplace-type equation (1.5e) on Xy.

1 {nlike in the case of the hyperbolic system of equations (1.5f), the control of the nonlinear error terms in the
elliptic equations (1.5¢) and (1.5e) is easily obtained using standard Sobolev embeddings and the respective H? and
H?' control for g and k.
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generator of H.12 Let (S,) be a foliation of 2-spheres on H given as level sets of a scalar function v
on H. In the following, we consider foliations coinciding with the intersection of ¥y and H, i.e.
such that Xg NH = Sy = Sy=0. We define the null lapse Q of the foliation (S,) to be Q := Lv. In
this setting, the geodesic foliation (S) is defined to be the foliation corresponding to Q = 1. We
define the null vector field L to be orthogonal to the 2-spheres S, and such that g(L, L) = —2. We
call 4 the Riemannian metric induced by g on the 2-spheres S,,. Let the null connection coefficients
X, ¢ and x of the foliation (S,) be the S,-tangent tensors defined by

X(X.Y) = g(DxLY), ((X):= 8DxL L), x(X,Y):=gDxLY), (210)

where X,Y are S,-tangent vectors.'?

Assume now that the boundaries of the maximal hypersurfaces 3; coincide with the 2-spheres of
the foliation (S,), i.e. 9X; = S,—¢. There exists a slope factor v > 0 such that the future-directed
unit normal 7' to Y, is related to the null vector fields L, L by'*

1

1
T= §VL+§V*1L. (2.11)

Figure 4: Null decomposition on S,.

From the definitions (1.3), (2.7), (2.10), the maximal assumption (1.4) and using relation (2.11),
one can obtain

1 1

§ = —vtry + —v try, (2.12)
2 2 =

where tr is the trace operator with respect to the metric ¢. Plugging this relation into the boundary

integral term in (2.9), we have

1

1
/ e-Vé= 7/ ve- Vtrx + / vle- Viry
o%, 2 Jos, 2 Jos, -

! . (2.13)
—l—f/ Vtrxe-Wlogu—f/ v ltrye- Y logw.
2 Jox, 2 Jox, =

From this computation, we deduce two observations. First, that the required regularity on the
foliation (S,) to estimate the boundary integral (2.13) is that the null connection coefficients try
and try must be controlled in L H'/2(S,,). Second, that from writing d in terms of the geometric
quantities try and try, one encounters an additional factor ¥ log v in the boundary integral (2.13).
We expect that the terms try, try and v are close to their value in Minkowski space, which is

12 A null geodesic generator is a null vector field tangent to H such that its integral curves are geodesics of the
spacetime (M, g). The existence of such a non-degenerate vector field on H is part of the assumptions in [10]
and [11] (see Item 2.1b).

13The null connection coefficients x and x should be thought of as derivatives of the metric ¢ in the L and L
direction respectively. o

14The fact that v is not in general equal to 1 is related to a non-trivial slope between the maximal hypersurface
¥ and the null hypersurface H.
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respectively try ~ 2/(1 +1t), try ~ —2/(1 +t) and v ~ 1. This implies that for the two last
boundary integrals in (2.13) we have

1/ l/trxe-WlogV—l/ V_ltrxe-Wlogy:L e- Y logv. (2.14)
2 Jos, 2 Jos, = L+t Jox,

At first sight, this seems to prevent us from closing the energy estimate for &k (2.9) since v can
only be estimated using both the control of §,e¢,n7 and X, x,(, but the k-components 9, €, are
only determined after solving equation (1.5¢). However, using definitions (1.3), (2.7), (2.10) and
relation (2.11), one can obtain

e=—-Ylogv+¢, (2.15)
which, plugged into the boundary integral (2.14), gives
2 2 2
— € Viogy =——— logv|? + —— -V, 2.16
i eV = g [ e i [ Cy (216)

where it should be noted that the first term has a favourable sign and that the second term is
controlled if the null connection coefficient ¢ of the foliation (S,) is bounded in L H/?(S,). We
therefore conclude that we can close the energy estimate for & and control the slope factor v if
the null connection coefficients try, try and ¢, which only depend on the geometry of the foliation

(S,), are controlled in L H'Y/2(S,,).

3 The canonical foliation on 4 with bounded L? curvature

In this section, we give an overview of the construction and control of a foliation of 2-spheres
(S,) on H such that, under the L2-bound assumption (2.1) of Theorem 2.1, the null connection
coefficients trx, try and ¢ are controlled in LgoHl/z(Sv), and such that the metric g is controlled

in an appropriate H3/2-sense.

3.1 The null structure equations

We first define the null curvature components «, 3, p, o, 3 to be the S,-tangent tensors on H such
that

1 1
0(X.Y) = R(X,LY.L), B(X) =L R(X.L LL), p:=iR(L LL L)
(3.1)
1 1
U::Z *R(L7L7 LaL)a @(X) :§R(X7 La LvL)7

where R denotes the Riemann curvature tensor of the spacetime metric g and X,Y are S,-tangent
vectors and where *R denotes the Hodge dual of R (see [7] for definitions). General properties
of the Riemann curvature tensor together with Einstein vacuum equations (1.1) imply that the
metric ¢, the null lapse Q and the null connection coefficients x, ¢ and x satisfy a system of null
structure equations on H, which is the following system of coupled quasilinear transport and elliptic
equations (see [7], pp. 168-170):

the first variation transport equation for ¢

£1d =2x, (3.2a)

the second variation transport equations for x, x, ¢

Y o+ 5 (00 = - %12 (3.20)
Y LX +trxX = — a, (3.2¢)

Y ptry + %trxtrx =—2dx¢+2(p— %)A( “X) +2[¢ + ¥V log Q2 (3.2d)
VX + %trxg =-V&C— (YRY)logQ — %trx)?—i— n.lLt., (3.2¢)

Y ¢+ trx¢ =— %ter log — 8+ n.lLt. (3.2f)
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the Hodge-type elliptic equations for ¢

div¢ = —p—p+nlt.,

3.2

cufl = o +nlt., (3.2¢)

the transport equation for the mass aspect function

3 1

Yip+ §trxu :5‘51")(4& log Q) +n.lt. , (3.2h)

the Hodge-type elliptic Codazzi equations for ¥ and X
Lo 1 1 .
dFx = 5V trx — ¢ X + 5Ctrx = f, (3.21)
PO 1 ]
divx = §Y7trx+§~xf §Ctrx+g, (3.2))

and the Gauss equation for the Gauss curvature K of the 2-spheres S,
1 1

K = —ztrxtrx —p+ XX (3.2k)

where Y, X denote the tracefree parts of the tensors y and x, and where n.l.t. denotes (additional)
nonlinear error terms. The operators L1 and YV 1, are the projected respectively Lie and covariant
derivative in the L-direction,'® the operators dit, cufl and /A are the standard divergence, curl
and Laplace-Beltrami operators associated to the Riemannian metric ¢, and |- |, -, ® are standard
contractions with respect to the metric ¢ (see [10] for definitions).

The system of null structure equations has the null curvature components «, 3, p, o, 5 as source
terms. Using the initial small L?-bound (2.1) on the electric-magnetic energy flux through #, one
can obtain the following L2-control of the null curvature components on H'6

||04H2L2(H) + ||5||%2(H) + HUH%P(H) + HPH%z(H) + ||ﬁ||2L2(H) Sel (3-3)

Our goal is to estimate the induced metric ¢ and the null connection coefficients try, try and ¢
using the null structure equations (3.2), the bound (3.3) on the null curvature source terms, and
bounds from the regularity assumptions at the sphere Sy = X N H.17

3.2 Linear estimates and the foliation choice.

Estimates can only be obtained when (an equation for) the null lapse Q is fixed —i.e. once the
foliation has been chosen.'® Let first assume that the geodesic foliation choice 2 = 1 has been
made and try to obtain the desired L3 H'/2(S,,)-estimates for ¢, trx and try at the linear level.
Using equation (3.2f) for ¥ 1.¢, taking the L?(#H)-norm and using the bound (3.3), one obtains

IV LCllz2eey S 1Bl z2(m) + Lot

- (3.4)

provided that the lower order terms are controlled. Using the Hodge-type elliptic equation (3.2g)
for ¢, the bound (3.3) and an appropriate elliptic energy estimate, one obtains

IV Cll2r) + 1S 2) S llollzzay + ol + lell2 o)

(3.5)
Se+lpllzzay-

152 1 and YV 1 should be simply thought of as derivatives in the L-direction, consistent with deriving tensors
tangent to the 2-spheres S, .

16This L2-control is also related to an energy flux naturally arising in an energy estimate for the so-called Bianchi
equations for the spacetime curvature tensor R (see [7] for further discussion).

17The bounds for ¢ and the null connection coefficients on the first sphere Sy will be needed when integrating the
transport equation in the L-direction.

18 As also seen for Einstein vacuum equations (see Section 1.1), the system of null structure equations (3.2) is
determined only up to a gauge choice, which in this case geometrically corresponds to a choice of foliation on H.
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Using the transport equation (3.2h) for the mass aspect function p at the linear level and integrating
in the L-direction one deduces that
lullzey S llpllosrecs,)
S lellzecso) + 14 log Q|1 z2s,) (3.6)
<eg,

since 2 = 1 and provided that p is controlled initially on the sphere Sy.!° Using the
bounds (3.4), (3.5) and (3.6), we deduce that

1<l () S e (3.7)
Using a H'(H) to H'/?(S,) trace estimate, one can obtain

1€l e rr1r2(s,) S NS 30y S € (3.8)
which gives the desired estimate for (.

We turn to obtaining the same estimate for try. One does not have an elliptic equation of the
type (3.2g) by which the tangential derivatives of try would be controlled in L?(H). Fortunately,
there are no curvature source terms in the transport equation (3.2b) for try. Commuting this
transport equation with a tangential derivative ¥, one thus obtains that ¥ ;¥ try are only lower
order terms. Integrating this equation in the L-direction we therefore have

IV trxllLer2s,) S IV trxllezsy) +Lot. Se, (3.9)
provided that V¥ try is controlled at the initial sphere Sy and that the lower order terms are
controlled. We deduce in particular the desired L H'/2(S,)-control for try.

For the null component try, one does not have an elliptic equation of the type (3.2g). One can
only rely on the transport equation (3.2d). Unlike in the transport equation (3.2b) for try, there
are curvature and high order source terms to equation (3.2d), which namely reads at the linear
level and when Q2 =1

YV ptrx =2p — 2dif ¢ + Lo.t. . (3.10)

To obtain an L H1/2(S,)-control of try, one would need to control the null curvature term p at an

LLH'/2(S,)-level. Such a control cannot be obtained with the assumed L?(H)-regularity (3.3) for
the curvature. The geodesic foliation choice thus fails —at the linear level- to provide the required
regularity for the study of the spacelike-characteristic bounded L? curvature theorem.

To circumvent this difficulty, we consider the so-called canonical foliation, first defined in [14]
and [15].

Definition 3.1. The foliation (S,) on H is called the canonical foliation if v =0 on Xg NH and
if the null lapse Q) satisfies the following elliptic equation on each 2-sphere S,

%(logﬂ):—dWCwL?(p—ﬁx’g)—2p—x~§,
log 2 = 0.

(3.11)

with f denoting the mean value of f on S,,.2°

Rewriting the transport equation (3.2d) for try using the canonical foliation choice (3.11) gives

1 ==
YV ptrx + itrXtIX:Qﬁ*X'X+2|W log Q — ¢|?, (3.12)

where it should be noted that the higher order terms on the right-hand side are now constant in the
tangential direction. By commuting the transport equation (3.12) with tangential derivatives, we
therefore deduce that at the linear level ¥ YV try is only composed of lower order terms. Arguing

as for the null connection coefficient try, we then obtain the desired L H'/2(S,)-estimate for tryx.

19Such a control is included in the regularity assumptions on the first sphere Sp.
20The elliptic equation (3.11) is only well-posed if the right-hand side has vanishing mean value and if a mean
value condition is imposed on log Q2.
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3.3 Construction and control of the canonical foliation

Our last goal is to show that the canonical foliation from Definition 3.1 can be constructed, exists
and is non-degenerate from v = 0 to v = 1 and that —motivated by the study of the linear case in
Section 3.2- its null connection coefficients satisfy the desired L3° H'/?(S,)-estimates.

Using the smooth background geodesic foliation, this reduces to proving that solutions to
the quasilinear system of transport and elliptic null structure equations (3.2) together with the
additional elliptic equation (3.11) for the null lapse 2 exist and remain controlled from v = 0
to v = 1. This time 1 existence result has to be obtained using only low regularity smallness
assumptions on the initial sphere Sy and the L2-smallness assumption (3.3) on the null curvature
source terms.

In [10], we obtained the following existence and control result for the canonical foliation on H
at the level of bounded L? curvature.

Theorem 3.2 (Existence and control of the canonical foliation on H, [10]). Let (M,g) be a
vacuum spacetime. Let H be an outgoing null hypersurface emanating from a spacelike 2-sphere
So and foliated by a smooth non-degenerate background geodesic foliation (S%)o<s<1. Assume that
the L?-smallness assumption (3.3) is satisfied, i.e.

el Ze ey + 181 T30y + Il oy + 011220y + 1811720y S €%,

together with suitable low regularity smallness assumptions at Sy. Then:

1. L?-regularity. The canonical foliation (S,) on H exists and is non-degenerate from v = 0
tov =1 and we have

together with additional refined estimates.

¢ 2
Iy — ——
X v+1

2 ~ ~
7trX+7,X, X C,Q_la WQH 567 (313)
= wv4+1 = H(H)

2. Higher regularity. The smoothness of the geodesic background foliation implies smoothness
of the canonical foliation.

Remarks on Theorem 3.2

3.2a Using a trace estimate, the bounds (3.13) imply the following control, required in Section 2,
for the null connection coefficients x, x and ¢

2 2 <
[[trx — mHLgoHl/z(sv) + [[trx + m”LgoHl/2(S,,) + ¢l Lee rr2(s,) S €

3.2b H®/*-type regularity for the metric ¢ can be obtained on each separate sphere S, using that
the Gauss curvature K can be controlled in an L H~1/2(S,)-sense and using harmonic coor-
dinates (see [9] and also [32]). The canonical foliation therefore provides sufficient regularity
for the spacelike-characteristic bounded L? Theorem 2.1.

3.2¢ The proof of Theorem 3.2 is reminiscent of the methods used in [16] [17] [18] and the subse-
quent [1] [2] [32] [40] where the geodesic foliation is studied.

Sketch of the proof of Theorem 3.2

The proof of Theorem 3.2 goes by a standard continuity argument relying on bootstrap assumptions
for the estimates (3.13), on propagation of regularity, and on an higher regularity local existence
and continuation result. In the rest of this section, we shall review the key elements for the
improvement of the bootstrap assumptions.

To improve the set of bootstrap assumptions for estimates (3.13), we have to show that we can
estimate the H'(#)-norms of the null connection coefficients one-by-one in a suitable order by the
L?(H)-norm of the null curvature components. This virtually amounts to a triangularisation of
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the system of null structure equations (3.2) and (3.11). It has to take into account the presence of
a non-trivial null lapse Q and differs from the geodesic foliation case studied in [16] because of the
intertwined equations for ¢, p and log 2 (3.2f), (3.2g), (3.2h) and (3.11).

Provided that this can be done (see [10]), we obtain the desired H'(#)-control (3.13) for the
null connection coefficients arguing as in the linear case of Section 3.2, using standard elliptic
energy estimates, (deriving) and integrating the transport equations. Here the improved form of
the transport equation for try (3.12), which is a consequence of the canonical foliation choice, is
crucial to establish the desired H'-estimate for try.

The main difficulty is to control the nonlinear error terms arising in the null structure transport
equations (3.2b), (3.2h) and (3.12) using only the low regularity smallness assumptions on the initial
sphere Sy and the L2-smallness assumption (3.3). Integrating these equations in the L-direction
and taking the L?-norm in the tangential direction requires to deal with error terms of the form

1
‘/ A-Rdv
0

where A denotes the null connection coefficients try — U%, X, ¢ and ¥ Q and where R is only

(3.14)

L2(S)

bounded in L?(#) (such as the null curvature components defined in (3.1)). Using Holder estimates,
the control of (3.14) is achieved provided that the following crucial geometric trace norms estimates
for x, ¢ and Y Q

1 1 1
sup/ |)?(U,w)|2dv+sup/ |§(v,w)|2dv—|—sup/ |WQ(v,w)\2dv§52, (3.15)
weS JO weS Jo weS Jo

and the following uniform bound for try

<e

~ )

try — (3.16)

v+ 1 L (H)

can be obtained.?!

In the case of the geodesic foliation, the control of the geometric trace norms for ¥ and ¢
was obtained in the seminal series of papers [16] [17] [18]. This required to prove sharp bilinear
estimates for transport equations, using Besov spaces and Littlewood-Paley calculus. One therefore
had to make sense to a Littlewood-Paley theory for tensors on the 2-spheres S’ relying only on
low regularity geometric estimates (see [17], [18] and also [32]). In [10], we obtain the bounds for
the corresponding connection coefficients ¥ and ¢ in the canonical foliation using a comparison
argument with the background geodesic foliation, taking advantage of the estimates proved for the
geodesic foliation in [16]. This uses that the null curvature fluxes, the geometric norms and the
null connection coefficients x and ( are essentially invariant if the two foliations are close in an
appropriate sense.

Obtaining the last geometric trace norm estimate

1
sup/ IV Qv,w)]?dv < €2
wes Jo

is the most delicate point of our analysis.?? To this end, we highlight that equation (3.11) displays
the appropriate structure to apply the sharp bilinear estimate theorem of [18]. Applying this the-
orem requires to use the geometric Littlewood-Paley theory and geometric Besov spaces developed
in [32].

References

[1] S. Alexakis, A. Shao, On the geometry of null cones to infinity under curvature flux bounds,
Class. Quantum Grav. 31 (2014), no. 19, 62 pp.

2INote that estimate (3.16) follows from estimate (3.15) for X by integrating the transport equation (3.2b).
22This estimate is also the key to close the aforementioned comparison argument.

I11-14



S

Exp. n°III— Probléme de Cauchy spatial-caractéristique avec courbure L? en relativité générale

S. Alexakis, A. Shao, Bounds on the Bondi energy by a flux of curvature, J. Eur. Math. Soc.
18 (2016), no. 9, 2045-2106.

Y. Choquet-Bruhat, R. Geroch, Global aspects of the Cauchy problem in general relativity,
Comm. Math. Phys. 14 (1969), no. 4, 329-335.

D. Christodoulou, Bounded variation solutions of the spherically symmetric Einstein-scalar

field equations, Commun. Pure Appl. Math. 46 (1993), no. 8, 1131-1220.

D. Christodoulou, The instability of naked singularities in the gravitational collapse of a scalar
field, Ann. of Math. (2) 149 (1999), no. 1, 183 pp.

D. Christodoulou, The formation of black holes in general relativity, EMS Monogr. Math.
(2009), x+589 pp.

D. Christodoulou, S. Klainerman, The global nonlinear stability of the Minkowski space,
Princeton Univ. Press (1993), x+483 pp.

S. Czimek, An extension procedure for the constraint equations, Ann. PDE 4 (2018), no. 1,
130 pp.

S. Czimek, Boundary harmonic coordinates on manifolds with boundary in low regularity,
Comm. Math. Phys. 371 (2019), no. 3, 1131-1177.

S. Czimek, O. Graf, The canonical foliation on null hypersurfaces in low regularity,
arXiv:1909.07345 (2019), 69 pp.

S. Czimek, O. Graf, The spacelike-characteristic Cauchy problem of general relativity in low
regularity, arXiv:1909.07355 (2019), 91 pp.

Y. Foures-Bruhat, Théoréeme d’existence pour certains systémes d’équations aux dérivées par-
tielles non linéaires, Acta Math. 88 (1952), no. 1, 141-225.

S. Klainerman, M. Machedon, Finite energy solutions of the Yang-Mills equations in R311,
Ann. of Math. (2) 142 (1995), no. 1, 39-119.

S. Klainerman, F. Nicolo, On local and global aspects of the Cauchy problem in general rela-
tivity, Class. Quantum Grav. 16 (1999), no. 8, R73-R157.

S. Klainerman, F. Nicolo, The evolution problem in general relativity, Prog. Math. Phys.
Birkh&user Boston Inc Boston MA 25 (2003), xiv+385 pp.

S. Klainerman, I. Rodnianski, Causal geometry of Einstein-vacuum spacetimes with finite
curvature fluz, Invent. Math. 159 (2005), no. 3, 437-529.

S. Klainerman, I. Rodnianski, A geometric approach to the Littlewood—Paley theory, Geom.
Funct. Anal. 16 (2006), no. 1, 126-163.

S. Klainerman, I. Rodnianski, Sharp trace theorems for null hypersurfaces on Einstein metrics
with finite curvature fluz, Geom. Funct. Anal. 16 (2006), no. 1, 164-229.

S. Klainerman, I. Rodnianski, J. Szeftel, The bounded L2 curvature conjecture, Invent. Math.
202 (2015), no. 1, 91-216.

J. Liu, J. Li, A robust proof of the instability of naked singularities of a scalar field in spherical
symmetry, Commun. Math. Phys. (2018), 1-18.

J. Luk, On the local existence for the characteristic initial value problem in general relativity,
Int. Math. Res. Not. (2012), no. 20, 4625-4678.

J. Luk, I. Rodnianski, Local propagation of impulsive gravitational waves, Comm. Pure Appl.
Math. 68 (2015), no. 4, 511-624.

I11-15



[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

OLIVIER GRAF

F. Nicolo, Canonical foliation on a null hypersurface, J. Hyperbolic Differ. Equ. 1 (2004),
no. 03, 367-428.

S.-J. Oh, D. Tataru, The hyperbolic Yang—Mills equation in the caloric gauge. Local well-
posedness and control of energy dispersed solutions, arXiv:1709.09332 (2017), 145 pp.

S.-J. Oh, D. Tataru, The threshold conjecture for the energy critical hyperbolic Yang—Mills
equation, arXiv:1709.08606 (2017), 45 pp.

S.-J. Oh, D. Tataru, The Yang—Mills heat flow and the caloric gauge, arXiv:1709.08599
(2017), 106 pp.

S.-J. Oh, D. Tataru, The hyperbolic Yang—Mills equation for connections in an arbitrary topo-
logical class, Comm. Math. Phys. 365 (2019), no. 2, 685-739.

R. Penrose, Gravitational collapse: The role of general relativity, Riv. Nuovo Cimento
(1969), no. I, 252-276.

P. Petersen, Riemannian geometry, Grad. Texts in Math. Springer (2016), 499 pp.

A. D. Rendall, Reduction of the characteristic initial value problem to the Cauchy problem and
its applications to the Einstein equations, Proc. Roy. Soc. London Ser. A 427 (1990), no. 1872,
221-239.

R. K. Sachs, On the characteristic initial value problem in gravitational theory, J. Math. Phys.
3 (1962), no. 5, 908-914.

A. Shao, New tensorial estimates in Besov spaces for time-dependent (2 + 1)-dimensional
problems, J. Hyperbolic Differ. Equ 11 (2014), no. 04, 821-908.

J. M. Stewart, H. Friedrich, Numerical relativity. I. The characteristic initial value problem,
Proc. Roy. Soc. London Ser. A 384 (1982), no. 1787, 427-454.

J. Szeftel, Parametriz for wave equations on a rough background I: Reqularity of the phase at
initial time, arXiv:1204.1768 (2012), 145 pp.

J. Szeftel, Parametriz for wave equations on a rough background II: Construction and control
at initial time, arXiv:1204.1769 (2012), 84 pp.

J. Szeftel, Parametrixz for wave equations on a rough background III: Space-time regularity of
the phase, Astérisque (2018), no. 401, viii+321 pp.

J. Szeftel, Parametriz for wave equations on a rough background IV: Control of the error term,
arXiv:1204.1771 (2012), 284 pp.

J. Szeftel, Sharp Strichartz estimates for the wave equation on a rough background, Ann. Sci.
Ec. Norm. Supér. (4) 49 (2016), no. 6, 1279-1309.

R. M. Wald, General relativity, Univ. Chicago Press (1984), 494 pp.

Q. Wang, On the geometry of null cones in Einstein-vacuum spacetimes, Ann. Inst. H. Poincaré
Anal. Non Linéaire 26 (2009), no. 1, 285-328.

I11-16



