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with limited regularity
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Laboratoire Jacques-Louis Lions & CNRS UMR 7598, University of Paris VI,
75252 Paris, France. lefloch@ann. jussieu.fr

1 Introduction

Hyperbolic conservation laws posed on manifolds arise in many applications
to geophysical flows and general relativity. Recent work by the author and his
collaborators attempts to set the foundations for a study of weak solutions de-
fined on Riemannian or Lorentzian manifolds and includes an investigation of
the existence and qualitative behavior of solutions. The metric on the manifold
may either be fixed (shallow water equations on the sphere, for instance) or
be one of the unknowns of the theory (Einstein-Euler equations of general rel-
ativity). This work is especially concerned with solutions and manifolds with
limited regularity. We review here results on three themes: (1) Shock wave
theory for hyperbolic conservation laws on manifolds, developed jointly with
M. Ben-Artzi (Jerusalem); (2) Existence of matter Gowdy-type spacetimes
with bounded variation, developed jointly with J. Stewart (Cambridge). (3)
Injectivity radius estimates for Lorentzian manifolds under curvature bounds,
developed jointly with B.-L. Chen (Guang-Zhou).

2 Conservation laws on a Riemannian manifold

In the present section, (M", g) is a compact, oriented, n-dimensional Rieman-
nian manifold. As usual, the tangent space at a point x € M is denoted by
T,M" and the tangent bundle by TM" := J, cp» T:M", while the cotangent
bundle is denoted by T*M"™ = T M". The metric structure is determined by
a positive-definite, 2-covariant tensor field g.

A flux on the manifold M™ is a vector field f = f,(u) depending smoothly
upon the parameter @. The conservation law associated with f reads

Owu +divg (f(u)) =0, (1)

where the unknown u = u(t,x) is defined for ¢ > 0 and z € M" and the
divergence operator is applied to the vector field = — f,(u(t,z)) € T,M™.
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We say that the flux is geometry-compatible if
divy fz(@) =0, u€eR, z e M". (2)

We propose to single out this class of conservation laws as an important case
of interest, which leads to robust LP estimates that do not depend on the
geometry of the manifold. The equations arising in continuum physics do
satisfy this condition.

Equation (1) is a geometric partial differential equation which depends
on the geometry of the manifold only. All estimates must take a coordinate-
independent form; in the proofs however, it is often convenient to introduce
particular coordinate charts. We are interested in solutions v € L (R x M™)
assuming a prescribed initial condition uy € L (M™):

u(0,z) = uo(z), = €M™ (3)

We extend Kruzkov theory of the Euclidian space R™ (see [8]) to the case of
a Riemannian manifold, as follows.

Let f = f.(u) be a geometry-compatible flux on the Riemannian manifold
(M, g). A convex entropy/entropy-flux pair is a pair (U, F') where U : R — R
is convex and F' = F,(u) is the vector field defined by

F,(a) := / O U (u') Oy fr(u') dud’, ueR, zeM".

Given ug € L>®(M") a function u € L* (R, L>(M")) is called an entropy
solution to the initial value problem (1), (3) if the following entropy inequal-
ities hold

/ / (U(u(t, 2)) 90(t, ) + g, (Fu (u(t, ), grad, 0(t, g:))) dV,(x)dt
Ry xM™n

+ Ul(uo(z)) 0(0,z) dVy(x) > 0,
M’n

for every convex entropy/entropy flux pair (U, F') and all smooth function
0 =0(t,x) > 0 compactly supported in [0,00) x M".

Theorem 1 (Well-posedness theory on a Riemannian manifold. I).
Let f = fz(u) be a geometry-compatible flux on a Riemannian manifold
(M™, g). Given ug € L>®(M") there exists a unique entropy solution u €
L> (R4 x M"™) to the problem (1)-(3). Moreover, for each 1 < p < oo,

lu@) e vmav,) < luollzeovniavy), T € Ry,

and, given two entropy solutions u,v associated with initial data ug, v,

[0(8) = u(®)l| L1 (mmsavy) < llvo = wollr (vrsavy). teR,.
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The framework proposed here allows us to construct entropy solutions on a
Riemannian manifold via the vanishing diffusion method or the finite volume
method [1, 4]. Following DiPerna [6] we can introduce the (larger) class of
entropy measure-valued solutions (¢,z) € Ry x M"™ — vy 4.

Theorem 2 (Well-posedness theory on a Riemannian manifold. IT).
Let f = f.(a) be a geometry-compatible flur on a Riemannian manifold
(M",g). Let v be an entropy measure-valued solution to (1)-(3) for some
ug € L*(M™). Then, for almost every (t,x), Viz = Oy, where u €
L>® (R4 x M"™) is the unique entropy solution to the problem.

Finally we can relax the geometry compatibility condition and consider
a general conservation law associated with an arbitrary flux f. More general
conservation laws solely enjoy the L' contraction property and leads to a
unique contractive semi-group of entropy solutions.

Theorem 3 (Well-posedness theory on a Riemannian manifold. III).
Let f = f.(@) be an arbitrary (not necessarily divergence-free) fluz on (M™, g),
satisfying the linear growth condition

‘fx(ﬂ)|g§1+|ﬂ|a ueR, xe M".

Then there exists a unique contractive, semi-group of entropy solutions ug €

LY(M") — u(t) := Syug € LY(M™) to the initial value problem (1), (3).

For the proofs we refer to [4]. See [1] for the convergence of the finite
volume schemes on a manifold. Earlier material can be found in Panov [12]
(n-dimensional manifold) and in LeFloch and Nedelec [10] (Lax formula for
general metrics including the case of spherical symmetry).

3 Conservation laws on a Lorentzian manifold

Motivated by the application to general relativity, we can extend the theory to
a Lorentzian manifold. Let (M"*1, g) be a time-oriented, (n + 1)-dimensional
Lorentzian manifold, g being a metric tensor with signature (—,+,...,+).
Tangent vectors X can be separated into time-like vectors (g(X, X) < 0), null
vectors (g(X,X) = 0), and space-like vectors (g(X, X) > 0). The null cone
separates time-like vectors into future-oriented and past-oriented ones. Let V
be the Levi-Cevita connection associated with the Lorentzian metric g.

A flux on the manifold M"*! is a vector field x +— f,(u) € T,M"*1, de-
pending on a parameter % € R. The conservation law on (M"*! g) associated
with f is

divg (f(u)) =0, w: M R, (4)

It is said to be geometry compatible if

div, f.(@) =0, w€R, z €M (5)
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Furthermore, f is said to be a time-like flux if g, (8ufl(a),8qu(ﬂ)) < 0,
xr € M 4 eR.

Note that our terminology here differs from the one in the Riemannian
case, where the conservative variable was singled out. We are interested in
the initial-value problem associated with (4). We fix a space-like hypersurface
Ho € M™*+! and a measurable and bounded function uo defined on Hg. Then,
we search for u = u(x) € L>°(M"*!) satisfying (4) in the distributional sense
and such that the (weak) trace of u on Hy coincides with wy:

’LL|H0 = UgQ. (6)

It is natural to require that the vectors 0, f, (@) are time-like and future-
oriented.

We assume that the manifold M"+! is globally hyperbolic, in the sense that
there exists a foliation of M™*! by space-like, compact, oriented hypersurfaces
Hy (t € R): M™ ! = |, He. Any hypersurface Hy, is referred to as a Cauchy
surface in M" ! while the family H; (¢ € R) is called an admissible foliation
associated with H;,. The future of the given hypersurface will be denoted by
Mﬁ“ := [U,>0 H¢. Finally we denote by n’ the future-oriented, normal vector
field to each H;, and by g¢' the induced metric. Finally, along H;, we denote
by X! the normal component of a vector field X, thus X! := g(X,n?).

A flux F = F,(u) is called a convex entropy flux associated with the
conservation law (4) if there exists a convex U : R — R such that

F(a) = /0 U () Bufolu)d!,  z€ MM, G ER.

A measurable and bounded function v = u(x) is called an entropy solution of
the geometry-compatible conservation law (4)-(5) if

/ g(F(u), grad, 40) dV, + / G0(F(u6), 1) B, AV, > 0.
Mi“ Ho

for all convex entropy flux F' = F, (@) and all smooth § > 0 compactly sup-
ported in M’}

Theorem 4 (Well-posedness theory on a Lorentzian manifold). Con-
sider a geometry-compatible conservation law (4)-(5) posed on a globally hy-
perbolic Lorentzian manifold M"™ 1. Let Hy be a Cauchy surface in M"H1,
and ug : Ho — R be measurable and bounded. Then, the initial-value prob-
lem (4)-(6) admits a unique entropy solution u = u(x) € L>*(M"*1). For
every admissible foliation Hy, the trace uy, exists and belong to L'(Hy), and
| F* (upe, || L2 (3¢,) is non-increasing in time, for any convex entropy fluz F.
Moreover, given any two entropy solutions u,v,

1" (ure,) = £ (v )l es)

18 non-increasing in time.
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We emphasize that, in the Lorentzian case, no time-translation property
is available in general, contrary to the Riemannian case. Hence, no time-
regularity is implied by the L' contraction property.

4 Existence of matter Gowdy-type spacetimes with
bounded variation

Vacuum Gowdy spacetimes are inhomogeneous spacetimes admitting two
commuting spatial Killing vector fields. The existence of vacuum spacetimes
with Gowdy symmetry is well-known and the long-time asymptotics of solu-
tions have been found to be particularly complex. In comparison, much less
emphasis has been put on matter spacetimes. Recently, LeFloch, Stewart and
collaborators [3, 11] initiated a rigorous mathematical treatment of the cou-
pled Einstein-Euler system on Gowdy spacetimes. The unknowns of the theory
are the density and velocity of the fluid together with the components of the
metric tensor. The existence for the Cauchy problem in the class of solutions
with (arbitrary large) bounded total variation is proven by a generalization of
the Glimm scheme. Our theory allows for the formation of shock waves in the
fluid and singularities in the geometry. The first results on shock waves and
the Glimm scheme in special and general relativity are due to Smoller and
Temple [14] (flat Minkowski spacetime) and Groah and Temple [7] (spheri-
cally symmetric spacetimes). The novelty in [3, 11] is the generalization to a
model allowing for both gravitational waves and shock waves.
The metric is given in the polarized Gowdy symmetric form

d82 — e2a (—dt2 + dl‘2) + 62b (620 dy2 + 6—20 dz2)7 (7)

where the variables a, b, ¢ depend on the time variable ¢ and the space variable
x, only. We consider Einstein field equations G*? = kTP for perfect fluids
with energy density 4 > 0 and pressure p = uc?. Here, the sound speed c; is
a constant with 0 < ¢; < 1 and G*? denotes the Einstein tensor, while & is a
normalization constant.

The 4-velocity vector u® of the fluid is time-like and is normalized to be of
unit length and we define the scalar velocity v and relativistic factor £ = £(v)
by (u®) = e=®¢(1,v,0,0) and &€ = (1 — v?)~'/2. The matter is described by
the energy-momentum tensor 7% = (u + p) u®uP + pg™®, from which we
extract the fields 7, S and X:

T = e ((n+p) & —p) = e,
T = e20(u+p) 0 cem2eg,
Tll _ 6720'((/144’]7)52(02 +p) = 6720, E

After very tedious calculations we arrive at the constraint equations
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2arby +2a, by + 07 —2by, — 302 — 2 — 2 =Kker,

—2a1 by —2az by + 2byy +2b by +2¢1 ¢ = k€S,

and the evolution equations

K
Cltt—am-:b?—bi_Cf+ci+§€2a(_7+2—2p)a

by — oy = —2b2 + 262 + geh (r— %),

Cit — Cpqe — —thCt +2bx Cyp.

The evolution equations for the fluid, VBT“B = 0, are the Euler equa-
tions
Tt+Sm:T17 St+2x:T27

in which the source terms 77, T, are nonlinear in first-order derivatives of the
metric and fluid variables.

We propose to reformulate the Einstein-Euler equations in the form of a
nonlinear hyperbolic system of balance laws with integral source-term, in the
variables (u,v) and w := (at, Qg Bty B, Ct, cI), where 3 = €2’ It is convenient
to also set a = €2%. The functions «, b (and a, 3) are determined by

a(t,z) =2t a(t,x) = [T ws(t,y)dy,
b(t,z) =3 mB(t,x),  Blt,x) =1+ [T walt,y)dy.

Obviously, we are interested in solutions such that § remains positive.

The equations under consideration consist of three sets of two equa-
tions associated with the propagation speeds +1, the speed of light (after
normalization). The principal part of the fluid equations are the standard
relativistic fluid equations in a Minkowski background, with wave speeds
Ar = (v x¢s)/(1 £ves). To formulate the initial-value problem it is nat-
ural to prescribe the values of p,v,w on the initial hypersurface at t = 0,
denoted by (u°,v°, w?).

Our main result is:

Theorem 5 (Existence of Gowdy spacetimes with compressible mat-
ter). Consider the (u, v, w)-formulation of the Einstein-Euler equations on a
polarized Gowdy spacetime with plane-symmetry. Let the initial data (u°, v°, wV)
be of bounded total variation, TV (u°,v°, w®) < oo, satisfying the constraints,
and suppose that the corresponding functions o, b° are measurable and bounded,
sup |(a®,8°)| < co. Then the Cauchy problem admits a weak solution p,v,w
such that for some increasing C(t)

TV (v, w) (1) + sup (o, D) () < C1), 20,

and are defined up to a mazximal time T < oco. If T < oo then either the
geometry variables a.,b blow up: limy_7 (supg |a(t, )| + [b(t,-)|) = oo, or the
energy density blows up : lims_, 1 supg |u(t, -)| = co.
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Hence, the solution exists until either a singularity occurs in the geometry
(e.g. the area (8 of the 2-dimensional space-like orbits of the symmetry group
vanishes) or the matter collapses to a point. To our knowledge this is the first
global existence result for the Euler-Einstein equations.

If a shock wave forms in the fluid, then u, v will be discontinuous and, as
a consequence, wsz, and wy, might also be discontinuous. In fact, Theorem 5
allows not only such discontinuities in second-order derivatives of the geometry
components (i.e. at the level of the curvature), but also discontinuities in
the first-order derivatives which propagate at the speed of light. The latter
correspond to Dirac distributions in the curvature of the metric.

5 Lower bounds on the injectivity radius of Lorentzian
manifolds

Motivated by the application to spacetimes of general relativity and by earlier
results established by Anderson [2] and Klainerman and Rodnianski [13], we
investigate in [5] the geometry and regularity of (n+1)-dimensional Lorentzian
manifolds (M, g). Under curvature and volume bounds we establish new injec-
tivity radius estimates which are valid either in arbitrary directions or in null
cones. Our estimates are purely local and are formulated via the “reference”
Riemannian metric g7 associated with an arbitrary future-oriented time-like
vector field T

Our proofs are based on suitable generalizations of arguments from Rie-
mannian geometry and rely on the observation that geodesics in the Euclidian
and Minkowski spaces coincide, so that estimates for the reference Riemannian
metric can be carried over to the Lorentzian metric. Our estimates should be
useful to investigate the qualitative behavior of spacetimes satisfying Einstein
field equations.

We state here one typical result from [5] encompassing a large class of
Lorentzian manifolds. Fix a point p € M, and let us assume that a domain
2 C M containing p is foliated by spacelike hypersurfaces Y; with normal
T, say 2 = UtE[—l,l} Y. Assume also that the geodesic ball Bg,(p,1) C
Yo is compactly contained in Y. Consider the following assumptions where
Ko, K1, K> and vy are positive constants:

2
Ko< |2 <Ky we, ®)
Otlg
|Lrgls, < K1 in £2, (9)
Rmgl|5, < Ky in £2, (10)
VOIQ(BZO (pa 1)) > o, (11)

We prove in [5] :
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Theorem 6 (Injectivity radius estimate for Lorentzian manifolds).
Let (M, g) be a Lorentzian manifold satisfying (8)-(11) at a point p € M.
Then, there exists a positive constant ig depending on the foliation bounds
Ky, K1, curvature bound Ky, volume bound vy, and dimension n so that the
injectivity radius at p is bounded below by ig, that is Inj(M, g,p) > ig.
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