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FINITE VOLUME SCHEMES ON LORENTZIAN MANIFOLDS*
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Abstract. We investigate the numerical approximation of (discontinuous) entropy solutions to
nonlinear hyperbolic conservation laws posed on a Lorentzian manifold. Our main result establishes
the convergence of monotone and first-order finite volume schemes for a large class of (space and
time) triangulations. The proof relies on a discrete version of entropy inequalities and an entropy
dissipation bound, which take into account the manifold geometry and were originally discovered by
Cockburn, Coquel, and LeFloch in the (flat) Euclidian setting.
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1. Introduction

We are interested in discontinuous solutions to nonlinear hyperbolic conserva-
tion laws posed on a globally hyperbolic Lorentzian manifold, and we introduce a
class of first-order, monotone finite volume schemes which enjoy geometrically natu-
ral stability properties. In turn, we conclude that the proposed finite volume schemes
converge (in a strong topology) toward entropy solutions to hyperbolic conservation
laws. Recall that the well-posedness theory for nonlinear hyperbolic equations posed
on a manifold was recently established by Ben-Artzi and LeFloch [2] and LeFloch and
Okutmustur [17, 18]. On the other hand, our proof of convergence of the finite volume
method can be viewed as a generalization to Lorentzian manifolds of the technique
introduced by Cockburn, Coquel and LeFloch [5, 7] for the (flat) Euclidean setting
and already extended to Riemannian manifolds by Amorim, Ben-Artzi, and LeFloch
[1].

Major conceptual and technical difficulties arise in the analysis of partial differ-
ential equations posed on a Lorentzian manifold. Several new difficulties also appear
when trying to generalize the convergence results in [1, 5, 7] to Lorentzian manifolds.
Most importantly, a space and time triangulation must be introduced and the geom-
etry of the manifold must be taken into account in the discretization. We point out
that, on a Lorentzian manifold, one cannot canonically choose a preferred foliation by
spacelike hypersurfaces in general, so that it is important for the discretization to be
robust enough to allow for a large class of foliations and of spacetime triangulations.
From the numerical analysis standpoint, it is challenging to design and analyze dis-
cretization schemes that are consistent with the geometry of the given manifold. Our
guide in deriving the necessary estimates was to ensure that all of our arguments are
intrinsic in nature, and thus do not explicitly rely on a choice of local coordinates.

The main assumption of global hyperbolicity made on the given Lorentzian back-
ground is natural, and ensures that the manifold enjoys reasonable causality proper-
ties. Furthermore, the class of schemes considered in the present paper is quite general
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and, essentially, requires that the numerical flux functions are monotone. It encom-
passes a large class of spacetime triangulations, in which the elements may become
degenerate (in the limit) in the spatial direction.

More specifically, we show here that the proposed finite volume schemes can be
expressed as a convex decomposition of essentially one-dimensional schemes, and we
derive a discrete version of entropy inequalities as well as sharp estimates on the
entropy dissipation. Strong convergence towards an entropy solution follows from
DiPerna’s uniqueness theorem [11].

For another approach to conservation laws on manifolds we refer to Panov [19]
and for high-order numerical methods to Rossmanith, Bale, and LeVeque [20] and
the references therein. DiPerna’s measure-valued solutions were used to establish the
convergence of schemes by Szepessy [21, 22], Coquel and LeFloch [8, 9, 10], and Cock-
burn, Coquel, and LeFloch [5, 7]. For many related results and a review about the
convergence techniques for hyperbolic problems, we refer to Tadmor [23] and Tad-
mor, Rascle, and Bagneiri [24]. Further hyperbolic models, including also a coupling
with elliptic equations, as well as many applications were successfully investigated by
Kroner [13], and Eymard, Gallouet, and Herbin [12]. For higher-order schemes, see
the paper by Kroner, Noelle, and Rokyta [14]. Also, an alternative approach to the
convergence of finite volume schemes was proposed by Westdickenberg and Noelle [25].
Finally, note that Kuznetsov’s error estimate, established in [4, 6] in the Euclidian
setting, was recently extended to hyperbolic conservation laws on manifolds [16].

An outline of this paper follows. In section 2, we state some preliminary results
from the theory of conservation laws on manifolds. In section 3, we introduce a class
of finite volume schemes, and state the assumptions made on the discretization. Next,
we state our main convergence result in Theorem 3.3. In section 4, we gather several
important remarks and examples of particular interest. In section 5, we derive various
stability estimates, which are of independent interest and are also later used, in section
6, to conclude with the convergence proof for the proposed schemes.

2. Preliminaries on conservation laws on a Lorentzian manifold

We will need some existence results, for which we refer to [2, 17, 18]. Let (M,g)
be a time-oriented, (d+ 1)-dimensional Lorentzian manifold. Here, g is a metric with
signature (—,+,...,+), and we recall that tangent vectors X € T,M at a point pe M
can be separated into timelike vectors (g(X,X) <0), null vectors (g(X,X)=0), and
spacelike vectors (g(X,X)>0). The manifold is assumed to be time-oriented, so that
we can distinguish between past-oriented and future-oriented vectors. The Levi-Cevita
connection associated to g is denoted by V and, for instance, allows us to define the
divergence operator divy. Finally we denote by dV; the volume element associated
with the metric g.

Following [2], a fluz-vector on a manifold is defined as a vector field f= f(u,p)
depending on a real parameter @, and the conservation law on (M,g) associated with

f reads
divgy (f(u,p)) =0, u:M—R. (2.1)
Moreover, the flux-vector f is said to be geometry compatible if
divy f(u,p)=0, weR,peM, (2.2)
and to be timelike if its u-derivative is a timelike vector field

g(@uf(ﬂ,p),auf(ﬂ,p))<0, peM,ueR. (2.3)
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We are interested in the initial-value problem associated with (2.1). So, we fix
a spacelike hypersurface Hg C M and a measurable and bounded function u( defined
on Hy. Then, we search for a function u=wu(p) € L>°(M) satisfying (2.1) in the dis-
tributional sense and such that the (weak) trace of u on Hy coincides with wug, that
is,

Ujpgy = Uo- (2.4)

It is natural to require that the vectors 9, f(u,p), which determine the propagation
of waves in solutions of (2.1), are timelike and future-oriented.

We assume that the manifold M is globally hyperbolic, in the sense that there
exists a foliation of M by spacelike, compact, oriented hypersurfaces H; (t €R):

M:Um.

teR

Any hypersurface H,, is referred to as a Cauchy surface in M, while the family of
slices H; (t€R) is called an admissible foliation associated with Hg,. The future of
the given hypersurface will be denoted by

M+ = UHt

t>0

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 the normal component of a vector
field X by Xt thus X!:=g(X,n'). In the following, when there is no risk of confusion,
we write F'(u) instead of F(u,p).

DEFINITION 2.1. A flur F=F(u,p) is called a convex entropy flux associated with
the conservation law (2.1) if there exists a convex function U :R—R such that

F(ﬂ,p):/ O, U ()0 f (v, p)dud, peEM,ueR.
0

A measurable and bounded function u=u(p) is called an entropy solution of conser-
vation law (2.1)—(2.2) if the following entropy inequality

/ g(F(u),Vg¢)dVg+/ (divg F')(u) pdVy
My My

i /H 90 (0)10) i, 15, ~ /M+ U (u)(divy f)(u) dVy >0

holds for all convex entropy flur F = F(u,p) and all smooth functions ¢ >0 compactly
supported in M, .

In particular, the requirements in the above definition imply the inequality
div (F(u)) — (div, F) (u) + U (u) (div, f)(u) <O

in the distributional sense. Next, denoting the space of integrable functions defined
on the Riemannian slice (Hy,g;) by L}, (H;), from [2, 17, 18] we recall the following
result.
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THEOREM 2.2 (Well-posedness theory for conservation laws on a manifold). Con-
sider a conservation law (2.1) posed on a globally hyperbolic Lorentzian manifold M
with compact slices. Let Hy be a Cauchy surface in M, and ug:Ho—R be a func-
tion in L>®(Hg). Then the initial-value problem (2.1)—(2.4) admits a unique entropy
solution u=u(p) € LS.(My). Moreover, for every admissible foliation H, the trace

U, GL}h (H:) exists as a Lipschitz continuous function of t. When the fluz is geom-
etry compatible, the functions

1 (e, (e

are mon-increasing in time, for any convexr entropy fluz F. Moreover, given any two
entropy solutions w,v, the function

£ (e, ) = £ (vl e, (e
18 non-increasing in time.

Throughout the rest of this paper, a globally hyperbolic Lorentzian manifold is
given, and we tackle the problem of the discretization of the initial value problem
associated with the conservation law (2.1) and a given initial condition where wug €
L>(Hp). In this paper, we do not assume that the flux f is geometry compatible, and
we refer to [18] for the generalization of the above theory. Throughout the present
paper, we require the following growth condition: there exist constants C7,Cs > 0 such
that for all (@,p) eRx M

|(divg f)(@,p)| < C1+Ca [ul. (2.5)

Two important remarks are in order.

e First of all, the terminology here differs from the one in the Riemannian
(and Euclidean) cases, where the conservative variable is singled out. The
class of conservation laws on a Riemannian manifold is recovered by taking
M =R x M, where (M, g) is a Riemannian manifold and f(u,p) = (@, f (u,p)) €
R x TPM. We can then write div, (f(u,p)) =0Oru+divy (f(u,p))

e Second, in the Lorentzian case no time-translation property is available in
general, contrary to the Riemannian case. Hence, no time-regularity is im-
plied by the L; contraction property.

3. Formulation and main result

3.1. Definition of the finite volume schemes. Before we can state our
main result, we must introduce some notation and motivate the formulation of the
finite volume schemes under consideration. We consider a spacetime triangulation
T"=Ugern K of the manifold M, which is made of (compact) spacetime elements
K and satisfies the following conditions:

e The boundary 0K of an element K is a piecewise smooth d-dimensional man-
ifold without a boundary, 0K =J, g €, and each d-dimensional element e
is a smooth manifold with piecewise smooth boundary and is either every-
where timelike or everywhere spacelike. The outward unit normal to e€ 0K
is denoted by ng .

e Each element K contains exactly two spacelike elements, with disjoint interi-
ors, denoted by e; and ey, such that the outward unit normals to K, n K.t
and n Ker» are future- and past-oriented, respectively. They will be called
the outflow and the inflow elements, respectively.
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e For each element K, the set of the lateral elements O°K :=0K \{e};,ex} is
nonempty and timelike.

e For every pair of distinct elements K,K’'€ 7", the set KNK’ is either a
common element of K, K’ or else a submanifold with dimension at most (d—
1).

o Ho CUgern OK, where Hy is the initial Cauchy hypersurface.

e For every K € T, diamefi( <h.

For computing the diameter above, we assume that some reference Riemannian
metric is fixed on the Lorentzian manifold; such a metric can be easily introduced from
the expression of the Lorentzian metric (by replacing the signature (—,+,...,+) by
(+,4+,...,+) in the expression in local coordinates). Given an element K, we denote
the unique element distinct from K sharing the element 6} (resp. ey ) with K by K
(resp. K~), and for each €’ € 9" K, we denote the unique element sharing the element
e? with K by K,o. In addition, it is convenient to assume that the boundary of the
element does not wildly “oscillate”, in the sense that for all smooth vector fields X

+
defined on e,

90 (X (0) 0 ot DD ey S IX Dot (3.1)

where the implied constant (in <) is fixed throughout this paper. This condition is
intended to rule out oscillations on the normal vector field due to the geometry of
ej. Tt restricts the variation of the normal on each element e};, but not the variation
from one element to the next.

The most natural way of introducing the finite volume method is to view the
discrete solution as defined on the spacelike elements e}t( separating two elements. So,
to a particular element K we may associate two values, u} and uj associated to the
unique outflow and inflow elements e}, e. Then, one may determine that the value
ug of the discrete solution on the element K is the solution u}; determined on the
inflow element ey (one could just as well say that ux is the solution u}; determined
on the outflow element e}r(, or some average of the two, as long as one does this
coherently throughout the manifold).

Thus, for any element K, integrate equation (2.1), apply the divergence theorem
and decompose the boundary 9K into its parts ef,ey, and 0°K:

[ ot wping @)V [ g fping @)Y,

(3.2)
+ Z /Dgp(f(uap)anl(,eo(p))dp:(),

e0cdOK "€

For any hypersurface e C M, we will often denote simply by dV. =dV,_ the volume
element of the induced metric g. associated with the Lorentzian metric g. Note the
minus sign in the first two terms which comes from the fact that, for a Lorentzian
manifold, the divergence theorem reads

/dngdeQ:/ g(f,n)dVaq,
Q o0

in which n is the outward normal if it is spacelike, and the inward normal if it is
timelike. This formula is nothing but the standard divergence theorem, with the
signs of the normals properly taken into account.
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Given an element K, we want to compute an approximation uJ{( of the average
of u(p) in the outflow element e}, given the values of uy on ey and of uy , for each
e’ € K.

The following notation will be useful. Let f be a flux on the manifold M, K an
element of the triangulation, and e C 9K, respectively. Define the function ,u{(e :R—
R by '

e () = ﬁ / gp(f<u,p>,nK,e<p>)dve=fegp (Fnp)mge()dVe,  (33)

where |e| is the measure of e. Also, if w: M — R is a real-valued function, we write

ti= fwlp)av.

Using this notation, the second term in (3.2) is approximated by

[ aulrtum g o) Vo= lexul, ()

€K

and the last term is approximated by using

[ o) (0)aVio =l (i, ).
[
where to each element K, and each element e® € 9°K we associate a locally Lips-
chitz numerical flux function qg o (u,v) :R? — R satisfying certain assumptions listed
below.

Therefore, in view of the above approximation formulas we may write, as a discrete
approximation of (3.2),

et ller oo (i) =lercluge - (u) = > [elane(upuge ), (34)
e0cd'K

which is the finite volume method of interest and, equivalently

i (lex] _ €] .
ufi=(ul, ) 1(ﬁuﬁ;eg<u;(>— 3 ﬁqK,e()(uK,uKCO)). (3.5)
K Ve MK

The second formula which may be computed out numerically (using for instance a
Newton algorithm) is justified by the following observation:

LEMMA 3.1. For any K €T", the function ur—>u§( o (u) is monotone increasing.
CK

Proof. From (3.3) we deduce that

auu;,eg (u)= / 9p(Duf (w,p) . (p)) AV >0,

e

since 0, f(u,p) is future-oriented and n er is past-oriented. d

Now, if e C Hy, the initial condition (2.4) gives

i — fﬁ uo(p)dV,-. (3.6)

€K
°K
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Finally, we define the function u": M —R by
u"(p) i=up, peK. (3.7)
On the other hand, for all e € 9K we introduce the notation

fe(w,p) = gp(f(u,p)ni (p))- (3.8)

3.2. Assumptions on the numerical flux. For the numerical flux
dr 0 (u,v) :R?2 =R we impose the following properties.
e (Consistency property :

icen () = fowp)aVy =l o). (39)
e (Conservation property :

A, (UW):—CIKEO,eO (v,u), u,v €R. (3.10)
e Monotonicity property :
Oulrc,e0(4,0) >0,  Oyqg co(u,v) <0. (3.11)

For each element K, define the time-increment

_ K|
- b
ek ]

TK

where |K| is the ((d+ 1)-dimensional) measure of K. We suppose that, as h — 0,

T:=maxTrg —0 (3.12)
K
and
h2
- —0. (3.13)
minTr

For stability purposes, we also impose the following CFL condition, for all K € T", e €
WK,

0°K| _
o Dt co ()| 5000 (1), )7 (W) <1 (3.14)

3.3. Assumptions on the triangulation and main convergence result.
For the triangulation 7", we will introduce an admissibility condition that is global
and geometric in nature, and which is essentially optimal to ensure the convergence
of the proposed schemes (see the following subsection for details). The condition only
involves the time-evolution of the triangulation and is independent of the structure
of the triangulation on spacelike elements. We stress that our method poses almost
no restriction on the spacelike structure of the discretization.

The following notation will be used throughout this paper. Let K €7". We
denote by p% and p; the centers of mass of 9°K and e}, respectively. Note that
p% does not lie on 9°K (or even “close” to it), and that pj; does not necessarily lie
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on e;. Next, we define the vector wg GTp;M as the vector at p; tangent to the

geodesic line connecting p} to p% and with length dist (p?(, pY) given by the reference
Riemannian metric. This vector is well-defined if the discretization parameter h is
small enough.

We will also make the following assumption on the triangulation, namely that for
h sufficiently small, and for each element e;, we may extend the normal vector field
Ny + by parallel transporting it (using the metric structure on the manifold) to a

neighborhood of e} containing pj;. This is a natural assumption, which ensures that
each element e}; of the triangulation tends to become flat in the limit.
Consider the quantity

1
S(K) = EW}(@HKVQ;?,

which can be viewed as a quadratic form on Tp+ M. If X,Y are two vectors at the
K

point p;r(, we have

1 1
5(K) (X’Y) = ;WK ®nK,e; (X7Y) = ;gp; (X7WK)gp;r( (Ya nK,e;g)'

We define the local deviation associated with K, K~ by
[KIE(K)—|KT[E(KT),

which measures the rate of change of the quantity |K|E(K)(X,Y") with respect to the
timelike direction defined locally by the normals to the elements ef(. Our admissibility
criterion below requires that this rate of change should tend to zero with h (after
summation over all K € T").

DEFINITION 3.2. A triangulation T" is called an admissible triangulation if for every
vector field ® with compact support and every family of smooth vector fields Vg,
K €T" (each of them being defined on the manifold and associated with a given K ),
the local deviation satisfies

\ D IKIEK) (D, W) — | K [E(K™)(P,Vk) Sn(h)”q)”LOOSIIl(pH\IjKHL“ (3.15)
KeTh

for some fized function n(h) with n(h)— 0.
Observe that, in (3.15), the vector Ny ot (p})ETp;M makes sense, since the

normal vector field was extended to include a neighborhood of e;}. The assumption
(3.15) is a global geometric condition on the local deviation of the triangulation. As
further discussed in section 4 below, this condition allows us to encompass a large
class of implementable spacetime triangulations.

Finally, we are in a position to state the following theorem.

THEOREM 3.3 (Convergence of the finite volume schemes). Let u” be the sequence
of functions generated by the finite volume method (3.4)—(3.7) on an admissible trian-
gulation, with initial data ug € L (Hy), with numerical flux satisfying the conditions
(3.9)~(3.11), and the CFL condition (3.14). Then, for every T >0 the sequence u” is
uniformly bounded in L“(Ute[oﬂ 'Ht) in terms of the sup-norm of the initial data,
and converges almost everywhere (when h—0) towards the unique entropy solution
we LS (ML) to the Cauchy problem (2.1), (2.4).

loc
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In section 5 below, we will derive the key estimates required for the proof of
Theorem 3.3 which will be finally be given in section 6. We follow here the strategy
originally developed by Cockburn, Coquel and LeFloch [5, 7] for conservation laws
posed on a fixed (time-independent) Euclidian background. New estimates are re-
quired here to take into account the geometric effects,especially those arising from
the time evolution of the scheme. We will start with local (both in time and in space)
entropy estimates, and next deduce a global-in-space entropy inequality. We will also
establish the L stability of the scheme and, finally, the global (spacetime) entropy
inequality required for the convergence proof.

4. Examples and remarks on our assumptions

4.1. Admissible triangulations and lack of total variation estimate.
Our assumption on the triangulation is essentially optimal. We argue by describing
the setting in which the condition (3.15) will actually be used within our proof of
Theorem 3.3. We also provide evidence that, in general, the finite volume method
may not converge without this assumption.

In the proof of convergence (see section 6), it is necessary to bound a term of the
form

A= 3 (|e;|g(wK,X<p,+<>)g<F<uK,p;>,nK,e;)
KeTh

+Hexlg(Wi- ,X(p}))g(F(ugvp})ynK,eK)) ,

where X is a smooth vector field, pfi( is the center of mass of e}t(, and the sum is
taken over the whole spacetime triangulation. Recall that the vector wy was defined
earlier in this section. The above term must vanish in the limit for the finite volume
schemes to converge and, furthermore, is an entirely new term that does not arise in
the Euclidean nor Riemannian settings.

Note that both terms in the expression A" (X) involve F(uj,-) and, consequently,
the terms cannot be cancelled by re-ordering the expression. Therefore, if one were to
integrate by parts the (discrete) sums, we would find ourselves in need of the uniform
bound

> hlekluk ~lex uz | =o(1): (4.1)
KeTh

However, it is well-known that this BV (bounded variation) time estimate is a very
difficult open problem in the numerical analysis of finite volume schemes. Indeed,
deriving (4.1) is open, even in the simplest Euclidean setting whenever the spatial
discretization is not Cartesian.

On the other hand, one key observation made by Cockburn, Coquel, and LeFloch
[5, 7] was that (4.1) was not necessary for the analysis of the convergence of the
finite volume method, provided one considers L solutions rather than solutions
with bounded variation.

The notion of admissible triangulation introduced in the present paper supple-
ments the observation in [5, 7] and provides the precise condition ensuring the con-
vergence of the schemes. In the Euclidian or Riemannian cases, our admissibility
condition imposes no new constraint on triangulations. In view of our condition in
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Definition 3.2, it is easily checked that the term A"(X) converges to zero. Indeed,
recalling the definition of u”, we find

AMX)|=| Y (IKIEWE) =K |EK ) (X, F(u"))
KeTh
<n(h)—0.

Thus, no control on the total variation of the discrete solution is required. and instead
the proposed geometric condition on the triangulation suffices. See section 4.4 for a
further discussion.

4.2. Foliation by hypersurfaces and choice of triangulations. Our
analysis is valid for any time-evolution that one may want to choose for the dis-
cretization, provided the assumptions on the triangulation in Definition 3.2 are met.
These assumptions are independent of the actual foliation of the manifold appear to
be essentially optimal, within the framework developed in the present paper. In fact,
our method of proof is not tied to any particular time structure on the manifold — it
only supposes that such a structure exists, which is a completely general assumption
required for solving the initial value problem.

In particular, if a certain hypersurface H belongs to a given triangulation 7"
(for some h), then this hypersurface need not be included in the triangulations Th
with A’ < h. That is to say, the discretization is not associated with any a priori fixed
foliation, nor does the relation 7% 7" hold for k' <h.

On the other hand, in Proposition 4.1 below, we are going to examine the special
case where the triangulation is subordinate to a given foliation, and prove that it is
admissible in the sense of Definition 3.2.

Furthermore, our formulas do coincide with the formulas already known in the
Riemannian and Euclidean cases. In these cases, the function ,uf( o (u) coincides with

f K
K,ep
the scheme studied in [1, 5, 7]. Also, our expression for the time increment T and the
CFL condition (3.14) reduce to the usual formulas when specialized to the Euclidean
or Riemannian setting.

the identity function p (u) =w and, therefore, the finite volume scheme reduces to

4.3. Choice of flux-functions. Examples of scalar equations can be
exhibited by taking any smooth, timelike vector field X and any smooth real
function f(u) and setting f(u,p):=X(p)f(u). The conservation law then reads
divy (X (p)f(u(p))) =0, and the flux is non-trivial and involves the geometry of the
manifold.

In the interest of practical implementation, one may replace the right-hand side
of the equations (3.3) and (3.6) with more realistic averages. For instance, one could
take an average of g(f(u,p),ngk ) over N spatial points p; given from some partition
e’ of e,

1., .
quK7e(u) = EZ le?|g(f (u,p;) 0Kk c(py))-

Hence, more generally, one could fix an averaging operator ,uf( o and then use the
K

equation (3.5) to iterate the method, with initial data given by

— ._— %0
Up i =p 2
K
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However, any such average is just an approximation of the integral expression used
in (3.3). This approximation can be chosen to be of arbitrary high-order in the
parameter h, by choosing appropriate quadrature formulas. For the sake of clarity,
we will present the proofs with the choice Mf:(,e defined by (3.3) and we will omit the
(straightforward) treatment of the error terms issuing from the above approximations.

As an example of numerical flux, one can consider the following generalization of
the Lax—Friedrichs flux,

D co
2

Q0 (1,0) = 5 (1 o () + 18] 0 0)) + 5 (), (4.2

where the constants D .o satisfy Dy .o =D 0 and

‘6}| f —1
D > 8 (s
K,eo_ ‘80K| (Zléﬁau(/’bl(+’e;) (u))

—1

This numerical flux is conservative and consistent, and it is monotone, as may be

checked using the CFL condition (3.14).

4.4. A class of examples based on a geometric condition. = We provide
here an explicit condition which is geometric in nature and suffices for a triangulation
to be admissible in the sense of (3.15). Recall that p]i( denotes the center of mass of
efi( and that the vector wx denotes the tangent at p} to the geodesic from p;r( to the
center of O"K.

PROPOSITION 4.1. Let T" be a triangulation and suppose that, for each element K,
the rescaled exterior normals |} |ny + and |eg|n, - and the vectors wi and wyc-
K K

satisfy the following conditions: for every smooth vector field X,

- n(h)
|9(lese g cg s X) = g(lexlng X S T2 KX e, (4.3)
9w, X) = g(wie—, X)| Sn(h) 7i || X || = (i), (4.4)

where the expressions under consideration are evaluated at the centers of mass of e}
and ey, and n(h) is such that n(h) —0. Then, T" is an admissible triangulation in
the sense of (3.15).

For instance, one can easily check that if a triangulation is subordinate to a given
foliation (in the sense that the set of all outgoing elements {e}; : K € 7"} is contained
in a certain Cauchy surface), and if, moreover, each lateral element € is everywhere
tangent to a given, fixed, smooth timelike vector field, then the hypotheses of Propo-
sition 4.1 hold. However, our condition (3.15) or the ones in Proposition 4.1 allow for
more general triangulations, which need not satisfy such regularity assumptions.

Proof. Let ® be a smooth vector field and, for each K, let ¥ be a family of
smooth vector fields defined on M. We have
D IKIEE) (@, W) — | K [E(K)(@,Vk)
KeTh

= Z (|e;—(|WK®nK,e; - |€I_(|WK* ®nK,e;()((I)7\IJK)
KeTh

= Z g(wK7¢)g(|e;|nK7e;a\IjK)_g(wK*7@)g(|el_(|nK7e;(7\I/K)a
KeTh
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thus
KeTh
=| 3 gwi @) (gl ng o Vi)~ gerIng Vi)
KeTh
+ (g(wie,®) — g(wie— @) gllefe e o Vic)|
Sn(h) Y K@) o 19kl e Sn(R)|[@]| oo sup | Wi | pos
K
KeTh
In view of (3.15), this shows that 7" is an admissible triangulation. 0

5. Discrete entropy estimates

5.1. Local entropy dissipation and entropy inequalities. We now in-
troduce some notation which will simplify the statement of the results as well as the
proofs. By defining

:u;; (u) = u§<+7€;r< (u) = _Mf(,e; (U),

/’(’K(u) :::u;(’ef ’
the finite volume method (3.5) reads as
el (ufe) = lerelg (ur) = D 1elameo (ugg ug - (5.1)
e9cd’K

As in [1, 5, 7], we rely on a convex decomposition of pj(u)), which allows us to
control the entropy dissipation.
Define /1}60 by the identity

|0°K]|

foge 0 = b (uge) = o] (dre0 (g i o) = dreo (U, uge)),
K

and define

_ _ 1 . _
Iu;r(,eo ::ﬂ;,eo - |6+ | / divy f(UK,p) dVk. (5.2)
K K

Then, one has the following convex decomposition of u;(u;), whose proof is imme-

diate from (5.1).
1 _
W) = e S0 1 o (53)
|OVK| | ;
eVed'K
LEMMA 5.1. Let (U(u),F(u,p)) be a conver entropy pair (cf. Definition 2.1). For
each K and for each e:e},e}, let Vi e :R—R be the convex function defined by

Viela)=pf . ((1h )7 (a)), a€R. (5.4)

Then there exists a family of numerical entropy fluzes Qoo (u,v) :R* =R satisfying
the following conditions.



P. AMORIM, P. G. LeFLOCH AND B. OKUTMUSTUR

o Qg o is consistent with the entropy fluz F':
QKveo(u,u):,ugeo(u), KeTh e cd"K,ucR.
e (Conservation property:
QK’eo(u,v):—QKeo,eo(v,u), u,v €R.
e Discrete entropy inequality:
Vit et (ﬂ?(,eO) ~ Vit et (nk (ug))

|0°K|

lex]

+

From the inequality (5.5) we infer that

Vier ek (ﬁ;’GO) - VK+’e; (ﬂ} (ul_())
|0°K|
lex|

(QK7EO (u[_{vui_(eo ) - QK,eO (ul_(7u[_()) S R;r(,em
where R; .0 18 given by

R},eo = VK*,e; (ﬁ};,eo) - VKJF,e;r( (ﬂ},eo)'

(Qreo (g ug ) = Qe eo (uge,uge)) <O0.
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(5.5)

(5.7)

Proof. To begin, we prove that the functions Vi . in (5.4) are indeed convex.

First, note that it is sufficient to show that

Vic.e(p)= /H U/((u{{’e)_l(a))do.

(5.8)

Indeed, using the convexity of U and the monotonicity of (ufge)_l, for e=e}, e (cf.
Lemma 3.1), the convexity of Vi . follows by differentiating this expression twice. To

prove (5.8), note that setting o= (u};e)’l(a), we find

n (e )7 Hw)
/ U (1)~ (0))do = / U ()0l . (a)da

=feg(/(ﬂf<’e)l(#) U’(a)aaf(a7p)da7nx,e(p)) v,

=fg(F((uf(,e)_l(u)vp)ynK,e(p)) AVe = pie o (e )71 (1),

which establishes (5.8).

We now proceed with the proof of the lemma. First of all, note that using (5.4)

we may write the inequality (5.5) equivalently as

/‘f(+75; ((N§(+7e;)_l(ﬂ;,eo)) - /‘f{+7e;r( (u;()
|0°K]

lek]

+

(Qreo (g ug o) = Qo (uge,uge)) <O0.



1072 FINITE VOLUME SCHEMES ON LORENTZIAN MANIFOLDS
Indeed, we have for instance
+0=\) — , F ! -1 -\\\ _ , F -
Vier ey (i i) = mer er (g )™ (i (i) = e o ()

Next, introduce the following operator. For u,v €R, e? € 9°K, let

_|0°K]|
k]

Hpe eo(u,v) = pk (u) (ar,e0 (u,v) — Qg e0 (u, ).

We claim that Hy .o satisfies the following properties:

0 0
%HK7€0(U,U)ZO, %HK,eo(uﬂj)Zoa (510)
HK,eO(u7u):M;r((u)' (511)

The second and last properties are immediate. The first is a consequence of the CFL
condition (3.14) and the monotonicity of the method. Indeed, from the definition of
Hp eo(u,v) we may perform exactly the same calculation as in the proof of Lemma
5.2 to prove that Hp .o(u,v) is a convex combination of uj; (u) and pj (v), which in
turn are increasing functions. This establishes the first inequality in (5.10).

We now turn to the proof of the entropy inequality (5.9). Suppose first that (5.9)
is already established for the Kruzkov family of entropies U(u,\) = |u—A|, F(u,\,p) =
sgn(u—A)(f(u,p) — f(\,p)), A€R. In this case, the Kruzkov numerical entropy fluxes
are given by

QK,eD (Uﬂ),)\) ::qK,eo (U\/)\av\//\) —aK,e0 (U/\)\,U/\)\)7

where aVb=max(a,b), and a Ab=min(a,b). It is easy to check that Qg .o satisfies
the first two conditions of the lemma.

We now show that it is enough to prove inequality (5.9) for Kruzkov’s entropies
only. Indeed, if U is a smooth function which is linear at infinity, we have (formally)

1 77 " _} 77! u
5/RU(U,A)U (A)dA_2/RU (u, AU (A)dA
_ %@ZU,U(A» —U(u),

modulo an additive constant. Similarly, if (U, F') is a convex entropy pair, we obtain

5 | Pudn)U" (ir=F(up)

Since we shall prove an L bound for our approximate solutions, we may suppose that
the u above varies in a bounded set B CR. Thus, we may apply the same reasoning
with any function which is not linear at infinity, by changing it into a linear function
outside B. This shows that we can obtain the inequality (5.9) for any convex entropy
pair (U, F) by first proving it in the special case of Kruzkov’s entropies, multiplying
by U”(\)/2, and integrating. In that case, the numerical flux will be given by

Quean(w:0)= 5 [ Qw0 )" (A
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Again, this numerical flux satisfies the first two assumptions of the lemma, since
they are inherited from the corresponding properties for the Kruzkov numerical flux
Qi co(u,v,N).

Therefore, we now proceed to prove the inequality (5.9) for Kruzkov’s family of
entropies. This is done in two steps. First, we will show that

K — _
|| K||(QK60(U’K7UK 0! )_QK,eO(quuKa)‘)) (512>

=H(up VA\ug VA)—H(ug ANug AN).

NK+ ek (u[_(a/\)

Second, we will see that for any u,v,A €R, we have
H(uVAuVA) ~H@ANUAN 20, () 7 (H (), 0). (5.13)
CR

For ease of notation, we omit K,e” from the expression of H. The identity (5.12)
and the inequality (5.13) (with u:u;(,v:ui_(eo) combined give (5.9), for Kruzkov’s
entropies.

To prove (5.12), simply observe that

Hies o (e N =sgn(ure =N (e, s () —pige, o (V)

(e (ui) = e V) (e () = e (V)
1 (ug )V e () = pife (uie) A e (M)
Fug V) —pl(ug AN)).

gn

(
= (n

Here, we have repeatedly used that ,u}} is a monotone increasing function. The identity
(5.12) now follows from the expressions of the Kruzkov numerical entropy flux, Q .o,
and of H.

Consider now the inequality (5.13). We have

H(uVAoVA)—H(uANVAN)
> (H(u,0)VH(AN)) — (H(u,0) A\H(AN)).

This is a consequence of the fact that if ¢ is an increasing function, then p(uV )=
o(uVA)Ve(uVA)>e(u)Ve(A), and (5.10). Thus, we have

H(u\/)\,v\/)\)—H(u/\)\,v/\)\)
Z‘H(uv— )\)\|=}Huv )\)|
=sgn (H (u, A)( 1k (V)
=sen ((ui) 1( ) = )( (u )7 (H(u,0))) =i (V)
=tiger o (k)™ 1(H(u v)),A).-

This establishes (5.13). We now choose u=ug,v=up ~in (5.13), observe that
Hp eo(Up,up 0):[;} .0, and combine this with (5.12) to obtain inequality (5.9) for
the Kruzkov entropies. As described above, (5.9) will hold for all convex entropy pairs
(U,F). This completes the proof of Lemma 5.1. O
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5.2. Entropy dissipation estimate and L™ estimate. We now discuss
the time evolution of the triangulation. As we have said, the initial hypersurface Hg
is composed of inflow elements e;;. We then define the hypersurfaces H,,, for n>0,
by

and set
K":= {K:ei_( CHn-1, e}} CHn}.

It is important to note that the hypersurfaces H,, are not necessarily associated
with a foliation {H;} of the manifold; they are only restricted by our admissibility
assumptions in Definition 3.2.

Next, we introduce the following notation, which we will use from now on. For
K eK", we write

n._,,— _ . f n . - =+
Mg =M =Hp - Ug:=Ugs  Hp o= Hg c05
ex , ,

so that, for instance, uj (uf;) = pt (ui). Accordingly, we define
V() =Vie — (1), Rio=Ri o, (5.14)

where the timelike entropy flux Vi . and the error term R} .o are defined in Lemma
5.1.

LEMMA 5.2. The finite volume approximations satisfy the L bound

n|< 0 Catp 1
ax [ufe| < (max [uf|+Citn)e (5.15)

for some constants Cy,Cs >0, where

Ny | K7
tn.szjleg?gl)éj‘e+ . (5.16)

Proof. First of all, observe that from the consistency condition (3.9), the definition
of Né,e in (3.3) and the divergence theorem, we have for any u€R,

/ divy f(u,p)dVk :/ 9p (f(uap)aﬁ(p)) dVax
K oK

= lefelup™ (w) = leg i (w)+ Y 1e%la.eo (u,u)
eVedOK

(recall that i is the interior unit normal if it is timelike, and the exterior unit normal
if it is spacelike). Moreover, with our notation the finite volume scheme (3.4) reads
as
1 1 - 0
lede it () = legeluie (i) = D 1e%lar,eo (uhe,ulic ).
eV K
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Combining these two identities gives
n+1l/ n+l n+1 _ 1 d n dV
13074 ( ) 12074 (uk K 7|e+| . lvgf(’uKJ?) K
K
|e | (5.17)
- Z | ‘ (qK eo(quuK 0) qK,eO(u?{vu?{))
e0edOK €K
Next, we rewrite the right-hand side as follows:
Pttt = (1= > ag o) Wi+ Y akeonit (uk )
eVed'K eVed'K (5 18)
1 : '
- e_‘_/Kdlvgf(uTIL{vp)dVK7
K
where
160 o (e e ) — oo (ufe )
A 0 1=
Rl () — i ()

This gives a convex combination of p%" (ul) and plt (uf ,)- Indeed, on one hand
we have ) ocgox @K e0 >0, due to the monotonicity condition (3.11) and Lemma 3.1

On the other hand, the CFL condition (3.14) gives us

: |(Lip(ui) =)
OcOK M (u}l()_MK+1(uTIL<60)
<Lip(ug™) ™!/ Lip(ui) Tt =1.
Thus, we find
i () > min (3 (), min !

,U/K n d \Y% d
o (U'Keo) ‘e ‘ / i gf u p) LK;
i (i) <max (pt (ul), max pitt

oeaoK’u'K (u?(eo))_le}o—(/Kdivyf(uvp)dVK~

Composing with the monotone increasing function (

=1 we find
n+1 n Llp( n+1
uf™ > min (ul, mlgl uK60)+7 |d1vgf whe,p)|dVi,
€o°K lek]
Llp n+1 )
uptt <max (ul, dnax u 711(60)—1—#/ |divg f(uk,p)|dVik,
K

el
which in turn gives

n+1
lulptt| < nax |uf |+ max P

1ax KGK"|+/ |divg f(u,p)|dVk.

By induction we obtain

n j+1

Lip(pze )~ / :
K< |+ o divy f(w)e,p)|dVi.
i< e el 3 mae =2 [ v S (i)l Vi
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Now, we use the growth condition (2.5) on the last term,

n Jj+1

Li -1 -
max [P )™ / |div £ (tp)] dVic
j:OKJGICJ |6K.7| K

n . ]
L J+1y—1 ) )
< max_M|KJ|(C1+CQ|uJK|)
— KK el
=0 Ki
n .
< (Cltn—}-CQZT]mJaXMJKD.

Jj=0

Here, the constants C} » may change at each occurrence, and we also used the fact
that

max Lip(p/t)~'<C,
Rio%; P(ug )7 <

which is an easy consequence of our assumptions on the flux f. The result now
follows from a discrete version of the Gronwall inequality (see [1, Lemma 6.1]). This
completes the proof of Lemma 5.2. 0

Recall that if V' is a convex function, then its modulus of convexity on a set S is
defined by 8:=inf {V"(w):we S}.

PROPOSITION 5.3. Let V¥ be defined by (5.4), (5.14), and let B87% be the modulus of
convezity of V. Then, one has

D leRIVE (i (ui™)

Ke]cn
pr LI — 1 1412
2 GoR| e ~ i (i)
e €cO0"K (519)
< Y lex VR (uk (uk))
Ke’(:’fb
lellefe pna
£ 5 [ Fagenavicr S e m,
Kern K i 1OOK]
eVed'K
01+
Proof. Consider the discrete entropy inequality (5.6). Multiplying by ‘TBU;(K\ | and
summing in K € K", e® € YK gives
‘60H6—|I;|Vn+l —n+1 —+ Vn+1 n+1 n
Z 0OK| K ('uK,eO)_ Z lex|VE (MK (UK))
KeK™ KeKkn
eed’K
+ Z ‘€O|(QK’60<U7]L{,U?(FO)_QK,eU(u?{ﬂ/]L{))
ot : (5.20)
e€d’K
le°llezl pm1
< Z |80K‘ RTIL(,GO'
Kek™
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Next, observe that the conservation property (3.10) gives

Y 11Qx e (e yuf ) =0. (5.21)
KeK™
cd’K

Now, if V' is a convex function, and if v=73_, a;v; is a convex combination of vj, then
an elementary result on convex functions gives

p
+§Z%‘|Uj —uP <) aV(vy).
i J

Now, apply this result with the convex combination (5.3) and with the convex func-
tion V™!, multiply by |ef|, and sum up in K € K". Then, combining the resulting
inequality with (5.20), (5.21), we obtain

Z |€K‘Vn+1 n+1 n+1 Z |€K‘Vn+1 n+1(u717,())

KeKn Kekn
ﬁ"“ lle! n " 2
+ Z | |0| K|’ K+e10 H “KH)’
2 |0°K |
Kekn (5.22)
e’ K
0 n ny < |60H6}L(|Rn+1
- Z |6 ‘QK,eO(uK7uK)— Z ‘80K| K,e0"
Kek™ Kek™
Ve’ K Ve K
Finally, using the identity
/ ding(u,p)dVK:/ 9p(F(u,p),n(p)) dVax
K oK (5.23)

=[eq Vi (i () = leg VR (g (W) + Y 16%]Quee0 (u,w)

eVedOK

(with u=wu",) yields the desired result. This completes the proof of Proposition 5.3.0

COROLLARY 5.4. Suppose that for each K € T", e—eK, the function Vi . is strictly
convex, and that, moreover, one has

B >8>0, (5.24)

uniformly in K and n. Then one has the following global estimate for the entropy
dissipation,

\e HeK‘ 7n+1 n+ly, n+1y|2
nzoé,;w B0k 1Mo~ (0 =0(n), (5.25)
ePcd’K

where ty is defined in (5.16).

Proof. Summing the inequality (5.19) for n=0,...,N, we observe that the first
terms on each side of the inequality cancel, leaving only the terms with n=0 and
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n=N. Moreover, using the growth condition (2.5) on the divergence term gives

N
Z Z ﬁ?{ﬂ ‘60||6K||—n+1 n+1 un+l)’
2 |0°K]| M eo K

n=0 Kex"

e'cd’K

_ N N N
< D legol VR @D+ > lefn VR (i (ug ™)l (5.26)
KOE)CO KN+1gCN+1
€% ]ex |p
+Z > IK|(Cr+Calull) +Z > 0;' R,
n=0Kekn n=0 KEIC"

e’ K

The last term is estimated using (5.2), (5.7), and the growth condition (2.5), yielding

N
e’|le . ) N
2 2 '|5'0'KK|R"T@_Z > LipVi! [ Jdiv, el dVi

n=0 {){EI%" n=0KeKn
e €0 K
N .
<3 Y IKI(C+ o).
n=0KeK"

Here, we have used that Lip Vﬁ“ is uniformly bounded, which is an easy consequence
of the corresponding bounds for the flux f. The result now follows from (5.24) and
the L>° estimate in Lemma 5.2, which allows us to uniformly bound all of the terms
on the right-hand side of (5.26). Note however that this bound depends, of course,
on the entropy U. This completes the proof of Corollary 5.4. 1]

5.3. Global entropy inequality in space and time. In this paragraph,
we deduce a global entropy inequality from the local entropy inequality (5.6). This is
nothing but a discrete version of the entropy inequality used to define a weak entropy
solution. Given a test-function ¢ defined on M we introduce its averages

o= f )V,

Sox= Y debon=f ow)ava

V€K

We are now ready to prove the global discrete entropy inequality, which is a discrete
version of the entropy inequality in Definition 2.1.

PROPOSITION 5.5. Let (U, F) be a convex entropy pair, and let ¢ be a non-negative
test-function. Then, the function u” given by (3.7) satisfies the global entropy inequal-
ity

_Z Z /dlvg (ug,p)o( dVK— Z ¢00K9p F(u?(,p),nK@;{)de

e
n=0KekKn KekoV ek K
€°) _
5D ]| 10 (VR G — Vi ()
n=0 Kck"

e’ K
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+y 0> /0( to —@(p)) Feo (u,p) dVeo (5.27)
e'cd’K

Y / (01— D) 9 (F (i p) — Fufe.p) iy o1 (p) dV, .

n=0KeK"

Proof. From the local entropy inequalities (5.6), we obtain

l1el n (ymtt sty e (i e
> o i (VR D) Vi (i )
K}Cn
e°e€30K

+ > 1€ (Que oo (i, ufe ) — Qe oo (e, u))
KekK™
e’ K

< Z |60H6}|¢n Rn+1
- Q0K T

(5.28)

Now, from the conservation property (3.10) we have that

Z 1€°]¢7 Qg co (uk,uk ,)=0.
KeKm
e’ K

Also, from the consistency property (3.9), we find that
Z ¢ 0‘6 |QK60 ’ILK,UK Z ¢n / Fo uK,p d‘/;o

KeKm™ KEIC"
e’ K eled’ K

= > /¢ )Foo (u?,p)dV,0 + Z/ "y — d(p)) Fuo (U, p) dVzo.

KEIC" KEIC"
eVed’K e’ K

Next, we have that

|€0H6;r(| n+1/-—n+1
Z 00K | oV (luKeO)

|€O‘|€}| n n+l/—n+1 |€OH€K| n+1/—n+1
Z ‘30K| ¢80KV ('uKeU)+ Z |80K| ( ¢80K)VK (MKeO)

n yntly, ntly, n |e°]lek] ntln
2 Z |€;_(|¢60KVK+1(MK+1(UK+1))+ Z | 0}—(K| (¢eo_¢80K)V +1(MK+€10)
KeKn KeKn®

Here, we have used that V(v) <} . a;V(v;), for all convex functions V' and convex
combinations v=>_ 55, specifically used for the convex function V};‘H and the
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convex combination (5.3). Also,

€llek] o rmtiy n ntl( n
Z |50KK| PeoVi¢ H(”KHW Z |€K|¢80KV +1( H( K))
KeK™ Kekn
eVcd’K

Therefore, the inequality (5.28) becomes

> Gclede (Vi (i (i) = Vet (ui (i)

KeKkn
- > / d(p)Foo(ul,p)dV,o
Kelc"
€K
le°llezel n rom lellez| nt1(n (5.29)
< D or| PR D gy @ =gV (i)
Kek™ Kelc"'
€’ K €K
+ > / YF0 (u?,p)dV,0 =: A"+ Bh 4 C".
Kelc"
€K
The first term in (5.29) can be written as
> ¢60K|eK|(V"“( R ) = Vi (it (k)
Kekn
Z ( TII(+17p)_F(uTIL<ap)7ﬁK,e;§(p)) dVe;
Kekn 5K
+ Y / Gorc — b)) g (F(ul ) — F(ufe.p) g oy () AV,
Kekn
Combining this result with the identity
[ divy (Pup)o@)avic= [ o)al ) son)dVon
K K
- / 9P ()i )V, + [ 60 g(F )i, )V,
e €K
+ Z Po u p)dvpo
eveo ke’
(with u=wu') and in view of (5.29) we see that
=3 [ divy (Fluepo) dvi
Kekn' K
<Ah+BhyCh
— Z / qS ,p )nKe dV+ Jr/ Qb uK,p),ﬁK’e;{)dVe;()
Kekn V¢

- Z/ ¢30K #(p))g ( (’}(‘H,p)fF(u’;(,p),ﬁK,e;(p))dVe;.

Kekn
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The inequality (5.27) is now obtained by summation in n. First, the (summed) terms
A,B,C give the three terms on the right-hand side of (5.27) while, in the first sum
above, terms cancel out two at a time and on the second term remains in the left-hand
side of (5.27). This completes the proof of Proposition 5.5. |

6. Proof of convergence

This section contains a proof of the convergence of the finite volume method,
and is based on the framework of measure-valued solutions to conservation laws,
introduced by DiPerna [11] and extended to manifolds by Ben-Artzi and LeFloch [2].
The basic strategy will be to rely on the discrete entropy inequality (5.27) as well as
on the entropy dissipation estimate (5.25), in order to check that any Young measure
associated with the approximate solution is a measure-valued solution to the Cauchy
problem under consideration. In turn, by the uniqueness result for measure-valued
solutions it follows that, in fact, this solution is the unique weak entropy solution of
the problem under consideration.

In the following, for the sake of simplicity, we denote by M our domain of dis-
cretization, which is not necessarily the whole manifold. Since the sequence u” is
uniformly bounded in L*° (M), we can associate a subsequence and a Young mea-
sure v:M — Prob(R), which is a family of probability measures in R parametrized
by pe M. The Young measure allows us to determine all weak-* limits of composite
functions a(u"), for arbitrary real continuous functions a, according to the following

property :
a(uMy = (v,a)  as h—0 (6.1)

where we use the notation (v,a):= [pa(X)dv(X).

In view of the above property, the passage to the limit in the left-hand side of
(5.27) is (almost) immediate. The uniqueness theorem [11, 2] tells us that once we
know that v is a measure-valued solution to the conservation law, we can prove that
the support of each probability measure v, actually reduces to a single value u(p), if
the same is true on Ho, that is, v, is the Dirac measure d,(,). It is then standard
to deduce that the convergence in (6.1) is actually strong, and that, in particular, u”
converges strongly to w which in turn is the unique entropy solution of the Cauchy
problem under consideration.

LEMMA 6.1. Let v, be the Young measure associated with the sequence u”. Then, for
every convex entropy pair (U, F) and every non-negative test-function ¢ defined on M
with compact support, we have

- /M<up,ding<-,p>>¢(p>+g(<up,F<-,p>>,v¢>de

— ¢(p)g(<Vp,F(~,p)>7nHo)de+/ d(p)(vp, U’ () divg f(-,p))dVas <0.  (6.2)
Ho M

The following lemma is easily deduced from the corresponding result in the Eu-
clidean space, by relying on a system of local coordinates. This result will be useful
when analyzing the approximation.

LEMMA 6.2. Let G: M —R be a smooth function, and let e be a submanifold of M.
Then, there exists a point p. (not necessarily in e), the center of mass of e, such that

/G@)dve—G(pe) < diam(e)? |G| ez (o).
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We are now in position to complete the proof of the main theorem of this paper.

Proof. [Proof of Theorem 3.3.] Due to (6.2), we have for all convex entropy pairs
(U, F),

divy (v, F(-)) = (v, (divg F)(-)) + (v, U"(-) (divg f)(-)) <0

in the sense of distributions in M. Since on the initial hypersurface Hy the (trace of
the) Young measure v coincides with the Dirac mass d,, (because ug is a bounded
function), from the theory in [2] there exists a unique function ue L (M) such that
the measure v remains the Dirac mass §,, for all Cauchy hypersurfaces H;, 0 <t <T.
Moreover, this implies that the approximations u” converge strongly to u at least on
compact sets. This concludes the proof. ]

Proof. [Proof of Lemma 6.1.] The proof consists of passing inequality (5.27)
to the limit and using property (6.1) of the Young measure. First, note that the
first term on the left-hand side of inequality (5.27) converges immediately to the first
integral term of (6.2). Next, take the second term of (5.27). Using the fact that
¢80K d(p)=0O(T+h), we see that this term converges to the second integral term

n (6.2).

Next, we will prove that the third term on the left-hand side of (5.27) converges

to the last term in (6.2). Observe first that

~n —n 1 : n
Bt =T = 5 / divy f(ug,p)dVi.
KIJK

Therefore, we obtain

arerlerloe (Ve (o) = Ve (ko)
If) KI

N e’ il n : n
:Z Z |OK| 0 (8 Vit (i K+e10)/Kd1ng(UK,p)dVK+|@;\O(T2)>

0
Y 5 e (R k) -0 ) [ aiv, Stugp)avi
= K

+lek|o(r?) +U’(u;;+1)/ div, f(uf,p) dVK).
K

Now, note that from the expression of V' (see (5.8)),

OV ) = U (i) = U () it ) — U ()

Keo
<supU” maxTip(uf) ™ i o — |
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and so, using the L*> bound (5.15) and the growth condition (2.5), we find

eO
S X o @R ) U i) [ v, ) i

— |@O| +1 +1
SZ Z |80K| 20|K||MTIL{EO :U/?( .
= KelC"
e’cd’K

Applying the Cauchy-Schwarz inequality and the entropy dissipation estimate (5.25),
we find that this term tends to zero with h. Note that property (5.24) is easily seen
to be verified due to the smoothness of the functions V. We are left with the term

>3 oty [ divy fu )V
n=0KeKn K
which is easily seen to be of the form
oo
S 3 Vi) [ o)divg fuiep)aVic+ Om) = [ (U ()livy S ) Vi,
n=0KeKm

It remains to check that the terms on the right-hand side of (5.27) tend to zero
with h. Namely, the first term on the right-hand side can be written as

€ n —N
> 3 AL ekl 0 - oV )

n=0 Kex"
e'cd’K
c- €] + 1/n+1 1/ n+l/ ntl
=30 > (g K@ = S (VL) VT i )
n=0 Kek"
e’ed®
=o(1),

by the Cauchy-Schwarz inequality and the entropy dissipation estimate (5.25). Next,
the second term on the right-hand side of (5.27) satisfies

> 5 [ 6o Reu v

n=0 KGIC”
%€’ K
=> > / ( :o—¢<p>>(Feo<u?(,p>—f Foo(ufy,q)dg) dVeo
n=0 KckKm e9 el
ecd’K

which, in view of the regularity of ¢ and F', is bounded by >0 (3" 1 icn [0° K |O (7, +
h)2. Using the CFL condition (3.14) and property (3.13), we can further bound this
term by

> 1ekl06K) (Olrc+1)+ O i) ) = o(1),

n=0KeKn
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and so only the term

Yy / (@30 x — S) g (Pl )~ Flufe.p) iy oy (p) AV,

n=0KeKm

remains to be controlled. Here, we will use that our triangulation is admissible, in
the sense of Definition 3.2. First of all, by integrating by parts we rewrite it as

Z Z / golﬁ )Q(F(U%ap)anK’e}(p))dVe}

n=1KeKn
4 [ (G =0 9P (e p) g () Vi

plus a boundary term for n=0 which easily tends to zero with h. Next, using
Lemma 6.2 and equation (3.1), one may replace ¢35, by #(p%) and ba0 DY
(b(p(l)(n,l), where p?(j denotes the center of 9°K7, with an error term of the form
Ch||¢||c2||F|| . Next, we replace (and similarly for e ) ¢(p)g(F(u’}<,p),nKyeI+{ ()
with gb(p})g(F(u}Q,p}),nKeK (pf)). Using property (3.1), the corresponding error
term is seen to be of the form Chld|cz||F|/cz- The generic constants C' do not

depend on h nor ¢.
We have

|Ah Z Z ‘6K| ( ))g(F(u’]},p;),nK}ex(p}))

n=1KekKn
Hewl(@Pk-) = o) g(F(ufe.pie- ) ng - (0% -))

+h|gllez (|1Fll~ +[1Fllcz).

Now, performing a Taylor expansion of ¢ and using the definition of wg (recall that
wy is the future-oriented vector at p}; tangent to the geodesic connecting p; and
p% ) we find, for instance,

(%) —d(pie) = 9(Wi,Vo(p)) +O(h?).

Therefore, by the definition of £(K) and using (3.15), we may express this conclusion
by using the local deviation of the triangulation,

A<D D leklg(wie, Vopi)) g(F (ufe.pi) mye .+ ()

n=1KekKn
+leglg(Wi— Vo(py ) g(F(ufe,pie- )y o~ (pjc-))

+Chl|pllcz ([[F L + (| F]lc2)

< Y (IKIEE) — K™ [E(KT)) (Vo F(u") +Chléllo2 (| F|| e + | Fllc2)
KeTh

<n(h)lgllcr[[Fllze +Chlidllc (1 F[| e + | Fllc2),

which tends to zero since n(h) — 0. This completes the proof of Lemma 6.1. |
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