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AN ERROR ESTIMATE FOR FINITE VOLUME METHODS
FOR MULTIDIMENSIONAL CONSERVATION LAWS

BERNARDO COCKBURN, FREDERIC COQUEL, AND PHILIPPE LEFLOCH

ABSTRACT. In this paper, an L>°(L!)-error estimate for a class of finite volume
methods for the approximation of scalar multidimensional conservation laws is
obtained. These methods can be formally high-order accurate and are defined
on general triangulations. The error is proven to be of order h!/4, where A
represents the “size” of the mesh, via an extension of Kuznetsov approximation
theory for which no estimate of the total variation and of the modulus of con-
tinuity in time are needed. The result is new even for the finite volume method
constructed from monotone numerical flux functions.

1. INTRODUCTION

In this paper, a modification of the Kuznetsov approximation theory for
multidimensional scalar conservation laws [28, 29] is obtained which is then
used to obtain an L>(L!)-error estimate for the class of monotone finite volume
methods (which are at most first-order accurate only), as well as for high-order
schemes constructed upon some of them. We consider the Cauchy problem for
a multidimensional scalar conservation law ([26, 30, 31, 51]):

(1.1) du+ div f(u)=0  inR, xR?,
(1.2) u(0) = ug on R?,

where the flux function f : R — R? is assumed to be smooth and the initial
data u, is taken to be in the space L>°(R?) N BV (R?) of bounded functions
of bounded variation in R?. In [28, 41], error estimates are obtained for
approximations u” to the solution of (1.1)-(1.2) which satisfy the following
properties (for each 7T > 0, and some constant C = C(T) > 0):
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(1) | u” Lo (0, T)xre) < C's

(i) ") - " () gy < C =1+ h),
(iii) | u” 2o, 7;8v®RY) < C,
(iv) Et<Ch,

where E” represents the term of entropy dissipation associated with #”. In
this paper, we obtain an error estimate for numerical schemes that need not
satisfy the above conditions. Among them are the monotone schemes defined
on general triangulations (for which no proof of the estimate (iii) is available)
and the finite volume methods obtained from some monotone schemes by the
so-called A”-antidiffusion technique (for which none of the above properties
hold). The main idea in this paper is that the error estimate follows from a
weak estimate for the uniform norm and a weak upper bound of the entropy
dissipation of the approximations, i.e., estimates of the form (for each 7 > 0):

(i) N (o, 1yxrey ST (AT,
(iv) E"<@h™),

for some numbers v; and v, in (0, 1]. (Compare with the setting due to Tad-
mor for one-dimensional problems using compensated compactness arguments
[47].)

Let us recall that Kuznetzov [28, 29] was the first to obtain an error estimate
for the monotone schemes for (1.1) after the pionnering works by Kruzkov [26,
27], and Volpert [51]. Using grids which are Cartesian products of uniform one-
dimensional partitions, Kuznetsov proved that the error |u(t) — u(¢)|| LI(RY)
between the exact solution u and the approximate solution u” is @ (h!/?),
as h goes to zero (uniformly for ¢ in (0, 7)). Sanders [41, 42] (see also
Osher and Sanders [39]) later proved that the same rate of the L°°(L!)-error
holds for monotone schemes constructed by using two-point monotone fluxes on
nonuniform Cartesian grids. Error estimates for other numerical schemes that
also satisfy the properties (i) to (iv) (or a refined version of them) have been
obtained by Lucier in [34, 35, and 36]. Hoff and Smoller [22] first proved that
the error in Glimm’s scheme is @ (h!/%Inh). We also refer to Chern [4] who
proves an error estimate for Glimm’s scheme applied to systems of conservation
laws. Cf. also Johnson and Szepessy [25] who treat a finite element method
for one-dimensional systems. For the so-called quasi-monotone schemes, [5,
6,7], the estimate of the entropy dissipation (iv) does not hold. Cockburn [5]
modified the Kuznetsov approximation theory and proved that the L>°(L!)-
error for these schemes is @ (h?/?) for some number y € (0, 1]. Recently,
Tadmor [47] (also [37]) proposed a general framework to obtain error estimates
for one-dimensional scalar conservation laws. His method allowed him to get
error estimates for several first-order and second-order methods. The present
work presents the first result on error estimates for a multidimensional problem
with general triangulations.

For a background on the analysis and the convergence of difference schemes,
we refer to the works by Harten, Hyman, and Lax [20], and Harten, Lax, and van
Leer [21]. Observe that Crandall and Majda proved in [16] a general theorem of
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convei'gence of the monotone schemes. See also Goodman and LeVeque [19],
Hou and LeFloch [23], LeFloch and Liu [33], Osher [38], Osher and Tadmor
[40], and Tadmor [46].

Szepessy [44, 45], for the streamline diffusion method, and Coquel and
LeFloch [13, 14, 15], for high-order differerce schemes, proved the convergence
of numerical schemes without appealing to a uniform BV estimate (iii). To do
so, the framework of DiPerna’s measure-valued solutions [18] was used. The
importance of deriving an estimate of the rate of entropy dissipation for differ-
ence schemes was emphasized by Coquel and LeFloch in [14]. Chen, Du, and
Tadmor [1] next used [18] in their analysis of spectral methods. This approach
is related to the compensated compactness technique, for which we refer the
reader to DiPerna [17], as well as [2, 3, 24, and 47], and the references therein.

The present paper continues the work initiated in [9], where the convergence
of the monotone finite volume methods was proven. The idea that prompted
this work is the following. On the one hand, DiPerna’s [18] uniqueness result
for (1.1), (1.2) in the class of measure-valued solutions was based on Kruzkov’s
techniques [26]. On the other hand, Kuznetsov approximation theory [28] is
also based on Kruzkov’s approach. It is then reasonable to expect that by using
Kuznetsov’s theory, the measure-valued appreach could be bypassed. In this
paper we prove that this is indeed the case. Our technique of proof in this
paper involves more work than in [9], but has the advantage of providing not
only the convergence, but also an estimate of the error.

We consider here a large class of numerical schemes, which can be high-
order accurate, and derive an error estimate from a suitable modification of
Kuznetsov’s approach. We do not need an estimate of the total variation like
(iii), nor an estimate of the modulus of continuity in time like (ii). For mono-
tone schemes, although the modulus of continuity in time is uniformly bounded,
as a consequence of the L!-contraction property, no proof of the boundedness
on the total variation is available. The L!-contraction property does not hold
for high-order accurate schemes, and so an approximation theory that does not
require any estimate on the modulus of continuity in time is essential. Our
proof is based on a formulation of the discrete entropy inequalities and on the
so-called entropy dissipation estimate that were derived in [9]. Note that, in
order to make use of these inequalities, it is necessary to introduce suitably
chosen piecewise coenstant test functions adapted from the original paper by
Kuznetsov to our case. This is due to the fact that, for general triangulations,
the property of invariance by translation is lost. The result in this paper can be
easily extended to the Runge-Kutta type discretizations introduced in [10, 11,
and 12].

The paper is organized as follows. In §2, we state the hypotheses on the
triangulations, define the class of schemes under consideration, and state the
error estimate (see Theorem 2.1). In §3, we give the proof of Theorem 2.1, de-
composed into five subsections: (a) the basic inequality, (b) estimating the lack
of symmetry of the entropy, (c) estimating the entropy production associated
with the exact solution, (d) estimating the entropy production associated with
the approximate solution, (e) completion of the proof of Theorem 2.1. Finally,
in §4, we prove that high-order accurate schemes built upon monotone schemes
satisfying sharp entropy inequalities beiong to the class of numerical schemes
for which Theorem 2.1 holds.
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2. STATEMENT OF THE MAIN RESULT

Let t,=nt, n=0, 1, ..., be a uniform mesh for the discretization of R,
and, for each 4 > 0, let .9, be a triangulation of R composed of nonover-
lapping, and nonempty polyhedra. As is usual in the finite element approach,
we assume that, if two distinct elements K; and K, in .9, have a nonempty
intersection, say I, then either I is a face of both K; and K,, or I has
Hausdorff dimension less than d — 1. The set of faces of a polyhedron K is
denoted by K, and, for each face on K, N, x € R? represents the outward
unit normal vector to the face ¢. Given a face e of K, then K, is the unique
polyhedron which shares the same face e with K. The volume of K and the
(d — 1)-measure of e are denoted by |K| and |e|, respectively. Without loss
of generality, we can assume that

h = sup hg < +c0,
Keg,

where hg is the exterior diameter of a polyhedron. The perimeter of K is
defined by px = > ,cyx le| . The interior diameter of an element K is denoted

by px .
We assume the following conditions on 7 and 9 :

(2.1) <t<yh,

and

(2.2) — <o for all K € 9,

where y > 1 and ¢ > 0 are independent of 4. We observe that (2.2) implies

(2.3) <PKMK 0 forallK e,

for some u > 0.

The finite volume methods under consideration produce a function, say u”,
defined from R, to L!'(R9), which is right-continuous in time and piecewise
constant, namely,

(2.4) Wh(t, x)=u} for (¢, X) € [tn, tnr1) x K.

We define the contants % as follows. First of all, we have to approximate the
exact flux function of equation (1.1). Let us introduce a family of numerical
flux terms g x, given for each face e of each polyhedron K of , , that are
locally Lipschitz continuous functions depending upon a finite number (fixed
for all the triangulations) of values u}, (e.g., ugx and uj for a two-point
numerical flux), and satisfy the following two properties:

(2.5a) conservation: g7 x + g x =0,
and, for each real number u,

(2.5b) consistency: uy, =u forall K' = g' x = N, k - f(u).
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The notation z -z’ and |z| will be used for the Euclidean scalar product and
the Euclidean norm of vectors in R?, respectively. Let us also denote by P, a
projection operator (for example, the L2-projection operator) into the space of
functions of the variable x which are constant in each K €., .

We are now ready to introduce the high-order accurate finite volume method.
By definition, the approximate solutions % have the form (2.4) with

(2.6a) u"(0) = Py (uo),

and for n=0,1,2,... and all KEY

(2.6Db) ug = uf - X Z le| & -
ecdK

To guarantee the stability of the method, the Courant-Friedrichs-Levy number
v must be less than 1:

K af
2.7 = R’
(2.7) v =sup g Ne k- (1)
where the supremum is taken over all elements K, all faces e, and all values
u under consideration.

Since we want to recover the entropy solution to problem (1.1)-(1.2), the
numerical flux in (2.6b) must satisfy a discrete version of the entropy inequality.
Following an idea due to Tadmor [46], and following Coquel and LeFloch [15],
WE express u}’j‘ as a convex combmatlon of one-dimensional discrete operators:

<1,

(2.8a) upt!l = — Z ugtilel,
eeaK
where
n T
(2.8b) ugh, = ug — |1p<1|<{ ek — Ne k- f(ug)}.

A discrete entropy inequality for #%*! will follow if each of the values u}'g”e ,

e € 0K, satisfies an (essentially one-dimensional) discrete entropy 1nequa11ty
Following Kruzkov and Kuznetsov, we focus our attention on the set of

inequalities associated with the so-called Kruzkov entropies. We recall that the

classical Kruzkov entropies form a one-parameter family of entropy-entropy

flux pairs for equation (1.1):

(2.9)

U, w)=lv-w|, F(v,w)=sgnw-v)(f(w)-f(v)) (v, w)eR:
Observe that (U, F) is an entropy with respect to one variable, when the other
is kept constant. Moreover, (U, F) is symmetric with respect to (v, w).

Instead of working directly with (2.9), since this is difficult with high-order
schemes, cf. the entropy inequality (2.15) below, it will be convenient to con-
sider the following regularization:

lw—-v|—-1/2M for |lw—-v|>1/M,
2.10 U . w) =
(2.10) (v, w) {M|w—v|2/2 for |w —v| < 1/M.
As M tends to infinity, we recover the Kruzkov entropies. The function Uy,
is strictly convex with respect to both variables, and satisfies
H dUy d*Uy

du? =M.

L>(R)

=1,

(2.11)

L>(R)
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We view Uy, as an entropy function with respect to the first variable. The flux
associated with this entropy is given by

(2.12) mem=f%%mwmmm

Notice that, unlike F, the function Fj,, unfortunately, is no longer symmetric:
v U
Fuv,w) - Fulw,v) = [ (G2, 0)+ Z26,w)) r(s)ds
w \ Os os
and in particular is not an entropy flux with respect to its second argument.
This is a difficulty when applying Kuznetsov theory. However, we are able to
overcome this difficulty by using the fact that the difference
v 92U,
557 (8 VI @) - f(9)]ds,
w
is of order 1/M ; see the proof of Lemma 3.2.
We assume that, for each M > 0 and each ¢, and for each ¢ and K, there
are numerical entropy flux terms G} , , which are locally Lipschitz continuous
functions depending on a finite number of mesh values. We also assume that
they are conservative and consistent with the entropy flux Fy (-, ¢), that is,

(2.14a) G, xk+G; g, =0,
(2.14b) up =u forall K' = G} g = Ne k- Fy(u, c),
and for which a discrete entropy inequality holds [5, 14]:

T
Un (%> €) = Una (i, ©) + 1 { Gl = Ne,x - Fu(utk , ©))

(213) av(FM(’U s ’U)) - FM(’U), 'l))) =

(2.15) v . OUs

S TK) % e 5y (VK.es ©)-
The quantities ay , and vg , in the right-hand side of (2.15) are assumed to
satisfy for all time T the followmg estimate:
(2 16) Z Z laK,eHvK,e—/UKe,e”elrsClha

nt<T K€Y,
e€aK

for some @ >0 and C; = C|(T) > 0. In addition, the terms a} , are assumed
to obey the following conservation property, similar to (2.5a):

(2.17) ag .. +tag, .=0.
Finally, we assume that the amplitude of the approximation does not grow

faster than ~A—# for some B € [0, 1); specifically for all time 7 >0,

(2.18) | u o= (10, T1xR?) < Il o || oo (mey + Ch#

for some constant C; = C»(T) > 0. For instance, for the monotone schemes

built up with two-point monotone fluxes, we can take ag , =0, so that C; =

Cy = 0, and take Uy, as the Kruzkov entropies, i.e., 1/M = 0 in (2.15).

Finally, we assume that the flux function is at most quadratic at infinity, in the

following sense:

. d*f

< oo, lim sup d2( )

[w]—o0

1 |df
(2.19) limsup o) 27 (w)

(Obviously, (2.19) is irrelevant in the case that ||u”|;~ is uniformly bounded.)

< oo.




ERROR ESTIMATE FOR CONSERVATION LAWS 83

We now state the main result whose proof is given in the next section.

Theorem 2.1. Let u be the entropy solution to problem (1.1)—(1.2) with an initial
data uy € BV(R?) N L*(RY). Let u" be the approximate solution defined by
the (possibly high-order accurate) finite volume method (2.4), (2.6). We assume
that the conditions (2.1)-(2.3), (2.5), (2.7) and (2.15)-(2.19) hold. Then for all
time t and any positive scalars A and B with B large enough (i.e., larger than
the maximum speed in the scheme), the following error estimate holds

1/2
| u(2) — u(t) lzia) < Co R4 | ug “L/Z(Rd) +Coh' (Jluo Il oo (mey + TV (uo))
+ C(')I hmin{a, 1-8}/2 ,

where A, = {|x| < A —tB} is a domain of influence/dependence, Cy and C|
depend on t and A, and Cj depends on t- TV (up). Furthermore, Cj =0 if
Ci=C,=0.

For monotone schemes, C; = 0, Theorem 2.1 shows that the rate of con-
vergence of the finite volume method is #(h'/4) when measured in the L!
norm. This rate seems to be optimal, at least with the technique developed
in this paper. For the monotone schemes defined in Cartesian uniform grids,
considered by Kuznetsov [28], or in nonuniform Cartesian grids considered by
Sanders [41], the rate of convergence is 4!/2. However, in this latter case, the
scheme is uniformly bounded in the total variation norm (TVB), and the orig-
inal Kuznetsov technique applies. Our result extends the error estimate in [28]
and [41] to schemes that are not necessarily stable in the BV norm. Note that
our basic assumption is the set of inequalities (2.15). Our result is new even
with ag ,=0.

Following Coquel and LeFloch [14] in the case of Cartesian meshes, one easily
sees that Theorem 2.1 applies to the class of schemes based on the so-called
corrected antidiffusive flux technique. Theorem 2.1 indeed applies to the high-
order accurate schemes (defined on quasi-uniform triangulations) built with the
so-called A”-antidiffusion method upon monotone schemes that satisfy sharp
entropy inequalities, in the sense of [14]. In §4, we prove that these schemes
satisfy the entropy inequality (2.15), and the estimate (2.16) with a = 1/p, for
some p > 2; moreover, we show that the upper bound (2.18) with g = 0 holds
when the triangulations are quasi-uniform. By Theorem 2.1, this implies that
these schemes converge with a rate of @ (h!/?) . A recent work by Vila [50] also
treats the extension to more general high-order explicit or implicit schemes.

We emphasize that the uniformity of the time-discretization has been as-
sumed for the sake of simplicity. Theorem 2.1 remains true for nonuniform
time-discretizations satisfying the standard restrictions. Theorem 2.1 also ex-
tends to more general space triangulations that do not satisfy the properties
(2.1)-(2.2) and are not necessarily composed of polyhedra, but admit a refine-
ment made of d-dimensional polyhedra that satisfies (2.1)-(2.2). The trian-
gulations .7, themselves could also depend upon 1,, as is necessary for mesh
refinement techniques.

3. PROOF OF THE MAIN RESULT

In this section we give the proof of Theorem 2.1. Our proof is based
on a suitable modification of the classical Kuznetsov approximation result.
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Proposition 3.1, derived below at the end of the first subsection, yields a basic
inequality for u — u” measured in the L! norm which:

(1) does not involve the modulus of continuity in time of the approximate
solutions,

(2) is based on the regularization (2.10) of the Kruzkov entropies, and

(3) involves a piecewise constant approximation of the standard Kuznetsov
test function, which is necessary to apply the discrete entropy inequali-
ties derived in [9].

This basic inequality involves two kinds of terms: one measures the lack
of symmetry in the regularized version of the Kruzkov entropies; two other
terms measure the entropy production relative to the functions u and u”,
respectively.

In Proposition 3.2, we use (2.13) to prove that the error term due to the lack of
symmetry of the regularized entropy flux defined by (2.12) is at most O(1)/M .
In Propositions 3.3 and 3.4, we estimate the entropy production associated with
the exact solution u and the approximate solution u”, respectively. Finally, in
a last subsection, we complete the proof of Theorem 2.1.

For simplicity in the presentation, and in the rest of the paper, the initial data
uo in (1.2) is assumed to have compact support. All the estimates below have
straightforward extensions to trapezoid-shaped domains (as stated in the main
theorem), which hold for arbitrary initial data. We denote by Q”(¢) the union
of the supports of the functions # and " at time ¢, which clearly satisfies
|Qk(£)| = O(1)t? for large ¢t. For convenience in the presentation, we fix a
bounded time interval [0, T7], such that Tny = T, for some integer n7, and
we then estimate || u*(T) — u(T) || -

We point out that, in the case of monotone schemes (on arbitrary triangula-
tions), the Kruzkov entropies can be used (i.e., 1/M can be taken to be zero). In
that case, the L!-contraction property does provide an estimate of the modulus
of continuity in time, and it can be proven that

1 (8) = uP (') [l prmay < TV (Pa(uo)) (It = ' + 1),

where TV (P,(up)) remains uniformly bounded (see, for a proof, [8]), owing
to the assumptions (2.1) and (2.2).

3.1. The basic inequality. Our first objective is to derive a generalization
of Kuznetsov’s approximation inequality for fRd |uh(T, x) —u(T, x)|dx, ie.,
Proposition 3.1 below. We are going to work with a special class of test functions
¢ we now define. Let €y and € be arbitrary positive real numbers. Let w :
R — R be a smooth nonnegative even function with unit mass, and support in
[-1, 1], and, for any positive number y, let us set w,(s) = %w(s/y) for all s
in R. We consider the function ¢ defined by

d
(3-1) ¢(l, X, t/, xl) = wco(t - tl)We(x - xl) s ‘//e(x - xl) = wa(xi - x,’)
i=1
To simplify the notation, and if there is no risk of confusion, we will often drop
either the variable (¢, x), or (¢, x’), or both. We observe that the support of
¢ shrinks to the “line” {(¢, x) = (¢, x")} as €, € — 0. We shall use the
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notation Qr = (0, T) x R?, or Q4 = (0, T) x R? if (¢, x) are the relevant
variables.

To use the entropy inequalities in [9], we must introduce the following piece-
wise constant approximations of the functions wc,(t —¢') and w.(x — x'):

e, (15 )= Wey(tny1 — ') forteltn, ths1),

3.2
(3.2) W (1 1) = Wt = fyyy)  for £ €[4, £311),
and
We(x; x') = we k Z vely = x)dl (),
eeaK €
K, xeR*, KeT,
(3.3) > " o

Pl ) = Ve = oo Y [ wle=ydro),

e'e€dkK’
xeR?, x' eK',K' €,
Next we define the corresponding approximations 8}'¢, 8¢, V"¢, and V*'¢
of the exact time derivative and space gradients of the test function ¢, respec-

tively:

l(t, x; t', x') = We(x; X)Oywe,(t — 1),

(3.4)
p(t, x;t', x') = = (x; X" )Owe,(t — '),
and
Vig(t, x; 1, x') = @c (t; ') Ve (x — x'),
(3.5) &( ) o83 )V e( )

Vhlq&(t, x;t,x")=—ay(t; )V (x - x').

Similarly, it will be convenient to introduce a piecewise constant approximation
of the exact solution u:

(3.6) u(t, x)=u(ty, x) fortelty, ths1).

The quantities u(¢, x), #(t, x), and u*(¢, x') will be abbreviated as u, i,
and u”, respectively.

For definiteness, we consider u and u” as right-continuous functions from
[0, T) to L'(R?) whose limits from the left exist on (0, T']. The function u
represents the entropy solution to problem (1.1)-(1.2), while #* denotes the
piecewise constant approximate solution (2.4) given by the scheme (2.6). We
start our derivation by introducing the approximate entropy dissipation form

E! (u,u") as follows:
h uh h uh .
(3.7a) E (u,u")=[ O (u,u(t',x');t,x")dx'dt,

Qr
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where, for all constants c,

Gﬁ‘o,é(u, c;t', x")
_ / {(Une(it, )0 (e, x') + Fyr(u, ¢) - V(¢ , x')}dxdt
Q
(3.7b) '
- UM(u(O, x) s c)¢(03 X3 l/ s xl)dx
R4
+ Uu(u(T, x), c)d(T, x; t', x")dx.
R4
The term Gé’o,e(u ,c; t', x") is a measure of the entropy dissipation associated

with the entropy solution u: it is basically nonpositive; Proposition 3.3 be-
low will give a precise statement. Observe that # defined by (3.6) appears in
the first term of the right-hand side of (3.7b): this is due to the fact that the
time derivative of u” needs special treatment, as was observed in [9]. Set-
ting @#* = u* (which is a natural definition in view of the definition (3.6) of
i and the fact that u” is piecewise constant), we can define E!’O,e(u” , u) and
6" (c,u";t, x) by the same formulas.

Following Kuznetsov, and using the fact that U, is a symmetric function,
we have the following identity:

h h h h h
(3.82) RE (u,uh) =St (u, u")+E" (u,ut)+EL (uh, u),
where
(3.8b)
RY (u, uh) = / Un(Wh(T, %), u(t, x))(t, x; T, x')dx'dxdt
Qr JR4

Up (', X", w(T, x))¢(T, x; t', x")dxdx'dt

W0, x'), u(t, x))¢(t, x; 0, x")dx'dxdt

<

wh(t', x"), u(0, x))p(0, x; t', x')dxdx'dt’,

T
<

and

= Mg, — Far(uh, w)idl, } - Vyedx'dt'dxd
(3.8¢) /QT o {Fu(u, u")oo, — Fy(u", u) } - Vyedx'dt'dxdt

+/ {Un(it, u") e — Upe(u, uP) !} 0, dx'dt' dxdt.

or JQr

Since, as €, € — 0, the term R (u, u") is expected to converge to
UM(uh(Ta X) ) u(T5 x))dx - UM(uh(Os -x) s u(o’ X))d.x,

R4 R

it will be called the error term. Note that S (u, u*) =0 if we would use the
original Kruzkov entropies (2.9), if # is replaced by u, and if the exact time
derivative and space gradient are used. As we prove in Proposition 3.2, this
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term is essentially bounded by a quantity proportional to 2/M , which is the
size of the support of -‘%‘{- .

Our treatment of the term R (u, u) is different from [28] and [41], where

the L! contraction property was used. Our motivation (for the application
to formally high-order schemes) is to obtain a lower bound for Rf (u, u)
independent of the modulus of continuity of the function u” : [0, T] — L'(R¢).

Lemma 3.1 (Lower bound for Ré’o’e(u, uh)). We have
h h
2R; (u, u )
2/ Use (H(T, x'), (T, x)) dx’ —/ Une (14(0, '), (0, x')) dx’
R4 R4

~2 [ wq (YU (e, X'), u(t', %)) dx'dt
o

-3 (e + €o Lw) TV (uo).

Proof. In view of (3.8b), we can write Ré’o,e = R; + R, + R3 + R4, with the
obvious notation. We estimate R, in the following crude manner: R; > 0. In
order to estimate R;, we consider the decomposition

Um (u"(T, x'"), u(t, x))
= Uy (u!(T, x'), (T, X))
+ {UM (u"(T, x'), u(T, x)) — Uy (u”(T, X, u(T, x'))}
+ {UM (u"(T, x'), u(t, x)) — Uy (u"(T, x"), w(T, x))} ,

%(uo)

and get
Uy (uh(T, X', ult, x))
Z UM(uh(Ta xl) ’ u(Ta xl))—llé(T, x) - u(T’ xl)l_lu(ta X) - u(T! X)I,

since the Lipschitz norm of Uy, is 1. Taking into account the fact that u is
the entropy solution, as was done by Kuznetsov, we obtain

R, > 1/ Un (uh(T,x'), u(T,x')) dx'
2 R4

af

1 1
- 5€ TV (ug) — 560 E(uo)

2

We proceed in a similar way to estimate R; and Kj:

TV(uo).
Loe

I e , 1 df
Ry2 1 [ U (140, 0, 1) dx = 5 (e+ | o) ) TV,
Ri> — | we(!)Un (u"(t’,x’), u(t’,x’)) dx'dt
o
! df
~3 <e +€o %(uo) Lw) TV (o).
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The desired result follows by adding the above inequalities. O

For clarity in the following statement, we render here explicit the dependence
of S* (u,u"), E! (u,u") and E! (u*,u) upon T by writing, instead,
St (u,u"; T), E! (u,ut;T),and E”M(u", u; T), respectively. Our basic
approx1mation result follows from Lemma 3.1 by an application of Gronwall’s
inequality.

Proposition 3.1 (Basic approximation inequality). We have
/ [W'(T, x) —u(T, x)|dx
R?
| Q(T) | / h
<2t /0 —
<5 +3 ” [u"(0, x) —u(0, x)|dx
+9 (e + €o Z—f(uo) ) TV (up)
u Lo

+6 sup (SE (u,ut;0)+EF (u,u";t)+EL (W, u;0),
0<t<T

where QF(T) is the union of the supports of u and u" .
Proof. By Lemma 3.1, we have

/Rd Us (T, x'), u(T, x')) dx’

<A+2 | w,(!)Un (u”(t' , X", u(t, x’)) dx'dt’,
Qr

where

A= | Un (uh(O,x’),u(O,x’)) dx'+3(€+eo %(uo) )TV(uO)

Loo
+2 sup (Sh o(u, uhs 0)+ EL (u, ubs 1)+ ED (uh, u;0)).
0<I<T
A simple application of Gronwall’s inequality gives

T
/ Uy (u”(T, x"), u(T, x')) dx' < Aexp <2/ weo(t’)dt’> ,
R 0

and the result follows from the fact that fo we,(t)dt' < § (actually fOT e, ()dt

= 4 if T > €p) and the inequalities, cf. (2.10),

lw—v|-1/2M <Uy(v,w)<|w-wv|. O
3.2. Estimating the lack of symmetry of the entropy. In this subsection, we
prove the following result.

Proposition 3.2 (Estimate of S%  (u, u")). We have

h 1
St ) < CT (24 201+ G ) 4 ) TV (b C L (ol + Cal ™),
where the constant C does not depend upon h, €, €¢g, M, T, and uy. (The

constant C, was introduced in (2.18).)

In view of the formula (3.8c), we can set Sg) (u, u") = S, +S, with obvious
notation. The next two lemmas provide estimates for S| and S, , respectively,
which immediately imply the estimate stated in Proposition 3.2.
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Lemma 3.2 (Estimate of S ). We have
1

T
< — 4+ — .
S$1<CT (Eo + M) TV(u())

Lemma 3.3 (Estimate of S,). We have
S:<CT (2 +2) TV () + C(lnollm + Coh~P).
0

Proof of Lemma 3.2. We consider the decomposition S; = Sj + 57, where
28] = —/ / {Falut, ) + Fu(, )} - Vi { o, — @, } dxdrd'd,
or JOr

and
281 = / / {Falu, u) - Fy(uh, 0} - Yy {@, + &, } dxdidx'dr.
or JQ;

We shall assume u smooth. If % is not smooth, it is not possible to integrate by
parts as we do below. However, the formulas we shall derive are still valid, as
is easily checked by a standard regularization argument. Using the divergence
theorem, the definition (2.12) of Fj,; and by (2.19), one gets

21811 < /Q /, lV . {FM(u, uh) + Fae(u” u)}’ |@e, -- @, | We dxdtdx'dt’
T T

T
<C |V - u(t, x)| (/ |@e, — @, dt’) (/ Ve dx’> dtdx
Or 0 R4

G
<C— TV (u(2))dt,
€0 Jo
thus, since 7V (u(t)) is a nonincreasing function of ¢,
(3.9) 1SI] < C T TV (uo) el
0

Here we have used the following estimates:

T
T
/0 |@ey(Ens1 — ) - We, (2 — t)dt < C_f; for t € [ty, tht1),

T
T
/0 (Oalthr =) = 0= )| Al S CL fort €1ty thyy)

On the other hand, by (2.13) and the assumption (2.19), we have

0 1 ||d2f C
‘a(FM(u, v) = Fy(v, u)| < 537 | 72 - < U’
and thus,
2|87 = / / {FM(u, ul) — Far(u, u)} Ve {@e, + @), }dxdtdx'dt’
Or JOr

/ V- {Fa(u, u) = Fag (", 0)}ye{dvey + 0, }dx'd dxdt
or JQ7

T
< < |V - u(t, x)| (/ ylfdx') (/ {@¢, + d)éo}dt’) dxdt.
M Or R4 0
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From the above inequality, we deduce that
T
(3.10) MBS i TV (up).

In view of (3.9) and (3.10), the proof of Lemma 3.2 is complete. O

Proof of Lemma 3.3. As in the proof of Lemma 3.2, we can assume that u is
smooth. Consider the decomposition S, =S5 + 57, where

;
S5 = / / {UM(fl, uh) — Un(u, uh)} Ve0 we, dxdtdx'dt’,
T U
S = _/ Up(u, u")8ywe, {We — @'} dxdtdx'dt'.
QT Q’T

In view of (3.2) and (3.3), we can estimate S as follows:

T
|S§|§/ (e, x) — u(t, x)| (/ apg(x;x')dx') (/ |8,’w60|dt') dxdt
Or R4

. C
<T sup () = u(@)lpmy = sp = 3 [ [ =) dwdrx).
0<i<T €0 ke, Pk eeaK e JRY

Since u satisfies the L! contraction property, and in view of the definition
(3.6) of i, one obtains

(3.11) |S3] < CTelTV(uO).
0
To estimate S’ , we integrate by parts, i.e.,
= / / 6UMu u)ou we, {Ye — ¥ }dxdtdx'dt
or JQ;
[ [ T, 20, 19 0y (T - )40 - p)dxdx'ar
R JQ!
= [ ] U, %), w) o (t)(0 - wydxdar.
RY JQ
In view of
h
[ s x) = v x =)l <ch, [ 10 %)= w0 < €

and (3.3), we get

/ / aUM a’uwfo {We — w!}dxdtdx'dt
T !
6UM . -, T ) ) )
= H v / |Opu(t, x)|/ |e — W] / we,dt' | dx'dtdx
L JQr R4 0

< CT%TV(uO).
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The remaining two terms are easily estimated; for instance, using (2.18), we
have

/ UM(u(T9 x)s uh)wGO(T - tl){li/e - lpel}dxdxldtl
R4 or

h
< C(lluoll oo (rey + ||uh||Lw([o,T]de))g
g h
< C(l[uoll oo (rey + Cah ﬁ)g-
This shows that
h _
(3.12) 1S5] < Cg(”uo”Loo(Rd) + Coh B + T TV (up)).

The proof of Lemma 3.3 is complete in view of inequalities (3.11) and
(3.12). O

3.3. Estimating the entropy production for the exact solution.

Proposition 3.3 (Estimate of E! _(u, u")). We have

El () < CO (gl oy + Coh ™ + T TV ()

€p,€
where the constant C does not depend upon h, €, €y, M, T, and uy. (The
constant C, was introduced in (2.18).)

Proof. Since u is an entropy solution to (1.1), for each (¢, x’) and n, one
has

[ Ul 20,0 3) = Useltn, 30, (0 XD } el = )

tnyl
- / Fa(u(t, x), u")V - we(x — x")dtdx < 0.
t R4

Multiplying this inequality by we,(fn+1 —') , using (3.2), and summing in time,
we arrive at the following inequality:

nr~1

- Z Unt(U(tn s X), ") {@ey(tns1 — ') — 0y (tn — 1)} We(x — x")dx
n=0 R?

— | Fu(u(t, x), u")Vye(x — x')aoe,(t; ¢')dtdx
or

+ | Up(u(T, x), th)we,(T = t')we(x — x")dx
R4

— | Un(u(0, x), u")we, () we(x — x")dx < 0.
R4

By the definition of i, (3.6), we have the identity

Upt(U(tn, X), ") {@ey(tns1 — t') — Wy (tn — )} We(x — x")dx
R4

tny
_ / U, x), w90 (t — ) e (x — x')dxdt,
¢ R4

n
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so E! (u, u*) defined by (3.7) is bounded above by the quantity
/Q , Upe(it(t, x), uh)Bwey(t — ') {We(x — X') — W (x5 x')}dtdxdt' dx'.
T
Using integration by parts in time, we can rewrite this term as follows:
/ Up(i(t, x), u!)dwe,(t — t') {we(x — X') — Y (x5 x')}dtdxdl'dx’'
OrxQr

nTI

= / {Unr(Wltns, %), 1%) = Upe(utn, ), b))
RIx Q)
¢ (‘/’E - We)weo(trwl - t')dxdx’dt’
+/ Upt(u(T, x), ) {we(x = x') = e (x; X' )}, (T — t')dxdx'dl
R Jo!

=[] U0, %), ) (bl = ) = gl ¥y (¢
RY JQr

Each term in the right-hand side above can be estimated along the lines in the
proof of Lemma 3.3. We omit the details. O

3.4. Estimating the entropy production for the approximate solution. In this
subsection, we prove the following result.

Proposition 3.4 (Estimate of E! _(u, u")). We have

E" (u ,u)§C§(||u0||Loo+C2h‘ﬂ)+MCl he

€0, €

2 h? o
+ C(TIRMTIN" == (ol 2wy + C12172),
where the constant C does not depend upon h, €, €, M, T, and uy.

This result is a direct consequence of Lemmas 3.4, 3.5, 3.6, and 3.7, which
we prove in the remainder of this section.

Lemma 3.4. We have
Eh

€0, 6(

u) S El + E2 s
where

"T
E = /

TnOKGFh
e€oK

1
K ~1 ~1
S U it ) () = 02 o (0) 0yt — D)

+ / U (T, x'), w)we, (T — t) {we(x — x') — @l(x; x')} dtdxdx’
Or JR4

- / Un(uh(0, X'), )y (T) {we(x — x) — Wl(x; X))} dedxdx’,
or JR4

and

nT 1
Uy Uy
n n — 2 (vh
EZ /Q { 9v (vK,e’u) v (er,e’u)}

TnOKEZ,
ecok

° Wé,e(x)weo(t;H_l - t)T|e|dtdx.
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Note that, if we set
(B13) () = g [ wbe-y)dT0), ¢ €0k, K'e,
then, in view of (3.3), we have
(3.13b)  @l(x;x') = — Z W o(x)e'|, xeR?, x'eK', K e,

K ereok!
by the definition of ¥/ ; cf. (3.4). We use this identity in the proof below.

Proof of Lemma 3.4. Following [9], we use the entropy inequalities (2.15) as
follows: we sum the entropy inequalities (2.15), written for the polyhedron K
and for the polyhedron K, , respectively; in view of the conservation properties,
(2.14a) and (2.17), the numerical entropy fluxes cancel each other, and only the
exact entropy fluxes remain; then we get

K K
'pK' (', ©) ——' ‘"U (W, ¢)+ T{Fu (V. . ©) — Fa(l, )} Ni.c
K|8UM K. 0Uny
< zah I n _ n .
“m"’e{px ov v (k) Pk, Ov (V. ©)

We multiply the last inequality by i/ .|e| and sum over all faces and all poly-
hedra:

> K Y Loy, ot~ 3 vntiel, ovtix

Keg, EGBK Keg,
+Z/FMuK, ¢) Ni o ve(x — x)dT(x')
Keg, V€
EEBK
oU oU i
< ¥ ¥ a ftept o - S2 g o} ol il
Keg, ecdK

Observe that for each polyhedron K

Z Fy(ug, ¢)« N oWe(x — x")dT(x' —/ Fy(ug, ¢) - Ve(x — x")dx'.
ecoK V€ K

We multiply the last inequality by w,(#,,, —t) and sum with respect to the
time variable:

— | Un(uh(?, X'), )@l we, + Fy(ut, ¢) - V'yedl (t; ¢')dt'dx’

Q;
+ [ U (T, 5y, 0 l/?e'a)fo(T—t)dx’—/ Upt (1t (0, X'), ¢) ¥l ey (1)dx'
R4 d
nT—l
<Y D IKlwg(ty - >{UM< F ol —— Z Un (Ut , €)W elel}
n=0 Keg, K ecox

nr— 1
oU oU N
+ z Z aK e { A I’é+¢1: > C)_ 8UM (vlréj-le ’ )} ‘//el,ewfo(tiwl - t)Tlel‘

n=0 Keg,
e€dK
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The statement in Lemma 3.4 then is a consequence of Jensen’s inequality ap-
plied to the convex decomposition (2.8). O

The following a priori estimate of the entropy dissipation of the scheme was
derived in [9].

Lemma 3.5. We have

nrl

e||K
(3.14) }: } : l || | n+l unK+l < ”uOHiZ(Rd)‘*'Clha,
n=0 ke,
e€0K

where C, was introduced in (2.16).

Proof. The entropy inequalities (2.15) hold for all M , so, for each 4 fixed, we
can take M to be larger than ||u” ||~ , and in view of (2.10), condition (2.15)
then reduces to a discrete entropy inequality for the quadratic entropy u?2.
By summation in space and time, we can deduce from this quadratic entropy
inequality that

nTl

Z( |K|+ Z Z Ie”Kl v]rz+l)2

Keg, n=0 Keg,
e€dkK
nr— 1
1
<Y WK+ Y Y lag o llugt! — ugt el
Keg, n=0 K€,

eEBK

The proof is based on the arguments already used in the proof of Lemma 3.4.
See [9] for a proof. The proof is complete in view of (2.10). O

In the derivation of (3.14), the assumption (2.16) is used to estimate the en-
tropy production only. When the antidiffusive term aj , vanishes identically,
(3.14) holds with C; =0.

Equipped with (3.14), we now turn to estimating E; and E,. In view of
Lemma 3.4, Proposition 3.4 is an immediate consequence of Lemmas 3.6 and
3.7 below.

"Lemma 3.6 (Estimate of E;). We have

ht
E <ch = (luollzw + C2h ™) + c(T1Q!(T))"* = = (ol ey + Cl2pet2),
Proof. In view of the identity (3.10b), for all K € 9;,’ we have
Z Un (g™, w){@ — W }le| =0
eEBK

and thus E; can be rewritten in the form

E, = {6:1(¢, x) + 02(t, x) + 65(t, x)}dtdx,
or
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with
0,(t, x) = e||K| {U (Ut , u) — Un(ug", u)}
n= 0 KEY;,
e€dK
‘ (‘/7; - Wé,e)weo(t;wl - t) s
01(t, x) = Uy (u(T, x'), w)we,(T — t){we(x — x') — . (x; x')}dx',
RY
03(t, x) = — | Un(u(0, x'), w)we,(){we(x — x') — ¥ (x; x)}dx .
Rd

In order to estimate 6, , we write

nr—
K
/ Bl(t,x)dxdt‘ Z Z lel| Ilun+1 _ n+1|/ [yl — ! eldx
Or =0 K&, Px
e€oK
€ [K]lel
<= Z Z |un+1 _u;t<+1|p_Kh,

n=0 K€
e€okK

where we have used the following estimate valid for all x’:
" h
/I%umﬂ—%me%h5C<
R4 ’ €

Since the triangulation satisfies condition (2.1), and by using the Cauchy-
Schwarz inequality, we deduce that

S 1 1 [Klle]
[ o, xdidx) <13 S gt - w2
QT n=0 Keg, 12K

e€cdk

12
(TlQh 1/2( Z Z |un+l _ u?{+1|2ﬂﬂr> ,
Dk

n=0 K€,
e€dK

where |Q#(T)| represents the Lebesgue measure of the support of the approx-
imate solution at tims 7. Using the entropy dissipation estimate (3.13), we
thus get

12 h? N
< C(TIRMD)"* = (luoll 2y + €1 *h*7).

(3.15) 0,(t, x)dtdx

or
Similar arguments as those used in the proof of Lemma 3.3 yield the following
estimate for 4, and 05:

{1620, ) + 105t 2)}dtdx < C 2 ([l o, e + )
(3.16) O
C?(Huollmo +CohF).
The proof of Lemma 3.6 is complete in view of (3.15) and (3.16). O
Lemma 3.7 (Estimate of E,). We have
E, < M Cy he.
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Proof. By the definition of E; in Lemma 3.4, the definition (2.10) of Uy, and
the property (2.11), one has

nr—1 T
|E2] < M Z Z lag ollvgts — v,’}:"e (/Rd W (x5 x)dx) (/0 weodt) 4

n=0 Keg,
e€oK
n;-—l
1 1
<MY lag vt - vt Ielel,
n=0 KeJg,

e€dK

where we have used the following identity:

/Rd Ve o(x)dx = %/e < g We(x; x’)a’x> dr(x') = 1.

The conclusion is a consequence of assumption (2.16). O

3.5. Completion of the proof of Theorem 2.1. From Propositions 3.1 to 3.4,
we immediately deduce that

"(T) = w(T)|| s ey < Aot M7+ Ag + AL M,

where
A =C+CTTV(u),
Ag=2 ”Ph(uO) - uO“Ll(Rd) +C TV(uo) €

C
+to ((TTV (uo) + || 4o || Lo (rey) b

+ T2 Il uo ||L2(Rd) Q2 4 T1/2 Cll/z p1+a)/2
+(1+ T TV(u)) Ch' %),
Al = Cl ha ,

where C dependson |Q*(T)|, o, y, and on the ratio €, H%(uo)an/e , which
we set equal to a fixed constant.
Minimizing over M , we obtain

lluh(T) - U(T)||rey £ 2v/A-1A; + Ag,

14"(T) = w(T)l| 1 ey < 2 P4 (t40) — ttoll i gray + C TV (uo) €
C
+t2 (T TV (uo) + || 4o || oo (ra)) P
+ T2 | 4o “LZ(Rd) Q2 4 T2 C1l/2 p(1+0)/2
+(1+ T TV (up)) C, h'~#)

+C " hel,
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Minimizing over €, we get

||uh(T) - u(T)“Ll(Rd)
< 2|[Pp(uo) — uollL1(re)

+ C TV (ug)' (T2 TV (u0)'* + || to I /2 ey B2

2 4 a
+ T4 ||u0“2/2 Rd WA 4 TVA C l1/ pi/4+ald

+(1+ T2 TV (up) 1) C,/* h112-F12)
+CCPhel,

The result follows from the fact that ||P,(uo) — uollz1mey £ Ch TV (uo) . (See,
for example, [8] for a proof.) This completes the proof of Theorem 2.1. O

4. THE ANTIDIFFUSION SCHEMES

In this section, we prove that Theorem 2.1 does apply to the so-called mod-
ified antidiffusive flux schemes constructed from monotone schemes. For sim-
plicity, we assume here that the underlying monotone scheme satisfies sharp
entropy inequalities, in the sense of [14]. The antidiffusion schemes are for-
mally high-order accurate schemes of the form (2.6) with a numerical flux g;
given by

(4.1a) 8 k=8 K +a K
where
(4.1b) g,¥" is a two-point monotone flux,

and a} K satisfies the conservativity property (2.17) and the estimate
(4.1c) lag x| < Ahg,

for some number y in (0, 1]. To apply Theorem 2.1 to the schemes under
consideration, we only have to verify that the discrete entropy inequality (2.15),
the estimate (2.16), and the L> bound (2.18) hold.

We first show that the entropy inequality (2.15) is satisfied. By (2.8), we have

n+l - Z n+1|el

eeaK
where
1 0K
unK+e= ;l( |K| {g:nrll(n-f_a K_NE,K'f(u§)}'
Setting
1 _ 1, TPk
wlrye u;z<+e + _|K| ag g »

we get

TPk
witl = ug — 4l g'g" — Nex - f(uk)},
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and so, by (4.1b) and the CFL condition (2.7),
T
Un (¢ €) = Unt(u, €) + 16 {GY i = N - Eu(u, )}
< Unm(uiy, c) - Um(wg*y, c)

= n+l1 _,wn+1)8UM( n ) Wk n 9Unm

Uk.e = Wkie) 7, (Vk.es € =K K,eW(vl'é,e’c)a
where
T
(42) VR =(1-6F Juptl + 0% wptt = uptt pop P gn
|K]|

and 91’;’ . 1s some number in (0, 1). This proves that the entropy inequality
(2.15) is satisfied for the schemes under consideration. This, together with
(4.1c), proves that the L> bound (2.18) holds with B=1-9y.

Now, we prove the estimate (2.16). By (4.2) and (4.1c), we have

TPk
[VE e — VK, o] <|uit! —u}’(j1]+2Amh}’<
Y

v
<|utl —wtl 24— p
T 2 A R

and hence,
Nr—1

(433) Z Z Z ]v,’é’e—v,'}hel|a,"<,e||e|r§T1+T2,
n=0 KeJ, ecdk

where

Nr
(4.3b) Ti=AY Y > |u}—u} |k le|t,
n=1Keg, ecdK
Nr—1

(4.3¢) T2=2A2W oY S el

n=0 KeJ, ecdK
KcQ(T)

If 2y > 1, the term T, can be easily estimated by using the compactness of
the support of the approximate solution and the property (2.3) of the triangu-
lation:

y Nr—1
L=207m— > 3 7 ok he/IKD) K| 7
L= %20 ke, K

14
<242 T T |Q(T)| ¥,

(4.4a)

Estimating the term 7 is a more delicate matter because we need to control
the differences |uf — u;’Q |. To be able to do that, we require that the values

(4.5a) Ty > alglel

IKI ecokK ,
satisfy the so-called sharp entropy dissipation estimate
(4.5b) > (Uu(wpt!) — U () |K| + Co @ < 0,

Keg,
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where

D= 3 juk—ul 1P lelt

Keg, e€dK

for some p > 1. In [9], it is shown indeed that (4.5) holds with U,(w) = w?/2,
and p=2 or p=3.
We start with the following result.

Lemma 4.1. Assume that y > 1 —1/p. Then we have
1-1/p
Ti< 4 (uriQmy)

where €, = YN @7
Proof. By Hélder’s inequality, we obtain easily that
Nr—1

T\,=4 Z Z Z |ug — uk, | by le|t

n=0 Ke, ecdK
Nr—l

1/
SAG},/"(Z > X h}'{’lelr) ‘

n=0 KeJ,KCQ(T)e€dkK

Nr—1
- A@,l,/” i Z h}? px r)

n=0 KeJ,,KCQ(T)

(
=A@é/”(NTZ_I . A (pKhK/lKl)in)l/q
(

1/q

n=0 KeJ; ,KCQ(T)

1/q
SAG}J/p #Z Z IKIT) hr—1/4

n=0KeJ, ,KCQ(T)
| 1/q
< 46" (u T|Q(T)|> hr=1/4,

This completes the proof. 0O
Next, we use the sharp entropy inequality (4.5) to obtain a bound on 6, .
Lemma 4.2. Assume that y > max{l — 1/p, 1/2}. Then one has

2
6 <& > Ul(ul) K|
4 ke,

1 M, A\
1-=2\T T * h(1=1/p)(y=1+1/p)
w(1-5) ruiami ()

uT | QT) | h2~!.

v
Call /" |l

In the case of the (first-order) monotone schemes, 4 = 0, and the above
inequality becomes 6, < -g—4 YKed; U.(u%) |K|, which is (up to a factor 2) the
weak estimate proven for monotone schemes in [9]. In the case of the A?-
antidiffusion schemes, we can say, roughly speaking, that ©, remains bounded

+ 2M, A*
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if the scheme does not produce too much antidiffusion. This is reflected in the
condition y > max{l —1/p, 1/2}.

Proof of Lemma 4.2. If we sum over n in the sharp entropy inequality (4.5b),
we get

Nr
S (U (wp) - U ) K|+ Ca 8, <0,

n=1Ke9,
and hence
Nr
Ci©, <) > (Ua(ug") = Us(wi)) IK|
n=1Ke9,
NT NT
= (Un (") = Un (i) 1K+ )Y (Un(u) = Us(wg)) K]
n=1Ke9, n=1 Ke9g,
< Y Ud(ug) K| +Z > (U.(uf) - Ue(wg) K]
KeZ, n=1Keg,
|K1+Z Y Ul(og7,) (ug —wg) K],
KEZ n=1Ke9,
where

an n+l1 n+l _ ,n+l TPk
UK,e—( 0Ke)u +0KewKe uKe+0Ke|K|aeK’

and 9},9 is some number in (0, 1). Then,

Nt
Ci0, < > U(u)IKI=D_ > > Ulvg ) alglelt

Keg, n=1 KeJ, e€dK
Nr
an—1 ~n— -1
=Y U)K =) > > (Ulog,) — Uiy )a; T lel T,
Keg, n=1KeJ, ecdK

where o) = (0% ,+ 9 ,)/2. Hence, with M, = sup,cg | U/ (1) |, which by
hypothesis is a constant, we have
Nr—1

C48 < Z U* uK |K|+ M Z Z Z IUKe ereHaK e”eIT

Ke; n=0 K€, ecdk
By (4.2) and (4.1c), we have
C49 <ZU )IK|+ = M{T1+T2}
Keg,
and, by (4.4a) and Lemma 4.1,

Ci6, < Y U.(uy) K|+ M. A?
Ke5,

1 1-1/p
+ =M, A6)" (u T]Q(T)|> hy=1+1/p,

14
—  uT|T) | hP!
7 AT 1]

2
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By using the inequality

Foe(3) Ga)”
ab< —ad’+(1-—-) | — b,
-2 r) \pC

with a = ©,, we get, after some simple algebraic manipulations,

Ci0,<2 Y U.(u})IK|

Ke,
q
+(1_1> T u|QT)| ﬂ:ﬁ}_ ha(r=1+1/p)
D pl/pc4/P
F2M, A2 2 T |Q(T)| ¥,
17 M= #T10)]

This completes the proof. 0O
In this way, by Lemmas 4.1 and 4.2, if y > max{l — 1/p, 1/2}, then
(4.4b) T, < Csh'~1+p,

Finally, by (4.4a) and (4.4b), we get that the scheme under consideration satisfies
the estimate (2.16) with

a=min{2y -1,y -1+ 1/p}.

Since § = 1 — y, Theorem 2.1 states that the scheme under consideration
converges to the entropy solution, with an order of convergence no smaller than

min{a, 1 — f}/2=min{y - 1/2,y/2-1/2+1/2p, y/2}.
Taking y = 1, we see that the order of convergence is no smaller than 1/2p.

ACKNOWLEDGMENTS

The first author would like to thank Guangshan Jiang and Chi-Wang Shu
for their comments that led to a better presentation of this paper. This paper
was completed when the third author was a Courant Instructor at the Courant
Institute of Mathematical Sciences at New York University, supported by NSF
grant DMS-88-06731. The third author would like to thank Gui-Qiang Chen,
Jonathan Goodman, Peter Lax, Jian-Guo Liu, Richard Sanders, and Eitan Tad-
mor for fruitful conversations on the content of this paper.

BIBLIOGRAPHY

1. G.-Q. Chen, Q. Du, and E. Tadmor, Spectral viscosity approximation to multidimensional
scalar conservation laws, Math. Comp. 61 (1993), 629-643.

2. G.-Q. Chen and Ph. LeFloch, Entropy flux-splittings for hyperbolic conservation laws. Part
1: general framework, submitted to Comm. Pure Appl. Math., in preparation.

, Entropy flux-splittings for hyperbolic conservation laws. Part 2: Gas dynamics equa-
tions, in preparation.

4. LL. Chern, Stability theorem and truncation error analysis for the Glimm scheme and for
a front tracking method for flows with strong discontinuities, Comm. Pure Appl. Math. 42
(1989), 815-844.

5. B. Cockburn, The quasi-monotone schemes for scalar conservation laws. 1, SIAM J. Numer.
Anal. 26 (1989), 1325-1341.




102

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

BERNARDO COCKBURN, FREDERIC COQUEL, AND PHILIPPE LEFLOCH

. —, The quasi-monotone schemes for scalar conservation laws. 11, SIAM J. Numer. Anal.

27 (1990), 247-258.

. —, The quasi-monotone schemes for scalar conservation laws. 111, SIAM J. Numer. Anal.

27 (1990), 259-276.

, On the continuity in BV (Q) of the L 2-projection into finite element spaces, Math.
Comp. 57 (1991), 551-561.

. B. Cockburn, F. Coquel and Ph. LeFloch, Convergence of finite volume methods for multi-

dimensional conservation laws, SIAM J. Numer. Anal. (to appear).

B. Cockburn and C.-W. Shu, TVB Runge-Kutta local projection discontinuous Galerkin
finite element method for conservation laws 11: general framework, Math. Comp. 52 (1989),
411-435.

B. Cockburn, S.-C. Hou, and C.-W. Shu, The Runge-Kutta local projection discontinuous
Galerkin finite element method for conservation laws 1V: the multidimensional case, Math.
Comp. 54 (1990), 545-581.

B. Cockburn and C.-W. Shu, The Runge-Kutta local projection P' discontinuous Galerkin
finite element method for scalar conservation laws, ICASE Report No. 91-32, 1991.

F. Coquel and Ph. LeFloch, Convergence of finite difference schemes for conservation laws
in several space dimensions, C. R. Acad. Sci. Paris, Série I, 310 17 (1990), 455-460.

, Convergence of finite difference schemes for conservation laws in several space dimen-
sions: the corrected antidiffusive flux approach, Math. Comp. 57 (1991), 169-210.

, Convergence of finite difference schemes for conservation laws in several space dimen-
sions: a general theory, SIAM J. Numer. Anal. 30 (1993), 675-700.

M. Crandall and A. Majda, Monotone difference approximations for scalar conservation laws,
Math. Comp. 34 (1980), 1-21.

R.J. DiPerna, Convergence of approximate solutions to conservation laws, Arch. Rational
Mech. Anal. 82 (1983), 27-70.

. — ., Measure-valued solutions to conservations laws, Arch. Rational Mech. Anal. 88

(1985), 223-270.

J.B. Goodman and R.J. LeVeque, On the accuracy of stable schemes for 2D scalar conser-
vation laws, Math. Comp. 45 (1985), 15-21.

A. Harten, J.JM. Hyman, and P.D. Lax, On finite-difference approximations and entropy
conditions for shocks, Comm. Pure Appl. Math. 29 (1976), 297-322.

A. Harten, P.D. Lax, and B. van Leer, On upstream differencing and Godunov-type schemes
Jor hyperbolic conservation laws, SIAM Rev. 25 (1983), 35-61.

D. Hoff and J.S. Smoller, Error bounds for the Glimm scheme for a scalar conservation law,
Trans. Amer. Math. Soc. 289 (1988), 611-642.

T.Y. Hou and Ph.G. LeFloch, Why nonconservative schemes converge to wrong solutions:
error analysis, Math. Comp. 62 (1994), 497-530.

C. Johnson and A. Szepessy, On the convergence of a finite element method for a nonlinear
hyperbolic conservation law, Math. Comp. 49 (1988), 427-444.

—, A posteriori error estimate for a finite element method, Preprint (1993).

S.N. Kruzkov, First order quasilinear equations in several independent variables, Math.
USSR Sb. 10 (1970), 217-243.

, On the methods of construction of the general solution of the Cauchy problem for first
order quasilinear equations, Uspehi Mat. Nauk 20 (1965), 112-118. (Russian)

N.N. Kuznetsov, Accuracy of some approximate methods for computing the weak solutions
of a first-order quasi-linear equation, USSR Comput. Math. and Math. Phys. 16 (1976),
105-119.

, On stable methods for solving nonlinear first-order partial differential equations in the
class of discontinuous solutions, Topics in Numerical Analysis III (Proc. Roy. Irish Acad.
Conf.), Trinity College, Dublin, 1976, pp. 183-192.

P.D. Lax, Hyperbolic systems of conservation laws 11, Comm. Pure Appl. Math. 10 (1957),
537-566.




31.

32.

33.

34,

35.

- 36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

50.

S1.

ERROR ESTIMATE FOR CONSERVATION LAWS ‘ 103

_____, Hyperbolic systems of conservation laws and the mathematical theory of shock waves,
SIAM, Philadelphia, PA, 1973.

Ph. LeFloch, Convergence des méthodes de volumes finis monotones pour les lois de con-
servation scalaires, Communication to Ecole CEA-EDF-INRIA, Meeting on finite volume
methods, October 1992 (unpublished notes).

Ph. LeFloch and J.G. Liu, Entropy and monotonicity consistent EMO schemes for conserva-
tion laws, in preparation.

B.J. Lucier, Error bounds for the methods of Glimm, Godunov and LeVeque, SIAM J. Numer.
Anal. 22 (1985), 1074-1081.

____, A moving mesh numerical method for hyperbolic conservation laws, Math. Comp. 46
(1986), 59-69.

—____, On nonlocal monotone difference schemes for scalar conservation laws, Math. Comp.
47 (1986), 19-36.

S. Nessyahu and E. Tadmor, The convergence rate of approximate solutions for nonlinear
scalar conservation laws, SIAM J. Numer. Anal. 29 (1992), 1-15.

S. Osher, Riemann solvers, the entropy condition and difference approximations, SIAM J.
Numer. Anal. 21 (1984), 217-235.

S. Osher and R. Sanders, Numerical approximations to nonlinear conservation laws with
locally varying time and space grids, Math. Comp. 41 (1983), 321-336.

S. Osher and E. Tadmor, On the convergence of difference approximations to scalar conser-
vation laws, Math. Comp. 50 (1988), 19-51.

R. Sanders, On convergence of monotone finite difference schemes with variable spatial dif-
ferencing, Math. Comp. 40 (1983), 91-106.

____, Finite difference techniques for nonlinear hyperbolic conservation laws, Lectures in
Appl. Math., vol. 22, Amer. Math. Soc., Providence, RI, 1985, pp. 209-220.

J.S. Smoller, Shock waves and reaction diffusion equations, Springer-Verlag, New York,
1983.

A. Szepessy, Convergence of a shock-capturing streamline diffusion finite element method for
scalar conservation laws in two space dimensions, Math. Comp. 53 (1989), 527-545.

, Convergence of a streamline diffusion finite element method for a conservation law
with boundary conditions, RAIRO Modél. Math. Anal. Numér. 25 (1991), 749-783.

E. Tadmor, Numerical viscosity and the entropy condition for conservative difference schemes,
Math. Comp. 43 (1984), 369-382.

, Semi-discrete approximations to nonlinear systems of conservation laws; consistency
and L*° imply convergence, ICASE Report 88-41 (1988).

_, Local error estimates for discontinuous solutions of nonlinear hyperbolic equations,
SIAM J. Numer. Anal. 28 (1991), 891-906.

J.P. Vila, Problemes nonlinéaires appliqués, Ecoles CEA-EDF-INRIA, Clamart, France,
1993.

A.L Volpert, The space BV and quasilinear equations, Math. USSR Sb. 2 (1967), 257-267.

ScHOOL OF MATHEMATICS, UNIVERSITY OF MINNESOTA, 127 VINCENT HALL, MINNEAPOLIS,
MINNESOTA 55455
E-mail address: cockburn@math.umn.edu

ONERA, 29 AvV. DE LA DIvISION LECLERC, BP 72, F-92322 CHATILLON CEDEX, FRANCE
E-mail address: coquel@onera.fr

COURANT INSTITUTE OF MATHEMATICAL SCIENCES, NEW YORK UNIVERSITY, 251 MERCER
STREET, NEW YORK, NEW YORrRK 10012
E-mail-address: lefloch@cmapx.polytechnique.fr



