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THE OPTIMAL CONVERGENCE RATE OF MONOTONE FINITE
DIFFERENCE METHODS FOR HYPERBOLIC
CONSERVATION LAWS*

FLORIN SABACT

Abstract. We are interested in the rate of convergence in L' of the approximate solution of a
conservation law generated by a monotone finite difference scheme. Kuznetsov has proved that this
rate is 1/2 [USSR Comput. Math. Math. Phys., 16 (1976), pp. 105-119 and Topics Numer. Anal.
111, in Proc. Roy. Irish Acad. Conf., Dublin, 1976, pp. 183-197], and recently Teng and Zhang have
proved this estimate to be sharp for a linear flux [SIAM J. Numer. Anal., 34 (1997), pp. 959-978]. We
prove, by constructing appropriate initial data for the Cauchy problem, that Kuznetsov’s estimates
are sharp for a nonlinear flux as well.
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1. Introduction. There are many ways of looking at the accuracy of numerical
methods for solving partial differential equations. One way is to take as a measure of
accuracy the order of the error term obtained by substituting the numerical solution in
the differential equation; this is usually called the order of the method [LeV]. In what
follows, we shall refer to it as the formal order of accuracy of the numerical method.
Another way is to measure the error of approximation ||ju —ua.|| of the exact solution
u by the numerical solution ua, in a suitable norm. The parameter Az gives the
scale of approximation and converges to zero as the scale becomes finer. We shall call
the order of this error the convergence rate of the numerical solution generated by the
given numerical method, or simply the convergence rate of the method.

For linear partial differential equations with constant coefficients, the convergence
rate is the same as the formal order of accuracy, provided the solution is smooth
enough [BTW]. This justifies the use of either one as a measure of the accuracy of a
numerical method.

For conservation laws, this is no longer true. Formally, high-order methods have
low convergence rates. For many numerical methods, this is explained in part by
the relation between high-order convergence rates and high-order regularity of the
solution. If a numerical method has a high order of convergence, the solution will have
a high order of smoothness. But for conservation laws, due to the formation of shock
discontinuities, there are a priori limits on the smoothness of solutions. A discussion
of regularity spaces for conservation laws and of the implications for approximation
of solutions can be found in the papers of DeVore and Lucier [DeVLul, DeVLu2].

Moreover, there are discrepancies between the expected accuracy, given by the
formal accuracy of a method, and the actual convergence rates in cases where the
smoothness of the solution is not an obstacle. The aim of this paper is to show that
this discrepancy is not due to our inability to find better error estimates.

In what follows, we restrict our attention to monotone finite difference schemes
for scalar conservation laws. The fundamental results on monotone schemes were
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obtained by Kuznetsov [Ku2], Kuznetsov and Volosin [KuVl], and Crandall and Majda
[CrMj]. Their papers contain proofs of convergence of monotone schemes to the
entropy solution and estimates of the convergence rate in L'.

Monotone difference schemes are quite natural, since the solution operator of
the conservation law is monotone. The problem with monotone schemes, as shown
by Harten, Hyman, and Lax [HHL], is that they are at most first-order accurate,
and as a consequence, their rate of convergence in L! is restricted to O(Az), where
Ax represents the meshsize of the uniform spatial grid on which the exact solution
is approximated. On the other hand, the general proofs for convergence rates of
Kruzkhov [Kr] and Kuznetsov [Kul, Ku2] give only O(v/Az). Recently Nessyahu,
Tadmor, and Tassa [Td], [NsTd], [NTT] used a different method from the one em-
ployed by Kuznetsov to prove a convergence rate of O(Az) in W~ This higher
convergence rate in W~ translates into the same O(v/Ax) for the convergence rate
in L'. In some special cases, like Riemann problems, it was shown by Bakhvalov
[Bk] and Harabetian [Hb] that faster convergence rates, like O(Ax |log Az|), can be
obtained for a rarefaction wave; Teng and Zhang [TnZh] proved the optimal conver-
gence rate of O(Az) for solutions corresponding to initial data that are piecewise
constant with a finite number of pieces. One common feature of these results is that
they make use of the nonlinearity of the flux, while it has been known (for example
[Lul, Lu2]) that in the case of a linear flux (that is, for the linear advection equation)
and an upwind scheme, the rate of convergence for solutions of Riemann problems
(traveling waves) is precisely O(v/Az). Tang and Teng [TgTn| proved that the same
is true for all monotone finite difference schemes applied to a linear conservation
law.

All this raises the question: are better estimates possible for the case of a nonlinear
flux and general initial data? As we show in this paper, the answer is no; even for a
nonlinear flux, we can construct initial data for which the convergence rate in L' of
the corresponding numerical solution to the exact solution is no better than O(v/Ax).

Our construction consists of an initial condition that is piecewise constant with
infinitely many pieces. We obtain the error estimate by using linearized equations
associated with the conservation law and the error estimates already available for
linear equations.

2. Monotone finite difference schemes. In this section we review the basic
notations, definitions, and theorems concerning monotone finite difference schemes.
In order to construct an approximate solution to the conservation law

(CL) Ou(z,t) + dive f(u(z,t)) =0, u(z,0) = up(x),

we replace derivatives by finite differences and the solution u by a piecewise constant
function on a uniform grid. For simplicity of notation, we restrict ourselves to the
one-dimensional case.

Let I; := [j,j + 1) for any j € Z, and let (6qu)(x) := u(azx). The piecewise
constant numerical approximation to the solution is given by

(2.1) WA, = Ung (-, nAL) = Ul 81 a0 X1, -
JEZ

Here, Ax is the meshsize, At is the time step, and n represents the number of steps
in time performed. For the initial condition u} , we take the orthogonal projection of
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the initial datum g onto the space of piecewise constant functions on the given grid
1 (7+1) Az
(2.2) ul\, 1= Pagug = Zu?él/AIXIJ , u? = A—/ uo(x) dx .
- X N
JEL Jor
n+1

By an explicit numerical scheme, we mean a transformation (u})jez — (uj " );ez of
the form

n n At n n n n
(2.3) upth =l — Ar (W)@ pgs st g) = BOF) (Ui 1)]

The quotient A := At/Axz is constant, meaning that the grids we consider are uniform
in space and time. The numerical flux h(f) is a function of p + ¢ variables, and the
method is called a (p + g + 1)-point scheme. We note that the numerical scheme can
be rewritten as

2 VB = 652 S,
. :61/Ax SnéArquz 5
where
(2.5)  Su(x):=ulx) = Ah(f) (ulz—p+1),...,u(zx+q))
—h(f) (w(@—p),...,u(@+q—-1))] .
A three-point scheme can be written as
(2.6) uf Tt = = A [P(f) (W, wtyy) = h(f) Uiy, uf)]
In this particular case, the operator S becomes

(2.7) Su(z) := u(x) = AMh(f)(u(@), u(z + 1)) = h(f)(u(z = 1), u(z))] .

Using the piecewise constant functions w}, that approximate the exact solution at
nAt,n = 0,1,..., we can construct various approximations to u in the whole half-
space. For example, we can choose piecewise constant functions in time

(2.8) uaz(,t) = uaz(-,nAt), nAt<t<(n+1)At,
or we can take piecewise linear functions in time
(2.9)  waz(-, (1 —a)nAt + a(n+ 1)At)
= (1 — ®)uaz(-,nAt) + aupaz (-, (n + 1)At), 0<a<1.

We are interested in the convergence of the approximations ua, to the entropy solution
of the conservation law. We say that ua, — u in L>([0,T], L*(R)) when Az — 0 if

(2.10) sup fluaz(-,t) —u(-t)|[1w — 0 for Az — 0.
0<t<T

We note that, since A = At/Ax is constant, Az — 0 means At — 0 as well.
We say that the numerical flux h(f) is consistent with the differential flux f if

h(f)(e,...,c) = f(e).
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The numerical scheme (2.3) is said to be conservative since the operator S defined
by (2.5) preserves integrals, that is

(2.11) /}RSu(x) dx:/Ru(:r) dx ,

whenever u, Su are integrable. Indeed, the integrals of the last two terms on the right
in (2.5) are equal, since each can be obtained from the other by a translation in the
variable x.

The numerical scheme (2.3) is called monotone if the operator S is monotone,
that is, if u > v implies Su > Sv.

By a theorem of Lax and Wendroff [LaW], it is known that if a consistent scheme
of the form (2.3) converges, in the sense that ua, converges boundedly almost every-
where to a function u, then the limit u is a weak solution of (CL). The problem is that
it might not converge, or it is possible that it converges to the wrong solution [HHL].
However, if the operator S is monotone, the scheme converges, and it converges to
the entropy solution. Kuznetsov [Ku2] proved the following theorem.

THEOREM 2.1. The approximate solution generated by a monotone, conservative,
and consistent numerical scheme (2.3) with a Lipschitz continuous numerical flux
converges in L°°([0,T], L*(R)) to the entropy solution of (CL) for any initial condition
in L' N L*(R).

In addition, if the initial condition has bounded variation,

(2.12) uae(-t) —u(-, t)|| < CrvVAz

forall0<t<T.
Next, we give some examples of monotone schemes.
(1) The modified Lax—Friedrichs scheme

n A Q
Uy = U}L ) [f(U?H) - f(u§l1)] + 5(“?“ - 2“? + “?A)a

_ 04w Q
(213 W (), 0) = SO R - X o),

where 0 < @ < 1. Here, modified refers to the coefficient @}, which in the Lax—
Friedrichs scheme is equal to 1. If @ is chosen greater than 1, the scheme cannot
be monotone. Sufficient conditions for monotonicity are that QA < 1 and @ >
Amax|f’(u)].

(2) The Engquist—Osher scheme

wpth =l = A ]) = ) + () = ()]
(2.14) REC(f)(u,0) = f~(v) + f*(u)

where f* = [f'V0and f~ = [ f'A0. A sufficient condition for monotonicity in
this case is A max|f’(u)| < 1.

(3) The Godunov scheme is defined as follows: let Pa, be the orthogonal projector
onto the space of piecewise constant functions as defined by (2.2) and let E(¢) denote
the exact solution operator of (CL); then, we define

(2.15) uit! = Pao E(At)uy, .

Since both Pa, and E(At) are monotone operators, it follows that S, the numerical
evolution operator, is also monotone. In this case, S is given by the formula S =
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62cPazE(At)81/a,. Under the additional assumption Amax]|f’(u)| < 1/2, Osher
[Os] showed that for a general, possibly nonconvex flux f, the Godunov scheme can
be written as

wlth =l — A [fu(uf, ) = fut (), )],
R () (u,v) = f(u*(u,0))
where

Ien[ln]f( w) ifu<w,
* w u,v
(2.16) 0 (u,v)) = max f(w) ifu>wv.
we[v,u)
The strengthened Courant—Friedrichs—Levy (CFL) condition Amax|f’(u)] < 1/2 is
equivalent to the requirement that the Riemann problems we solve at consecutive
gridpoints in Godunov’s scheme do not interact.

In our examples, the conditions we give as sufficient for monotonicity also enforce
the CFL condition.

We note that, for Burgers’s equation (f(u) = %uz) and positive initial data, or
a linear advection equation with positive transport velocity, (2) and (3) coincide and
become an upwind scheme:

(2.17) u?“ =uj — A [f(u;‘) - f(u?fl)] .

We now present sharp estimates for the L! error of approximation, ||u(-, NAt) —
unz(-, NAt)||L1(ry, in the case f(u) = cu, that is, when the equation is linear. De-
tailed proofs can be found in the lecture notes of Lucier [Lu2] and in the paper of
Tang and Teng [TgTn].

We apply a monotone finite difference scheme to the linear advection equation

(LCL) Opv(z,t) + copv(x,t) =0, w(z,0) = up(z),
where
aif x <0,

2.18 =
(2.18) o (@) {bif:c>0,
and ¢ > 0. The exact solution is
(2.19) (2,T) = aif x < T,

' W)= bif x > T .

We assume that the monotone (p + g + 1)-point scheme we chose has the form

(2.20) VIt = Z asvly,

s=—p

when applied to the linear advection equation. For such a scheme applied to the
Riemann problem (2.18), we have the following estimate of Tang and Teng [TgTn]:

[0(,T) = vae( D)l w) = clp g Ib—al > Vas N7V

s;éso

— c<p,q>|ba|\/f S Vas Ve,

S#S0

(2.21)
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where T'= NAt, ¢(p, q) is a universal constant depending only on p and ¢, and sq is
determined by as, := max as. We note that this estimate holds for both a < b and
S

for b < a.

3. Comparison of the linear and the nonlinear schemes. Our next goal is
to compare the numerical solutions provided by the same numerical scheme applied
to the nonlinear problem

(CL) 8{[1,(17, t) + aIf(U(I, t)) =0, U(I, 0) = UO(I)
and to the linear transport equation
(LCL) Opv(z,t) + cOpv(z,t) =0, w(z,0) =up(z)

in the case of a Riemann problem. That is, given the nonlinear conservation law
(CL) and some numerical method for its solution, we shall apply the same numerical
method to a linear problem (LCL) and compare the solutions of the two. We shall
show that, if the variation of the initial datum wug is small, the error of approximation
for (CL) is close to the error of approximation for (LCL). This is due to the fact that,
for small discontinuities, the nonlinear equation exhibits behavior very similar to that
of the linear equation.
For the remainder of this section, we take

aifx <0,
1 =
(3:1) uo(2) {bifxzo.

As before, our estimates hold for both a < b and b < a. We fix T' > 0 and we allow N,
the number of time steps performed, to vary. That means that we let Az = At/A =
T/AN. Thus, our parameter is N, and we want to express everything in terms of N,
rather than Az or At. For this purpose, we need to make a small modification in the
way we write the numerical scheme. Let d := T/ and let I.(u) := cu; then, we claim,
for0<n <N,

(3.2) upaz( -, nAt) =65 STug  and  wvax(-,nAt) = 6n SY ug ,

where

Sru(a) = u(w) — () ule — (p— 1)), .. ,u<x+qd>>
() (e~ pd), . ula + (g~ D)

Saule) = u() — = [ (ule — (p— V), .., ule -+ ad)
(e~ pd), - ue -+ (g — 1)),

We remark that uOAgC = ug due to the particular form of ug. We have only rewritten
(2.4)—(2.5) since

(3.3)

)
)

Ungz (-, nAL) = 6172 5™ Onx uOAm

= 6N 61 /Naz S" ONAz 01N U
(3.4) N O1/NA NAz :L/N UAIO
=6n (61/N2s SONaz) b1/n UA,

n , 0
:6NSIU’AZ7
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with the observation that S is the one given by (2.5) and the initial datum wug is
dilation invariant. The same analysis gives S5.

Thus, ua. (-, NAt) and va. (-, NAt) represent the numerical solutions for t = T
corresponding to the same numerical method applied to (CL) and (LCL), respectively.
We recall that h(f) is the numerical flux obtained by applying our numerical method
to (CL) and that h(l.) is the corresponding numerical flux for (LCL).

We now make some supplementary assumptions on the numerical method under
consideration. We shall need the following two conditions for f and the numerical
method:

(C1) h(l.) is a linear function, h(l.)(z1, . .., Tpre) = St L bz, for I.(u) = cu, and
(Ca) sup;|0:h(f)(€) — b;] < C(m, M, f)|b — a| uniformly for £ € [a,b]Pt? (or
[b,alPT), m < a,b < M, and ¢ = f'(¢) for some ¢ € [a,b] (or [b,a]); the
b; are determined by ¢ through condition (Cy).
To understand the nature of these conditions, suppose we have a numerical method
for solving a nonlinear conservation law (CL) with initial condition (3.1). We want
to show that the numerical behavior of this method is closely related to a numerical
scheme for the linear equation (LCL) with the same initial condition, provided we
choose ¢ = f'({), with ¢ between a and b and a, b close to each other.

Essentially, (C1) and (Cs) express the fact that the nonlinearity of the numeri-
cal scheme for the nonlinear conservation law is due only to the nonlinearity of the
differential flux f, and not to the numerical method being based on nonlinear approx-
imation.

For example, it is easy to see that these conditions are satisfied by the modified
Lax—Friedrichs scheme, by the Engquist—Osher scheme, and by Godunov’s scheme in
the simple case when it reduces to an upwind scheme.

We want to estimate Ex = [Juaz(-,T) — vac(-, T)llerw) = lluac(-, NAt) —
vAz( -, NAt)|| L1 (r). To do this, we use an idea of Harabetian [Hb], which is essentially
induction on N. Let At' :=T/(N+1) and let Az’ be the corresponding z-grid scaling
parameter. Then

upaz (-, T) —vaw (-, T)
=upy (+, (N 4+ 1)AY) —van (-, (N + 1)AY)
=6n1 ST ug — Sny1 ST g
= 8141/n 68 S101/5 6N ST uo — 81415 6n S161/n5 68 S5 o
(3.5) + 0141/N ON S101/N 6N Sév up — O141/N ON S201/N 6N Sév ug -

Applying the triangle inequality to (3.5), we obtain
Eni1 < |[6141/n [(6nS161/8)0N8 ST 1o — (65 S161/n5)0N 53 o] HLl(R)
(3.6) + ||6141/n [(65S161/8)0n S5 w0 — (5 S261 /3 )6 S5 w0 HLl(R)

N N
< 7N+ 1E’N + N7+1 H(SNSI(Sl/Ng_6N5261/N9HL1(R) s

where g = x5 SY ug. To estimate the first term, we also used the fact that §x S; O1/N
is a contraction in L!. This follows from the fact that the numerical method is
monotone and conservative and from the Crandall-Tartar lemma [CrTt]. Also, the
method is total variation diminishing and thus preserves monotone profiles, so ¢ is
monotone and |g|py = |b — a|. Now, we estimate the second term in the inequality.
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By using the mean value theorem, we have
ON S161/Ng—OnS261N g
L h(f)(g(x — (p— Dd/N), ... g(x + qd/N)
—h(f)(g(z — pd/N),...,g9(x + (¢ — 1)d/N))]
S (9 — (o= DN, gl -+ gd/N))
—h(le)(9(z — pd/N),...,g(z + (g — 1)d/N))]
S ()~ h(1) (6~ &)
1

==V (h(f) = h(le)) () - (61— &2)

S

where £ is a point on the line segment determined by & = (g(x — (p — 1)d/N),
..,9(x+qd/N)), and & = (g(x — pd/N),...,g(z + (¢ — 1)d/N)). We also note that
&1,&2,€ are all in [a, b]PT9, and using (C2) in (3.7), we have

l6n S161/8 9 — On S2 618 9l L1 (m)

1 d
(3.8) B EC(m, M, f)|b— CL|N||51 —&llnm

(b—a)?
N

+ d
< E=2Cm M, f)lb - al lglsv = C

where the constant C' depends only on p, ¢, A\, m, M, and f. Hence, by using (3.8) in
(3.6), we have

N C
< E —a)?.
= N+1 N+N+1(b @)

(39) EN+1

By repeatedly applying (3.9) for N — 1, N — 2,..., we conclude with the following
estimate for the error:

(3.10) Exy <C(b—a)?,

where the constant C' depends only on p,q, \,m, M, and f.

Next, we estimate how close the exact solutions of the two problems are. Let
u(z,t) be the exact solution of (CL) with initial datum (3.1). To keep the description
of the exact solution simple, we assume f to be strictly convex on [m, M| and we
have, when a < b (the rarefaction case),

a if z < f'(a)T,
(3.11) w(@,T) ={ (f) " @/T) if f'(a)T <z < f(b)T,
b it f/(O)T <z

for any m < a <b< M. If a > b (the shock case), we have

a if z<T(f(a) = f(b))/(a—D),

(3.12) u(z,T) = { b it x> T(f(a) = f(b)/(a—Db)

forany m<b<a< M.
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Let v(x,t) be the exact solution of (LCL) with initial datum (3.1). Then

a ifzx<ecT,

(3.13) vl T) = {b ifx>cT.

Taking ¢ = f/({) for some (¢ in [a,b] (or [b,a]), we obtain
lu(-,T) = v(-, D)l @) < (b—a)*T sup |f"(€)]
(3.14) a<g<b
< C(m, M, f,T)(b~a)*,
uniformly for m < a,b < M.

Returning to the general case of a nonlinear flux f, we estimate from below the
error for a single Riemann problem. Combining (3.10) and (3.14), we have

Hu<'>T) _qu('aT)”Ll(R)

) —vaz( D)l

+T) - U('vT)HLl(]R) —uaz(-,T) — UAm('aT)HLl(R)
T) —vaz (D)l 1wy — Cb— a)? .

(3.15)

The functions v and v¥, are solutions of an auxiliary linear transport equation with

transport velocity ¢ = f'({) for the same ¢. The point is that for small [b — a|, the
error is as in the linear case.

To summarize, we have proved the following theorem.

THEOREM 3.1. We assume that for a given monotone, conservative, consistent
finite difference method (2.4), (2.5), there exist m, M such that (Cy), (Cz) hold. Fur-
thermore, we assume f to be strictly convex on [m, M]. Let u be the exact solution
of (CL) with initial condition (3.1), and let ua, be the corresponding approximate
solution generated by the numerical method. Then,

(3-16) u(-,T) = uaa(-, T)|lrw)
> [[o( T) = vau( T)llpr @ — C(m, M, f,T)(b—a)®

where v is the exact solution of (LCL) with initial datum (3.1) and va, is the cor-
responding approximate solution generated by the numerical method. The estimate is
uniform with respect to the transport velocity in the linear problem, ¢ = f'({) for ¢ in
[a,b] (or [b,a]) and uniform with respect to a,b such that m < a,b < M.

4. The main result. We return now to the error analysis for the nonlinear
conservation law

(CL) Opu(z,t) + 0z f(u(x,t)) =0, wu(z,0) =wup(x) .

Throughout this section, we assume that we have fixed a monotone finite difference
method that, together with the flux f, satisfies the hypotheses of Theorem 3.1. We
define

(4.1) up(z) := Z Z ¢i Xr,; (%),
>0 1<j<k;

where ¢; > 0,c9 > ¢1 > ¢ > -+, k; are nonnegative integers and the intervals I;;
are pairwise disjoint. In addition, the intervals I;; are situated on the real axis in a
sequence Io1, ..., Lokgs- s L1ty s Likys----
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The CFL number is determined by |lug||ze ) = co and f. For simplicity, we set
T =1 and we take At = 1/N and Az = 1/AN = d/N. For technical reasons, we will
assume N to be an integer power of 2. We carry the numerical computation for N
steps on the uniform grid, with At and Az as defined above.

First, we choose the intervals I;; such that the following two conditions are sat-
isfied uniformly for N:

(4.2) Paguo =g (see (2. 2))7
(43) ||U(, ) - qu ) ”L1 (R) = Z ||U” - ulAJ;z(v l)HLl(R) ’

where v* and U’Xa: are the exact solutions and the numerical approximations corre-
sponding to the initial data ¢; xr,,(x). To obtain (4.2) and (4.3), we fix the endpoints
of each interval to be points from dZ. Then, we take the length of each interval to be
(p+q+1)d, and we set the distance between any two adjacent intervals to be at least
(p+q+1)d. This guarantees that after N steps in the computation, the disturbances
propagating from each interval endpoint will not interact with each other, neither in
the exact solution nor in the numerical solution.

Indeed, for the numerical solution we see that after one iteration, the value at one
gridpoint can influence at most ¢ cells to the left and p cells to the right, for a total
of (p+¢g+1) influenced cells at the next time level. Since we are iterating the scheme
N times, and the size of one cell is Az = d/N, we obtain a domain of influence of
length (p + ¢ + 1)d. For the exact solution, the assertion is also true, since the CFL
condition says that the domain of numerical propagation should include the domain
of maximum propagation of the exact solution.

Now, we need to define the constants ¢; and k;. We want ug € L' N L> N BV (R).
Calculating the L'-norm and the BV-norm of ug,

(4.4) luollr ey = S kici(p+q+ d = (p+q+1)d > ki
>0 >0
(45) ||u0HBV(R) = Z kz 201' = QZkzcz s
>0 >0

we conclude that ug € L* N BV(R) if and only if Y, kic; < +00.
We recall that, under the assumption (C7), the numerical method applied to a
linear problem gives a linear numerical scheme

(4.6) "'H Z asviy g -
s=—p
Returning to the error estimates, we combine (3.16) with (2.21) to obtain

' = uZ Nl > 2e(pg) ei Y Vald N7V =2C(0,c0, f,1) ¢
s#so

=2¢; [ de(p,q) Z\/&TN 12 _ C(0,co, f,T)ci

S#£S0

(4.7)

The coefficients a’ are those determined by (4.6). The differential flux of the auxiliary
linear problem is I.(u) = cu with ¢ = f/(¢),0 < ¢ < ¢;.
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We need a uniform estimate from below for >, \/ai. We shall make the
following assumption concerning the flux f and the numerical method we have chosen:
there exist M > 0 and 8 > 0, such that for all 0 < { < M,

(4.8) > Vai=B>0

S#So

uniformly, where a, are the coefficients from (4.6) and l.(u) = cu with ¢ = f/({).
Here are the coefficients a, in two particular instances.
(1) For the modified Lax—Friedrichs scheme:

(4.9) a_1=(Q+X)/2, a=1-Q, a=(Q—X)/2.

(2) For the upwind scheme (which in the linear case under consideration coincides
with both the Engquist—-Osher and Godunov schemes):

(4.10) a_1=X,ap=1—Xc,ifec>0,a0=1+Xc,a1=—-Xc, ifc<O.

In the first case, Z#SO Vas > 8 > 0 is satisfied always. In the second case, if
f'(0) = 0, it is no longer satisfied since Ac — 0 when ¢ = f/({) and ¢ — 0. In case
1(0) # 0, there are no problems with the upwind scheme either.

Returning to the error estimate, we have under the assumption (4.8)

ki
(411) S (1) — w0 Dl = Ak (VY2 — Bes)
J=1

for all ¢, with A, B > 0 independent of ¢ and N. From (4.3) and (4.11) we get

=

i

(4.12) (1) = wae (s Dll ey = Y 1w (1) = uZ, (1)l i)

> AI{?iCi(N_l/2 — Bci)

for all i and N. Now we fix @ > 1, and we let ¢; = 27%, k; = [2%~%] + 1. With this
choice of ¢; and k;, we have

D kiei =Y 27N (2% + 1)
i>0 i>0

<24 i < 400 .

i>1

(4.13)

Thus, ug € L' N L> N BV(R). Now, given N an integer power of 2, At = 1/N,
Az =d/N, let i(N) =logy N. From (4.12) with ¢ = i(N) we obtain
u(-,1) = uag (- Dllpir) = Akinyciony (N2 = Beywy)
= A([2'Wi(N)=] 4 1)27 N)(N~1/2 — B2=i(V))
(4.14) > AN(logy N)"*N-Y(N~1/2 - BN~1)
= A(log, N)"®N~1/2(1 — BN~1/2)
> C(logy N)"*N~1/2
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for N > Ny such that 1 — BN~'/2 > 1/2, which is the same as requiring that Az < &y
for some g9 > 0. In other words, we proved that

(4.15) lu(-,1) = uae (- 1|l pr @) > C(a)|logy Az|”*V Az

for a sequence Ax = d/N < gq for any fixed a > 1.

Thus, we have proved the following theorem.

THEOREM 4.1. We assume that for a given monotone numerical method and a
giwen differential flux, the hypotheses of Theorem 3.1 are satisfied. Furthermore, we
assume that (4.8) holds. Then

(4.16) sup{s>0: forallT >0 there exists Cr >0 such that
for allug € L' N L™ N BV (R), [[u(-,T) — uaz (-, T) |11 ®) < Cr(Az)*} =1/2,

where u and ua, are the exact and numerical solutions to (CL) for a uniform grid
with meshsize Ax.

Remark. As we noted earlier, in the case of the modified Lax—Friedrichs scheme,
all the hypotheses of the theorem hold if f is strictly convex. However, in the case of
an upwind scheme (to which Godunov’s scheme would reduce if f > 0), (4.8) might
fail to hold if f'(0) = 0. Specifically, our example doesn’t work for Godunov’s method
applied to Burgers’s equation. In spite of this, if we drop the requirement uy €
L'(R), we obtain an analogous result replacing uo defined by (4.1) and the paragraph
following by @y = K + ug, with K some positive constant. Then @y € L* N BV (R)
and (4.16) becomes

(4.17) sup{s >0 : for all T > 0 there exists Cr > 0 such that
for all Uug € L>*n BV(R)a ||U(,T) - UAz( ' aT)”Ll(R) < CT(Ax)S} = 1/2 .
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