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Summary. We introduce a new technique for proving a priori error esti-
mates between the entropy weak solution of a scalar conservation law and
a finite—difference approximation calculated with the scheme of Engquist-
Osher, Lax-Friedrichs, or Godunov. This technique is a discrete counterpart
of the duality technique introduced by Tadmor [SIAM J. Numer. Anal. 1991].
The error is related to the consistency error of cell averages of the entropy
weak solution. This consistency error can be estimated by exploiting a reg-
ularity structure of the entropy weak solution. One ends up with optimal
error estimates.
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1 Introduction

In this paper we consider the following convex scalar conservation laws
(1.1) O+ Opf(u) =0, inR xR,
u(.,0) =ug, inR,

with f € C?(R) being strictly convex; without loss of generality we assume
that f(0) = 0. The initial data is supposed to satisfy ug € L N BV (R)
and especially

(1.2) Un <wug(z) <Upy  foralmost all z € R.

On these conditions it is clear that there exists a uniquely determined entropy
solution in L>° N BV (R x R*) to (1.1), see, e.g., [11, Theorem 3.1, p. 69].
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A commonly used numerical approximation to the entropy weak solution
is given by a scheme in conservation form with numerical flux g : R? — R
satisfying
1. (Monotony) g is non-decreasing with respect to its first argument and
non-increasing with respect to its second argument.
2. g € C*(R?).Inparticular, g is locally Lipschitz continuous, i.e. for every
compact interval I C R there exists a constant Ly > 0, depending on [
and f only, such that for all uy, us, v1,ve € I

lg(ur,v1) = g(uz, v2)| < Ly[lur — ua| + [v1 — va| .

3. (Consistency)
g(s,s) = f(s) VseR.

A well-known example for such a numerical flux is the Engquist-Osher
flux which is defined by

(1.3) g(v,w) = /max{f/(s),O}ds—i—/min{f’(s),O}ds.
0 0

Let the real line be partitioned by an equidistant grid (z;/2);ez With
Tj11/2 = (j + 1/2)Az. The time axis R* is partitioned by an equidistant
grid of grid size At. The numerical scheme then reads as follows.

For i € Z set

Tiy1/2

1
(1.4) v? = / uo(y)dy.

Ti—1/2

Let (v}");ez be given for n € N. Define

At
ntl._ n_ T7 ot Y (o ol
(15) UZ' =0 A.’L‘ [Q(Uz >Uz+1) g(vz—b vy )] .
Set
(1.6) vp(z,t) =0 for (z,t) € [wi_l/g,3:,~+1/2[><[t”,t”+1[.

We are interested in a priori error estimates for the error between the
numerical approximation vy, and the entropy solution u. In an a priori er-
ror estimate the error between the entropy weak solution and a numerical
approximation is bounded by some expression that solely depends on the
entropy weak solution. In contrast, in an a posteriori error estimate the error
is bounded in terms of the numerical approximation which can be used for
designing adaptive methods.
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We want to derive an a priori error estimation technique which takes the
approximation of the continuous flux f by a numerical flux g into account,
that is a technique that relies up on the consistency error which has to be
measured appropriately. Up to now we do not know of any such technique
in the literature.

It is known that for convex conservation laws the rate of convergence in
the L (L") norm is (Ax)'/2, see [16]. However, this technique, which uses
the uniqueness proof of Kruzkov, is in fact an a posteriori technique. It has
been turned by Cockburn and Gremaud [1-3] into an a priori technique, but
it does not give any relation between the numerical flux and the continuous
flux, that is it does not relate the error to the consistency error. However,
such a relation would be needed essentially if one would like to prove er-
ror estimates for higher order schemes like MUSCL schemes which show
convergence rates higher than those for first order schemes in numerical
experiments [14, Example 3.5.10].

A different approach to prove error estimates has been proposed by
Tadmor and co-workers in the last years [27,19-21,28] which utilizes the
uniqueness proof due to Oleinik [22], see also [8, Theorem 3, p. 151]. How-
ever, this Lip™ — Lip’ technique again results in an a posteriori approach
which has been exploited numerically by Kurganov and Karni [13]. We will
cast this method into an a priori technique. It is linked to corresponding tech-
niques for parabolic problems. Let us briefly comment on the techniques to
prove error estimates between the solution of a linear parabolic problem and
the numerical approximation given by some finite element method, see, e.g.,
[7, Chapter 16]. The error accumulation is controlled by the solution of a
backward in time dual problem. Using the continuous dual problem leads
to an a posteriori error estimate while the use of a discrete dual problem
gives an a priori error estimate. This is the main idea behind our technique.
However, since we are in the hyperbolic case and have to deal with possibly
strong nonlinearities, the method is more technical.

Let us assume for a moment that the entropy weak solution w to (1.1) is
smooth, i.e. itis a classical C"! solution to (1.1). Integration of the differential
equation over [x;_1 /9, Ti41/2[X[t", t" 1 yields

Tit1/2 Tit1/2
(1.7)7[ u(y, ") dy — 7[ u(y, t")dy
Ti—1/2 Ti—1/2
tn+1 tn+1

[ i mar = fluleigpmar] = o
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where we used the abbreviation
b

b
1
fg(s)ds =3 /g(s)ds, a,beR, a<b,
—a

a

and \ := At/Azx. Set
Tit1/2

(1.8) up = 7[ u(y, t")dy.
Ti_1/9

Hence, we can rewrite (1.7) as follows

n n Aﬁt n n n n n
(1.9) ufth = — A |:g(ui suity) — g(uiq, uj )} + Ri'(u),
where
(1.10) R}(u)
tn+1
At Tit1/2 " Tit+3/2 "
= I[Q( ]C u('7t )7 J[ u(.,t )) - 7[ f(u(xi+1/277—))d7—}
z Ti—1/2 Tit+1/2
tn
tn+1
At Ti—1/2 " Tiy1/2 "
_Z[g( ]C U(,t )7 )C U(,t )) - 7[ f(u($i—1/277))dT:|'
x Ti—3/2 Ti—1/2 n

Note, that R]*(u) is nothing else than the approximation error between the
numerical flux and the continuous flux. Usually this consistency error comes
up in a pointwise sense, but here it appears in the sense of mean values which
is due to our finite volume point of view.

Using that the scheme (1.5) is monotone under a suitable CFL—condition
we get with the Crandall-Tartar Lemma [4] that the method is L* contractive
and hence we get for the error e” := u™ — v™ the estimate

le(t™) I =Y Azfulf — o]

i€EZ
N-—1
<Y Azl o[+ DD Ax|R (u)]
i€Z n=0 {€Z
<> Az — o +0(1),
i€Z

where in the last inequality we have used a simple Taylor series expansion
up to first order to estimate the consistency error in (1.10).
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Unfortunately, we do not get a convergence rate, i.e. power of Ax for
the second term. The reason for this is that an order of 1/2 is optimal in
case of linear equations as shown by Tang and Teng [32] and with this
simple approach we can only expect an integer order of convergence. We
have to weaken the sense in which we measure the consistency. As Tadmor
suggested, an appropriate space is Lip’ to measure the consistency in. Lip
is the dual of Lip which is roughly speaking the space of all L*° functions
that have bounded difference quotients (for the exact definition see Sect. 2).
In Sect. 4 we shall prove that the following weak error estimate holds (see
Theorem 10)

(1.11) leNluip < S(EY) sup - L R(u)

)
lip’

At

where lip’ is a discrete version of the space Lip’. The factor S(t") mea-
sures the stability of the discretization and is related to Oleinik’s entropy
condition. The second factor measures the consistency of the scheme. The
most important point to note is that the consistency error R™(u) is written in
terms of cell averages. Exploiting regularity properties of the entropy weak
solution we shall show (Proposition 27) that

= O(Ax).

(1.12) HR”
lip’

By interpolating between lip’ and bv which are discrete analogies to Lip’
and BV one can control the [ error and we end up with the well-known
result, see, e.g., [19, Thm. 3.1] or [11, Thm. A.1, p.162]

Theorem 1 Assume the the initial data vy € Lip*™ N BV (R) and that the
entropy solution u to (1.1) with strictly convex f is piecewise smooth and
satisfies the regularity Assumption 24 below (see Sect. 7). The numerical
approximation is defined by the scheme (1.4), (1.5) with the numerical flux
of Engquist-Osher (1.3) where the following CFL—condition is supposed to
hold

At 1

1.13 — < =,

(19 Az U, U] 71=3
Then, for all n € N there exists a constant C' > 0 depending only on t", f
and ug such that

(1.14) [u" — o™ < C(Az)'/?,

where u"™ are the cell averages of the entropy weak solution defined in (1.8)
and the norms and spaces are defined in the next section.
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Remark 2 1. For the ease of presentation we have formulated this result in
case of the Engquist-Osher scheme. However, the explicit form of the
numerical flux enters only at one specific point, see Lemma 14. Hence
one has to check a similar results for a given numerical flux. We indicate
the argumentation for the fluxes of Lax-Friedrichs and Godunov, see
Lemma 15 below.

2. Note, that the error estimate (1.14) can be casted into an error estimate
for the corresponding functions as follows. Define

up(a,t) = ui for (z,1) € 219, i1 x[t", "],
and similarly define vy, from (v"),en. It is straightforward to check that
with a constant C' > 0

[u(.st) —un( )y < CAzfu(.,t)|py®) < CAz[uo|py (r)-
Using the triangle inequality, one gets from (1.14)
(") = on (1) 1wy < C(Az + (Az)'?).

3. If the continuous flux f is linear Tang and Teng [32] have proved that
the order 1/2 is optimal. If f is strictly convex, the case we consider
here, Teng and Zhang [33] proved that for special solutions which are
piecewise constant and consist only of shock discontinuities one can
achieve an order 1 of convergence. Finally, Sabac [23] proved that in
general the order 1/2 is optimal.

4. The condition that ug € Lip™ means that we exclude the case of initial
data corresponding to an initial rarefaction, that is initial data

() = w if <0,
YO =Y, if 2 >0,

with u; < u,, u;, u, € R. Nessyahu and Tassa [21] have modified
Tadmor’s a posteriori approach and have been able to prove in the case
of Lip™ unbounded initial data a convergence rate of the error between
the entropy weak solution of (1.1) and a viscosity approximation of order
O(e'/?|Ine|). The main step in their proof is a sharp stability estimate for
| f'(u(.,t)| Lip+. Up to now, similar results using this duality technique
have not been proven for monotone schemes. We are able to treat this
case within the framework of our a priori technique based upon duality
techniques. If f(w) = cw? with a positive constant ¢ then we get the
same convergence rate O((Az)/?|In Az|) for approximations defined
by the Engquist-Osher scheme. However, in the general case we have
only been able to prove the non-optimal convergence rate of O((Ax)'/3),
see [15].
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The rest of this paper is organized as follows. First, we introduce some
notations in Sect. 2. Then, we present a discrete interpolation result (Theo-
rem 7) which guides the further program. In order to apply this interpolation
result, we need a weak error estimate, i.e. an estimate in a negative norm,
see Theorem 10. For this result, we need a stability result of a discrete dual
problem which reduces to Oleinik’s entropy condition for the entropy solu-
tion and the numerical solution, see Sect. 5 and 6. Finally, the weak error
estimate mentioned before gives a relation to the approximation error be-
tween the numerical flux and the continuous flux. This consistency error is
estimated in Sect. 7. In Sect. 8 we put all results together and prove our main
result Theorem 1. We end with a conclusion and an outlook.

2 Notations

We denote spaces of functions by capital letters and spaces of sequences by
lower case letters.

Let I C R be an open interval. By LP(I), 1 < p < oo, we denote
the well-known Lebesgue space of functions f : I — R with finite ||.|| .
norm, see e. g. [9]. Furthermore, we need the set of functions with bounded
variation, see e. g. [9, 11], which is defined as follows

Q.1 BV(I):={f e L'D| |flpvu) < oo},

where the BV semi-norm is given by

2.2) |flsv) = SUP{/f(ﬂf)gl(ﬂf)d%‘} g€ Co(I), llgllpeo(r) < 1}.
T

Here, CJ(I) denotes the set of continuously differentiable functions f :
I — R with compact support (in I). Finally, we need the spaces Lip and
Lip™ which are defined as follows

Lip:={f € L*R) | [flrip < o0},
Lip™ :={f € L*(R) | [f|rip+ < oo},
where the corresponding semi-norms are given by
f(x) = fy)
r—y

| f|Lip := ess sup

)

TH#Y
+
| f|Lip+ := ess sup <W> , (a)" :=max{a,0} acR.
TH#Y -
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By N we denote the set of positive integers and by Z the set of integers.
Let (¢;);cz be a sequence of real numbers that is associated with a partition
of R into intervals I;, i € Z, of length Az > 0. Define for 1 < p < oo

1/p
(2.3) ¢l (az) = (ZA$|¢i|p> :
1E€EL
The discrete maximum norm is denoted by

(2.4) 9100 (Az) := sup |-
1EL

We shall need a discrete space of sequences with zero mass. We define

(2.5) B(Az) = {((/)z)zez cl'(Az)| Y Azg; = o}

€L

Moreover, we shall need discrete counterparts of BV, Lip, Lip™, Lip
and W11 (for the definitions of these spaces see [28]). Define

bu(Az) == {¢ € 1'(Az) | |Plpw(ar) < o0},
lip(Az) := {¢ € I*(Az) | [Plip(az) < 00},
lip™ (Ax) == {¢ € I(Az) | |dlip+(az) < 0},
)
)

lip (Az) := {¢ € 1§(A2) | [[6]lip(ar) < o0},
w N (Ax) == {p € 13(A2) | [ llu-11(a0) < 5},

where the norms and semi-norms are defined as follows

|¢|bU(AJ}) = Z |¢z - ¢ifl|7

(
1Az

i€z
._ |pi — di—1]
|Pliip(Az) = SUp
(i — ¢i—1) T
’¢‘lip+(Az) = igg T? (Q)Jr = maX{a7 0}7
||¢||lip’(Aac) = Sup |(¢>¢)AI|7

Yelip(Az), [Pl1p=1

[6llu-rcan) = Az| D7 Avgy,

i€Z. j<i—1

where we used the abbreviation

(2.6) (6,0)ar =Y _ Az pith.

€L



A priori error estimates for approximations to conservation laws 705

For ease of notation we shall omit the argument Az in the discrete spaces
whenever it is obvious from the context that there is an underlying grid with
grid-size Ax associated with the sequences.

Subsequently, we shall need a relation between the spaces lip’(Ax) and
w~ b1 (Ax). We start with the following result on summation by parts.

Lemma 3 Let ¢ € I}(Ax) and 1 € 1°(Ax). Then
2.7) (6 )ae == (Wi — i) > Avg;.

i€Z j<i—1

Proof. Let ¢ € I}(Az) and ¢ € [°°(Ax) be given. For n € N we get by
using summation by parts

Z Axpinh; = — Z Az (b — i1) Z ?;

i=——n i=——n j<i—1
i Y Axdj =t Y, Augy.
j<n j<—n—1

Letting n tend to infinity gives the assertion. O
Using this result we can prove

Lemma 4 If ¢ € w1 (Ax) then ¢ € lip'(Az) and

(2.8) 9Ml16p A2y < [P llw-11(22)-

Proof. Let ¢ € w1 (Ax). Then, using summation by parts (Lemma 3)
we get for any ¢ € lip

(6.0)a0 = =3 Ar i — i 1]z 3

i€z j<i—1
< Il |9 l1ip-
Consequently, we have
D llripr < (| dlly—1.1- 0

3 Interpolation between lip’ (Ax) and bv(Ax)

In this section we prove a discrete interpolation results between the spaces
lip’ and bv which is a discrete counterpart of Corollary 3.5 in [27].

One main idea to do so is to interpret sequences of real numbers as
piecewise constant functions (this is not surprising since this is the way
numerical approximations are defined, see (1.6)).

First, we need some relation between BV and bv.

It is easy to prove the following equivalence between |.| gy and |.|py-
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Proposition 5 Let (u;)icz € bv(Ax) be given. Set

up(z) == forx € [T 1/, Tit1)2[, @ € Z.
Then,

(3.1) up € BV(R)  and |up| gy ®) = |Ulpo(Ax)-

The next result is well-known in the literature, see, e.g., [10, Lemma
6.9].
Lemma 6 Let f € BV (R) andn € R. Then

(3.2) 1£C+n) = fllorw < Il 1flBv )

Now, we can state our interpolation result between lip’ (Ax) and bu(Ax).

Theorem 7 Lete € lip'(Ax)Nbu(Az). Then, there exists a constant K > 0
independent from Ax and e such that the following estimate holds

1/2 | ’1/2

(3.3) lellircazy < Kllelliyany €lpoia-

Proof. We follow mostly the continuous analogue in [27, Corollary 3.5].
For ease of notation we omit the argument Az in discrete norms and spaces.

Let ¢ € Cj(—1,1) be an even and positive function with [, ¢ = 1. For
0 > 0 set

1 =z
Sy e (T
Let ¢ € [* be given. Set ¢p,(7) = ¢; for v € [1,_1/9,Tit1/0[, @ € Z.
Obviously, we have

(34 [PrllLee = [|llic  and | pnllpr = [|B]5n-
Set

O = on*C’,
where * denotes the convolution. Define ¢ € [* by ¢? := qﬁfl (z4).
We consider

3.5 Z Axe;d; = Z Awezqﬁl + Z Aze;(¢p; gi)z

€7 1€Z 1€EZ
=11+ 1.

By definition of the lip’ norm we get for T7.
Ty <16 uipllelliip-

At this stage it is not clear that |¢°|;;, < oo, but this point will be clarified
in the next step.
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Using the definition of qS‘-S we calculate
_ - S+ —a)ld
z 1= [ ¢nly xz y) — ¢ (i1 y)] Y

< ||¢h||L°°(R)||C6(73i — )= C@ic1 —
Ax
< HQSHIOOT”C/HD(R)

Hence, we get

1
(3.6) 16 luip < 5H¢||IOOHC,HL1(IR)

Next, we consider the term 75 in (3.5). Decompose 7% as follows

T2 = Z Axezcbz — Z Axe@f = T3 - T4.
i€Z i€Z
First, we rewrite the term 7j. Let us use the following abbreviation: for
J € ZsetIj == [x;_y /9,71 /2]. Using again the definition of ¢ and some
substitution we get

T4—2Axez2¢%/€5

€L JEZ

— Zmez@ / C(2)
= ZAxezﬂqﬁz / (=

Since [ ¢ 9 = 1 we can continue and estimate
R

Ty — Ty = Z Z Ax(e; — eitj)Pi / C‘s(z)dz
I;

i€Z jET

= ST Aufen(en) — enlins)én / Q()dz

i€Z jET
< 1ol (s / enla) = cn x+z>|dz)||<<‘||L1
ZEZ
Using Lemma 6 and Proposition 5 we get

(3.7) T3 — Ty < |[@l1edlelbw 1< 21 (m) -



708 M. Kiither

Using (3.6) and (3.7) we can estimate

1
ZAZEeiﬁbi < gHéf)leH€Hlip/||C/”L1(R) + [|@lliedlelpu 1< 21 (m)

1EZ
1
(3.8) < max{¢l 2 ays 1} (5 elipr + el ) 91l
With the choice 6 = (||e]|1i /| e]pn) /% we get

1/2
(3.9 3 Azeigi < K (Jlelliy lelvw) N6 i,
€L
where K := 2max{||('|[ 11 (r), 1}
Assertion (3.3) now follows easily from (3.9)

1/2
leln = sup > Aveigy < K ([lellilelon) .
||¢||l°° <1 i€Z

Remark 8 Note, that this theorem is exactly tailored to our situation. The
sequence e will be replaced by the error between the cell averages of the
entropy weak solution to (1.1) and some numerical approximation at some
time t"*, n € N. We will get some consistency error in some weak norm,
namely ||.||;;,y, Which will give us some power of Ax. In a higher order
norm, the discrete BV semi-norm |[. |, Az, we will get stability.

4 A weak error estimate

We recall that the numerical approximation is defined by

At
@D = = T g ) — (v o) .

where the numerical flux is assumed to be in C'!. The discrete initial data is
given by

Tit1/2
1
4.2) v) = / uo(z)dx, i€ Z.
Ti-1/2

The cell averages (see (1.8)) of the entropy weak solution are supposed
to satisfy

@3) gt = = g ) — (i) + R (W)

with some error term R]'(u) which will be specified in Sect. 7.
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Sete}' := u;' —v;'. Since the local averaging operator and the continuous
evolution operator are conservative and since the numerical scheme (4.1) is
in conservation form we easily get the following result taking the definition
of the discrete initial data (4.2) into account.

n

Lemma 9 Let u be the entropy solution to (1.1), (ul');cz its local mean

values at time t", n € N, defined in (1.8) and (v]');cz the numerical ap-
proximation given by (4.1), (4.2). The error is defined by e := u}' — v}’ for
i € Z. Then, for alln € N we have

(4.4) > Aze} =0.

IEL
Furthermore, we have for all i € 7 that 6? =0.

We shall now derive an error equation. Subtracting (4.1) from (4.3) gives

At
1
et = e = gt uty) — 9wy, uf)

(g0, v) = (v, v | + R ().

Since we assume that the numerical flux g is C'! we can use the mean value
theorem and get

g(ul,u2) —g(vl,’vz)

1
— /Vg(m +60(ug — v1),v2 + O(ug — v2))do - <z; - z;> .
0
We set
1
(45) G,y = / B;g(v" + O(ul' — v), 00y + B(ul, — v7,))d6,
0

where 0, j € {1, 2}, denotes the partial derivative of g with respect to the
j-th argument.

Hence, we can continue and get the following error representation for-
mula

1 1
+1 ,1 2
Zt [6? — 6?] + Xw [G?+1/2€ZT'L + G?+1/26?+1
1
)1 ,2
(4.6) -G J2€in1 — G /2eﬂ = ER?’(U).
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Multiply (4.6) by AtAqu?H, where ¢! € [ is a test sequence. Then
summation over n = 0,..., N — 1 and ¢ € Z gives after some reordering
(which we justify below)

N—1
Z AzelN N — Z Azed) + T;) At Z Ame?{Ait [0} — ¢?+1]

i€Z i€Z i€Z
1 n n+1 n+1 n
""I[ z+1/2¢ ! +Gz 1/2¢_+ z+1/2¢z—:_1 - z 1/2¢ +1}}
(4.7 = Z AtZAm”“ R (u).

€L

It remains to justify that we can reorder the summation of the terms
coming from the left hand side of (4.6). It is well-known, see, e.g., [10,
Prop. 5.3 and Lemma 5.3], that the entropy weak solution satisfies for all
t>0

u(t) € LYR) - and [|u(.,t)|| poo(r) < [|uoll oo ).
therefore, the cell averages satisfy for alln € N
u" € 1M(Ax) NI (Ax).
If the CFL—condition

(4.8) Asup |f/(v])] <1
i€EZ

holds for all n € N then the numerical approximation defined in (4.1) with
the numerical flux of Engquist and Osher satisfies for alln € N

vt e ll(Aw) and U,,, <v'! < Uy, forallie Z.
From this we conclude that forallm € Nand j = 1,2
e" € 1Y(Az) and (G +1/2)2€Z € 1*°(Ax).

Therefore, the reordering of the summation which leads to (4.7) is justified.

From equation (4.7) we see how we should choose the discrete test
function ¢", namely such that the term in curly brackets vanishes, that is
@5 should be chosen as solution of a discrete, linear and backward in time
problem. Let (<Z>Z]-V)iez € lipbe given. Forn =N —1,...,0 set

At
(49) 9 = 91 = T [GT (0r T G G (0 - 0.



A priori error estimates for approximations to conservation laws 711

Then, using the notation (2.6) and e? = 0 due to (4.2), the error repre-
sentation formula reduces to

(4.10) @, 6™V) an ZAt<¢”+1 —R”( ))Ax.

Using Lemma 4 we deduce the following weak error estimate which is
the discrete analogue to [19, Theorem 2.1].

Theorem 10 Assume that the consistency error satisfies R™(u) € lip for
all n € N. Then, the error between the numerical solution defined in (4.1)
and the cell averages of the entropy weak solution to (1.1) at time t" satisfies
the following error estimate:

(4.11) €My < sup  (S(6™)) sup HAt
0#£¢N elip n=0,.

lip’7

where the stability factor S(¢™) is defined by

(4.12) S(pM) =

|¢N| Z A" iy
lip

and ", n =0,...,N — 2, is defined in (4.9) and depends on ¢".
Hence, we have to study the stability properties of the discrete dual

problem (4.9) and we have to examine the consistency error R™(u).

5 Discrete dual problem

In this Section we study the discrete linear backward problem (4.9). Recall,
that for given (¢ );cz € lip we define forn = N —1,...,0

T |G a0 =g+ G (61 =0

Since we want to estimate |¢" |;;,, let us consider differences of the solu-
tion of the backward problem (5.1). Set zj* := ¢ — ¢;* ;. Then 2" satisfies

n_ n+l _ At |:_ Gn,l n+1 Gn,2 n+1

Zi =% Ar i+1/2%i+1 — Tim1/2%
(5.2) +G 11/2 g a? 3/27 7.

This linear difference equation has the following properties.
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Lemma 11 If the CFL—condition

At Gnl Gn2 )_0

(5.3) 1= A ( i—1/2 i—1/2

holds, then the scheme (5.2) is monotone, that is z;' depends from zZHll,

z:"Jrl and zzn_:rll in a monotone increasing manner.

Remark 12 1f the numerical flux g is the flux of Engquist-Osher, then con-
dition (5.3) is satisfied if

At
A.’L‘ [Um,U]\[]

1
< -.
715

That is, we have to strengthen the CFL—condition (4.8) in order to guarantee

that (5.2) is monotone.

For estimating |¢™|;;;, it is sufficient to estimate ||z|/;. Rewrite (5.2)
with A = At/Ax as

= (1= MG = G ) )2t
NG 2+ MG )

Due to the monotony of g and the CFL—condition (5.3) we have

12"l < sup(l + A(AF — POl e
(2

< (1 A A" i) |2 12
< exp (AtA e ) 12" 1o,

where

n,1 2
(5.4) Al =G + G

Hence, we have proven the following result which is the discrete counterpart
of [27, Theorem 2.2].

Proposition 13 Let ¢V € lip be given and ¢" be given by (5.1) for n =
N—1,...,0. Let A} be definedin (5.4). Then the following stability estimate
holds forn € {0,1,...,N}

N-1
(55) |¢n|lip < €xXp (Z AtAk’lip+> |¢N|lip-

k=n
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If the numerical flux g in (4.1) is the Engquist-Osher flux we have that

1
/f’ Wl 4 O] — u))do.
0

Using the convexity of f and the uniform L bound for u™ and v" we get

n n
A'_ i—1

1 1
/f'u +0(v ))do — /f’ u 1+ 0(v; —ui))do
0 0

1 +
< max S [ (4 0007 — ) = (uiy + O}y — i) dd

< max f" ((1 — ) (ul —ul )+ O — vy_1)+)d9

1

— - ma ”( n_n Y 4 — +>‘
) [Um,U}]{\/[]f ( U; uzfl) (Uz /Ulfl)

Therefore, we have proven
Lemma 14 Let the numerical flux in (4.1) be the Engquist-Osher flux. Then,
we have

(5.6) |A™ 1y < = max f(Ju" [ + [0 1ip+ ),

2 m7 JVI]
where A™ is defined in (5.4).

Therefore, we have reduced the stability problem of the discrete back-
ward problem to a one-sided Lipschitz-estimate for the cell averages of
the entropy weak solution and for the numerical solution. This one-sided
Lipschitz estimate is nothing else than Oleinik’s entropy-condition [22].

Finally, we comment on other numerical fluxes like Godunov’s flux and
the Lax-Friedrichs flux. Let us start with the numerical flux of Lax and
Friedrichs which is defined by, see, e.g., [11, p.111]

1 x
= S[f) + f@)) = S0 =),

Obviously, we have that g € C?(R?) and

9(u,v)

1
/f’ ul + 0(v' —ult))dé
0
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which is the same as for the Engquist-Osher flux and we can proceed as
before.
Godunov’s numerical flux is defined for convex f by, see, e.g., [14, p.70]

f(u) uzv,  f(u) = f(v),
f () u>v,  f(u) < f(v),
g9(u,v) = f(u) u<w, f'(u) 20,
f(v) u<w, f'(v) <0,
F7H0) w<wv, fl(u) <0< f(v).
Hence, Godunov’s numerical flux is Lipschitz continuous, but not globally
differentiable, which means that our assumption g € C'*(R?), stated in the
introduction, is not satisfied. However, since it is Lipschitz continuous and
piecewise C'' we can again apply the mean value theorem to deduce the error
formula (4.6) and the derivatives of the numerical flux in (4.5) are defined
almost everywhere with respect to the two dimensional Lebesgue measure.
In order to write its derivatives in a compact form we introduce two sets
AT = {(u,0) € R*lu>w, fu) > f(v)}
U{(u,v) € R2Ju < v, f'(u) > 0},
AT = {(u,0) € R*lu>w, f(u) < f(v)}
U{(u,v) € R*[u < v, f'(v) <0},

The characteristic functions associated with these sets are given by
1 (u,v) € A*
Tp+ (u,v) ::{ (u, v) ’

0 else.
Hence, we can calculate the derivatives of Godunov’s flux explicitly and get

alg(uv ’U) = f,(u)]Ifﬁ‘ (u’ U) >0,
829(u7 U) = f/(U)HA* (uv 1}) <0,

where the sign of the derivatives can be deduced from the definition of the sets
A¥ and taking into account that f is convex. With w?(8) := v +6/(u? — ™)
we get

1
Ar = / £ (W (0))Las (w?(6), Wl 1 (6))d6
0

1
+ [ 1O s (0), 07 (0)0
0

The following observation on the sign of the integrands in the two integrals
is important: if the integrand in the first integral is positive then the integrand
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in the second integral is zero. And similarly, if the integrand in the second
integral is negative then the integrand in the first integral must vanish. Using
this observation in a distinction of cases one can show that (5.6) holds for
Godunov’s flux as well.

Summarizing, we have proven

Lemma 15 Let the numerical flux in (4.1) be the Lax-Friedrichs or Godunov
flux. Then the estimate (5.6) holds.

Remark 16 Note that it is not obvious if one can deduce the estimate (5.6)
for any monotone numerical flux from Lemma 15. It is known [26] that
any monotone numerical flux can be written as a convex combination of
the numerical fluxes of Lax-Friedrichs and Godunov. The problem is that
the weights in this convex combination depend on the arguments of the
numerical flux.

6 Stability properties

In this section we recall and derive the stability properties for the numerical
solution, defined in (4.1), and for the cell averages of the entropy weak
solution to (1.1). We need lip™ bounds in order to treat the stability of the
discrete dual problem (see also Theorem 10, Proposition 13 and Lemma 14)
and we need bv bounds for our interpolation result in Theorem 7

6.1 Stability properties of the cell averages of the entropy weak solution

The lip™ bound for the mean values of the entropy weak solution follows
from a Lip™ bound for the solution. We get from [27, p. 899] that the
following estimate holds for the entropy weak solution to (1.1)

1 1

6.1) Wy )| it < — = . >0
S Ty L RTIEn [

We need a relation between the discrete lip™ semi-norm and the contin-
uous Lip™ semi-norm.

Lemma 17 Let w € Lip™. Recall that the cell averages are defined as
follows: for i € Z set

1
(6.2) w; = Tl /w(y)dy, Ii = (w5179, %41 -
I;

Then,

(6.3) | 1ip+ < |wlpipt+-
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Proof. Using the definition of w; we get

Tit1/2 Ti—1/2
_ 1
Wi — Wi—1 = L (w(z) —w(y))dydz.

Ti—1/2 Ti—3/2

In the range of integration we have that x — y > 0. Consequently, we get

Tiy1/2Ti—1/2

EE g [ e (M) e

Tij—1/2 Ti—3/2

Tit1/2 Li—1/2
1
< ’Wuww / / (v — y)dydx
Ti—1/2Ti-3/2

Putting (6.1) and Lemma 17 together proves

Proposition 18 Ler u be the unique entropy weak solution to (1.1) and
(ul)icz its cell averages defined in (1.8). Then, forn € N

1
1 1
mingeg () |/ (uo)| s + 1"

(6.4) u"|jip+ <

For the discrete bv semi-norm of the cell averages of the entropy weak
solution we get the following estimate.

Proposition 19 Let u denote the entropy solution to (1.1), where the initial
data ug € L>* N BV (R). For n € N let (u]')icz, denote the cell averages
of u(.,t") defined in (1.8). Then, for alln € N
(6.5) [u™|pw < Juol By (w)-

Proof. 1t is straightforward to prove, see, e.g., [10, Remark 5.4, Lemma
6.4], that for any n € N

(6.6) [0 = Y Juf = uf | < Jul ") By e)-
1€EL

The entropy weak solution satisfies for all £ > 0 the following stability in
BV, see, e.g., [11, Theorem 3.1, p. 69]

(6.7) [u(-,t) By ®) < |uol By (r)-

Putting (6.6) and (6.7) together concludes the proof. O
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6.2 Stability properties of the numerical solution

The lip™ bound for numerical solutions can be found in a paper by Tadmor
[19, p.1514-1515] which we quote in

Proposition 20 Let v", n € N, be defined in (4.1) with the numerical flux
of Engquist and Osher and assume that the following CFL—condition holds

A
(6.8) ! ,f|< 1

AZU [Um,ij]

Then, the following estimate for the lip™ semi-norm of the numerical ap-
proximation holds
(6.9) [0" [pipt < M’ n €N,
lipt
where 3 := + min, f"(z).

Remark 21 Similar estimates hold for the Lax-Friedrichs and the Godunov
scheme [25,12].

The second stability result concerns the bv stability. This is a well-known
result following from the 7'V D property of monotone schemes, see, e.g.,
[11,14].

Proposition 22 Let v™ be generated by (4.1) with the numerical flux of
Engquist and Osher and let the CFL—condition

At
6.10 — ! <1
(6.10) Az o |fi(2)] <

be satisfied. Then,

6.11) [0 b < [0°po-

6.3 Estimation of the stability factor S(¢™)

Recall that the stability factor defined in theorem 10 is given by

S(¢") = | ¢N| ZAtW%p,
lip

where ¢V € lip, N € N, is given and ¢, n € {1,..., N — 1}, is defined
in (5.1).
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Proposition 23 Letug € Lip™ N BV (R). Assume that the following CFL—
condition is satisfied in the numerical scheme (4.1)

At 7l < 1
—— Inax —=.
Ax [Um,UM] -2

Then, for all N € N and ¢" € lip the estimate holds

(6.12) S(eM) < ¢,

where C' > 0 depends from t~, f and ug only.

Proof. From Proposition 13 we know that forn € {1,..., N — 1}

N—-1
|¢n|lip < €Xp (Z AtAk’lip“‘) |¢N|lip-

k=n

Using Lemma 14, Proposition 18 and Proposition 20 we can estimate for
keN

Um,Un)
< i ,
~ o+ [tk

1
¥ < 5 e P [l + 0¥ |

where

o . : " gl —1 -1
o= min { min 7/ (uo) 711 luol s}

Note, that o > 0 since we have assumed that ug € Lip™ and f € C?(R) is
strictly convex. For n € {1,..., N} we get from this estimate

tk

N-1 N-1 5
k| <
I;LAﬂA lipt < ; / St

=Nyk—1

_ 7 (a—i—BtN_l)
5 " \a+pent

v/8
<In (1 + BtN> .

Q
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Inserting this we get

3 v/B
S(eN) <tV <1 + tN> ,
«
where the right hand side in this estimate defines the constant C in (6.12).
O

7 Regularity properties of the entropy weak solution

In this section we first derive the explicit form of the consistency error R™(u)
in (4.3), and then we exploit regularity properties of the entropy solution to
estimate this term.

It is well-known that solutions to (1.1) in general exhibit discontinuities.
Therefore, one cannot expect a regularizing effect for hyperbolic problems
such as, for example, for parabolic initial value problems. Nevertheless,
solutions of hyperbolic problems have a special regularity structure.

First results on the structure of the entropy weak solution to (1.1) go
back to Lax [17], Oleinik [22], Dafermos [5] and Schaeffer [24]. For smooth
initial data, we know from these results that the entropy weak solution is
continuous except on the union of an at most countable set of Lipschitz
continuous shock curves. The complement of the shock set is open and
from each point (z, t) in this open set one can trace a straight line backward
in time to ¢ = 0, and along that line the solution is constant, i.e. it is given
by the initial data.

More recently, regularity results have been obtained by Tadmor and Tassa
[30], DeVore and Lucier [6] and Tang and Teng [31].

We make the following structural assumption on the entropy weak solu-
tion to (1.1).

Assumption 24 We assume the entropy solution has the following proper-
ties
1. The entropy weak solution  is piecewise C*. To be more precise, there

exist a finite number of Lipschitz continuous curves S, = (si(t),t) C

R xR*, k=1,..., K, that partition R x R" in a finite number of sets

D, CRx RN I=1,...,L and u|p, € CY(D;) and u|p, can be con-

tinuously extended up to the boundary of D,. Furthermore, across such a

Lipschitz curve u is either only continuous, but not differentiable, (which

corresponds to a rarefaction) or discontinuous (which corresponds to a

shock).

2. For any Lipschitz curve S = (s(t),t) the Rankine-Hugoniot condition

is satisfied, that is for almost all t > 0

s'(6)[uls(t),t) — u(s(t) ", )]
(7.1) = flu(s(t)", 1) = f(u(s(t)", 1)),

S
S
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where

(7.2) u(s(t)*,t) == liﬁ)l u(s(t) £ e,t).
[
Remark 25 1. Assumption 24 is fulfilled, for example, if the following
conditions are met [30, Thm. 2.1 and Thm. 4.1]:
- ug € LN BV (R) is piecewise O, that is ug is C! except in a finite
number of points.
— The initial data have the following behavior at infinity

d
lim —f' =0
s dxf (uo(z))
and the number of negative minima of -& f/(ug(z)) is finite. The
derivative has to be understood in a generalized sense, for the details
we refer to [30].
2. Assumption 24 is also satisfied for Riemann initial data.

Now, we are able to state the explicit form of the consistency error term
R™(u) in (4.3). It is straightforward, using the Rankine-Hugoniot condition
(7.1) and the piecewise smoothness of the entropy weak solution, to prove

Proposition 26 Let u be the entropy weak solution to (1.1) subject to an
initial condition ug such that Assumption 24 holds. Then, the following
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integral formula holds for anyn € N, i € Z.:

Tit1/2 Tit1/2
(7.3) 0= 7£ u(y, " Hdy — 7[ u(y,t")dy
Ti—1/2 Ti—1/2
tn+1

At
Jrﬂ 7[ fu(zipi/o —0,7))dr
tTL
tn+l

— 7[ f(u<l‘i,1/2 + O,T))dT] .

Next, we will estimate the consistency error which appears in Theorem
10.

Proposition 27 Assume that the entropy weak solution u to (1.1) satisfies
Assumption 24. Then, R", which can be interpreted as a consistency error
in the mean, satisfies forn € N

(1.4) | R (u) |1y < CAzAt|ug| gy (w),

where the constant C' > 0 depends on f and ug only.

Proof. We proceed in several steps. It shall turn out that in fact R"(u) €
w~ ! and with Lemma 4 we can estimate

IR () iy < ([ R () |11

Step 1: By Proposition 26 we know that the integral formula (7.3) holds.
Hence,

Ry (u)
At Zit1/2 Zi43/2 gl
=— gl f u(,t"), f u(,t"))— f flu(z] ,T))d’l’]
Az <xi1/2 Tit o > in +1/2
At Ti—1/2 Tit1/2 tntl
|9 ]C u(‘u tn)v ][ U(., tn) - JC f(u(xj'_ 7T))d7—] .
Az <$i—3/2 s ) i 1/2
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We set

Ry (u) = > AzR}(u)

J<i
Tjt+1/2 Tjt+3/2
:Atz g( foul,t"), f u(.,t”))
J<i Tj—1/2 Tjt1/2
Tj—1/2 Tj41/2
—g( S et u(t)
Tj—3/2 Tj—1/2
¢n+1 tnt+l
_At;[ t]ﬁ f(u(x]-_+1/2,7'))d7'— tji f(u(x;r_l/Q,T))dT]
ISt
=:T1 + Ts.

Since the sum 77 is bounded by Cllugl|;1, C > 0 a constant depending
from At and f, we can reorder terms and get

Tit1/2 Tit3/2
Ty =Atg( f u(,t"), f u(,t").
Ti—1/2 Tit1/2

Similarly, we can reorder the terms in 75 since the BV stability estimate
(6.7) holds. Using the Rankine-Hugoniot condition (7.1) across the curves
S = (wj41/2,1), j < i, we conclude that

tn+1

Ty = —At 7[ f(u(:x;rl/Q,T))dT.
in

‘We summarize that

Tiy1/2 Tiy3/2
Ri(w) = At [g( f u(,tm), f ul.tM)
Ti-1/2 Tiy1/2

tn+1

(7.5) - flu(z 1/27 T))dT] :

Step 2: The idea to estimate the right hand side in (7.5) is to use the piecewise
smoothness of the entropy solution and to employ techniques resembling
Taylor expansion.
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Since f € C* we have (recall that u” is the cell average of u(., "

[Ti—1/2, Tig1/2]> see (1.8))

Since w satisfies the maximum principle we can estimate

tn+1

 Hatary, g rar
tn
gl

gﬂHmef]Mm—ﬁh

m: I\J

723

) over

We continue with the last term and insert some term. With the triangle

inequality we get

tn+1
7[ ’u(:ci_+1/2,7') — | dr
tﬂ,
tn+1
Tiy1/2
< 7[ u(x;rl/Q,T)— f wu(.,7)|dr
Ti—1/2
t’!’L
n+1
" Tit1/2 Tit1/2
+7[ f ou(,m)— f w(,t")|dr
4 Ti—1/2 Ti—1/2
=: T3 —+ T4.

In order to estimate T3 note, that u(.,t) is piecewise smooth for all ¢ > 0
and due to the regularity Assumption 24 there exists for all ¢ > 0 and all
i € Z apositive integer K;(t) and a partition z;_; 5 = ;1 < Tj2 < ... <

Tj Ki(t) = Tiy1/2 such that

u(.,t)‘]“C S Cl IiJf = [xi7k,$i7k+1[, k= 1, R ,Ki(t) — 1.
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Using this partition we get for any ¢ > 0

Tit1/2 K(t |] |
_ i,k _
u(@7, e t) - 7[ uGty= 3 S e, 0) —uly, ]y

Ti_1/2 k=1 I k

K(t |I | ;,—1/2

i,k
S AL
k=1 Tik

< ‘u(, t) ’BV($¢—1/2:93¢+1/2)'

Hence, we have
tn+1

T3 < 7[ |u(‘vt)‘BV(mi_l/z,le/z)'

Step 3: It remains to estimate
Ts := g(ui',uiyq) — fug).

Since the numerical flux is consistent and Lipschitz we get with the mean
value theorem (with a density argument analogous to [10, Lemma 6.4])

Tit1/2 Ti+3/2
T5 < max |f|| f u(,t")— f u(,t")
[Um,Unm] Ti_1/2 Tit1/2
< [ Ta}jw |f [u(., tn)‘BV Ti_1/2:Ti43/2)"

Step 4: Let us put the estimates from Step 2 and 3 together.

t"+1
g(”?au?—s—l) - 7[ f(u(xi_+1/277-))d7-]
t’VL

/
< At [T5 + mas 7Ty + ﬂ)}

msY M

Ri(u) = At

< At max ] |f/|{|u("tn)’BV(xi1/27xi+3/2)

[Un,Un
tn+1

+ 7[ |u('7T)’BV(mi_1/2,$i+1/2)dT
tn

¢n+l Tit1/2

7[7[ uly, —uy,t")!dydT}

Ti—1/2
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Consequently,
IR™ (w10 =Y Ax|R} (u)|
iE€EZ
t"’+1
< AzAt  nax |f,’{2’u(wtn)|BV(R) + 7[ [u(., 7)| By (r)dT
myU M
tn
tn+1

1
+ 7[ EHU(,T) — U(.,tn)HLl(R)dT}.
t’n,
From [11, Thm. 3.1, p. 69] or [18, Thm. 4.22] we get that there exists a
constant C' > 0, depending on f and ug only, such that for all ¢1,to > 0 the
following estimate holds

Jul,t1) = u(, )l ®) < Cluolpyw)lts — tal.

Using this estimate together with the BV stability of the entropy solution,
see (6.7), we get the assertion. O

8 Proof of our main result

In this section we prove our main result Theorem 1.

Proof. Let u be the entropy weak solution and let (u]');cz denote its mean
values at time ¢, n € N, which are defined in (1.8). Let (v}");cz denote
the numerical approximation defined in (1.5) with the numerical flux of
Engquist-Osher (1.3). Forn € Nand i € Zsete := u} —v]'.Let N € N
be fixed. Using Lemma 9 we know by our interpolation result Theorem 7
that
el < K [le™ e 1]

From Theorem 10 and Proposition 23 we know that there exists a constant
C > 0, depending from ¢V, f and ug only such that

~ R(u)

||eNHllp’ S C Sup At

n=0,...,N—1

lip’
The consistency error R™(u) is estimated in Proposition 27. Hence, we get
N
e |zipr < Cluo| gy ) A

The bv bound for eV follows from Proposition 19 and Proposition 22, and
we get with the triangle inequality

e b < [u™ oy + 0N |bw < 2uol By (r)-

This concludes the proof. a
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9 Conclusion and outlook

In this paper we have introduced a technique to prove a priori error estimates
using the concept of stability and consistency. The stability is related to
the entropy condition of Oleinik. The consistency error comes up in the
sense of cell averages and is measured in a negative norm. This technique
is the discrete analogue to the duality technique of Tadmor [27]. We have
proven error estimates between the entropy weak solution and numerical
approximations given by the (first order) schemes of Engquist-Osher, Lax-
Friedrichs and Godunov.

Now, it is natural to ask if the use of cell averages limits this technique
to first order schemes. A formal argumentation shows that the consistency
error for second order schemes of MUSCL type, see [11, Chapter 4], is of
second order which would lead to a convergence rate of one in the /! norm.
However, we have not been able to prove the required stability estimates for
those second order schemes.

Finally, one may deduce discrete counterparts of several results that have
been proven using the duality technique of Tadmor, for example one may
try to prove a discrete analogue to the one-sided interpolation result in [29,
Lemma?2.1], see also [19], which has been the key resultin proving pointwise
error estimates. This issue will be studied in future.
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