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Abstract

Non-oscillatory schemes are widely used in numerical approximations of
nonlinear conservation laws. The Nessyahu-Tadmor (NT) scheme is an example
of a second order scheme that is both robust and simple. In this paper, we prove
a new stability property of the NT scheme based on the standard minmod
reconstruction in the case of a scalar strictly convex conservation law. This
property is similar to the One-Sided Lipschitz Condition for first order schemes.
Using this new stability, we derive the convergence of the NT scheme to the
exact entropy solution without imposing any nonhomogeneous limitations on
the method. We also derive an error estimate for monotone initial data.

AMS subject classification: Primary 65M15; Secondary 65M12
Key Words: scalar convex conservation laws, second order non-oscillatory schemes,
Minmod limiter.

1 Introduction

We are interested in the scalar hyperbolic conservation law
(1) Ut—i-f(lb)xzo, ($7t> ERX (0700)7
u(z,0) =u'(z), reR,

where f is a given flux function. In recent years, there has been enormous activity
in the development of the mathematical theory and in the construction of numerical
methods for (1). Even though the existence-uniqueness theory is complete, there
are many numerically efficient methods for which the questions of convergence and
error estimates are still open. For example, there are many second or higher order
non-oscillatory schemes based on minmod limiters which are numerically robust but
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theoretical results about convergence or error estimates are still missing [18, 6, 7, 22,
8, 9]. Usually second order schemes are constructed to be Total Variation Diminishing
(TVD) but that property only guarantees the convergence of such schemes to a weak
solution, see [10]. No property was known that implies convergence of such schemes to
the entropy solution even in the case of a genuinely nonlinear scalar conservation law.
The usual approach is to try to prove a single cell entropy inequality which usually
leads to additional nonhomogeneous limitations on a second order scheme in order to
fit it into the existing convergence theory. There are few results on convergence of non-
oscillatory second order schemes which do not require nonhomogeneous limitations
and we are going to mention them here. LeFloch and Liu in [11] consider piecewise
smooth data and prove a different entropy inequality in different monotonicity regions
of the numerical solution. Their result is valid for a specific second order upwind
scheme and it may work for other schemes but the conditions are hard to check, the
NT schemes does not fit into their framework, and there is little hope to prove any
error estimates with that approach. In [24, 25], Yang reduces the convergence of a
special type second order scheme to a convergence of that scheme for a Riemann
problem. Again, that type of argument has no potential for any error estimates.
Finally, P.L. Lions and P.E. Souganidis develop in [12] a convergence theory for second
order schemes for scalar convex conservation laws and Hamilton-Jacobi equations.
Unfortunately, their results for conservation laws do not hold for any of the explicit
second order schemes used in practice because of the very strong restriction imposed
on the CFL condition, see [12]. The main reason for such difficulties is hidden in the
fact that besides a TVD property very little was known for non-oscillatory schemes
because they use nonlinear limiters such as Minmod. This is in contrast to the theory
for first order schemes where in the convex case there are many different approaches.
For example, Tadmor’s dual approach based on Lip+ stability [19] and the Kruzkov-
Kuznetsov argument based on an entropy diminishing property [1, 2, 17]. In our
previous work [13], in the case of a linear flux, we derive a new stability result for
a generic second order scheme (central or upwind) based on the Minmod limiter.
Here, we prove the one-sided analog of this result for the NT schemes in the case
of any scalar conservation law with a strictly convex flux. This new property, to
the best of our knowledge, is the first one-sided stability result for a second order
scheme. We use that result to prove convergence of the NT scheme to the unique
entropy solution without imposing any nonhomogeneous limitation on the method.
This stability result and our results in [14] imply an error estimate in the case of a
monotone initial data. The question of a general error estimate framework based on
the new stability will be addressed elsewhere. All results in this paper are also valid
for the non-staggered version of the N'T scheme based on the Minmod limiter given
in [8].

The paper is organized as follows. In section 2, we describe the staggered NT
scheme. In section 3, we present our main result: a new one-sided stability property
of the NT scheme. Then, we use that property to prove the convergence of the
scheme to the entropy solution and derive an error estimate for monotone initial data
in section 4. In the appendix, we give proof of the localization argument we need in
the proof of our main result.



2 Non-Oscillatory Central Schemes

In this section, we are concerned with second order non-oscillatory central differencing
approximations to the scalar conservation law

(2) us + f(u), = 0.

The prototype of all such schemes is the staggered Nessyahu-Tadmor (NT) scheme
[18]. We limit our attention to the staggered NT scheme but all results in this paper
are valid for the corresponding non-staggered version in [8]. We now recall the basic
step in the NT scheme [18]. Let v(z,t) be an approximate solution to (2), and assume
that the space mesh Az and the time mesh At are uniform. Let z; := jAz, j € Z,

/\::% and

1 Tjt+1/2 J
3 vi(t) ;= — v(x,t)dx
®) 0= 5 [l
j—1/2
be the average of v at time t over (z;_1/2,2j11/2). Let us assume that v(-,t) is a
piecewise linear function, and it is linear on the intervals (x;_1/2,%;11/2), j € Z, of
the form

(4) v(z,t) = Lj(x,t) == v;(t) + (v — xj)Aixv’.

i Tj—1/2 < T < Tjpi)2,

where ﬁv; is the numerical derivative of v which is yet to be determined. Integration
of (2) over the staggered space-time cell (z;,x;11) X (¢, + At) yields

Tjt1/2 Tjt1
(5) vipiplt+At)= = (/ Lj(z,t)dx +/ Ljii(z,t) da:)
Tj Tjtr1/2

—% (/tHAtf(U(%'H,T))dT - /tt+Atf(U(l’j,7'))d7') .

The first two integrals on the right of (5) can be evaluated exactly. Moreover, if the
CFL condition
(6) A max |f'(v(z,1))] <

T STLTj41

Y j€Z7

N | —

is met, then the last two integrants on the right of (5) are smooth functions of 7.

Hence, they can be integrated approximately by the midpoint rule with third order
local truncation error. Note that, in the case of zero slopes Aixv;- and Aixv; 41, the
time integration is exact for any flux f. Thus, following [18], we arrive at

M) vl D) = 0+ vy ) + 20— i)

— A(f((zja,t+ At/2)) = flo(xz), t + At/2))).

By Taylor expansion and the conservation law (2), we obtain
1
(5) (gt At2) = vy(t) ~ AT
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where 2 f7 stand for an approximate numerical derivative of the flux f(v(z = z;,t)).
The following choices are widely used as approximations of the numerical derivatives
(we drop t to simplify the notation)

(9) vi = m(vjp — 5,0 — vi1),

(10) fi = m(f (i) = fvy), fv;) = fvja)) or fj = f/(v]) v,

where m(a, b) stands for the standard minmod limiter
1
(11) m(a, b) = MinMod(a, b) := §(sgn(a) +sgn(b)) - min(|al, |b]).

Using the approximate slopes (9) and flux derivatives (10), we construct a family of
central schemes in the predictor-corrector form

1
ooy t+ A2 = ut) = M,

(03(6) + e3a () + (05 — W)

(fo(zjr,t + AL/2)) — f(v(z;, T+ At/2))),

where we start with v;(0) = &= féjil/g >ug(x) dx. Note that, this is the description
of the NT scheme when we compute the staggered averages from the averages on
regular grid. The other step, from staggered averages to averages on regular grid, is
completely analogous — we have to shift the index j to j+1/2 everywhere. Therefore,
we compute averages on two staggered uniform partitions of the real line: (i) all
intervals I; := (2j_1/2,j11/2), j € Z for time t = 2nAt, n =0,1,..; (ii) all intervals
Jj = (xj,x;41), j € Z for time t = 2n + 1)At, n=10,1, ...

1
(12) Uj+1/2(t + At) = 5
A

3 One-Sided Stability of the NT Scheme

In this section we will present the main result of the paper: a new stability result for
the NT scheme. Let us denote the numerical solution of the N'T scheme at time step
t, with v™, 0" := v(-,t,), and its cell averages with v}, where the cell averages of v
are equal to the cell averages of the initial condition u°: 1)? = ug, J € Z. We define
the numerical solution v(-,t,) to be a linear function on each cell I; := (x;_1/2, Zj41/2)

(13) V", = v + (v — xj)A—xm(v;lH — vl vy — i)

Note that the above formula is valid only for an even time index n because for odd
n we have a similar piecewise linear reconstruction but on the staggered grid, i.e.,
we have a minmod-type reconstruction on I;1/2 := (2;,2j11), j € Z and we have to
shift the index j to j 4+ 1/2 in (13). We will continue the presentation considering
only the case of even n with the case of odd n being analogous.



We age going to use the notation: v} for the cell averages at time ¢, v for

+
j+1/2
the cell averages at time t,1, and a(u) := f’(u) for the derivative of the flux. Then,
the averages at time ¢, ; are given by
n 1 . " 1 n+1/2 nt+1/2

(1) oty = S ) + 50 = h) = AR = £
where v/ is given by (9), U?H/z =o' =3
given in (10).

Denote the new jumps at time t,41 with 67" := ]’.Lfllm vt 3/2, the old jumps (at
time t,) with 67 := v — v} |, and let [al| be the maximum speed of propagation

, and f7 is one of the flux approximations

(15) lallee == max |f'(w)].

[w|<[[u]| oo
With this notation we have the following theorem which is our main result.

Theorem 1. Let u’ € L®(R) and f be strictly conver in the range of u°. That is,
there exist constants ~v; < o such that

0<mn < fw) <7

for any |w| < ||u®||pe. Then, there exists a constant k > 0 which depends only on
1,72, |allcs and ||ul]|z such that under the CFL condition

(16) Malloe < &

the ly norm of the nonnegative jumps of the NT scheme is non-increasing in time.
That is, the NT scheme satisfies the following One-Sided Lipschitz Condition

(17) PGS NES B

JEZ JEZ

for all m > 0, where we use the standard + notation: x, = max(z,0).

Proof. Tt is enough to prove the result for one time step, assuming that » . ez ( ")

oo. We will always assume that the CFL condition (16) is satisfied with x < O 32
because this guarantees the TVD property of the NT scheme. It is enough to prove
the theorem for a single nondecreasing sequence. The general result follows from a
localization argument similar to the one we used in the case of linear flux in [13] and
it is given in the appendix. Hence, we assume that all jumps 0} are nonnegative.
There are two different choices for f}, see (10), and the proof is very similar for either
one. We are only going to consider the second one here

(18) fi = a(vl) v,

We use (9) and (18) in ( 4) and derive the formula for the new jumps 0’ := 5;”“1 from
the old ones §; = v — v ;. That is

/ 1 n n n
5J+1 (5]' +0j41) — g(yjﬂ —2y; +yj—1) — A [f(vji-ll/Q) . 2f( +1/2) + f(v +1/2)] ’
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where we define y; := v/

%, see (9). Now, we consider the flux difference

n+1/2 n+1/2 _ n+1/2 n+1/2
FOI) = FI2) = Gy pp (o) — 002,

where @12 is some averaged velocity. We will use the notation a; := a(v}) and the

o : A nt1/2  n+1/2
standard divided difference notation @;41/2 = f [vjjrrl/ ,Uj+ / ]. Note that

n n A
(19) o2 =T = 6y - 5 (@j+1Y501 = a5;).

Then

1 1 _ A
i = 5(53' +0j41) — g(ijH — Ay;) — A |:aj+1/2 (5j+1 - E(aj-i-lyj-i-l — ajyj))
_ A
= G120 545y — a1 )| -

Our goal is to show that the Iy norm of the jumps decreases in time. That is, ) (67)* <
>°(8,)* for the NT scheme with a CFL condition M|a||« < & with sufficiently small
but fixed k. We are going to follow the steps in our proof in the case of linear flux,
see [20]. Unfortunately, in the case of strictly convex flux the formula for {4} } is more
complicated and we need to make a sequence of perturbations in order to mimic the
linear proof. Let s be a term appearing in the formulation of {5;} If we replace s

with another term w, then the sequence {4’} will change to a new sequence {07 }. We
will use the notation s ~ w if the ls norm of the two sequences satisfy

@)= (@) <N (65)%

In general, we are going to use the equivalence a ~ b if

la—b] < CN* (5))°%.

The positive constant C' could be different at the different appearances but it can
depend only on the maximum convexity 72, maximum speed |a|ls, and ||u°]|ze.
This formal calculus will simplify our presentation. First, we are going to replace the
term a; 1y — a;y; with a;1/0Ay;41, and the term a;y; — a;_1y;-1 with a;_1,2Ay;
in the the formula for 47 ,, where we use the standard finite difference notation
ij =Y —Yj-1- Let

o1 = Gip1y2 ((@51Y501 — a5Y5) — Gy4128Y541)

and

1 1 3 A
0fyy = 505+ 0j41) = g(AyJH — Ay;) — A [aj+1/2(5j+1 — 58+1/208Y511)

_ A
aj1/2(0; — 5%‘—1/2ij)} :



Then, we have that
— 5// 2

i1t ?(O-j'f'l —0;).

5/

Jj+1

Using [a;_1/2] < [[a]lo, we get

o] < llalloo |ys(a; — @j-1/2) — yi-1(a;1 — @j-1p2)| -

Note that
_ n n+1/2 n+1/2 n n
a; —dj-1/0 = a(vl) — flof 200 ? = a(o?) — a(€l),

n+1/2 n+1/2
where &7 € [vj_l/, ; /

Alal|s < 0.5, we have

| because v™ is monotone. Assuming the CFL condition

and

The above bounds and the Mean Value Theorem give

U+

(20) |aj —aj-1p2| < max i

wevi_q vl

| |a’ (w)| max (v} — v
=175

i1V —U7) < (8 4+ 6jm1)-

Similarly, we obtain
laj—1 — aj_1/2] < 72(d; + dj-1).
Using the above estimates and y; = min(d;, §;_1), we derive

o] < 2l|al|sev20;(6; +6;-1).

After a long but simple computation which we skip, we conclude

1D @) =D (0 < OX Y ()",

with a constant C' which depends only on 7, ||al/o and ||u°||«. Therefore, we proved
that

1 1 _ A
Oipr ~ 5005+ 0501) = S(Ayj — Ayy) — A [aj+1/2(5j+1 = 585+1/289541)
_ A
= 12005 = 58128Y;) | -

We now shift the index (j := j + 1) and regroup the terms the following way

1 1 3 1
0~ (5 + Aj-3/2)0-1 + (5 = Aj-172)05 — S (Ay; — Ayja)
A _
+ 5 ((@j-1/2)*Ay; = (@j-3/2)*Ayj1) -
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Let a; := 1/2 4 Aaj_1/2 and ¢; := o;(1 — a;). With this notation, we have the
following perturbation of the jump sequence

1
5 (0jAy; — @j—1Ay;_1).

Let D := 307 — >7(d;). Using the standard big O notation, we have
D=7 =) (6))°+0\D (6,)%).

because of (21). As before, in all places the generic constants are positive and depend
only on 72, [|alle and [|u’]| . Instead of O(A?>(4;)?), we will use again the equiva-
lence notation ~ when manipulating sums. We have the following representation

(22) Dr > 6= (6] =L+L+]Is

where

(21) (5; ~ 5;/ = Oéj_l(;j_l + (1 - Cl{j)(Sj —

L= ) 6= (@b + (1 —ay)5)?
L o= ) (a8 + (1 - a;)6;) (989 — 9;1Ay,1),
Iy = —i D (piAy; — ;1 8y;1)°
We transform the first term /; in the following way
= Y =) (03407 5 + 205 1(1 — )840, + (1 — ))?57)
= Z (621 — of = (1 = o)*) — 201 (1 — ;) 8;-16)
= D (1= )87 + a1 (1= a;m1)8 = 205-1(1 — a;)d;-16))
Zaj_l(l —a;)(6;—0;1)* + Z — 1) ozj_1(5j2-_1 +(1- ozj)cgf-)
Therefore, we have
(23) L= (1= a)(A6)* + ) Aaj (o107 4 + (1 — a;)57)
Recall that
(24) v =a;(l—a;) = (% + Aaj—l/z) (% - Mj—l/z) :
Similar to (20), we derive
(25) [Aj| = N [(@j-3/2)* = (@j-1/2)*] < 3N*[lallocr2(dj-1 + &5).

It is easy to see that the above estimate means that we can replace ¢; with ¢;_; in
I or I3 and this will not affect the equivalence (22). In our notation, we make the
perturbation ¢; ~ ¢;_; and obtain

(26) L o~ Iy=) (0101 + (1 —a;)d)p; 1A%,
, 1
(27) Iy =~ Iy:= ~1 Z(@j—1A2yj)2

8



We use (26) and (27) in (22) and split D in the following way

(28) Dr @+ Q2+ s,

where 1

(29) Q=) aj( JAG)* 15— 5 D (1A%,
(30) Qs = i [2 Z(%_lA25y)2 - Z(%—lAQyj)ﬂ :
and

(31) Qg = Z AOéj (05]?15]2'71 + (1 — Oéj)(;?) .

If we take o;j = v and denote 3 := %a(l — «v), we are going to get the split we used
in [20] with @, here equal to 23Q; in [20], Q- here equal to 3?Qs in our notation
from [20], and @3 = 0 in [20]. The new term )3 is due to the nonlinearity of the flux.
Using that Aa; = X(@j_1/2 — @j_3/2), we derive

Aa; = )\f[U;H_l/Q n+1/2 n+1/2](vn+1/2 v"+1/2) A(E) (vn+1/2 _ vn+1/2)

yUj—1 HVj9 fi j—2 9 j j—2
Under the CFL condition A|ja]|« < 0.5, we have
A 0;
n+1/2 n n n
v, / = v; —Ea(vj)yj > V] _Z]
and \ 5
n+1/2 n n n i—1
Ujjg/ = Uj*? — §a’(vj72)y]'*2 S 'Uj72 + ]T
Using the above inequalities, we obtain
A1, nt1/2 n+1/2 3
(32) Aaj 2 S =0l 5%) 2 A (84 65-0),

where v, is the minimum convexity of the flux. Hence, we derive a lower bound for
the nonlinear term

(33) Qs > CmA ) (6;)°

Note that, all perturbations using the relation & are of order O(A\? >°(d;)?) and can
be dominated by A7 62 for a sufficiently small X. Using three lemmas (see lemmas
2-4 in [20]), in the case of linear flux we proved that both terms @); and @, are
nonnegative and their sum D = Q; + @, satisfies D > %3 > (A%5;)%. Going through
the same steps as in [20], we will prove the following lemma which concludes the proof
of Theorem 1.

Lemma 2. For any X\ sufficiently small, we have

(31 B3R+ Qs > C (MY (0P + Y (A%)?)

with a constant C' which depends only on 1, 2, ||a|, and ||u°|| .
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Proof. We will transform (); and () in the form needed to use the lower bound in
Lemma 1 from [20]. We start with I}. Using ¢; ~ ¢;_1, we rearrange

L= Y (a8 4 (1—a;)8)p;1(Ay; — Ay i)
~ ) 0y (i + (1= ag)d; — a8y — (1= agp1)dj41)
= =D iy (a1 A% + (1= ) Ay + 65(Aa; — Aaji)).
We split I} in two parts
I = =) @Ay (a1 A0 + (1 - ai1)Ad50)
) eidy;d; (Ao — Aay).
Using the above in (29), we get

(35) @ o~ Yo a1 - ) (A6) 4 YAy (A — Aay)
1 ]‘
— L= 5D (%)
where
(36) [é/ = Z QO]AZJJ (O{j,lA(Sj + (1 — Ozj+1)A5j+1) =A + B7

and we define

A= 01— aj1)A8Ay;, and B =Y pja; 1A5;Ay;.
J J
We are going to split A and B in parts. We have used the same split in the linear
case, see A and B in the proof of Lemma 2 in [20]. The new elements here are that we
have . ¢; instead of ), and the additional multipliers (1 — a;41) and a;-; in each
sum (in the linear case a; = o for all j). Using the equivalence ¢; ~ ¢;_1, exactly in
the same way as in [20], we obtain the following representations

(37) A &= > (1l —a)(A5)°+ ) %((1—0@+1)+(1—0¢j))(A5J‘)2

A6, <0 AS;>0
1 1
~ 5 Y. pi(l—a)(Ag)? - 3 Y el —ay)(Ag)
AéjZO,A5j+1<O A5j20,A5j_1<0
1
-3 S pil=a)(A%)+ D (1= ) A5 A,
Aéj_lzo,AEjZO A5j20,A5j+1<0
and
(38) B = w1 (A8 + Y % (@j-1 + aj2)) (AF;)?
A6;>0 A§;<0
1 1
-3 Y piaa(As)’ - 5 > piaa(AS)
A6;<0,A8541>0 A§;<0,A6;_1>0
1
) D a6+ > 0 1 A8 AN,
A§j_1<O,A5j<O A(stO,A(S]'+1<O

10



Note that only the first two sums in each representation, see (37) and (38), are of
order ) .(Ad;)?. All other sums either involve parts of ) (A%3;)? or the summation

Z(A@-)Q is over an index set A which is determined by two consecutive first differ-
JEA

ences with different signs: Ad; and Ad;_;; or Ad; and Ad;;,. Therefore, in all such
cases we can dominate (Ad;)? with (A25;)? or (A24;,1)%. Moreover, using (19) and
(24), we derive the estimates

1 1
o = 51 < Aol and g — 3] < Xall%
Therefore, replacing ¢; with }l and o; with % in all such sums will change A and

B at most by O(AY"(A?);)?). In order to simplify the presentation, we extend the
equivalence = in the following way. For any two terms a and b, we define

axb if |a—0b| gc(A2Z(5j)3+AZ(A25j)2)
a>b if a—bzC(AQZ(éj)3+>\Z(A25j)2).

That is, we add the new perturbation of order O(X > (A%§;)?) to the equivalence and
introduce a 2 b. With that notation, we have

(39) A ~ Y oi(l—a)(A5)*+ ) L5 (1= agan) + (1 - ay)) (AS;)

and

A§;<0 A6;>0 2
1 1 1 1
~ 3 > g(A5j)2—§ > g(Aij)Q
A5j20,A6j+1<0 A5j207A6j71<0
1 1 1
- 5 > g(Azaj)M > QAT A,
A(;j,le,A(sij A5j207A6j+1<0
and
@ B x Y eeadh)? s Y Dagtam) (A5
A6;>0 A6;<0
1 1 1 1
-5 > g(A5j)2—§ > g(A5j)2
A§j<0,A(5j+1ZO A6j<0,A§j,120
1 1 1
-5 > g(A25j)2+ > g0 A%
Ad;1<0,A;<0 A6;>0,A6541<0

We use (39) and (40) in (36) and (35), and obtain

(41) O~ Ry +Q7,
where
(42 Zaj (1= a)(AS)* + Z ©;iAy;0; (Aaj — Aay)

11



= Y el a0 = Y H((1 - aga) + (1) (AF)°

A6;<0 A§;>0
© Y a0 - Y Z g e (A5
Ad;>0 Ad;<0
and
* 1 1 2 1 2
(43)Q7 = sl3 > (Ag) t3 > (A
A6;2>0,A8;41<0 A6;2>0,A8;_1<0
1
+ o5 >, QNP D AGAG,
A5j_1ZO,A(SjZO A5j207A5j+1<0
1 1
T35 Z (A5j)2+§ Z (A9;)*
A5j<O,A5j+1ZO A5j<0,A5j_120
1 1
gD, QP Y AGAGL | - ooy (A%
Ad;1<0,A4;<0 A6;>0,A6541<0

Similar to the perturbation of A and B we can replace ¢; with }L in ()2, see (30), and
the change is at most O(A\? >~(A?§;)?). Then, we have

(44) Qe Qsi= g (237(%)7 - Y (8%,)?).

We now observe that Q% + Q3 is identical to the term 23Q; + $%2Q, from Lemma 4
in [20] with a = § and § = §. We use the lower bound of that lemma and obtain

1 252
(45) QA+ Qs > 5oz D (%)
We need to find a lower bound for R;. Using ¢; ~ ¢;_;, we have
(46) R~ Y aja(l-a)(A8)T + ) piAa (d18y1 — 6;Ay;)
L@ +
- Z%(l “2 ”)(Aaj)Q
A6;<0
+
- Y e (1 - g
A8;>0

Recall that Ao = oj — aj_1 > 0, see (32). Then

(47) R, > Z A (6]'71ij*1 - 5~ij)
+ Z aj1(1— Z p; (1= Aay) (A5))?
= RZ + R37

12



where
Ry =Y ¢;jAa; (;18y;-1 — 6;Ay;)
and
Ry:=> (aj_1(1 — o) — @;(1 — Aay)) (Ag;)*.
Combining (28), (31), (41), (44), and (45), we derive

(48) 252 Z Q1+ Q2+ Q3 ZQ3+R2+R3+ﬁZ(A26j)2

Let Q5 := Q3 + Ry + Rs. Then
Q5= Qs+ Ry — Y _(1—a;)*Aaj(A5;)°.
Similar to (32), we estimate Aa; < CAv5(d; +6;_1). This means that we can replace

¢; with 1 and o; with 3 in all terms of Q% with a change at most O(A>(6;)?).
Therefore,

1
(49) Q5 ~ Z Aoy (267, +207 — 51 Ay; + 8,8y — (A0)%) = 2 > Aayz,

where

zj =205 + 207 — 0,01 Ay + 0;Ay; — (AG;)?.
Using that Ay; = y; — yj—1, Ad; = 0; — 0;_1, and y; = min(d;, d,41) > 0, we derive
2 > (851 +0;)" = 8j-1ys—2 — 095 + y-1(0j-1 + 6;) = 20,105 + 207, > dyf .
Using the above bound in (49), we conclude
(50) Q32> Aoyt .
Let E be the following index set
(51) E :={j| ¢, is a local maximum}.
Using (32), we estimate
(52) D Aajyl > CnA ) (6)°
J¢E

Combining (48), (50), and (52), we derive the lower bound

[\

2048

- (M@0,

(53) Qi+ Q+Qs > Cyd) (6)°+ S > (A%))
JgE

13



where C' is a positive generic constant which could be different in every appearance
but depends only on s, ||a||s, and [[u®| . We split the set E in two disjoint subsets

E; = {j € E| 5]‘ > 3max(5j_1,5j+1)} and Fy:= {] € E| 5]‘ < 3max(5j_1,5j+1)}.
It is easy to verify that

D (3P <CY (A%;)7 and ) ()P < CY (6;)%

JEE JjEb? JjtE

Using the above bounds in (53), we derive

Qi Qo+ Qs> CnAY (5, +C Y (A%, —C ()\ 3 (A%)% + A2 Z(aj)?’) .

Therefore, when A is sufficiently small (but fixed), we have

(54) DD (G RQ+ Qe+ Qs = CmA Y (67 +C ) (A%;)

with a constant C' which depends only on 71, V2, ||a||eo, and ||u®||pe. This finishes
the proof of Lemma 2. n

Using that the equivalence ~ is of order O(A*}767%) in (34) and (54), we prove
that

(55) D F =D ()= CmAD ()7 +CD (A%;)* =0

for sufficiently small A, i.e., for small but fixed CFL bound & in (16). This completes
the proof of Theorem 1. n

4 Convergence and error estimates

In this section we are going to use our onesided stability result, Theorem 1, to prove
the convergence of the NT scheme to the entropy solution of

(56) { u+ f(u), =0, (z,t) € Rx (0,00),

u(z,0) =u’(z), »eR.

In [18], convergence was proven via a single cell entropy inequality. Unfortunately,
in order to satisfy the inequality, the authors impose an additional restriction in all
regions where the numerical solution is increasing. This reduces the formal order
of the NT scheme in such regions to first order. They also note that the additional
restriction is not necessary in the applications and one should use the true N'T scheme
for numerical computations. In order to describe the next result, we need to introduce
some notation. A function g is of bounded variation, i.e., g € BV(R), if

|9lBv(®) = SUPZ |9(zi41) — g(zi)| < oo,
=1

14



where the supremum is taken over all finite sequences z; < ... < z, in R. Functions
of bounded variation have at most countable many discontinuities, and their left and
right limits g(x~) and g(z™) exist at each point x € R. Since the values of the initial
condition u° on a set of measure zero have no influence on the numerical solution v
and the entropy solution solution w, it is desirable to replace the seminorm | - gy ()
by a similar quantity independent of the function values on sets of measure zero. The
standard approach in conservation laws is to consider the space Lip(1,L!(R)) of all
functions g € L'(R) such that the seminorm

) 1
(57) 9|Lip(1,1 () := limsup — / lg(x +y) — g(x)| dx
y>0 Y JRr

is finite. It is clear that |g|rip(1,11(r)) Will not change if g is modified on a set of measure
zero. At the same time the above two seminorms are equal for functions g € BV(R)
such that the value of g at a point of discontinuity lies between g(x~) and g(z™) (see
Theorem 9.3 in [5]). Similarly, we define the space Lip(s,LP(R)), 1 < p < oo and
0 < s < 1, which is the set of all functions g € LP(R) for which

(58) lg(- =) = 9()lzrw < My®, y>0.

The smallest M > 0 for which (58) holds is |g|Lip(s,Lr(r))- It is easy to see that in the
case p = 1 and s = 1 the seminorm given in (58) is the same as the one in (57). In
the case p > 1, the space Lip(1, LP(R)) is essentially the same as W' (LP(R)), see [5]
for details. Because our stability result is onesided, for functions g € Lip(1,L'(R))
we consider the classes Lip(s, LP)+ defined by

(59) 1(g(- =) =90y e < My*, y>0.

The smallest M > 0 for which (59) holds is denoted by |g|Lip(s,Lr)+- When we set
p = oo and s = 1, we obtain the class Lip(1, L)+ which is the usual onesided
Lipschitz class used in conservation laws denoted by Lip+, see for example [19]. In
our previous work [13], we proved that for any v € Lip(1,L?) the discrete [y norm of
the jumps satisfies

H{(S?}H% = 2(5?)2 < h”UOHiip(Lm)a

j
see [13] for details. Similarly, it is easy to show the onesided analog

D)% < Bl iy

j
We now use Theorem 1 and derive the following onesided bound
(60) DGR <D E)E < hllu iz

J J

for any n =0,1,.... Using the estimate

max(0j) < (Z@}‘)i)

J

J
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in (60), we derive the Onesided Lipschitz bound
(61) max(37) < b2 [0’ uipr o)

For piecewise smooth solutions, it is well known that the fractional bound (61) is
enough to guarantee convergence of the numerical method to the entropy solution. In
the general case of initial data u® € Lip(1, L'(R)), we refer the reader to [12] where
the authors develop a convergence theory for numerical methods for conservation laws
and Hamilton-Jacobi equations. They show that a class of TVD numerical methods
with a weak onesided bound on second differences for Hamilton-Jacobi equations (see
(2.3), in [12]) converges to the unique viscosity solution. The corresponding estimate
we need here to guarantee convergence to the entropy solution of (56) is

(62) max(d}') < Ch*~®

n,j
with 0 < 1 — a < 1. Therefore, we have the following theorem.

Theorem 3. Let u’ € Lip(1,L*(R)) N Lip(1,L*)+. Then, there exists k > 0 such
that under the CFL condition \||al|s < k the NT scheme described in (14) converges
to the unique entropy solution of (56).

It should be possible to develop a theory for error estimates based on (60) for
u? € Lip(1, L*(R)) N Lip(s, LP)+, s > 1/2. But the results do not immediately follow
from the existing theory and are out of the scope of this paper. Here, we will discuss
the case of nondecreasing initial data only. In our proof of Theorem 1, we considered
only one approximation of the flux, see (18). In fact, one can derive the perturbation
formula (21) for other approximations of the flux and even for exact evolution in
time — that is, when we compute the integrals in (7) exactly. We leave the proof
to the reader and only note that Theorem 1 is no longer valid for first order in time
approximations of the flux. This implies that Theorem 1 is a true second order result.
Using the stability result (62) for the NT scheme with exact evolution in time in our
general error estimate from [14], we obtain

Theorem 4. Let u® € Lip(1, L}(R))NLip(1,L?)+ be a nondecreasing function. Then,
there exists k > 0 such that under the CFL condition \||a||« < k the NT scheme with
exact evolution in time converges to the unique entropy solution of (56) and satisfies
the error estimate

|lu(-,T) —v(, T) |l m) < Ch1/4|UO|Lip(1,L1(R))-

We include the above error estimate only to show that it is possible to derive
error estimates from our new onesided stability. A general estimate for initial data
u® € Lip(1, L*(R)) N Lip(1, L?)+ requires a modification of our arguments in [14] or
the dual Lip-Lip+ arguments in [19] and will be addressed elsewhere.
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5 Appendix: Proof of the localization argument

We need to show that the one-sided Iy norms inequality (17) holds for any initial
sequence {0;}. Let {w;} be a generic sequence of cell averages and {d,} be its jump
sequence. We need to show that

(63) {005+ Mo < TH(05)+ 3l

holds for any initial sequence {J;} with finite /; norm. Recall that we proved (63) for
any monotone sequence. We follow our arguments in the case of linear flux in [13]. We
consider the sequence {w;} and restrict the index j to a maximal subset A,, on which
the piecewise constant function w is monotone, recall that §; = w; — w;_;. Given a
sequence {w; }, we can decompose it into monotone subsequences. This decomposition
also gives a decomposition of the sequence {;} into subsequences such that in each
subsequence all jumps have the same sign (non-negative or non-positive). Note that
in the case of a sequence with non-positive jumps we have a trivial inequality in (63).
Without any limitations, we assume that the jumps {J;} are non-negative for all
1 <j<r 6_1<0and d.o 1 <0. That is, w;_; is a local minimum and w, is a local
maximum of the piecewise constant function w. Let w™ be the following piecewise
constant correction of w

Wy, if 1 SJ < T,
(64) w =< w_q, if j <,
w,, it j>r.

<

Note that A,, = {j : [ < j <7+ 1} and the jumps sequence 0™ := {07"} of w™ is
given by

m . Ww; — Wj—1q, if l§]§r,
(65) 0 _{ 0, otherwise
In the case of a non-increasing subsequence, we extend it with constant values anal-
ogous to (64). Hence, we have a sequence of monotone functions {w™} and the
corresponding jump sequences {0™} := {d}" } ez such that

DD HE™E =D > HE)HE = 61

m  jEZL m jEAn,

because the sequence of the jumps of {0,} is decomposed into disjoint jump subse-
quences {5;”} We only consider the nonnegative jumps because we are in the case
of convex flux and the l; norm decreased only for nonnegative initial data. There are
two types of jumps d7. A jump &} is of type 1 if it is equal to the jump §5(6™) — that
is the jump generated with the starting sequence {47"}, where the index m such that
J € Ay A jump is of type 2 if it is not of type 1. Note that a type 2 jump &7 occurs
only inside an interval which contains a strict local extremum. Near a local extremum
we have two nonzero jumps, say 5;-* and ¢7., generated by the two monotone w™-s
with index sets finishing/starting with j*. It is easy to verify that

= 1051 = 155l
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where (0°.)" and (d7.)" are the new jumps generated by the two monotone sequences
ending/starting at the local extremum. Hence, for all nonnegative §}., we have

2

(0502 = (9)% < ((0L.)) + ((03.),)",

where only one of the terms on the right can be positive because the jumps ((5})’ and
(65.)" have opposite signs. Therefore, we conclude that

D@D GEMNI <Y D 0T =D (6)%

J m jE€Am m jE€Am J

where we use the notation 97(6™) for the new jumps generated by {6™}. The above
argument is similar to our argument in the case of linear flux. The main difference
here is that (63) is onesided because the flux is convex and we need a stronger CFL
condition to guarantee the TVD property of the NT scheme based on the Minmod
limiter. A sufficient condition is

A max |f'(u)] <0.32,

[ul<[[ulloo

see [18] for details.
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