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ON CONVERGENCE OF MINMOD-TYPE SCHEMES*
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Abstract. A class of nonoscillatory numerical methods for solving nonlinear scalar conservation
laws in one space dimension is considered. This class of methods contains the classical Lax—Friedrichs
and the second-order Nessyahu—Tadmor schemes. In the case of linear flux, new Iy stability results
and error estimates for the methods are proved. Numerical experiments confirm that these methods
are one-sided [l stable for convex flux instead of the usual Lip+ stability.
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1. Introduction. We are interested in the scalar hyperbolic conservation law

ur+ f(uw)e =0, (z,t) € R x (0,00),
(1.1) { u(z,0) = ul(z), x€eR,

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 (1.1). Even though the existence-uniqueness theory of weak solutions is
complete [12], there are many numerically efficient methods for which the questions of
convergence and error estimates are still open. For example, there are many nonoscil-
latory schemes based on the minmod limiter which are numerically robust, at least in
many numerical tests, but theoretical results about convergence and error estimates
are still missing [3, 6, 7, 18].

In this paper, we consider a class of the so-called Godunov-type schemes for solv-
ing (1.1). There are two main steps in such schemes: evolution and projection. In the
original Godunov scheme, the projection is onto piecewise constant functions—the
cell averages. In the general Godunov-type method, the projection is onto piece-
wise polynomials. To determine the properties of these schemes it is necessary to
study the properties of the projection operator. We limit our attention to the case of
piecewise linear projection based on cell averages using minmod limiters for the slope
reconstruction, and we call such a scheme minmod-type. For example, the Nessyahu—
Tadmor scheme [15] is of minmod-type and is based on staggered evolution; other
examples include the second-order nonoscillatory central schemes with nonstaggered
grids given in [8, 9], and the UNO and TVD2 schemes in [6]. Theoretical results about
convergence of such schemes to the entropy solution, or error estimates, are still miss-
ing. In most cases the authors give a variation bound for such a scheme, which is
enough to conclude that the method converges to a weak solution; see [10]. The only
paper which has a convergence result is the paper of Nessyahu and Tadmor [15] in
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which the authors prove a single cell entropy inequality for a minor modification of
the original minmod scheme. A single entropy inequality is enough to conclude that
the scheme is convergent to the unique entropy solution but does not give any rate of
convergence. In order to get a rate, one has to have a family of entropy inequalities
(see [1, 2, 11, 14]). Alternatively, for a convex flux, one can impose Lip+ stability on
the projection and then prove convergence via Tadmor’s Lip’ theory [16, 19]. Unfor-
tunately, it is well known that minmod-type schemes are incompatible with the Lip+
condition—the Lip+ seminorm is not preserved by a minmod-type projection. It is
easy to think about minmod-type schemes in terms of new/old cell averages. That
is, we start with a sequence of cell averages {w;}, and after one time step (projection
and evolution) we get a new sequence {w;}. A scheme is total variation diminishing
(TVD) if the variation of the new sequence }_ [wj — w}_;[ is not bigger than the
variation of the old one Zj |w; — wj_1], i.e., the {; norm of the jumps does not in-
crease in time. In the Lip+ case (for convex flux) the condition on the jumps is that
the biggest nonnegative jump does not increase in time:

sup(wji — wj_q)4 < sup(w; — wj—1)4-
J J

In section 3 of this paper, we prove that for linear flux the l; norm of the jumps for
some minmod-type schemes does not increase in time. This class of schemes include
the NT scheme and the TVD2 scheme considered in [6]. Based on that, we use the
dual approach (see [16, 19]) to derive a new error estimate in L? in section 4. The
rate of convergence that we prove is 1/2 in L?, which improves the known result of
1/4 (see [19]). In section 5, we present numerical examples in the case of linear and
convex flux and discuss the nonconvex case. Our numerical tests show that for convex
flux the minmod schemes preserve the one-sided analogue

D (wh—wi )} <Y (wy w3,
J J

which suggests a different approach to proving convergence and error estimates for
such schemes in the convex case. The Iy norm of the jumps is a natural candidate
norm for the analysis of high-order schemes, such as central or ENO [7] type, due to
its numerical viscosity. We view the results of this paper as a step toward obtaining
convergence results and estimates for the rate of convergence of minmod-type schemes
for solving (1.1) in the case of convex nonlinear flux.

2. Nonoscillatory central schemes. In this section, we are concerned with
nonoscillatory central differencing approximations to the scalar conservation law

(2.1) ut + f(u), = 0.

The prototypes of all central schemes are the staggered form of the Lax—Friedrichs
(LxF) scheme and its second-order extension, the Nessyahu—Tadmor (NT) scheme [15].
For an introduction to central schemes, see [8, 9, 13, 15]. For simplicity, we limit our
attention to the staggered NT scheme described below. Let v(x,t) be an approximate
solution to (2.1), and assume that the space mesh Az and the time mesh At are
uniform. Let z; := jAz, j € Z, X := %, and
1 [%i+1/2
(2.2) vi(t) == s v(x,t) dx

Tj—1/2
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be the average of v at time ¢ over (z;_1/2,%;41/2). Let us assume that v(-,?) is a
piecewise linear function, and that it is linear on the intervals (x;_1 /2, 7;41/2), j € Z,
of the form

1
(2.3) v(x,t) = Lj(z,t) :=v(t) + (z — xj)mv;, Ti12 < T < Tjg)2,

where A%cvg- is the numerical derivative of v, which is yet to be determined. Integration
of (2.1) over the staggered space-time cell (z;,x;41) X (¢t,t + At) yields

1 Tjt1/2 Tj+1
(24) vjp10(t+AL) = o Lj(x,t)dr + Lji(z,t)dx
;

Tjt+1/2

t+At t+At
_ A%; (/t F(o(xy1, 7)) dr _/t f(u(xj,T))dT> .

The first two integrals on the right-hand side of (2.4) can be evaluated exactly. More-
over, if the CFL condition

(2.5) A max |f'(v(z, b)) <

T Se<wjn

J €L,

N =

is met, then the last two integrants on the right of (2.4) 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 ﬁv; and ﬁvéﬂ, the time
integration is exact for any flux f, and even for nonzero slopes the time integration
can be exact for a low degree polynomial flux. Thus, following [15], we arrive at

(26)  wypryalt+ AL = S(05(1) vy (1)) + (0~ v))

S ) Ao+ )

By Taylor expansion and the conservation law (2.1), we obtain

A
(27) v (CEj,f + ;) = 'Uj(t) - %)\f;,

where - [} stand for an approximate numerical derivative of the flux f(v(z = z;,1)).
The following choices are widely used as approximations of the numerical derivatives
(we drop ¢t to simplify the notation):

(28) ’U; = m(vjﬂ — V5,05 — Uj,1)7

fi=m(f(vjp1) = f(3), fvg) = fvj-1)),

where m(a, b) stands for the minmod limiter
1
(2.9) m(a,b) = MinMod(a, b) := i(sgn(a) + sgn(b)) - min(|al, |b])

with the usual generalization

inf (E) if ECRy,
(2.10) m(E):=4¢ sup(E) if ECR_,
0 otherwise.
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A generalization of this numerical approximation is based the so-called minmod-6
limiters

1
211 o) = (80501 = o) (0501 = 0y-1).000; = 0.

N =

fi=m <9(f(vj+1) = f(03)), 5 (F(vira) = fvj-1)), 0(f (v5) — f(%‘—l))) :

Given the approximate slopes and flux derivatives (2.11), we have a family of central
schemes in the predictor-corrector form

At 1
v (a:j,t—i- 2) = ’Uj(t) - 5)\]2’,

(212)  vjp1/a(t+ AL) = %(Uj (1) + v (1) + é(vé' — Vj41)

S ) Ao+ )

where we start with v;(0) := <= ffj’:l//; up(z) dz. Note that we alternate between two
uniform partitions of the real line: all intervals with integer end points for ¢ = 2kAt,
k € Z, and half integers for t = (2k + 1)At, k € Z. As a special case, we recover the
staggered LxF scheme for § = 0 and the basic minmod scheme for # = 1 (the middle

slope in the minmod limiter (2.11) drops if § < 1).

3. I, stability for linear flux. In this section we will prove that the central
scheme given in (2.12) is o stable for any 6 in the interval [0, 1]. Based on this stability
we will also derive a new error estimate in L? instead of the usual L' estimates in the
conservation laws. Note that even for linear flux f, the minmod-type schemes are not
linear and the only global property known is that the total variation does not increase
in time under an appropriate CFL condition; see [15]. The class of minmod-type
schemes is also not Lip+ stable except for the obvious choice § = 0. Let us consider a
linear flux f(u) = au, uniform time steps ¢, = nAt, and restrict the minmod limiter
to § < 1. We denote v} := v;(tn), 6} := v} — v} ;. The minmod scheme (2.12)
reduces to

ke 1 n n 0 n n n n
(31) i, = S +oi) + g (m(87, 6741) — m(6711, 6742))

G,At n G,At n n n ClAt n on
T Ap \Ui1 T @Om( j1r 02) = vff + mem( i 851) |-

Hence, we have an explicit formula for the new cell averages (at time ¢,1) on a stag-
gered grid in terms of the old ones (at time ¢,) on a regular grid. In order to simplify

i 3 — / R +1
the notation, we drop the time dependence and denote w; := v}, wi , = U;H/Q,
6 = wh —wi_q, a = % + %7 and = %a(l — «). With this notation, we have the

following relation between the sequence of the new averages {wg} and the old ones
{w;}:
(3.2) wj = awj—1 + (1 — a)w; + 08 (m(8;-1,8;) — m(é;,8;41)) .-

Using that ¢6; = w; — w;_1, we derive the formula for the sequence of new jumps in
terms of the old ones:

(33) 6; = Otéjfl + (]. - CK)CS]‘ - H,Bm(éj,g,éj,ﬂ + 295m(6j,1,6j) - 9ﬂm(6]7 6j+1)'
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The CFL condition (2.5) reduces to 0 < a < 1 because a = 3 + “A—Aj and |“A—Axt <1
The main result in this section is the following stability result.

THEOREM 3.1. If the initial condition uy € L}, .(R), then the Iy norm of the
Jjumps of the approximate solution v(-,t) is nonincreasing in time. That is,

(3-4) 1653 ey = o7 = 032 ey < {85 e = {0} = vf -1}y

foralln > 1.

Proof. It is clear that we have to prove the result for one step, assuming that
[I{6;}]:, < co. We split the proof into two parts. First, we prove the stability for a
monotone sequence {w;}. By symmetry, it is sufficient to consider the case §; > 0
for all j € Z. Then we apply that result locally to derive the [ stability for a general
sequence.

THEOREM 3.2. Let us assume that 6; > 0, j € Z, and &; are given by (3.3).
Then

(3.5) 185 leo < 11£85 -

Proof. Let us recall that {6;}>, € ly and 6; > 0 for all j. It is enough to prove
Theorem 3.2 only for 0 < av < 1. Let B1 := 03; then 0 < 57 < 3. We construct the
new sequence {6;} by using the rule

(3.6)
65 = (1 —a)d; +adj_y — frmin(d;_2,8;-1) + 261 min(6;_1,6;) — B min(6;, 6;11)

for each j. First we assume that {6;} has finite support. It is easy to see how to
modify the proof in case the support is not finite. Therefore we assume 6; = 0 for
j <3 and for j > N — 3 for some integer N. Then é; =0 for j <3 and j > N — 2.
Thus it suffices to prove

N N
(3.7) 26? > 2(63)2

Let us introduce some notation. Let y; = min(8;,8;41), Ad; = §; — 6;_1, Ay; =
yj — yj—h Azéj = 6j — 26]'_1 —+ 6j_2, and AZyj = yj — 2%‘—1 + yj_g. Then (36)
becomes

(S; = ((1 — Ol)éj + Ck&j,l) — ,61A2y]’ and

N N
D)= (1= a)d; +ab;—1)* = 281 ((1 — @)b; + ad;_1)A%y; + BF(A%y;)?) .

Jj=1 Jj=1

Note that since 69 = 61 = 0 and 6y_1 = 6y = 0, we have

Mz

D 82— ((1—a)s; +ab; 1) (1—a)® = a®)8] = 2a(1 — a)8;6;
j=1 Fl
N

N
=28 (267 — 28;6,_1) =28 Z(éj —6;-1)2 =28 (A§))?

j=1 j=1 =1
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Thus we get
(3.8)
N N
3762 - ST0)2 = 0 (26(86))2 + 261 (1 — )8 + ad;_1)A%y; — F2(A%;)?).

=1 =1 =1

2

To prove Theorem 3.2, we need to prove

N
Y (26(88)* + 261((1 — @) + ad;_1)A%y; — F7 (A%y;)%) = 0.

j=1

Note that

Z 2B(A8;)* + 2681 ((1 — )b + abj1)A%y; — BT (A%y;)?)
N
= (Z <2 (g) (88;)% +2((1 = a)d; + ad;—1) A%y; — ﬂl(AQij))
N
> B (Z (2(465)% +2((1 — @)8; + ad;-1)A%y; — 5(A2yj)2))

B N
_ ( 1) Z (26(A61)2 + Qﬁ((l _ a)éj + aéjfl)A%/j - 52(A2yj)2).
=1

Therefore it is sufficient to prove the theorem in the case 1 = (3, which is the worst
case in a certain sense. Now we use A?y; = Ay; — Ay,_1, Ay; =0, 6; =0 for j < 1,
j > N —1, and Abel’s transform to obtain

N N N N

D8N =) (8 —6e)Ay; and Y61 A%y = (65-1 — §;)Ay;.
j=1 j=1 j=1 =1
Thus, (3.8) becomes

N N N N

SN2 =28 ) (A5)7 - (1—a) ) Adj11Ay;

i=1 =1 =1 =1

N ﬁ N
- A6 A — A?
ajzl 6; Ay, D) ;( yj)

Recall that Yy = min((Sj, (5j+1), A(Sj = (Sj —(Sj,h ij =Y —Yj-1, AQ(SJ‘ = (5j —2(5j71 +
§;j—2, and A%y; = y; —2y,;_1+y;j_2. To finish the proof of Theorem 3.2, it is sufficient
to prove the following two lemmas.

LEMMA 3.3.

N N N N
D (86 = (1—a) > Asj1Ay; —a ) AsAy; — B (A%;)* >0

Jj=1 Jj=1 Jj=1 J=1
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LEMMA 3.4.
N N
2% (M%) >

Jj=1 Jj=1

(A%y;)2.
Proof of Lemma 3.3. We consider that ; denotes Z;\f:l Define
A= Z A(Sj+1ij and B = Z AéjAyJ

J J

Our aim is to prove that

(3.9) > (86 = (1—a)A—aB—BY (A%;)*>0.

J

Let uy = max(u,0), u— = min(u,0). It is easy to check that
(3.10) Ay; = (A6;)5 + (Abj41) .
We can transform A as follows:

A= 3T A8 (801 + (A8j30)-)

J

=D A8 (Ag) + D ASAG)- = Y (Mg + Y A§AS L

j j A§;<0 A§;>0
B11) = > (A&’ + Y. A&AS+D,
A8;<0 A8;>0, A6;41<0

where D =3 75 50, 6,150 D6 Ad;41. Further,

1
D=5 Y ((A8)° +(A8)* — (8%)°)
Aﬁ_jzo, A§_7‘+120
1
=3 > ((A8;-1)* + (A8;)* — (A%55)?)
A6;_1>0,A8;>0
_ 1 2 1 2 1 2 2
=3 Z (Ab;) T3 Z (Ab;)” - 3 Z (A%6;)".
A8;>0,A8;41>0 A8;>0, A8, 1>0 AS;_1>0,A68;>0
By (3.11),
1 1
A= (M) - 3 > (Ag;)% - B > (Ag;)?
j A§;>0, A6;41<0 A5;>0, A5 _1<0
1
(3.12) -5 (A26;) + > A8; NG 41
Abj-120,A6;20 A8;20,A8;41<0

Transform B in the same way as A:

(3.13) B= > (Ag)*+ > A§;A6j41 + E,

A8;>0 A8;>0,A68;41<0
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where B =3 5 <o as;,,<0 D0jA0;41. The quantity E can also be rewritten in the
same way as D:

1 1

E= > (88 + 3 > (8- % > (A%

A8;<0,A8;41<0 A8;_1<0,A8;<0 Ab;_1<0,A68,<0

Combining this equality with (3.13), we get

1 1
B=Y) (Ae;)* =5 >, (A8)’ -3 (A8;)?
j A8;<0,A8;11>0 A§;<0,A8;_1>0
1
(3.14) -3 oo (A% + > A8; A4
A8;_1<0,A8;<0 A8;4+1<0,A8;>0

By (3.12) and (3.14),

(3.15) Y (M) —(1—a)A—aB—p3Y (A%’ =F+G+H+I1+J+K+1L,
J J

where

1-a 2 _l-a 2
Felt oy e e > @

A8;>0,A8;41<0 A8;>0, A8;_1<0

H= % (A I= % > (a8

A8;<0, A8 41>0 A8;<0,A8;_1>0

J = — Z A(SjAéjJrl + (1 ; a - ﬁ) Z (AQéj)Q

Ab;41<0, A8;>0 Ab;_1>0,A8;>0

(o), £ e

AS;_1<0,A6;<0

K=-0 > (A%5;)?, and L=-p > (A%8;)2.
A5_1_1>0,A§]‘<0 A5j_1<0,A5_7’>0

We have to prove that F+ G+ H+ I+ J+ K+ L > 0. Among the sums
F.G,H,I,J K, L, only the two last sums might be negative; we will show that and

(3.16) F+I+K>0,
(3.17) G+H+L>0.
Indeed,
11—« o 11—« «
5 (A6;-1)* + §(A5j)2 — B(A%6;)* = 5 (Ab;-1)* + §(A5j)2
1 —o)a 1
- %(A@ —A§;_1)? = (1= 0a)Ad; 1 + alA§;))? > 0.

Summing the last inequality over all j with Ad;_; > 0, Aé; < 0, we get (3.16). The
inequality (3.17) can be proved similarly.
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Additionally, we have

(3.18)

J >0.

Finally, plugging (3.16), (3.17), and (3.18) into (3.15), we obtain the required
(3.9). This completes the proof of Lemma 3.3.

Proof of Lemma 3.4. First, recall that A%y; =0 for j <1 and j > N. Also, from
the proof of Lemma 3.3 we have

Similarly,

Abj 11 if A8 11 <0, A8 <0,
Av,s — A6j+1 + A(Sj if A(Sj_H <0, A6] >0,
YT As; if A8 1 >0, A8 >0,
0 if Adj41 >0, Ad; <0.
A6, it A8, <0, A8 <0,
N A(SJ +A6j_1 if A(S] <0, A(Sj_l >0,
Y= As it A8, >0, A8, >0,
0 it A8; >0, A8 <0.

Therefore A§;_1, A§;, Ad;+1 and their signs uniquely determine A%y;. We have
eight cases depending on what the signs of Aé;_1, Ad;, A4 are.

Case I. (+,+,+), that is, Ad;—1 > 0, Ad; > 0, Adj41 > 0. Then, Ay; =
ASj, Ay;—1 = A§j_q, and so A?y; = A%§;; thus, (A?%y;)? < (A?5;)? in this
case.

Case II. (+,+,—), that is, Ad;_1 > 0, Ad; > 0, Adj+1 < 0. Then, Ay, =
A6j+1 + A(Sj, ij—l = Aéj_l, and so AQyj = A(Sj+1 + A(SJ - A6j_1.

Case III. (4+,—,+), that is, A§;—1 > 0, Ad; < 0, Ab;4y1 > 0. Then, Ay; =
0, Ayj_1 = A& + Ab;_1, and so A%y; = —A§; — Ad;—1. In this case
(A2yj)2 - (AQ(SJ)Q = 4A63A6j,1 S 0 and (AQyJ)Q S (AQ(SJ)Q

Case 1V. (-i—, —,—), that is, A(Sj_l >0, A(Sj < 0, A(Sj+1 < 0. Then, ij =
A5j+1, ij—l = A(S] + Aéj_l, and so AQyj e A6j+1 — A(Sj — A(Sj_l.

Case V. (—,+,+), that is, Ad;_1 < 0, Ad; > 0, Adj11 > 0. Then, Ay, =
ASj, Ay;—1 = 0, and so A%y; = A§;. In this case 0 < A§; < A§; — A1
and (A%y,)? < (A%,)°.

Case V1. (—,—F,—), that is, A(Sj_l < 0, A(57 >0, A6j+1 < 0. Then, ij =
A(Sj+1 —|—A(Sj, ij—l =0, and so AQyj = A5j+1 —|—A61 In this case (AQyj)Q —
(A26j+1)2 = 4A6j+1A6j S 0 and (AQyj)Q S (A26j+1)2.

Case VII. (—,—,+), that is, Ad;_1 <0, Ad; <0, Adj+1 > 0. Then, Ay; =
0, Ayj_1 = Ad;, and so A?y; = —Ag;. In this case 0 < —A§; < Adj11 — AS;
and (AQQJ)Q < (A26j+1)2.

Case VIII. (—,—,—), that is, A(Sj_l < 0, A(SJ < 0, A(Sj+1 < 0. Then,
ij = A(Sj+1, ij—l = A6j, and so AQyj = A26j+1. In this case (A2yj)2 S
(A%5,,1)°.

Therefore in Cases I (+,+,+), III (+,—,+), and V (—,+,+), (A%y;)? < (A?5;)?,

and in Cases VI (—,+,—), VII (—,—,+), and VIII (—, —, =), (A%y;)? < (A26;41)*.
There are only two “bad” cases: II (+,+,—) and IV (4, —, —), which need a special
treatment.

Next, we define a sequence of + and — signs {s;}, where s; = + if Ad; > 0 and
s; = — if Ad; < 0. Note that s; = 4 for j <3 and j > N — 2. There are three types

of “bad” quadruples:
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Type A quadruple: (+,+,—,—), that is, Ad;_1 > 0, Ad; > 0, A1 <0,
Adjr2 < 0 for some j. We claim that in this case the following inequality
holds:

(819)  (A%)% + (A%y;41) < 2(A%)? + 2(A%8;11) + 2(A%;12)".

In this case A2yj = Abj11+A6—Ab;j—1 and A2yj+1 = Abjp2—Abj 11— A6
If we denote Ad;j_q by a, Aé; by b, Ad;11 by ¢, and Ad;,o by d, the above
inequality becomes

(c+b—a)?+(d—c—0)?*<2(b—a)’+2(c—b)?*+2(d—c)?
fora>0,0>0,c<0,d<0,

which is equivalent to a? + 2b% 4+ 2¢% + d? — 2ab + 2ac — 8bc+ 2bd — 2¢d > 0, or
(a—b+c)?+ (b—c+d)? —4be >0,

which holds since b > 0, ¢ < 0.

Type B quadruple: (4,4, —,+), that is, Ad;_1 > 0, Ad; > 0, Ad;41 < 0,
Abjy2 > 0 for some j. We claim that in this case the following inequality
holds:

(820)  (A%)%+ (A%;01)° < 2(A%,)° +2(A%;11)2 + (A%,40)"

In this case A2yj = Abjy1 + Ad; — Adj—1 and A2yj+1 = —Adj11 — AY;.
Using the notation we just introduced, the inequality becomes

(c+b—a)?+ (c+b)?<20b—a)?+2(c—b)2+(d—c)?
fora>0,b6>0,c<0,d>0.

Since (d — ¢)? > ¢, it is sufficient to prove
(c+b—a)? +(c+b)?<2(b—a)?+2(c—-b)*+c2 or
a® 4 20 + ¢® — 2ab + 2ac — 8bc > 0, or (a — b+ ¢)? + b? — 6bc > 0,

which holds for b > 0, ¢ < 0.

Type C quadruple: (—,+,—,—), that is, Ad;—1 < 0, Ad; > 0, Adj41 < 0,
Abjyo < 0 for some j. We claim that in this case the following inequality
holds:

(321)  (A%) + (A%01)° < (A%6)) +2(A%41) + 2(A2%6,45)%.

In this case A%y; = A1 +Ad; and A?y; 1 = A0 — Abj1 — AS;. Using
the notation we just introduced, the inequality becomes

(c+b)2+(d—c—b)*<(b—a)*> +2(c—b)?+2(d - c)?
fora<0,6>0,c<0,d<0.

Since (b — a)? > b?, it is sufficient to prove
(c+b0)2+(d+c—b)2<b?+2(c—b)2+2(d—c)? or
b2 4 2¢2 + d* — 8bc + 2bd — 2¢d > 0, or (b— ¢+ d)* + ¢ — 6bc > 0,
which holds for b > 0, ¢ < 0.
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We will call the Type A (3.19), Type B (3.20), and Type C (3.21) inequalities
“long” inequalities; we call the inequalities of type (A2y;)? < (A25;)? and (A%y;)?
(A2841)? “short” inequalities.

Now, we construct a set of inequalities. We identify all “bad” quadruples and
include the corresponding inequality (Type A, B, or C) in the set. Next, for all
j € [1, N] such that s; is not a middle element of a “bad” quadruple, and such that j
does not belong to the “bad” Cases II and IV, we include the corresponding “short”
inequality in the set. Finally, we add all inequalities in the set. Taking into account
that A26; = 0 and A%y; = 0 for j > N, the resulting inequality is

N
(3.22) Zaj (A%y;)? < Z

where the a;’s and b;’s are nonnegative integers. To finish the proof of the lemma we
need to show a; > 1 and b; < 2 for all j € [1, N].

Note that all “long” inequalities have the form (A%y;)? + (A%y;11)? < ---, where
s; and s;j4q are the middle elements of a “bad” quadruple. Then a; > 1 if s; is a
middle element of a “bad” quadruple. (By middle element of a quadruple we mean
second or third element of the quadruple.)

Now, suppose that s; is not a middle element of a “bad” quadruple. Then j does
not belong to the “bad” Cases II and IV. Indeed if j is in Case II: (s;j_1,5;,5j4+1) =
(+,+,—), then s; is a middle element of Type B quadruple if sj;o = + and a
middle element of Type A quadruple if s;1o = —. Similarly, if j is in Case IV:
(sj-1,55,8j41) = (+,—,—), then s; is a middle element of Type A quadruple if
sj—1 = + and a middle element of Type C quadruple if s;_; = —. Therefore a
“short” inequality for (A%y;)? has been included in the set of inequalities. Thus
a; > 1 in this case as well. We have proved a; > 1 for all j € [1, N].

Now, we prove b; < 2 for all j € [1, N]. Note that (A%§;)? can appear in only two
“short” inequalities: (A%y;)? < (A?§;)? and (A%y;_1)? < (A%6;)2. Therefore b; < 2
if (A26j)2 does not appear in any “long” inequalities, that is, if s; is not a second,
third, or fourth element of a “bad” quadruple.

The case when s; is a second, third, or fourth element of a “bad” quadruple
requires more work. First, note that two distinct “bad” quadruples have at most two
common elements. Indeed all “bad” quadruples are of the form (x,+, —,*), where *
denotes + or —, and no “bad” quadruple has (+, —) as its first two or last two elements.
Next, the only case when two “bad” quadruples have two common elements is the
following configuration:

(323) (ijh Sj7 Sj+17 sj+27 Sj+37 Sj+4) = (+7 +7 s +a s _)

Indeed, a Type A quadruple cannot share exactly two elements with another “bad”
quadruple because no “bad” quadruple has (—, —) as its first two elements, or (4, +)
as its last two elements. Similar analysis shows that the only way a Type B or Type C
quadruple can share exactly two elements with another Type B or Type C quadruple
is when the configuration (3.23) occurs.

Let us analyze the configuration (3.23). The “long” inequalities which correspond
to the two “bad” quadruples in this configuration are

(3.24) (A%y;)? 4+ (A%y;41)° < 2(A%65) +2(A%8;11)% + (A%6542)7,
(3.25) (A2yj49)° + (A%y;43)% < (A%6540)° + 2(A%645)° + 2(A%6,44)°
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Their sum is
(A2y;)? + (A%yj41)° + (A%y42)° + (APy;43)°
< 9(AZ5))2 + 2(A25,41)? + AT 42)? + A5, 45)° + 2%, 0)°.

In this case s, Sj+1, Sj+2, Sj+3, and sj44 appear as second, third, or fourth elements
of a “bad” quadruple. Since the configuration (3.23) starts with (+, +) and ends with
(=, —), it cannot share two elements with a “bad” quadruple outside the configuration.
This means that none of s;, s;ji1, sj42, Sj+3, and s;j4y4 can be a second, third, or
fourth element of a “bad” quadruple outside the configuration. In other words, none
of (A%6;)2, (A%6;41)2, (A%8542)%, (A26;43)%, and (A2?§;44)? can appear in a “long”
inequality other than (3.24) and (3.25). Since, s;, sj+1, Sj+2, and s;43 are middle
elements of “bad” quadruples, (A26;41)%, (A%6;42)%, and (A28;43)* cannot appear
in “short” inequalities either. Thus bjy1 = bj4o = bj13 = 2. Also, (A?§;)? cannot
appear in a “short” inequality. The only way this could happen is (A%y;_1)? <
(A?6;)%, which is impossible since j—1 is either in Case I (+,+,+) or Case V (—, +, +),
depending on what s;_, is, and in both cases the short inequality is (A2yj,1)2 <
(A2?§;_1)2. Thus b; = 2. Similarly, (A%6;44)? cannot appear in a “short” inequality.
The only way this could happen is (A2y;+4)% < (A28;14)?, which is impossible since
j + 4 is either in Case VII (—, —,+) or Case VIII (—, —, —), depending on what s,45
is, and in both cases the short inequality is (A?y;414)? < (A26;45)%. Thus bjyq = 2.
This concludes the analysis of the configuration (3.23).

Now, let s; be a second, third, or fourth element of a “bad” quadruple but not
an element of a configuration (3.23). This means that (A%§;)? appears in exactly
one “long” inequality (it cannot be a second, third, or fourth element of two distinct
“bad” quadruples). If s; is a third element of a “bad” quadruple, then s;_; and s;
are the middle elements of the quadruple and (A25j)2 does not appear in a short
inequality. Thus, b; < 2 in this case. The cases when s; is a second or fourth element
of a “bad” quadruple need separate consideration.

1. s; is a second element of a Type A quadruple (+,+, —, —). The only way
(A2%6;)? could appear in a “short” inequality is (A%y;_1)? < (A2%§;)?, which
is impossible since j — 1 is either in Case I (+,+,+) or Case V (—, +, +), de-
pending on what s;_» is, and in both cases the short inequality is (AQyj,l)2 <
(AQ(Sj,l)Q. Thus bj =2.

2. s; is a fourth element of a Type A quadruple (+,+,—,—). The only way
(A2%6;)? could appear in a “short” inequality is (A%y;)? < (A2%§;)?, which
is impossible since j is either in Case VII (—, —, +) or Case VIII (—, —, —),
depending on what s; 1 is, and in both cases the short inequality is (A2yj)2 <
(A26j+1)2. Thus bj = 2.

3. s; is a second element of a Type B quadruple (+,+, —, +). Here the argument
is word-by-word like in part 1. The only way (A2§;)? could appear in a
“short” inequality is (A%y;_1)? < (A2§;)?, which is impossible since j — 1
is either in Case I (+,+,+) or Case V (—,+,+), depending on what s;_»
is, and in both cases the short inequality is (A%y;_1)? < (A%8;_1)?. Thus
b; = 2.

4. s;is afourth element of a Type B quadruple (4, 4+, —, +). Since the coefficient
of (A%6;)? in the corresponding “long” inequality (3.20) is 1 and (A26;)? could
appear in at most one “short” inequality, we conclude b; < 2.

5. s; is a second element of a Type C quadruple (—,+, —, —). Since the coeffi-
cient of (A%6;)? in the corresponding “long” inequality (3.21) is 1 and (A26;)?
could appear in at most one “short” inequality, we conclude b; < 2.
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6. s; is a fourth element of a Type C quadruple (—, +, —, —). Here the argument
is word-by-word like in Case 2. The only way (A2§;)? could appear in a
“short” inequality is (A%y;)? < (A2§;)?, which is impossible since j is either
in Case VII (—, —,+) or Case VIII (—, —, —), depending on what s, is, and
in both cases the short inequality is (A%y;)? < (A2§;11)?. Thus b; = 2.
We have shown that in all six cases b; < 2 for j € [1, N], which completes the proof
of Lemma 3.4 and Theorem 3.2. O
Now, we continue with the general case, the proof of Theorem 3.1. That is, we
want to show that the ls norms inequality

(3.26) 185 1o, < 1165 }Hs

holds for any initial sequence {¢;} with finite I norm. We consider the sequence {w;}
and restrict the index j to a maximal subset A,, on which the piecewise constant
function w is monotone, recalling that ¢; = w; — w;—;. Given a sequence {wj},
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 (nonnegative or nonpositive). Without any limitations,
we assume that the jumps {6;} are nonnegative for all I < j < r, §_; < 0, and
Or41 < 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:

(3.27) wl =< w-y if j<l,
Wy if j>nr

Note that A, = {j : [ <j <7+ 1}, and the jump sequence 6™ := {67"} of w™ is
given by

m . w; — W51 if ZS_]S?”,
(3.28) 05 '_{ 0 otherwise.

Hence, we have a sequence of monotone functions {w™} and the corresponding jump
sequences {67"}; such that

Do >0 HEHE = Do I8 Iz = I{o531E

m jEA, m,jEL

because the sequence of the jumps of {§;} is decomposed into disjoint jump subse-
quences {67"}. There are two types of jumps 6. A jump ¢} is of type 1 if it is equal to
the jump 67(6™), that is, the jump generates with the starting sequence {67"}, where
the index m such that j € A,,. A jump is of type 2 if it is not of type 1. Note that a
type 2 jump 5; occurs only inside an interval which contains a strict local extremum.
Near a local extremum we have two nonzero jumps, say 6§ and ¢7., generated by
the two monotone w™’s with index sets finishing/starting with j*. It is easy to verify
that

!/

= [185-

— |65

Hence, we have that
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and we conclude that

PICUES DD IR DD DIUDEED WA

J m jEAp, m jEAp, n

where we use the notation 6;(6™) for the new jumps generated by 6™. It is also easy
to prove a local inequality but with index set for 6} starting from an interval right
after an extremum and finishing right before one. 0

4. Error estimates for linear flux. Recall that u is the entropy solution to
the conservation law u; + f(u), = 0 with initial condition u°, and v is the numerical
solution described in (2.12). In the case of linear flux and 0 < 6 < 1, the formula for
the new averages of the minmod scheme is given in (3.1), and the conservation law
(2.1) reduces to

(4.1) us + augy = 0.

Let S; be the shift operator defined by S;g(-) := g(- — 7). Then the exact solution
of (4.1) at time t for any initial data u® is u(-,t) = S,u®. Let Aj, be the averaging
operator defined on a uniform partition by Ang|; := % fI g(s)ds, where |I| = h. It will
be useful to define a global approximate solution v. We first define the approximate

solution at discrete times by v™ := v(-,nAt), n = 0,1,..., N, in the following way:
(i) v° = % (ii) v" := SeatPrv™ !, where for odd n, 1 < n < N, Pyv is the
linear function on I; := (x;_1/2,7;41/2) defined in (2.3) with the minmod slopes

(2.8), and for even n we have the analogous definition of P}, on the shifted partition
{Lj41/217 € Z}. Note that Pyv™ = P, Apv™ because the piecewise linear projection P,
defined in (2.3) and (2.8), is based only on the averages of v™ on the corresponding
partition. The formula (3.1) for the new cell averages can be written as

U;‘L+1/2 = Ah(vn)‘lj+l/2 = Ah(SaAtPhUn_1)|Ij+1/2

for odd n, with Aj, based on the staggered partition {I;;1/2|j € Z} and P}, based
on regular partition {I;|j € Z}. For even n, we have the same sequence of operators
but on the reversed partitions. The global approximate solution v is defined by
v(-,nAt) = v™ and v(-,t) = Sy—nay(Prv™) for nAt < t < (n+ 1)At and n =
0,1,...,N — 1. That is, v solves (4.1) exactly for nAt < ¢t < (n+ 1)At with initial
data Ppv™, n=0,1,...,N — 1.

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

l9lBv(R) = SUPZ 9(zit1) — g(2;)| < oo,
i=1

where the supremum is taken over all finite sequences 1 < - -+ < x,, in R. Functions
of bounded variation have at most countably many discontinuities, and their left and
right limits g(z ™) and g(x™) 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 u, it is desirable to replace the seminorm |-|gy(r) 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
(4.2) 9l = limsup - [ lg(a+ 5) — g(o)] da
s>0 S JR
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is finite. It is clear that |g|pip(1,1r)) 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(1,L?(R)),
1 < p < o0, which is the set of all functions g € LP(R) for which

(4.3) lg(- = 5) = g()llLrw) < Ms, s> 0.

The smallest M > 0 for which (4.3) holds is |g|rip(1,Lr(r))- It is easy to see that in
the case p = 1 the seminorm given in (4.3) is the same as the one in (4.2). In the
case p > 1, the space Lip(1,L?(R)) is essentially the same as W!(LP(R)); see [5] for
details. With this notation, we have the following result.

THEOREM 4.1. Let u(z,t) = u(x — at,0) be the solution to (2.1) with linear flux
f(2) = az, and let v be the numerical solution described in (3.1) with 0 < 0 < 1. If
the CFL condition (2.5) is satisfied, t, = nAt, 0 <n < N, and T = NAt, we have

(4.4) Ju(-,T) —v(-, T)”LP(R) < C(Nh)1/2h1/2|uo|Lip(1,Lp(R))

forp=1,2, where C is an absolute constant.

Proof. The L; estimate is based on the TVD property of the numerical solution v,
and the L, estimate is based on the [y stability of the jumps proved in Theorem 3.1.
Both estimates use a dual argument similar to the one in [19], and in the proof we
use an index p, where p € {1,2}. Note that we consider the case of linear flux, and
the usual Lip+ stability requirement is not needed in the dual approach because the
negative norm stability (4.6) holds for any initial data (not just Lip+). In the proof,
C will be an absolute constant that can be different at different places.

Let e(z,t) := u(z,t) — v(z,t) and E(z,t) = [*_e(s,t)ds, where we assume
that u® € L'(R) to guarantee that E is well defined for all (z,t) € R x (0,7).
We have that E also satisfies (4.1) for nAt < ¢t < (n + 1)At with initial data
[ u(s,nAt) — Pyu"(s)ds, n = 0,1,...,N — 1. For a function g € L'(R) and
1 < p < o0, we define a minus one norm in the following way:

(45) lol-1p= | [ _atoras

Lr(R)
It is easy to verify that for any 7 € R
(4.6) 1579l-1.p = llgll-1.p-

Recall that T = NAt. Then we have the representations u(-,T) = (Sea¢)Vu® and
v(-,T) = (San¢Pn)Nul. Using (4.6), we have

e D) l=1,p = [[(Saae)¥u® = (SanePr) N ull|—1,p
= [1(Sane)V M — Py(SanePr)N 1| —1 p,

and by the triangle inequality we obtain

(4.7) le(, T)=1,p < [(Saae)Y " u® = (SanePr)™ " 'ul|—1p
+ 1P (Sane Pn) Y 710 — (SaneP) Y 10| -1 p.

Let € = ((Sant)™ — (SantPrn)™)u’, n=10,1,...,N. Then (4.7) is equivalent to

(4.8) le™ll—1p < e Hl—1p + [1Ph™ = 0 |1,
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and applying (4.8) for n = N, N —1,...,1, we get

N-1
(4.9) Nl —1p < D [1Pa0"™ = 0" (|1,
n=1

because e = 0. To prove the error estimates, we need the following technical lemma.
LEMMA 4.2. For any p € {1,2} and any n =0,1,..., N, we have

. " _1
1) {67 Hiu, <h' 7 [u® | Lip(1,L7 (R))

1
) . . 2 \F 1
(@) 1P = A1 < (52 ) W
n n 4 % 21,0
(@) [ Anv™ ="l < { o ) AT i e )

Proof. The inequalities (i) and (ii) follow by standard arguments; therefore, we
only prove (i) in the case p = 2 and omit the rest because their proofs are similar.
Recall that 67 = v} — o7, and by Theorem 3.1 we have

1/2 1/2
ICN I DI

J J
where 6;-) = u? - u?_l, ug = %flj u®(s)ds. Hence, to prove (i) for p = 2, we need to
prove

2(52)2 < A’ ip 2 my) -

J

Since

2 2
02 — l u9(s —u%(s))ds —2 u®(s —u%(s)|ds
> ) —§jj<h/1_< (5+ ) <>>d> <h }jj(/{ﬂw (5 +1) <>|d> ,

J J

and since by the Cauchy—Schwarz inequality (ij [u®(s+h)—u (s)\ds)2 < hflj |u® (s+
h) — u°(s)|?ds, we obtain

(4.10) SO0 < h—1/ 00 (s + h) — u(s)|?ds.

4 R

J
From (4.3), we have [; [u®(s + h) — u®(s)[Pds < h?[u®[f;; 12(g)), and using that in
(4.10), we conclude

> (692 < Bl ey
J

which proves (i) for p = 2. To prove (iii), we note that

) no_n. < n i T
(4.11) |Apv™ — 0", _gneazw (x) glellr;v (x),
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and because v™ = S,a:v" "1, we have that

n _ . n <9 7}—1 jL—l )
maxv” (@) — min v (z) < 2max(|5}7]. 87~

The rest of the proof of (iii) is analogous to the proof of (i). |
Combining (i)—(iii), we have ||P,o™ — v"||—1, < Ch*|u’|ripa,Le(r)), and after
applying the above inequality in (4.9), we derive the following estimate:

(4.12) HeNH—L;D < C’Nh2|u0|Lip(1’Lp(R)).
Because vV ¢ Lip(1,L%(R)), we approximate vV by
1 z+h/2
0= f/ Apo™ (s)ds.
h z—h/2

Similar to Lemma 4.2, it is easy to verify that for p € {1,2} we have

(413) ||’l'} - ’UN”_Lp S Ch2|UO|Lip(1,Lp(R)),
(4.14) 15— o™ || Lo ®) < Chlu lLip1,Lr ()
and

(4.15) 19| Lip(1,Le(R)) < |40 |Lip(1,10 (R)) -

Let & := u(-,T) — 9. Then ||é]|_1, < [leVN]-1p + |8 — v™V||-1,, and combining the
estimates (4.12) and (4.13), we have

(4.16) éll-1.p < CNE?[u®Lip(1,Lo ®)-

Kolmogorov-Landau inequalities in LP(R) (p. 156 in [5]) for the functions E(x) :=
JZ é(s)ds, E', and E" give

~ - nl/2 1/2 ~n1/2 1~ 1/2

lellee = 1B e < V2IBILIINE" 1 = V21elE el 1oy
Using (4.16) and (4.15), we arrive at
(4.17) léll e < C(NR)Y2RY2 (00| Lip (1 Lo m)-
Finally, by the triangle inequality,

lelr < llEllre + (| — UN||LP(R) < C(Nh)1/2h1/2\UO|Lip(1,Lr(R)),
and we combine (4.14) and (4.17) to conclude

lu(sT) = o( Tl Lo @y = llellzr < C(NR)Y2RY 2 [ul|Lip 1 Lo r)-

Note that C' can be computed explicitly and is not very big (C' < 20). In the case
p=2and u’ ¢ L*(R), we get the same error estimate via an approximation procedure
because the estimate is independent of the L' norm. 1]

COROLLARY 4.3. In the case of Nh < C, we get the convergence rate

(-, T) = v(-, T)|| o) < ChY2 [l [ip1 1o (w))

forp=1and p=2.
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The L' estimate is not new—it follows from the arguments in [19]—but the 1/2
rate in L? is new. Note that, using the L' estimate, by interpolation arguments we get
only a 1/4 rate in L?. The rate 1/2 is optimal for the case § = 0 because the numerical
method in that case reduces to the LxF scheme, a special case of a monotone scheme.
In the case p = 1, the sharpness of the 1/2 bound is given in [20], with an extension
to the nonlinear case in [17]. The sharpness in the case p = 2 follows from the more
general result for formal first-order linear schemes; see [4]. The case § > 0 is more
complicated because the schemes are nonlinear, and it will be addressed elsewhere.

5. Numerical examples. In this section, we present numerical evidence for the
new [y stability result we proved in section 3. Our numerical tests suggest that in
the case of linear flux the NT schemes do not increase the ls norm of the jumps for
either § <1 (as proved in Theorem 3.1) or for 1 < 6 < 2. In the case of convex flux,
we numerically observe the one-sided analogue of this property. We now give generic
examples for this [y stability in the linear and convex case.

Ezample 1. Linear equation. We take a piecewise linear initial condition u° (see
top left of Figure 5.1) and compare three different approximate solutions. It is easy
to see that for a bigger value of 6 we get smaller numerical diffusion (see top right
panel of Figure 5.1). The other two plots on Figure 5.1 give the behaviors of the Iy
and the [, norms of the jumps in time where the time is rescaled from [0,0.15] to
[0,1] and the I3 norm is also rescaled. Note the oscillatory behavior of the I norm

.. .. 0
] Initial condition u Zoom in on numerical solutions
0.06/[ _.. g0
0.8 I
0.6 0.041L——
0.4
0.02
0.2
0 0l==
0 0.5 1 0.12 0.24
[ , norm of the jumps in time [ norm of the jumps in time
1.41
1.39f ™.
S 22p
1.37 N 2.1
T~ f~ 2 _________________________
1.35
02 04 06 0.8 1 02 04 06 0.8 1

Fic. 5.1. ut +0.5uy = 0. The solid line represents 0 = 1, the dashed line represents 0 = 2, and
the dash-dotted line stands for 8 = 0, the staggered LzF scheme. The values we used are Az = 0.005,
A = 0.15, final time T = 0.15, and the fluz is f(u) = 0.5u.
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] Initial condition u’ Zoom on numerical solution
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FIG. 5.2. ut + (0.5u?), = 0.

and the monotonicity of the lo norm for § =1, 2.

The presence of shocks or local extrema in the initial data will only make the
decrease of the I3 norm of the jumps faster in the beginning, and then for large time the
Il norm will decrease very slowly again. In some sense, the total amount of numerical
diffusion is given in the decrease of the l; norm. In the so-called second-order methods
(like # = 1,2), the amount of diffusion is much smaller than in first-order methods
represented here by the LxF scheme (6 = 0). We will address this issue in a different
paper and use it to improve the error estimate for § = 1.

Ezample 2. Burgers’ equation (see Figure 5.2). We consider the same initial data,
numerical schemes, Az, A, and T, as in the first example. Note again the oscillatory
behavior of the [, norm and the monotonicity of the I norm for § = 1,2. This is a
generic case of nondecreasing initial data which corresponds to a region of spreading
of the characteristics.

The nonlinearity of the flux in such regions helps to decrease overall any norm
of the jumps. In the case of a general initial condition, the lo norm of the jumps
decreases in every region of rarefaction. That is, for convex flux numerical schemes
decrease the one-sided l; norm of the jumps,

+1 +1y2 2
D =T <Y ) v )E
J J

It is important to note that in the case of convex/concave flux extreme values separate
the regions of rarefactions from the regions of shocks, and we observe numerically that
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the ls norm of the jumps decreases in every interval where the numerical solution is
nondecreasing /nonincreasing.

In the nonconvex case (at least one inflection point), the situation is quite differ-
ent. In one interval of monotonicity we can have both shocks and rarefaction waves.
In that case, the NT scheme with 6§ = 2 converges to a wrong weak solution even for
the Buckley—Leverett problem; see Example 3 in [8]. Our numerical tests show that
the NT scheme gives a wrong solution to that problem for any value of § > 1.2 and
in general it looks like the biggest reliable value of 6 for a nonconvex flux is 8 = 1.
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