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ON THE CONVERGENCE OF FULLY-DISCRETE
HIGH-RESOLUTION SCHEMES WITH VAN LEER’S FLUX
LIMITER FOR CONSERVATION LAWS*

NAN JIANGT

Abstract. A class of fully-discrete high-resolution schemes using flux limiters was constructed
by P. K. Sweby [SIAM J. Numer. Anal. 21 (1984), 995-1011], which amounted to add a limited
anti-diffusive flux to a first order scheme. This technique has been very successful in obtaining
high-resolution, second order, oscillation free, explicit difference schemes. However, the entropy
convergence of such schemes has been open. For the scalar convex conservation laws, we use one of
Yang’s convergence criteria [SIAM. J. Numer. Anal. 36 (1999) No. 1, 1-31] to show the entropy
convergence of the schemes with van Leer’s flux limiter when the building block of the schemes is
the Godunov or the Engquish-Osher. The entropy convergence of the corresponding problems in
semi-discrete case, for convex conservation laws with or without a source term, has been settled by
Jiang and Yang [Methods and Applications of Analysis 12 (2005), No. 1, 089-102].
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1. Introduction. We consider numerical approximations to the scalar conser-
vation laws

{ ur + f(u)z (1.1)

w(z,0) = o)

where f € C'(R) is convex, and ug € BV (R). Here BV stands for the subspace of

0,
);

L;,. consisting of functions z with bounded total variation
h) —
TV (z) = sup/ |(z + Gl dx. (1.2)
h£0 |h|

In particular, we are interested in numerical schemes that admit conservative form
+1 oy
Z _H(uzfpa"' auZeraA) _UZ_/\(QZJF% _927%)7 (13)

where h and 7 are spatial and temporal steps respectively, A = T; u}l = u(wg,t,)
are nodal values of the piecewise constant mesh function uy(x,t) approximating the
solution u(z,t). The numerical flux g is given by

gk_,_l = 9k+1 L[u"; Al (1.4)
where
gk+%[v;)\] :g(vk—p+lavk—p+27"' y Uyt ot 7vk+p;)\)7 (15)

for any data {v;}. Throughout the paper, we simply write ngr%[v;)\] as gk+%[v]
whenever this is not ambiguous.
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The function g is Lipschitz continuous with respect to its first 2p arguments and
is consistent with the conservation law in the sense that

gu,u, - yu, N) = f(u). (1.6)

A scheme of the form (1.3)-(1.6) is called self-similar if A is fixed, i.e., g is independent
of the step-size. In this paper, we only consider self-similar schemes, which contain
many classical high-resolution schemes. We would mention that, for the entropy
convergence analysis, it is in the case of self-similar schemes that one faces the most
formidable challenge. See [15] for a comment on entropy analysis of schemes with
step-size dependent fluxes. The collection of points {zx—p, - , Tkyp} is said to be the
stencil of the scheme at the point (xy,t,). For a sequence of numerical solutions, we
assume that the corresponding sequence of step sizes tends to zero.

Initial ideas of using flux limiters to construct high-resolution schemes can
be traced back, for example, to the early works of van Leer [14], Roe [10] and,
Chakravarthy and Osher [1]. Later, Sweby’s contributions along this direction [12] in-
clude: introducing a class of limiters, unifying the flux limiters independently studied
by van Leer, Roe and, Chakravarthy and Osher into his general framework, presenting
a technique to obtain a scheme that is high-resolution, second order and oscillation
free by the addition of a limited anti-diffusive flux to a first order scheme, and in-
vestigating the entropy convergence of these schemes. His preliminary analysis has
supported his conjecture of the entropy satisfaction of any such scheme, provided that
the underlying first order scheme (which we called the building block of the scheme)
is entropy satisfying and diffusion at expansions is not decreased with respect to its
building block. Although, the schemes with flux limiters have been demonstrated to
be some of the most effective methods that are capable of producing high-resolution
shock profiles (see, for example, [9, 12]), the rigorously theoretical analysis of the
entropy consistence of these schemes has been fallen behind. In fact, the convergence
issues of the fully-discrete flux limiter schemes, introduced by Sweby, remain open.
The objective of this paper is to settle one of these open problems.

During the 80’s, the entropy convergence analysis heavily depends on the classical
cell entropy inequality (CEI) approach, which demands to establish entropy inequality
for each computational cell. As a result, the entropy convergence of many effective
schemes, such as flux limiter schemes, cannot be justified by CEI method. Recent
years, among the different approaches emerged, Yang’s wavewise entropy inequal-
ity (WEI) [15, 16] concept has been stand out. For semi-discrete and fully-discrete
schemes, this new concept has produced four convergence criteria respectively. For
convex conservation laws, one of criteria, in semi- or fully-discrete case, essentially
states that, a WEI across the area of rarefaction where u; < u;4q for all z; is suf-
ficient for convergence to the entropy solution. Hence, in the convergence analysis,
one may safely remove the shock area from scrutiny. Further, even in the rarefaction
area, a much weaker condition than CEI is sufficient for the convergence. To demon-
strate that this approach has brought a powerful tool into the success of convergence
analysis, we name the following established convergence results.

In the semi-discrete case, for homogeneous convex conservation laws, Yang [15]
has shown the entropy convergence of the generalized MUSCL scheme and the schemes
based on minmod limiter [9] when the general building block of the schemes is an ar-
bitrary E-scheme [8], and based on Chakravarthy-Osher limiter [1] when the building
block of the schemes is the Godunov [3], the Engquist-Osher [2], or the Lax-Friedrichs
[7]. Recently, Yang and the author [5, 17] have made significant advances at this front.
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Not only we have extended all of previous convergence results of Yang to the convex
conservation laws with an arbitrary C'! source term, we have further established that,
for convex conservation laws with or without a source term, the schemes with van
Leer’s limiter [12, 14], when the building block of the schemes is the Godunov, the
Engquist-Osher, or the Lax-Friedrichs, converge to the physically correct solution as
well.

In the fully-discrete case, the convergence analysis is generally more challenge,
yet for homogeneous convex conservation laws, Yang [16] has shown the entropy con-
vergence of explicit MUSCL scheme using his forth convergence criterion. The main
result of this paper is the entropy convergence of the schemes with van Leer’s lim-
iter when the building block of the schemes is the Godunov or the Engquist-Osher.
Again, we use Yang’s last convergence criterion of the fully-discrete case to show the
convergence.

The paper is organized as follows. In section 2, we first review the notions of the
extremum paths and the schemes with flux limiters. We then establish the extremum
traceableness of the general TVD (total variation diminishing) schemes, which is under
the necessity of analyzing the entropy convergence that follows in the next section. In
section 3, we present a simplified version of Yang’s convergence criterion, an important
estimate, and the proof of the main result.

2. Extremum traceableness of the TVD schemes.

2.1. The extremum paths. In this subsection, we review the flux limiter meth-
ods described by Sweby [12] and the notions of Yang’s extremum paths [16]. For the
consistency, we closely follow notations introduced by Sweby and Yang respectively.
Denote

(Afk+%)+ = f(“ZJrl) - 95.%7 (2.1)

(Afirs)™ = 0Fy — fu}), (22)

where gf+% = gP(u}, up,,) is the flux of an E-scheme [8] that satisfies

M n n
for all v in between u} and Upyq-

We use
I MAfep1)* B AMAfry1)” (2.4)
k+s AuZJF% ’ ks AUZJF% ’ '
to define a series of local CFL numbers, where, by convention, Aujy 1= Ajul =
2

n — n n
A_up = up —up. We also set

1 _ 1 _
ozZJr :5(1—%;%), ak+%:§(1+yk+%); (2.5)

[SE
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and
: :
2 Ty = . (2.6)

Very often, to enhance the readability, we use Sweby’s shorthand notations: u* =

uZH, ur = uy, where k and n are the spatial and temporal indices respectively. The

schemes with flux limiter are given by
Ukzuk—A(ngr% _gk—%)a (2.7)
where
Jit+1 = g,ir% + <p(r,:')a'k"+% (Afk-i-%)Jr - <P(7"1;+1)04;:+% (Afk_,_%)*, (2.8)

and ¢ is a flux limiter, which is Lipschitz continuous function and its graph lies in
the second order TVD region derived by Sweby [12]:

{(r,pa(r)) : va(r) = max(0, min(Pr, 1), min(r, ?)),1 < & < 2,r € R}. (2.9)

Some of the well known instances of such flux limiters are van Leer, Roe and
Chakravarthy-Osher’s limiters [12]. We shall assume for the remainder of the pa-
per that the local CFL numbers satisfy |V;t+l| <1 for all k € Z.

2

It is easy to see that the schemes (2.7)-(2.8) can be written in an increment form

Uk = Ug _Ck—%Auk—% +Dk+%Auk+%, (210)
with
)
Cryy = ’/;+%{1+04:+%[TJ: —o(ri)]}, (2.11)
and
Dyyy = —vi {1 +ap, [ 25 o6 )]y (2.12)
ks = Vel Pt 1 " Peqr) ] s :

The concept of discrete extremum paths was introduced by Yang (see Definition
6.3 [15] and Definition 2.13 [16]). For the convenience of applications, we quote
relevant definitions of the fully-discrete case. Consider a numerical solution u defined
on the set of grid points X := {(z;,t,) : j € Z,n € Z*}. A finite set of successive

grid points {:vi, -+, @y} with r > ¢ is said to be the stencil of a spatial mazimum,
or simply an E-stencil of u at the time t,, provided uy = -+ = u,ug_; < ug and

uyy 1 < uy. Notions of E-stencils for minima and E-stencils for general extrema are
defined similarly. Throughout the paper, we refer to [16] for the definitions, lemmas
and theorems that we have quoted.

_ DErFINITION 2.1 (see Definition 2.13 [16]). A nonempty subset of X denoted by
Ey, +,.,n <m,is called a ridge of the numerical solution v from t,, to t,, if
(i) for all v, n < v < m, the set

Pg(v) == {z; : (z;,t,) € Etmtm} ={zg, -z}
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is not empty and is an E-stencil of v at t,;
(ii) forall v, n <v <m —1,

Pp(v)UPg(v+1) = {z;: min(qy,q’/Jrl) <j< marX(TV7TV+1)}_

The set Pz(v) is called the x-projection of Et, +, at t,. The value of u along the
ridge is denoted by Vg(v) : Vg(v) = uj for ¢" <j <r”.

If, for all v, n < v < m, the E-stencil in the item (i) of the definition is replaced
by an E-stencil, then the set is called a trough of u from ¢, to t, and is denoted
by E, , . The related notions Pg(v) and Vg(v) are defined similarly. Ridges and
troughs are also called extremum paths. When we do not distinguish between ridges
and troughs, we use Ey, ;. , Pr(v), and Vg(v) for either type. We write

El . <()E7 , ., if max Ppi(v) < (<)max Pgz(v) for n <v <m.

DEFINITION 2.2 (see Definition 2.14 [16]). A scheme is said to be extremum
traceable if there exists a positive constant ¢ > 1 such that for each numerical solution
u of the scheme and each integer N > 0, there exists a finite or infinite collection of

extremum paths {Eilfo,t ~ ?:ll with the following properties:

(i) {Pg (N)}ﬁill is precisely the set of E-stencils of u at the time ¢y arranged
in ascending spatial coordinates.
(ii) If B}, ,, is a ridge (trough), then Vg, (n) is a non increasing (non decreasing)
function of n.

(iii) Let Pgi(n) = {zg(ny; > Tpin)} for 1 <n < N.If Pgi(n) N Pri(n+1) =0,
then

| g (1) = Upigny | S €[ Vii(n+1) = Vgi(n) | when ¢'(n+1)>rl(n),

| Ut (1) = Ugi(ny | < €| Vai(n +1) = Vii(n) | when ¢'(n) > r'(n+1).

(iv) If lo > Iy, then B , < Ejty forly <1<l —1.

2.2. Extremum traceableness of the TVD schemes. For the numerical
solutions concerned, total variation diminishing in time is a desirable property that
is shared with the exact solution of (1.1). TVD schemes prevent new extrema values
(that generate spurious oscillations of the solutions) other than those which propagate
from the previous time-level. In compliance with the extremum traceable condition
of Yang’s WEI convergence criterion, we focus our attention on the general TVD
schemes and we are able to show the following result.

THEOREM 2.3. The sufficient conditions for the schemes (2.7)-(2.8) to be ex-
tremum traceable are the following inequalities:

OSC}H—%? OSD,H_%, OSC;H_%-I—D;H_%SL for all k; (2.13)

there is a positive constant p such that, if ug is a space extremum, then

=

1
max {Cyr1,Cpis, Dyr1, Dypys} < 1571 (2.14)

where Cy 1 and Dy, 1 are given by (2.10)-(2.12).
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Notice that the inequalities of (2.13) are the Harten’s sufficient TVD conditions
[4] for the schemes (2.7)-(2.8). By Lax-Wendroff theorem [6] and Helly’s theorem, the
numerical solutions of the schemes (2.7)-(2.8) converge to a weak solution of (1.1).
We will show the entropy convergence of the schemes of (2.7)-(2.8) in the next section.

Proof of Theorem 2.3. To show the extremum traceableness of a scheme of the
form (2.7)-(2.8), it suffices to consider the case N = n + 1 and to show that we
can construct a collection of two level extremum paths {Eéntn " fill that satisfies
Definition 2.2.

Step 1. In this step, we show that, under the given conditions, certain patterns
of two level extremum paths can not exist, which will ensure the construction of the
extremum paths in Step 2, the order preserving property of the extremum paths and
the backward traceability of the extrema of the scheme. We only give the proof of
the case that u* is a maximum. When «* is a minimum, the proof is similar and has
been omitted.

We begin with showing the first implication: if ©* > u**! and uj < upi1, then
either ug4o < ug41 or ug—o < up—1. Otherwise, it derives a contradiction:

(uk _ uk+1) + (uk _ ukfl)

1-— QOk_% — Dk_%)Auk_% + C'k_%Auk_%
— (1= Cpy1r —2Dy 1)Aupy 1 — Dy s Augy s
0.

IN

Equivalently, if ub > bt Uk+2 > Uk+1 and ug—o > up—1, then ug > ugyg or ug >
up—1. In fact, by (2.13), we have the second implication: if u* > u**! wupio > upiy
and ug_o > ug_1, then ug > up+t1.

Next, we show the third implication: if u* > u**!, u*+2 > o 1 ) < upyq and
Upto < Ugt1, then either ugio < ugys or ug—o < ug—1. Otherwise,

(uk _ ukJrl) + (uk+2 _ ukJrl) + (uk _ ukfl)
=-(1- 2041 — 2Dk+%)Auk+% +(1- Crys — 2Dk+g)Auk+%
+(1- 2Ck—% — Dkfé)Auk,% +Dk+%Auk+% +Ck,%Auk7%
<0,
which derives a contradiction.
Finally, we show the fourth implication: if uk > ykE , U < ugpt1 and upyo
Ugt1, then ugi1 — up < max(ug—1 — Uk, Uk+1 — Ugt+2). Otherwise,

1

IN

k+1 _ kK

u u
= (1= Chyy = Dy p)Aupyy + Dy Dugys + Cp g Ay y
2 (1 =Cpys = Dyys = Dyys = Cp1)Auy s
>0

)

which gives a contradiction.

Step 2. In this step, we construct the extremum paths. Without loss of generality,
we only give the construction of a ridge in the generic case. Note that the first and
the second implications and Harten’s TVD conditions of (2.13) guarantee that if, at
time ¢t = tp41,

n+1 n+1 )
)

n+1
ug ™ > max(uy "y, ugy
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then there exists at least one E-stencil, at time ¢ = t,,, among

{xq—Qu Lg—1,Lq, Lg+1; $q+2}-

Let {xq ,---, 2 }_, be the set of all such E-stencils at ¢t = t, arranged in as-
cending spatial coordinates. The construction of a ridge E, ;, 4 with Pg(n +1) =
{zg, -+ ,x,} goes as follows.
Case 1. There exists an integer v with 1 < v < 4 such that
{‘Iq{,a"'v'rT{,}m{IQa"'aIT}7£®' (215)
Set Pg(n) = {xq ,--- . } for an arbitrary v that satisfies (2.15).

Case 2. p=1,{xg, .-+ 2y } ={wq-1}. Set Pg(n) ={zq_1}.
Case 3. p=1, {qun oo ,:1:41} = {x,41}. Set Pg(n) = {x,41}.
Case 4. =2, {:vql/n . ,:ET/TI} = {x4-1}, {xq:m,-- . ,$T;2} ={Zp41}. Set

PE(TL) — { {qul} if Up 41 S uqfla (216)

{Zr41} it ul g >uy .

We have exhausted all possibilities. Indeed, if

u= 25 {IqZﬂv T aIT'Tl} = {I(I*Q}a {quﬂv T 7'r7“;2} = {$T+2}a

then, by the definition of the ridge, this case implies that uq—2 > ug—1 and ug4o >
ug41 (i-e. upt2 > upg1). Now following the second implication in the Step 1, we have
Uq > Ug+1, Which means that this case falls into Case 1 of the construction. We can
also exclude the following two cases. If

w=1, {xq{nv" ) ’;CTIN} = {xq—2}7

then, by the definition of the ridge, we have ug_o > ug_y > uy > uy, 4 > ug, o, which
derives the following contradiction:

0< u;”’l — !

q—1
= (1 — qu% — iné)A’UJZIL% +Dq+%A’UJZ+% —|—Oq,%A’UJ:;7%
<0.
Similarly, if
M= 17 {xqél P 7‘T7"T1} = {xT+2}7

then, by the definition of the ridge, we have u; , <wup | <wup <wup,y <wug,,, which
derives the following contradiction:
I T T
= (1 - CTJF% - DTJF%)AUZ_:_% +DT+%Auf+% + CrilA’U/:'_
> 0.
Clearly, the ridge satisfies (i) in the Definition 2.2. The ridge also satisfies (ii).
In fact, the satisfaction of the Case 1 follows directly from (2.10). In the Case 2, if
Au2+1 >0, then Au2+1 < —Au” ,; otherwise, it derives a contradiction:
2

2 2 -
0 < —(upff —up™™) (2.17)
S (1 =Gy = Cory = Do g)Aug s = Dy aBug, s

<0.
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Thus,
Va(n+1) = Vg(n) =ul ™ —ul_, < (1-C
as desired. If Au™, ; <0, we have
q+3

VE(n+1) = Vz(n) = u:;"'l —uy_1=(1-0C
as well. Therefore, the Case 2 satisfies (ii) and similarly, we can show the satisfaction
(ii) of the Case 3. For the Case 4, if P5(n) = {x4—1}, the proof is similar to the Case
2; if Pg(n) = {z,41}, the proof is similar to the Case 3.

Step 3. In this step, we verify that the paths constructed in the Step 2 satisfy
the property (iii) of the Definition 2.2. Since the Case 1 is irrelevant to this property,
we start with the Case 2. We claim that if u" > u*!, then ¢ = 1; if u < u?*', then

c= 1—Cq,%1—Dq+% . Indeed, u’ > u2*" implies that
| VE(n+1) = Vg(n) | =ug_q — u;“Ll > Ug_q — Uy = ug_g —ug |
Next, ug < uf}"’l implies that if uy, ; < uy, then
Vil 1) = Vi) | = )y — a7 + a7 — ¥
= —AUZL% + C'q,%Au’ql% — Dq+éAuZ+%
> (1-Cp ) )(~Aury)
2 (1=Cyq1 = Dyyr)ugy —ug l;
if g,y > ug, we have AUZ’+% < —Augi% (otherwise, it yields a contraction (2.17)),
and therefore
[VE(+1) =VE(n) | = —Auy 1 +Cp 1 Aug s — Doy Aug,
2 (1=Cyq1 = Dyy1)ugy —ug .
For the Case 3, we claim that if uy > u;”‘l, then ¢ = 1 and if uj < u;”‘l, then
c= 1qu7%17Dq+% - Indeed, uy > u:;“ implies that

[ Ve(n+1) = Vg(n) | =upy —uftt >ul ) —ul =|ulyy —ul|.

>0

3

Note that Case 3 implies that Aug +1 = 0. Now ug < up ! ensures that if Au;i
2
then

=

[VE(n+1) = Vg(n) | =upy ) —ul +u) —ul™
n

if Au:;_l < 0, we have —Au:;_
2
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Now,

|Vg(n+1) = Vg(n)|=C

q
>(1-¢,

,%Au’qt% +(1- Dqu%)AuZJr%

= Dgy1)ugy —ug |-

1
2

Finally, we deal with the Case 4. Without loss the generality, we consider the

generic case: ¢ = 7. Then we have uj ' > u, which follows easily from (2.10). Thus
1
1 _Cq* 1 _Dq+ 1

similar to t2hat of the Case 2 and the Case 3 respectively for the Case 4.
Step 4. In this step, we verify the property (iv) in the Definition 2.2. Without

— 3 n n n n
c = . The proofs of the instances uy_; > up,; and u < ugy, are

q—1

loss of generality, it suffices to consider the case that {zg,---,z,} is an E-stencil of
wat t = tpe1 and {Xpq1, -, Trpm ) 1S an E-stencil of u at t = ¢,41. Suppose that
{zg,-+- zw} and {z,,- - 2,0} are the choices of the z-projection at t = t, for

the ridge and the trough, respectively. We need to show that »' < ¢”. In fact, this
property follows directly from the construction given in the Step 2 and the implications
of the third to the last in the Step 1. The proof is completed. O

In terms of the local CFL numbers, the following result is an easy consequence of
the Theorem 2.3.

COROLLARY 2.4. The sufficient conditions for the schemes (2.7)-(2.8) to be ex-
tremum traceable are the following inequalities:

+ —
Vir1 " Viyd §2—|——<I)’ for all k, (2.18)
where @ is given by (2.9); when uy is an extremum, there is a constant p, 0 < p < 1,

such that

- 0
2(1/]-::‘:% _Vk:l:%)g 5; (219)
and
- - p
max {3 g Vg Vgt S (2.20)

Proof. Indeed, for all k, by Sweby [12], we have Cry1r 20, D1 >0, and

_ 24+
Crpy +Dpyy < (V;Jr% - ”k+%)(T)'

When uy is an extremum, following the equalities:

Okfé = V;j,%[l - O‘Z,%‘P(T;cr—l)]v Dk+% = _V;;r%[l - QIZJF%@(T/:H)],
Jr
90(7“1@+1) _ _ 90(7“1@71)
Crry = ”lj+%[1+a:+% T b Dy = _V’f—%[1+ak—% Tp_1 )
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Cryy +2Dp 1 <2y 4 —v 1) <

+3 k+3 <1,

=

OkJr% +Dk+% +Dk+% +Ck7%

+ - - 9, +
§2(uk+% Vk+%)+’/k+% 2uk+%+uk_% <p<l,
Ck—%+Dk—%+Dk+%+Ok—%
+ - + - +
§2(Vk_% —uk_%)—uk_% Vit d +2uk_% <up<l,

and so on, which are desired. O

The next Lemma concerns the flux limiter methods when the building block of
the schemes is the Godunov [3] or Engquist-Osher [2] scheme.

The Godunov scheme:

God _ ) ming <w<u,, flw) when  u; < wjyq,
Uj, Uj = 2.21
g7 (1, 1) { MaXy; >w>u,, J (W) when  u; > wjy1. (2.21)

The Engquist-Osher scheme:
uj Uit
979 (uj,uj1) = / max(f(w),0)dw +/ min(f'(w),0)dw + f(0).  (2.22)
0 0

LEMMA 2.5. The schemes (2.7)-(2.8) with the building block of Godunov or
Engquist-Osher scheme are extremum traceable, provided that

2
——  forall k, (2.23)

Ui S57 %

k+3
where ® is given by (2.9); and when uy is an extremum, there is a constant p, 0 <
p <1, such that A\K' = Amaxy, ,<w<u,, | f'(w)] < E.

Proof. By the Corollary 2.4, it suffices to show that when uy is an extremum, we
have

(V;L; Vs ) < MK, (2.24)

which can be easily verified. In fact, (2.24) holds for all k, when he building block

of the schemes (2.7)-(2.8) is Godunov or Engquist-Osher scheme. Thus, the proof is
completed. O

3. The convergence with van Leer’s flux limiter. The following separation
property at the spatial extrema asserts that, at the next time level, the values of max-
imum (minimum) values of the numerical solutions are not increasing (decreasing).
Similar conditions can been found in [13], where these types of properties have been
used to characterize the convenient TVD conditions by E. Tadmor.

ASSUMPTION 3.1. The numerical fluzes Jp1, —00 <k < o0, satisfy
2

QZJF% > flup) > QZ_% if up > upyy
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and
Grps < Flup) <gi_y i uf Supy.
LEMMA 3.2. The scheme (2.7)-(2.8) satisfies the Assumption 3.1.
Proof. If up > ug+1, then
rs = Giys — Pri)ong, s (Afiy )™
> gy — (9541 — flur)) = flw),
and

G-y = iy + i Dag  (Afr_y)*
< gf_% + (Afk—%)Jr = f(ug).

Similarly, we can show that if uj} < wuj,,, then gng% < flup) < 92,%- O

Denote 9 = H(vj_p, -+ ,vj4p; \) (see (1.3)), 5; = “E% for any collection of
data {v;}, and flw; L, R] be the linear function interpolating f(w) at w = L and
w = R. In this section, we assume that f”(w) > 0.

DEFINITION 3.3 (see Definition 2.20 [16]). We call an ordered pair of numbers
{L,R} a rarefying pair if L < R and f[w;L,R] > f(w) when L < w < R. We
call a collection of data I' = {v;}/*7_ an e-rarefying collection of the scheme to the
rarefying pair {L, R} if, for ¢ > 0,

(i) L=vi <o <---<vy=R;
(11) V1 Sﬁ]Jrl <--- <y, |L—’L~)[| <e§g, |R—'L~)J| <ég;
(iii) either vy_1 > vy or v; = vr41; and either vy < vy or vy_1 = vy.

The conditions (i) and (ii) imply that vy < v711 < --- <0y, |[L—-v7| < 5, and |R—
0] < §. We define the piecewise constant function gr associated with the e-rarefying

collection I' as follows:
gr(w) =g 1[v] forwe (v;,011), I<j<J-1

/+2  of the scheme to the pair {L, R} that

j=I—-2

A O-rarefying collection I' = {v;}
satisfies

L=vio=vi1=vi=v1 < Svj1=vy=v541 =vj42=R (3.1)

is called a mormal collection.

THEOREM 3.4 (see Theorem 2.21[16]). An extremum traceable scheme that sat-
isfies Assumption 3.1 converges for convexr conservation laws if, for every rarefying
pair {L, R} and e-rarefying collection to the pair,

R vy
/ flw; L, R] dw — / gr(w)dw > ¢ (3.2)
L vr

for some constant & > 0 depending only on the exact flux f, the numerical flux function
g, and the two numbers L and R, provided that € is sufficiently small.
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For the class of flux limiter schemes concerned, this convergence criterion can be
simplified by the following Lemma.

LEMMA 3.5. An extremum traceable scheme of the form (2.7)-(2.8) converges
for convex conservation laws, provided that for each rarefying pair {L, R} there is a
constant 6 > 0 such that the inequality (3.2) holds for all normal corrections of the
scheme to the pair {L, R}.

Proof. Let A = {kp_q,--- ,kQ+2} be an arbitrary e-rarefying collection of the
scheme to the pair {L, R}. Let

Q-1

S = /,KQ ga(w)dw =" (Fj1 — Rj) g4 1 K]- (3.3)

P j=P

By (i) and (iii) of Definition 3.3, either kp or kKpi1 is a minimum. In either case,
Assumption 3.1 and the condition (ii) of Definition 3.3 imply that

e > |L—fip| = [fp — rpl = Mgy 5] = gp_3[6)] = Ngpaslil — F(D). (3.4)
Similarly, we have
e > |R =Rl = Mggxy sl — F(R)]. (3.5)

Next, we construct a normal collection I' = {v;}7*7 , as follows. First, let [ = P —1
and J = @ + 1 and we also set vi_o =vy_1 =vy =L, vy =vj41 = vj42 = R, and

v; = k5 for I +1 < j < J—1. Then, we have
9r+i [v] = f(L) and 9y+i [v] = f(R), (3.6)
which imply that,
vy=vr=vy=L and v;y=0;5=vy;=R. (37)

Thus, I' = {v;}/%7 , indeed is a normal collection. Secondly, let G be the Lipschitz

j=I1—2
constant of the numerical flux g, and K = max{|f(L)|,|f(R)|} + G(R — L). Denote
J—1

R
5= [ gt dw = 3 (@1 = 5)g;1 3 1 (3:8)

Jj=I

then a-priori estimate |S — 5’| < 3Ke holds. Let ¢’ be a constant such that for
all normal collections of the scheme to the pair {L, R} the inequality (3.2) holds for
d = ¢'. Thus, for 6 = §’, the inequality (3.2) also holds for the normal collection
I' = {v;}/*7 ,. Therefore, for § = %/, the inequality (3.2) holds for all e-collection of
the scheme to the pair {L, R} provided that ¢ < %. It remains to show the a-priori
estimate. Notice that g;, 1[k] = g; 1 v], for P < j < @ — 1, and therefore, &; for
P+1<j5< Q-1 are independent of x; for ¢ < P or i > Q. Thus, &; = v; for
P+1<j<@Q-—1, and we have

1S = 8’| < o141 — Vllgry L ]l + 10141 — Rreallgry s [0 (3.9)

+ |07 = vyl ][ + [0s—1 = Ky-allgs—z[v]]-
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The relationship of A and I' and the inequalities (3.4)-(3.7) yield:

3

_ _ € _ _
|’U1+1 — :‘<L[+1| < 5, |UJ_1 — HJ_1| < 5, (310)
Urt1 = Ug| = |Ur41 — L] < |01 — Bra| + R — L] <, (3.11)
and
|’UJ —’UJ_1| = |’UJ_1 —R| < |’UJ_1 - EJJ_ll + |RQ —R| <e. (312)

Finally, |S — 5’| < 3Ke follows from the inequalities (3.9)-(3.12). O

For a normal collection I' = {v;}7*? ,, we denote the vertex (v, f(v;)) by V; and
+

the area of convex polygon V;, Vj, ---V;, by Sj,.. .. Let or = maxj_ao<j<ji2 |ij[l l,
2
and let
{ 0.5 if A’Uj_g = A’Uj+1 = O,
Q5 =

1 otherwise.

When the building block of the schemes (2.7)-(2.8) is the Godunov (2.21) or
Engquist-Osher (2.22) and ¢ is van Leer’s flux (3.14), we have the following very
important estimate. The proof will be given at the end of this section.

LEMMA 3.6. Let I' = {v;}77 , be a normal collection to a rarefying pair {L, R}.
Then the numerical solutions of the schemes (2.7)-(2.8) for convex conservation laws
satisfy, for a sufficiently small oy, the following inequality

R J—1
/ (flw; L, R] — gr)dw > St 141,...5 — Z 0Si-1,5,j+1- (3.13)
L j=I+1
LEMMA 3.7 ( see Lemma 3.7 [16] ). We have

J—-1

j=I+1
forI <i<J-—1.

Let o = Amax,, | f'(w)|. For van Leer’s flux limiter [12]:

0 r <0, 314
Pyr(r) = 12_:7a >0, (3.14)

we have obtained the following entropy convergence result. The proof is similar to
the one given by Yang [16] for the MUSCL schemes.

THEOREM 3.8. The numerical solutions of the schemes (2.7)-(2.8), for the convex
problems (1.1), converge provided that ¢ = @y, is van Leer’s flux limiter given by
(3.14), g®(-,) is either the numerical flux of the Godunov scheme given by (2.21) or
Engquist-Osher scheme given by (2.22), and o is sufficiently small.

Proof. For each normal collection I = {v; }/*? , to a rarefying pair {L, R}, we set

di(T) = nax, min(v; — L, R — v;).
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Since J — I is finite, d1(I') = min(v; — L, R — v;) for some j between I and J. We
then let
F = i T IJ7 — Ug)-
do(T) IS?%E}?%# min(v R —v;)
We also have do(T") = min(vy, — L, R — vy) for some k # j between I and J. Clearly,
we can choose j and k so that |j — k| = 1.
To complete the proof, we argue by contradiction. Hence, we assume that for
certain convex f, the scheme of the form (2.7)-(2.8) does not converge. By Lemma
3.5, there is a rarefying pair {L, R} such that for each § > 0, there is a normal

collection I = {v;}7*7_, of the scheme to the pair that satisfies

R
/L {flw; L, R] — gr(w)}dw < 4.

It follows that there is a sequence of normal collections {T',}>,, where I', =
{w¥}7"£2 | such that

G i=1v -2

R
lim [ {f[w; L, R] — gr, (w)} <0. (3.15)
V—00 L
The following three cases exhaust all possibilities.
Case 1. limsup,_, ., d2(T,) > 0. Set p = limsup,_, . d2(I'y). Then, there is a
subsequence of the normal collections, still denoted by {I',}52 ;, and a corresponding
sequence of integers {i(v)}>2, such that

L+ p < i) < i) < R=p,

and sup, or, < o. For simplicity, we fix a v and drop it from the notation. Set
v = f[EEE; L, R — f(EEE). Tt is a positive constant since {L, R} is a rarefying pair.
Applying Lemmas 3.6 and 3.7, we have

R
/ {flw; L, R] = gr, (w)}dw > Sp 1,5 — (Sri,i41 + Siit1,0) (3.16)
L

= %{(Ui —vr)(flvit1; L, Rl = f(vig1)) + (vg = vigr)(flvis L, R] = f(vi))}
> /r],

if n = 2p%y/(R — L). This contradicts (3.15).

Case 2. limsup, . di(Ty) > limsup,  d2(Ty) = 0. Set p =
%lim sup,_, o, d1(I'y). Then, there is a subsequence of the normal collections, still
denoted by {T',}>,, and a corresponding sequence of integers {i*}2°, such that
lim, o vfi_y = L,limy v} = R, and lim, v}, = v € [L+p,R—p|]. We
then have

R R
/ (Flws L, R] — gr, (w))dw — / (flws L, R] — go (w))d,
L L

where T' is the following normal collection: I = 0,J = 4,v_9 = v_1 = vg = v =
L,vs = v, and v3 = v4 = v5 = v4 = R. By Lemma 3.6, we have

R
1
/ (f[w; L, R] — gr(w))dw > S1 23 — a25123 = 551.23>0
L
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for ag = % since Avg = Avs = 0. This contradicts (3.15).

Case 3. limsup,_,. di(I'y) = 0. Then, there exists a sequence of integers {i"}
with IY +1 <4¥ < JY — 1 such that lim, .. v;, = L,lim, o vji  ; = R. We then
have

R R
[ (LR = g (w)dw = [ (Pl LR = gew))due
L L

where T' is the following normal collection: I = 0,J = 3,v_9 = v_1 = vg = v; =
L,vy = v3 = v4 = v5 = R. In this case, the numerical flux gr(w) becomes E-flux
g¥(L, R). Hence, we have

R R
| Gl LR = gew)in = [ (7l R = fw)iu.
The right-hand side of the inequality is a positive constant since {L, R} is a rarefying
pair. This contradicts (3.15) again. We have thus completed the proof of Theorem
3.8.0
Finally, we finish this section by presenting the proof of Lemma 3.6.

Proof of Lemma 3.6. In the proof, the following inequality is helpful:

af < a+p
a+p8 - 4

Vo, € R with a4+ 3> 0. (3.17)

Here, we keep the same notations (Afj+%)i and rj-[ for {v;} instead of {u;}. We
also use the following notation for the divided difference:

Uj+1 — Vj
To justify the inequality (3.13), it suffices to show the following inequality:
R J=1 v J-1
/ 9p (w)dw — Z/ flws v, vidw <Y 81541 (3.19)
L j=1 Vi j=I+1

Without loss of generality, Let vs be a sonic point (f'(vs) = 0) such that vy <
vs < Vg1 for some integer k with I < k < J — 1. Then for g¥(-,-) given by (2.21) or
(2.22), we have

(Afj+%)+=0, for I <j<k-—1;
(Afj+%)+:fj’,+%Avj+%, for J—1>j>k+1;

(Afj+%)*:0, forJ—1>j5>k+1;
and

(Afji3)™ = flaBvy, for I<j<k—1.
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To easy the notations, we denote f; := f(v;), fs

— — '
+(vjg1 —vy), Ugyd i= Vgl — Vs, VgL 1= Vg — U, fs+%

= f(vs), Vjp1 1= Avji% =
= (fr1 —fs)/USJr%, ;_% =

- - ~ ~ +
(fs = fu)/ve_y, Vjp1 o= AUj1, U1 o= ATjp1, and fji% = (Afji%)i. Then we

have

(Pli<h—2) + Poo1 + Br + Prp1 + Plizet2));

(3.20)

and the definitions of Pj<i_2), Pk—1, Pk, Pr+1 and P(j>p42) will be given shortly.

Recall,

+

_ B + + - — e
9y+3 = Giey F g 00 —og el f

and by (3.17), we have

+ ot ot + +
a Tial L f . .
ot Lo(rh) = 3% iy iy T iiey
its RAFAR Oé+ 1f+1+a+1 *1 N 4 ’
J—3"J—3 Jtgits
and
o Lo N —f =T
N (o) Jts’its i+37i+3 it+s  Yi+3
g+ P s 4

o S tal, s f
Jt3lits | Titslits
also recall that

= V43 = (Cjrg + Dj1)vjs + Djigvj8 + G

)

With these inequalities and the convexity of the flux, we have derived the following
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estimates.
(3.21)
k—2
Plck-2) = ) {Gj+1 1 +Ta] = (fi + fis)vja}
J=I
k-2
= Z{[g]EJ,.% + Oéj+%g0(’f';_) J-:’% - j+1g0( j+l)f ][2U
j=I
~(Cips + D 1)vjs + Djgvjps + gyt = (f5 + fi1)vje g}
k-2
E — - -
= Z{[gj-i-% — a0 )20 = Dot + Diygvjag]
j=I
_(fj + fj+1)”j+l}

—fiir =T
ity s
= Z{ 9ot g2y~ Divguiny + Divguie

[N

—(fj + fiv)vj 1}

— ! ! 2 /
= _{Z (2f74 195y = 2 aviaviey) + (CAf 0y — S0y

I

+fj+%vj+%vj+%)Dj+% + (4fi—1+ fo—2 = fe)vp_1 Dy 1]}
=
< Z{Z[fJ/»Jr%(UH% —v43)% f;;_%v,z_% + (4fe—1+ foe—2 = fr)vp_1Dp_s

where, k-term of Pj<i_9) = —fi_ 107 _
- 2

Similarly, we obtain

(3.22)

g>k+2 = Z {g_]—‘,- ] (f]+f]+1) J+1}

j=k+2

Z {lo;" 9j+1 +0‘;+1‘P( )f ][2” 41~ Cipavjy + 051050
j=k+2

—(f; + fj+1)Uj+%}

J-1
{ Z [(fj’+ Vjp VL3 +4f+1v )CJ+1 + k-term of Pj>r42)]},
j=k+2

<

] =

where, k-term of P40y = f,;+%vi+% + (4fkr2 = for1 + frts)vpy3Crys
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Py = [95—% + a;%@(ﬁjﬂ)f;i% Q. _ ;90(7’1@ )fk ][2%

—(Choy + Dp_ )1 + Dyypavpgr + Ckfgkag] - (fkfl + fr)ve—y

_fk_—— fk+
< [95—% + #][2%7% - Dkfékaé + Dk+%vk+%] = (fre—1+ fe)vp_1

[(4fi+ fe—1 = fs)(Rup_3 = Dy_svp 3 + Dy pavgy 1) = 4(fo—1 + fe)ve— 1],

Py = [Q;ir% + 05:+%<P(T:)f;_+% - a;+%80(7"1;+1)f;;%”2%+%
~(Crgr + Drgpr)vpss + Dyysvpys + Cpsvp_a] = (fe + frr1)vpys

= g/f+%[2vk+% = Crp 1V = Dpavpga] = (fe + frr)ve—s
1
= Z[4f5(2vk+% - Ck+%”k+% - Dk+%vk+%) —4(fr + fk+1)vk+%]a

and

Pryr = [Q;irg + QL%S@(T:H)JC;L% - 04;+%<P(7";Z+2)f,;+%][2“k+g

—(Chyz + Drya)virz + Diysviys + Cryavipa] — (fogr + frr2)vpg 2

FATT S A
+3 " T+ g
< [g5ys + 20z~ Cergvierg + Oy g tps] = (forn + frr2)vpg g

1
= 1[(4f’f+1 + ferz = fo)2upgs — Crqsvngs + Crgrvpyr) = A far + frr2)vpy ).
Next, we combine the k-term of Pj<_2), the k-term of P;>y42), Px—1, Pk, and
Py41 into one estimate.
T'(k) := k-term of Pj<y_g) + k-term of P(j>pyo) +4Pk_1 + 4P, + 4Py
< —f,’c_%vi_% + (4fk—1+ fri—2 = fe)vp_1 Dj_1
+f;’c+%vz+g + (4fkr2 = foar + frts)vpy 2 Crys
+(4fe + fr-1 — fs)(Qkaé —Dyp_1vp 1+ Dk+%vk+%) —A(fr—1 + fr)vp_s
+4fs(2vk+% - Ck+%”k+% - Dk+%vk+%) —4(fr + fk+1)vk+%
F(@4 k1 = fo + fer2) Ropy s — Crysvpys + Cppavgy 1) — A fesr + frt2)viy s
= T1(k) + T2(k),
where, using fé_ Vg1 Uyt — fs__ 3_% = fs’_%vs_% o1 and —f L1Vt iUks) T
ro? = _fs’+%vs_%vs+§, we have

T1(k) := (3fk = fr-1 = 2fs)ve_y + (8fs — 4f — 4fus1)vpsy
FBfrr1 = feaz = 2fs)vpy s

< f;,%(vs,% — 1)’ + i 1Us— LUy 1 +3f,_ 1Vs—1Vk+4
, 2
—3fs+1’Us+l'U]g+l - fs-i—% s—% s+% - fs—i—%( s+3 _UIH'%)
< 3f LU I Vpql — 3fs/+%vs+%vk+%’
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and

Ty (k) == (=5fk + 3fk—1 + fo—2 + fs)Dp_1vp_1 + (fom1 +4fk = 5fs) Dy 10442
F(@A 1+ forz = 5f5)CrprVpqr + (=5frt1 + 3fug2 + frrs + [s)Crp3Upqs
= [~fiosvegv s —Afiyvi_ s+ f a0 v 11Dy
+[—5f§,%05—%vk+% - f,’c,%vk_%vk%]DH%
+[5fs/+%vs+%vk+% + f1;+gvk+%vk+%]ck+%
+[fllc+%vk+%vk+% +4fllc+%vl%+% - f;+%vs+%vk+%]ck+%'
Thus,

(3.23)
5
3
+[_f1/€_%kagvk7% _4f];_%vi_%]Dk7% - f;;_%kaékar%Dqu%

5
! /
T(k) < 3fs,%vsfévk+%(1 - Dk+%) - 3fs+%vs+%vk+%(1 - ngJr%)
/ / / 2
+fk+%vk+%vk+%ck+% + [fk+gvk+%”k+% + 4fk+g”k+%]ck+%'

Finally, using (3.20), (3.21), (3.22) and (3.23), we have
1 J-1

Vi1
95+405+4 / flw;vj,vja]dw
j=1"7"Y

<
|

LHS of (3.19)

<.
Il
~

(Pi<k—2) + Poc1 + Pe + Poy1 + Pski2))

>
|
)

IA
ol = N
—
.
1%
~

4 2 4
(AF5 150y = fimyvi-3054 ) Dy

_|_
T

2
[(f.;-i-%vj'l‘%vj-l‘% + 4f;+%?}j+%)0j+%
j=k+2
! 5 , 5
+3fs_%vs,%vk+%(l - ngJr%) — 3fs+%vs+%vk+%(1 _ ngJr%)

/ / 2 /
_[fk_gkagkaé + 4fk_%vk_%]Dk7% - fk_%kaévqu%DkJr%

! l ! 2
it a3V 300y + iy 2V 043 + iy 2V 203}

Clearly, it is feasible that

J—1 J—1
1
LHS of (3.19) < 5 o S <Y @S
G=I+1 j=I+1

provided that or. is sufficiently small. Thus, we have completed the proof of Lemma
3.6. O
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