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ON THE WAVEWISE ENTROPY INEQUALITIES FOR
HIGH-RESOLUTION SCHEMES WITH SOURCE TERMS II:
THE FULLY-DISCRETE CASE*

NAN JIANGT

Abstract. We extend the framework and the convergence criteria of wavewise entropy inequal-
ities of H. Yang [35] to a class of fully-discrete high-resolution schemes for hyperbolic conservation
laws with source terms. This approach is based on an extended theory of Yang [35] on wave tracking
and wave analysis and the theory of Vol’pert [33] on BV solutions. For the Cauchy problem of convex
conservation laws with source terms, we use one of the criteria 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 Engquish-Osher. The entropy convergence of the homogeneous counterparts of these schemes,
originally introduced by Sweby [30], were established by the author [17].
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1. Introduction. The goal of this paper is to extend the framework and the
convergence criteria of wavewise entropy inequalities, or WEIs, developed by Yang

[35] to a large class of fully-discrete high-resolution schemes for initial value problems
of hyperbolic conservation laws with source terms:

wh + f(w), = q(uw),
{ w(r, 0) = wo(z), (L.1)

where f € C*(R), ¢ € C}(R), and wy € BV (R). Here BV stands for the subspace of
L}OC consisting of functions z with bounded total variation

|2(x + h) — 2(2)]
TV h;éo/ ] dx. (1.2)

The extension of Yang’s framework in the semi-discrete case, from homogeneous
to non-homogeneous, was accomplished in the earlier work by Yang and the author
[36]. With the extended convergence criteria, we were able to show the entropy
convergence of a class high-resolution schemes with Superbee and van Leer’s flux
limiters for non-homogeneous convex conservation laws [14, 16].

In this paper, we are interested in numerical solutions of the schemes that admit
conservative form

+1 _ . ) . ,

wth = Hul el i) =l — )\(g?+% - g;_%) +7q(u}), (1.3)

where h and 7 are, respectively, spatial and temporal step sizes, and A = %;
u? = u(x;,t,) are nodal values of the piecewise constant mesh function up(z,t)

approximating the solution wu(z,t). The numerical flux g is given by
i1 = 935 AL (1.4)
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where
G103 Al = g(Vjmpi1, Vjmpr2, o 5V, Vjgps A), (1.5)

for any data {v;}. Throughout the paper, we simply write 9j+%[”5 Al as gj+%[v]
whenever there is no ambiguous. The function g is Lipschitz continuous with respect
to its first 2p arguments and is consistent with the conservation law in the sense that

glu,u, -+ u, ) = f(u). (1.6)
The homogeneous problems that correspond to (1.1) are
wy + f(w)e =0,
{ w(z,0) = wo(x). (1.7)
With the numerical flux given by (1.5), we call the corresponding schemes

that are consistent with the problems (1.7) the homogeneous counterparts (HCPs) of
the schemes (1.3). The schemes (1.8) are said to be self-similar if A is fixed, i.e. if
g is independent of step sizes. In this paper, we only consider conservative schemes
with self-similar HCPs.

Let T be a positive constant. A scheme of the form (1.3)-(1.5) for Cauchy problem
(1.1) converges if, for every initial condition wq in BV and for each sequence of initial
data {(u?(O))k},;“;l with uniformly bounded variations that converges in L}, (R) to
wo, the corresponding sequence of (extended) numerical solutions {u*} generated by
the scheme converges in Lj (R x [0,7)) to the unique entropy solution w of the
problem (1.1) provided that the step sizes hy, 73, of u* vanish as k — oo.

The convergence analyses of numerical solutions, for homogeneous problems (1.7),
in the early time were dominant by the method of cell entropy inequalities (CEls),
see, for example, [4, 9, 19, 22, 23, 24, 27] and the references therein. In the CEI
approach, one tries to derive cell entropy inequalities for certain pairs of numerical
entropy and entropy flux. Once these are obtained, the same arguments for Lax-
Wendroff Theorem [20] ensure the entropy admissibility of the limit of the numerical
solutions. Unfortunately, for a high-resolution scheme to satisfy numerical entropy
inequalities at every mesh point is not an easy task. As a result, the convergence
of many very effective methods, such as «a-, f-schemes constructed by Osher and
Chakravarthy [1, 26], in their original setting, cannot be proved by this approach.

In the 1990s, different approaches for convergence analysis emerged. Among
them, in this study, we focus our attention on Yang’s method, since it has successfully
enabled us to show the entropy convergence of the number of high-resolution schemes.
In the papers [34, 35], Yang formed the concept of WEIs for a large class of total
variation diminishing (TVD) schemes. Based on this concept Yang established several
convergence criteria. In particular, for convex conservation laws, one of the criteria
essentially states that, a WEI across the area of rarefaction where uj < uf7., for all
x; is sufficient 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 convergence.
Using this criterion, in fully- and semi-discrete version respectively, Yang proved the
convergence of fully-discrete and semi-discrete MUSCL schemes and a class of high-
resolution schemes based on flux limiters, for homogeneous problems with convex flux
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functions. For fully-discrete case, using Yang’s convergence criterion, the author was
able to show the entropy convergence of a-, S-schemes introduced and studied by
Osher and Chakravarthy [1, 26]. We also like to mention that for the Hermite type
scheme, a cell entropy inequality was established by Jiang and Shu [10]. The proof
is amazingly simple and the entropy convergence is implied for the one-dimensional
scalar convex case.

In recent years, the numerical analysis of non-homogeneous problems (1.1) has
attracted much attention. This includes studying numerical methods for the ap-
proximation of (1.1), see [2, 18, 21], for example; the error bounds related to the
approximation of (1.1), see [28, 32] for example. However, the analytical tools in this
area remain to be CEI, and hence, suffer to the aforementioned limitation.

In this paper, we extend Yang’s entire WEI [35] framework to non-homogeneous
conservation laws provided that the numerical flux satisfies the same conditions as in
the homogeneous case. In particular, as an application of the extended criteria, we
show that the fully-discrete Sweby’s schemes based on van Leer’s flux limiter remain
convergent in the non-homogeneous case. The convergence of the HCPs of these
schemes were established by the author [15].

This extended framework is developed for one-dimensional scalar convex conser-
vation laws. The advantage is that in this case we can consider the entropy property
of numerical solutions only for square entropy function based on DiPerna’s results [6].
Although, WEI is effective in showing the entropy consistence for some high-order (in
space) accurate schemes, it is very desirable to further extended this framework for
uniformly high-order schemes (in space and in time), for example, SSP Runge-Kutta
methods [5, 29]. We will attempt to show the second order SSP RK method has
entropy convergence using the current WEI framework (may be with some modifica-
tions). The development will be reported in a future paper.

The paper is organized as follows. §2 consists of two parts. In the first part we
review some properties of the discontinuities of BV weak solutions of conservation
laws emphasizing entropy conditions which harbor the idea of WEI approach; and in
the second part we show the total variation boundedness of the numerical solutions,
which ensures existence of convergent subsequences of numerical solutions whose limits
are weak solutions by the arguments of Lax-Wendroff [20]. The main results of the
paper are in §3, where we give four extended WEI convergence criteria. These results
are parallel to those of [35] for the HCPs of the schemes. We give proofs of the
first two criteria since they reveal interesting effects of similarity transforms on the
schemes with source terms. To prove the third criterion, we need to perform the
wave separations, concentrations and splittings. These can be done similarly as in
[34, 35, 36]. In §4 we use one of criteria to show the convergence of Sweby’s schemes
with van Leer’s flux limiter for convex conservation laws with source terms.

In general, we only present proofs that are different from the corresponding ones
in [15, 35]. However, in few cases we do provide proofs or sketch of proofs for the ones
that are similar to their HCPs so that the paper is reasonably self-contained. Also,
for better readability, we closely follow many notations defined in [15, 30, 35].

2. Preliminaries.

2.1. Review of discontinuities of weak solutions. The idea of WEI ap-
proach can be revealed from a simple observation: Let U(w) be a convex entropy
function, and F(w) be its flux: F' = U’f’. In the area where the solution w is
smooth, the additional conservation law U(w); + F(w), = U’'(w)q(w) holds, and the
entropy condition is automatically satisfied. Therefore, the entropy admissibility of
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a weak solution is solely determined by that of its discontinuities. The following is a
closer examination of this observation.
For any two distinct numbers w™ and w™ in the domain of f, the function

w if = < st,

wt if x> st, (2.1)

Wiz, t) = {
is a traveling discontinuity, provided that

s(wh —w”) = f(w") — f(w”) (2.2)

holds. Clearly W (z,t) is a weak solution of the homogeneous conservation law. Denote
by flw;w™,w™] the linear function interpolating f(w) at w = w™ and w = w™. Then
W is an admissible traveling discontinuity if

sgn(w’ —w™)(flwyw™, w'] - f(w)) <0 (2.3)

holds for all w in between w~ and w™; otherwise, it is a traveling expansion shock.

Through Vol'pert’s BV solution theory [33], generic discontinuities of BV weak
solutions are inherently related to the traveling discontinuities. Let u(E) be the
Lebesgue measure of a measurable set E C R™. We use B,.(zg) to denote the open
ball centered at x¢ with the radius r. Let a be an unit vector in R™, and R,(xo) be
the half space {(z —x0) ®#a > 0} in R™. A point of density (rarefaction) for the set E
is a point z for which

timn (12 () B (2))/ (B, (2)) = 1(0).

If w(x) is a function defined on a set E C R™ and x( is not a point of rarefaction for
E, then Lpw(xo) will denote the approzimate limit of the function w(z) at the point
ro with respect to the set E, provided that for Ve > 0, x¢ is a point of rarefaction of
the set

{z :|lw(z) — Lpw(xo)| > e,z € E}.

DEFINITION 2.1. Let w(z) be a function defined on R".

(o) A point zg € R™ is said to be regular if there exists a unit vector a such that
law(zg) and I_,w(xo) exist and are finite. Here, l,w(z0) = Lg, (2,)w(Z0)-

(8) The point x is said to be a point of jump of w(x) if it is regular and l,w(zg) #
I_qw(xp). The set of the jump points of w(z) is denoted by T'(w).

(v) If 2o € T'(w), then the value a appearing in the definition («) is called the
normal to T'(w) at the point zg.

For n = 2, we apply the preceding concepts to a BV weak solution w(x,t) of
the conservation law, possibly with source terms. For any (xg,%9) € T'(w), let a
be the normal to T'(w) at the point (xq,%o) with positive spatial component, w™ =
low(xo,t0), and w™ = I_qw(xg,tg). We then call W, defined by (2.1)-(2.2), the
traveling discontinuity associated with w at the jump point (xg,t9). Denote by H,, the
n-dimensional Hausdorff measure. Then the following basic result holds.

LEMMA 2.2 (Vol'pert[33]). A necessary and sufficient condition for a weak solu-
tion w € BV of wy + f(w), = q(w) to be an entropy solution is that (2.3) holds, for
Hy-almost all points in T'(w).
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Roughly speaking, in the WEI approach, if a sequence of total variation bounded
(TVB) numerical solutions approaches an entropy violating weak solutions, one may
construct a sequence of numerical solutions with vanishing step sizes and vanishing
source terms that converges to a traveling expansion shock and harbors an asymptotic
traveling expansion shock, a concept that will be given in §3. Similarity transforms
play a central role in the construction of such a sequence. Let Sz, be the similarity
transform centered at a point (xq, to):

Sio,to((x7t)) = (330 +ex,ty + €t).

This induces a transform Ty , in the set of the functions ¢ defined on a domain
QCRXRY:T; ) =10S; |, if S, QCQ, where ¢ |q denotes the restriction
of ¢ to the set Q. Define w,(z,t) by

we(z,t) = (T, s, w)(w, 1) =wo S5 4 ((x,t)) = w(wo + ez, to + €t).

To,to

Clearly, if w(x,t) is a weak solution of w; + f(w), = ¢(w), then w.(x,t) is the one
of wy + f(w), = eq(w). The following lemma (presented in [34] and still holds for
non-homogeneous case) is one of the foundations of the WEI method. It shows that
by successively zooming in around a jump point (zg, tp) of a weak solution w, one can
view it locally as a traveling discontinuity.

LEMMA 2.3 (Microscope Lemma). Let (zg,to) be a jump point of a BV weak
solution w in the sense of Definition 2.1. If {1 }32, is a sequence of positive numbers
such that limg_,oo €, = 0, then the sequence {w;, } converges in LlloC to the traveling
discontinuity W associated with the jump point (xo,1o).

2.2. Preliminaries of the numerical schemes. In this subsection, we present
the conditions that will ensure the solutions of a scheme of the form (1.3)-(1.5) con-
verge to a weak solution. Let T'V,(t) be the total spatial variation of w. Then the
TVD property of the HCP of the scheme (1.3)-(1.5) will guarantee the TVB property
of (1.3)-(1.5). In the following, we assume that max |¢’(u)| < C for some constant C.

THEOREM 2.4. Suppose the HCP of a scheme of the form (1.3)-(1.5) is TVD.
Then we have TV, (t) < TV, (0)eT, fort € [0,T).

Proof. Let (u"*')! be the solutions generated by the scheme (1.3)-(1.5), and
J

(ﬂ?“)l be the solutions of its corresponding HCP (1.8). Then the TVD condition of
HCP implies that

TV (@)™ < TV (u}).

Now, by (1.3), we have

A = (AT 4 rA g q(u)] < AT+ 7CIA U

7l

Therefore, it follows that
TV, (t) < e“TTV,(0).

0

REMARK. The function TVg(t) has a desirable invariant property under the
similarity transform 7%, , : Denote (&,) = S, ((z,t)) and @ = T%, , (). Then, for

xo,to zo,to
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any ty,te € RT with 1,5 > 0, we have TV; (t2) — TVa(t1) = TVy(ta) — TVy(f1). This
property is very important for the extension of the WEI framework.

With Theorem 2.4, using Helly’s Theorem on the set of TVB functions and fol-
lowing the proof of the Lax—Wendroff Theorem [20], we obtain the following result.

THEOREM 2.5. Suppose the HCP of a scheme of the form (1.3)-(1.5) is TVD,
and {(u})'}i2, is generated by (1.3)-(1.5). Suppose also that the step sizes 7, hy — 0
as | — oo, and the initial conditions have uniformly bounded total variations. Then
{(u?)l}j’il contains a subsequence {(u?)lm}fn"zl which converges in L}, (R x [0,T))
towards a weak solution of (1.1) as m — oo.

3. WEI criteria for convergence to the entropy solution. For convenience,
let T be the set of all sequences of numbers in (0, 1) with zero limit. We use bold-faced
letters to represent the sequences in T, and use the corresponding light-faced ones
with subscripts to represent the terms in such a sequence.

3.1. General TVB schemes. To show Theorem 3.1 that follows shortly, we
begin by assuming that there is a sequence of numerical solutions {(u}‘)l}i’il, gener-
ated by a TVB scheme of the form (1.3)-(1.5), converges to an entropy violating weak
solution w. We also assume that the corresponding sequences of step sizes 7 € T and
h € T. By Lemma 2.2, there exists a jump point (xg,%9) of w with an associated
traveling expansion shock W. Now for any € € T applying similarity transforms T, o to
to u! for each I and to w, we obtain ul, and w,, respectively. The numerical solution
ul satisfies the same scheme for wy + f(w), = erq(w). For fixed k, ul, — w,, as
I = oo in L},.. Applying Lemma 2.3 and using the same diagonal process as in [34],
one may choose a sequence of increasing positive integers {lx} such that {uls’;ﬁ 1,
converges in L}, . to W. For simplicity, we denote {uls’; 122, by {uF}2e . Then uF is

generated by the scheme
W= Ho ()l i A) = 6 — Ny () — g,y ()] + ermeg(ul), (3:1)

with e € T . We call the scheme (3.1) the e-scaled form of the scheme (1.3)-(1.5),
and we have obtained the first WEI convergence criterion.

THEOREM 3.1. A TVB scheme (1.3)-(1.5) for the Cauchy problem (1.1) converges
if there exists no sequence of solutions {uk}zo:l generated by the e-scaled form (3.1)
of the scheme with € € T that converges in Li, (R x [0,T)) to a traveling expansion
shock.

3.2. Schemes with TVD HCP. Clearly, similarity transform Ty , preserves
the total variation in space. This property enables us to obtain stronger and more
practical convergence criteria than Theorem 3.1. For this purpose, we consider the
solutions @ generated by (1.8), the HCP of the scheme (1.3)-(1.5). Let TVy(t) be
the total spatial variation of @ at the time t. We denote TTV;(t1,t2) be the total
temporal variation of TV (t) from ¢; to to. Let W(x,t) be a traveling discontinuity
defined by (2.1) with the two states w™ and w™, where w™ and w™ are two distinct
real constants in the domain of f. Throughout the remaining part of the paper,
we assume that ¢'(u) > 0, and we make a convention: the phrase “e-scaled form”
automatically implies that 7,h,e € Y.

DEFINITION 3.2. We call a sequence of numerical solutions {u*}° | generated by
an e-scaled form (3.1) of the scheme (1.3)-(1.5) a T'V-stable sequence of a numerical



ON THE WAVEWISE ENTROPY INEQUALITIES 303

traveling discontinuity with the limit W, if there exist €/ € T and positive constants
Cp and C such that

(i) u* — W in L} (R x [0,1)),

(ii) TV, (t) < Cy for all t and k, and

(iii) TTVF(0,1) < Cé}, for each k.
When W is a traveling expansion shock, we call {uk},;“;l a TV-stable sequence of a
numerical traveling expansion shock.

THEOREM 3.3. A scheme of the form (1.3)-(1.5) with TVD HCP for the Cauchy
problem (1.1) converges if no e-scaled form (3.1) of the scheme is able to generate a
TV-stable sequence of a numerical traveling expansion shock.

Proof. We assume that the convergence of a scheme given by (1.3)-(1.5) fails. By
Theorem 2.4 and Theorem 3.1 there exists an e’-scaled form (3.1) of the scheme which
is capable of generating a sequence of functions {u”}S2; that converges in Lloc(R X
[0,T)) to a traveling expansion shock W of the form (2.1). Moreover, TV, (t) < Cy
for all ¥ and some constant (5. Our goal is to find a sequence {ﬁk}zozl generated
by an e-scaled form (3.1) of the scheme such that @* — W in L}, TVye(t) < Co
and TTV.x(0,1) < Ce).. To this end, since TVz» is monotone decreasing, we have
TTVy (t1,t2) = TVar (t1) — TVav (t2) for t1,te € [0, 1], and for any positive integers n
and v, there is an integer m(n,v) such that 0 < m(n,v) <n —1 and

!

TV (m(n, ) /n, (m(n, v) + 1) /n) < %TTVW 0,1) < %

Let t,,, = m(n,v)/n, and z,,, = st,,,. For each k, one can first choose a sufficiently
large n = ny, so that C})/ny < €),. Then, since v¥ — W in L}, (R x [0,7)), one can
choose a sufficiently large v = vy so that

1 st+1
/ / |u"* (x,t) — W (z,t)|dzdt < €}, /n3,
0 st—1

Tg 1= ngT), < %7 and hy, := nyh,, < % For simplicity we set & = Tpny 1y te = tng s s
and aF(x,t) = Ty (x,t). We then have

Tk tk
st+ny
/ / |u z,t) — Wz, t)|dzedt < ),
S

t—ng

since TS, W (z,t) = W (x,t) for any positive constants o and ¢. Therefore @¥ — W in
L} (R x [0 1)). Next, since 74, hiy < ¢, and the source term of ¥ is e 7,q(*), where

ek 1= & (0 as k — oo, {G}$2, is generated by an e-scaled form of the scheme.
Moreover TV (t) < Cy since similarity transforms preserve the spatial variation.
Finally, by the remark, we have

!

C
TTV:e(0,1) = TT Vg (m(ng, vi) /1, (m(ng, vi) + 1) /ng) < n—o < €
k

Therefore, {@*}2, is a TV-stable sequence of numerical traveling expansion shock.
The Theorem is proved. O
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3.3. Extremum Traceable schemes, general flux f. To connect the numer-
ical flux with the exact flux, we make the following assumption which is needed to
develop more practical convergence criteria.

ASSUMPTION 3.4. The numerical fluzes g;‘Jrl satisfy
2

Q;ZF% > f(u}) > g7 1 if uf —ujy, 20,

1
2

and

g;’+% < fluj) <gi 1 if uf —ufy, <0

1
2

In order to track the waves (discontinuities) of the sequences of numerical solu-
tions, first, as in [34, 35], we use the following notion of paths to be the boundaries
of the transition areas of the discontinuities of the numerical solutions.

DEFINITION 3.5 (Definition 2.5 [35]). A grid point valued function x,, = I,,h+-c,
0<t, <ty =T, is said to be an e-path of the first type with respect to a numerical
solution u in [0, T] if for € > 0 the following conditions hold:

(i) The relation u} = u} holds if j is between I,, and I;,+1 and j # Ipy1.

(ii) The inequality holds:

min(sgn(A+u7}n+l)A_u}’n+l, |A+u?n+1 |) <e.

(iii) The total variation of the numerical solution along the path is bounded, for

some constant C, by Ce:

N-1
Z luf Tt — a4} —ul | < Ce.

Iny1 n+1 Inya

n=0

DEFINITION 3.6 (Definition 2.6 [35]). A grid point valued function x,, = I,h+-c,
0<t, <ty =T,issaid to be an e-path of the second type with respect to a numerical
solution w in [0, T] if for € > 0 the following conditions hold:

(i) The integer valued function I, is a monotone for 0 < n < N. Moreover,
[Iny1 —In| <1lfor0<n<N-1.

(ii) There is a constant A such that for 0 <n < N — 1, |uy — A| < € holds if z;
is in the stencil of the scheme at (z,  41,tn) or (J:In+1_1,tn).

Along an e-path of either type, the numerical flux of an e-scared form and the
exact flux have the following relationship.

LEMMA 3.7 (see Lemma 2.7 [35] for the result of the homogeneous case). Let
{(u}’)k}?’zl be a sequence of solutions generated by an e-scaled form (3.1) of the

scheme (1.3)-(1.5) that satisfies Assumption 3.4. For each k, let . = IFhy, + ¢, be
an ep-path of either type in [0,T], where T = N*7 >0 and ¢, < e. We then have

NF—1

S lg ay)F - FGi )l < Ce, (3.2
n=0

where C depends on T, the Lipschitz coefficients of g and max |q(u)].
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DEFINITION 3.8 (see Definition 3.7[36]). Let {u*}°, be a sequence of solutions
generated by an e-scaled form (3.1) of the scheme (1.3)-(1.5) that satisfies Assumption
3.4. We call a sequence of pairs of egi-paths of either type, {m’;k,xﬁk,() < nrp <
Nkp, = Tk}zczl, where x’;k = I*hy, + e, x’}k = J*hy + ¢x , and 77:’“ >"1 >TF — 7,
an asymptotic traveling wave (ATW) of {uk} if xlk < ka for each k, and if there are
linear function z(t) = st + r and two distinct constants L and R such that:

(i) If we set £F = x’;k and 55‘% = x?k fornm, <t < (n+ 1)1, and 0 <n < N¥ -1,
then both & and &5 cogverge to x(t) :miformly on the t-interval [0, 1] as k — o0;

(i) |(u?g)’C — L| < e and \(u’}s)k — R| < ¢y, for 0 < n < N¥;

(iii) In the case s = 0, for each k, if either path of the pair {x’},ﬁ,xﬁs}, say x’}k, is

of the second type, then x’;k is a constant.

We call z(t) the limit path of the ATW, L and R the two states of the ATW.
Next, in order to study entropy properties of an ATW, as Osher in [23], for any

convex entropy U(w) and its flux F(w): F' = U’f’, we have the equality U(u nH)

Ulu}) =U'(n7)(u] ntl u?) for some 77 in between u} and u"Jr1

numerlcal entropy ﬂux

and we adopt the

Gry S F) + U ) lg-y — FO)-

Applying Lemma 3.7 for the conservation laws of the form: U(w): + F(w),
exU'(w)g(w) with € € T, then G’ satisfies the following.

2

COROLLARY 3.9. If {u*}22, satisfies the conditions of Lemma 3.7, then

N*—1

Z (G~ )" = F(ufs )")|7 < Ce.

In the following, for the given step sizes h and 7, we denote Al v(z,t) :=
t(w(z, t £ 7) —v(z,t)), A%v(x,t) = (v(z + h,t) —v(z,t)), D} = (1/7)AY, and
D% := (1/h)A%. Adapting Osher’s proof in [23], we obtain the equality (3.3) for
the numerical solutions {u*}2°, generated by an e-scaled form (3.1) of the scheme
(1.3)-(1.5).

he[DYLU((uf)*) + DG )" = erU"((uf)")a((u)")] (3:3)
k

(777+1) " n k
[ vl y* - fw)du.
(n})*
Let ¢(x,t) be a smooth function with compact support in the domain —co < x <
00, 0 <t < 1. Set (cz);l) = ¢(z%,tF) and define

j"fl

NF-1 Jlrf+1*1
o SN mDLUW) + DG ) — ekl ()P )a(()) (@)
n=0 j:Iﬁ+1
(3.4)
and

k -1
N¥—1 +1 (7IJ+1)k

*’“dﬁfmzqsstmr,t’f Z / w) (g} )" = fw)dw.  (3.5)

J=Ik
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We then have the following important result.

LEMMA 3.10 (see Lemma 2.11 [35] for the result of the HCP of the scheme (1.3)-
(1.5)). Suppose {uk}3 | satisfies the conditions of Lemma 3.7. Let {Ikhj+cy, JEh)+
cr} be an ATW of {u*}22, with the limit path x(t) = st+r and the two states L and
R. We then have

lim 3" = lim & = [F(R) — F(L) — s(U(R) — U(L))] / ., Satdt (36)

k—o0 k—o00

To derive the corollary below, we choose U(w) = w, and using (3.4) we have

&% = 0. Hence f(R)— f(L) = s(R— L) by (3.6). The second equality of the corollary
follows from the integration by parts.

COROLLARY 3.11. With the conditions of Lemma 3.10, we have the following
discrete Rankine-Hugoniot condition:

f(R) = f(L) = s(R—L). (3.7)

Moreover

R R
kli_}r[ologk = lim ol :/L U" (w)(f[w; L, R] — f(w))dw/ oz, t)ydt.  (3.8)

x=st+r

To develop the extremum tracking procedure for numerical solutions, we need the
following two definitions. Denote the set of the grid points by X = {(z;,t,) : —oo <
Jj < 00,0 <n < oo} and we consider a numerical solution v on X. A finite set of
successive grid of points {x,,- - ,x,} with r > ¢ is said to be the stencil of spatial
mazimum, or simply an E-stencil of u at the time t,,, provided Ug == U, upy_q <
uy and wuy,; < u;. Notions of an E-stencils for minimal and E-stencils for general

q
extrema are defined similarly.

DEFINITION 3.12 (Definition 2.13 [35]). A nonempty subset of X denoted by
tms < m, is called a ridge of the numerical solution w from t,, to t,, if
(i) for all v, n < v <m, the set

E,,

PE(V) = {x] : (x]’t’/) € Etn;tnL} = {qu’ e 7.7/'7‘1/}

is not empty and is an E-stencil of u at ¢,
(ii) forall v, n <v <m—1,

Pr(v)UPg(v+1) ={z; : min(¢”,¢" ™) <j < max(r",r"ﬂ)},

The set Pg(v) is called the z-projection of Ey, ,, at t,. The value of u along the
ridge is denoted by Vg(v) : V(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 t, 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 E;_ ;. , Pg(v), and Vg (v) for either type. We write

B, <()E7 , ., if max Ppi(v) < (<)max Pg2(v) for n <v <m.
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DEFINITION 3.13 (Definition 2.14 [35]). A scheme is said to be extremum trace-
able if there exists a positive constant ¢ > 1 such that for each numerical solution
of the scheme and each integer N > 0, there exists a finite or infinite collection of

extremum paths {E! oot ;ill with the following properties:

1 050 2, 18 precisely the set of E-stencils of u) at the time ¢ arrange
i) {Pri(N)}2,, i isely th f B ils of u” at the time ¢ d
in ascending spatial coordinates.
(i) If E} ,, is a ridge (trough), then Vpi(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 Pgi(n+1) =0,
then

|t (1) = Upigny | < €| VEi(n+1) = Vi (n)|  when ¢(n+1)>rl(n),

|y (1) — Ugigny | < €| VEi(n+1) = Vi (n) | when d'(n) > rl(n+1).

(iV) If Iy > ll, then E!

1
Loy < B forly <1<l —1.

THEOREM 3.14. If an e-scaled form (3.1) of the scheme (1.3)-(1.5) can be written
in an increment form
1
u;-” =uj —Cj_1lu;_ 1+ Dy Aujya + epmrg(uf), (3.9)
then, for sufficient small € with €, < e, the sufficient conditions for (3.1) to be
extremum traceable are the following inequalities:

0<Cy1,0< D1, 0<Cpa +Dyya <1, forall j (3.10)

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

D.

i+ <

max{cjiévcjigszi } S (311)

)

wjw

1
2

==
g

We omit the proof, since it can be easily derived from the proof of Theorem 2.3
in [17]. Recall, Yang’s Lemma 2.15 [35], an extremum traceable scheme is TVD, and
following the results of Theorem 3.14 and Theorem 2.3 [17], we have

COROLLARY 3.15. If an e-scaled form (3.9) satisfies the conditions (3.10)-(3.11),
then the HCP of the scheme (1.3)-(1.5) is extremum traceable and hence TVD.

LEMMA 3.16 (Lemma 2.17 [35]). Suppose u is given by an extremum traceable
scheme. Suppose also that TTV,(to,tn) < €/(2¢ — 1), where N is a positive integer
and c is the constant in Definition 3.13. Let Ey 1\ be an extremum path of u that
satisfies the properties (ii) and (iii) of Definition 3.13. Then exists an e-path x,, of
the first type for 0 <n < N such that x,, € Pg(n).

The important concepts of asymptotic traveling discontinuity (ATD) and asymp-
totic traveling expansion shock (ATES) will be introduced shortly. Loosely speaking,
the essential structure of a traveling wave of a numerical solution is the moving tran-
sition from a left limit to a different right limit. When using an ATW to track the
wave, the transition region is bounded either by extremum paths, i.e., ridge (trough)
lines, which can be approximated by an e-path of the first type, or by rim lines which
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can be approximated by an e-path of the second type. If an ATW contains several
large jumps and these jumps can be split into essentially monotone waves, then the
ATW becomes an asymptotic traveling discontinuity (ATD).

DEFINITION 3.17. An ATW {x’;57m§#;0 < nrp < NFrp = T} of {uk}e,
with the left state L and the right state R is called an ATD of {uk},;“;l if the following
three properties hold.

(i) Each of the two paths is either an eg-path of the second type or an e-path of
the first type that is also an extremum path as in Lemma 3.16. Moreover, if any of
the paths is a ridge (trough), then it is on the side of the larger (smaller) state of L
and R.

(ii) For each k, if Iff <g<r< J,’f and 0 <n < N*¥, then

—((u)* = (ug)*)sgn(R — L) < ey
. (iii) For each k, if 0 <n < N¥and I} < j < J% and ((u}, )" —(u])*)(R—L) <0,
then

(W), (ufy )" € Ny ({w: f(w) = flw; L, R]})

where N5 (S) denotes the §-neighborhood of a set S. An ATD of {u*}$° | is called an
ATES of {uk}2° | if the entropy condition (2.3) with w™ = L and w' = R fails. In
this case we also say that {u*}72, harbors the ATES {x%, %, }22,.

Now we are ready to state the third WEI criterion for the convergence.

THEOREM 3.18. A scheme of the form (1.3)-(1.5) satisfying Assumption 3.4,
with TVD HCP and extremum traceable e-scaled form (3.1), converges if no e-scaled
form (3.1) is able to create a sequence of solutions {u¥}° | that harbors an ATES.

Sketch of the proof. (see the proof of Theorem 2.19 [35] for the HCP of the
scheme) We argue by contradiction. If the convergence fails, then by Theorem 3.3
there exists a TV-stable sequence {u*} of a numerical traveling expansion shock gen-
erated by an e-scaled form (3.1) of the scheme. Since TV,x(t) < Cj for all k and
t € [0,1] and since {u*} converges to W in L}, (R x [0,1)), in the compact domain
Q= {(x,t) : (z,t) € [st — 1,st + 1] x [0,1]} there may exist at most uniformly
bounded number of large oscillations which asymptotically either travel away from
the line x = st as infinitesimally thin spikes in the graph of the numerical solutions,
or move along the line. Also since the e-scaled form (3.1) is extremum traceable, i.e.,
non-oscillatory, we can use approximate extremum paths to track these oscillations.
Because the sequence {u*} is TV-stable, the amplitudes of these oscillations are es-
sentially stationary, and it contains a subsequence, in which the approximate paths
becomes e-paths as described in Definitions 3.5 and 3.6. Using similarity transforms
and selecting subsequences, we may push those oscillations which do not travel along
the line x = st out of the interested domain 2 (this effect is called wave separation).
Hence, all the strong oscillations which remain in Q travel along the line (this effect is
called wave concentration). Finally it can be shown that these oscillations consists of
finite number of strong ATWs which dominated the entropy estimate and the oscilla-
tions of small amplitude whose contributions to the entropy estimate are negligible,
and at least one of the strong ATWs must be an ATES (this analysis is called wave
splitting). The entire proof can be directly translated from that of Theorem 3.13 in
[34]. O
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3.4. Extremum traceable schemes, convex flux f. For any collection of
data {v;}, denote v; = Ho(vj—p, -+ ,Vj1p; A) (see (3.1)), 0; = % , and f[w; L, R]
be the linear function interpolating f(w) at w = L and w = R. In this subsection, we
assume that f”(w) > 0.

DEFINITION 3.19 (see Definition 2.20 [35]). We call an ordered pair of numbers
{L, R} a rarefying pair if L < R and flw;L, R] > f(w) when L < w < R. We call a
collection of data T = {v;}/*r an e-rarefying collection of the e-scaled form (3.1) to
the rarefying pair {L, R} if, for € > 0,

(i) L=v; <vry1 <---<wvy=R;
(11) U <0141 < - <0y, |L*”L~)[| <eg, |R*17J| <eg;
(iii) either vy_1 > vy or vy = vy41; and either vy < wy or vy_1 =vy.

The conditions (i) and (ii) imply that oy < 0741 < -+ < 0y, |[L — 04| <
e/2, and |R — v5] < €/2. We define the piecewise constant function gr associated
with the e-rarefying collection I" as follows:

gr(w) =g 1[v] forwe (0;,041), I<j<J-1L

DEFINITION 3.20. We call an e-rarefying collection I' = {v;}/*7 , of the e-
scaled form (3.1) to the pair {L, R} an e-normal collection, if it satisfies the following

relation:

L=vig=vi1=vr=v11 < <0j_1 =0v5]=0541 =Vjp2 = R. (3.12)

Next, we present the last WEI criterion of convergence, which states that the
WEI across the area of the rarefaction is sufficient for convergence.

THEOREM 3.21. A scheme (1.3)-(1.5) satisfying Assumption 3.4, with TVD
HCP and extremum traceable e-scaled form (3.1), converges for convexr conservation
laws (1.1) if, for any rarefying pair {L, R} and e-rarefying collections {v; }?ifp of the
e-scaled form (8.1) to the pair, there is a constant § > 0 such that the quadrature

inequality

R by
5</L f[w;L,R]dw—/ gr(w)dw (3.13)

1
holds, provided that € is sufficiently small.

The proof of the theorem is similar to that of Theorem 2.21 in [35]. Nonetheless,
we provide a sketch of the proof here for convenience.

Sketch of the proof. Assume a scheme satisfies the conditions of the theorem
does not converge. Then by Theorem 3.18, there is a sequence of numerical solutions
{u*} generated by an extremum traceable e-scaled form (3.1) that harbors an ATES
{a:’;k,xﬁk} Since f is convex, the two states L and R of the ATES form a rarefying

pair {L, R} and, by DiPerna’s results [6] for scalar convex conservation laws, it suffices
to consider the entropy property of the wave with the entropy function U(w) = w?/2.
Similarly, as the proof of the HCP in [35], for any ¢ > 0, sufficiently large k, and
0<n<NFk , the inequality

N L o
> [ @) - fwhde - [ (g - fw)de|<e (3.14)

n\k 2 -
.j:[,l‘;+1 (le ) vr
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holds for some e-rarefying collection I' = {v, };H}lp of the e-scaled form (3.1) to
the pair {L, R}, where ( ?)k = ((u] ME 4+ (u "'H) )/2. Now, let ¢ be the constant in
(3.13) for the rarefying pair {L, R} Then there is a constant €o > 0 such that, for
0 < € < gy, every e-rarefying collection ' = {vj}‘”f of the e-scaled form (3.1) to

the pair satisfies
Vg g R
[ (gr(w) — f(w))dw < / gr(w) — /L f(w)dw + Ce (3.15)

R
</ (flw; L, R] — f(w))dw — é + Ck,
L

where C' = max{|f(w)| : Jlw — L| < &/2 or |[w — R| < £/2}. Now let k be sufficiently
large and let ' = {v;, }‘j];p_p be an e-rarefying collection of (3.1) that satisfies (3.14).
Since it also satisfies (3.15), we have

Jk

ntl— ("7;'1+1)k R
3 /’ ()"~ Fw))dw < [ (flus LRI = f(w)dw—5+(C+D)e (3,10
=1k, (n})k L

for 0 < n < N*. With the special entropy function U(w) = w?/2, we apply the
inequality to 3" that is defined by (3.5) and we obtain

NF—1

R
M <o, Z o(sth + 7, th) [/L (flw; L, R] — f(w))dw — 6+ (C + 1)e],  (3.17)

where ¢ is a nonnegative smooth test function. Taking the limit on both sides while
applying Corollary 3.11 to the left side, we arrive at

R R

(s B) = fw)dw < [ (Flus LR = f)dw -5+ (C+ 1)

L L

where we have eliminated the common positive factor fa::st +r o¢(x,t)dt. This is a
contradiction for sufficiently small €. O

4. Application. For the homogeneous conservation laws (1.7), the convergence
of high-resolution schemes with van Leer’s flux limiter, introduced by Sweby [30],
was established by the author [17]. In this section we illustrate that the aforemen-
tioned schemes with source terms will converge as well, by applying the last extended
WEI convergence criterion. First, to introduce the schemes, we need some shorthand
notations. Let the flux differences be

Ty = F) 0y, (4.1)
and
ey =955y — fQ), (4.2)
where g E+% = g (u},u},,) is the flux of an E-scheme [25] that satisfies

sen (ufy — ) g% ) — f(u)] <0, (4.3)
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] n n
for all u in between u7 and u}, .

Following Sweby [30], we use

+ —
+ Af]#% — )\fjJrl
Vit: T Aur 0 Vit T A (4.4)
Jt+3 i+3
to define a series of local CFL numbers, where, by convention, Au;l 1= Ajul =
2

A_uj =} —uj. We also assume that the local CFL numbers satisfy \z/j[+%| <1
for all j € Z, and set

1 1
+ it - 2 -
aj+%—2(1 Vj+%)7 aﬁ_%—Q(l—i—Vﬁ_%), (4.5)
and
+ gt -
T L SN e T
pt = _d72%7 - _ Jtsits (4.6)
i T T T S :
J+3lits i=37i-3

Using these notations, Sweby’s schemes with flux limiter, in the non-homogeneous
case, are given by

uf Tt = = A(gjp1 —g;-1 )+ Ta(uf), (4.7)
where
9j+1 = f+% + ‘P(T;_)a;r%f;r% - ‘P(Tj_+1)0‘j_+%fj_+%a (4.8)

and ¢ is a flux limiter, which is Lipschitz continuous function and its graph lies in
the second order TVD region of the HCP of (4.7)-(4.8)) [30]:

{(r,pa(r)) : o (r) = max(0, min(®r, 1), min(r, )),1 < & < 2,r € R}. (4.9)

To study the entropy convergence of the schemes (4.7)-(4.8), we consider a special
limiter: ¢ = ¢y, i.e. the van Leer’s flux limiter [30]:

=1 "y =V (4.10)
Gy \lr) = 2r .
7 r >0,

which is one of the famous limiters that resides in the region (4.9) and ¢, , approaches
to 2, the upper boundary of the region, as » — co. For the remainder of the paper, we
also assume that the building block of the schemes is Godunov [8] or Engquist-Osher
[7] scheme. Now, we recall that for Godunov scheme, the flux is given by

God _ [ ming; <w<u,p, f(w) when  uj < wjqq,
e teat) = 411
g ( 7 ]—H) { MaXy; >w>u; 1 f(w) when Uj > Uj+1, ( )

and for Engquist-Osher scheme, the flux is given by

BEO(w; uipq) = ujmax "(w),0)dw ujﬂmin "(w), 0)dw . )
67O (uy,uj41) / (' (), 0)d +/O (' (w), 0)dw + F(0).  (4.12)

The following lemma can be shown in the same way as we did for its HCP [15],
since Assumption 3.4 does not involve the source terms.
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LEMMA 4.1. A scheme of the form (4.7)-(4.8) with van Leer’s flux limiter satisfies
Assumption 3.4.

It is easy to see that, by following Sweby’s derivation [30], the schemes (4.7)-(4.8)
can be written in an increment form.

;”'H uj —Cj_1Au; 1+ Dy Augy s+ 7q(uy), (4.13)
with
+
SD(T‘+1)
C’Fr%:yj+%{1+a;r+%[r+—ap(rj)]}, (4.14)
J+1
and
D = 1 SO(TJ_) ;. 4.15
i = Hl+a 2[ - _%0(7“]'+1>]}- (4.15)
J

If we denote the solutions of the HCP of (4.13)-(4.15) by ﬂ?“, ie. ﬁ;”'l = uj —

Cj_1Au;_ 1+ Dj 1 Auyy, we then can write an e-scaled form of (4.13)-(4.15) as

u}”l "“ +erTq(uf). (4.16)
LEMMA 4.2 (see Lemma 2.5 [17] for the result of the homogeneous case).
e-scaled form (4.16) of the scheme (4.13)-(4.15) with the building block of Godunov
or Engquist-Osher scheme is extremum traceable, provided that ey, < e for sufficiently

small e, and

_ 2 .
Vi TV < 73 for all j, (4.17)

where ® is given by (4.9); and when uj is an extremum, there is a constant pi, 0 <

p <1, such that AK' = Amaxy»  <w<ur, | f'(w)[ < §.

With Lemma 4.1 and Theorem 3.14, we can simplify Theorem 3.21 for the scheme
(4.13)-(4.15) as follows.

LEMMA 4.3 (see Lemma 3.5 [17] for the result of the homogeneous case). A
scheme of the form (4.13)-(4.15) satisfying the conditions (3.10)-(3.11) converges
for convex conservation laws, provided that for each rarefying pair {L, R} there is a
constant § > 0 such that the inequality (3.13) holds for all e-normal corrections of the
e-scaled form (4.16) to the pair {L, R} for sufficiently small e with e}, < .

Proof. Let A = {kp_a,-++ ,kg+2} be an arbitrary e-rarefying collection of the e-
scaled form (4.16) to the pair {L, R}. Without loss of generality, we assume |e;7¢| < €
for all k. Let

SI:/R @ ; Riv1— &) 934 11, (4.18)

P

By (i) and (iii) of Definition 3.19, either x£p or Kp41 is a minimum. In either case,
Assumption 3.4 and the condition (ii) of Definition 3.19 imply that



ON THE WAVEWISE ENTROPY INEQUALITIES 313

g > |L—I~$p‘ :|l~<&p—lip| (419)
> Ngp 16 — gp_y 6]l — lekmal > Ngpay (<] — F(I)] — lewral,

or
Mgpesls] = F(L)] < e+ |erTq| < 2. (4.20)
Similarly, we have
e > |R—Fql = Nggailr] — F(R)| - lexrdl, (4.21)
or
Mgozilr] = f(R)| < e+ [exTq| < 2. (4.22)

Next, we construct an e-normal collection I' = {v;}/*? , as follows. First, let I = P—1
andJ @ + 1 and we also set v;_o =v;_1 =v; =L, vy =vj41 = vj42 = R, and

v; = kj for I +1 < j < J —1. Then, we can easily obtain the following relations

greslvl = F(L),  gyail] = f(R), (4.23)

= L+4errq(L), 05 =R+eprq(R),
and
vy K041 <o <0

Therefore I' = {v;}7*7_, indeed is an e-normal collection. Now, let G be the Lipschitz

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

5= /UJ gr(w)dw = (U511~ ;)95 3 0], (4.24)
vr ]:I

then a-priori estimate |S — S’| < 4Ke holds. Let ¢’ be a constant such that for all
e-normal collections of the scheme (4.16) to the pair {L, R} the inequality (3.13) holds
for § = §’. Thus, for § = §’, the inequality (3.13) also holds for the e-normal collection
I' = {v;}/+? ,. Therefore, for § = %, the inequality (3.13) holds for all e-rarefying

j=I—-2
collection of the scheme to the pair {L, R} provided that ¢ < E It remains to show
the a-priori estimate. Notice that 9y 1 k] = giti [v], for P < j < @Q—1, and therefore,
kj for P+1 < j <@ —1 are independent of ; for ¢« < P or i > @. Thus, &; = v; for

P+1<j<@Q-—1, and we have

IS =8| <|ore1 — Orllgre 2 0]l + 10141 — Freallgry s [v]] (4.25)
2 2

+ |05 = Oy—1llgy— 1 ][ + |05—1 = Ey-allg;_z[v]]-
The relationship of A and T" and the inequalities (4.20) and (4.22) yield:

£
<o oy -y <S4 lenmal (4.26)

_ y lexal
_ <
|Or41 — Rrg1] + 5 9

2 2
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y 5 A A
041 = 01 =[5 (9113 = FID)) =[5 (9psy = FIL)] <e, (4.27)
and similarly we have
"DJ—'DJ,1| <e. (428)

Finally, |S — 5’| < 4Ke follows from the inequalities (4.25)-(4.28). O

For an e-normal collection I' = {v;}/*7_,, we denote the vertex (v;, f(v;))
by V; and the area of convex polygon V; Vj,---V; by S; . . Let or =

+
maxy_o2<j<.Jj+2 ‘ijl:l|’ and let
2

o 0.5 if A+Uj_2 == A+Uj+1 == O7
Y%=V 1 otherwise.

First, we need the following lemma, which was Yang’s result [35].
LEMMA 4.4 (Lemma 3.7 [35]). For I <i< J —1, we have

J—1

Srr41,..,0 — E Si—1jj+1 = Stiit1,0 — (Sriit1 + Siit1,7)-
J=I+1

For the e-scaled form (4.16), we will have a very important estimate (4.29). The
proof is the similar to the one given for its HCP by the author [17]. The derivations
of the estimations are the same, except for (4.16) we will have extra finite terms of
the form £x7¢" (may be multiplied by a bounded quantity), which all vanish to zero
as k — oo. This means that if € is small enough and €,7¢’ < ¢, then the contributions
of these terms are negligible, and therefore the inequality (4.29) still holds for the
e-scaled form (4.16). For this reason, we omit the proof.

LEMMA 4.5 (see Lemma 3.6 [17] for the result of the homogeneous case). LetI' =
{vj}/47_, be an e-normal collection of e-scaled form (4.16) to a rarefying pair {L, R}.
Then the numerical solutions of the e-scaled form (4.16) for convex conservation laws
satisfy, for sufficiently small € and oy, the following inequality

R J—-1
/ (flw; L, R] — gr)dw > Sy 41,0 — Z ;i Sj_14j+1- (4.29)
L .
j=I+1

Finally, with the Lemmas 4.3, 4.4 and 4.5, we can show the entropy convergence
of the scheme (4.13)-(4.15).

THEOREM 4.6 (see Theorem 3.8 [17] for the result of the homogeneous case).
The scheme (4.13)-(4.15) satisfying the conditions of (3.10)-(3.11) converges for the
convez problem (1.1), provided that ¢ = @, is van Leer’s fluz limiter (4.10), g¥(-,")
is either the Godunov flux (4.11) or Engquist-Osher flux (4.12) and, o and € are
sufficiently small.

Proof. For each e-normal collection I" = {v;}7*2 | to a rarefying pair {L, R}, we

have oy = L 4 %£7q(L) and 95 = R+ 47q(R). Recall that ¢'(w) > 0 and

gr(’LU) = gj—&-%[v] for w € (ﬁj7ﬁj+1)7 I < ] < J -1
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Case 1. If g(L) > 0, than we have ¢(R) > 0 as well. Let ¢ be a constant such that
lgr(w)] < ¢, for w € (R, ;) and we set gr(w) = —¢, when w € (L, 7). We obtain

/:] gr(w)dw = {— /Lﬁz +/LR+/I:J}gF(w)dw < CEkTM + /LRgF(w)dw

Case 2. If q(L) <0, and ¢(R) > 0, we let ¢ be a constant such that |gr-(w)| < ¢, for
w € (R,vy) U (vr,L). Now we have

/: gr(w dw—{/ / /}gr Ydw < cepT— (L);q(R)Jr/LRgp(w)dw

Case 3. If q(L) <0, and g(R) < 0, we let ¢ be a constant such that |gr(w)| < ¢, for
w € (vr, L) and set gr(w) = —¢, when w € (v, R). We obtain

/vj gr(w dw—{/ / / Vor (w)dw < cepr —LE )2 q(R)+/LRgp(w)dw.

In all cases, without loss of generality, for any given £ > 0 we let csm-m;q(ml <e

for all k. Thus,

/ Y el < / " o) ¢ <. (4.30)

Dy L
Now, we set

dy(T) = ax min(v; — L, R — v;).

Since J — I is finite, di(I') = min(v; — L, R — v;) for some j between I and J. We
then let

do(T) = IS%%?%#] min(v; — L, R — v;).
We also have d(T') = min(v, — L, R — v,) 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 (4.13)-(4.15) does not converge. By Lemma
4.3 and (4.30), there is a rarefying pair {L, R} such that for each § > 0, ¢’ = 14, and
e = 30, there is an e-normal collection I' = {v;}7*2 | of the e-scared form (4.16) to
the pair that satisfies

R
/L {flw; L, R] — gr(w)}dw < §' + & = 4.

It follows that there is a sequence of e-normal collections {I',}>,, where I', =
{vy 7752, such that
R
tin [ (/s LR - o, (@)} <0 (4.31)
v o0 L

The following three cases exhaust all possibilities.
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Case 1. limsup,_, ., d2(T',) > 0. Set p = Llimsup,_, do(I',). Then, there is a
subsequence of the e-normal collections, still denoted by {I',}°2;, and a corresponding
sequence of integers {i(v)}>2; such that

L+p§v7lil(y)§v;j(u)+1§R_pv

and sup, o, < o. For simplicity, we fix a v and drop it from the notation. Set

v = f[L'gR; L,R] — f(#). It is a positive constant since {L, R} is a rarefying pair.

Applying Lemmas 4.4 and 4.5, we have

R
/ {flw; L, R — gr, (w)}dw > Sr;i+1,0 — (Sr4i41 + Siit1,0) (4.32)
L

= %{(Ui —vr)(fvit1; L, B] = f(vig1)) + (vg — vig1) (flvis L, B] = f(vi))}
> 1,

if n = 2p%y/(R — L). This contradicts (4.31).

Case 2. limsup, , . d1(Ty) > limsup, . d2(Ty) = 0. Set p =
1 limsup,_, ., di(I',). Then, there is a subsequence of the e-normal collections, still
denoted by {I',}=,, and a corresponding sequence of integers {i”}>2 such that
lim, o0 vfy_y = L,lim, vy = R, and lim, o v}, = v € [L + p, R — p]. We
then have

R R
/ (lw: L, R] — gr, (w))dw — / (flw: L, R] — g (w))dw,
L L

where T' is the following e-normal collection: I = 0,J = 4,v_9 = v_1 = vg = v] =
L,vy = v, and v3 = v4 = v5 = v = R. By Lemma 4.5, we have

R
1
/ (flw; L, R] — gr(w))dw > S123 — a2S1,2.3 = 551,2,3 >0
L

for ay = % since Ajvg = Ajvg = 0. This contradicts (4.31).

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

R R
/ (Flw: L. R] — gr, (w))dw — / (flw: L, R] — g (w))dw,
L L

where I' is the following e-normal collection: I = 0,J = 3,v_9 = v_1 = vg = v =
L,vs = v3 = vy = v5 = R. In this case, the numerical flux g.(w) becomes F-flux
g%(L, R). Hence, we have

R

R
/L(f[w;L,R]—gr(w))de/ (f[w; L, R] = f(w))dw.

L

The right-hand side of the inequality is a positive constant since {L, R} is a rarefying
pair. This contradicts (4.31) again. We have thus completed the proof of Theorem
4.6. 0
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