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Abstract

In this paper we study the large time step (LTS) Godunov scheme proposed
by LeVeque for nonlinear hyperbolic conservation laws. As we known, when the
Courant number is larger than 1, the linear interactions of the elementary waves
in this scheme will be much more complicated than those for Courant number
less than 1. In this paper, we will show that for scalar conservation laws, for
any fixed Courant number, all the possible wave interactions in each time step
t; <t < tj41 only happen in finite number of cells, and the number is bounded
by a constant depending only on the Courant number for a given initial value
problem if the initial data is BV. This implies that the total length of the
linear superposition zone in x direction will go to zero as the spatial step size
goes to 0. And as an application of the result mentioned above, we show that
for any given Courant number, if the total variation of the initial data satisfies
some conditions, the solutions of the LTS Godunov scheme will converge to the
entropy solutions for the convex scalar conservation laws.

1 Introduction and Notation

We are concerned with initial value problems for nonlinear hyperbolic conser-
vation laws

us + f(u)y =0, —oo <z <o0,t>0, (1.1)
u(z,0) = up(x), —oo<x < 00, (1.2)
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in which the initial data
ug € L®(R) (| BV (R) with [[ug]lec < M (1.3)

the flux function f(u) is a smooth function of w.

It is well known that solutions to (1.1) and (1.2) generally develop discon-
tinuities even when wug(z) is smooth. Therefore we seek weak solutions, i.e.,
locally integrable function u(x,t) satisfies

J[ et s dsdes [ wnle)pte)ds =0
Rx(0,00) —00
for all p € C§°(R x (0,00)).

Moreover, a weak solution w is called a entropy solution, if it satisfies

U(u) + F(u), <0 (1.4)

in the sense of distributions, that is

= // [U(u)pr + F(u)pg] dedt <0, forall 0 < ¢ e C5(R x (0,00)),
Rx(0,00)
(1.5)

where U is any strictly convex function,
0<coe <U"(u)<cp, forlul <M.

U(-) is called an entropy of initial value problem (1.1) and (1.2), the function
F(u) = fou U'(&)f' (&) d€ is the associated entropy flux. Any smooth solution
u of (1.1) satisfies U(u); + F(u); = 0. The entropy condition (1.4) ensures
uniqueness of weak solutions to the initial value problem (1.1) and (1.2).

In order to compute the numerical approximation of (1.1) and (1.2), we
partition the z-axis into intervals of length h by the set of points x; = ih,i € Z,
and the positive time axis into intervals by the points t; = jAt,j € Ng. The
grid points (x;,t;) define a rectangular mesh on R x [0,00). We will always
assume that the time step At = Ah for some fixed mesh ratio A > 0. We denote
the Courant number C as

alt

C=—, wherea= sup |f'(u)l. (1.6)
h ful<M

Many approximate methods for (1.1) and (1.2) are based on solutions to
Riemann problems. At each time step ¢ = ¢;, we just use a piece-wise constant
function

up(z) = ul, @€ [, xi),
to approximate the true solution wu(z,t;). Denote the Riemann solution at
each grid point (z;,¢;) with left and right states uj_; and u] as uj, ;(z,t). In
convex scalar equations, uf”(x, t) is either a shock wave or a rarefaction wave.

In general scalar equations, it is a composite wave consisting of admissible
discontinuities (shocks, contact discontinuities) and rarefaction waves. As long



as the Courant number C' < %, the neighboring Riemann solutions will be

separated by the intermediate constant states. Therefore, setting

up (@, t) = uf (@) + Dl (@, 0) =, (2, 15)] (1.7)
I€EL

gives an exact weak solution to (1.1) with initial data ) (z) in the strip ¢; <
t < tjy1. When C > % the waves issuing from different grid points may
interact with each other. The use of the exact weak solution beyond the time
of interaction would be computationally difficult and expensive particularly for
systems, except for the Godunov scheme with Courant number less than 1, see
[12]. In the large time step (LTS) Godunov scheme proposed by LeVeque [11],
the solution (1.7) is taken despite C' > %. This means that we let the waves
simply pass through one another with no changes in speed or strength and with
no creation of new waves, so they behave as the solutions in a linear system
uy + Au, = 0. In other words, we use linear superposition formula (1.7) to
approximate the nonlinear interaction. For convenience, we will still call each
wave in (1.7) as shock, admissible discontinuity or rarefaction wave respectively,
although it no longer is that beyond the linear superpositions.

Although (1.7) will fail to be a weak solution of (1.1) on the strip ¢; <
t < t;j41 beyond the interaction time, in [12], LeVeque showed that even for
arbitrarily large Courant number, LTS Godunov scheme gives a consistent ap-
proximation for systems of conservation laws and convergent approximation to
the initial value problem of (1.1). Brenier [2] and Wang [15] showed that LTS
Glimm scheme gives a convergent approximation for Courant number less than
or equal to 1, and consistent approximation for any given Courant number for
system of conservation laws. In fact, the approximate solutions constructed
by LTS Godunov and Glimm schemes are total variation diminishing (TVD)
for the scalar conservation laws. Other LTS schemes had been introduced by
Brenier [1], Toro and Billet [14]. In [12] LeVeque conjectured that his LTS Go-
dunov schemes approximates an entropy solution. As we know, there does not
exist any numerical evidence of entropy violating shocks for this schemes, see
[11][8]. Surprisingly, it was found numerically that the LTS scheme with mod-
erate value of the Courant number (larger than 1 but smaller than 3, say) has
much higher resolution, see [11]. In [16] and [17] Wang and Warnecke proved
the entropy consistency of the LTS Godunov and Glimm schemes for Courant
numbers less than or equal to 1. If the flux function has constant curvature, the
results extend to Courant numbers slightly larger than 1. If the flux function
is monotone this holds for Courant number is 2 and for monotone initial data
this is true for arbitrary Courant number. The entropy consistency of large
time step schemes for the isetropic equations of gas dynamics was considered
by Jiang and wang [9]. For L!(R) error estimate of the LTS schemes see [13] and
[7]. To our knowledge, the entropy consistency results are essentially proved for
Courant number C < 1 until now.

In this paper, we will study LTS Godunov scheme with arbitrary Courant
number. In this case, the waves can travel C cells in the time interval (¢;,%,11).
So the linear interactions of the elementary waves can not be confined in one
cell. In section 2 we will prove that in the time interval (¢;,t;41), waves issuing



from all the grid points (z;,t;)(¢ € Z) can be divided into several maximal
connected sets (see definition 2.1), and each of them consists of finite number of
waves. More specifically, if we denote a typical maximal connected set of waves
as

A= {W;, Wigr,--- ,Witk},

then, the integer K is independent of mesh size. Actually, We can show that
the total number of cells including all the possible linear superpositions in the
strip t; < t < t;41 is bounded by a constant depending only on the Courant
number C' for a given initial value problem. From this result, we know that
each maximal connected set of waves A is confined in a closed trapezoidal zone
D, whose the top boundary is the line segment between (z;_[c—1,%;+1) and
(TiyK+j0)41,tj4+1), the bottom boundary is the line segment between (;,t;)
and (24 i, t;), the left boundary is a broken line from (;,t;) to (z;—[c]-1,tj+1),
the right boundary is a broken line from (z;4x,t;) to (Tiprxi(c)+1,ti41) (see
section 3 for the details about the left and right boundaries). This result plays
an important role for proving entropy consistency of the scheme. As in this
case, interactions of the waves involved can not be confined in a single grid cell,
so one has to set up a generalized cell entropy inequality in D, which is named
as a linear superposition zone. When the Courant number is fixed, the area of
D will go to zero as the spatial step goes to 0 for general scalar conservation
laws. The result is interesting in its own sake for the LTS Godnuve scheme,
because this implies that the consistency error of the linear superposition could
be "negligible”, since the size of linear superposition zone is order of h for
arbitrary given Courant number.

It is well known that if the initial value ug is in L*°(R) [ BV (R), the solu-
tions of LTS Godunov scheme are bounded uniformly in L>°(Rx (0, 00)) (| BV (Rx
(0,00)); see [12]. Thus the entropy condition (1.5) is a distributional inequality
for the signed Radon measure n(u) = U(u):+ F(u),. This measure is called the
dissipation measure by DiPerna [3]. In order to investigate entropy consistency
of LTS Godunov scheme, we need to estimate the change of the dissipation mea-
sure through the linear superpositions. In section 3, we will study the change
of dissipation measure on each linear superposition zone. Because the change
of the dissipation measure across the linear superposition involving rarefaction
waves is too complicated to estimate, we use a piecewise constant function to
approximate the rarefaction wave. In the linear superpositions of all kinds of
waves , only a shock interacting a rarefaction wave will produce increase for the
dissipation measure. A rarefaction wave meeting another rarefaction wave, a
shock interacting another shock will produce decrease for the dissipation mea-
sure. We will estimate the net increase amount. Furthermore, we assume that
each rarefaction wave interacts with all the shocks in a maximal connected set
of waves. Therefore, conditions on the initial data in the entropy consistency
theorems is not optimal. The key estimation is (3.13) in Lemma 3.5, which
gives a sufficient condition to ensure the dissipation measure is negative on a
superposition zone D. In section 4, we prove a theorem (Theorem 4.1) on the
entropy consistency for LTS Godunov scheme, the final result is: for any given
Courant number C, if the product of increase total variation and decrease total
variation of the initial data is bounded by a constant depending on the Courant
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Figure 2.1: the figure for Lemma 2.1

number C' for a given initial value problem of a convex conservation law, the
solution of the scheme will converge to the entropy solution.

2 The estimations on linear superposition zone

In this section, we are concerned with the initial value problem for general scalar
conservation laws (1.1), (1.2) with the flux function f satisfying

sup |f"(u)] < co (2.1)
lu|<M

where ¢s is a positive constant. And the initial data satisfies (1.3).

For LTS Godunov scheme proposed by LeVeque (1.7), waves issuing from
different grid points at time level ¢ = t; may interact(linear superposition) with
each other in the time interval (¢;,¢;41). We

definition 2.1. If a pair of neighboring waves interact with each other, we call
it an interacting neighbor pair.

Because any two neighboring rarefaction waves can not interact with each
other, in each interacting neighbor pair, at least one of the two waves is an
admissible discontinuity.

definition 2.2. A pair of waves W7 and W is called connected, if there ex-
ist Wi, Wi,,...,W;, in the same strip such that W; interacts with W,,, W;,
interacts with W,,, ---, W;, interacts with Ws.

definition 2.3. A set of waves A in the strip t; < ¢ < t;4; is called a maximal
connected set if any pair of waves in A is connected, and each wave in A doesn’t
interact with any waves not in A.



Evidently, a maximal connected set of waves must consist of some waves
issuing from consecutive grid points at t = ¢;. Then, the question arises of how
many waves in each maximal connected set. In this section we will show that
each maximal connected set consists of a finite number of consecutive waves,
and the number is bounded by a constant depending on the Courant number
for a given initial value problem. (ref. Theorem 2.4).

Lemma 2.1. C is the Courant number (defined in (1.6)) of LTS Godunov
scheme (1.7).

(1) If an interacting neighbor pair consists of a rarefaction wave R(u_1,ugp)
and an admissible discontinuity S(ug,u1) (ref. Figure 2.1(a)), then the

strength of S(ug,u1) is bounded below by 622“0, ie.,
2a
— > —. 2.2
lup — ua| = e (22)

(2) If an interacting neighbor pair consists of two admissible discontinuities
S(u_1,ug) and S(ug,u1) (ref. Figure 2.1(b)), then,

— > —. 2.3
fu =l 2 coC (2:3)
This implies that at least one of them has a strength bounded below by
T:C'} i.e.,
ther | - |>—a |ug — |>—a (2.4)
either lu—1 —u or |ug —u . .
! or = cC’ 0 = cC

Proof : For (1), since the right boundary of the rarefaction wave R(u_1, ug)
travels with speed f’(ug), and the discontinuity S(ug,u;) travels with speed

(f(uo) = f(u))/(uo — u1)

, f(uo) — f(u1)
f'(ug) — Eme— (25)
- ’f(m) — f(uo) = f'(uo)(ur —wo) | 4, (2.6)
Ug — U1

(0 —w1)* Jy €11 (€uo + (1~ Qur)| d€ | (2.7)

- |U0 — ’LL1| .
< %2|U0 —ug|At (28)

so, if

S luo —ua|At < h (2.9)

then the rarefaction wave (left one) can not catch up the discontinuity ( right
one) within the time period 0 < ¢t < At. Hence, in order to let them interact,
we must have .

§|UO — U1|At Z h,

6



ie.,

ug — U1| Z Ci% (2.10)
For (2), since,
flu—1) — fuo) — fu) = f(uo) At (2.11)
U—_1 — Up U1 — Ug '
1
< /0 | (Gu—1 + (1 = &uo) — f'(§ur + (1 — §uo) [EAL (2.12)
1 .1
< [ [ 1ot = ) + guy o (L= Quollucs — € dndeat (213
o Jo
1 1
1 — dnd&éA 2.14
< calu—y U1|/O/Of77§t ( )
< %ﬂu,1 —wy|At (2.15)

by a similar way, we must have

lu—1 —ui| > (2.16)

e2C

to ensure the two discontinuities interact with each other. If u_1, ug and u; are
three monotone numbers, then the total strength of the two discontinuities is
equal to |u_1 — ug|. If ug is not between u_; and uy, then

[u—1 —u1| = [Ju—1 —uo| — |ur — uol|.

So at least one of the discontinuity’s strength is greater than CQLC

Lemma 2.2. C is the Courant number (defined in (1.6)) of LTS Godunov
scheme (1.7). In the time interval (t;,t; + At),

(1) an admissible discontinuity can interact at most with [2C] other waves;
(2) a rarefaction wave can interact at most with 2[2C] other waves.
proof: For the Courant number C, the two waves issuing from grid points

(w4,t5) and (2;1[2¢)41,1;) respectively can not meet each other within the time
period (t;,t; + At), since each wave travels at most C'At in this time interval.

Lemma 2.3. C is the Courant number (defined in (1.6)) of LTS Godunov
scheme (1.7). A is a mazimal connected set of waves in the strip t; <t < t;i.
B is any subset of A that consists of 2([2C] + 1) consecutive waves in A. Then,
there exists at least one interacting neighbor pair in B.

Proof: Since each wave travels at most as far as Ch in the time interval
(tj,tj+1), the wave issuing from the middle grid point in B can not interact



with any waves not in B. We denote this wave as W;. Since A is a maximal
connected set, W; must interact with another wave in B. If W; interacts with
more than one waves in B, we pick out the one which is nearest to W;, and
denote it as W;y;. Without loss of generality, we can assume [ > 0. If [ = 1,
the proof is completed. If [ > 1, because of the selection method of W, all
the waves between W; and W;; must not interact with W;, and must interact
with W ;. So W;1; and its left neighbor is an interacting neighbor pair.

Denote the total variation of a function u(z) over (a,b) by T'V(q ) (u). We
have the following important theorem on the size of the superposition zone.

Theorem 2.4. C is the Courant number (defined in (1.6)) of LTS Godunov
scheme (1.7). Then, a mazximal connected set of waves A contains finite number

of consecutive waves {W;, W1, -+ ,Wivk},i € Z,K € N, and the number K
satisfies

K <

4eC(C+1
%T‘/(foo,oo)(uoy

Proof: Let’s first show that K must be a finite number. If A contains infinite
consecutive waves, we can find disjoint subsets By of A with

By = {Wik7 oo aWik+2[2C]+1}7 ik+1 > i +2[2C1 + 1

by Lemma 2.3, there are at least one interacting neighboring pair in each By.
By Lemma 2.1, we have

a
8270 = Tv[x"'k i +2(20)+1] (un (-, tj))~

Since we have infinite By, this contradicts with
TV (up (- t5)) < TV(ug) < 0.

Suppose that there are K41 (K > 1) consecutive waves W, -+, W, i in A.
If K < 2[2C]+1, there is at least one interacting neighbor pair in A. Otherwise,
we find the positive integer m such that 2([2C]+1)(m—1) < K < (2[2C]+1)m,
and divide A into m + 1 subsets

By ={Wi, -+, Wiyopcp+1}s

By = {Witappcr+1, -+ Wiapco)+2}
By = {Witatm-1)2014+m—1,"" » Witam[20]+m }»
Bri1 = {Witompc4m: -+ s Wk t1}-

By Lemma 2.3, we have at least m interacting neighbor pairs in A. There is pos-
sibility that two interacting neighbor pairs shares one admissible discontinuity.



For example, the interacting neighbor pair in By is {W; a2¢], Witepci41}, in
B2 is {Wi+2[20]+1, Wi+2[20]+2}7 Wi+2[20] and Wi+2[2C]+2 are rarefaction waves,
they share one admissible discontinuity Wi sppcy41- In this case the strength
of the admissible discontinuity W;, 2j2c141 is bounded below by . So we can
regard WH_Q[QC]H as two admissible discontinuities whose strength are bounded
below by . Then we have

a
7Cm<T‘/( oooo)(uh( ))<T‘/( 0000)(”0)

&) -

which means

cC
m < = =TV o0, 00) (u0).
So,
2¢,C([2 4 1
K < 2(]2C)+1)m < %TV( so.00) (10) < %T‘@w,o@(%)

which completes the proof.

Remark 2.5. This theorem tells us that when we use a LTS scheme to approxi-
mate a general scalar conservation laws, as long as the initial data ug € BV (R),
the number of grid cells in a linear superposition zone can be bounded by the
Courant number for a given problem. So when the mesh size h is small, each
linear superposition zone must be small.

If the flux function in (1.1) is convex, the total strength of the shocks is
bounded by decrease total variation of the initial data, so the number of grid cells
in a linear superposition zone can be bounded by the decrease total variation of
the initial data ug, i.e.

K <

WDTV(%) (2.17)

It is easy to know from the proof of Theorem 2.4 that in each strip
{(z,t)] —c0o <& < 00,t; <t <tjp1},

all the possible wave interactions happen in a finite number of cells, and the
number depends on the Courant number for a given initial value problem. So
when the Courant number is fixed, the total length of all linear superposition
zones in x direction from ¢; to t;4; is equal to O(h), and will go to zero as h
goes to 0.



3 Estimation on the change of dissipation mea-
sure in a linear superposition zone

In this section, we are concerned with convex scalar conservation laws (1.1), (1.2)
with
0<c < f'(u) <ecgy, for|ul <M,

where ¢; and ¢ are constant numbers. Denote Q(t) as

b(t)
Q) = /( Ul ) Pl O)ade, ¢€ (b))
a(t
where a(t) and b(t) are the left and right boundaries of a typical linear super-
position zone corresponding to a maximal connected set of waves A. a(t) is
formed by all the points on the most left waves in A, b(t) is formed by all the
points on the most right waves in A. Evidently, they are broken lines satisfying
a(t) > z;+ =t —t5) and b(E) < @iy + ZHSF(t —t5). From The-
orem 2.4, [a(t),b(t)] is a finite interval for a given initial value problem (1.1),
(1.2) and mesh. In this section, we will estimate the change of Q(¢) on the time
interval (¢;,t; + At).
In order to investigate the interaction of a rarefaction wave with a shock,
we use a fan function of piecewise constants to approximate a rarefaction wave.

definition 3.1. For a rarefaction wave

w, z/t < f'(w),
Rz/tu,ur) =  gla/t),  f'(w) </t < f'(ur),
uTa l’/t Z f/(uT)v

in which g is the inverse of function f’. Denote

LUy — U .
w; =u +1 a— 1=0,...,n,

= U,

N

1 f (u7+1) d )
Uit1/2 = Flun) = /) /f/(u,;) w(@)d¢é, i=0,...,n—1,
J(ui)ui—1yo — f'(wit1)uwipsse — fug) + f(uipr)
f(ui) = f'(uit1) 7

Upjl = Un,
Uug = uy, x/t < f(uy),
AR(ui, upin) = § Uit1/2, flwi) </t < f'(uip1), 1=0,...,n,
Uy = Uy, x/t > f'(u,).
Then we call AR(u;, u,;n) is the approximate rarefaction wave for R(x/t; uj, u,).

In this way, we approximate a rarefaction wave by n discontinuities with
speed f'(u;)

(u07u1/23 fl(u()))v (ul/Qa Ui43/25 fl(ul))7 R} (U7L—1/27un+%7f/(un))~

10



In fact, AR(u;,u,;n) can be considered as one kind of the approximate
Riemann solver proposed by Harten, Lax and Van Leer [6], which is consistent
with (1.1) and satisfies entropy condition in the sense given by them.

If there is only a single rarefaction wave in (x;, z;+x) X (t;,t; + At), then
we have Q(t) = 0,t € (¢;,t; + At). When we replace R(u;,u,;2/t) with
AR(uy,up;n), this will lead to an approximation for Q(t), let’s call it Q, ().
First of all, we can show that Q. (t) is negative, and will tend to zero as n goes
to infinity. In fact we have

Qn = (U(uo) = U(uy)) f'(uo) = Fluo) + Fluy )+
+ (Uuy) - Ulug))f (w) = Fluy) + Flug)+
+t
(Ul y) = Ul ) g) = Flu_y) + Flug )+
ot
(Ut y) = Uun)) f' () = Flu, ) + Flun)
= Uluo) f'(uo) + Uy ) (f'(ur) — f'(uo))+
+ot
+ Uiy ) )(F (wisn) — /() +
+ot
+ Uy ) (1) = f (1))~
— U(un) f' () — Flu) + Fluy) (3.2)

By Taylor expansion, we have
)2

If we set n = u({), then f'(u(§)) = & f'(n) = {d§ = f"(n)dn. From the
definition of u; 1, we have

V() = Ulttyy) = Uty )ty — ul€)) + 5 U (D) (E) — i

1
2

f/(u“i+1)
[ iy - e dg =
£/ (us)

11



Therefore,

I/ (wiga
o) = ] /f«;) )
= Ul + 50 =70 /f f(()) U” (@) (u(€) — ;s 1)? d€
V) + s i . 0= )
= V) + g gy g e )

+(Ui+1 — Uy )(’U,Z — Uy )+(ui_ui+%)2]

U (a) f" (0 )
6/"(7)

+ (i1 — w2 ) (ui —ugp ) + (wi — uH_%)Q].

=Ulup ) + [(wiy1 — ui+%)2+

Since

(wiy1 — ui+%)2 + (ui — ui+%)2

0> (uit1 — U’z-‘,—%)(uz - UH_%) > -

2
and
0<ec < f(u) <e, 0<cy <U"(u) <y,
we have
1 I (i) Ca C1 > 2
frwi) = f(uisr) Jprun U(ul€)) de 2 Ulusg )+ 1 (i —uig ) (i )]
Moreover,

1 f/(uigr)
Ujpl — Uy 1 = Uir1 —u(€)) d
FUTNES T Frlu) — F(w) /f’(ui) (wit1 —u(§)) d§

1 e 1
S (wig) — f () /u, (wirs = n)f"(n) dn

" (i 1
7 (Uwi)(ﬁ)f’(ui) ‘ §(Ui+1 —u;)?
2 20 (wit1 — wi),
so we finally have
1 f(uig1) Ca G )
f'(UiH) - f'(ui) /f’(ui) U(u(f)) *= U(UH%) " @(um - ui) . (3.3)
Hence,
7 i) o
Ut ) ) = P ) < [T U de ~ Gt~ (39)



S1/2 S_1/2

Uy

uo
Figure 3.1: a pair of interacted discontinuities
Substituting (3.4) into (3.2) gives

()
Qu < /f U(u(€)) d€ — U (ur) £ (ur) + U (un) £ () — Fur) + F(uiy)—

"(ur)
n—1
e

24¢3

(ui+1 - Ui)S.
=0

Since u(§) is a rarefaction wave, we have

I/ (ur)
[ UMY dE = U ) + ) ) Fl) + Fiy) =0

Up —

. u, .
Notice that w;y1 —u; = l, we obtain

G et (up — )3
24c3  n?

Now let’s estimate the change of Q(¢) when two discontinuities interact
linearly with each other.
Lemma 3.1. Suppose that a pair of neighboring discontinuities (u—_1,uo, 87%)
and (ug, uq, s%) interacts linearly with each other(ref. figure 3.1). Then, through
the interaction, Q(t) must be decreased when (i) u_1 > ug > uq, or (i) u_q <
uo < uy; must be increased when (1ii) u_1 < ug and ug > uy, or (W) u_1 > ug
and ug < up.

proof: Before the interaction,
Q1= (U(u—1) = Ul(uo))s_1 — F(u—1) + F(uo)+
+ (U(uo) — Ulwr))ss — F(uo) + F(ur).

After the interaction,



other interactions

Figure 3.2: Figure for Lemma 3.2

where 4 = u_1 + u1 — ug.
We study their difference

—(Q1 — Q2) = —(U( —U(@) — Uluo) + Ulur))(s_1 — s
/ 1/ U"(n)dndu - (s_1 — s1). (3.6)
u+(u1—up)

In order to make sure that the two discontinuities interact with each other, we
must have s1<s_1. Thus,

—sign(Q1 — Q2) = sign (/u_ /i( ) )U”(n) dndU> (3.7)
= —sign ((u—1 — uo)(us — up)) - (3.8)

Here U” > 0 is used. And the conclusion of the lemma follows from (3.8).

Now, let’s consider a typical case for the linear interactions in a LTS scheme.
Suppose that AR(u_1,up;n) and S(ig,u;) are in a linear superposition zone D,
and they interact with each other in D. Generally speaking, there are several
shocks and rarefaction waves between AR(u_1,uo;n) and S(ag, u1). We denote
the total strength of all the shocks between AR(u_1,up;n) and S(ig,u;) as S,
ref. figure 3.2.

Lemma 3.2. For the typical case mentioned above, Q,, will increase after the

interaction of AR(u_1,ug;n) and S(tg,u1) happens, and the increased amount
AQ),, satisfies

AQ <n+1czcb 5 _

2 (uo — u_l)(uo — ul) [25 + (ﬂo — ul)] .
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proof: @, (t) remains unchanged until the interaction happens. Now let’s look
at the interaction point (x},,t}) of a discontinuity in AR(u_1,uo;n)
x—x; = f(ug)(t = t)),
with the shock
fao) — f(u1)

T wip = T ().

From (3.6), we have
Q(ty +0) — Q(t), — 0)

/ /u+<u1 i) vt dn <W—f'(%)> du (3.9)

< /123 /u+(ﬁ1ﬁ4) U" () dn <f/(u0) - w> du. (3.10)

(f/(uO) B f(ﬂg) - f(u1)>

Up — U1

Since

(08 +ui (1 = €)))dg

N

[(uo — o) + (uo — u1)]

- [
/ (o — )€ + (o — ua)(1 — €)]de
3

IN

%2 [22 |S;] + (10 — Ul)]

where S7s are the shocks between AR(u_1,up;n) and S(tg,u1), [Sj| is the
strength of S;. So

Q(t;e"‘o)—Q(t;c—O)STb(zt—ul g — U3)[ Z|S|+ U — u1)].

Notice that
a4—a3:uk+%—uk,%, Ug — Uy = U — U1

and the definition of Upy 1, We have

Q(t;g+0)_Q(t;g—0)§TT o — uy) Z|S|+ Uo — u1)]

Summation with respect to k, we get the total increased amount satisfies

AQn = (Q(t, +0) — Q(t, — 0))

k

<cc n—+1
- 2 n

(ug — u—1)(Gg — uq) QZ |Sj| + (@p — uy)

J

15



which complete the proof.

Now we need a technical Lemma which can be deduced by Hélder inequality
to estimate @, () in a linear superposition zone.

Lemma 3.3. Assume that ai,ao,...,a, are positive real numbers, then we

have . .
23 a? > (Zalf (3.11)
=1 1

i=

Lemma 3.4. Assume that there are | shocks S1,S2,...,5 and m (m > 1)
approximate rarefaction waves ARy, AR, ..., AR, in a superposition zone D,

with l
S=>"1Sl, R=)_|Ry|
i=1 j=1

Then for any t € (t;,t; + At),

Qn(t) <

022&52 {2(71 +1)

R S 125} (3.12)
n CaCp

where |R;| is the strength of AR;.

Proof: Fort € (t;,t; + At), Q,(t) remains unchanged until the interaction
happens. By Lemma 3.1, Q,,(t) increases only when it passes a interaction point
of a discontinuity in an approximate rarefaction wave and a shock. By Lemma
3.2, for a typical case (x},t)) we have

+1
AQ, < cacp

n (UO - u_l)(ao — ul)S

Summation over all the interaction points from ¢; to ¢, we have,

1
ntlen
n

Qn(t) — Q(t; +0) < cacy

where

l
C1Cq
Qt; +0) = === " ISif.
i=1

So by the technical Lemma 3.3

Qn(t) <

1
2(n+1) C1Cq 3
LSt Z Ed

1=1

<

CoCp {Q(n +1) 2R C1Cq l253:|
n Cacy

which complete the proof.
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Lemma 3.5. Assume that there are | shocks S1,Ss,...,5; and m rarefaction
waves Ry, Ra, ..., Ry, in a maximal connected set A, and the corresponding lin-
ear superposition zone is D. Denote R as the total strength of Ry, Ra,..., Ry,
S as the total strength of S1,59,...,5;, and

ti+1  pb(t)
<l |p— / / (U(un)e) + F(un)e)dadt
t]' CL(t)

Then
1> lp< (1= =) AteyeyS? [R— % 2 (3.13)
n, D= 2°C 2Cbh 2t . .
Proof: Denote u, as the linear superposition of [ shocks S, Ss,...,S; and m
approximate rarefaction waves AR, ARs, ..., AR,,, and denote

N = Ulun)t + F(un)s.

Then, because any pair of waves from (z;,¢;) and (zx,t;) can’t meet each other

before
At

%7
by Lemma 3.3, (3.5) and a classical result for shock (see Lemma 2.1 in [16]),
we have

tjt1 b(t) tithe bt
<Mn,1>|p < / nndﬂcdt—i-/ / Ny dadt
ti+5d Ja(t) t; a(t)

tjt+1 ti"‘% C1Cq !
S/ Qn(t)dt+/ —TZ|Si|3 dt
tj+ 54 tj i=1

t=1t; +

1\ cacp oo [2(n+1) C1Ca ;_2
<At(1- — -
s At 2C) 2 s i n R CQCbl S
At c1€q ,_9 o3
"0 g U S
1 (n+4+1 cic C _
<At|1—-— 2 E——— 25| .
- t( 20)6201)5 | n R 020b2C—1l S}

Since AR(uy,u,;n) converges to R(u, u,;2/t) point-wisely when n — oo, we
have

<n’1>|D:nh_,I§o<n"’1>|D

1 cica C
<(1-—)a 2 |gp -t 2
< ( QC) tcacyS {R P Top 1l S}

which complete the proof.
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4 Entropy consistency of LTS Godunov scheme

In this section, we will prove a theorem on the entropy consistency of the LTS
Godunov scheme. It is well known (ref. [4]) that for scalar conservation laws
with a convex flux function a weak solution satisfies (1.5) for all convex entropy
pairs {U(u), F'(u)} if it satisfies (1.5) for the special entropy pair

Ul)=—, Fu)= /u uf'(u) du (4.1)

Theorem 4.1. Assume the initial data uo(x) satisfies (1.3). For LTS Go-
dunov scheme, a sufficient condition to ensure entropy consistency for any given
Courant number C' is

CL2 C1

<
= RA3CHACT 1) (C +1)

ITV (uo) DTV (uo) (4.2)

Proof: By Theorem 2.4, in each linear superposition zone D, there are at
most K + 1 waves, and

46,C(C + 1)

a

K é DTV(’LL()).

If all of them are shocks, by Lemma 3.1, we have < n,1 > |p < 0. Otherwise,

there are at most K shocks among the K + 1 waves, by Lemma 2.1 and Lemma
2.3, there are at least m shocks (m > ﬁ) with strength bounded below by

—%- in D. By Lemma 3.5, we have < 7,1 > [p <0 if

QC
C1 C
_ 0 _— | <o0.
I = DILIEL

Since

a
S IR < ITV(uo), Y 1S5 =m

R,eD SjED

when DTV (ug) # 0, we have,

C1 1 a
< _a e
AifTV(Uo) C%KQZC—lm
ac1 1 1 1
< _ &1
< ITV (uo) 2 K20 —12(2C]+ 1)
CL2C1 1 1
<IT -
< ITV(uw) 8c3 C(4C2 —1)(C +1) DTV (up)
<0

in which we use (4.2) in the final inequality. If DTV (ug) = 0, the initial data is
monotone increasing, there are only rarefaction waves in the solution and there
is no interaction, so the entropy consistency is guaranteed.
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Finally, let’s consider the relation between the inequality
<n,1>[p<0 (4.3)

and the cell entropy inequality

Ti41
/ Uu(x,tjq1 + 0)de—
x

’ Tit1 ti+1
_ / Ulu(a, t; + 0)dz + / (F(u(zis, t) — Fu(zs, £)) dt < 0
Z; ti

where {U, F'} is the entropy pair (4.1).
On any cell D;; = (z;,%i41) X (tj,tj41), by the generalized Gauss-Green
formula for BV functions [5],

<n,1>

Dy
Tit1

Tit1
= / U(u(z,tjt1 — 0)dz — / U(u(z,t; + 0)dx

7 Xy

+ / T (Pluwin, t) — Flu(ai, 1) dt,

i

SO

Tit1
/ U(u(z,tjq1 + 0)dz—

i

_ / " Uu(at 4+ 0)da + / U (Pl t) — Flu(a,0) di

t;

i
Ti+1

Ti41
=<n,1>|p,; + [/ Uu(z,tjy1 +0)dz —/ Uu(z, tjy1 — 0)dz| .

i i

By the construction of Godunov scheme, from Jensen’s inequality, the second
term in the right hand side is non-positive. So if < 7,1 > [p,; < 0 we can get the
ordinary cell entropy inequality. But in the LTS Godunov scheme with Courant
number C' > 1, if D is a linear superposition zone, or there is no interaction
happening in D, (4.3) is valid. From theorem 2.4, the number of waves in a
linear superposition zone is finite and independent of the mesh size h, so we
can add the neighboring cells, in which there are no interactions of waves, to
one or several linear superposition zones, and form a rectangular zone D;,

D;, = {(w,t)|mz <z < l'iJrki,tj <t< tj+1}.
By
tit1 tit1
/ Flu(z; — 0,8))dt :/ Flu(z; +0,))dt
t ¢
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we have

Tith;
/ U(u(z,tjq1 + 0)dz—

i

Titk, tit1
_ / Ulu(a,t; +0)da + / (F(u(@ipn, t) — Flulz:, b)) dt
xT t;

' Tit1 ' Tit1
:<7],1>|Di+[/ U(u(x,tj+1—|—0)da:—/

i i

U(u(z, 41 — O)dx}

Tit2 Ti+2
+ / Uu(x, tjq1 + 0)dx — / Ulu(x, tjq1 — O)dx]

Ti4+1 Ti4+1

Tithk; Titk,
+ / Uu(z,tjy1 +0)dz — / Ulu(z,tjqr — O)dx]

Tifk;—1 Tith;—1

<<n1l>|p, <0. (4.4)

This is in fact a cell entropy inequality on D;. By the technique used in the
Lax-Wendroff Theorem[10], this inequality also implies the entropy condition
(1.5) for LTS Godunov scheme.

Acknowledgement: the first author would like to express deep thanks to

Gerald Warnecke for general discussions on various LTS schemes.
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