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NUMERICAL RESOLUTION OF SCALAR CONVEX EQUATIONS: EXPLICIT
STABILITY, ENTROPY AND CONVERGENCE CONDITIONS

FREDERIC LAGOUTIERE"

Abstract. In this paper we extend to scalar convex equations a previous work done for linear advec-
tion numerical resolution (cf. [3], [11]). We do a study of finite volume schemes, giving some explicit
conditions on the fluxes for such a scheme to be convergent. These conditions are of three types:
consistency, stability, entropy. Then we propose one particular scheme, taking the most downwind
possible fluxes under the convergence conditions, applying the idea of [3] to derive anti-dissipative
schemes. The proposed scheme is, as expected, low dissipative. We show some numerical results.

AMS Subject Classification. 65M06, 656N06, 82C40 .

1. INTRODUCTION

The present work deals with the numerical resolution of one-dimensional convex scalar equations. This is
a very “popular” topic, because studying these equations is a way to understand well non-linear properties,
non-linear effects, being able to have complete proofs of convergence for schemes rather simply in general (at
least in comparison with non-linear systems).

For the theoretical analysis of these equations (existence, uniqueness of solutions, entropy criterion...), we
refer to [10], [12], and for the numerical point of view, some important contributions are [7] (monotonicity
properties), [8] (TVD properties and incremental analysis), [18] (flux limiters), [9] (high order schemes and the
number of extrema), [16] and [17] (ENO schemes), [1] and [2] (several space dimensions), [15] (convergence of
MUSCL scheme) and [5] (numerical entropy conditions).

Here we are interested in non-dissipative or anti-dissipative schemes, and particularly in sharp shock profiles.
In this article we will follow the ideas developed in our recent works on linear advection and Euler (multicom-
ponent) system (cf. [3], [11], [4]). We developed a new formalism to ensure L>-stability and Total Variation
Diminishing (TVD) for a finite-volume scheme. This formalism is equivalent to the slope-limiters and flux-
limiters formalisms (see [8], [18] and [19] for example). The final result was the study of a particular scheme
(equivalent to the Ultrabee limiter in [19]). We proved for this scheme a uniform-in-time error estimate for
a set of initial conditions that is dense in L!. We conjectured the same result for any initial condition (see [3],
[11]). This scheme was understood as the downwind choice of the fluxes under some stability conditions,
instead of the classical upwind choice. We will not repeat here how to obtain this non-dissipative scheme but
the general ideas will appear in the following (in fact all can be retrieved replacing the flux function with the
identity function in the general scalar equation (1) below).

During the CEMRACS 1999, the goal was to derive a similar analysis for non-linear scalar conservation laws,
typically Burgers equation. The following is devoted to the analysis of convergence of finite-volume schemes
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to entropy solutions of scalar conservation laws. More precisely, we are interested in some explicit entropy
convergence conditions.
The problem we want to solve is the partial differential equation

Ou+0,f(u)=0 VrxeR, VteR" (1)

associated with the initial condition
u(0,7) = u’(z) VreR. (2)
The function f is the flux function and is assumed to be in C%(R) and strictly convex. The initial condition u°
is taken in BV (R) (| L*(R) () L>°(R) for theoretical reasons (see [10]). In all the following we do the assumption

that we are away from sonic points, that is that f’(u) > 0 in all the domain, or f’(u) < 0.
Now let S(u) be a strictly convex function in C*(R) and G(u) a function in C*(R) such that

S'f =G

The function S is called an entropy function and G is the associated entropy flux. Any w solution of (1), (2) is
said to be an entropy solution if and only if it verifies (in the sense of distributions)

(S (u)) + 92(G(u)) < 0. 3)

Results about existence and uniqueness of entropy solutions can be found in [10] or [13].
We now discretize the problem (1), (2) in a finite-volume formalism. We define a regular mesh of R with cell
size Az and a time increment At. The numerical initial condition is given by

Tjy1/2 ,,0
ud = / ’ UA—(:E) dr with x;_y,5 = (j — 1/2)Ax. (4)

! i—1/2 x
The partial differential equation (1) is approximated by

U?H = U;L = A jn+1/2 - f;}q/z) (5)

where A\ = At/Ax, u} is the approximate value of u(nAt, jAx) and the values (ff+1/2)jez are the fluxes at the
cell edges at time nAt¢. The fluxes are to be determined (the choice of the scheme relies on the choice of these
fluxes). In order to simplify notations, we now examine the scheme over one time step only, so that we can
rewrite it

;= uj — M fiz1/2 — fi—1/2)- (6)

In the second section, we give some general definitions.

In the third section, we try to transpose directly the analysis done for the linear case. This idea appears to
be too naive: the scheme does not select the entropy solution.

In section 4, we do the necessary entropy analysis in order to obtain explicit inequalities for the fluxes to
give an entropic and convergent scheme. The final result is given by theorem 4.4.

Section 5 is devoted to numerical examples for Burgers equation (the chosen scheme is the constrained
downwind scheme).

We then conclude.
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2. BASIC DEFINITIONS AND RESULTS
Definition 2.1. The scheme (6) is said to be explicit if and only if there exists an integer £ > 1 and a function
g of 2k variables such that
Fivr72 = 9(Uj ki1, Ui g2y ooy Ujs ooy Ujyg) V) € Z. (7)
In the following, we will only consider explicit schemes.

Definition 2.2. An explicit scheme (6) is said to be consistent if and only if the function g of definition 2.1
verifies

g(u,u,...,u) = f(u). (8)

Definition 2.3. The scheme (5) is said to be L>-stable if and only if there exists C' € R (independent of n
and At) such that

max|u}| < C Vn €N (9)
JEZ
Definition 2.4. The total variation at the time step n of the discrete solution uf is

TV" =Y |ufy —ufl. (10)
JEZ

The scheme (6) is said to be Total Variation Diminishing (TVD) if and only if for any given (u;)jez, > ez ;41—
Uil < 3 iez lujtr — ujl, that is TV <TV.

Let us denote

At,Ax n
W) =N WM, e l(@) A a(t). (11)

neN jEZ

Definition 2.5. The scheme (4), (6) with X fixed is said to be convergent (in L'(R)) toward u(¢, z) if and only
if there exists a sequence (AZ;,)men such that
e lim,, .oo Az,, =0 ;

At , Az,

o limpoo || "u "(t,-) —u(t, )| r) = 0 Vt € RT, At,, being defined by Aty, = Azy,.
We have now the following convergence theorem (cf. [6]).

Theorem 2.6. Assume u’ € BV (R) (L' (R) (N L= (R).
Consider the explicit scheme (4), (6).
Assume that this scheme is consistent, L*>-stable and TVD, and that its flures f; 1,2 are locally Lipschitz-
continuous.
Then it is convergent toward a weak solution of (1), (2).

Note that it is not necessarily convergent toward the entropy solution. We will have to put a numerical
entropy condition in order to get such a convergence.

3. THE NAIVE IDEA

Here we propose to follow similar steps as those we have developed in the linear case (see [3], [11]). Knowing
that the exact solution obeys a local maximum principle with decreasing in time total variation, we ask the
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numerical solution to verify these properties. Doing that, we know that any resulting scheme will converge
toward a weak solution (if we choose some Lipschitz continuous fluxes).
Assume that f/(u;) >0 Vj € Z (we are away from sonic points). We now focus on the cell labelled j and
write
m; = min(uj_l, Uj),
Mj = maX(uj_l, Uj),
¢j = min(f(uj-1), f(uy)),
®; = max(f(u;j-1), f(u;)),
bj == L/\% + (I)ja

Us
Y
B; =

AP
# + ¢j-
The following proposition gives a sufficient condition on f; /o for the scheme (6) to be L>*-stable and TVD.
Proposition 3.1. Consider the scheme (6) and assume it verifies V7,
bj < fiv1/2 < Bj, (12)
®jr1 < fit172 < Pjqa.
Then, it is consistent, L°°-stable and TVD.

The second double inequality is the consistency inequality.

Proof. By assumption, the inequalities are true for any j, so we know that

¢5 < fim12 < @5.
Reporting this in the first double inequality of the proposition, we get

% + fic12 < fiv2 <

ujfmj

h\ + fi—1/2:

equivalent to
uj = Mj < Mfjr1/2 = fim1/2) < uj —my,
and to
mj < uj— M fjr12 = fij—1/2) < M;.
Finally, using the equation of the scheme (6), we see that

So we have @; € [uj_1,u;]; so there exists k;_1/2 € [0,1] such that u; = k;_10u; + (1 — Kj_1/2)uj—1 =
uj — (1 — K;_1/2)(uj —uj—1). We thus can write u; = u; — Dj_1/2(uj — uj—1) with D;_; /5 € [0,1]. This leads
to L>-stability and TVD property (result due to Harten, cf. [8]). O

The analysis is not finished since we don’t know if the inequalities (12) can be enforced (are they compatible?).
The following proposition gives a positive answer to this question, under the classical CFL condition (Courant-
Friedrichs-Lewy).

Proposition 3.2. Assume the CFL condition \f'(u;) <1 is verified.
Then,

fuy) € (@41, i) ﬂ[bj,Bj] which is so not empty. (14)

Furthermore, if the flux f; 11/ is chosen in this interval, the scheme (6) verifies inequalities (13).
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If these assumptions are verified for each j and if the fluxes are Lipschitz continuous, the scheme converges
toward a weak solution.

Proof. The proof of this result relies exactly on the same ideas as for the linear case. The linear case can be
retrieved taking f(u) = u.

Of course f(u;) € [¢j+1, P t1], so we only have to prove that f(u;) € [bj, B;]. We prove that B; > f(u;)
and the inequality b; < f(u;) can be shown using the same steps. There are two possibilities: u; < u;_1 and
Uj > Uj—1.

o If u; < wj_1, we have m; = u;. So B; = ¢;. We assumed f'(u;) > 0, and f is strictly convex, so f is

increasing in the interval [u;, u;—1]. Finally we get ¢; = f(u;), and the inequality B; > f(u;) is true since
it means in this case f(u;) > f(u;).
o If u; > wuj_1, we have m; = uj_;. The inequality B; > f(u;) is equivalent to
<1.

\Jwi) = o <

’LL]' — ’LL]',1

There are two different cases. Either ¢; = f(u;) and the above inequality is trivial (0 < 1), or ¢; = f(u;j—_1)
and we have to prove that
fluj) — fuj-1)

Uj — Uj—1

A <1

The convexity assumption leads to conclude, since

thanks to the CFL condition.
So the interval [¢j11,®;11]([b;, B;] contains f(u;) (the upwind value). It is not empty. O

The idea now is to define the fluxes as the most downwind possible in the stability interval [@;4+1, ®,+1] ([b;. B;l,
as we did in the linear case in [11]. Let wj /5 (resp. ©;41/2) denote max(b;, ¢;41) (resp. min(Bj, ®;41)). The
scheme is then defined by

wjt1/e if fluj1) < wjirye,
Jit12 = f(ujy1) if Wjit1/2 < Jujp) < Qjt1/2,
Qj+1/2 if Qj+1/2 < f(u]_,_l)

We can observe the numerical result for Burgers equation (f(u) = u?/2) on the interval [0, 1] with periodic
boundary conditions (figure 1).

We see that the numerical solution seems to converge toward a weak solution (accordingly to the theoretical
results above), but this weak solution is not the “physical” solution, the entropy solution: a shock has been
computed instead of a decompression wave in the increasing domain.

L*°-stability and diminishing of the total variation are not sufficient conditions for the convergence toward
the right entropy solution. It is necessary to add a new criterion to select the good numerical solution. This
will be done in the next section.

4. DISCRETE ENTROPY PROPERTIES

To ensure that the scheme (4), (6) converges toward the entropy solution of (2), (1), we have the theorem 4.2
below (that can be found in [6]). This theorem needs the definition of discrete entropy flux and discrete entropy
inequality.
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initial condition

exact entropy solution  -----
numerical solution  ~-+-~

L L L L
0 0.2 0.4 06 0.8 1

FiGURE 1. Initial condition, numerical and exact solution for ¢ = 0.2.

Definition 4.1. The scheme (6) is said to be consistent with the entropy inequality (3) if and only if there
exists a continuous function H of 2k variables such that

e H is consistent with G:
H(u,u,...,u) = G(u); (15)
e H verifies the discrete entropy inequality

S(@) ~ S(uy) _

H(wj—pi1s s tjn) — H(Uj—p, oy Uy 1) (16)
At - Az

H is the numerical (or discrete) entropy flux.

Theorem 4.2. Assume u® € BV (R) () L*(R) () L*=(R).

Consider the scheme (4), (6) (assumed to be explicit).

Assume that this scheme is consistent, L>°-stable, TVD, and that its fluzes are locally Lipschitz-continuous.
Assume moreover that this scheme is consistent with the entropy inequality (3) for one couple entropy-entropy

fluz.
Then, it is convergent toward the entropy solution of (1), (2).

Under the above assumptions, the fact that only one discrete entropy inequality is needed is due to the strict
convexity hypothesis on f (see [6]).

Instead of inequality (16), we will further use a more explicit one (inequality (19)). For this one we introduce
the following quantities.

{1@£ELW2MﬁHmfwn> n
wit1/2,r = Wit1 — 2A(f(uj+1) — fiv1/2)-

These quantities can be viewed as updated values in semi-cells Left and Right, and verify

 UiaqjaL 4+ Uii1/m
;= j+1/2,L j 1/2,R. (18)
2
These quantities are extensively used in [1], [2]..., and allow to write very simple discrete entropy inequalities

that involve only the exact (and not numerical) entropy flux function.

Lemma 4.3. Consider the notations (17). Assume that the scheme (6) is explicit, consistent, and that the
fluzes fj1/2 are continuous.
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Assume that it verifies

S(ujziyzr) +S(uisijer)  S(uy) + S(ujga)
2 2

< —)\(G(’U,j_H) — G(’U,J)) (19)

Then it is consistent with the entropy inequality (3) (cf. definition 4.1).

Proof. The proof consists in finding a numerical entropy flux that is continuous, consistent with G and verifying
the discrete entropy inequality (16).
The inequality (19) is equivalent to

S(ujziyz,n) +S(Wi—1/2k) S(u;) — S(uj—1/2.r) — S(uj1) + S(ujt1/2R)

5 — S(uj) + 5
< =AMG(ujt1) — G(uy)),
that is
S(uir1/2.n) + S(u;_1/2.r)
j+1/ 5 j—1/ _ S(uj)
S(ujy1) — S(uji1)2.R) S(uj) — S(uj"12.r)
< A(Glujp) - =2 LR (Gluy) — = ).
2\ 2
Since S is a convex function, we have
S(U:U\Q,L)+S(UiER) uﬁLJruflER R
T > SRR = S(@).
For every j € Z we define
S(ujr1) — S(ujpy Q,R)
Gji1y2 = Glujyr) — — o ARTLLAN (20)
One has
S(uj) — S(uj) < =MGjtr1y2 — Gj—1/2),
that is

S(a]) - S(u]) < 7Gj+1/2 - Gj—1/2
At - Az '
Now assume the fluxes fj;1/o are explicit, continuous and consistent. Then there exists an integer & and a
function H (given by equation (20)) such that

Git12 = H(ujpy1, s ujrr)
and H is continuous and consistent (equation (15)). This ends the proof. O
The interesting point is that this lemma provides a shifted entropy condition using only the fluxes f; /o

besides the exact entropy pair (S,G). We will be able to transpose this local condition to the fluxes fj /s
directly, and so to obtain an explicit entropy condition (on the fluxes).
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Here comes the main result of this paper. We assume as in the previous section that f/(u;) > 0 Vj € Z.
Let us recall some definitions already introduced,

m; = min(uj_l, Uj),
M; = max(u;—1, u;),

¢; = min(f(uj—1), f(uy)),

q)j = max(]fw(ujfl)v f(u]))a (21)
b = LAJ + B,
Uj — m;
B]_ _ 3 J +¢j7
and define some new quantities:
Sm i = min (9"(w)),
r1/z [my+11Mj+1]( )
U 5 = min f'(u)),
e =, i (7/) "
SMj+1/2 = max  (S"(u)),
[mj+1,Mj41] .
UM =  max u)),
My =, max (/)

and

Ajr1/2 = 2/\5Mj+1/2a

cipry2 =S (ujs1) — S (ug) = 2As 0412 (f(uje1) + f(uy)),

djt1/2 = G(ujr1) — f(ujr1)S (wiv1) = (G(uz) — f(uy)S' (uy))
+ Asnrjny2 (£ (uir)” + f(uy)?),

—Cj41/2 — \/C?_’_l/g - 4aj+1/2dj+1/2 (23)
Tj+1/2 - 2aj+1/2 )

—Cjp1/2 /€110 — 405417205412
Rjt12 = :

2Clj+1/2

Theorem 4.4. Assume u’ € BV (R) (L' (R) () L= (R).
Consider the scheme (4), (6) (assumed to be explicit).
Assume the fluzes fjy1/2 are locally Lipschitz-continuous.
Assume f'(u;) > 0Vj € Z.

Assume the CFL condition

2
\ < min #(min (l Smjt1/2 1 Vmjt1/28mjt1/2 ) (24)
T JEZ \ UMjt1/2 \/5_) SM?H/Q’ 2 UM j4+1/28Mj+1/2

is verified (considering notations (21), (22), (23)).

Assume
fisrj2 € [Bj1. @] [ \[bs, By] ﬂ[Tj+1/2,Rj+1/2] VjEZL

(rj+1/2 and Rj 15 are reals, the intersection of the intervals is not empty and contains f(uj)).
Then, the scheme is convergent toward the weak entropy solution of (1), (2).

This convergence result is the consequence of the two following lemmas.
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Lemma 4.5. Considering the notations (21), (22) and (23), assume f'(u;) >0 and f'(uj41) > 0.
Assume the CFL condition
2
)\ < 2 Smj+1/2
" VBuajg )2 5M?+1/2

1s verified.
Then,

C?+1/2 - 4aj+1/2dj+1/2 Z 0.
A consequence of that is that vj1 /o and Rj /o are real numbers.

Proof. We are looking for a condition on A such that the discriminant C?H/Q —4a;41/2d;41/2 is positive. To do

that we first simplify the expression of this discriminant. We write for each j € Z

fJ = f(uj)v
S% = s'(uy),
Gj = g(u;).

Then the discriminant can be written as

1o —4ajiiaditige = (Shpy — S) = 2Xsarj1 2 (firn + 7))
—8Asnj41/2(Gir1 — G — (fi+1551 — [55))
+ Asarjqa 2 (f2en + f7))-

We first develop it.

i1y — 4a10dii12 = (Sjq — 857 AN snT o (Fiv1 + £3)°
—4Asnjy1/2(Sjr — S (i1 + f5)
—8Asnrjy1/2(Gjr1 — Gj — (fj41541 — f357))
_ 8>\25M§H/2(fj2+1 + 1)

It is convenient to recast the above identity as follows.

C?+1/2 —daji1/2djti2 = (Sj — 57)% + 4)‘25M§+1/2(fj+1 + fi)?
+AAsmjy1/2(S51 — S5 (fiv1 — f5)
= 8Asmjt1/2(Git1 — Gy — (fi+1 — £7)55)
= 8Nsni? o (fin + fF)
= (Sj41 — S5)° +4Asnrj1/2(Sj40 — S7)(fi+1 — )
— AN 2 (i + )2+ 1602502 o fin f
= 8Asmj12(Git1 — Gy — (fi+1 — £1)S5),

and

Garjp ~ A1 adinya = (Sjn = 87)° = 4Nsargyy o (fin — )
+4Asarj1/2(S51 — S (fie1 — £3) (25)
— 8ASMj+1/2(Gj+1 - G] - (fj+1 - f])S‘;)
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So we have the following equivalent form

Uj+1 Uj+1
i1z —4aji12di1)e = (/ 5" (x) dx)? — 4)‘25M?+1/2(/ [ () dz)?
“ Ujt+1 uj+1uj
+4)\5Mj+1/2/ S" () da:/ f(z)dx

i
lija

S\ [ (@) - £()S)) da.
By definition of the couple entropy-entropy flux, we have G'(x) = f'(z)S’(z), so G'(x) — f'(x)S} = f'(2)(S'(v)—
S%) and we get

Uj+ Uj+1

1
C?+1/2 —4daj1/2dj41/2 = (/ S (x) da:)2 — 4/\281\/[?+1/2(/ f(x) dz)2

Uj Uj

i1 w41
+ANSM 1) / S"(2) do / () do

uj 3

bt ©
_ 8)\5Mj+1/2/ f/(;[))/ S"(y) dy da.

Uj J

Now recall that f'(u;) > 0 and that f’(uj41) > 0 by assumption. The function f being convex, f'(z) stays
between f and f7,, for each x located between u; and u;+1. Consequently, f'(x) > 0 in each integral above.
And S”(z) > 0 too, because S is convex too. So with the definition of sa7;1/2 given in (23),

Uj41 xT Uj+1 T
/ ) / S"(y) dy de < / £ / stjory2 dy) dr,

in both cases u; /o > uj or uji1/2 < uj. That is why

41 i1
c?+1/2 —4ajiq1/9djp1/0 > (/ S"(x) dx)? — 4/\25M?+1/2(/ f'(x) dz)?
Uj Uj
i1 x
—4)\8Mj+1/2/ f/(;c)(/ ijJrl/Qdy)da?.
Uj Uj

Replacing the terms f’ and S” with their minimal or maximal values in the interval [m,y1, M;+1] we obtain a
new lower bound of the discriminant:

2 20, 2 2. 2 2
i1z —4aj412d540172 > (i1 — ug) " (Smjgaye — ANSMj 11 /20M ] 41/2)
(uj1 —uy)
— 4/\5Mj+1/2 5 SMj+1/2VMj+1/2-

Here we have proved that

2 2/, 2 2. 2 2
Cit172 —4aj1/2dj 4172 > (wj1 — uy) (Smj+1/2 . ANSM 41 /2VM 412
— 2)\8Mj+1/2UMj+1/2)-

It suffices now to find a condition under which the right term of the above inequality is positive in order to have
a sufficient condition for the discriminant to be positive. Let us find a condition forcing

Sm?+1/2 — 4)\281\/1?_’_1/2’()1\4?_’_1/2 — 2)\81»[?_’_1/2’1}]\/13‘_’_1/2 Z 0. (26)



NUMERICAL ANALYSIS OF SCALAR CONVEX EQUATIONS 11

The left term just above is a second order polynomial expression in A whose second order coefficient is negative.
This term is positive when and only when A is located between the two roots of the polynomial. The discriminant
of this polynomial is

_ 4 2 2 2 2
A= 48Mj+1/2UMj+1/2 + 168Mj+1/2’UMj+1/25mj+1/2-

It is positive and its square root is greater than the absolute value of the first order coefficient of the polynomial.
Thus the polynomial has one positive root and one negative root. The positive one is the only one we are
interested in because we know that A\ > 0. This root, denoted as Ay, is

2 4 2 2 2 2
28Mjy1/2VMj+1/2 ~ 2\/SMJ‘Jr1/2“Mj+1/2 HASMG L1 UM S mi 2

)\+:

)

. 2 2
85M741/9UM] 412

or can be written

2
TEVEN

J .
SMjt1/2

We try to find a lower bound for A;. Let us write (temporarily)

2
Asmiiaye

T = 5
SM7
j+1/2

This number is positive, and a classical argument ensures the existence of a number Z € [0, z] such that

T
Vi+zr=14 —.
2V1+z

Moreover, since x < 4, we have £ < 4 and

Vite>1+ —.

Replacing  with its expression, we find an upper bound of the positive root A :

2
\ 1 2Smj+1/2
+ = .
UMj+1/2 \/58M?+1/2
Recall that if 0 < A < A4, the expression (26) is positive and C?H/Q —4ajq1/2d;41)2 is positive too. So we can

conclude, writing that a sufficient condition for the positivity of the discriminant is

2
2 Smj+1/2

A< 1z
VBUM 4172 M1/

This is the CFL condition of the lemma. O

Lemma 4.6. Consider the scheme (6), (4) and the notations (21), (22) and (23).
Assume the CFL condition

2
2 Smjt1/2

A< i
\/571Mj+1/2 SMjy1/2



12 FREDERIC LAGOUTIERE

is verified.
Assume the other CFL condition

)\ < 1 Umj+1/25mj+1/2
2001 41/2 UM j+1/25Mj+1/2

1s verified too.
Then,

fluj) € [dj41, Pjy1] ﬂ[ijBj] ﬂ[rj+1/27Rj+1/2] which is not empty.
Furthermore, if the flux f; /o is chosen in this interval, the scheme verifies the two inequalities (13) and (19).

Proof. The CFL condition of the lemma 4.5 being verified, r;; 1,2 and R;; /> are real numbers. Furthermore,
the two CFL conditions are stricter than the CFL condition of proposition 3.2. As a consequence of this
proposition, inequalities (13) are verified. We only need to verify that f(u;) € [rj41/2, Rj4+1/2]. As for the proof
of the proposition 3.2, we only show that R;q,5 > f(u;) (the other inequality can be shown equivalently). We
are looking for a condition under which

\/C?H/z —4ajy1/2dji12 2 205002 f5 + €y,

that is

\/C?H/z —daji1yadiirye 2 Ao fi + Sipn — S5 = 2Xsa 11 2(fi + i),

or

\/C?H/g —daji1p2dji12 2 Sjpy = ) = 2Asmgp /2 (i = £i)- (27)

We first show that the right term sign is the same as the sign of (u;4+1 — u;) (under the CFL condition). We
easily get

Ujt1
S"(x) dx — 2Xsp1 412 / 1 (z) du.

Uj

Ujt1
T =S5 = 2Asmjpa2(fi1 — fi) = /

So

o either (uj41 —u;) >0 and
i1 = S) = 2smjqa /2 (Firr — f3) > (wisr — ) (Smjg1/2 — 2ASMj41/20M j41/2);

o or (ujy1 —uj) <0 and

i — S5 = 2Asn 1 2(firn — fi) < (i1 — w5) (Smjg1/2 — 2ASMj41/20M j41/2)-
We have to study the sign of (s,j11/2 — 2ASn,41/2UM j4+1/2). The CFL condition implies

)< 1 Umj+1/28mj+1/2 < 1 Smjt+1/2

- 2UMj+1/2 UM j4+1/28M j4+1/2 o 2UMj+1/2 SMij+1/2

Then

\ < L Smjt1y2

— )
20M 1172 SMj+1/2

that is equivalent to

(Smjs1/2 = 2ASMjt1/2VMj41/2) = 0.
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Consequently, the right term in (27) has the same sign as (u;4+1 —u;). Then we remark that the inequality (27)
is unconditionally (on A) verified if (u;4+1 — ;) < 0. We only have now to investigate the case (u;y1 —u;) > 0.
In this case, the right term in (27) is positive and the inequality is equivalent to

Fi1p = 4a5412d5 1172 > (Sjq = S§ = 2Xsar 412 (fin — ).
We use the expression (25) of the left term, that we found during the proof of the lemma 4.5:

(Sf41 = 52 = AN sni? o (fia1 — f5)?

+4Asarj 17208500 — Sy (fi+1 — f5)

—8X\sarjp1/2(Givr — Gy — (fj1 — £3)S)) = (Sf1 — S5)?
+ 4)\251\J?+1/2(fj+1 — fi)?
—AAsmjp12(fje1 — £)(SG — 5%).

This is equivalent to
_8)‘23M?+1/2(fj+1 — fi)?
F8Xsn 12 (fi+1 — £3)(Sjp — 55)
—8Asmjr1/2(Gjt1 — Gy — (fij+1 — f7)57) > 0,

“Asnjy1o(fiar — )7+ (fj41 — [)S)41 — (Gjpr — Gy) >0
(we remind that we are looking for a condition for this inequality to be verified). As for the proof of the
lemma 4.5, we get equivalent inequalities:

or

Uj+1

— )\SMj+1/2(/ f/(:]f) dl’)2

)

it ujt1
+ / f(2)8) 1y do — / f(2)S" (z)dz >0,

3J J

Uj+1

_ASMj+1/2(A, f'(@) d$)2+/

J uj

Uj+1 Ujt1
P S )y ds 2o,
It is sufficient to verify that
2 2 R
7(Uj+1 — Uy) ASMj-’—l/QijJ,-l/Q + / f/(l')(uj'+1 — I)Smj+1/2 dx Z 0

(because we only consider the case w11 > u;). It is sufficient that A verifies

(ujp1 —uy)?

— (w1 = 1) Ashr g1 /200 1172 + T Umir1/asmity2 20,
or endly
1
)\ijH/QvM?H/Q + 5“mj+1/25mj+1/2 > 0.

It naturally leads to the CFL condition (presented in the lemma)

)\ < 1 Umj+1/28mj+1/2

T 20M 4172 UM j41/2SMjs1)2

Now we have to prove that the scheme verifies the discrete entropy inequality (16) in the cell j for one function
H consistent with G. We will show that the scheme verifies the (sufficient) inequality (19) of the lemma 4.3.
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Let us consider the second order polynomial of x P(x) = aj+1/2z2 + ¢jp127 +djr1/2. We have already
shown that under the CFL condition of this lemma, this polynomial has two real roots 7,1 /o and R;;1/2, and
that 7,41/ < f(uj) < Rjy1/2. The second order coefficient a; /5 is positive, so that P(z) is negative between
Tj+1/2 and Rj+1/2. Let fj+1/2 S [Tj+1/2, Rj+1/2] be fixed. This value verifies P(f]+1/2) < 0. We write

fj2+1/22>‘5mj+1/2

+fiv1/2085 0 = S) = 2Asm g1 2(fi+1 + f5))
+Gjt1 — fi+151 — (G5 — f;55)
+Asarj12(fi® + ;%) <0

Equivalently,

=(fir172 = [3)S) = (fis1 = fi41/2) 851

FA(fja12 — fi)7smjgp1y2 + A(fi41 — fj+1/2)2SMj+1/2 < —(Gjy1 — Gjy).
Multiplying all by A > 0, we can rewrite:

—2X(fjp172 = F)S5 + 2X2(fiq1y2 — fi)*smjg1/2

2
N =2XM(fi+1 = Fiz1/2)Sia + 20 (Fisr — fivry2)*smjta)2
2

< -MGj = Gj).
The convexity of S implies for any couple (a, b):

56) < 5@ + 0~ 5@ + L5 D max(s”),

from where
—2A(fi1/2 = [i)S5 4+ 2N (fit1/2 — fi)?smjg1/2
> S(u; — 2X(fj41/2 — [5)) — S(uy)
=2M(fi+1 = fir1/2)Sip + 2N (fit1 = fivy2)?smjvage
> S(ujrr = 2M(fi+1 — fir1/2)) — S(wjtr).
So fjt1/2 verifies the inequality

S(uj = 2Mfiv172 — f5)) — S(uy) N S(ujpr — sA(fjr1 — fit1/2)) — S(ujpr)
2

2
< —AGjr1 — Gj).
Replacing u; — 2X\(fj+1/2 — f;) by ujz1/2, and wjy1 — 2X\(fis1 — fip1/2) by uji1/2,r we obtain

S(ujiiyzr) +S(uisijer)  S(uy) + S(ujg1)
2 2

< —A(G(ujs1) — G(uy)).

That is exactly the entropy inequality (19) of the lemma 4.3. o

Now we can think about a particular scheme. As in the previous work [11], the choice we do is to take the
most downwind possible value. Here, “possible” means that the flux f;, /2 will be in every case taken in the
above mentioned interval [¢;y1, ®;41](\[bj, B;][7j+1/2, Rj+1/2], the CFL condition (24) being verified. Let us
denote [wjt1/2,;41/2] this interval. This means

{ Wit1/2 = max(pji1,b5,7511/2),
Qj+1/2 = min(¢j+1, B], RjJrl/Q).
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Always considering that f'(u;) > 0 Vj, we define the scheme defining f; 1/, as follows

wir1e  if fip1 <wjiige,
fiv12 =9 fi+ if wit1/2 < fj+1 < Qjpa/2, (28)
Qirr2 Q500 < fit

This is equivalent to the choice of f;,1/, that minimizes |f; ;1,2 — f(u;41)| under the constraint w;i i/, <
Jiv172 < Qjp1)0.

This scheme is a 4-points scheme: f;, /o depends on the three variables u;_1, u; and w;j;; so that @ is a
function of the four variables u;_o, u;_1, u; and u 1. It is not difficult to prove that the fluxes are Lipschitz-
continuous functions of their variables (they are continuous and piecewise C*°). Applying theorem 4.4, we
deduce that this scheme is convergent toward the entropy solution.

Remark 4.7. All the above work concerns the case where f/(u;) > 0 Vj. In the opposite case where f'(u;) < 0
Vj, equivalent conditions and results can be found, changing the definitions (21), (22) and (23) a little. The
problem occurs when there exists j such that f’(u;) > 0 and f’(u;4+1) < 0 for example. This is a typical
problem for most of schemes (even Godunov or Roe schemes) due to the presence of a sonic point. It is possible
in general to modify a scheme so that it becomes entropic even at the sonic point, but we did not do this work.

Remark 4.8. The same work could be done for a strictly concave flux f(u), for example the flux for the traffic
flow equation (see [14]).

5. SOME NUMERICAL RESULTS

We insert now a few numerical results obtained with the scheme described above. We consider inviscid
Burgers equation

2
Byu + am% = 0. (29)

An example of entropy-entropy flux couple is (u?/2,u3/3). We used this couple to define the fluxes (recall that
S and G play a role in (28)).

We present two results: one in short time (figure 2) and the other in long time (figure 3). The chosen
initial condition is the same as for the previous result (figure 1), allowing the solution to develop a shock and a
rarefaction wave. We put some periodic boundary conditions on the interval [0, 1] in order to be able to “follow”
the waves in very long time. We can compare the upwind scheme (Roe scheme) and the one we propose here.

upwind —— 2
downwind --x-- 2

FIGURE 2. Solutions for ¢t = 0.2.

For both results, we remark that the scheme developed here is less dissipative. However, the results are quite
far away from the results obtained for long time linear advection (cf. infinite time convergence conjectured
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upwind ——

downwind --x--
16 Xn&

L L 1 L L
0 0.1 0.2 03 0.4 05 06 07 08 0.9 1

FIGURE 3. Solutions for ¢t = 4.7.

in [3]). The entropy conditions pollute a little the sharpness of the shock. To remedy this lack of resolution,
we can do the same remark as LeFloch and Liu in [5]: the entropy condition is not necessary in the decreasing
regions. So we can ask for the scheme to be only L*-stable in the decreasing regions (and take interval (14) of
proposition 3.2). With this released scheme we obtain in long time the better result of figure 4.

upwind ——
16 downwind--x-- M

0 0.1 02 03 0.4 05 0.6 07 08 0.9 1

FIGURE 4. Solutions for ¢t = 4.7.

At last the shock is perfectly restored! This result is more similar to the ones for linear advection (exact
advection of Heavyside functions).

6. CONCLUSION

The first part of this work is devoted to the display of some explicit conditions for a finite-volume scheme
to be convergent toward the entropy solution of a strictly convex scalar partial differential equation. We found
conditions for the fluxes that guarantee such a convergence. The display of an explicit convergence interval for
the fluxes is of practical interest: this interval being given, we can now write convergent schemes easily.

The second part concerns the numerical behavior of one particular convergent scheme. In the given conver-
gence interval, we choose the most downwind flux, following the ideas of [11], [4]. As expected, the resulting
scheme appears to be quite anti-dissipative. However, the entropy conditions introduce a little numerical dis-
sipation and do not allow to recover exact discontinuity profiles as for advection equation, Euler equations
(contact discontinuities) or multi-fluids equation (interfaces). In a last step, a little modification, as in [5], gives
a scheme that preserves perfect shock profiles.

Acknowledgments. I deeply thank Frédéric Coquel for all his helpful suggestions.
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