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Abstract. We propose and study a family of formally second-order accurate schemes to approximate weak solutions
of hyperbolic systems of conservation laws. Theses schemes are based on a dissipative property satisfied by the
second-order discretization in space. They are proven to satisfy a global entropy inequality for a generic strictly
convex entropy. These schemes do not involve limitation techniques. Numerical results are provided to illustrate
their accuracy and stability.
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1. Introduction

This work is concerned with the numerical approximation of weak solutions of systems made of d > 1
conservation laws in one space dimension given by the following Cauchy problem

{Gtw—i—@xf(w)—o, t>0, zcR,

w(z,t = 0) = wo(z). (1.1)

The unknown state vector w(z,t) is assumed to belong to €2, a non-empty convex open subset of
R<. Here, f : Q — R? is a given smooth flux function. For all w € Q, the d x d Jacobian matrix V f(w)
is assumed to be diagonalizable in R. The system (1.1) is then a hyperbolic system of conservation
laws. The initial data wg : R — € is a given measurable function in L{(R).

Even though the initial data is smooth, it is well-known that the solutions to (1.1) may develop, in
a finite time, discontinuities [29, 30, 31, 38]. Weak solutions are in general non unique and one has to
select a physically admissible solution among many others. In this regard, the system (1.1) is usually
endowed with entropy inequalities. We consider in this work to be given a strictly convex function
n € C%(Q,R), called entropy function, and an entropy flux function G € C*(£2,R) such that we have

Vw e Q,  Vnw)'Vfw)=VGw)T. (1.2)
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It is then required that weak solutions verify an entropy inequality given in the weak sense by

on(w) + 9,G(w) <0. (1.3)
Instead of (1.3), we shall focus in this work on the weaker inequality

d

5 [t ) dz <o, (14)

dt Jr

which results from an integration in space of the inequality (1.3) for compactly supported solutions.
This inequality will be called throughout this work a global entropy inequality. Our main concern
is to design a family of schemes that are formally second-order accurate in space and that verifies
a discrete analogue to (1.4). We consider uniform meshes in space and time ($i+%)i€Z C R and

(t")nen C [0, +00) of respectively constant size Az > 0 and At > 0. We have Tip1 =1 + Az for all

i € Z and t"*t! = t" + At for all n € N. Weak solutions to (1.1) are approximated within the standard
finite volume framework. At time t", we consider the following piecewise constant function

wa(z, ") =wi  ifxe [mi—%?xi+%)a (1.5)
where the quantities w]’ are approximations of the average of the solution over the cell [z, 1,z, 41 ),
2 2

w;' A L /mi% w(z,t") dz,
Az Jo,

2

where w(z,t") naturally belongs to L{ .(R).

Many strategies are known to define an updated sequence (w?™!) 4

" )iez starting from (w}');cz (for
instance, see [10, 22, 36, 43] and references therein). The crux of the problem lies in the discrete
analogue to (1.3) which is known to ensure the stability of the scheme and to avoid non-admissible
discontinuous waves (for instance, see [8, 26]). Several first-order accurate finite volume schemes are
known to satisfy (1.3): Godunov [17, 22], the kinetic schemes [3, 27|, the HLL scheme|21, 22|, the
HLLC scheme[44], Suliciu relaxation approaches [2, 4, 7, 9, 12, 24, 25] or many other schemes [7,
12, 12, 14, 15, 23, 24, 25] based on the strategy introduced by Tadmor [41, 42]. As far as second-
order accurate in space schemes are concerned, the literature is less exhaustive. Several results have
nevertheless been obtained in the semi discrete case [6, 41] or in the fully discrete case using an
entropy averaging technique [1, 5, 34, 35]. Both strategies are however not sufficient to rule out non-
admissible discontinuities in the converged solutions. Other strategies such as MUSCL technique [45]
or ENO/WENO schemes [33, 39, 40, 46] or DG schemes [11, 24, 40] which require limitation techniques
are also of common use. However efficient, in this work we shall not use limitation techniques.

We propose here to study a family of formally second-order accurate schemes that verifies a dis-
crete analogue to (1.4). Although such a global criteria is clearly not sufficient to avoid non-entropic
solutions, it provides an upper bound of the global discrete entropy and thus guarantees a form of
computational stability for the approximated solution. The here designed schemes are derived start-
ing from the HLL scheme [22] (also called Rusanov scheme [37]) complemented with a second-order
correction in space which is asked to verify a dissipative property. In Section 3, a quadratic stability
study in the simpler case of the scalar linear transport equation, using both algebraic and Fourier
approaches is performed. The purpose of this section is twofold: to explicit the dissipative property
in a simple setting, and then to justify the use of a second-order in time discretization to recover
the quadratic stability under a hyperbolic CFL (Courant, Friedrichs,Levy) condition. In Section 4, we
establish the global entropy inequality (1.4) in the general case of non linear systems (1.1) for a given
single entropy-entropy-flux pair (1, G). The proof relies on the following ingredients: a second-order
Taylor expansion of the entropy, a reformulation of the global entropy dissipation, the use of the dis-
sipative property granted by the second-order discretization in space and the choice of a large enough
viscosity coefficient. Because the proof is also intended to be made in the general case of an open
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convex subset  C R, a topological restriction on the approximate solution is also needed. Namely, it
is required to belong to a compact subset of €2. It is somehow restrictive but it is up to our knowledge
very standard in the literature, notably in the case of the Euler equations where it consists in assuming
the solutions to be bounded and uniformly far away from the vacuum [38]. In Section 5, we perform
numerical experiments that assess the stability and the accuracy of our schemes. Eventually, a short
conclusion is given at the very end of this paper.

2. Unlimited second-order space HLL type schemes

The starting point is the original symmetric first-order HLL scheme [22] also called Rusanov
scheme [37], that reads as follows:

At
Wit = wp = 2 (FP ) - FL iy, wf)) 21)
where the numerical flux function is given by
];-Ol no,.n _ } n n _ é no__ 2.2
x (Wit wity) = B (f(w) + f(wiy)) 9 (wity —wf'). (2.2)
Here, A > 0 stands for the numerical viscosity coefficient. Under the following CFL condition:
)\At 1 . HLL
Ay S5 with A=A max (|u(wy)l) (2.3)

where p1(w) denotes the spectral radius of the jacobian matrix V f(w), the scheme (2.1) is first-order
in space, entropy preserving and convergent (see [22]). Equipped with the first-order scheme (2.1),
we are now going to increase the order of accuracy in space. For the sake of clarity of this work, we
remind of the notion of second-order consistency in space (some details can be found in [4] and [13]).
We consider here only five-points finite volume schemes.

Definition 2.1 (Second-order weak consistency [4]). Let F : (R9)* — R? be a continuous function
which verifies the consistency relation:

Vu e Q,  Flu,u,u,u) = f(u). (2.4)
Consider the semi-discrete numerical scheme defined for ¢ € [0,T") with 7" > 0 and for i € Z by:
dui 1
= —— G—T1y - Uj — =2y 000y U . 2.
3 =1y P, i) = Fuizz, o i) (2.5)

xX.
Assume for all i € Z, u;(t) = wi(t) = &= fx_Hl% w(z,t) dr where w is a smooth solution to (1.1) defined
)

on R x [0,7). The semi-discrete scheme is second-order consistent in the weak sense, if for all times
t € [0,7) and for any smooth compactly supported function ¢ € C>°(R) we have

/]R dw(i(t) p(r)dr = /R (Opw(t, x)) p(x)dx + O(Ax2)’ (2.6)

where wa (t) = Y icz wi(t)l[wi_%,wpr%)'

This definition is based on the notion of weak convergence in space and does not prevent a semi-
discrete scheme from being at a lower order of space accuracy when assessing the error in a strong
topology. We now give the following result which gives a sufficient condition for the second-order
consistency in the weak sense. It is somehow a standard result but we give a proof for the sake of
completeness of this work.
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Lemma 2.2 (Weak consistency [4]). Let F : (R)* — R? be a continuous function which verifies the
conststency relation:

Yu e Q, Flu,u,u,u) = f(u).

Consider a semi-discrete numerical scheme defined for t € [0,T) with T > 0 and for i € Z by:

dui " 1

1 (t) = Az (F(ui-t1,. .. uiy2) — F(ui—2,. .., uit1)) - (2.7)

Let t € [0,T) being fized. Assume for all i € 7Z,
F(wizi, ..., Uipa) = f(u(xH%,t)) + O(Az?) (2.8)

where the O(Ax?) term is uniform with respect to i € 7 and where we have set for a given smooth
enough function u(z,t),

Az Jy

1 Titl
u;i(t) = —/ ik u(x,t) de, (2.9)
i3

then the scheme is second-order consistent in the weak sense.

Proof. Let w be a smooth solution on R x [0,7") to (1.1) and consider the semi-discrete scheme
defined by (2.7) associated with w. Let ¢t € [0,T) and set for all i € Z, .7:1-+% = Fwi-1,...,wit2)

where w;(t) = <= fg; H? w(z,t) dz. Let o € C2(R) then we have,

/ dwdA )de =3 / A () = Y / b By~ Pl

=

S/ 1EZ
]. 1+
= —Z(E% - ‘Fi—%)ﬂ/ P p(@)de =) Fii1(vivn — @1),
i€z Tl i€Z
where we have set ; = <= fz 1+2 (x)dz. Using the consistency of the numerical flux (2.8), we obtain
dwa
/ dt( Zf Tipl ) (@ir1 — i) + O(Az?) Z(‘Pi—l—l — ©;).
R 1€EL 1€

To conclude the proof, it suffices to prove that ;. f(w(a?iJr ) (iv1—i) = [z fw(z,t))0pp(z)dz+
O(Az?). Decomposing the integral as a sum of integrals over each interval (z;,7;41) we have

/f (x,1))0pp(x daj—Z/ )0z p(x)dx.

1EZ
Using the smoothness of the functions f, w and ¢ and a Taylor-Lagrange expansion at the second order
around 7, 1, we have the existence of a function § : € [z, 7;41) — §(z) € (min(z, Tip1 1), max(z, Tip1 1))
2
such that
Tit1
[ e )o@
z;
Lipl )?

= J(r ) upla e+ [ I o (- 0)up( ) ()
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where the first-order term has vanished because z, i+l is the mid point of the interval (x;,z;41) and

the function x — (z — ;1) is symmetric with respect to x, 1. By summation, we thus have
2 2

[ 0)osp@)da
R

zip1 (T — T, )2

= 32 f (wlai g 0) drple e+ 3 [ G (- 0)Ake()) (€@

1€Z 1EZ
Since ¢ is compactly supported the second sum is a O(Az?) term, so one has
/f (x,t))0pp(x dx—Zf( Tipls )890@( )Ax+(’)(Aa:2).
1E€EZ
Using again a Taylor-Lagrange expansion, we obtain that ¢;11 — ¢; = dzp(7,, 1 YAz + O(Az?) and
by summation we eventually deduce

| e 0)o.pta o)t =3 f (w(ei4.0)) (i = 1) + 08

where the O(Az?) term is uniform with respect to i € Z because ¢ is compactly supported. Using the
fact that w is a smooth solution to (1.1) concludes the proof. |

The numerical HLL flux function (2.2) is first-order consistent. Indeed, with (2.9), a standard Taylor
expansion in a neighborhood of z, 1 gives
2

)) Az

FO i wi) = £ (0w, M) = S5 0wy, t") + O (Aa?). (2.10)

From the above Taylor expansion, we see that it is sufficient to propose a correction which is consistent
with +%8xw(:n t"). We therefore consider second-order space accuracy numerical flux functions of

it3o
the form
1
FP (g, wys) = FO (wit wityy) + 3 (o + o), (2.11)

where the corrective terms ;" (which will be defined here after) must satisfy the following consistency

P= &3 pw(w, ") + O(Az?), (2.12)

Q@
for a smooth function w. Therefore the second-order numerical flux function .7-"/\02 will be composed of
both an approximation of the term —MB w which inherits from the HLL flux function ]-")(\)1 and an
approximation of the same term but Wlth the opposite sign +’\Am 0, w which comes from the corrective
term «;. Of course, at the continuous level the sum of these two terms is equal to zero. However at
the discrete level, since these two terms will not be discretized within the same stencil, they will not
generally cancel. The difference will be asked to control the numerical dissipativity of the scheme and
thus its stability. This is why our family of schemes will be called dissipative according to the following
definition.

Definition 2.3 (Entropy dissipative numerical flux). Let an integer [ € N and F : (R%)%+2 — R? be

a continuous function. Consider a numerical scheme in the conservative form:

n+1 At

w; =w;' — Az (’F (wzn—l?""wzn-&-l-i-l) _‘F(w?—l—la"ww?—i—l))? Vi € Z.
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Let n € C'(©,R) be a convex entropy function. The numerical flux F is said globally dissipative
relatively to the entropy function 7 if the following inequality holds

ZV”(“’?)'}—(w?_“m’w?ﬂH)A_x}— (w?_l_p'--aw?ﬂ) -0, (2.13)

€7

for any non-constant sequence (w}");ez C 2.
In view of the previous definition, we propose the following definition of the second-order correction

term o',
i = FAzpwi = 5 [OF (wiy —wif) + (I = 6F) (wi —wiy)], (2.14)

where I stands for d x d identity matrix while O is a free d x d diagonal matrix parameter to be
defined in such a way that the scheme is globally dissipative. More precisely, the numerical flux (2.11)
will be asked to satisfy (2.13) which in our proof of stability reformulates as the inequality (4.4). For
the sake of the simplicity, we consider only diagonal matrices, but more general matrices could be
considered. Equipped with the corrective terms «f', one can establish the following.

Proposition 2.4 (Weak second-order consistency). Let a smooth function u(x,t) compactly supported
in space and let u; defined for all i € Z by (2.9). Consider the numerical flux .7:/\02 defined by (2.11),
(2.14). Assume the sequence of matrices (O} )icz be uniformly bounded with respect to i € Z and
bounded as Ax — 0 then the scheme is second-order consistent in the weak-sense.

Proof. Invoking Lemma (2.2), it suffices to use a Taylor expansion of F{? given by (2.11), (2.14)
and the fact that u is compactly supported in space. [ |

To conclude this section, the numerical scheme to be studied throughout this work writes for all
neNandieZ:

. N
wi = wj - = (E’LQ f“”) (2.15)

with,
1
iyl = FOH (wfy wiyy) + B (i1 + i),

n )\ nsn n n
ol = (@Z 01+ (=005 ) (2.16)
ZF% = wi'y —wy,

where F{! is defined in (2.2).

3. Quadratic stability for the scalar linear transport equation

The purpose of this section is to explicit (in a simple case) the dissipative property (2.13) required by
the second-order discretization in space, and to establish a global entropy stability property (1.4) under
a suitable CFL condition. We therefore consider momentarily the scalar linear transport equation with
velocity a # 0,

Orw + adzw = 0, t>0, zeR, (3.1)
w(z,t = 0) = wo(x). '
In this particular case, our numerical scheme (2.15) reads
1 _ v 1
R (A <5j+2 Lo ) Sy (- ay_l)) , (3.2)
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where v = AAt/Ax, ! and 5" 1 are defined in (2.16). For the stability analysis, it will be convenient

to consider the standard dlscrete Sobolev spaces defined by

€L

Vi+1 — U; 2 Vi1 — 20; + Vi1 9
<A$ )ZEZ c 1X(2), ( — )ZEZ cl (Z)}. (3.4)

We begin with the following easy preliminary lemma.

1*(Z) = {v € RZ

Z lvi|?Az < —i—oo} , (3.3)

h2(Z) = {v € 2(2)

Lemma 3.1 (Existence of dissipative corrections). For any non zero sequence (w);ez, in h*(Z), there
exists (O] )icz such that the scheme (3.2) is globally dissipative in the sense of Definition 2.3 relatively
to the quadratic entropy n(s) = s?. Moreover, the dissipative inequality (2.13) is equivalent to the
following inequality

i% ((5;1; - 5;1;)2 ~20r ((5;;;)2 - (5;1_5)2)> > 0. (3.5)

Proof. Using Definition 2.3, we compute the discrete [?-scalar product of the divergence of the flux
with (w]');ez. We then obtain,

n n n n 1 n n
Zw ( (5 1—|—(5 >_5i+%+5i—é+)\(ai+1_ai_l)>
i€EZ
1 n n n n n
_52(5” Z@ (5 )—25 10
i€

ZEZ
1 2
i (o) —Z@”(5Z‘+2 - 7).
1EL 1EL
Now, the case O = 0 for all i € Z shows the existence because the sequence (w});cz is non constant
and in h%(Z). |

The inequality (3.5) is the mathematical expression of the dissipative property relatively to the
quadratic entropy that we want to ensure for the second-order in space discretization. It takes a
more general form when considering non linear hyperbolic systems with a general entropy 7 (it is
the inequality (4.4)). Several choices of the sequence (O});cz are possible. For example the choice
o = — sig1r1((5$r 1 )2 — (67 1 )?) is another possibility. Some are very promising as we shall see in the

numerical examples. We now prove the following.

Proposition 3.2 (Quadratic stability with a parabolic CFL condition). Let (w]');cz be a non zero
sequence in h*(Z) and (OF);cz be a sequence such that the inequality (3.5) holds. Let A > 0 and set

= 28t such that
? 2 2
Sier ((6;:é S IR T (GO ))

Az
29
1
>iez (i (5?+§ + 5?_;) - 5;1% + 5?_% +x (O‘?H - 0‘?1))

then the first-order in time scheme (3.2) is L?-stable, 3y |0I T PAz < 3y [0l 2 At

O<rv<

(3.6)
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Proof. Using the scheme (3.2), we develop the square

1
n+1 _ n n n
;ez( Az = ZEGZ Ax—yzgezw( ( §+5i—§)_5i+§+5i—§ /\(H-l ))Al‘
2

Now, we develop the second term of the above equation and recall that (523r 1 = wiyy —w;', so we have
2
1
Zw ( (571 1+5n )—5{‘+%+5?;+)\(a?+1—a?_1)>
1EZ
1
= S iy — ) - el - Sl - S ar (5, o),

ZEZ i€EZ €L iE€EZ

CHA 1 +(1-67)5" 1 and again a translation of indices, we have
1
e ( ( e 5;15) —On Ty 5 (- ay_1)>
1EL
1
SRR YT CREOIG BE
S/

ZEZ
1

_ n 'rL n n n 2

—4Z<5¢+; , ) Y (5 (51._;)).
1EZ 1€EZ

As a consequence, we obtain

oWt Az =Y (w))?Az + Z ( -y ((6;;% - 5;_92 — 207 ((5;;%)2 - (5;1_%)2)) Az

i€z i€Z i€Z
P2 Ry ) oy H o F R (el el ) A,
1€EZ
Because of the inequality (3.5) the second sum after the equality is negative, therefore the inequal-
ity (3.6) yields the result. ]

A consistency analysis of the CFL condition (3.6) for smooth solutions yields an order of magnitude
which is such that % AT O(1). The CFL condition of the scheme (3.2) is then of parabolic type.
T—

Such a CFL condition has already been obtained in [46] for the TECNO schemes. It is possible to
recover a hyperbolic CFL magnitude % A O(1) using a second-order in time extension of our
T—

scheme. Indeed, if we adopt an explicit second-order in time discretization based on the SSP Runge—
Kutta methods introduced in [18, 19, 20] then we are led to the following scheme:

”"'% n v n 0 0 n 1 n n
wi :’UJi —_— = ((s 1 +5 ) 5 1 +(5.71 +*(Oéi+1+06i_1> s
2 \\iths t+3 v A (3.7)
wpl _ Wi L mey V(@ ng 3 ntg | nt ‘
Wi =7 +2<wi 2<)\(5,+2 +5 %) 5 +5 /\(aerl +a; 1)))

Chosing the sequences (0!");cz for m € {n, n + %} to be constant in the above scheme, then yields
the following.
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1
Proposition 3.3 (Quadratic stability with hyperbolic CFL). Consider (©F);cz and (@;H?)iez be

7
con}s;ta}?t sequences both equal to a constant © € R and (wl)iez € 1*(Z). Let X > 0 and v = AA—A;
such that

a\? a\?
0 < vmax (1, (/\) ,(1—2@4—/\) ) <1, (3.8)

then the second-order in time scheme (3.7) is L?-stable, Y ;e w2 Az < Ycq [wP|? A

Proof. We denote wa (§,t"), the Fourier transform of wa (z,t™) given by (1.5). We have

Wa(E, ") = sm(wiA:p) ngzefZﬂiéjAz’

=
where i = —1. Using the scheme (3.7), we deduce wa (£,#"T1) = g(€Ax)wa (€,t") where g(£Ax) is the
amplification factor at the frequency £ associated with the scheme (3.7). Thanks to the Fourier isometry
property, to prove the L? stability of the scheme (3.7) it is sufficient to prove |g(¢Az)| < 1for all ¢ € R.
For the sake of conciseness in the notation, we set ¢¢ = sin?(7€Az) and he = (1 —20) sin(r{Az) + §.
It can be shown that the amplification factor g({Ax) verifies

lg(€AD)? = (1 - 20de (6 —vdd +v (1 — 6) 1)) +46¢ (1 — ) (vhe (1 - 2067))".
2
=1 — 4vge (¢ — vof + v (1 — 6¢) hd ) + 4020F (¢ — v + v (1 — g¢) h3)
T (1 - d¢) (vhe (1-2062))’,
=1 — dvgyg (1 - uqﬁg) + 42 (1 — pe) B (—1 + (1 - 2y¢§)2)
+ 4020 (g — v + v (1 - o) h%)Q .
We then notice that —1 + (1 — 2y¢§)2 = —4V¢>§ (1 — yd)g), so that

2
g(€AD)[? = 1 — 4vg? (1 _ y¢g) (1 + 42 (1 — o) h%) + 4297 (¢£ — vt v (1 - ) h2@) .
We remark that the restriction of |g({Ax)| in the case where ¢¢ = 1, yields
9(EAD)Fyoy =1 —dv (1 —v) + 42 (1 —v)’ = (1 - 2v (1 - v))*.

We see that if v > 1 then |g({Ax) |2¢§:1 > 1, therefore it is necessary to consider v < 1. So we now

consider 0 < v < 1. Since for all { € R, 0 < ¢¢ < 1 we have

0<(1-¢) < (1-vg) and (1- u¢§)2 < (1-vg}). (3.9)
Consequently,

(6 — vo? +v (1 ) h%)z = (¢ (1 o) +v(1-¢¢) h%)z,
=(1- y¢§)2 0% + 200 (1 v6F) (1 - ¢e) hd + V2 (1 — 6¢)” hd,
(1—ve?) (62 +2v0¢ (1 — ) hd + 12 (1 - vo?) ),
(
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where we have used (3.9) and the fact that v? < v. We eventually obtain
l9(€Az)2 <1 — 4w (1 - ve}) (14 20%0¢ (1 — ¢¢) hd — veg —v* (1 - ve}) b))

2
<1 - 20302 (1 - u¢>§) h3 — v (1 - u¢§) (1 - y2h‘é) ,
which is upper bounded by 1 because of the CFL condition (3.8) and the definition of hg. [ |

n

1
In this proof, the sequences (O});cz and (®?+2)i€Z are taken to be constant which is convenient
for the Fourier analysis. However, in this very particular case, the scheme does not enjoy the extra
dissipation in the inequality (3.5): the second sum vanishes. We believe that taking (©7);cz non-

constant and ensuring (3.5) improves the stability.

4. Global entropy inequality in the general case

In this section, we establish the global entropy inequality (1.4) for the second-order in space and
first-order in time scheme (2.15) in the general case of the system (1.1) with a given pair of entropy,
entropy flux (n,G) defined in Q. For the forthcoming developments, it is convenient to condense the
scheme (2.15) in the form

At

n+1 n
w, T =w; +
Az

7

RY, (4.1)
where

1 A 1
R} = 3 (f(wiyy) = flwiy)) + 5 (@15 - 5?;) 3 (i —aiq) (4.2)

Note that in the general case € is not necessarily equal to R?. Typically, for the Euler equations we
have Q = {w = (p, pu, pE) € R3 : p > 0, pE—pu®/2 > 0}. Since our proof is based on Taylor expansion
of the entropy of the updated state n(w?“), we have, at the very first, to make sure it belongs to
Q). For second-order accurate in space scheme, it is a challenging issue to establish it without using
limitation techniques. We thus use a very simple topological argument which is also quite restrictive

from the CFL point of view. It is summarized in the following lemma.

Lemma 4.1 (Scheme robustness). Let Q be a strict non empty convex open subset of R?. Let

(wM)iez C K", where K" is a compact set of ) and assume the sequence of matrices (OF)icz be

bounded. There exists a constant ¢ > 0 such that if 0 < % < " then the sequence (w?“)iez given

by the scheme (4.1), or equivalently (2.15), is contained in 2.

Proof. We recall that the signed distance function to the boundary of €2 associated with the Euclidean
norm || - |2 on R? is defined for all w € R? by:

dist(w, 09) = 4 Myeon v =yl IFw e,
| —infycan [[w —yllz if w e RT\ Q.

It is a 1-Lipschitz continuous function on R%. Therefore using the scheme (4.1), we have for all i € Z,
‘dist(wf’“,@ﬁ) — dist (wf,@Q)’ < Jw?tt — wlt|e = %HR?HQ (4.3)
We then obtain
dist (w1, 00) > dist (wf, 99Q) — 2—;”72?”2

Since (w]');cz C K™ and the signed distance function is continuous on the compact set K", one has
dist (w]*, 0Q) > minyegn dist (w, ) > 0 where the minimum is positive because K" is a compact set
into an open set. Using the continuity of the physical flux f on the compact set K™ and the fact that
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the sequence (O );cz is bounded, there exists a constant R™ such that for all i € Z, [|R}||2 < R™. We
thus have for all i € Z,
At

ist (w1, 0Q) > min di Q) — —R"™
dist(w], 00) > nin, dist (w, 09) AacR
min dist (w,00)
Ifo < % < MT then for all ¢ € Z, dist (w;"“Ll7 o0) > %wnégln dist (w, 0?) > 0 which exactly
means that w*! € Q. n

Our main result is the following.

Theorem 4.2 (Global entropy inequality). Let Q be a non-empty convex open subset of R%. Consider
(n,G) € C?(Q,R) x CHQ,R) a pair of strictly convex entropy-entropy-flux which satisfies (1.2). Let
(w);ez be a non zero sequence in h?(Z) compactly supported and moreover such that 3 ;c; n(wl) Az

is finite. Let (O )icz, a sequence of bounded matrices such that

1
S" = / S NP (s)PP(s)DY - DPds > 0, (4.4)
0 ez

where the block matrices (D, NI, P") € R?d x (My4(R))? are respectively defined by

V2n (w? - s5y1) 0
NP (s) = 2 : (4.5)
0 V2n (w%1 + S5n+1)
T3
(1—2s)I+ 67 —or
Pi'(s) = ;
er -1 2(1 — s)I — OF

for all s € [0,1]. Also assume there exists a compact set K™ C Q such that (wl');cz C K™. Let the
numerical diffusion \ be such that

A> A" (4.6)
where
2max (0, ez fo 5 (Jo NP (us)du) Fy(s)Dyt - Dids)
)\n — 1 Z 07
Yiez Jo NI'(s)P[(s)Df - Ditds
4.
—Vf (w?—sd?J) 0 (47)
Fr(s) = : vs € [0.1],
0 Vf (wln + 507 1)
i+
and % be such that
At —3 ny) . Rn
0< = S - ZZGZ Vn(wz )A 7 . (48)
AT JH(1 = ) Sien V2 (wf + sRERY) R2 - Ryds
If Q = R%, then one has the global entropy inequality,
S (i Ae < 3 p(uwl)Ae. (4.9)

1€EZL 1€EZL
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If Q # RY then the global entropy inequality (4.9) still holds if moreover 0 < ﬁ—; < ™ where ¢ is a
positive non explicit constant given by the Lemma 4.1.

Few remarks are in order about this result:
e The numerical diffusion A\ given by (4.7) has an explicit formula and can be implemented.

e The inequality (4.4) ensures the dissipative property of the scheme in the sense of Definition 2.3.
It is an inequality to be satisfied by the matrix parameter (©}) and we shall prove that it has
always a solution (see Proposition 4.4).

e The condition (4.6) on X ensures that there is enough diffusion in the scheme so that it can
be globally stable.

e The CFL condition (4.8) is a priori non linear (except when considering the quadratric entropy)
but it can be easily solved numerically.

Before proving this theorem, we shall need the first following Lemma.

n

Lemma 4.3 (Poincaré inequality). Let (w);ez C Q be a compactly supported sequence in h*(Z). Let
n € C?(Q,R) a strictly convex entropy. Then there exists a constant C which depends on (w?);cz and
n such that
2
> (Tnd) = Vnli)), @~ )il 2 ¢ Y 1P
i€Z i€Z
Ge{Lmd} Jefl,md}

with 5;:_% =wp, —wi.

Proof. At first, we use a Taylor expansion with an integral form of the remainder to write

S |t - vatr )68, - o),
je{lle,?,d}

1
2
-2 ‘</0 VIl sl — 0l )) (5 8 )ds) 3y - 57y),
i€Z J
GE{L,nd)
Since 7 is a strictly convex entropy and as (w]'
constant C'(n, w™) > 0 such that

1
2 n n n n n n .
ie% |</0 Ven(wiy + s(wily — wi_l))(5i+% + 5i—é)ds>j (5i+% o
je{L,....d}

)icz is compactly supported in h%(Z) there exists a

)j

1
2

>C(nw™) Y ‘(5;1; 07 1); (61 =07 1);

1€EZ
Now, since (w}');ez C ) is a compactly supported sequence, for all ¢ in Z and for all j € {1,...,d} we
have
2
n _ n n n mn n n n n
6i+% i - Z (6l+% +6l—%)j(5l+% o 5l—§)j = Z <5l+§ +6l—%)j(5l+% - 55—9;"’
1<i 1<i
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n

Let 7 be the support of ((5;:_ 1 )iez which is of finite cardinal since (w]') is compactly supported.
2

7

Summing over i € Z we obtain

Z :L+1 <ZZ 5n1+5 (17:-%_ ln—%)j’
1=/ €T 1<i
< Card (T) é (O s +011) (01 = 0) |-
Finally, summing over the components j € {1,...,d}, we eventually deduce,
Z 5Z+2 < W Z (Vn(wm) - Vn(wi_1))j(5i+% - 51;%)j :
1€EZ €7
je{1,...,d} je{1,...,d}

Proposition 4.4 (Existence of dissipative corrections). Let (w}')icz C  be non constant sequence
compactly supported in h*(Z) and let n € C*(Q,R) a strictly convex entropy. If (OF);cz verifies

e = -0 diaglgg‘gd (sign ((VU(W?H) - V”W?—l)) (5n+2 5?;)3’)) ) (4.10)

with
—min (0, fy Yz Q1 (s) Dy - Dids)

0> )
S e |(Ta0) ~ Tawi) @, o), -
(1 —2s5)V2n(w? — s6™ ;) —V2n(wl + s )
n(g) — i~y
i(s) 0 2(1 — 5)V2p(w? + 5(5;I IR
2

for all s € [0,1], then the dissipative inequality (4.4) holds.

Proof. We first remark that 6 is always well-defined because, by virtue of Lemma 4.3, the denominator
in (4.11) cannot be zero since the sequence (w}');cz is non-constant. Moreover since (w}') is compactly
supported, the ratio in (4.11) is finite. Next, since the matrix (O});cz defined by(4.10) are symmetric
(because they are diagonal) we have ©%a -b = a - OF'b, for all vectors (a,b) € (R?)2. As a consequence,
from the definition of the matrices P>, N;* given by (4.5) and the definition of 8" given in (4.4), we
have

§'= [ S QoD Drds - Y 6r (ntwln) - Vatwi) - (5 -, ).

2 2
1€EZ 1€Z

Using the (©7);ez formula (4.10), we eventually obtain

s'= [ @D Das 0 S [(Vnlwii) — (Vi) @~ 57 )il
€L {zIEZ 0
je

which is positive with 6 verifying the inequality (4.11). [ |

4.1. Reformulation of the global dissipation
We have the following.
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Lemma 4.5 (Reformulation of the global entropy flux). Let the sequence (w?);cz C Q be in h?(Z) and

let (n,G) € C*(Q,R) x CYQ,R) a pair of strictly convex entropy-entropy-fluz which satisfies (1.2).

Then
_,Zvn (Wl ) — Z/ﬂ 3 </ N[ (us du) E*(s)D} - D}'ds,

i€Z 1€EZL
where D', NT*(s), F{*(s) are defined in (4.5)—(4.7) respectively.

Proof. Since n € C?(,R), G € CY(Q,R), f is assumed to be smooth and (w});cz belongs to €, a
Taylor expansion with an integral form of the remainder gives,

1
Glutyn) = G(wl) + [ V6 (uf 587,y ) o7, s,
1
Vn(wi* + s07, 1) = Vn(w]') + s/ V2n (w? + usd” 1) 0" 1 du,
+3 0 +35 i+35

1
flaon) = flap)+ [ V5 (wp 4587, ) a7y ds
from which we deduce

Vi (wi') - (f(wity) = f(wi'))
—/ Vn(w Vf(w +56" >6?+;ds,

:/ VG (w?+35ﬂ ) 07,4 ds

//3V2 <w + usd;', )Vf(w?—i—sé;ﬂr%)éﬁ%-5z+%duds
- G(w})

z+1
2 n n n
/ / sV (w + usd;', )Vf (wi +s§i+%> 5i+%-6l+éduds

(4.12)

=G(w

In the same way, we have

Vi(wi') - (f(wi') = f(wiy))

= G(w}) — G(wj 4 —I—/ / sV2n ( —usd; )Vf <w — 80" >5’.’_1 '5?_lduds, (4.13)
Using the equations (4 12), (4.13) and the definitions (4.5), (4.7) we deduce the expected result. m

ez, C Q be in h%(Z)

Lemma 4.6 (Reformulation of the global dissipation). Let the sequences (wj

and let n € C%(Q,R). Then

Z()\Vn 5" 5?7%)—V77(w?)-( 1 — ):—Z/ N]'(s)P*(s)D; - D}'ds.

zeZ €L
where the block matrices D', N*, P'" are defined in the equation (4.5).

7

Proof. Since (w});ez is included in €2, using a Taylor expansion with an integral form of the remainder,
we get

n(wiy1) = n(wi) + Vn(w 1—1—/ (1-5)V (w?—%séﬁ;) o 1 5?+%d8

(4.14)

(i) = p(w?) — Vn(w -1.1+/ (1— )V (w - )5” o, ds,
2

2
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which yields

ST vt (97, 5?5)—;Z(n(w%)—2?7(w?)+77(w?—1))

1€EL s/
)‘ 2
1 -5 Z%v (w?—i—sé" )5% 07y 1ds
B ) (4.15)
n n n
/ 1—8 ZEZZV ( _S5i—é>6i—é‘5i—éd5’
/\
1 — )Y N/'(s)D} - Dj'ds.
1EZ
For the becond order correction term, using a translation of indices, we have
1
-3 Zvﬁ iy — o) = Z (Vn(wfy ) — Vn(wiy)) - of,
2
zeZ ZEZ
T Z V77 2+1 Vn(w )) 9?5?_’_
zGZ
+ — Z Vn(wiy) = Vn(wiy)) - (I — @?)5?,%
zGZ
But, using once again a Taylor expansion with an integral remainder, we have
Vn(wit,) = Vi(w +/ V2 (w + 807 ) o7 1ds,
2
Vatwly) = V) = [V (ut = sy ) 61y
0 2 2
from Which we infer
by 1
—= ZVn (o —ai) = 1 Z/ V2 <w? + 85?_’_;) @?’5?+% '6?+%ds,
ZEZ ]
2
+2 %/ Vo (wf 507,y ) (1= O1) 87 -3 s
N ) (4.16)
+7 Z/O & <w$ - 3(5?;) 0707, 1 - 01 ds
1€Z
A 1
+ = Z/ Vi (w — s ) (I—©})8" 0" 1ds.
4ieZ 0 2 =3
Rewriting (4.15) and (4.16) with the definitions (4.5) we deduce the result. [ |

4.2. Proof of the main result

Let (n,G) € C*(,R) x C1(Q,R) a pair of strictly convex entropy, entropy-flux which satisfies (1.2).
Consider the sequence (w}');cz verifying the assumptions of Theorem 4.2. Consider the CFL condition

% given in Theorem 4.2. Therefore the sequence (w]™);cz is contained in Q. Since n € C%(,R),

using a Taylor expansion, in the above equations, we deduce

At At\? 1 At
n+1y __ = n =v _ 2 n =V pn n . pn
n(w™) = n(wi') + s Vn(w}) - R; <A3:> /0 (1-5)Vpy <wZ + SA:ER’> R} - Ri'ds.
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It implies that,

Zn ntl) Ax—Zn Aa:—l—A—ZV -Ri'Az
1€Z 1€Z 1€Z

At\? 1 At

= 1— 2 n TR )R R AsAx.

+(Ax> /0( s)iGZZVn(wZ+8AxRZ>RZ RidsAx
To establish the global entropy inequality (4.9), it is sufficient to prove the following inequality
At 9 At
n 20 _ ny ¢S pn ) pn pn s < (. )
ZVn -R; +A 1 S)ZV n(w,—l—sAle)Rz Ri'ds <0 (4.17)

€L
Thanks to the Lemmas 4.5 and 4.6, we deduce that the dissipation reformulates as

2 Vi) R = Z/ (; (/01 N (“3>du> F{'(s) - ZNZ‘(8>1%”(8)) DP-Dids.  (418)

But, as the sequence of matrices (O} );cz are selected in order to satisfy the inequality (4.4), and A is
such that the inequality (4.6) is verified, we have

> Vn(w}) - R} <0,

1€EZ
which is the definition of a dissipative flux given by Definition 2.3. We may remark at this point that
the sequence (w?);cz is in h%(Z), it is in particular bounded. The Hessian of the entropy V27 is positive
(because 7 is strictly convex) and continuous on a compact set that depends on the sequence (w}');ez.
So for A" defined in (4.7) the numerator is finite because (w?);cz is in h?(Z). The denominator is
non zero because (w}');ez is a non zero sequence in h?(Z), so A" is finite. The ratio % verifies the
inequality (4.8). In this inequality, the right hand side is positive because the numerator is positive
by construction of the sequences (O} );cz and the denominator is finite because the sequence (w}');ez
is compactly supported so the sum is convergent. We thus deduce that (4.17) is satisfied. It ends the
proof of Theorem 4.2.

To conclude this section, we mention that a formal consistency analysis (which is laborious) for a

smooth compactly supported solution of the CFL condition (4.8) yields formally % AT O(1).
z—

5. Numerical results

In this section, we give several numerical examples to assess the accuracy and the stability of the
schemes (2.15). We consider the scalar Burgers equation, the Euler equations and a non-convex scalar
flux. For all these test cases, we propose several choices of the matrix parameter ©}'. For the Burgers
equation, we compare our formula for the viscosity coefficient and the CFL number (4.7)—(4.8) with
the standard hyperbolic ones [16]. For the Burgers and the Euler equations, we measure the error in
L' L? and L*™ norms between the numerical solutions and the exact solution. To compute the errors,
we increase the time accuracy of the scheme (2.15) using the well-known SSP Rung-Kutta methods
introduced in [18, 19, 20]. Since this high-order time approach is based on convex combination of
first-order time sub-steps, our global entropy stability result 4.2 is preserved. Plots of the obtained
numerical solutions and the global entropy are also given.

5.1. Burgers equation

This section deals with the Burgers equation. It consists in taking 2 = R and the flux function is
given by f(w) = w?/2 for all w € Q. We consider the entropy function n(w) = w?/2. We shall present
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several tests with the following parameters:

O, = —0sign (67, — (57,)?). o= —0tanh (67, = (57,)?).
((5?_%)2 - (5?+%)2) ((5?_%)2 + (5?+%>2) (5.1)

1
6212 ) OF; ==

(07, + (07,)7) +=

where 6 satisfies (4.11) and we fix £ = 107'2. We numerically verify that these choices of the matrix
parameter (O] );cz always satisfy the inequality (4.4). The numerical viscosity is taken equal to A =

max ()\",)\HLL) where A A" are respectively defined in (2.3) and (4.7), and the time step At is

selected according to (4.8). In addition, we also compare our schemes (2.15) to the standard Rusanov
scheme given by (2.2) coupled to the standard MUSCL reconstruction [45] with the minmod slope
limiter.

5.1.1. Smooth solution

We take a smooth initial data wg(z) = 0.25 + 0.5sin(7z) over a periodic domain [—1,1). With a final
time small enough, here given by t = 0.3, the exact solution remains smooth so that the order of
accuracy can be evaluated.

The numerical solutions are displayed in Figure 5.1. We notice the good behavior of the approxima-
tions. This remark is completed by Table 5.1 where the order of accuracy are evaluated for different
LP-norms. We observe asymptotically the expected second-order of accuracy whereas the Rusanov
MUSCL scheme yields the following rate of convergence given by: 1.89 for the L'-norm, 1.65 for the
L?-norm and 1.29 for the L>®-norm. The bottom of the Figure 5.1 shows the time evolution of the
numerical viscosity and the time step given by (4.8). We also compute 7 being the ratio between the
CPU time needed to run the simulation with our scheme (2.15) and the CPU time required to run
the standard MUSCL scheme. Then we obtain

Tor, = 311LTL, 7Ten, =3250.71, 7oy =1633.14, Ton = 3053.29.

According to these results, and as shown in the Figure 5.1, the scheme presented in this work coupled
to the formula (4.7)—(4.8) has a larger computation time. However, a direct measure shows that for
all the choices of the matrices ©F given in (5.1), around 97% of the CPU time is only devoted to the
computation of the formula (4.7)—(4.8). To illustrate this, we proceed to the same measure of the CPU
time but using a second-order SSP time discretization for which we used the usual hyperbolic CFL
condition (as adopted for the MUSCL Russanov scheme). Then we obtain

Tor, = 0.78, Ter, = 0.94, Toy, = 0.61, Toy, = 0.59.

In this case, the scheme introduced in this work is comparable to the standard Rusanov MUSCL
scheme and still, we observe the decrease of the global entropy.

5.1.2. Discontinuous solution
We take a discontinuous initial data over the periodic domain [—1, 1) defined by

1 if —0.25 <z <0.25,

wo(z) = i
0 otherwise.

The exact solution is made of both rarefaction and shock waves. With a final time ¢ = 0.3, the waves do

not interact. The numerical simulations are presented in Figure 5.2. The Table 5.2 gives the evaluated

orders of accuracy.
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FIGURE 5.1. On the top, second-order accurate approximations of the smooth Burgers
solutions at time ¢ = 0.3 with a mesh made of 400 cells and with the ©} matrices given
by (5.1). On the bottom, comparison between (X, At) given by our results (4.6)-(4.8)
and the standard parameters used for the Rusanov MUSCL scheme endowed with the
minmod slope limiter.

With the specific choice O ;, we notice a nice behavior of the approximate solution. It seems that
the presence of a discontinuity improves the CFL condition (4.8). We also compute 7 being the ratio
between the CPU time needed to run the simulation with our scheme (2.15) and the CPU time required
to run the standard MUSCL Rusanov scheme. Then, we have

Top, =T9.8T, Top, =T7.24, Tor =36.01, Tor, =69.33,

In the case of a discontinuous solution, our scheme has a large computation time. But, as in Sec-
tion 5.1.1, a direct measure shows that for all the choices of the matrices O} given in (5.1), around
97% of the CPU time is spent on the computation of the formula (4.7)-(4.8). Once again, if we use a
second-order SSP time discretization then we have the following ratios:

Ton, =089, 7o, =0.93, Ten =0.65, Ton =0.73.

5.2. Euler system

We consider the Euler system where Q = {(p,pu,pE) € R® : p > 0,pE — pu?/2 > 0}, for a
perfect diatomic gas where the unknown vector is w = (p, pu, pF)” and the flux function is f(w) =

(pu, pu® + p, pEu + pu)T, with p = (v — 1)(pE — %) We fix v = 1.4 and we consider the entropy
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TABLE 5.1. Errors and order evaluations for the second-order accurate scheme with
the smooth Burgers solution for ©} defined in (5.1).

Second-order scheme errors 7 = 07

cells | LT order || L? order || L™ order
100 | 5.7E-04 | - 6.8E-04 | - 1.8E-03 | -

200 | 1.4E-04 | 2.0 1.7E-04 | 2.0 4.5E-04 | 2.0
400 | 3.5E-05 | 2.0 4.1E-05 | 2.0 1.1E-04 | 2.0
800 | 8.8E-06 | 2.0 1.0E-05 | 2.0 2.8E-05 | 2.0
1600 | 2.2E-06 | 2.0 2.6E-06 | 2.0 6.9E-06 | 2.0
Second-order scheme errors O = Oy,
cells | L* order || L? order || L™ order
100 | 5.7TE-04 | - 6.8E-04 | - 1.8E-03 | -

200 | 1.4E-04 | 2.0 1.7E-04 | 2.0 4.5E-04 | 2.0
400 | 3.5E-05 | 2.0 4.1E-05 | 2.0 1.1E-04 | 2.0
800 | 8.8E-06 | 2.0 1.0E-05 | 2.0 2.8E-05 | 2.0
1600 | 2.2E-06 | 2.0 2.6E-06 | 2.0 6.9E-06 | 2.0

Second-order scheme errors O} = 07,
2

cells | LT order || L? order || L™ order
100 | 1.4E-03 | - 1.6E-03 | - 4.1E-03 | -

200 | 2.4E-04 | 2.5 2.8E-04 | 2.6 7.6E-04 | 2.4
400 | 3.9E-05 | 2.7 4.3E-05 | 2.7 1.1E-04 | 2.8
800 | 8.7E-06 | 2.1 1.0E-05 | 2.1 2.7E-05 | 2.0
1600 | 2.2E-06 | 2.0 2.6E-06 | 2.0 6.8E-06 | 2.0
Second-order scheme errors O} = 07,
cells | LT order || L? order || L™ order
100 | 4.4E-04 | - 4.8E-04 | - 1.1E-03 | -

200 | 1.1E-04 | 2.0 1.1E-04 | 2.1 2.7TE-04 | 2.1
400 | 2.6E-05 | 2.0 2.8E-05 | 2.0 6.6E-05 | 2.0
800 | 6.5E-06 | 2.0 6.8E-06 | 2.0 1.6E-05 | 2.0
1600 | 1.6E-06 | 2.0 1.7E-06 | 2.0 4.0E-06 | 2.0

n(w) = —pln (p%). For the Euler problem, we perform four numerical simulations: one with a smooth

solution to measure the accuracy of the scheme, two with a shock tube solution and one with the
solution close to the vacuum. We use the following matrix parameter

0% = 0 ding; << (sn (Vi) = Vawi ), (0 6 1);) )

b = 0 ding e (tanh (V) = Vi), 5Ty =574 ) ).

2

((5;1_;)? - (5&;)?) ((5?_;)5 * (5515)?)

)2+ ,)7) e
( )

2 2

no
cEi dlaglgjgd

where @ is defined in (4.11) and ¢ is equal to 10712, To perform all the following numerical experiments
we increase the time accuracy of the scheme (2.15) using the SSP Rung-Kutta methods introduced
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FIGURE 5.2. On the top, second-order accurate approximations of the Burgers solution
made of rarefaction and shock waves at time ¢ = 0.3 with a mesh made of 400 cells
with periodic boundary conditions. In the middle, compararison between (A, At) given
by our results (4.6)—(4.8) and the standard parameters used for the Rusanov MUSCL
scheme endowed with the minmod slope limiter. On the bottom, the decrease of the

global entropy.

in [18, 19, 20]. The numerical viscosity A verifies A = AMLE where AHLML is defined in (2.3). The
time step At satisfies the usual CFL condition Z—Axt < % and we verify numerically at each time step
the decrease of the global entropy given by (4.9). As a global entropy reference, we use a numerical
solution computed with the standard first-order Rusanov scheme (2.2) on a fine grid having 50 000
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TABLE 5.2. Errors and order evaluations for the second-order accurate schemes with
the Burgers solution made of rarefaction and shock waves, for ©}" defined in (5.1).

Second-order scheme errors 7 = 07

cells | LT order || L? order || L™ order
100 | 3.4E-02 | - 6.4E-02 | - 3.3E-01 | -
200 |1.7E-02 | 1.0 4.3E-02 | 0.6 3.3E-01 | 0.0
400 | 8.5E-03 | 1.0 3.0E-02 | 0.5 3.2E-01 | 0.0
800 |4.3E-03 | 1.0 2.1E-02 | 0.5 3.2E-01 | 0.0
1600 | 2.1E-03 | 1.0 1.5E-02 | 0.5 3.2E-01 | 0.0
Second-order scheme errors O = Oy,
cells | L* order || L? order || L™ order
100 | 5.4E-02 | - 9.0E-02 | - 3.8E-01 | -
200 |2.7E-02 | 1.0 5.9E-02 | 0.6 3.8E-01 | 0.0
400 | 1.4E-02 | 1.0 4.0E-02 | 0.6 3.8E-01 | 0.0
800 | 7.0E-03 | 1.0 2.7E-02 | 0.6 3.8E-01 | 0.0
1600 | 3.5E-03 | 1.0 1.8E-02 | 0.5 3.8E-01 | 0.0

Second-order scheme errors O3 = O7_;
cells | L1 order || L? order || L™ order
100 | 3.5E-02 | - 7.1E-02 | - 3.6E-01 | -

200 | 1.8E-02 0.9 4.9E-02 | 0.5 3.6E-01 | 0.0
400 |9.2E-03 | 1.0 3.4E-02 | 0.5 3.6E-01 | 0.0
800 | 4.6E-03 | 1.0 2.3E-02 | 0.5 3.6E-01 | 0.0

1600 | 2.3E-03 | 1.0 1.6E-02 | 0.5 3.6E-01 | 0.0
Second-order scheme errors O} = 07,
cells | LT order || L? order || L*® order
100 | 3.1E-02 | - 5.8E-02 | - 2.8E-01 | -

200 | 1.4E-02 | 1.1 4.0E-02 | 0.6 2.8E-01 | 0.0
400 | 7.1E-03 | 1.0 2.8E-02 | 0.5 2.8E-01 | 0.0
800 | 3.5E-03 | 1.0 1.9E-02 | 0.5 2.8E-01 | 0.0
1600 | 1.7E-03 | 1.0 1.4E-02 | 0.5 2.8E-01 | 0.0

cells. We graphically compare our results to the standard Rusanov MUSCL scheme [45] endowed with
the minmod slope limiter and extended with the same second-order in time discretization.

5.2.1. Smooth solution

The initial data is given as follows over the periodic domain [—1,1):
po(x) =1+ 0.5sin® (rz), wug(z)=0.5, po(x)=1.

For a such initial data the Euler equations reduce to a linear transport problem and the solution
remains smooth for all time ¢ > 0.

The numerical solutions are displayed in Figure 5.3. The second-order accuracy is observed in
Table 5.3 whereas the Rusanov MUSCL scheme with the minmod slope limiter provides the following
orders of accuracy: 1.88 for the L'-norm, 1.63 for the L?-norm and 1.27 for the L*°-norm.
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F1GURE 5.3. Second-order accurate approximation of the smooth Euler solution and
entropy at time ¢ = 0.2 with a mesh made of 400 cells.

TABLE 5.3. Errors and order evaluations for the second-order accurate schemes with
the continuous Euler solution and for ©} described in (5.2).

Second-order scheme errors O} = 07,
cells | LT order || L? order || L*>® order
100 | 2.1E-03 | - 1.7E-03 | - 1.7E-03 | -
200 | 5.3E-04 | 2.0 4.2E-04 | 2.0 4.2E-04 | 2.0
400 | 1.3E-04 | 2.0 1.1E-04 | 2.0 1.1E-04 | 2.0
800 | 3.3E-05 | 2.0 2.6E-05 | 2.0 2.6E-05 | 2.0
1600 | 8.4E-06 | 2.0 6.6E-06 | 2.0 6.6E-06 | 2.0
Second-order scheme errors O} = gi
cells | LT order || L? order || L™ order
100 | 2.1E-03 | - 1.7E-03 | - 1.7E-03 | -
200 | 5.3E-04 | 2.0 4.2E-04 | 2.0 4.2E-04 | 2.0
400 | 1.3E-04 | 2.0 1.1E-04 | 2.0 1.1E-04 | 2.0
800 | 3.3E-05| 2.0 2.6E-05 | 2.0 2.6E-05 | 2.0
1600 | 8.4E-06 | 2.0 6.6E-06 | 2.0 6.6E-06 | 2.0
Second-order scheme errors O} = @Z“-
cells | LT order || L? order || L*® order
100 | 7.3E-03 | - 6.8E-03 | - 1.1E-02 | -
200 | 1.5E-03 | 2.3 1.5E-03 | 2.2 2.9E-03 | 1.9
400 | 2.1E-04 | 2.8 1.8E-04 | 3.0 3.7E-04 | 3.0
800 | 3.7E-05| 2.5 2.8E-05 | 2.7 2.6E-05 | 3.8
1600 | 8.4E-06 | 2.1 6.6E-06 | 2.1 6.5E-06 | 2.0
5.2.2. Shock tube solution
We consider the initial data given by
1 if x < 0.5, 1 if x < 0.5,
pole) = {0.125 otherwise, uo(x) =0, po(®) = {0.1 otherwise,
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TABLE 5.4. Errors and order evaluations for the second-order accurate schemes with
the Sod shock tube Euler solution and for ©} described in (5.2).

Second-order scheme errors O] = @;ﬂi

cells | LT order || L? order || L order
100 | 1.9E-02 | - 2.8E-02 | - 9.5E-02 | -

200 | 1.1E-02 | 0.8 1.9E-02 | 0.6 8.6E-02 | 0.1
400 | 6.3E-03 | 0.8 1.3E-02 | 0.5 9.2E-02 | 0.1
800 | 3.5E-03 | 0.8 9.1E-03 | 0.5 9.7E-02 | 0.1
1600 | 2.0E-03 | 0.8 7.0E-03 | 0.4 1.0E-01 | 0.1
Second-order scheme errors O = @{}ﬂ-
cells | LT order || L? order || L*® order
100 | 1.9E-02 | - 2.8E-02 | - 9.6E-02 | -

200 | 1.1E-02 | 0.8 1.9E-02 | 0.6 8.7E-02 | 0.1
400 | 6.3E-03 | 0.8 1.3E-02 | 0.5 9.2E-02 | 0.1
800 | 3.5E-03 | 0.8 9.2E-03 | 0.5 9.7E-02 | 0.1
1600 | 2.0E-03 | 0.8 7.0E-03 | 0.4 1.0E-01 | 0.1

Second-order scheme errors O = @Z”
cells | LT order || L? order || L™ order
100 | 1.5E-02 | - 2.2E-02 | - 7.9E-02 | -

200 | 8.2E-03|0.8 1.5E-02 | 0.6 6.7E-02 | 0.2
400 | 4.3E-03 0.9 9.9E-03 | 0.6 6.9E-02 | 0.0
800 | 2.3E-03 | 0.9 6.9E-03 | 0.5 7.6E-02 | 0.1

1600 | 1.3E-03 | 0.9 5.4E-03 | 0.4 8.4E-02 | 0.1

over the domain [0, 1]. The final time is 0.2. To respect the periodic conditions on the boundaries,
we work on the domain [—1, 1] and we symmetrize the shock tube problem on [—1,0]. The numerical
solutions are displayed Figure 5.4.

The second discontinuous test case deals with the Lax shock tube problem [28] for which the initial
condition is

po(x) =

0.445 if x < 0.5, 0.698 if x < 0.5,
po(x) = uo(x) =

3.528 if x < 0.5,
0.5 otherwise,

0 otherwise, 0.5710 otherwise,

over the domain [0, 1]. As previously, in order to respect the periodic conditions on the boundaries,
we work on the domain [—1, 1] and we symmetrize the shock tube problem on [—1,0]. The final time
is 0.1. The Figure 5.5 shows our results and the Table 5.5 assesses the convergence of the solution.

Our matrix O}, given by the second equation of (5.2) does not ensure the decrease of the global
entropy for this test case. The matrix Of_ ; yields very satisfying results.
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FIGURE 5.4. On the top, second-order accurate approximation of the Euler solution
for the Sod shock tube problem at time ¢ = 0.2 with a mesh made of 400 cells. On the
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TABLE 5.5. Errors and order evaluations for the second-order accurate schemes with
the Lax shock tube Euler solution and for ©} € {©7,,O7_ .} described in (5.2).

a,’ " CEd

Second-order scheme errors O} = 7,

cells | LT order || L? order || L order
100 | 4.0E-02 | - 1.0E-01 | - 5.7TE-01 | -

200 | 2.9E-02 | 0.5 9.2E-02 | 0.1 6.1E-01 | 0.1
400 | 1.7E-02 | 0.7 6.6E-02 | 0.5 5.9E-01 | 0.1
800 | 1.1E-02 | 0.7 5.3E-02 | 0.3 6.0E-01 | 0.0
1600 | 6.8E-03 | 0.7 4.4E-02 | 0.3 6.2E-01 | 0.0

Second-order scheme errors O} = @Z“-
cells | LT order || L? order || L™ order
100 | 4.9E-02 | - 1.3E-01 | - 6.3E-01 | -

200 | 2.7E-02 | 0.9 9.7E-02 | 0.4 6.6E-01 | 0.1
400 | 1.5E-02 | 0.8 6.6E-02 | 0.5 5.9E-01 | 0.2
800 | 8.9E-03 | 0.8 5.1E-02 | 0.4 6.0E-01 | 0.0

1600 | 5.2E-03 | 0.8 4.0E-02 | 0.3 6.2E-01 | 0.0

5.2.3. Solution near the vacuum

The test case of this section concerns the solutions of the Euler equations near the vacuum. We consider
the following initial condition

—2.7 if x < 0.5,
po(x) =1,  wo(z)= {

2.7 otherwise,

over the domain [0,1]. The final time is 0.05. Under these conditions, the solution is made of two
rarefaction waves. As previously, to respect the periodic conditions on the boundaries, we work on
the domain [—1, 1] and we symmetrize the problem on [—1,0]. For this test case, we slightly increase
the numerical viscosity such that A = 1.05AHM with MM is given by (2.3) and the time step At is
selected according to % < % with a CFL number equals to 0.1. The Figure 5.6 shows our results
on several meshes and the Table 5.6 evaluates the convergence of the numerical solution toward the

exact solution.

TABLE 5.6. Errors and order evaluations for the second-order accurate schemes with
the double rarefaction wave solution and for the sequence (O, ;)icz given in (5.2).

Second-order scheme errors O} = 07 _,
3

cells | LT order || L? order || L™ order
100 | 3.1E-02 | - 5.4E-02 | - 2.0E-01 | -

200 | 2.5E-02 0.3 4.7TE-02 | 0.2 2.1E-01 | 0.0
400 |1.4E-02|0.8 2.9E-02 | 0.7 1.4E-01 | 0.6
800 | 7.9E-03 | 0.9 1.6E-02 | 0.9 7.3E-02 | 0.9
1600 | 4.1E-03 | 1.0 8.2E-03 | 0.9 4.3E-02 | 0.8

For this test case, our choices (0 ;)iez, (O}, )icz generate spurious oscillations which lead to negative
pressures. Therefore these matrices do not work for this numerical test. The results for the matrices
(O . )icz are robust. At the final time, the pressure stays positive (min ~ 10~3) without spurious
oscillations.
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FIGURE 5.6. Second-order accurate approximation of the Euler solution for the double
rarefaction waves problem at time ¢t = 0.05 with a refined mesh made of 400 cells to
1600 cells.

5.3. Non-convex scalar flux

In this section, we study the case of the non-convex scalar flux f. We reproduce the numerical test
case given in [32, Section 3.1]. In this regard, we consider f(w) = w3 endowed with the quadratic
entropy n(w) = w?/2. The domain is (—1,1) and we consider the initial condition wq(z) = — sin(7z).
We prescribe periodic boundary conditions on both sides of the domain. We consider the matrices
(©1)iez given in (5.1). The Figure 5.7 shows the results at the final time 1.

For this test case, the choice of (@Zs,i)iez yields a classical solution. But we observe, depending on
the choice of the matricies (O} );cz, that the numerical solution given by the genuinely second-order
scheme (2.15) may converge to a non classical solution. This behavior has already been observed in
the recent paper by LeFLoch et al. [32] where the authors shown that a genuinely high-order scheme

may arbitrary converge to a non classical solution in the case of non convex flux.

6. Conclusion

We have presented a family of unlimited and formally second-order accurate in space finite volume
schemes. They are designed in such a way that a dissipative property is required for the second-order
discretization in space. We have given a proof of a global entropy inequality under a CFL which is not
standard and probably far from being optimal. The proof requires the strict convexity of the entropy.
At a numerical level, we assessed the behavior of the schemes both for smooth and discontinuous
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FIGURE 5.7. Second-order accurate approximation of the scalar conservation law with
non convex flux (f(w) = w?) solution at time ¢t = 1 with a mesh made of 400 cells:
on the left non classical wave profiles, on the right the decrease of the global entropy
integrated over the grid.

solutions in the case of convex fluxes. In the case of non convex fluxes, the numerical solution may
converge to a non-classical solution. In both context, we observed that there is one choice of the second-
order discretization in space which yields good stability results without losing the order of accuracy.
The thorough analysis of this particular second-order discretization in space will be the purpose of a
future work.
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