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We study the entropy stability of difference approximations to nonlinear hy-
perbolic conservation laws, and related time-dependent problems governed
by additional dissipative and dispersive forcing terms. We employ a com-
parison principle as the main tool for entropy stability analysis, comparing
the entropy production of a given scheme against properly chosen entropy-
conservative schemes.

To this end, we introduce general families of entropy-conservative schemes,
interesting in their own right. The present treatment of such schemes extends
our earlier recipe for construction of entropy-conservative schemes, introduced
in Tadmor (1987b). The new families of entropy-conservative schemes offer
two main advantages, namely, (i) their numerical fluxes admit an explicit,
closed-form expression, and (ii) by a proper choice of their path of integration
in phase space, we can distinguish between different families of waves within
the same computational cell; in particular, entropy stability can be enforced
on rarefactions while keeping the sharp resolution of shock discontinuities.

A comparison with the numerical viscosities associated with entropy-conserv-
ative schemes provides a useful framework for the construction and analysis
of entropy-stable schemes. We employ this framework for a detailed study of
entropy stability for a host of first- and second-order accurate schemes. The
comparison approach yields a precise characterization of the entropy stability
of semi-discrete schemes for both scalar problems and systems of equations.
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We extend these results to fully discrete schemes. Here, spatial entropy dissi-
pation is balanced by the entropy production due to time discretization with
a sufficiently small time-step, satisfying a suitable CFL condition. Finally,
we revisit the question of entropy stability for fully discrete schemes using a
different approach based on homotopy arguments. We prove entropy stability
under optimal CFL conditions.
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1. Introduction

We discuss the stability of difference approximations to conservation laws
and related time-dependent problems. The related problems we have in
mind are governed by additional dissipative and dispersive forcing terms.
Our main focus, however, is devoted to nonlinear convection governed by
hyperbolic systems of conservation laws. In the linear hyperbolic framework,
L?-stability is sought as a discrete analogue for the a priori energy estimates
available in the differential set-up, e.g., Richtmyer and Morton (1967) and
Gustafsson, Kreiss and Oliger (1995); consult the recent Acta Numerica
review by Kreiss and Lorenz (1998). In the present context of nonlinear
problems dominated by nonlinear convection, we seek entropy stability as a
discrete analogue for the corresponding statement in the differential set-up.
The prototype one-dimensional problem consists of systems of conservation
laws, w;+f(u), = 0. A distinctive feature of this problem is the spontaneous
formation of shock discontinuities. The entropy condition plays a decisive
role in the theory and numerics of such problems (Lax 1972, Smoller 1983,
Dafermos 2000). It requires u to satisfy the additional inequality, U(u); +
F(u), < 0, for all admissible entropy pairs (U(u), F'(u)). It follows that
the total amount of entropy, [ U(u(-,t) dz, does not increase in time. This
is a generalization of the (weighted) L?-energy bound encountered in the
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linear case. The possibility of strict inequality reflects entropy decay due to
concentration along shock discontinuities.
We consider difference approximations of the general conservative form,
f . 1—f 1
v+ v—3
—u,(t —2_ 2 .
dt v(t) + Ax,
Here u,(t) is the numerical solution computed at discrete grid lines (z,,t),
and £, L~ f is a numerical flux based on a stencil of neighbouring grid

values, Wy,—p41, ..., Up4p. We enquire when such schemes are entropy-stable
in the sense of satisfying the corresponding discrete entropy inequality,
d Fl/—l—l - Fl/—l
—U(u,(t)) + z 2 <0.
dt ( V( )) A:El/ —

So far we have specified semi-discrete schemes based on spatial differenc-
ing. We will address the question of entropy stability for the semi-discrete
as well as the fully discrete case, taking into account additional temporal
discretization. The extension to the multidimensional set-up and a host of
related problems with additional dissipative and dispersive terms can be
handled in a straightforward manner.

We distinguish between three main tools of the trade in the analysis of
entropy stability: comparison arguments, a homotopy approach and Kki-
netic formulations. We will discuss the first two and refer the reader to
Bouchut (2002), Makridakis and Perthame (2003) and the references therein
for recent contributions regarding the third. Most of our discussion will
be devoted to the main approach, based on a comparison principle: we
compare the amount of entropy dissipation produced by a given scheme
against a properly chosen entropy-stable reference. The entropy stability
of solutions to monotone schemes, for example, Harten, Hyman and Lax
(1976), is carried out by a comparison with the (entropy-stable) constant
solution (Crandall and Majda 1980). The class of entropy-stable E-schemes
(Osher 1984) is characterized by having more numerical viscosity than the
entropy-stable Godunov scheme (Tadmor 1984b). And we mention in pass-
ing the kinetic approach presented in Makridakis and Perthame (2003),
which is based on comparison of the corresponding pseudo-Maxwellians.

In Tadmor (1987b), the question of entropy stability was addressed by the
construction of certain entropy-conservative schemes, interesting for their
own sake. We begin, in Section 3, with the construction of these entropy-
conservative schemes. There are two main ingredients: (i) the use of entropy
variables, outlined in Section 2, and (ii) the choice of certain paths of inte-
gration in phase space of these entropy variables. In the scalar case, the nu-
merical fluxes are path-independent, and entropy-conservative schemes are
unique (for a given entropy pair). In Section 4 we study a host of instruc-
tive scalar examples whose entropy stability is verified by comparison with
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entropy-conservative ones. These include the first-order Engquist—Osher,
the optimality of the Godunov scheme and the second-order Lax—Wendroff,
as well as other centred schemes. In Section 5 we turn our attention to
systems. Here we revisit the construction of entropy-conservative schemes
in terms of numerical fluxes which are integrated along straight line paths in
phase space. A comparison of numerical viscosities provides a detailed study
of entropy stability for Rusanov, Lax—Friedrichs and the family of Roe-type
schemes, as well as second-order extensions. In Section 6 we present the gen-
eral framework, introducing new families of entropy-conservative fluxes sub-
ject to the choice of path of integration in phase space. These new entropy-
conservative schemes offer two main advantages: (i) their numerical fluxes
admit an explicit, closed-form expression, and, more importantly, (ii) by a
proper choice of the path of integration (aligned with the eigen-directions
of f,), one can distinguish between different families of waves within the
same cell, [z,,x,41]. In particular, entropy stability can be enforced on
rarefactions while keeping the sharp resolution of shock discontinuities. In
Section 7 we extend our discussion to fully discrete schemes,

At

u't =, (1" + At) =u” —
Ty

1 1
[fw%(ﬁ"“) —f,_ (@)
There are three prototype examples. In the fully implicit case where we

1
set T2 := u"*!, additional entropy dissipation is introduced by the time
discretization and hence this implicit backward Fuler scheme is entropy-
stable whenever the semi-discrete scheme is. In the case of Crank—Nicolson

time discretization, a proper (possibly nonlinear) choice of intermediate val-

wes W3 inherits the same unconditional entropy stability properties of
the semi-discrete problem associated with the numerical flux f, e finally,

the fully explicit case, Tt = u”, yields entropy production which needs
to be balanced by entropy dissipation on the spatial part. This balance
is achieved for a mesh ratio satisfying a suitable Courant—Friedrichs—Lewy
(CFL) condition, £L||f,[ < Const.

In Section 8 we revisit the question of entropy stability using a completely
different approach, based on homotopy arguments. The results apply to
semi- and fully discrete approximations of scalar and systems of conservation
laws. We prove the entropy stability for a large class of first-order schemes,
this time under an optimal CFL condition. For second-order scalar exten-
sions we refer to Nessyahu and Tadmor (1990, Appendix). The homotopy
argument was introduced by Lax (1971) in the context of the Lax—Friedrichs
scheme.

The entropy stability study is based on comparison with entropy-con-
servative schemes. The entropy-stable schemes discussed so far were lim-
ited by the use of second-order accurate entropy-conservative schemes as a
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reference for a comparison. We conclude, in Section 9, with higher-order
extensions. We recast the original entropy-conservative schemes in their
piecewise linear finite element formulation (Tadmor 1986b). Higher orders
with larger stencils follow from piecewise polynomials of higher degrees. A
general framework for such high-order entropy-conservative schemes was re-
cently introduced in LeFloch, Mercier and Rohde (2002), and should serve
as the starting point for the corresponding higher-order entropy stability
analysis.

Our discussion on entropy stability theory is tied to several topics which
we were unable to explore in the present framework, and we conclude this
Introduction by mentioning a few of the items that were left out.

e Entropy-conservative schemes play an essential role in our discussion
below as the main reference for calibrating entropy stability. Entropy-
conservative schemes are interesting in their own right in the con-
text of zero dispersion limits, and completely integrable systems (con-
sult, for example, Lax, Levermore and Venakidis (1993) and Deift and
McLaughlin (1998)), with much recent renewed interest (Abramov,
Kovaéci¢c and Majda 2003, Abramov and Majda 2002). Entropy-con-
servative schemes are also sought in the context of energy conservation
for long-term shock-free integration: for example, Arakawa (1966). Let
us mention the related class of completely conservative schemes devel-
oped by the school of A. A. Samarskii and co-workers: consult, for
example, Moskalkov (1980) and the references therein.

e FEntropy stability serves as an essential guideline in the design of new
computationally reliable difference schemes. Much of our discussion
below is devoted to the development of a general framework for prov-
ing the entropy stability of such schemes. As an alternative approach,
we mention the design of entropy corrections for existing schemes. For
early numerical simulations with entropy corrections along these lines,
we refer to 7 and Kaddouri (1993), for example. The new class of
entropy-conservative/entropy-stable schemes explored in Section 6 of-
fers a challenging new set-up for revisiting numerical simulations with
entropy corrected schemes.

e FEntropy variables are essential for symmetrization, and hence for the
sense of ordering required for the comparison approach in verifying
entropy stability. Entropy variables are essential for the weak finite
element formulation as briefly outlined in Section 9. We refer to the
streamline diffusion of Hughes, Johnson and collaborators (Hughes,
Franca and Mallet 1986, Johnson and Szepessy 1986) as an example
of a successful class of entropy variables-based finite element methods
(FEM) for treating convection-dominated problems.
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o Compensated compactness. Quantifying the amount of entropy dissi-
pation (consult Corollary 5.1 below) enables us to convert the entropy
stability statement into a convergence proof by compensated compact-
ness arguments (Tartar 1975, DiPerna 1983, Chen 2000). This method-
ology was applied to different classes of discrete methods: for instance,
FEM streamline diffusion (Johnson, Szepessy and Hansbo 1990), the
spectral viscosity method (Tadmor 1989), and multidimensional finite
volume methods (LeVeque 2002). The present framework should pave
the way for a systematic development of a convergence theory for a
large class of entropy-stable finite difference approximations (for scalar
and 2 X 2 systems).

e Nonclassical shocks and a host of nonlinear phenomena are governed
by a borderline balance between dissipative and dispersive forces: we
refer, for example, to the recent phase transitions studies of LeFloch
and co-workers (LeFloch 2002). The numerical simulation in those
regimes becomes possible by carefully tuning the amount of entropy
dissipation/dispersion added to the entropy-conservative schemes.

e Boundary conditions. Once the entropy-conservative schemes are intro-
duced, the question of entropy stability is answered by summation by
parts, carried out in phase space of entropy variables. This reveals the
skew-symmetry of the spatial operators (Tadmor 1984a), while retain-
ing the conservative form. Consequently, summation by parts along
these lines should in principle enable us to treat the question of en-
tropy stability in the presence of boundaries: consult Olsson (1995),
for example.

2. The entropy variables

We consider systems of conservation laws of the form

3} 3}

— —f = t)eR 2.1

Ot Loy =0, (r.) cEx[0,00), (21)
where f(u) = (f1(n), ..., fy(u))" are smooth flux functions of the N-vector
of conservative variables' u(z,t) = (ui(z,t),...,un(z,t))". We assume

that system (2.1) is equipped with a convex entropy function, U(u), such
that

UauA = [UaA]",  A(u) := fy(u). (2.2)

Thus, the Hessian of an entropy function symmetrizes the system (2.1)
upon multiplication ‘on the left’ (Friedrichs and Lax 1971). An alternative

! Here and below, scalars are distinguished from vectors, which are denoted by bold
letters.
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procedure, which respects both strong and weak solutions of (2.1), is to sym-

metrize ‘on the right’, where (2.2) is replaced by the equivalent statement
AUu) ™ = [A(Uwn) ] " (2.3)

To this end, Mock (1980) (see also Godunov (1961)) suggested the follow-
ing procedure. Define the entropy variables

v=v(u):=VyU(u). (2.4)

Thanks to the convexity of U(u), the mapping u — v is one-to-one and
hence we can make the change of variables u = u(v), which puts the system
(2.1) into its equivalent symmetric form

0 0
Su(v)+ og(v) =0, g(v) = f(u(v)) (2.5)

Here, u(-) and g(-) become the temporal and spatial fluxes in the indepen-
dent entropy variables, v, and the system (2.5) is symmetric in the sense
that the Jacobians of these fluxes are, namely

H(v):=uy(v)=H"(v)>0 and B(v):=gy(v)=B"(v). (2.6)

Indeed, (2.2) holds if and only if there exists an entropy flux function, F' =
F(u), such that the following compatibility relation holds:

Ujt,=F). (2.7)

Consequently, we have
u(v) = Vyo(v), ¢(v):=(v,u(v))—U(u(v)) (2.8)
g(v) = Vvi(v), ¥(v):=(v,g(v))— F(u(v)), (2.9)

where (-, ) denotes the usual Euclidean inner product. Hence the Jacobians
H(v)and B(v) in (2.6) are symmetric, being the Hessians of ¢(v) and ¢ (v).
The latter, so-called potential functions, ¢(v) and 1 (v), are significant tools
in our discussion below. Observe that the symmetry of B = AH amounts
to the symmetrization ‘on the right’ indicated in (2.3).

Entropy functions play an important role in the stability theory of PDEs
dominated by the nonlinear convection of the type (2.1). We provide be-
low a brief overview and refer the reader to a detailed account in Volpert
(1967), Kruzkov (1970), Friedrichs and Lax (1971), Lax (1972), Tartar
(1975), DiPerna (1983), Smoller (1983), Majda (1984), Serre (1999), Dafer-
mos (2000) and LeFloch (2002). We first recall that ‘physically relevant’ so-
lutions of (2.1), are those arising as vanishing viscosity limits, u = lim¢ o u*,
where

u; + f(u), = e(Puf)s. (2.10)

Here P = P(u, u,) is any admissible viscosity matrix which is H-symmetric
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(compare (2.3)), that is,
PH=[PH] >0, H=(Uw) ", (2.11)

so that integration of (2.10) against U,] yields

U+ oor () = (U] Sk ot

ot Ox ot Ox
= —e(Uyuus, Pul)
= —e((H '), PH(H 'a)) < 0. (2.12)
Passing to the limit we obtain the entropy inequality/}
0 0
— —F <0. 2.1
U+ - F(w) <0 (213)

The passage to the limit on the right of (2.12) is understood weakly, in
the sense of measures; the passage inside the monlinear terms on the left,
however, requires strong limits: consult the recent breakthrough of Bianchini
and Bressan (Bianchini and Bressan 2003, Bressan 2003). The possibility
of a strictly negative measure on the left of (2.13) is due to concentration of
entropy dissipation along shock discontinuities on the right of (2.12).

The entropy inequality (2.13) is necessary in order to single out a unique,
‘physically relevant’ solution among the possibly many weak solutions of
(2.1). In this context it is important whether (2.1) is endowed with a suf-
ficiently ‘rich’ family of entropy pairs, (U, F): consult, for example, Serre
(1991). How ‘rich’ is the family of such entropy functions? In the scalar
case, N = 1, scalar Jacobians are symmetric and hence every conver U
serves as an entropy function. This is the starting point for the L'-stability
theory of Kruzkov (1970) for general scalar equations; we postpone this dis-
cussion to the end of this section. If the N x N system happens to be
symmetric to begin with, then we can use the identity as a symmetrizer in
(2.2), Ugu = In, and hence the usual ‘energy’, U(u) = |ul|?/2, is an en-
tropy function (Godunov 1961). In this case, integration of (2.13) yields the
entropy bound

/ Ulu(z, 1)) dz < / U(u(z, 0)) dz, (2.14)
x x

which is the usual L?-stability statement familiar from the linear theory
of symmetric hyperbolic systems. Thus, entropy stability could be viewed
as a nonlinear extension of the L? linear stability set-up to general, non-
symmetric N x N systems. For 2 x 2 systems, the symmetrizing require-
ment from an entropy function, (2.2), amounts to a second-order linear
hyperbolic equation and Lax (1971) has shown how to construct a family of
entropy functions in this case. For general N > 3 equations, (2.2) is over-
determined. Nevertheless, most physically relevant systems are equipped with
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(at least one) entropy pair. The canonical example is of course the following
one.

Example 2.1. (Euler equations) We consider entropy solutions, u =
(p,m, E)T of the Euler equations

ol " ) m
pril + 90 | +p | =0. (2.15)
E T a(E+p)

These equations govern inviscid polytropic gas dynamics, asserting the con-

servation of the density p, the momentum m, and the total energy F.

Here ¢ and p are, respectively, the velocity ¢ := % and the pressure p =
m2

(v=1)-[E- W] (where 7 is the adiabatic exponent). Harten has shown

that this system of equations is equipped with a family of entropy pairs,
(U, F). These pairs take the form
U(u) = —ph(S), F(u)=—mh(S) (2.16)

(Harten 1983b; consult also Tadmor (1986a)). Here S stands for the non-
dimensional specific entropy

S =tn(pp™"), (2.17)
and h = h(S) is any scalar function satisfying
' —~h" >0, K >0, (2.18)

so that the requirement for U(u) to be convex is met (Harten 1983b). The
corresponding entropy variables are given by

h(S
U1 wis) [ Bty -1
v=|v | =(1—7)- : -m , (2.19)
’U3 p p

with the corresponding potential pairs, (¢,v) = (v — 1)h/(S)(p, m). A par-

S

ticularly convenient form to work with is determined by h(S) = % e+,
With this choice we find the entropy pair
v+1 1 v+1 1
Ulu) = 1 (pp)7#1,  F(u) = 19 (pp)™+T, (2.20)

with the corresponding entropy variables, v = v(u), given by
U1 5 E
v=|v2 | =—(pp) *-| —m |. (2.21)
v3 p
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The inverse mapping, v — u, is easily obtained as

p o U3
u= | m | =—(pp)+ | —v2 |, (2.22)
E U1
where
14y

wz[w—QOg—§HT7 (2.23)

Godunov has studied the special choice h(S) = S, which leads to the
canonical ‘physical’ entropy pair

U(u) = —pS, F(u)=-mS. (2.24)

Expressed in terms of the absolute temperature, T', the entropy variables in
this case read

2
vi T(S—7+%
V= v :—%’ —q , T:= (7—1)-cv-§, (2.25)
U3 1

and the inverse mapping v — u can be found in Harten (19835). We con-
clude this example with several remarks.

(1) The Euler equations (2.15) provide us with an example which shows
how the ‘richness’ of the entropy pairs can be used for a stability state-
ment: using the one-parameter family? (—p(S — ¢)=, —m(S — ¢)7),
which is admissible by (2.18), we obtain a minimum entropy principle,
S(x,t) > min, S(y,0) (consult Tadmor (1986a)).

(2) We note that the family of admissible entropy pairs, (2.16), (2.17),
(2.18), becomes smaller once we seek further symmetrization of the
viscous Navier—Stokes terms along the lines of (2.11) (consult Hughes
et al. (1986)).

(3) Finally, we call attention to the fact that, with the particular choice of
entropy pair (U, F)) = (—pS, —m.S) (consult (2.24), (2.25)), the corre-
sponding potential pair (¢, 1) turns out to be the density and momen-
tum components of the flow, (¢(v),¥(v)) = (v — 1)(p, m). Hence, in
view of (2.8), (2.9), Euler equations can be rewritten in the intriguing
form

O [Vur) + (V] = 0. (2:26)

2 The superscript * (respectively ~) denotes the positive (respectively negative) part of
the indicated scalar.
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We close the section with the promised discussion on the entropy stability
of the scalar case. We start with the following result, extending the pen-
etrating scalar arguments of Kruzkov (1970), which demonstrates how the
‘richness’ of the family of entropy pairs is converted into a stability state-
ment.

Theorem 2.2. (Tadmor 1997, Theorem 2.1) Assume the system (2.1)
is endowed with an N-parameter family of entropy pairs, (U(u;c), F(u;c)),
c € RY, satisfying the symmetry property

U(u;c) =U(c;u), F(u;c)= F(c;u). (2.27)

Let u',u? be two entropy solutions of (2.1). Then the following a priori
estimate holds:

/ Uul(z, 1); u(z, 1)) dz < / Uul (z, 0); u2(z, 0)) da. (2.28)

xT

Sketch of proof.  Let ul(x,t) be an entropy solution of (2.1) satisfying
the entropy inequality (2.13). We employ the latter with the entropy pair
(U(u;c), F(u;c)) parametrized with ¢ = u?(y, 7). This tells us that u'(x,t)
satisfies

U (ul(z,t);u’(y, 7)) + 0, F(ul(x, t); u?(y, 7)) < 0. (2.29)

Let s denote a symmetric C5° unit mass mollifier that converges to Dirac
=y t—7

mass in R as § | 0; set ¢5(x —y,t —7) := @s(52%)ps(5") as an approxi-
mate Dirac mass in R x RT. ‘Multiplication’ of the (distributional) entropy
inequality (2.13) by ¢5(x — y,t — 7) yields

0(¢sU(u';u%)) + 0:(dsF (u'; u?))
< (O195)U (u'; u?) + (9u¢5) F(u'; u?). (2.30)

A dual manipulation, this time with (y,T) as the primary integration vari-
ables of u?(y,7) and (x,t) parametrizing ¢ = u'(x,t), yields

0 (¢sU (u* u')) + 9y (6 F (u;u'))
< (9705)U (u*; u') + (9y¢5) F(u*; ). (2.31)

We now add the last two inequalities: by the symmetry property (2.27), the
sum of the right-hand sides of (2.30) and (2.31) vanishes; whereas by sending
d to zero, the sum of the left-hand sides of (2.30) and (2.31) amounts to

U (ul(z,t); u%(x, 1)) 4+ 0, F (ul (z,t); u’(x, ) < 0.

The result follows by spatial integration. [
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Let us point out that the elegance of the last result is confronted with the
difficulty of satisfying the symmetry property (2.27). Thus, for example,
N x N symmetric hyperbolic systems are endowed with the N -parameter
family of entropies U(u, c) = |[u—cl|?/2, but (2.27) fails for the corresponding
entropy fluzes, F(u,c) = (u — ¢, f(u)) — [“(f(w), dw). The favourable
situation occurs in the scalar case where each convex U serves as an entropy
function. In particular, Kruzkov (1970) set the one-parameter family

Ulu) =lu—cl,  F(u) =sgn(u—c)(f(u) = f(c))-

The symmetry requirement (2.27) holds and (2.28) leads to the following
L'-stability estimate.

Corollary 2.3. (Kruzkov 1970) If u', u? are two entropy solutions of
the scalar conservation law (2.1) subject to L' initial data, then

(- 8) =t () ey < (5 0) =t (- 0) [ ey (2.32)

Thus there exists a unique (entropy) solution operator associated with the
scalar conservation law (2.1), S(t) : u(-,0) — wu(-,t), which is conservative
and, according to Corollary 2.3, is also L'-contractive, and hence by the
Crandall-Tartar lemma (Crandall and Tartar 1980), S is order-preserving,
u?(-,0) > ul(-,0) = S(t)u®(-,0) > S(t)u'(-,0). There is a parallel discrete
theory for so-called monotone schemes which respect a similar discrete prop-
erty of order preserving. The entropy stability of such schemes goes back to
the pioneering work of Harten et al. (1976). We will not be able to expand
on the details in the limited framework of this review, but let us mention the
elegant approach of Crandall and Majda (1980), which clarified the entropy
stability of monotone schemes in terms of a comparison with the constant
solution. Sanders (1983) generalized the result to variable grids and we re-
fer to Godlewski and Raviart (1996), Kroner (1997), Tadmor (1998) and
LeVeque (2002) and the references therein for a series of later works, with
particular emphasis on multidimensional extensions. Monotone schemes are
at most first-order accurate (Harten et al. 1976); indeed, being entropy-stable
with respect to all convexr entropies, monotone schemes are necessarily lim-
ited to first-order accuracy (Osher and Tadmor 1988). This limitation led
to systematic development of high-resolution schemes which circumuvent this
first-order limitation. For a brief overview of the convergence analysis of
such schemes, we refer to Tadmor (1998). Our discussion below focuses on
the question of entropy stability of such first-order as well as higher-order
resolution schemes, in the context of both scalar and systems of conservation
laws.
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3. Entropy-conservative and entropy-stable schemes

We consider semi-discrete conservative schemes of the form
d 1
Su(t) = ——[
dt () Az,
serving as consistent approrimations to (2.1). Here, u,(t) denotes the dis-
crete solution along the grid line (z,,t) with Ax, = %(:17,,4_1 —x,_1) being
the variable meshsize, and fy+% being the Lipschitz-continuous numerical
fluz consistent with the differential fluz, that is,

f f

P V_%}, (3.1)

fl,_i_% =f(uy—pt1,..., Wyp), f(u,u,...,u)="f(u). (3.2)

The numerical flux, £(-,-,...,-), involves a stencil of 2p neighbouring grid
values, and as such could be clearly distinguished from the (same notation
of ) the differential flux, £(-). The difference schemes (3.1) and (3.2) are
conservative in the sense of Lax and Wendroff (1960), namely, the change
of total mass,

R

> w()Ax,

v=—L

1s solely due to the flux through the local neighbourhoods of the arbitrary
boundaries at x_;, and xTR.

We are concerned here with the question of entropy stability of such
schemes. To this end, let (U, F) be an entropy pair associated with the
system (2.1). We ask whether the scheme (3.1) is entropy-stable with re-
spect to such a pair, in the sense of satisfying a discrete entropy inequality
analogous to (2.13), that is,

d 1
V) + [Fw% ~F, | <0 (3.3)

Here, F, 1 is a consistent numerical entropy flux
2

F_i_%:F(u,,_pH,...,u,,_,_p), F(u,u,...,u) = F(u). (3.4)

v

If, in particular, equality holds in (3.3), we say that the scheme (3.1) is
entropy-conservative.

The answer to this question of entropy stability provided in Tadmor (1987b)
consists of two main ingredients: (i) the use of the entropy variables and (ii)
the comparison with appropriate entropy-conservative schemes. We con-
clude this section with a brief overview.

By making the changes of variables w, = u(v,), the scheme (3.1) recasts
into the equivalent form

d 1

0= mr (B ] WO =u),  39)
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with a numerical fluz
gy+% = g(vl/—p—l—la ERE) Vl/-l-;l?) = f(u(vl/—;l?-l-l)a cey u(vl/-l-;l?))v (36)

consistent with the differential fluz, that is,

g(v,v, .., v) = g(v) = £(u(v)). (3.7)
Define
1 1
F o= §<[vy —|—v,,+1],gy+%> ~5le) o] (38)
Then the following identity holds:
d 1
V) + 5 [Fw% - Fy_%} (3.9)

= sl(avpms) - dv] 4 5[(av e ) - v, ]

(Tadmor 1987, Section 4; see also Osher (1984)). Here A¢U+% = (Vyg1)—

Y(vy) denotes the difference of entropy flux potential, (2.9), of two neigh-
bouring grid values v, and v,41. Thanks to (2.9), Fy+% is a consistent

entropy flux and this brings us to the next result.

Theorem 3.1. (Tadmor 1987b, Theorem 5.2) The conservative scheme
(3.5) is entropy-stable (respectively, entropy-conservative) if, and for three-
point schemes (p = 1) only if,

(AV,1.801) <AV, (3.10)
and, respectively,

<AVU+%,gy+%>:A¢V+%. (3.11)

4. The scalar problem

We discuss the entropy stability of scalar schemes of the form (see (3.5))
d 1
T = a9t 0] w) =ulw(d). (@)

For a more convenient formulation, let us define for AUH_% #0

fuy) + fluvs1) — 29 41
= Ao "7y , AUH_% = Upaq — Uy (4.2)
l/—l—%

Quy

=
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Our scheme recasts into the equivalent viscosity form

d 1
(0 = ~gag | Fluwa) = Fn)|
1
+ m |:Qy+%A'UV+% - QV_%A’UV_%} , (43)

which reveals the role of QH_% as the numerical viscosity coefficient (e.g.,

Tadmor (1984b)).
According to (3.11), scalar entropy-conservative schemes are uniquely de-

termined by the numerical flux Goil = g;_l, that is,
2

A¢y+l %
* . 2
Jved = Av,.1 —/§ 9(”v+%(5)>d5’

() 1= 50+ ) + €80, (1.4
Noting that
5 d
R A G (AL (4.5

we find upon integration by parts that entropy-conservative schemes admit
the viscosity form (4.3), with a viscosity coefficient QH_% = Q;_; given by?
2

%= _ 260 () e (46)

The entropy-conservative scheme then takes the form

d 1 * *
W= "5y, [9v+% - gv—%}
1
= "2z, [f(uu—l-l) - f(uu—l)]
1 * *
MErerl CATELAT S AT B

The entropy stability portion of Theorem 8.1 can mow be restated in the
following form.

Corollary 4.1. (Tadmor 1987b, Theorem 5.1) The conservative scheme
(4.7) and (4.3) is entropy-stable, if — and for three-point schemes (p = 1)
only if — it contains more viscosity than the entropy-conservative one (4.6),

3 We use primes to indicate differentiation with respect to primary dependent variables,
e.g., g =gv(v), "’ = fuu(u), ete.
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that is,
Qi+% < Qu—l—%' (4.8)

The rest of this section is devoted to examples demonstrating applications
of the last corollary.

Example 4.2. (Entropy-conservative schemes) We begin with two ex-
amples of entropy-conservative schemes, interesting in their own right, which
played a significant role in studying zero dispersion phenomena: see, e.g.,
Lax (1986) and collaborators.

We consider the inviscid Burgers’ equation, us+ (%uz) + =0, and we seek a

semi-discrete scheme that conserves the logarithmic entropy U(u) = —Inu.
The entropy flux in this case is F(u) = —u. Using the entropy variable
v(u) = —1/u, we compute the entropy flux potential

1

Y(v) =vf(u()) - Flu(v)) = —
which in turn yields the entropy-conservative flux

* _ ¢(’UV—|—1) _¢('Uu) _ 1 1 1

= = = ZUpUpy41-
Uyl — Uy 2 v,041 2

%7

This yields the entropy-conservative centred schemes

d B Upy+1(t) — uy—1(t)
i) = W)=

studied in Goodman and Lax (1988), Hou and Lax (1991) and Levermore
and Liu (1996), among others.

Next, we consider u; + (e*), = 0 and we seek the semi-discrete scheme
that conserves the exponential entropy, U(u) = e“. The entropy flux is
F(u) = %ezu. Using the corresponding entropy variable v(u) = e%, we
compute the entropy flux potential

1
¥(v) = vf(u(v)) — Flu(v)) = 51}2,
which in turn yields the entropy-conservative flux

x Y(vy11) — P(vy) 1 I Uy 41
gu—i—% N Upy4+1 — Uy B 2(% o) = 2 [e te ]

This yields the entropy-conservative centred schemes
d eul'+1(t) — eulffl(t)
—uy(t) =
dt v (t) 2Ax,

associated with Toda flow: consult Lax et al. (1993), Levermore and Liu
(1996), Deift and McLaughlin (1998), and the references therein.




ENTROPY STABILITY 467

We continue with a series of entropy-stable examples.

Example 4.3. (Engquist and Osher 1980) Using the estimate

@y < [ ooy @)= [ (u(uy00)) [t

A,Uz/-l-%
—| [T i = ez, (1.9

AUV‘F%

we obtain an upper bound Qi_o; , which is the viscosity coefficient associated

2
with the entropy-stable Engquist—Osher (EO) scheme (Engquist and Osher
1980).

The quantity inside the brackets on the right-hand side of (4.9) is inde-
pendent of different choices for entropy variables. Consequently, the entropy
stability of the EO scheme is uniform with respect to all admissible entropy
pairs, (U, F). This raises the question of the minimal amount of viscosity
required to maintain such uniformity.

Example 4.4. (Godunov 1959) We rewrite the second term on the right-
hand side of the schemes (4.3) as

1 Av, 41 Av,_1
27z, Qu—l—%m A“u+§_ Qu—%Au Auu—% .

thus normalizing their viscous part by using the conservative variables as
our fixed scale. Since in the scalar case all convex functions, U(u), are ad-
missible entropy functions, it follows that, for an entropy stability which is
uniform with respect to every such U, we need to maximize the correspond-
ing entropy viscous factors Q;_% (Avw—%/Auw—%)’

Gy = [, Fu(s©))de

Au

v

[f(uu) + fups1) — 29;_1_%]
sup ) )

1
v+35

where the supremum is taken over all increasing v = v(u). This yields
Godunov’s viscosity coefficient (Osher 1985, Tadmor 1984b)

oc [f(uu) + fug1) = 2f (u)

= max
Auu-l—%

= (4.10)
vty min(uy,uy+1) <u<max(uy,up4+1)

Thus, the scalar schemes which are uniformly entropy-stable with respect
to all convex entropies are precisely those that contain at least as much
numerical viscosity as the Godunov scheme does. These so-called E-schemes
were first identified in Osher (1984); see also Tadmor (1984b).



468 E. TADMOR

The E-schemes are only first-order accurate: consult, e.qg., Lemma 4.5
below. Corollary 4.1 enables us to verify the entropy stability of second-
order accurate schemes as well. To this end we recall from (4.6) that

. 3 , 1
l/—l-% = /é*:_l 269 (U,,+%(£)> df, Uy-]—%(é) = 5(,01/ +UV+1) +£Avu+%'

2

Integration by parts yields

Gory = /gz . fg( i i)g'(%%(@) 4

-/ :_ (5-¢) 47 (@) ae, (4.11)

and hence the entropy-conservative viscosity coefficient Q;_; takes the form
2

1

* _ 2 1 2 "

Qyr = /52_1 (Z —¢ >g (0,1(9)) e Av,pr (112)
2

Thus, the viscosity coefficients of the entropy-conservative schemes are in

fact of order (9(|Avy+%|), and this implies their second-order accuracy in

view of the following lemma.

Lemma 4.5. Consider the conservative schemes (4.3) with viscosity coef-
ficient, @, L such that (QV 1 /Av,. L ) is Lipschitz-continuous. Then these
schemes are second-order accurate, in the sense that their local truncation
error is of the order

O|:|:Eu+1 - ':Ul/|2 + |5L'1/ - $u—1|2 + |517u+1 — 2z, + 517u—1| .
Verification of this lemma is straightforward and therefore omitted.

Example 4.6. (Second-order accurate schemes) Using the simple up-
per bound
(4.13)

Q1< max lg"(v)] - |Av
+2

1
A . v+l |7
6 min(v,,v,41)<v<max(v,,v,,1) 2

we obtain a viscosity coefficient on the right of (4.13) which, according to
Corollary 4.1 and Lemma 4.5, maintains both entropy stability and second-
order accuracy. Viscosity terms similar to this were previously derived in
a number of special cases, dealing with the entropy stability question of
second-order schemes, such as (generalized) van Leer’s MUSCL scheme (van
Leer 1977, Osher 1985, Lions and Souganidis 1985, Yang 1996a) as well as
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other high-resolution schemes (Majda and Osher 1978, Majda and Osher
1979, Harten 1983a, Harten and Hyman 1983, Nessyahu and Tadmor 1990).
We remark that the careful calculations required in those derivations are
due to the delicate balance of the cubic order of entropy loss, which should
match the third-order dissipation in this case.

An instructive example of using the above arguments of entropy stability
is provided in the genuinely nonlinear case, where f(u) is, say, convexr. A
quadratic entropy stability is sufficient in this case, to single out the unique
physically relevant solution (Szepessy 1989, Chen 2000). In particular, the
choice of the quadratic entropy function U(u) = %uz leads to entropy vari-
ables that coincide with the conservative ones, g(v) = f(u). The last three
examples of this section deal with this important special case.

Example 4.7. (Lax and Wendroff 1960) By convexity, the entropy-con-
servative viscosity coefficient in (4.12),

Uy = /gz (5-¢)7 (@) - 2u

2

is negative whenever Aw,,_ 1 is negative, and hence numerical viscosity is
2
required only in the case of rarefactions where Au,, 1 > 0. To see how

much viscosity is required in this case, we use the fact that the integrand on
the right of Q* is positive, leading to the upper bound

1 [, 1
Q;_% < Z/g f (uw_%(é)) dé-Au,, 1 = Z[a(u,,ﬂ) —a(u,,)]+. (4.14)

__ 1
-2

=

The resulting viscosity coefficient on the right is the second-order accurate
viscosity originally proposed by Lax and Wendroff (1960),

QM = i[a(u,,ﬂ) “a@w)]h, aw) = f(w). (4.15)

Example 4.8. (Centred schemes) According to (2.9) with g(v) = f(u),
the entropy flux potential is given by the primitive of f(-), and by (3.10),
entropy stability is guaranteed if

Up 41
Bty fy < [ Sy an

In the rarefaction case, Au,, 1 > 0, the integral on the right approximated
2
from below by the midpoint rule; in the case of a shock, Au,, 1 < 0, signs

are reversed and we can instead use the trapezoidal rule. Thus we derive a
second-order accurate entropy stable scheme (4.1), whose simple numerical



470 E. TADMOR

flux is given by the centred numerical flux

Uy +u
M%)’ Aty >0

Gyt = Fryr = (4.16)

L fuy) + fuy41) Au

2 ’ v—3

We conclude this section with the following example.

Example 4.9. A well-known ‘trick’ for deriving a quadratic entropy-con-
servative approximation in the particular case of the inviscid Burgers’ equa-
tion 3 3
L 9
— —|= =0 4.17
at“a:s[ﬂ] ! (4.17)

is based on centred differencing of its equivalent skew-adjoint form (Tadmor
1984a)

9 +lﬁ[2]+l2[]_
ot" T30z T3 e T
which yields
d 11 11

Eu,,(t) = —gm |:’LLV+1 — ’I,le,_lj| — gul,m |:’LLV_|_1 — ’I,Ll,_l] .

In fact, there is more than just a ‘trick’ here: the resulting scheme is
simply a special case of our entropy-conservative recipe (4.6)

d 1 1, 1,
Euu(t) = _2A$u |:§uu+1 - §uu—1:|

eI COVIS {CORYY e

If we exclude negative viscosity, however, then according to (4.12) the least
viscous entropy-stable approximation of Burgers’ equation (4.17) is given by

d 1 1, 1,
Euu(t) = _2A$u |:§uu+1 - §’LLV_1:|

R T ST R

5. Systems of conservation laws

We study the entropy stability of the semi-discrete schemes that are consis-
tent with the system of conservation laws (2.5). The schemes assume the
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following viscosity form:

d 1
EUV(t) = _—2A$V [f(u,,_H) — f(ul/—l)]
1
+ 27z, [Q,H.%AV,H_% - QV_%AVV_%] (5.1)

Difference schemes that admit the viscosity form (5.1) are precisely the
so-called essentially three-point schemes (Harten (1983a), Tadmor (1987b,
Lemma 5.1)), namely, difference schemes whose numerical fluz, £(-, - ----)
satisfies the restricted consistency relation

flup—py1, ..., W =upyr =u,...,Upyy) = f(u).
This is the case of (5.1), with

1 1
f(...,up,upqq,...) =3 [f(u,,) + f(ul,_|_1)] - §QU+%(V,,+1 —Vy),

v, =v(u,).
A couple of remarks are in order.

(1) The class of essentially three-point schemes includes classical schemes
based on three-point stencils (p = 1), as well as most modern high-
resolution schemes (van Leer 1977, Harten 1983a); consult Godlewski
and Raviart (1996), Kroner (1997), LeVeque (1992, 2002) and the ref-
erences therein.

(2) The use of essentially three-point stencils in this section is linked to
the specific second-order entropy-conservative schemes discussed below.
Extensions to higher orders and larger stencils were carried out by
LeFloch and Rohde (2000, Section 4); consult Section 9 below.

To extend our scalar entropy stability analysis to systems of conservation
laws we proceed as before, by comparison with certain entropy-conservative
schemes. Unlike the scalar problem, however, we now have more than one
way to meet the entropy conservation requirement (3.11). The various ways
differ in their choice of the path of integration in phase space. In this sec-
tion, we restrict our attention to the simplest choice along the straight path
vy+%(£) = %(vl,—l—v,,ﬂ) —|—§Avy+%. The corresponding entropy-conservative

fluz is given by

81 z/;_%g@w%(&)) d¢,

1
Vy—|—%(£) = §(Vu + Vi) + fAVH-%' (5.2)
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Indeed, the entropy conservation requirement (3.1) is fulfilled in this case,
since, in view of (2.9),

<Avu+%7gi+%> = /:_l <Avy+%,g<vy+%(§)>>d§
_ /vv"“ (v, g(v) = Av, 4.

The entropy-conservative flux (5.2) was introduced in Tadmor (1986b,
1987b). As before (see (4.5), (4.6)), we integrate by parts to find

g = /g : T O8(viy©) e

C - / " e (v ) et

={g (V,,Jr%(é’)) - Tz

2

= %[f(uy) +f(w4)] - /E ¢B(v,,1(6)) dAv, 1. (5.3)

_1
2

Thus, the entropy-conservative scheme (5.2) admits the equivalent viscosity
form

d 1
Eu,,(t) = —m [f(u,,+1) — f(u,,_l)]
1 * *
vl LT ATV R CR)

with a numerical viscosity matrixz coefficient, Q;_;’ given by
2

Q1= /j_l%B(m%(&))d& Bv)=gu(v).  (55)

2

The entropy stability portion of Theorem 3.1 can now be conveniently inter-
preted as follows.

Corollary 5.1. The conservative scheme (5.1) is entropy-stable if — and
for three-point schemes (p = 1) only if — it contains more viscosity than the
entropy-conservative one (5.4), (5.5), that is,

<AVU+%,QTI+%AVV+%>§<Avy+%,Qy+%Avy+%>. (5.6)

Indeed, we can provide a precise measure for the amount of entropy dissi-
pation in terms of the dissipation matrix DH_% EDH_% (v(t)) ::QH_%—Q;_%
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(Tadmor 1987, Theorem 5.2)

iU(uy(t)) + Aiy [Fw% —FV_%} (5.7)

1 1
- _4A:E,, |:<AV”_%’ D”_%AV”—%> + Z<Avu+%v Du+%Avu+%>}

Here, Fy+% stands for the entropy fluz (see (3.8))

1 . 1
F,,+% = §<Vu + Vot gy+%> - 5 [¢(Vu) + ¢(Vu+1)]
1
- <vy +vy+1,Dy+%Avy+%>. (5.8)

The entropy-conservative flux (5.2), and likewise its corresponding vis-
cosity coefficient in (5.5), cannot be evaluated in a closed form. How-
ever, Corollary 5.1 enables us to verify entropy stability by comparison,
Q;_l < ReQ, 1, with the usual ordering between symmetric matrices. We

3 2
note in passing that Q7 | is symmetric (since B(-) is) and that, in the
2
generic case, the viscosity coefficient QH_% 1s also symmetric. The follow-
ing examples demonstrate this point.

Example 5.2. (Rusanov 1961, Lax 1954) We seek a scalar viscosity
coefficient, p, 1 [y, which guarantees the entropy stability of the scheme
2

L8 =~ [fne) )]

Aul,_i_% —py_%Auy ;] (5.9)

2

1
+ 2Ax, [p”"’%

Using (2.6) we have

Ay = /gz a2 @) ac= /g H (Vi3 6) de- dv,y,

1
3
(5.10)
and hence the viscous part of the scheme (5.9) can be interpreted in terms
of the entropy variables (rather than the conservative ones), as

pu—l—%Auu—l—% :Qu—l—%Avu—l-%’ (5'11)

where

iy =13 | Do mO=#(v,©) 612
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Recalling (5.5), we conclude that entropy stability is guaranteed by Corol-
lary 5.1, provided p, Tl is chosen so that the inequality

2B(E) < p,i 3 HE), BO=B(v,1), —356<5

holds. To this end, multiply both sides by H ™2 (§); by congruence, we end
up with the equivalent inequality*

265w A\[H™2(€)BOH 2] < p,y I (5.13)
We recall that B = g, = fyuy, = AH, that is,
B = A©H(E), A€ =A(u(v,,1(9)). (5.14)

Hence (5.13) holds and entropy stability follows, for any scalar p,, 1 satis-
fying

P, .1 = max
ERRPYIIES:

26\ [H () A€ HE (¢)]|

a(a(oe)]] 19

The cell-dependent viscosity factor on the right corresponds to the Rusanov
scheme (Rusanov 1961; see also Richtmyer and Morton (1967, Section 2)),
while a uniform viscosity factor, satisfying

= Imnax
Ale<3

Py+y =p 2 max|A[A(w)]],
corresponds to a Lax—Friedrichs viscosity (Friedrichs 1954, Lax 1954). Both
schemes are entropy-stable with respect to any entropy pair associated with
equation (2.1).

The last example was restricted to first-order accurate schemes. Yet Corol-
lary 5.1 can be used to maintain both entropy stability and second-order ac-
curacy, as was done in the scalar case. To this end, we proceed as follows.
Using (5.14) we can rewrite the quantity on the left of (5.6) as

<Avu+%’ Qi+%AVu+%> (5.16)

1

_ /§ " 26(HR©AY,, ) HHOA©HR Q) HE(©)AV,,, ) dE.

Let {ag(€),rx ()}, be the eigenpairs of A(), that is,
a@=a (a(v,11©)). @ =x", (a(v,©)).

4 Here and below, \x[-] denotes the kth eigenvalue of a matrix.
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Since H—%(g)rk(f) are the eigenvectors of the matriz H_%(é)A(E)H% (&),
and since, by (5.14),

H 3 QA H () = HHOBOH (), B = B(v,11(9), (5.17)

is a symmetric matriz, it follows after normalization that {H_%(é’)rk(é)}
form an orthonormal system, that is,

(H=3(©)ru(©), HH(E)r,() ) = by (5.18)

We expand H%(f)AVH_% and substitute the expansion into the right-hand
side of (5.16) to find

N .1
* 2 2
(v @yv) =30 [ 260u(@ {mu). vyt (519
= 2
Finally, we integrate by parts along the lines of (4.11), arriving at

*
<Avy+%,Qy+%Avy+%>

_ j:: / : G - 52> digak(o (e, Av, g )" g

—176="3
N 1
+k§::1/€:—% (i —€2>ak(£) : di£|<rk(£)aAV,,+%>|2d§. (5.20)

We compute

SO {510 Av, ) = (Tvan(©), Av, 3} - (5409 Av,. oy )
and
Sl (@ av, ) =2 (5009, Avy ) - (Av,y, Ven(©)av, 4 ),

and since both terms are of order O(’AVH_% ’3), it follows that the quantity
on the right of (5.20) does not exceed

|<Avu+%’ Qi+%Avu+%>| = Cl/—l-% ) |Avu+%

Thus, the entropy-conservative schemes (5.2) dissipate entropy at a cubic
rate and are therefore second-order accurate: consult Lemma 4.5. Compar-
ison of this in light of Corollary 5.1 yields the following entropy stability
criterion which respects second-order accuracy.

°. (5.21)
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Theorem 5.3. The conservative scheme
d 1

1
+ E[QH—%AVH—% _QV_%AVV_%} (5.22)

is entropy-stable if the eigenvalues of (the symmetric part of) its viscosity
coefficient matrix, Re @, +bs satisfy

minA[ReQ,.1] = Cppy - [AV (5.23)

V—I—% |
Next, we would like to convert this entropy stability criterion to difference
schemes which are written in the standard form

Lt = oA ) = )]

1
+m|:Pu+%Auu+% —PV_%AUV_%] (5.24)
Thus, the viscous part is expressed entirely in terms of the conservative
variables, u, instead of the entropy variables, v, used in (5.22). From the
corresponding differential set-up, (2.10), we already know that the admissible
viscosity matrices for this formulation are those Ps for which PUg} are
symmetric positive definite, (2.11), PH—HPT = 0; consequently, a discrete
analogue should hold, at least to leading order, that is,

HPI/-F%HI/-F% _Hu+%PuT+%” §5u+%|Auu+%|' (5.25)

Here, H, 1 can be any first-order symmetric approzimation to the inverse
2

Hessian, H = U7}

uu’

H,., = /§ H(v,,1(6)) de + 0(|Au, 1 ]). (5.26)

— Nl

0< E . IN S Hl,+%

Theorem 5.4. Consider the conservative difference scheme (5.24) with

numerical viscosity coefficient P, 1, which is essentially H-symmetric (5.25),
2

(5.26). The scheme is entropy-stable if the eigenvalues of its viscosity coef-
ficient matrix A\(P,, 1 ) satisfy

In)\in/\|:Py+%} Z’VH_%’AUH_%’. (5.27)
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Here goas! is a suitably large constant depending on (5.21), (5.25), (5.26)
for which

Yort 2 K(Cpr +6,,1). (5.28)

Proof. Using (5.10), the scheme (5.24) meets the desired form in (5.22)
with

2
Quir= Pu-q—%Ha H= Hu+% - /g—_l H("w—%(f)) dg.
-2

Next, we invoke the identity

1 1 1 1 }L+1E{_"Hfﬂ;l 1
H§:H‘§<Rer+l>H‘§ Y H3 — 2 \ g3,
2

According to (5.27), the eigenvalues of the matrix on the left are bounded
from below by Torl- |Auy+%|. Hence, by (5.25), (5.26), the same is true for

the eigenvalues of the first matrix on the right; more precisely, we have
_1 _1
M (ReQuuy )2 2 (0 = KO0y ) - [Bu,uy .

Multiplying on both sides by H 3 we find, on account of (5.28),

1
A[Re@uas] 2 (Frors ~0es) A0y 2 Gy 80,4
and entropy stability follows from Theorem 5.3. U

Equipped with Theorem 5.4 we turn to the following example.

Example 5.5. (Second-order accurate scalar numerical viscosity)
We re-examine Example 5.2, considering the case of scalar viscosity in (5.9),
where p,. 1 =p, 1Iy. By Theorem 5.4, any scalar satisfying

2 2

Pyyl 2 KC,,1|Au (5.29)

3 I/+% ’
will guarantee entropy stability as well as maintain second-order accuracy.

Example 5.6. (Roe-type schemes) We consider the class of schemes
based on Roe’s decomposition (Roe 1981). To this end, we introduce a
Lipschitz-continuous averaged Jacobian, the so-called Roe matrix, A, L

satisfying

Ay_i_%AuV Afu-q—% =f(uy41) — f(uw), (5.30)

1= 1,
vt3 +3

and having a complete real eigensystem. Roe (1981) constructed such a
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matrix for the Euler equations (2.15); Harten and Lax (1981) have shown
its existence in the general case, namely

T -1

A By H L (5.31)

1 =
u+2

where B, Tl and H, L are defined by the cell averages

1 1
2 2
Boy= [ B(vy©)de Hayy= [ H(v,0)d 632
§:—% 2 2 §:—% 2
Given a Roe matrix, the viscosity coefficient in (5.24), P, i is then set
to be
Py =p(A). (5.33)
Here p(-) is an appropriate viscosity function which is computed according
to the spectral decomposition of A, i namely,
p(@)
T _ . -1
p(Ay+%> =R, .1- . -RV%. (5.34)
p(@n)

where {(@), RH_%} is the eigensystem of A, that is,

ZV%:RW%WM ]-R;i%, @y = A [
L

For a given system, the possibly various choices of a Roe matrices are
within (9(|Auy+%|) of each other; since the set-up of Theorem 5.4 is in-
variant under such perturbations we can discuss without restriction the one
choice given in (5.31)—(5.82). With this choice of a Roe matriz we have

1
— 1 _1 2 _ 1 _ 1
Pl/—l—% :p<Au+%> - Huz—l—% 'p|:Hu+2% /§ B<VV+%(£)> dé Hu—l—z%:| 'Hu—l-z%’

N

and hence, by the symmetry of B, it follows that P is H-symmetric, so that
(5.25) holds with 5y+% = 0. Theorem 5.4 applies and we are led to the

following.

Theorem 5.7. The conservative Roe-type scheme (5.24), (5.33), (5.34) is
entropy-stable, provided that its viscosity function p(-) satisfies

p@) = KC,pp1 - |Au, 1|, @i=A|4,, . (5.35)

There are various ways of choosing a wviscosity function p(-) satisfying
(5.35), which give rise to either first- or second-order accurate entropy-
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stable schemes. We start by discussing the pros and cons of some first-order
choices.
The original choice of Roe (1981) employs the viscosity function

p(ak) = [a|. (5.36)

It has the desirable property that discrete steady shocks are perfectly resolved
on the grid. With this choice, the entropy stability requirement (5.35) reads

|ak| > KC'H_% . |Auy+%|,

and it is fulfilled as long as we are away from sonic points. Yet this require-
ment may be violated in sonic neighbourhoods where a; ~ 0; indeed, Roe’s
scheme is the canonical example of an entropy-unstable scheme, for it admits
steady expansion shocks. Theorem 5.7 suggests a simple modification — first
proposed by Osher (1985, Theorem 3.3) — in order to avoid such instability.

Example 5.8. (First-order entropy fix of the Roe scheme) The Roe
scheme (5.24), (5.33), (5.34), is entropy-stable with a viscosity function

p(ar) = max {[ax], KC, 5 - [Au, 1|} (5.37)
The slightly more viscous modification of Harten (1983a) takes the form
p(ax) = max {|ay|, e}, |Auy+%| < 1. (5.38)

In these cases entropy stability is achieved by adding viscosity near sonic
points, regardless of whether they occur in rarefaction or shock waves. This
is done at the expense of destroying the sharp steady shock resolution of
Roe’s original scheme (5.36).

However, we can do better with regard to Roe-type schemes, by sharpening
the general sufficient entropy stability condition (5.27) which led us to The-
orem 5.7. To this end, we first note that the eigensystem of a Roe matriz
in (5.580), AH_%, is within (9(|Auy+%|2) from the eigensystem of the exact
mid-value Jacobian, say A(§ =0), for example,
|2

T — (£ = 0)| + |@x — ax(¢ = 0)| < Const|Au (5.39)

1
v+5

By virtue of (5.39) we can obtain rather detailed information about the en-
tropy dissipation rate of the Roe-type schemes (5.24), (5.33), (5.84).
Let Aag(u,) denote the jump in the kth eigenvalue

Aag(uy) = Ap(A(y41)) — Ae(A(ay)).
In the Appendiz we prove the following theorem.
Theorem 5.9. The conservative Roe-type scheme (5.24), (5.33), (5.34) is
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entropy-stable if its viscosity function, p(-), satisfies
_ 1 _ |a | 2
p(ax) > 5 Aag(uy) +eplag| + {1+ . Const|Auy+%| . (5.40)
k

Here € > 0 are arbitrary parameters at our disposal.

Remark. We note that the essential ingredient of Theorem 5.9 is not
the Roe averaging property (5.30), but the requirement that the eigensystem
of ZH_% be within O(|Auy+%|2) of the eigensystem of A(§ = 0), (5.39).
Hence, Theorem 5.9 and its consequences apply to other Roe averages, for
example, AH_% = A[L(u, + upq)] or AH_% =1 [A(w) + A(uyy1)].

We shall apply Theorem 5.9 to hyperbolic systems which contain either
genuinely nonlinear (GNL) or linearly degenerate waves. Lax (1957) has
shown that any two nearby states in such systems, u, and uy,+1, can be
connected by a certain continuous path in phase space; the jump from u, to
U, s resolved into a succession of k-waves, k =1,2,..., N, each of which
1s either a k-shock, a k-contact or a k-rarefaction, depending on whether aj
increases, remains constant or decreases, respectively, along the correspond-
ing kth subpath. In this section we answer the entropy stability question
by comparison with the entropy-conservative schemes (5.2) which are based
upon integration along a simple straight path in phase space. Therefore,
these schemes do not resolve the full structure in phase space of the solu-
tion path to the Riemann problem described above. Instead, we shall confine
ourselves to identify each cell with one dominant k-wave. This fact of one
dominant wave per cell is certainly the case with GNL scalar problems and,
as observed by Harten (1983a), is also valid in actual computations with the
gas dynamics system (2.15). We will refine our stability analysis in Sec-
tion 6 below, in terms of new entropy conservative schemes which do take
into account different subpaths in phase space.

Choosing e, = 6 in (5.40), then the following entropy-stable modification
of the first-order Roe-type scheme is obtained.

Example 5.10. (Modified Roe scheme revisited) The conservative
Roe-type scheme (5.24), (5.33), (5.34) is entropy-stable with viscosity func-
tion
_ _ 1 2
p(ax) = |ay| + éAak(u,,) + Const|Auy+%| (5.41)
This choice of viscosity function was suggested in Harten and Hyman (1983,
Appendix A) and numerical simulations were carried out in Kaddouri (1993),
for example. To gain a better insight into this choice, we shall distinguish
between three different cases.

Case I. Aag(u,) < —Const|Auy+%| + O(|Auy+%|2).
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In this case the jump Aay is dominated by a k-shock, and with sufficiently
small variation, no additional viscosity is required in (5.36), i.e., (5.41) is
reduced to p(ax) = |ax|. Thus, (5.41) retains the perfect resolution of (suf-
ficiently weak) discrete steady shocks.

Case II. Aag(u,) = O(|Auy+%|2).

In this case the jump Aay is essentially due to the k-contact field and/or
the balance between the other fields. Here, a minimal amount of viscosity
. . . . _ _ 2

is required near sonic points p(ax) = |ag| + Const|Auy+%|

Case III. Finally, in all other cases we shall identify the jump Aag(u,)
as dominated by a k-rarefaction, and as expected, O(’Auy +1 ’) amount of

dissipation is required near sonic points, p(ax) = |ax| + Const|Auy 1 |
This concludes our discussion of the first-order accurate Roe-type schemes
and we turn to the second-order case. Choosing €y, ~ ’Auy+%’ in (5.40), we

find p(ay) = Aax(u,) + Const (|ax|Au, + |Auy|?). Thus, if we set
p(ag) = Const’AuH_%’, (5.42)

then the resulting Roe-type scheme (5.24), (5.33), (5.34) is second-order
accurate by Lemma 4.5, and it is entropy-stable for sufficiently large Const >
KC’H_%: consult Theorem 5.7.

The examples studied so far are based on a priori (positive) bounds for the
entropy-conservative viscosity. We close this section with the following ex-
ample, which shows how to enforce entropy stability a posteriori by carefully
removing any viscosity production. We start with an essentially three-point
scheme in its conservative variables formulation (5.24),

d 1

EUI/(t) = —m [f(u,,_H) — f(ul/—l)]
1
+ m[Pu+%Auy+% _Pu—%Auu—%}’ (543)

and we compare it with the corresponding formulation of the conservative
scheme (5.4),

Sl0) = 5 ) — £l 0)]

1 >k
+ 2Ax, [P 1 Au

where P:+% = QL;(H_I)*, (H™H* = /gz_lH_1<u"+%(£)> dg.
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According to (5.7) which we express in terms of the conservative variables,
the entropy production of (5.43) is quantified by

Pyp— Pyp— *
eprr = (Av, 1 By iAo ), By =Py — P

v+3 vt35 v+37

and we arrive at the following example.

Example 5.11. (Khalfallah and Lerat 1988) The scheme (5.43) be-

comes entropy-stable if we add a minimal amount of (scalar) viscosity cor-

rection, pch_% , replacing P, +1 with N

c (ey+%)

pe =

<Av

Py+%—>Py+%+pi+%INxNa (5.44)

v+ uu+%>
We note that the quantity on the right is well defined since the denominator
does not vanish ((H~!)*u,u) > 0. The correction preserves second-order
accuracy, and Lerat and his co-workers (Khalfallah and Lerat 1989) report
on successful applications of such entropy correction in numerical simula-
tions of fluid dynamics problems. Let us point out two limitations to the
present approach: (i) we need to compute the entropy-conservative term
P*u = Q*v, which might not be readily available, and (ii), as before, the
entropy correction does not distinguish between different waves within the
same cell. Both points are addressed in the context of the new entropy-
conservative schemes introduced in the next section: consult (6.12) below,
for example.

6. Entropy-conservative schemes revisited

Our study of entropy stability is based on comparison with entropy-con-
servative schemes. In the scalar case, entropy-conservative schemes are
unique (for a given entropy pair). For systems, there are various choices for
numerical fluzes which meet the entropy conservation requirement (3.11). In
Section 5 we restricted our attention to just one such choice. In this section
we present the general framework.

The entropy-conservative schemes treated in Section & are based on inte-
gration along a straight path in phase space. Consequently, the corresponding
entropy stability analysis, for instance, Example 5.10, took into account only
one dominant wave per cell. In contrast, in this section we introduce a new
general family of entropy-conservative schemes which are based on differ-
ent paths in phase space. This enables us to enforce entropy stability by
fine-tuning the amount of numerical viscosity along each subpath carrying
different intermediate waves. Moreover, the straight path integration of the
entropy-conservative flur (5.2) does not admit a closed form, whereas the
new family of entropy-conservative schemes enjoys an explicit, closed-form
formulation. To this end, at each cell consisting of two neighbouring values
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v, and v,y1, we let {rj }J , be an arbitrary set of N linearly indepen-

dent N -vectors, and let {£Z+l}j=1 denote the corresponding orthogonal set,
2

N

<£ ry+%> = 0j. Next, we introduce the intermediate states, {Vy+%}j:1’

u—l—%’
starting with Vlll—l—l = v, and followed by

+1 ' .
Vit =V (A, ) L =120 N (6

2

thus defining a path in phase space, connecting v, to vyi1,

N+1 _ _
Vo Vord +Z< L AV )T SV AY, SV (62)
‘7_
Since the mapping u +— v is one-to-one, the path is mirrored in the usual
. . j L J N+1 . .
phase space of conservative variables, {uw_% = u(vy+%) }j=1 , starting with

ullH_l = u, and ending with uivj'f = Uyy1. FEquipped with this notation we
2 2
turn to our next result.

Theorem 6.1. The conservative scheme

%uu(t) = —%%[g;_% - g::_%:|7

with a numerical flux g;—l given by
2

f“) ny

l/+§

§ : | 0
i A vty
j=1 %7 Vl,_|_%> 2

(6.3)

l\)|>—‘

is an entropy-conservative approximation consistent with (2.5). Here, 1) is
the entropy flux potential associated with the conserved entropy pair (U, F).

Remark. We note that the quantities on the right of (6.3) are well defined:
consult (6.6) below.

Proof. The entropy conservation requirement (3.11) follows directly from
(6.2) for

) eV = v (v, )
<AVU+%7gy+%> =

J
<£i+lv AVV+%> <£V+%’ Avu+%>
2

() = (%)

N+1Y) 1 _
Vi) o (Viag) = Ay

1=

I
WE

<.
Il
-

I
<



484 E. TADMOR

It remains to verify the consistency relation (3.7). Let

% ey L j+1> <j >j 1 1
u—l—%(é) T 2<Vu+%+vu+% +£ eu—l—%’AvV‘F% rl/‘l'%’ 2 < é < 2’ (6'4)

denote the straight subpath connecting vi L and vi j’_ly then we can use
2 2
(2.9) to express the ¥-potential jump between two consecutive intermediate

states as

o) o) = [ mo(de) e

_ < /gz_lg(vi_*é (©) dg,ri+%><6i+;ﬁvu+ﬁ>'
2 (6.5)

Inserting this into (6.3), we find that the entropy-conservative flux can be
equivalently written as

1
. _ 2 itz j j
gy+%—§;< /§ _%g<vy+§(£)>dE,ry+%>€U+%7 (6.6)
‘7:

and consistency is now obvious:

N
g (v.v) =Y (s(v).rl ), =g(v). (6.7)

Jj=1

it3
l/—l—%

then the new entropy-conservative flux (6.5) collapses into

Remark. We note that if we let {r
tion of AVH_%,
the entropy-conservative flux of the ‘first kind’ studied earlier in Section 5.

N+1
} ~ collapse into the same direc-
‘7:

As before, the new entropy-conservative schemes admit a viscosity form,
subject to the phase space path. Considering a typical subpath factor on the
right of (6.6), we integrate by parts along the lines of (5.8), to obtain

/:_; d£§(£)<g<vii%%(€)> d.rl )
=S (e(w )+ e ) o)

+ 2 §<rj B(Vj—l—%(f))I'j ><£j Av 1>
e=—1 vty vty v+i v+io vt3 /°

2

This yields the following family of entropy-conservative schemes.
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Corollary 6.2. Given a complete path in phase space,

: . N+1
(W, =u(v )}
vts vtz/ ) =1

- - - ik N s

associated with left and right orthogonal sets <£V+ %,rw_ %> = 0k, where

r’ | isin the direction of v’ +1 —v’ . Then we have the following entropy-
vts vt vty

conservative scheme:

St =g [ ) (i)

M /52_ 26B(v!7 () de. (6.5)

The viscosity form of the entropy-conservative scheme outlined in Corol-
lary 6.2 is a refinement of the entropy-conservative schemes (5.4). In par-
ticular, we can revisit the examples of entropy-stable recipes outlined in Sec-
tion 5, using the two ingredients of (i) comparison with entropy-conservative
schemes, and (ii) a proper choice of path in phase space. We continue with
a discussion of these two ingredients.

1
(i) Comparison. We seek appropriate viscosity amplitudes, q 1, which
2
upper-bound the amount of entropy-conservative viscosities on each subpath

1
in phase space, vlj:_%(é), so that (compare Corollary 5.1)
g v > J+s
(¥ Q3 ) <dl2 (6.9)

A straightforward argument along the lines of our previous results yields the
following result.
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Theorem 6.3. The semi-discrete scheme

0= [ ) () o

N 41
it3 /i ;
_Z%_i@i_%v&’yﬁﬁ’%l ; (6.10)
1

is entropy-stable if it contains more numerical viscosity than the entropy-
conservative one in the sense that (6.9) holds.

(ii) Choice of path. The new ingredient here is the choice of a proper sub-
path in phase space. We demonstrate the advantage of using such a subpath
in the context of second-order accurate reformulation of the conservative
schemes outlined in Corollary 6.2. Let

{whv(e) =wH(v115(9)}

1
be the orthonormal eigensystem of the symmetric B = B(vﬁ_%(é’)),

B(vii@))wk(v(s)) = bp(v(€))W (v(€),  br(v(€) = Ak (B (Vfé»'

Ezxpanding ri+l = > (Wh(v(€)), ri+l YWF(v(€)), we rewrite the amount of
2 2
entropy-conservative viscosity corresponding to a typical subpath on the left

of (6.9)

j itz g\ _ 2 j itz j
<rzx+%’Qu+% rl/+%> _/§: 1 2£<rlx+%’B<Vu+%(£)>ru+%>d£

- gj / ;2sbk<v<5>><w'f<v<s>>,ri+§1>2dg.

Simple upper bounds, for instance, 2§b(v(§)) < supg |bk(v(§))|, characterize
the first-order Roe-type schemes. For second-order accuracy, we perform one
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more integration by parts along the lines of (5.20):
J+ 7*
(¥, Q3

vty u+2 l/—|— >

_ g}l (- ) [(Tontvin.el , Y whwien.el,, ) ae

_1
2

2V (O)(r], . VoW (v, )| de. (6.11)

l/+§

Here, second-order accuracy is reflected by wviscosity amplitudes of order
(9(|Avy+% D along each subpath (being entropy-conservative, the amount of

entropy dissipation is zero). How should we choose an appropriate subpath?
To simplify matters we consider the symmetric case where the entropy and

conservative variables coincide, B(v) = A(u). We let {ui+l}j.v:1 be the
2

breakpoints along the path of (approximate) solutions to the Riemann prob-
lem. It is well known (Lax 1957) that each subpath is directed along the
J+l iy k. ok
etgensystem ofA( il ) that is, u vl —u vl V+%, S0 W L 1s the
normalized eigensystem of A. With this choice, all but one of the terms on
the right of (6.11) vanish to higher order (in |Auy+%|) and the leading term

governing entropy dissipation is given by

< V—i—l ’ Qf:—j* f/—i-%> ~ /g—%—l (i B é.2> <Vuaj (uiii(f)), ri+%> de.
- 2

The last expression captures the essence of the entropy-conservative schemes
that balance between entropy dissipation along j-shocks, where

(Vua;(a(©),x! ) >0,
and the entropy production along j-rarefactions, where
(Vvas(w(@)x,,) <.

To enforce entropy stability, we need to increase the amount of numerical
viscosity. The use of different subpaths allows us to stabilize rarefactions
while avoiding spurious entropy dissipation with shocks. A detailed study
for the gemeral nonsymmetric case requires lengthy calculations, and can be
carried out along the lines of the Appendiz. Here we note a simple entropy-
stable correction by turning off the entropy production along the rarefactions,

leading to viscosity amplitude, qf:_i, acting along the j-wave,
2

= /:_1 (i —€2> <Vuaj<uii%%(f)>,ri+%>+ d¢. (6.12)

2

R
<.
+
|

v+

=
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We conclude this section with the following two corollaries.

Corollary 6.4. The difference scheme (6.10), (6.12) is a second-order ac-
curate entropy-stable approximation of (2.1). No artificial dissipation is
added in shocks and, in particular, it has the desirable property of keeping
the sharpness of shock profiles.

Next, we note that if the path connecting ui+l and uf:_ll 1s chosen along
2

the (approximate) Riemann solution, then the integrand on the right of
(6.12) does not change sign. A simple upper bound of the entropy-conservative
amplitude on the right of (6.12) along the lines of Example 4.7 yields an
entropy-stable Laz—Wendroff-type viscosity

1 (T
/1 o+ 1 v+l
[, (G ) (Tt ) ae <

2

(6.13)
This yields our next result.

Corollary 6.5. The following Lax—Wendroff-type difference scheme is a
second-order accurate entropy-stable approximation of (2.1):

=t S (e ) 1) e

- j ; + .
_Z[“j<ujutl§>_aj<ui_;>} & .| (6.14)
1

No artificial dissipation is added in shocks and in particular, it has the
desirable property of keeping the sharpness of shock profiles.

7. Entropy stability of fully discrete schemes

In this section we study the time discretizations of the semi-discrete entropy-

stable schemes

d 1
PO ol CHEE (7.1)
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with essentially three-point numerical flux
1 1
g1 (v(1) = S E () + Eu 1 ()] ~ Q1 Av,1 (12)

According to Corollary 5.1, the semi-discrete scheme is entropy-stable
if it contains more numerical viscosity than entropy-conservative schemes,
namely Q;_; < ReQH_%. We recall (5.7), which allows us to measure the

2

amount of entropy dissipation in (7.1) in terms of the dissipation matrices
= D, 1 (v(0) = Qi — Q. (7.3)

The spatial part of (7.1) satisfies

D,,

(I

(o0 ey~ 8iy]) = [Py ~ Py + 560, ()

with Fy+% being the entropy flux specified by (5.8) and &Em) denoting the

amount of entropy dissipation due to spatial discretization in (7.1), given by

1 1
() . = -
Foh) .—4<Av 1 DV_%AVV_%>—|—4<Avy+%,Dy+%Avy+%>20. (7.5)

—=
V=3

We note in passing that use of the dissipation matriz D,,_ 1 1is restricted here

to entropy-conservative schemes of the ‘first kind’ discussed in Section 5,
and we can use a similar, refined argument with the entropy-conservative
schemes of the ‘second kind’ in Section 6, leading to the corresponding gen-
eralization of the fully discrete entropy stability analysis presented below.

To discretize in time, we introduce a local time step, t"1 =" 4 A3
We shall use superscripts to denote dependence on the time level, for in-
stance, uy = u(v(zy,t")),g) 1 = gy+%(v(t")), etc. To simplify notation,
we suppress the variability of tsze time step and grid cell width, abbreviating
At”*'%/A:E,, = %. We shall study the entropy stability of the fully discrete
schemes in terms of three prototype examples, which demonstrate the balance
between the entropy dissipation from spatial stencil vs. the entropy dissipa-
tion/production due to the time discretization. We begin with the following.

Example 7.1. (Implicit backward Euler (BE) time discretization)
We discretize (7.1) by the backward Euler scheme

n+1 . ) At

ul, ul, — A_:E |:gy+% (Vn-l-l)

_ g,,_;(VnH) ’ Vn—l—l — V(u(tn+1)). (76)
2

We claim that the fully implicit time discretization in (7.6) is unconditionally

entropy-stable. Indeed, implicit time discretization is responsible for addi-

tional entropy dissipation. For a quantitative measure of this statement, we
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invoke the identity

1
2 d ntx
Uu(vi™)) = U(u(v? 5/2 —Ul(u(v, 2 d
() - U = g (n(vi7%©)) ag
1
R e R
- [ when(te)a e @)
where the following abbreviation is used:
1 nal nal
v,tl+2 &) = l(v;”'1 —I—vff) + EAV,,+2, Av,,+2 = vf,”’l — vy (7.8)

2

Rearranging the last term on the right of (7.7), we find that time discretiza-
tion yields

(VI Wt ) = U () — U (al) + EFF(viTE),  (1.9)
where £BF measures the entropy dissipation due to time discretization by
backward Euler differencing;:

EBE (ynt1) = /5 (% — g> <Avﬁ+%, H(vﬁ+%(§))AvZ+%> ¢ > 0.

=1
(7.10)
Returning to (7.6), we multiply by v?*! and obtain entropy dissipation
from both the spatial discretization (7.4), (7.5) and time discretization (7.9),
(7.10)
At
+1 +1 +1
Uwst) U + 5[ Fr -
At
= (vt —ug) + (Vi [, () —g(v?)])
At
— A_:Eglgm) (Vn—l—l) _ gyBE(Vn—l—%)
At L2y (ont1 BE ( n+i
= x5 (vt = &5 (vre) <o. (7.11)
Entropy stability is enhanced by fully implicit time discretization. In con-
trast, explicit time discretization, discussed in the mext example, leads to
entropy production. Thus, the entropy stability of explicit schemes hinges
on a delicate balance between temporal entropy production and spatial en-
tropy dissipation.

Example 7.2. (Explicit forward Euler (FE) time discretization)
We discretize (7.1) by the forward Euler scheme

n n At n n
uu+1 =4, - A_ZE |:gy+%(v ) - gy_l(v ) . (712)

2
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Now, the identity (7.7), (7.8) can be put into the equivalent form
(Vi — ) = U (a2t — U (al) — EFF (vi3), (7.13)

with entropy production £FF (v"+%) given by

EFE(ynti) = /5 (1 +g> <Avﬁ+%, H(vﬁ+%(§))AvZ+%> d¢ > 0.

e=—1 \2
(7.14)
We multiply (7.12) by v, and together with the spatial dissipation of en-
tropy quantified in (7.5), we arrive at
At

1
Loy~ Fly] = R ).
(7.15)

To study the entropy stability of (7.12), we therefore need to upper-bound
the entropy production ££F in terms of the spatial dissipation matrices
D, 1, which are responsible for the entropy dissipation in (7.5). We proceed

U(ap™) —Ua)) + —

vl

as follows. From (7.14) we have

1
ng(vn+%) < /2
=1

1 nti nt1 na L
(3+¢)(avi s mer i@ avs ™ )as

3
< TlAvETE < S aulE P, (7.16)

where K? is the condition number of H: see (5.26). To upper-bound the time

. n+i .

differences, Au,  ?, we recall g(v) ;) —g(v})) = BH_%AVZ_% with BH_%

given in (5.32) as BH_% = fB(v;:_l(f)) d¢. This enables us to rewrite the
2

discrete forward Euler scheme (7.12) in the equivalent incremental form
At
uﬁ—i—l —u) = o [(g(vﬁ_i_l) — g(vf})) + Qy_i_%AvZ_%
+ (8(v2) — g(vin)) + Qs AV,
At n n
= 5As [(Bu—l—% + Qu+%>Avy+% + (BV_% + QV_%>AVV_%} .
Finally, we recall the viscosity matrix @), 1= Q;_% +D, 41 This enables
us to rewrite the last expression as

At
un—l—l _ uZL _

01— B [(Broy  Dorg) iy + (g = )]
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where
E::B—I—Q*:/§ (1+2£)B<vﬁ+%>d£:By+%+(9<|Avy+%|>.

Squaring (7.17) we find

2 < S (55) [(vany (Bry = 2uy) vsny)
~ 2
+(Av, 1 (Byoy + Dyot) Av, 1)) (7.18)

Compared with the spatial entropy dissipation in (7.5), we find that the

forward Euler scheme is entropy-stable, —%&@ (v™) + SfE(v"*'%) <0,
provided D is sufficiently large that

At N
K3<A$> (By+Dpas) < 5Dt (7.19)

We consider the two prototype examples of centred and upwind schemes.
If we set D, .= %INX]V we obtain the centred modified Lax—Friedrichs
2

(MLxF) scheme (e.g., Tadmor (1984b))

1 At
™ = g (w20 ) e () — f(up)] (720)

To simplify matters, we consider the symmetric case, where the Bs are
turned into As, and (7.19) with condition number K = 1 yields the entropy
stability of the MLxF for sufficiently small CFL number

At ~ V21

— Al <
A:Emax|/\( )| < 5

Similarly, the viscosity coefficient matrix, D, 1 = |ZV +1 | leads to the
2
upwind scheme

LARE [ (W) — £(u)y)]
[( ”+—+Q+ |+Q > v+1
N (‘Av—% + Qi +Q§_%>AV3_%}- (7.21)

According to (7.19), entropy stability follows under the CFL condition

At ~ ~ .
A—£ﬂrr)\13}x|/\<14y+%>| <1/4, A:=A+Q".
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We conclude this fully explicit example with several remarks.

(1) CFL optimality. In both examples of the centred and upwind schemes,
entropy stability is obtained under less than optimal CFL conditions,
which is due to less than optimal bounds on the entropy production
rate, EF'F. In particular, the resulting entropy stability condition (7.19)
excludes the entropy stability of second-order fully discrete schemes,
which are identified with Lax—Wendroff (LxW) dissipation matrices of
order D, 1~ %fl;l.

2

(2) Entropy stability of Laz—Wendroff scheme. For first-order accurate
schemes, sharp CFL entropy stability conditions would follow from an
alternative approach discussed in Section 8 below. The question of
entropy stability for second-order fully discrete schemes, however, is
more delicate. It would be desirable to refine the above arguments
to obtain an improved CFL condition, which in particular entertains
the second-order case. For a systematic approach to enforcing entropy
stability of the second-order scalar LxW scheme we refer to Majda
and Osher (1978, 1979). We note the limitation that entropy stabil-
ity places on fully discrete forward Fuler time discretization, namely,
higher-order accuracy requires spatial stencils with more than three
points (Schonbek 1982). Part of the difficulty is due to lack of fully
discrete entropy-conservative schemes (LeFloch and Rohde 2000, The-
orem 6.1). This requires entropy production bounds of the kind dis-
cussed in the current example. Sharp entropy production bounds in
the scalar case can be found in Chalons and LeFloch (2001b).

(3) Entropy stability with distinguished waves. Finally, we remark that an
extension based on entropy-conservative schemes of the ‘second kind’
discussed in Section 6 would lead to an entropy stability statement
under a refinement of the CFL statement (7.19), similar to the semi-
discrete discussion in Section 6.

Example 7.3. (Crank—Nicolson time discretization) The fully ex-
plicit Euler time discretization does not conserve entropy except in the
case of linear fluxes (LeFloch and Rohde 2000). Consequently, both the
fully explicit and fully implicit Euler differencing do not respect (nonlin-
ear) entropy conservation, independent of the spatial discretization. Fully
discrete entropy conservation is offered by Crank—Nicolson time differenc-
ing. In its standard version, for example, Richtmyer and Morton (1967)
and Gustafsson et al. (1995), time is replaced by divided differences centred

at "t =

(v 4+ v"1). In the present nonlinear context, the mid-value should be

$(t" 4+ ¢"*1) and spatial terms are evaluated at the mid-value,
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weighted by the specific entropy function we are dealing with. We set

[Nl

1
vty = / v<§ (u" + un+1) + §Aun+%> d¢, Au™tz =t u”,
f=—3
(7.22)
and we discretize (7.1) by the (generalized) Crank—Nicolson scheme

At 1 1
n+l _ ..n —n+t+= —n—+1

uy” —UV—A—:E[&,JF%(V *37) —g,,_%(v +2)}. (7.23)

Noting that <V“+%, u"t —u™) = U(u"*!) - U(u"), we conclude the follow-
ing.

Corollary 7.4. The Crank—Nicolson scheme (7.22), (7.23) is entropy-stable
(and, respectively, entropy-conservative), if and only if the semi-discrete
scheme associated with the numerical flux g(-) is entropy-stable (respec-
tively, entropy-conservative).

Observe that in the symmetric case, vits = $(u" +u™tl), and (7.23)

. . 1
recovers the standard differencing centred around ¢"*z.

We conclude this section by referring the reader to the recent work of
LeFloch and his co-workers (LeFloch and Rohde 2000, LeFloch et al. 2002)
for a general framework along these lines for entropy stability of fully discrete
schemes.

8. Entropy stability by the homotopy approach

We study the cell entropy inequality for general difference schemes written
in their viscosity form corresponding to (5.24):

At

uy ™ =y - Az [f(us1) — £(up1)]
At
+E[Pu+%(uﬁ+l —uﬁ) —Pl,_%(uﬁ—uﬁ_l)}. (8.1)
We decompose ulltt = (uﬁill + uﬁfll)/2 where
2 2
uply = wp = () — (W) + TP (W —up),
uyi’l% =u, — Ar [f(ul,) — f(ul,_l)] — A_:EP’”'%(U" — ul,_l),

and we study the entropy inequality for each term. This decomposition
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into left- and right-handed stencils in the context of cell entropy inequal-
ity was first introduced in Tadmor (1984b). We begin by considering um'1

2
To this end, we set uy+_(s) = uy+s(uy —uy) and the following mequalzty
is sought (here and below, Au:=u} ; —u}):

At
T, = U(ugf%) —U(u)) + 5 [F(w) = F ()]

_ ﬁ_i /io <U’<uz+%(s)>,Py+%Au> ds < 0. (8.2)

We refer to the last statement as a quasi-cell entropy inequality since the
last expression on the right is not conservative. To verify (8.2) we proceed
as follows. We set

uzl_tl%(s) =u, — ﬁ—i [f(uﬁ_i_%(s)) — f(uﬁ)} + ﬁ_ip”"'% <UZ+%(S) — uﬁ)

Noting that uﬁil% (0) =u and u:ff%(l) = u"j:lé, we compute

U(u“+1> U(u?)

iy
v

(i (s)) ds

i
ds
At At
n—l—l = n+1 _
< , ( A$A<uy+%(s)> +A$P”+%>Au> ds

and

S P - P = 55 [ (P (e 0), (- ) as

SE= T ARG CRIE KR RES

Adding the last two equalities yields

o= [ (03 0) 0 (u0).

_ ﬁ_i (P — w2,y () )Au)ds. (8.3)

Next, we introduce

ulz_%(r, s) = uy+%( )—I—r( ulz__(s)) =ul+s(1-7r)(ul,,—u}), (84)
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and we set

W () =ul, (rs) - ﬁ—i (f(ulz_%(s)) - f(ulz_%(r, s)>>
+ ﬁ—ipw% (w1 () =l ()

1 (s8) and um'1 1(1,8) = u""i(s). This then yields

Ho+d
U'(uﬁi%(s)) — U/<uﬁ+1(3)> _ /Tlo jTU’< "Il%(r, s)) dr
= —3 /rioUH (uﬁ_tl%(r, s)> dr (I + %A(uﬁ+%(r, s)> ﬁi 2>Au

Inserting the last expression into the right-hand side of (8.8) we end up with

! At o At
I :—/ns . <<I—|—A$A<u (r,s)) A:E 2>Au

U”(uﬁi%(r,s))(—ﬁ—iA( () + i’i >Au>drds. (8.5)

To continue, we focus our attention on two prototype cases.

n+1 __ N
so that uy+%(0, s) = uy, (s

(1) The scalar case. The positivity of the last expression on the right of
(8.5) follows from a CFL condition

At [ At At [
oo (Wa0) € Tppory ST+ po(wy ) 60)

In a similar manner, the CFL condition

Ax 2 ~ Az Ax
yields the quasi-cell entropy inequality
=0(u +1> U(ul) + A—$<F(ul,) - F(ul,))

+§_li/s:o<U/<u 2()) D, (u — uy )>ds§0. (8.7)

Again, the last expression is nonconservative, but together with (8.2) we end
up with the cell entropy inequality.

Corollary 8.1. Consider the fully discrete scalar scheme (8.1) and assume
the CFL condition

At n At At n

melo(a @)l < ey < T- (e, e9)l 69
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is fulfilled. Then the following cell entropy inequality holds:
n+1 1 n+1 n+1
Ut <5(0(0n) +u ()
< U(wy) = o [F(uhsn) = F(up_y)]

/io <U/ (uﬁ+%(s)>,py+% (w1 — uﬁ)> ds
- /io <U/ <“Z—%(s)>vpu—% (u = uﬁ_1)> ds] :

Next, we extend our discussion to systems of conservation laws.

(ii) Symmetric systems of conservation laws with the quadratic entropy,
U(u) = |u|?/2. We start by setting C(s) := Py+% —A(ulz_%(s)), and noting

the (r, s)-variables in (8.4), we find that
A(uz, 1 (8)) = By = =C((1=1)s)).

2

Change of variables, t :== (1 —r)s, in (8.5) then yields

I+_/s O/t 0<<1_—0( )>Au,§—iC(S)Au> dtds.  (8.9)

We now make the first requirement of positivity, assuming C(-) > 0; then
the positivity of Z1 follows if and only if the corresponding eigenvalues satisfy

AC(s)(I - %C’(t))] > 0. But C(s)(I — %C’(t)) is similar to C’%(s)(l -
%C’(t))C’%, which is congruent to, and hence by Sylvester’s theorem has the
same number of nonnegative eigenvalues as, I — %C’(t). This leads to the
second requirement, %/\(C’(')) < 1. Recall that C(s) = Py+% - A(ulz_%(s))

18 symmetric, and hence the last two requirements amount to the same CFL
condition we met earlier in connection with the scalar case (8.6):

ﬂA<ug+%(s)> < ﬁp <I+ ﬁ—iA<uu+%(“ S)>-

Az Az v+s
In a similar manner, the CFL condition
At At At
N n < — < J -
A$A<u”+%(s)> A:EP ysd A$A<u +3 L s)>

yields the quasi-cell entropy inequality for unﬂ, and the following conclu-
2

sion.
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Corollary 8.2. Consider the fully discrete scheme (8.1) consistent with
the symmetric system (2.1) and assume the CFL condition®

At n At At n

i CO) B AT Sl EICHIC) IR CRTY
is fulfilled. Then the following cell entropy inequality holds for the quadratic
entropy pair U(u) = [ul?/2, F(u) = [ f(w — (u, f(u)):

w3300 n+1> o)
( ) (F(UZLH) _F(uﬁ—i))

+ 2AA—7;</;0 (O (249) Prag (s = ) ) s
[ ) st ).

We demonstrate the application of Corollaries 8.1 and 8.2 with two pro-
totype examples of centred and upwind schemes.

Example 8.3. (Modified Lax—Friedrichs scheme) Here weset P,
EINXNv leading to the modified Lax—Friedrichs scheme (7.20)

u = Z(uﬁ—l —2up +upy) + 2Ax [f(up) = £(u)-)]-

The modified Lax—Friedrichs scheme is entropy-stable with respect to the
quadratic entropy function (for symmetric systems) and for all convex en-
tropies (for scalar equations), provided the CFL condition (8.8), (8.10) holds,

which amounts to
Ao (A(u @)l < 5

A linearized von Neumann stability analysis reveals that this CFL condition
is sharp.

l\)|>—‘

Remark. The original homotopy argument in this context of entropy sta-
bility is due to Lax (1971), where he proves the entropy stability of the Laz—
Friedrichs (LzF') scheme, corresponding to PH_% = %INX]V. In this special

® We recall (consult (5.34)) that |A| stands for the absolute value of A, defined by its
spectral decomposition

las]
|A|=R R

lan]
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case of a two-point LxF stencil, we can apply the homotopy argument on
the full stencil of the scheme. In the general case of essentially three-point
schemes, (8.1), we follow the decomposition into left- and right-handed sten-
cils and, as in Tadmor (1984b), this restricts the mazimal viscosity coeffi-
cient to that of the modified LxF scheme. For a recent extension to entropy
stability under an optimal CFL condition in the scalar case, consult Makri-
dakis and Perthame (2003).

We now turn to discussion of entropy stability with the minimal amount
of viscosity.

Example 8.4. (Upwind scheme) We set Py+% = p(A(ulZ_l(s))) with
2

p(+) being any viscosity function satisfying p(-) > | - |: consult Example 5.6.
The typical example is the upwind scheme
At
ut =u - oz () = f(upy)] (8.11)

s o[ (swp a(ur,  0)) ) aur,y = (supfaury(9)))|aur .

We find that the upwind scheme is entropy-stable for the quadratic en-
tropy function (for symmetric systems) and for all convex entropies (for
scalar equations), provided the CFL condition (8.8), (8.10) holds, which
amounts to

2:; S;IPN (143))] <% (8.12)

Again, a linearized von Neumann stability analysis reveals that the CFL
condition is sharp.

We conclude this section with several remarks.

(1) Comparison with Roe scheme. Consider the numerical viscosity of the
Roe-type scheme (5.24), (5.33), P 41 = =14, | A comparison with

the upwind scheme (8.11), P, ol = Sups |A( 1 ()|, reveals that the
2

entropy stability of the latter is explained by takmg into account all in-
termediate values between two neighbouring values, u, and uy,41. An
alternative entropy correction discussed in FExample 5.10 adds the ad-
ditional term of order O(|Aul|) to compensate for the missing interme-
diate values.

(2) Extensions. The entropy stability results in this section are based on
a homotopy approach. Our initial point was the essentially three-point
scheme (8.1). The same homotopy approach refinement, starting with



500 E. TADMOR

the entropy-conservative schemes of the ‘second kind’ in Theorem 6.1,
would yield a refinement of the above entropy stability statements. In
particular, (i) the intermediate values sought in the upwind viscosities,

(8.12), would be confined to each subpath, {ui+l};.v:1. This leads to
2

an entropy stability criterion which distinguishes between shock, rar-
efaction and contact waves; and (ii) starting the present homotopy ap-
proach with the entropy variables, rather than the entropy-conservative
formulation in (8.1), enables us to extend the above entropy stability
statements to the general nonsymmetric case.

(8) Second-order accuracy. The CFL conditions (8.8) and (8.10) are re-
stricted to first-order accurate schemes. A similar, more careful com-
putation along these lines enables us to treat the entropy stability of
second-order accurate schemes. For a scalar entropy stability analysis
along the lines of the second-order accurate Nessyahu—Tadmor central
scheme, we refer to Nessyahu and Tadmor (1990, Appendix).

(4) The scalar case. More could be said on the scalar case, and we should
mention a considerable amount of work in this direction. In particular,
the entropy stability of fully discrete second-order schemes was system-
atically analysed in Osher and Tadmor (1988) (see the follow-up in
Aiso (1993)). A key to enforcing entropy stability in this case is the
use of all intermediate values within critical cells: consult Coquel and
LeFloch (1995), Bouchut, Bourdarias and Perthame (1996), Johnson
and Szepessy (1986) and Yang (1996¢). Otherwise, entropy stability
is enforced for a single entropy, as in Osher and Tadmor (1988), for
example, or high-order accuracy should be given up (Yang 1996b).

9. Higher-order extensions

We generalize the construction of second-order entropy-conservative schemes
to higher orders. To this end, we revisit the original derivation of the second-
order entropy-conservative schemes (Tadmor 1986b), using finite element
discretization. We begin with the weak formulation of the systems of con-
servation laws (2.6),

/ <w(:17,t), gu(v)> = / <2w($,t),g(v)>d$ dt, QCRx(0,T),
(9.1)
where w(-) is an arbitrary C§°(Q) test function. The key point is the use
of the entropy variables, which enables us to use the standard finite element
framework where both the primary computed solution v and the test function
w belong to the same finite-dimensional scale of spaces. In particular, let the
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trial solution v =3, v, (t)H,(x) be chosen from the typical finite element
space spanned by the CY ‘hat functions’

T—T,_1
R Tp—Tp 1’ Tu-1 ST S Ty,
Hu(iﬂ) =
STk z, <xr<z
Tpr1—Tp? =4 = bptl.

Testing (9.1) against w(z) = w(z) = H,(x), the right-hand side of (9.1)
yields

/:Eu+1 %ﬁy(iﬂ)g (Z V“(t)g“($)> dx dt =
} 1

/gz L &8(vi41(©) ds - /g_ g(vy_%(o)ds], (9.2)

— L
)

where we employed a change of variables, expressed in terms of the usual
Vo4l = %(v,, +vyi1) + fAle_%. A second-order mass lumping on the left

of (9.1) leads to
Tl . P R
/ Hﬁ“@wwm) da dt
d 2
= Az, —u(v, (1) + O(va% y) . (9.3)

d

Equating (9.2) and (9.3) while neglecting the quadratic error term, we end
up with the entropy-conservative scheme (5.2):

%u”(t) :_Aiy [g;% _gi—%}’ 8.1 :/: c&(vir1(9) de.

2

Mass lumping preserves the entropy conservation induced by (and, in a
sense, built into) the weak formulation (9.1), upon choosing w(xz,t) = v(x,t),

0= /Q [<\7(:p,t), %u(f/)> _ <a%o(:g,t)g(o(:g,t))>] do dt
_ /Q [%U(u(o(:c,t))H%F(u(o(x,t)))] dz dt. (9.4)

Using higher-order piecewise polynomial finite element building blocks will
lead to entropy-conservative schemes of any desired order. We note in pass-
ing that, with the increased order, the size of the stencil increases. For exam-
ple, piecewise quadratic splines would lead to five-point entropy-conservative
stencils of the following form.
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Theorem 9.1. (LeFloch and Rohde 2000, Section 3) Consider the
semi-discrete scheme

d 1 ok *ok
0= m s sy (9.5)

with a numerical flux, ng—l =g(Vy_1, Vi, Vi1, Vi12), given by
2

81 = /f ) g<vy+%(£)> dg

1
~ Iz [QZ:%(VV+2 — Viyt1) — QZ*_%(VV — V1)l (9.6)
Here, Qij_l is a secondary viscosity coefficient depending on
2

QZ:% = Q**(Vu—la Vu, Vu—l—l) (97)

The resulting five-point scheme (9.5), (9.6), (9.7) is entropy-conservative,
and it is of (at least) third-order accuracy provided Q**(v,v,v) = B(v).

We observe that the higher-order accuracy is intimately linked to the wider
stencil, beyond the essentially three-point schemes discussed in Section 5.
Once more, these wider stencils could serve as the starting point for an en-
tropy stability theory for higher (than second)-order entropy-stable schemes.
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Appendix: Entropy stability of Roe-type schemes

We consider Roe-type schemes of the form

Sul0) = 5 () — ()] (A1)

1 _
QA |:py+1Auy+%—py_lAuy_%}, pu—l—%:p(Al/—l-%)'

Once more (consult Example 5.2), we use (5.10) to rewrite the viscous part
of (A.1) in terms of the entropy variables, obtaining

S0 = 5 ) — Flu-0)]

1
QA |:QV+_AV L - QV_lAVV_%}, (A.2)
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where

Qs = | : (A )HEd HEO=H(v,.) (A3

Corollary 5.1 suggests that the entropy dissipation of these schemes should
be measured by the quantity <Avy+%, QH_%AVH_%}. A lower bound for the

latter is provided in the following lemma.

1, and assume that

Lemma A1l. Let {Ty,ar} be the eigensystem of AH_ ,

[T — re(E=0)| + |ax —ar(E =0)| < CODSt‘AVU+1| . (A4)
Then we have

<Avu+% ) Qu—l—% Avu—l-% >
N

> |:p( k) — Const|Avy+1| }/% ) |<fk(f)aAV,,+%>|2df' (A.5)
k=1 =2

Proof. Using the orthonormal system {H_%(g)rk(f)} in (5.18), we can ex-
pand the right-hand side of the equality (A.3), which we rewrite as

<AVV+%7 Qu+%AVu+%> Z/j 1<Avu+%7p(zy%)H%(é)'H%(é)Ava de,
-2

and find

(A.6)
where oy (§) abbreviates ay(€) := (ri(€), Avy+%>.

Consider the quantities on the right of (A.6): their dependence on ¢ is
reflected through their dependence on vy+%(£) = 2(Vu + Vi) + EAv, 1

for such quantities we have
d* X (€) _ d X(v
d¢s dé¢s v
By Taylor’s theorem,

%(5)>' <|Avy+2| ) (A7)

2
ri(§) = ri(0) + &rp(0) + %iﬁk(%), for some 6 € [0, 1].
Here and below, () denotes ¢-differentiation, d_g( ). In view of (A.7), |fx] <

Const|Av and together with assumption (A.4) we have

u+1|

rip(§) =T + &0(0) + Ji, | Jk] < Const|Avy+1| ) (A.8)
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Inserting this into (A.6) we conclude that
<Avu+%7 QV—I—%AVH—%>

L
= Z/ ) <Avy+%,p<zy+%>fk>ak(f) dg
k=17§="3
N

oy % (A3 (A, )i0(0) Yo (6) d

Finally, taking into account (A.8), we have

p@w%)fzﬁ = p(ar)rr = p(ar)ri(€) — Ep(ar) t(0) — p(ar) Ji;

we substitute the last three terms into three summations on the right of

(A.9), respectively, and end up with

L v ) o e
k=176="3
N .1
P[0 (A () - p@) ] Ao as
k=1"76="3
N 1
:Zp@k) /2 1 |<rk(§),Avy+%>|2d§+II—|—IH. (A.10)
k=1 =3
Since Jiag(§) is of order (9(|Avy+%|3), we have
E (A.11)

I

|11I] < Constyyy - ’Avy_i_%

integration by parts of the second summation on the right of (A.10) yields

H:é/:_ﬁ*z) el (viey, (Ao @] (0ot} e
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Since 1 (0)ax (&) is of order (9(|Avy+%|2), the expansion inside the curly
brackets is (9(|Avy+% |3), and its {-derivative gives us (consult (A.7))
|4

|1I] < Constyy - |Avy+% (A.12)

The result (A.5) now follows, noting that H(§) < K - Iy (see (5.26)), and

hence

RN 2
< HHOAv,y[ e

2

< %gjl / : (@ av,p)Pas (A1)

consequently, (A.11), (A.12), and (A.13) imply
7+ 111 >

N

(). Av, ) g

N
1 2
— Z E(Constn + Constyyy) - |Avy+%| . /g—
k=1
and together with (A.10), this amounts to having (A.5). O

Next we turn to bounding the viscosity part of the entropy-conservative
scheme (5.4), (5.5) from above, in the spirit of Lemma Al.

Lemma A2. Let Q;_ 1 be the viscosity matrix associated with the entropy-

2
conservative scheme (5.2), (5.3). Let
Aag(wy) = ap(uy11) — ar(uy)

denote the jump of the kth eigenvalue, A(A(u)), from the state on the left,
u,, to its right neighbour u,41. Then, for arbitrary ¢; > 0, we have

*
<Avy+%,Qy+%Avy+%>

N
1 _
< - [Aak(u,,) + ex|ar| + (1 + M>ConS‘E|AV,,+1|2]
— 6 €k 2

x /:_% |<rk(£), Avy+%>|2 d€. (A.14)

Proof. According to (5.19) we have

N 1
(8% @y dv) =2 [ 2san(e)0d (o) dc
k=1v5""2
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Changing variables, £ — —¢, and averaging, we can rewrite this as

<Avy+ 1 Q) 1AV, Z/ |, €[ax(©)0R () — ar(-)af(-0)] dc.

(A.15)
By Taylor’s expansion,

52 d2
2 dg?
In view of (A.7), (a2 (€)) is of order O(|Av, ‘L "), and therefore
[ar(€)aZ (&) — ar(—€)af(—€)]
= [ak (&) — ar(~€)]ai(0)
+ [ar(€) + ax(=9)]260r(0)a (0) + O(|Av, '), (A7)

Moreover, we have

aj(£8) = aj (0) £ Ear(0)ar(0) + 5 ——(aj (). (A.16)

2

0 (£6) = a(0) & €ae(0) + Sk, [ix] < Const|Av, 1 [*

we substitute this into the right-hand side of (A.17): since a;(0), @2(0) and

. 2 3
ai(0)ax(0) are of order O(’Avw%’), O(’Av ), and O(’AVH_%’ ) re-
spectively, we obtain

[ar(§)ai(§) — ar(=&)ai(=E)]
= 2643,(0)a2(0) + 4€ap(0)a(0)cu (0) —|—(9<|Avy+1|>. (A.18)

Inserting the latter expression into (A.15), we find after integration that

*
<Avy+%,Qy+%Avy+%>

i
u+2

N
1., .
<> < [an(0)af (0) + 2ax(0)ar(0)(0)] + Const<|Avy+% |4).
k=1
In view of (A.4), we can replace ai(0) by @ and end up with

(Av,01. Q) 18v,,1) (A.19)

N
1. _ ) 4
< Z: A [ak(O)ai(O) + 2akak(0)ak(0)] + Const<|Avy+%| >
We upper-bound the second term by Cauchy—Schwartz:

2 (0)a(0) < exlax|ai(0) + imﬂ(ak(o))z,
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and since (c(0))? < Const|Av |4, (A.19) gives us

l/—l—%
(Av,,1, Qi+%Avy+%> (A.20)
Y1 @] "
< 2 A [ak(0) + ekar| ]z (0) + (1 + g) Const<|Avy+%| >

Finally, by (A.16) we have

[

a2(0) = /52_; |<rk(£), Avy+%>|2 dé + O<|Avy+% |4>,

and, according to (A.13),

[av,y < %2_:/ (@ v, )1

Using this together with (A.20) implies
<Avy+%, Qi+%Avy+%>

N
1 _
< —|:dk(0)+€k|ak| + <1+M>CODS‘E|AVV+;|2:|
— 6 €k 2

x /% ]<rk(§),Avy+%>]2d§, (A.21)

L
2

and the result (A.14) follows, noting that a;(0) = Aag(u,) + (9(|Avy+% |2)
O

We close this section with the following proof.

Proof of Theorem 5.9.  Comparing (A.5) and (A.14), we conclude from
Corollary 5.1 that the Roe-type scheme (A.1), (A.4) is entropy-stable pro-
vided that

plag) > % Aag(uy) + exlar| + (1 - |Z_’f|> Const|Avy+%|2], (A.22)
k
and since, by (5.10), (5.26),

1
E‘Avu—l—%‘ S |Auu+% = Hl/-l—%Avl/-l—%‘ S K|Avu+%|’

it follows that (A.22) is equivalent to (5.40). a



