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Abstract

The Cauchy problem for the complete Euler system is in general ill-posed in the class of
admissible (entropy producing) weak solutions. This suggests that there might be sequences
of approximate solutions that develop fine scale oscillations. Accordingly, the concept of
measure—valued solution that captures possible oscillations is more suitable for analysis. We
study the convergence of a class of entropy stable finite volume schemes for the barotropic and
complete compressible Euler equations in the multidimensional case. We establish suitable
stability and consistency estimates and show that the Young measure generated by numerical
solutions represents a dissipative measure—valued solution of the Euler system. Here dissi-
pative means that a suitable form of the Second law of thermodynamics is incorporated in
the definition of the measure—valued solutions. In particular, using the recently established
weak-strong uniqueness principle, we show that the numerical solutions converge pointwise
to the regular solution of the limit systems at least on the lifespan of the latter.
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1 Introduction

The Euler equations of compressible fluid flow represent the simplest possible model that incorpo-
rates all fundamental principles of thermodynamics including the Second law usually expressed in
terms of the entropy balance appended as an admissibility condition to the system. The entropy
should be produced by any physically realistic process and this criterion is supposed to rule out
the unphysical solutions that may still satisfy the basic system in the sense of distributions. In
addition, the entropy balance provides crucial a priori bounds, in particular, positivity of the
pressure when the system is written in the so—called conservative variables.

Another characteristic feature of the Euler system is that discontinuities may develop after a
finite time even if the initial data are smooth. It is therefore quite natural to look for a weaker
representation of solutions, for instance the weak solutions that satisfy the underlying equations
in the sense of distributions, see [19,30,31,36,41,44,50] and the references therein. It is also a
well-known fact that such weak solutions may fail to be unique, and, consequently, the Second law
of thermodynamics has been proposed as a selection criterion. Although the entropy production
principle has been efficient in the case of scalar multidimensional hyperbolic conservation laws
as well as the one-dimensional systems, see [5,6,17,40], it completely fails for multidimensional
systems. Recently, it has been shown by De Lellis and Székelyhidi [21] and by Chiodaroli et
al. [14] that infinitely many weak entropy solutions can be constructed for the multidimensional
barotropic Euler equations, see also [20] for similar non-uniqueness results for the incompressible
Euler equations. These results has been extended in Feireisl et al. [29] to the complete multidi-
mensional Euler system in the class of L>° weak admissible solutions. In particular, these solutions
satisfy the energy balance together with the entropy inequality; whence they are compatible with
both the First and the Second law of thermodynamics.

Inspired by the previous results as well as by the numerical analysis performed in [33], we
examine stability and convergence of certain numerical schemes in the class of so-called dissipa-
tive measure—valued solutions. The concept of measure—valued solutions for conservation laws is
not new, see, e.g., [12,24,25,42,46,49,51] and the references therein. However, the recently
introduced class of dissipative measure—valued solutions is particularly suitable since the weak—
strong uniqueness holds and the dissipative measure-valued solution coincides with the classical
solution as far as the latter exists [12,13,37]. Similar concept has been adopted by Tzavaras et
al. [15,22], in the context of elastodynamics, thermoelasticity, and other related problems. In the
context of incompressible Euler equations we would like to mention the related results by DiPerna
and Majda [26] where the measure-valued solutions have been used to study the vanishing vis-
cosity limit of the Leray—Hopf weak solutions, by Brenier, De Lellis and Székelyhidi [11] for the
measure—valued—strong principle and by Lions [45] where the concept of dissipative solutions has
been introduced.



As is well known, the entropy stability of a numerical scheme plays a crucial role in the con-
vergence analysis of numerical solutions. Construction of entropy conservative schemes has been
introduced by Tadmor in a seminal paper [52]. This concept has been later used to study the
entropy stability of numerical schemes, we refer the reader to [1,7,8, 16,33, 35,43, 53] and the
references therein.

There is a considerable body of literature dealing with the convergence of numerical schemes
for multidimensional hyperbolic conservation laws. Though the chosen techniques depend on
the assumptions imposed on exact solutions, a certain form of the discrete entropy inequality is
indispensable. Let us mention, for example, the results of Bouchut and Betherlin [7,8,10], where the
kinetic flux—splitting method has been used. Relying on the fully discrete entropy inequality and
applying the method of DiPerna [24] and Tartar’s results on compensated compactness they proved
strong convergence of fully discrete kinetic flux—splitting scheme to the bounded weak entropy
solution of isentropic Euler equations (or the shallow water equations [9]) provided numerical
solutions satisfies L*°-bounds and the vacuum does not appear.

In [38] Jovanovi¢ and Rohde assumed the existence of a classical solution to the Cauchy problem
of a general multidimensional hyperbolic conservation law. Applying the stability result for classical
solutions in the class of entropy solutions due to Dafermos [18] and DiPerna’s method [23, 24],
they derived error estimates for the explicit finite volume schemes satisfying the discrete entropy
inequality and thus proved that the numerical solutions convergence strongly to the exact classical
solution.

In view of the fact that the classical solutions of hyperbolic conservation laws may not exist in
general and in view of the recent results on non—uniqueness of weak entropy solutions [14,20,21],
Fjordholm, Mishra and Tadmor revisited recently the question of convergence and proved that the
semi—discrete entropy stable finite volume schemes converge to a measure—valued solution provided
numerical solutions satisfy L*°-bounds, coefficients of numerical viscosity are uniformly bounded
from below by a positive constant, and the entropy Hessian is strictly positive definite, see [32-35].

In contrast with the above works that are mostly devoted to general hyperbolic systems, we
focus on the specific problems in fluid mechanics represented through the complete Euler system,
or its simplified barotropic analogue. Our framework are the dissipative measure—valued solutions
introduced in [27] and [12,13] for the compressible Navier—Stokes and the Euler equations, re-
spectively, see also the related numerical study for the isentropic Navier—Stokes equations [28].
In comparison with the previously used concept of measure-valued solutions, the existence of
which is conditioned by mostly rather unrealistic assumptions of boundedness of certain physical
quantities and the corresponding fluxes, the new framework accommodates the solutions gener-
ated by approximate sequences satisfying only the general energy bounds. Indeed, assuming only
uniform lower bound on the density and uniform upper bound on the energy we show that the
Lax—Friedrichs—type finite volume schemes generate a dissipative measure-valued solution to the
complete Euler equations.

The rest of the paper is organized as follows. In Section 2 we introduce the class of dissipative
measure—valued (DMV) solutions to the barotropic and complete Euler systems and formulate
the corresponding (DMV)- strong uniqueness results. In Section 3 we recall a general concept of



entropy stable finite volume schemes and introduce the local and global Lax-Friedrichs-type finite
volume methods for the barotropic and complete Euler systems, respectively. Positivity of the
pressure is studied in Section 4. Sections 5 and 6 are devoted to the stability and consistency of
our numerical schemes. Finally, the limiting process is studied in Section 7. We will show that
the numerical solutions generate a weakly-(*) convergent subsequence and a Young measure that
represents a (DMV) solution to the corresponding Euler system. Moreover, employing the (DMV)-
strong uniqueness principle, we will obtain strong (pointwise) convergence to the unique classical
solution as long as the latter exists.

2 Dissipative measure—valued solutions for the Euler sys-
tem

We consider the complete Euler system describing the time evolution of a general compressible fluid
and its isentropic (or more general barotropic) analogue that may be seen as the particular case
when the entropy of the system is constant. We start with the simpler barotropic system. For the
sake of simplicity, we will systematically use the space—periodic boundary conditions throughout
the whole text. This means the underlying spatial domain can be identified with the flat torus

N
Q= ([0,1ly)  N=1,2.3 (2.1)

Note that, on a bounded domain the physically more relevant impermeability or no-flux boundary
condition
u - 1’l|aQ =0

can be accommodated in a direct fashion.

2.1 Dissipative measure—valued solutions for the barotropic Euler sys-
tem
Neglecting the influence of temperature fluctuations we can describe the motion of a compressible

fluid by means of only two basic state variables, the mass density ¢ = o(t, ) and the velocity field
u = u(t,z). The resulting barotropic Euler system reads

o + div,(ou) i 8, (2.2)

i(ou) + div,(ou ® u) + V,p(0)

where p = p(p) is the pressure. In what follows we focus on the polytropic pressure—density state
equation

p(o) =ag’, v> 1. (2.3)



Moreover, it is more convenient to study (2.2) in the conservative variables [p, m = pul:
Or0 + div,m = 0,

) + Vap(e) = 0. 24

(9tm + lea;‘ <m ©m

Here, the well known problem is that there are basically no a priori bounds for the velocity itself
but rather for the momentum m. To recover u, a lower bound on p must be available. We will
discuss this issue later in Section 4.

2.1.1 Weak formulation

The weak formulation of problem (2.2), (2.1) written in the conservative variables reads:

qt=T1 T
/QSO dz =/ /[Qat(P‘Fm'vx(P] dz dt
Q 1t=0 0 JQ
for any 7 € [0,7], ¢ € C*([0,T] x Q);

qt=T1 T
[/m.¢dx :/ / [m.atgo+m®m:vxcp+p(g)divxgo dz dt
Q lt=0 0 J/Q %

for any 7 € [0,7], ¢ € C'([0,T] x Q; RY).

(2.5)

Remark 2.1. We tacitly assume that p, m are weakly continuous in time. Note that the weak
formulation (2.5) already includes satisfaction of the initial conditions

0(0,-) = ¢°, m(0,-) = m" (2.6)

for a given sufficiently regular pair of functions ¢°, m°.

Let

P(o) := Q/lg p(2) dz (2.7)

22
be the so—called pressure potential. The weak formulation (2.5), (2.6) is usually supplemented by
the energy inequality

(3 o)

i 1|m|2 1|m|2 m m
< - 1 m m
_/0 /QKQ . +P(Q)>at90+<2 . + P(o) . chpﬂo(@)g Vep| dzdt

t=1

for a.a. 7 € [0,7] and any ¢ € C*([0,T] x Q), ¢ > 0.



It is easy to deduce, taking ¢ = 1 in the first equation in (2.5), that the total mass,

/QQ(T,-) dx:/QQO dz, 7 €[0,T]

is a conserved quantity. In particular, one may replace P, given by (2.7), by
a
v—1
in the energy inequality as long as the flow is isentropic.

Q’Y

2.1.2 Dissipative measure—valued solutions

The concept of measure—valued solution to (2.4) was introduced by Gwiazda, Swierczewska-
Gwiazda, and Wiedemann [37] in the framework of Alibert and Bouchitté [2]. There is also a
general framework for a hyperbolic system assuming L*°—a priori bounds by Brenier et al. [4].
Here, we prefer a simpler and more versatile approach proposed in [27]. Although the measure—
valued solutions are generally thought of as the Young measures, with the associated concentration
defect, linked to sequences of approximate/exact solutions, we do not insist on this interpretation
and introduce (DMV) solutions as objects independent of any approximating sequence.

Definition 2.2. Let

F={leml
We say that a parametrized family of probability measures {Vt,x}(t 2)€(0,T)xQ defined on the space
F is a dissipative measure—valued (DMYV) solution of problem (2.2) with the initial conditions

Voo € P(F),
P denoting the set of (Borel) probability measures, if

o> 0, mERN}.

(t,x) = Vy, is weakly-(*) measurable mapping from the physical space (0,7)x into P(F);

t=71 T . 1
o :/0 /Q[m,x,m Orp + (Viasm) - Vo] dxdt+/0 /vag,.duc
(2.8)

[/Q (Viz; 0) ¢ d

for a.a. 7€ (0,7), ¢ € CH([0,T] x Q);

[ /Q (Vigim) - dl“} o

T m ® m ‘
— /O /Q [<Vt,m; m) - Oyp + <Vt,m; Q> Ve + Vi p(0)) dlvxcp] dz dt

V.o du?
‘1“/0/Q Y due

t=1



for a.a. 7€ (0,7), ¢ € CL([0,T] x ; RY), where
pe € M([0,T] x Q; RN), 2, € M([0,T] x Q; RN*N)
are signed vector—valued concentration measures defined on the physical space [0, T] x Q;

e the energy inequality

<0 (2.9)

the dissipation defect - a non—negative L*™ function;

e the dissipation defect dominates the concentration measures ug, p2:
/1 dlpk| +/ 1dj2| <D aa. in (0,7). (2.10)
Q Q
Here and hereafter the symbol A < B means A < ¢B for a generic positive constant c.
Remark 2.3. The precise meaning of (2.10) is

T T
[ [ e sw [ [wedp & [ Dyt
N<1 N)Sl 0 Q 0

HLP”C(QR ||‘P||C(Q;RNX

for any ¢ € C[0,T1], v» > 0. Relation (2.10) can be replaced by a weaker stipulation

/ /1d]ulc\ +/ /1d]u20\ é/ D dt for any 7 € (0,7).
0 Ja 0 Jo 0
Remark 2.4. We tacitly assume that all expressions in (2.8)—(2.9) are at least integrable on the
physical space (0,77) x €.
The key result is the (DMV)-strong uniqueness principle shown in Gwiazda et al. [37]:
Proposition 2.5. Let the initial data {Vo . }.cq be given as
Voo = 000(2),m0(x) Jor a.a. x € §};
where
0" € CH(), m® € C* (G RY), o°(z) >0 for all x € Q.

Suppose that the problem (2.2), (2.1) admits a strong solution o € C*([0,T] x ), m € C*([0,T] x
% RY) defined in [0,T], with the initial data ¢°, m°. Let {Vi2}, 1comyxa be @ (DMV) solution
of the same problem in the sense specified in Definition 2.2, wzth the mztzal data Vo 5.
Then
Vt,m = 5g(t,x),m(t,x) for a.a. (t,ZL’) S (O,T) x €.

8



Remark 2.6. Strictly speaking Proposition 2.5 was proved for the measure—valued solutions in
the sense of Alibert and Bouchitté [2], but the result formulated above directly follows also for the
(DMV) solutions in the sense of Definition 2.2. We refer a reader to [55] for a nice overview on
the weak—strong uniqueness results for the Euler equations.

2.2 Dissipative measure—valued solutions for the complete Euler sys-
tem

Similarly to the preceding section, we may introduce (DMV) solutions for the complete Euler
system

00 + div,(pu) = 0,
1 1
O, (2@IU\2 + oe(o, 19)) + div, [(2@|UI2 + oe(p, 19)) U} + div,(p(o,9)u) =0

supplemented with the periodic boundary conditions, meaning €} can be identified with the flat
torus

Q= ([o, 1]|{0,1})N. (2.12)

Here, the new variable is the absolute temperature 9. The third equation in (2.11) expresses
the conservation of the total energy, where e = e(p, 1) is the specific internal energy. In addition,
we suppose that p and e are interrelated to the specific entropy s = s(p,v) via Gibbs’ equation

1
9Ds = De + PD () . (2.13)
0

Accordingly, if all quantities in (2.11) are smooth, the entropy satisfies a conservation law
Oi(0s) + div,(osu) = 0.

In the context of weak solutions, the entropy equation is replaced by an inequality
0i(0s8) + div,(psu) > 0

that may be seen as a mathematical formulation of the Second law of thermodynamics.

Similarly to the preceding section, the concept of (DMV) solution uses the conservative vari-
ables: the density o, the momentum m = pu, and the total energy £ = %g|u|2 + 0e(0,9). In
addition, we suppose a relation between the pressure and the internal energy,

p=(y—1)oe, with v > 1. (2.14)

Under these circumstances, we have



for a certain function S. Accordingly, the system (2.11) rewrites as

0;0 + div,m = 0,

1 2
o + div, (m@;rn) +(7—1)vx< —2|m| ) —0,

0 (2.15)

: 1m[?\\ m

OE +div, [| E+ (v —1) - = —| =0,
2 0 0
together with the associated entropy inequality
E_ LlmP E_ lmP
0, (QS ((7 - 1)j@)) + div, [S ((’y - 1)jg> m| > 0. (2.16)
0 0

In addition, we may use, formally, the equation of continuity, to replace (2.16) by a more restrictive
stipulation
E— %ﬂ E— %ﬂ
oo (002 s 0

S, =x0°S, x: R— R is an increasing concave function, x <. (2.18)

> 0, (2.17)

where

Inequality (2.17) may be seen as a renormalized variant of (2.16), see also Harten [39] where a
similar entropy renormalization for the polytropic Euler equations with a slightly different condition
on Y was firstly introduced. For the sake of simplicity, we focus on the constitutive equations of a
perfect gas, specifically

9er
p(0,9) = 0V, e(0,9) = ¥, s(0,9) = 10g< . > : (2.19)

where ¢, = ﬁ is the (constant) specific heat at constant volume. Consequently,

1

1 D
7) = log (Z), and entropies 77 — log [ £ 9.90
S(2) po— og (Z), and entropies n = gx (7_1 Og(m)) ( )

for x as in (2.18). We are ready to state the definition of a (DMV) solution for the complete Euler
system (2.15) with (2.12), cf. [12].

Definition 2.7. Let
]::{[Q,m,E] ‘ 0>0, meRN,Ez()}_

10



We say that a parameterized family of probability measures {V}, x} (t,2)€(0,T)x defined on the space
F is a dissipative measure—valued (DMV) solution of problem (2.15), (2.12) with the initial condi-
tions

Vow € 'P(.F)
if

(t,x) — Vp, is weakly-(*) measurable mapping from the physical space (0,7)x into P(F);

t=1

[ oo ds] = [7 [ 10000+ Vs m) - V] dods
for a.a. 7€ (0,T), p € CH[0,T] x Q);

{/ Voz;m) - ¢ dx] o

t=0

—//[vm 8t<p+<vt,z;mfm>.vxcp+( )<Vm _;Inz
+/0 /stcSOZduc

for a.a. 7 € (0,T), ¢ € C*([0,T] x ; RY), where uc is a (vectorial) signed concentration
measure on the physical space [0, 7] x €;

|2

> divxcp] dx dt

e the energy inequality
/ (Vya: B dz < / (Voo: E) dz holds for a.a. 7 € (0,T);
Q Q

the dissipation defect is given by

D(r) =~ | [ (Ve B) da

t=1

= [ 0w B) = (Vi )| da

t=0

t=T1

[ DosioS (em, B ¢ do
Q t=0

> /0 /Q [(Via; 08y (0, m, E)) 9,0 + (Vy2; Sy (0, m, EYm) - V0] dadt

for a.a. 7 € (0,T), ¢ € CY[0,T] x Q), » > 0, and any x defined on R, increasing concave
such that y(Z) < x for all Z;

11



e the dissipation defect dominates the concentration measures pc :

/oT/Q 1d|pc| < e(N,7) /OT/Q {<V07x;E) — <Vt,w?E>] dedt fora.a. € (0,7).

Finally, we formulate an analogue of the (DMV)-strong uniqueness result stated in Proposi-
tion 2.5. To this end, we recall the hypothesis of thermodynamic stability:

Ip(o. V) de(o,7)

>0, > ( for all o, > 0, 2.21
90 59 0 (2.21)
or, in terms of the conservative variables,
_ 1llm?
(o,m, E) — oS ((7 — 1)i9) is a concave upper semi—continuous function on F,
Y

see [13] for details.

Remark 2.8. It follows from [13] that the entropy n = ¢S, with S, as in (2.18) is concave for
any function S satisfying

(v—=1)S"(Z)+~5"(Z2)Z <0 for all Z > 0.
In particular it holds for S in (2.20).
We are ready to state the (DMV)-strong uniqueness result, see [12, Theorem 3.3].

Proposition 2.9. Let the thermodynamic functions p, e, and s satisfy the hypotheses (2.13),
(2.14), (2.21). Suppose that the Euler system (2.11), (2.12) admits a continuously differentiable
solution (9,9,0) in [0,T] x Q emanating from the initial data

>0, 9°>01nQ.
Assume that {Vy.}a)eomxa 95 a (DMV) solution of the system (2.15), (2.12) in the sense spec-
ified in Definition 2.7, such that
Vo,x = 5@0(Z‘)’é[)ﬁ()(x)7%@0(Z‘)|ﬁ0(1‘)|2+§06(§071§0)(x) fO?“ a.a. x € €.

Then
Vt,m = 5@(157:0),@ﬁ(t,x),%@(azﬂﬁ(m)|2+§e(§,1§)(t,x) fOT a.a. (t,x) S (O,T) x €.

Remark 2.10. We would like to point out that the concept of (DMV) solutions introduced in
Definitions 2.2 and 2.7 for the barotropic and the complete Euler system, respectively, requires
minimum conditions that imply the (DMV)-strong uniqueness results. Thus, for the complete
Euler system we need to require that the entropy inequality holds. On the other hand in both
cases we may relax energy equation asking only that the total energy dissipates in time.

12



3 Entropy stable finite volume schemes for conservation
laws

We start with recalling the concept of entropy stable finite volume schemes for a general multidi-
mensional system of hyperbolic conservation laws

0, U + div, f(U) =0, in Qx(0,7) 11
Uu(0,)=U" inQ. (3:1)
Here U, f(U) denote the vectors of conservative variables and the flux function, respectively. The
system (3.1) is usually accompanied with suitable boundary conditions. As agreed above, we will
exclusively use the periodic boundary conditions. Throughout the paper we will confine ourselves
to semi—discrete schemes. Specifically, the time will remain continuous, the discretization applied
to the space variable only. The question of time discretization is more subtle. As is well known the
implicit time discretization gives rise to the entropy production and thus the correct sign in the
entropy inequality. Consequently, the resulting fully implicit scheme will be entropy stable once its
semi—discrete variant was entropy stable. On the other hand, the explicit time discretization which
is a natural choice for hyperbolic conservation laws may actually reduce the (physical) entropy,
and the interplay between the spatial entropy production and temporal entropy dissipation has to
be taken into account in practical applications, see, e.g., [8,43,53].

3.1 Spatial discretization

The relevant domain for the space discretization is Q = Q, € RN, N = 1,2, 3, where 2, := [0, ]V,
¢ > 0, being divided into finite volume cells K, i.e.,

Qh = U K
KeTy

Mesh 7T, is a regular quadrilateral grid. For instance, in two space dimensions, cell K, its center
Sk, and the uniform mesh size h are given by

P o (Tl T Tl Yl Yl
= | Tirlp Tiodg) X | Yig+do Yig-1 ) K = (25,y;) = h 5 h )

and h = Tiply —Ticdy = Yijrd = Yij-1s respectively.
Remark 3.1. Note that the usual relabelling (x1,z3) — (x,y) has been taken into account in
the above example. It is also possible to consider the rectangular cells with h, = ch,, where ¢
is a positive constant and h,, h, are fixed mesh sizes in x— and y—direction, respectively. An
analogous generalization of the three mesh sizes h,, h,, h. is applicable for N = 3 as well. For the

sake of simplicity we keep the mesh size fixed in all space directions.

13



Let X (7y) denote the space of piecewise constant functions defined on mesh 7j,. For g5, € X (T3)
we set gk = gh, - Then it holds that

/ghdx—hN > 9k

KeTy,
Further, we define the projection

= th/Kgb(:E) dz.

Boundary 0K of a cell K is created by faces 0. The face between two neighbouring cells K and
L shall be denoted by 0 = K|L. By £ we denote the set of all faces o of all cells K € T,. The
value of GG, on the face o shall be denoted by G,, and analogously for faces o, s+ of cell K in
+e, direction. Note that e, is the unit basis vector in the s—th space direction, s =1,..., N. For
gn, Gr € X(Ty,) we define the following discrete operators

I, : LYQ) = X(Th), (Iu(¢))k

(hgn) . = P57 (O an) o = H 5 (O n) o= P L= K +hey, J = K — he,

Gas _Gasf
= o5t oSt g —1,...,N.

(0:Gh)x o

Let NV (K') denote the set of all neighbouring cells of the cell K. The discrete Laplace and divergence
operators are defined as follows

N
(A gh Z gL — 9K) Z (A} gh
LeN(K s=1

M2 E\H

(d/i;h gh)K = (8292)[( . (divy, Gr) i i\[: (0;G}) i
s=1

@
Il
—

Furthermore, on a face 0 = K|L € £ we define the jump and mean value operators

e gk +9g
[[gh]]a ::gLn}"f_gKnK) (gh)a = %7 L:K+hesa S:L-"yNa
respectively. Here nj;, ny = nj denote the unit outer normal to K and L, respectively. Note
that in our case the mesh is a regular quadrilateral grid, and thus n¥||e, for some s = 1,..., N.
Finally, we introduce the mean value of g, € X(7,) in a cell K in the direction of e, by

—~\s gL + gi
(gh>K - 2 )

L =K+ he,, J=K — he,.
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3.2 Entropy stable numerical scheme

By Uy(t) € X(Tn)M, M > 1, we denote the solution of a semi-discrete finite volume scheme

d
*UK(t) + (divh Fh(t))K = 0, t> O, K e 771,

dt
Us(0) = (IL(U)),. K €Th

Recall that Uy(t)), = Ug(t) is the value of a finite volume approximation Uy(t) in a cell K. The
numerical flux function F}, quantifies the flux across the interfaces o € €. For 0 = K|L we have
F, =F,(Ug,U,). In what follows we formulate assumptions on admissible numerical fluxes.

Firstly, the numerical flux F}, is assumed to be consistent with the physical flux f in the sense
that Fy(w, w) = f(w) for all w € RM. Moreover, it is assumed to be locally Lipschitz continuous,
i.e., for every compact set D C RM there exists a C' > 0 such that

IFo(t) = £(Ux ()| = [Fa(Uk(t), UL(t)) — (U ®))]| < ClUk (1) = UL@)], o = KL,

(3.2)

whenever Uk(t), UL(t) € D for t € [0,T]. Note that all numerical fluxes discussed below are
consistent and locally Lipschitz continuous.

The discrete entropy inequality plays a crucial role in obtaining stability results for Uj(t). Let
(n,q) be an entropy pair associated with system (3.1), i.e., (n,q) : RM — R x RN such that 7 is
concave and q satisfies for all w € RM the compatibility condition

V@ (W) = Vn(w) Ve fi(w), s=1,...,N.

Scheme (3.2) is then said to be entropy stable if it satisfies the discrete entropy inequality

;tn(UK(t)) - (diva Qu(t) . 20, KT t>0. (3.3)

If, in particular, equality holds in (3.3), we say the scheme (3.2) is entropy conservative. Here
Q) denotes the numerical entropy flux function that is a function of two neighbouring values, i.e.,
Q, = Qn(Ug,Uy) for 0 = K|L. Tt is assumed to be consistent with the differential entropy flux
q, i.e., Qn(w,w) = q(w) for all w € RM. Following the work of Tadmor et al. [33,53], entropy
flux Qy, can be explicitly written in terms of the vector of entropy variables V, the numerical flux
F}, and the potential function ¢ = ¢(U(V)), as

Qo = (Vi)oFo — (¥(Vi))o- (3-4)

We shall omit the dependence on time whenever there is no confusion. Further, we say that
solution Uy(t) of scheme (3.2) satisfies the weak BV (bounded variation) condition if

T
/ S N[O [pY dt =0 as k- 0%, (3.5)
0 see
where A, is the numerical viscosity coefficient that will be introduced in (3.6).
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Remark 3.2. In the literature (mathematical) convex entropy, —n, is often used, see, e.g., [33,53].

Here we prefer to work with (physical) entropy that is a concave function on its effective domain,
cf. Remark 2.8.

Remark 3.3. For the complete Euler system (2.15) the vector of entropy variables is given in
terms of conservative variables U by

E+ 2 ((v—1)2E0 — 7 —1)
"(S(U -1 x'(5(U))

V :=Vyn(U) = X(p()) —m

0
- 1 |/mf? :
Substituting for pressure p = (y — 1) - = we obtain

%
_ 1\yxs@) 1|mp? _nyxs@)y .
X(S(U)) E((r =035 —v) - 35 (- 103G - - 1)

- 1 m[? —m

(7 - 1) (E 2 o ) 0

The potential function for the complete Euler system reads ¢(U(V)) = —x/(S(U))m. For the
barotropic Euler system the corresponding entropy variables and the entropy potential are given
by

4yl |m[?
V=| " o 2 |, ¢UV)) =y 'm
0

The specific form of V, as well as the flux function used in the discretization of the complete
Euler system discussed below, immediately reveals a peculiar difficulty connected with the devel-
opment of the vacuum state o = 0 in finite time. Indeed the fluxes are not correctly defined as
soon as ¢ = 0, while the corresponding Lipschitz constant may blow up for 0 — 0. We discuss this
problem in Section 4 below.

3.2.1 Examples of entropy stable numerical schemes

e Rusanov / Lax-Friedrichs schemes
Following [53] the Rusanov scheme with the following numerical flux is entropy stable.

Fa = (f(Uh))U - da[[Uh]]aa

1
where d, = 5 ,ax (|)\ (Uk)|, IA*(UL)]), o = K|L and A* is the s—th eigenvalue of the

7777 1

corresponding Jacobian matrix f'(Uy). In the case that d, = 5 Jnax max IA°(Ugk)| we
s=1,..., €Ty

obtain the Lax—Friedrichs scheme that is entropy stable, too.
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e entropy stable Roe scheme
The following entropy stable version of the Roe scheme has been proposed in [53]

F, = (f(Uh))a - DU[[Uh]]a-

Denoting A, the Roe matrix, that satisfies [F], = A,[U4],, we define the viscosity matrix
D, = d(A,) with the function d(X”) = max(|]X’|, kC,[U],). Here k > 0 is the upper bound

of de’{SE) and C, is chosen such that msin()\S(Qg)) > Cy|[Vi]s], Qo is the viscosity matrix

with respect to the entropy variables V,, see [53, Theorem 5.3, Example 5.8].

e Lax—Wendroff scheme
In [35] the entropy stable Lax—Wendroff scheme has been presented. The numerical flux
reads 5
Fo:=F, — do‘[[vh]]ovil[[vh]]ov

where ]?‘Q is a r—th order entropy conservative numerical flux, see [53], d, is a positive

number. In [32] it has been shown that this scheme is formally r—th order accurate, entropy
2

stable and under the assumptions that % d’{ﬁ?’ > 1 > 0 (for convex mathematical entropy)

and d, > ¢ > 0 the scheme satisfies the weak BV estimates (3.5) with A\, = 1.

e TeCNO scheme
In [34] essential non—oscillatory entropy stable (TeCNO) schemes for system of conservation
laws have been introduced. The numerical flux has the form

- 1
F, =F — §D0(VZ - V5,
where F; is a r—th order entropy conservative numerical flux as above, D, is a positive
definite matrix and V, Vj are the cell interface values of a r—th order accurate ENO
reconstruction. The scheme is formally r—th order accurate, entropy stable and satisfies

weak BV estimates (3.5) under the above mentioned assumptions on d%g), see [34,35].

3.3 Numerical schemes for the barotropic Euler system

Our aim is to prove the convergence of some entropy stable finite volume schemes for the mul-
tidimensional Euler equations. More precisely, we show that a sequence of numerical solutions
generates a Young measure that represents a dissipative measure-valued solution. To illustrate
the ideas we will consider scheme (3.2) with a Lax—Friedrichs—type numerical flux F;, whose value
on a face o = K|L is given by

F, == (F(U1))s — A [U .. (3.6)

Here the global diffusion coefficient is A, = A := max, 1max IA*(Uk)|, while the local diffusion
s=1,..., h

coefficient is A\, := max max(|]A°(Ugk)[, |A\*(UpL)|). As already mentioned above A* is the s—th

=1,...,
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eigenvalue of the corresponding Jacobian matrix f'(Uj). Finite volume scheme with the local
diffusion coefficient is in the literature also called the Rusanov scheme.

Substituting U = [o,m]” and f(U) = [m, ™2™ + pl|", p = ag”, into (3.6) we derive the
semi—discrete finite volume scheme for the barotropic Euler system:

thK(t)-l— (dT;hmh ) - Z Aolon(t)]o(nk - e5) =0, (3.7a)
o€OK
d — (my(t) ®mh(t)
&m;{( )+ <d1vh ( D) + pr(t) ))K a;:K)\ omn ()], (g -e,) =0, t >0, K € Ty.
(3.7b)

Note that (n}; - e,) determines whether the jump belongs to in— or outgoing fluxes. For the global
numerical diffusion coefficient (3.6) gives

igK( t) + (div, mh(t)) — M (A on()) e =0, (3.8a)
me ) + ( ( ®t;“h(t) +ph(t)ﬂ>>K — M (Apmy () =0, t >0 K €T (3.8b)
(

Recall that p(t) = p(on(t)) = ao)(t), v > 1,a > 0, cf. (2.3). The initial conditions for the schemes
(3.7) and (3.8) are prescribed as follows

(0x(0), mg (0))" = (") i, (Mhm®) )", K € Ty

3.4 Numerical schemes for the complete Euler system

Analogously as above, we insert the corresponding vector of conservative variables U = [p, m, E]T

; m®m m T m|2y . .-
and the flux function f(U) = {m, % +plL, (E + p)] ,D= (7—1)(E—%%), into the definition

of the Lax—Friedrichs-type numerical flux (3.6) to obtain the finite volume scheme

d T
ag;{( )+ (dlvh my,(t ) - — Z Molon(t)]o(nf - €) =0, (3.9a)
UGBK
d — t
S mg(t) + (divh (mh( ) ® ma(t) +ph(t)ﬂ>> = 3 Alma(®)]s (- e,) = 0. (3.9b)
dt on(t) x Dok
d — t
7EK( ) (dth <mh( )(Eh(t) —l—ph(t)))) - = Z )\ [[Eh IlK e ) = 0, t > O, K e 77L
dt on(t) x  Poeax
(3.9¢)
The global numerical viscosity coefficient yields analogously as above
d —
ot + (divamn(t)) = A (Ay on(t) =0, (3.10a)
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Do) + (d’i?h (mh(t) @malt) ph(t)]l>>K S (Apma(t)), = 0, (3.10b)

dt Qh(t)
thK(t) + (d’i?h (r;hh(%) (En(t) + ph(t))>>K M (AR Er(®) =0, t>0, K €T, (3.10¢)

Recall that pp,(t) = (y—1) (Eh(t) — %%) . Finite volume schemes (3.9) and (3.10) are equipped
with the initial conditions

(0x(0), mg (0), Exc(0))" = (I10") i, (Mpm®) o, (L E°) )", K € T

Note that all finite volume schemes for the Euler systems defined above require the positivity
of on(t), t > 0.

4 Positivity of the discrete density and pressure

As observed above, positivity of the discrete density is necessary for the scheme to be properly
defined. Starting from a positive initial density o0,(0) > 0, the semi-discrete scheme admits the
unique solution defined on a maximal time interval [0, Tinax), Tmax > 0. In general, T),,x may
even depend on h and shrink to zero for A — 0. In order to avoid this difficulty, suitable a prior:
bounds that would guarantee gy (t) being bounded below away from zero must be established.
This problem has been treated for the relevant fully discrete schemes by, e.g., Perthame and
Shu [48]. Note that these results are always conditioned by a kind of CFL stability condition or
other relevant restrictions. Seen from this perspective, the existence of an unconditional result
for the semi—discrete scheme seems to be out of reach both at the discrete level and for the limit
Euler system. To eliminate this problem, we shall therefore impose positivity of o, as our principal
working hypothesis:

on(t) > 0 > 0 uniformly for ¢t € [0,7], h =0 (4.1)

for a positive constant o.

Positivity of the density at the discrete level, meaning with the lower bound 0, depending on
the discretization parameter h, can be achieved by adding lower order “damping” terms to the
right—hand side of the momentum equation (3.9b) and the energy equation (3.9¢), namely,

my(t) [

on(t)

e g e
on(t)

Indeed adding these terms would:

e leave the entropy balance in the same form;
e produce a uniform upper—bound on the discrete velocity

mh(t)

Ok specifically uy, € L*(0,T; L=(Q; RY)), (4.2)
Oh

uh(t)
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resulting from boundedness of the discrete total energy Ej,(t).

In the next section we show how the positivity of the discrete density can be obtained under
the hypothesis (4.2).

4.1 Conditional positivity of the discrete density

In this section, we show the positivity of the discrete density under the extra hypothesis on the
approximate velocity,
wp = 20 o p20 1 pe ). (4.3)
on(t)
We restrict ourselves to the case of constant numerical viscosities. Thus the first two equations of
the numerical scheme for the Euler system read,

Cing(t) -+ (dfl;f/h (gh(t)uh(t))>K — M\h (Ah Qh(t)>K = 0, (44&)
i(QK(t)UK(t)) + (dive (on()(wa(t) @ wa(t)) + pa(DL)) - = Mo (A (oa(t)un(t))c = 0, (4.4D)
equipped with the relevant initial conditions.

Lemma 4.1. Let 0,(0) > 0, and let a couple (ox(t),un(t)), t > 0, satisfy the discrete continuity
equation (4.4a), where uy belongs to the class (4.3).
Then

ok(t) >0, >0, tel0,T], K€T,.

Proof. Let ok (t) be such that o (t) < or(t) for all L € T,. Equation (4.4a) can be rewritten as

) = = X (3o @0 - o ()~ S (100 (g (@)~ ). 49

s=1 s=1

By the definition of A and the minimality of gk (¢) we can conclude that
~ (BRen),, i = 2 (00t 01)  + (3 e0) ] G
2 _;\ K@ff@h)K B (ai_gh)K] - _)\Qh

s h2 Y] Ah h s s h s s
— (A} on)g o (ahuh)K — A+ - ) = =2 (A% on) g (uf, = A) + 7 (A o) (u) +A) =0,

(AZ Qh)K )

2 4 4

and, consequently, equation (4.5) becomes

d —
EQK(t) > —0K (leh uh)K~
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As uy, satisfies (4.3), we easily deduce a bound on the discrete divergence,

(divaun) € L°(0,T; L(Q)).
Thus the Gronwall inequality together with the assumption gx(0) > 0, K € T, finally yields for
all L € T, that or(t) > ok (t) >0, t € [0, 7). O

Under the hypothesis (4.3), setting m;, = gpu; and comparing (4.4a) with (3.8a) or (3.10a),
we realize that both formulations are equivalent. Analogous results hold for the schemes (3.7) and
(3.9) with the local Lax—Friedrichs flux for both Euler systems, respectively.

4.2 Positivity of the discrete pressure

Recall the entropy 7(U,) = 0,5, (Uy) is a concave function as mentioned in Remark 3.2. The
discrete entropy inequality (3.3) holds, cf. [39], and may be used similarly to [54] for showing the
minimal entropy principle. In particular, the relation between the initial density and temperature
is time invariant and gives rise to the positivity of pressure.

Lemma 4.2. Let the initial density and temperature for the complete Fuler system satisfy

0 < 0k (0) < CWx(ONYOY T >0, foral K eT, (4.6)

(v—1) 1 !mK(0)|2>
where Vi (0) = Ex(0) — —————.
Then, for all K € Ty, it holds that

0 < ox(t) < CWk)YO Y, telo,T], (4.7)
where Vg (t) = m <EK(t) — yiigg) . In particular, p(t) = ok (t)Vk(t) > 0, t € [0,T].

Proof. Recall that the renormalized entropy in our case, cf. (2.18) - (2.20), can be rewritten as

s (52 )

Following [12] we now take a function x satisfying (2.18) to be such that

<0, z< 2z

Va0 o { S0 IEE L a—-maso) (1)

Under the assumption (4.6) it holds that

(v - 1) CLmeOP ) (@) VO
bg(@K(ow (EK(O) 2 0k (0) >>_1g< 0 (0) >2 v
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which combined with (4.8) implies n(Uk(0)) = 0. Thus, the sum of the discrete entropy inequality
(3.3) integrated in time yields

ZT n(Uk(t)) = ZT n(Uk(0)) =0, te]0,T]. (4.9)

From inequality (4.9) it directly follows that

> ox(t)x (10g (g{&;j (EK(t) - ;W))) = 2 ox(t)x (log <W>> > 0.

KeTy KeTy

Consequently, employing (4.8) and the positivity of gk (t), we get that

log <(7_ D (EK(t) 1|mK<t>|Q>> = log <W> >z, te€0,T],

ox ()7 2 ok(?) ox (t)

which concludes the proof. O

Lemma 4.3. Let Uy, = [gp, my,, Ep| be a solution of the complete Euler system constructed via the
numerical schemes (3.9) or (3.10). In addition, suppose that

0 < o0 < on(t), Ex(t) < E uniformly for h — 0, ¢t € [0,T]

for some constants o, E.
Then there exist constants o, U, U, p, P, M such that

on(t) <o, lmy(t)| <m, 0<d<Ou(t) <9, 0<p<pu(t) <p uniformly for h — 0, t €0, T].

(4.10)
Proof. Since we already know that the pressure py, is positive, we have
1 |my)? —
0<ph=(7—1)< "5 o )SE,
which yields the existence of p satisfying (4.10). From Lemma 4.2 we also have
0 < op < C(0,)Y07Y.
Therefore,
0<o" <o < O oty =0 ' < CTE,
which gives the existence of g, p, ¥, . Finally,
Imy|* < 20,5, < 20F.
O
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5 Stability of numerical schemes

We show the stability of the numerical schemes defined in Section 3 by deriving a priori estimates.

5.1 A priori estimates for the barotropic Euler system

Firstly, we sum up the continuity equation (3.8a) (or (3.7a)) multiplied by k" for all K € T}, and
integrate in time to get

/Qgh(t) dz :/QQh(O) dz.

The positivity of gp(t) then indicates g, € L®(0,T; L*(€2)). Further we know that our entropy
stable finite volume scheme (3.8) directly yields the discrete entropy inequality. It is important to
point out that for barotropic flow the energy plays the role of the entropy (with a negative sign).
Denoting

1 mg|?

W(UK) = 9 0K

+ P(ok) (5.1)

we obtain for the entropy stable finite volume schemes the discrete energy inequality

in(UK(t)) + (divy, Qu(t))r <0, K € T (5-2)

Since the numerical entropy flux given by (3.4) is conservative, i.e., » (div, Q) = 0, the
KeT,
integral of (5.2) yields

/Qn<Uh(t)) dr < /QU(Uh(O)) dx.

Similarly as above, the latter inequality gives rise to n(Uy) € L°°(0,T; L'(Q)). Noting also (2.3)
and (2.7), we conclude the a priori estimates for the barotropic Euler equations:

on € L¥(0,T;L7(Q)), v > 1,  pn € L®(0,T; L)),
2
v/ opuy € LOO(O,T; L2<Q)), and m; = gpuy € LOO(O,T; LT(Q», r = 1_:/7 > 1.

(5.3)

5.2 A priori estimates for the complete Euler system

We sum up equation of continuity (3.10a) (or (3.9a)) and energy equation (3.10c) (or (3.9¢))
multiplied by 2" over K € T;,. Due to the periodic boundary conditions we get

AMUMzLM@M,A&@M:AE@Mm (5.4)
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In Section 4 we have shown that op(t), pn(t) > 0, and thus also E,(t) > 0 for ¢t € [0,7]. The
conservation of mass and energy (5.4) combined with (4.7) imply the a priori estimates for the
complete Euler system. Namely,

on € L=(0,T; L7(Q)), v > 1, pn € L*(0, T; LY(Q)), By € L*(0,T;L1(Q))

2
Vo, € L2(0,75 L%(Q), and my, = opw, € L2(0,T; L7(Q)), 7 = ?7 > L.
fy

(5.5)

6 Consistency

In this section our aim is to show consistency of the entropy stable finite volume schemes (3.7),
(3.8) and (3.9), (3.10). We derive suitable formulations of the continuity and momentum equations
that are the same for the barotropic and the complete Euler systems. In addition, for the complete
Euler system, we also show consistency of the entropy inequality.

6.1 Consistency formulation of continuity and momentum equations

Let us multiply the continuity equations (3.7a) or (3.8a) (for the barotropic Euler) and (3.9a) or
(3.10a) (for the complete Euler) by A (II,p(t)),, with ¢ € C3([0,7] x ), and the momentum
equations (3.7b) or (3.8b) (for the barotropic Euler) and (3.9b) or (3.10b) (for the complete Euler)
by AN (ITp(t)) x, with ¢ € C3([0,T] x Q; RY). We sum the resulting equations over K € 7j, and
integrate in time. The a priori estimates (5.3) or (5.5) for both the barotropic and the complete
Euler systems combined with some boundedness assumptions specified below shall allow us to
show the consistency.

Time derivative
Integration by parts with respect to time leads to

S o [ otostn e

KeTy,

= [ [ oyt ) ar [ [ etttz avar

in the continuity equations, and similarly to

hN/ S5 mp(t) - (Mp(t) c dt = [/th(T)-Lp(T,x) dxlzj—/f [ mi(t) - drplt,a) deadt

KeTy

in the momentum equations.
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Convective terms

To treat the convective terms in the continuity equations we use the discrete integration by parts
and the Taylor expansion to get

BN /0 S d1vhmht) (Thep(t)) . dt

KeTy

[y ZmK t) (/K w(t’x+hes)2_]1‘p(t’x — he,) dx) dt

0 KeTy, s=1

:—/ /mh -Vep(t,x) dedt + 1,

where term r; is estimated as follows

4 0% \"
[ oo 1y, Where S0:=< ¢> : (6.1)
1

o
da? 0z;0x;

dz?

Tlﬁh‘

c(0,7)

Point & appears in the remainder of the Taylor expansion and lies either between the points x + he,
and z or the points x and z — he,.

We proceed analogously with the convective term in the momentum equations, i.e.,

hN/O KeTh( (mh(t) @ ma(t) +ph(t)]I>>K(tha(t))Kdt

on(t)
_ [ Y yYy (mh il ) (/ Uk hes);h"oz(t’x = hes) dx) dt

0 KeTy s=12=1

:_/ / (mh ®mh(t) +ph(t)ﬂ> Vet z) dedt + 1,

where term 7o is bounded by

r2§h’ dx2

{ H\/ on(t)up(t H i) + lpa (D] oo (11 }

Numerical diffusion

Diffusive terms of the numerical schemes (3.7), (3.8) and (3.9), (3.10) will be computed separately
for the global and the local numerical diffusion coefficients A and \,, respectively.
For the global numerical diffusion coefficient we can write

N /T A S (AL UL (Mp(t)) g dt
0 KkeT,
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_hN+1/O A Ukt (/ Z p(z + hey) — 2g2(2:c)+go(x—hes)dx)dt

KeTy,
- hN/O )\/QU;L(t)Axcp(t,:c) dz dt + 7.

Similarly as in (6.1) the remainders of the Taylor expansions result in term 73 that is bounded by

e

r3 /SJ h dxg

T
[Oall gy [ At

c(0,7)

Moreover, the term stemming from the numerical diffusion is of order O(h). Indeed, we have

h/ )\/Uh Avp(t, ) dadt < BT || Avpl| [[Unll o Ll/ Adt.

Assuming a finite speed of waves propagation, i.e.,
there exists A > 0 such that A <\,

the latter term goes to 0 as h — 0.

For the local numerical diffusion coefficient we are able to prove consistency of the numerical
diffusion term without the assumption on the finite speed of propagation. Indeed, considering the
diffusion terms we obtain

PN / S Y MU (0 - ey) (Mp(t)) . (6.2)

KeTy 00K

The terms belonging to an arbitrary but fixed face o = K|L are

h/ </\ [U(t ]]/ £)de — A [Un(t ]]/ >t (6.3)

Let us now consider an arbitrary but fixed point ¥ € o; w.lo.g. let & = (Z,,2'), 2/ € RV L,
s =1,...,N. The Taylor expansion for x = (z4,2') € K with respect to (T, z') gives

o(z5,2') = p(is, a') — EDsp(is, ") + O(h?),

where £ € (0, h). Analogously, we have for x = (Z4,2') € L

P(xs,7") = p(Ts,2") + £0sp(Ts, ') + O(R?).

Substituting the above Taylor expansions in (6.3) we directly see that the terms multiplied by
p(Zs,2") vanish. The resulting terms give

T 1 h o, 1 h ~
‘ [ =320 [ [ €000 )dgdSe + 00U, [ [ ~€0up(5.,0')d6AS, dt
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<2 [ holvil, [ [ co.p(@, acas, |
< pV / Y
0

The last convergence follows from the weak BV property (3.5) and implies the consistency of the
numerical diffusion term (6.2).

[[Uh]]a

dt ||¢||Cl([O7T]XQ) — 0 for h — 0.

Remark 6.1 (weak BV (3.5) holds for the finite volume schemes (3.7), (3.9)).

In what follows we show that the finite volume schemes (3.7) and (3.9) with the local numerical
diffusion satisfy the weak BV estimate (3.5). To unify the argumentation we set in this remark
n := —oS8, for the complete Euler equations in order to work with the convex entropy for both the
barotropic and complete Euler systems. Let us assume that

e 10 vacuum appears, i.e.
Jo>0:04(t) > 0 (6.4)

e entropy Hessian is strictly positive definite, i.e.

d*n(U
EIQ>0: n(U)

>nl,  Tis a unit matrix. (6.5)

The entropy residual r, arising in the discrete entropy inequality, that is obtained by multiplying
the conservation law (3.1) by Vyn(U), reads, see, e.g., [32,53],

Te = _50 [[U]]U [[V]]U'

Here 6, > A,/2 > 0. For the Euler equations it holds that A\, = max(|ux| + ¢k, |ur| + ),
o = K|L. Furthermore, we have for the barotropic and the complete Euler equations ¢ = /07!
and ¢ = \/7p/ o, respectively.

It follows from the construction of the entropy stable schemes that the entropy residual is
negative, see [32,52,53]. Consequently, integrating the discrete entropy inequality over {2 and over
time interval (0,7T) yields

/Qn(Uh(T)) dzr — /OT SNy, dt < /QT](Uh(O)) dz < const.

oe&

Furthermore, it holds that n(Uy(t)) > 7, t € (0,7). Indeed, for the barotropic Euler system
this bound holds due to (6.4) and thus (6.6) follows. For the complete Euler system it holds for
any 17 = —pS, since x is bounded from above and (6.4) holds. Thus, passing to the limit with
X(Z) — Z in the entropy inequality we obtain

T
—/ S hVr, dt =0 for h— 0. (6.6)
0

el
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Assumption (6.5) and the mean value theorem imply

A

and thus
ﬂ[[Uh]]U S [[Vh]]a-
Consequently, we have
T T
LS WU de < [ 5 WY, [UL [V, o, (6.7)
2Jo Iz 0 see

where the last term tends to 0 for h — 0 according to (6.6). It remains to show that the weak BV
estimate (3.5) holds. Indeed,

/OT > VAU, | dt < (/OT ST hVA, dt) v (/OT > RV |ULL 2 dt) " . (6.8)

ce€ ce€ o€l

The second term on the right-hand side of (6.8) tends to 0 due to (6.7) and (6.6). To show the
boundedness of the first term we apply the discrete trace inequality, cf., e.g., [28], that holds for
arbitrary piecewise constant function fj,,

fnlloom) < BTN falliy, 1 <p < oo
Thus,

/T 3 hN)\Udtgh/T S [ Adsdt
0 0

o€€in KeT;, 0edK ’°
T 1
N h/ Z */ AUg)|dzdt < const., AUg) = |ug|+ ck.
0 ger h/K

The last inequality follows from the assumption (6.4) and from a priori estimates (5.3) and (5.5)
for the barotropic and the complete Euler equations, respectively. In conclusion, the weak BV
estimate (3.5) holds for the finite volume schemes (3.7) and (3.9) provided there is no vacuum and
the entropy Hessian is strictly positive definite for barotropic and strictly negative definite for the
complete Euler equations, respectively.

6.2 Consistency formulation of the entropy inequality for the complete
Euler system

For the complete Euler system we shall also derive a suitable consistency formulation of the discrete
entropy inequality (3.3) for

1 Ey — 1 jmaf?
n(Un) = onx (fy — log (('y - 1)Q%Qh)> : (6.9)
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Due to a priori estimates (5.5), Lemma 4.2 and assumptions (2.18) on x we know that n(U) €
L>(0,7; L7(92)). By the same token we know that

(Up) =m lo (_DW € L*>(0,T;L"(2)) . (6.10)
q\Ys) = mpXx Y1 g\ ol s ,7’—7+1. .

In what follows we assume that the numerical entropy flux Qj, is globally Lipschitz-continuous, i.e.,
there exists a C, > 0 such that for any o = K|L it holds that

1Qs (1) —a(Uk ()]l = [Qu(Ux(2), UL(t)) —a(Ux @)l < Co[Ux(t) = UL, L=K Jr(ébf;)

To derive the consistency formulation of the discrete renormalized entropy inequality we multiple
(3.3) by RN (Ine(t)) g, for any o € C*([0,T] x Q), ¢ > 0, and integrate in time to get:

Time derivative:

WY [0S0 S Uk(e) (apl)

KeTh

- [/Q (U (7))p(r, ) da :Z — /OT/Qn(UK(t))atgp(@g;) dz dt.

Convective term: discrete integration by parts yields

WY [ (i Qult) e (Mp(t)) c

KeTy

= [T Y @30 (35 (hptn)), i =

s=1o0€f

= Y S Qo) — ¢ (Uk(e) (35 (Tp(t))) dt —

s=1o0€f

T
[ [ a(Uk(t) - Vegplt,a) drd + R
0
where the last two terms with

RSh ||V:c90<j>||c(0,T) Hq(Uh)HLOO(LT)

appeared as a result of the identity

A CAE0)) R IR AL R ULZP PR T s a2

dz.
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What remains is to show that

—hN/ ZZ Qo (t) — ¢ (Ux(®)) (85" (Mup(t)))  dt =0 as h 0.

s=1o€e€

Due to the global Lipschitz continuity of Qy, cf. (6.11), we get the following inequality

SCLhN/O K; MUK( — ULt HZ\(@% rp(t) ]

Lol 2 1/2
<0, (hN/ K;T |Ux) UL(t)szt) (/ /Z OB dﬁgf) dxdt)
1/2 2 s/~
<O (/ ngUh )| hth) {HVMHOOJrh‘d(ﬁ(f) ) }
’ o (6.12)

To show that the first term in (6.12) goes to zero, we follow analogous arguments as in
Remark 6.1. We assume strict positivity of the density (6.4). Furthermore, for the physical
entropy we assume its uniform concavity, i.e. strict positive definiteness of the Hessian for
the mathematical entropy, cf. (6.5). Applying Lemma 4.2 we obtain from the control of the
entropy residual r, that there exists A > 0, such that

M/ > MO0 dt</ > N8 [UL][Va(t)], dt — 0.

o€l el

Finally, we have shown

- hN/ Z S (Qalt) — ¢*(Uxc(t))) (05F (Mg (£)))  dt = 0 s b — 0.

s=1o€&

6.3 Summary of consistency results

Let us summarize the consistency results derived above.
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Consistency formulation for the barotropic Euler system

The consistency formulation of the numerical schemes (3.7) and (3.8) for the barotropic Euler
equations reads

T
- Qh T = QthSO mp - Vg @ dr
) d O+ V. dzdt + O(h)
for any o € C*([0,T) x Q);

_/th(o).cp(o,.) dx—/ /mh 8, da di+

+/ /(mh@mh+phﬂ>-vx¢dxdt+(’)(h)

for any ¢ € C3([0,T) x Q; R™);
t=1 1 2
<0, foraa. 0<7<T with n(U,) == [
t=0 2 op

(6.13)

[ (V) do - Plow)

Lemma 6.2. Let us assume that
(A1) no vacuum appears, i.e., there exists o > 0, such that on(t) > o, cf. (4.1)
(A2) if 1 <~ < 3 then there exists o > 0, such that o5(t) < 0.

Then the local Lax—Friedrichs scheme (3.7) is consistent with the barotropic Euler equations (2.2)
and the consistency formulation (6.13) holds. If we assume that

(A1) no vacuum appears, i.e., there exists o > 0, such that on(t) > o, cf. (4.1)

(A3) finite speed of propagation holds, i.e., there exists X > 0, such that A\(Uy(t)) < X\ uniformly
fort €[0,T] and h — 0,

then the global Laz—Friedrichs scheme (3.8) is consistent with the barotropic Euler equations (2.2)
and the consistency formulation (6.13) holds.

Proof. The only point to verify is to show that (A1) and (A2) imply strict positive definiteness of
the entropy Hessian. Indeed, we have for the barotropic Euler systems that

m2 m
dn(U) _ ( aye 2+ B I )

dU? _lml| L

5 =

4 e

Direct calculation yields the determinant and the trace of the entropy Hessian, i.e. det = ayo?™®
2

and tr = ayo' " ? + [m 3|

%

positive if (A1) holds, for 1 < v < 3 we need to require (A1) and (A2). O

+ —, respectively. Consequently, for v > 3 the Hessian is uniformly strictly
0
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Consistency formulation for the complete Euler system

The consistency formulation of the numerical schemes (3.9) and (3.10) for the complete Euler
equations reads

- /Q 0n(0)(0, ) dz = /0 ' /Q on()0rp(t, @) + my(t) - Vo o(t, x) dzdt + O(h)
for any ¢ € C*([0,T) x Q);
_/th(()).so dgg—/ /mh ) - O p(t,z) dedt+

+/ / (mh ) @ m(t) +ph(t)]1> -V (t,z) dzdt + O(h)
for any ¢ € C’f([O,T) x Q; RM);

t=1
[/ Ey(t) dx} =0, foraa. 0<7<T;
Q

/Q(Uh(O dx>// (Un(1)) - 8y o(t, ) + an(t) - Va ot 2) dz dt + O(h),

with n(Uy) = onx <10g <(7Q_h 1) <Eh _ ;|rr;:|2>>>

for any ¢ € C2([0,T) x Q), ¢ > 0, and any increasing concave y defined on R, x(Z) < X for all Z.

(6.14)
Lemma 6.3. Let us assume that
(A1) no vacuum appears, i.e., there exists o > 0, such that on(t) > o, cf. (4.1)
o . o . d*n(U)
(A2) entropy Hessian is strictly negative definite, i.e., there exists ) > 0, such that < -l

agz — =
(A3) numerical entropy flux Qy, is globally Lipschitz continuous, cf. (6.11).

Then the local Laz—Friedrichs scheme (3.9) is consistent with the complete Euler system (2.15)
and the consistency formulation (6.14) holds. If we assume that

(A1) no vacuum appears, i.e., there exists o > 0, such that on(t) > o, cf. (4.1)

d*n(U)
d

(A2) entropy Hessian is strictly negative definite, i.e., there exists n > 0, such that SE < -—nl

(A3) numerical entropy flux Qy, is globally Lipschitz continuous, cf. (6.11)

(A4) finite speed of propagation holds, i.e., there exists X > 0 such that A(Uy(t)) < X uniformly
fort € [0,T] and h — 0,
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then the global Lax—Friedrichs scheme (3.10) is consistent with the complete Euler system (2.15)
and the consistency formulation (6.14) holds.

Recalling Lemmas 4.3, 6.2 and 6.3 we derive the following results.

Corollary 6.4. Let U, = [gn, my] be a numerical solution of the barotropic Euler system con-
structed by the global Laxz—Friedrichs scheme (3.8). Suppose that there exist positive constants o,
o0, m > 0 such that

0< o< on <0, my| <m, uniformly for h — 0.

Then the assumptions (A1), (A3) of Lemma 6.2 are satisfied.

Let Uy, = [on, my] be a numerical solution of the local Laz—Friedrichs scheme (3.7). For vy > 3 we
suppose that there exists constant o, such that

0 < o < o, wuniformly for h — 0,
Jor 1 <~ <3 we suppose that there exist constants g, 0, such that
0<o<o,<70, wuniformly for h — 0.

Then the assumptions (A1), (A2) of Lemma 6.2 are satisfied. Consequently, the global and the
local Lax—Friedrichs schemes for the barotropic Fuler equations satisfy the consistency formulation

(6.13).
Corollary 6.5. Let Uy, = [o, my,, Ey] be a numerical solution of the complete Euler system con-
structed by the schemes (3.9) or (3.10). Suppose that there exist constants o, E > 0 such that

0 < on, En <E, uniformly for h — 0.

Then the assumptions (A1) — (A4) of Lemma 6.3 are satisfied. In particular, the global and the
local Laz—Friedrichs schemes for the complete Euler equations satisfy the consistency formulation
(6.14).

7 Limit process

N
Recall that for simplicity we assume that the computational domain is the flat torus €2 = g)[(), 1] |{0,1}) ,
N = 1,2,3, meaning we focus on spatially periodic solutions. In addition, we prescribe regular
initial data,

" e ClQ), ¢ >0, m* =CHQRY), E°c CH(Q), p° = (v - 1) (EO -5

Under the perfect gas state equation, the last condition gives rise to the initial temperature,

o_ =1 (E _ 1|m°|2>‘

0° 2 0
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7.1 Generating measure—valued solutions
7.1.1 Equation of continuity, weak limit

Let {on, mp, Ep,}n>o be a family of numerical solutions computed by our finite volume schemes.
The energy estimates (5.3) and (5.5) can be used to deduce, at least for suitable subsequences,

on — 0 weakly-(*) in L*(0,7T; L7(Q2)), 0 > 0,

2
m;, — m weakly-(*) in L>(0,T; L"(Q; RY)), r = S

= > 1,
v+1

for both the barotropic and the complete Euler systems. In addition, it may be deduced from
(6.13) or (6.14) that the limit functions satisfy the equation of continuity in the form

T
—/QQOQD(O,') dx:/o /Q[Qﬁtgo+m-vx<p] dz dt (7.2)
for any test function ¢ € C1([0,T) x ). Clearly,
o€ Oweak([07 T], Q)

and (7.2) can be rewritten in the form

t=r1 T
[eettyde| = [ [ fodo+ m- Vo] dode (7.3)
Q =0 Jo Jo
for any 0 < 7 < T and any ¢ € C*([0,T] x Q).

7.1.2 Young measure generated by numerical solutions

The entropy inequality (3.3) along with the consistency formulations (6.13) and (6.14) provide
a suitable platform for the use of the theory of dissipative measure—valued solutions developed
in [27]. Consider a family of numerical solutions { s, mp},, (barotropic Euler) or {05, my, Ex}
(complete Euler). In accordance with the weak convergence statement derived in the preceding
part and boundedness of the total energy established in (5.4), these families generate a Young
measure - a parametrized measure

Vie € L((0,T) x Q; P(F)) for a.a. (t,z) € (0,T) x Q,
sitting on the phase space F, where the latter is
F = {[o,m] € [0,00) x RV}

for the barotropic Euler system, and
F={lom. B} | 10,00) x B x [0,00)
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for the complete Euler system. Recall that, in accordance with the fundamental theorem of the
theory of Young measures (see, e.g., Ball [3] or Pedregal [47]), we have

<Vt,za g<U>>

whenever g € C.(F), and

g(U)(t, z) for a.a. (t,x) € (0,T) x Q,

9(Uy) — ¢(U) weakly in L'((0,T) x Q).

7.1.3 Continuity equation

Accordingly, the equation of continuity (7.3) can be written as

t=1 T
[ | Wiaiorelt.) dx} = | [ [Viai0) i+ (Vioim) - V] drd (7.4)
Note that there is no concentration measure in (7.4), i.e., u& = 0.

7.1.4 Momentum equation

We apply a similar treatment to the momentum equation (3.8b) and (3.10b). Using a priori bounds
(5.3) and (5.5) we obtain that

My ® My is bounded in L>(0, T; L*(Q; RV*MY),
On

and
pn is bounded in L>°(0,T; L'(2)).

Recall that the pressure is defined as

ap; in the barotropic case,

Pn

(v—1) (Eh — %%) for the complete system.

Thus, passing to subsequences as the case may be, we deduce

Mp O g, DO T weakly-(¥) in L(0, T: M(: RVNY).
Ohn Oh
We set
p = RO <vt,x; m‘i’f“ +pﬂ> € L(0, T; M(; RY<Y)),

which is the concentration measure appearing in the limit momentum equation.
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Letting h — 0 in (3.8b) and (3.10b) we conclude

[ im0 e =[]

+/T/,u2czvzgodxdt
0o Ja

m Qe m

(Viaim) - Opp + <Vt,x; > Ve + Vi, p) divee| do dt

(7.5)
forany 0 <7 < T, ¢ € C([0,T] x Q; RY).
7.1.5 Energy inequality for the barotropic Euler system

In the barotropic case the energy plays the role of the entropy, cf. (5.1). A priori estimates (5.3)
indicate that the energy

jm,,|?
20y

n(Un) = + P(on)

is uniformly bounded in L*(0,T; L'(Q)). Letting 2 — 0 in (3.3) for the barotropic Euler system
we obtain

[ a4 400 <0,

t=0

with the dissipation defect D € L>*(0,T), D(t) > 0, see [27] for details. Moreover, applying [27,
Lemma 2.1.] for

(02 mh(t)
n(t)

we get the compatibility condition (2.10), specifically

FUA0) = [ mh“; SO, GULD) = [ n(UD) dr, a1 € (0.7)

/ 1d|pZ| X D aa. in (0,T).
Q

7.1.6 Entropy inequality and energy balance for the complete Euler system
Entropy inequality

Due to a priori estimates the entropy pair {(7(Uj),q(Uy))},~o for the complete Euler system,
cf. (6.9) and (6.10), is uniformly bounded in [L>°(0, T’; L7(£2))] x [L>(0,T; L™(2))]¥. Therefore we

have

n(Un) = n(U) weakly-(*) in L>(0,7; L7(£2)),
q(Uy) — q(U) weakly-(*) in L®(0,T; L"(Q)), r = 72:1 > 1
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Letting h — 0 in the equation (6.14), we get analogously as before,

[ @) p0y 0] T2 7]

for a.a. 0 <7 <T,and any p € C'([0,T] x Q), ¢ > 0.

Vt 3:7 77 8tg0 + <Vt o) q(U)> ’ va: 2 dx dt (76)

Energy balance

Equation (3.10c) of the complete Euler system yields the discrete energy balance

U Enlt dmr o (7.7)

t=0

Letting h — 0 in (7.7) and taking into account that { E}, } 5~ is uniformly bounded in L*°(0,T; L'(Q2))
we obtain

t=1

[ Vit Ealt) da| D) =0,

t=0
where D € L>*(0,7), D > 0. We again apply [27, Lemma 2.1.] for

/mh ®mh t) +pn ()L dz, G(U(t) /Eh ) dz, a.a. t € (0,7),

to get that
/ 1 d|p2| <~ D a.a. in (0,T).
Q

Summarizing the discussion of this section we are ready to formulate the following result.

Theorem 7.1. Let the initial data satisfy (7.1). Let Uy, = [on, my,, Ep| be a numerical solution of
the complete Euler system constructed by the schemes (3.9) or (3.10). In addition, suppose that
there exist constants o, E > 0 such that

0 < on, Ep <E, uniformly for h — 0. (7.8)
Then {Up}nso0 up to a subsequence generates a Young measure
Viw € Liasio(0.7) x 2, ([0, 00) x B x [0,00))
representing a (DMV) solution of the complete Euler system in the sense of Definition 2.7.
Note that hypothesis (7.8) is considerably weaker than the standard stipulation
Unllze <C, 0<0< 05, 0 < E L Ey, (7.9)

cf. [10,16,33,35,38]. The missing piece of information between (7.8) and (7.9) is provided by the
careful analysis of the renormalized entropy inequality in Section 4, see Lemma 4.3.
Similar result can be shown in the context of the barotropic Euler system.
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Theorem 7.2. Let the initial data ¢°, m° be as in (7.1). Let Uy, = [0, my] be a numerical solution
of the barotropic Fuler system constructed by the schemes (3.7) or (3.8). In addition,

e if Uy, is generated by the scheme (3.7) and v > 3, we suppose
0 < o< o, uniformly for h — 0, (7.10)

e if Uy, is generated by the scheme (3.7) and 1 < v < 3, we suppose

0 <0< oy <0 uniformly for h — 0, (7.11)

e if Uy, is generated by the scheme (3.8), we suppose

0<o<o, <0, |my| <m, wuniformly for h — 0, (7.12)

for certain positive constants o, 0 and M.
Then {Up}nso0 up to a subsequence generates a Young measure

Vt,x € Lz)oeak(*)((ovT) X vaqov OO) X RN))
representing a (DMV) solution of the barotropic Euler system in the sense of Definition 2.2.

It should be pointed out that for the barotropic Euler system the only available mathematical
entropy is the energy, and in addition, its flux can not be controlled in the asymptotic limit for
h — 0 unless we assume (7.12).

7.2 Convergence to regular solution

We have proven that the numerical solutions {U}, },~0 to (3.8) and (3.10) for the barotropic and the
complete Euler system converges to a dissipative measure—valued solution defined in Definition 2.2
and Definition 2.7, respectively. Employing the corresponding (DMV)-strong uniqueness results
from [37] and [12] we can show the strong convergence to the strong solution of the system on its
lifespan.

Theorem 7.3. Suppose that the approzimate solutions {Uy}pso to (3.9) or (3.10) for the complete
FEuler system generate a (DMYV) solution in the sense of Definition 2.7. In addition, let the Fuler
equations (2.15) possess the unique strong (continuously differentiable) solution U = [p,m, E|,
emanating form the initial data (7.1).

Then

U, — U strongly in L'((0,T) x Q)
More precisely,
on — 0 weakly-(*) in L*(0,T; L7(Q)) and strongly in L'((0,T) x ),
my, — m weakly-(*) in L>(0,T; L*/0~9(Q)) and strongly in L*((0,T) x Q; RY)), (7.13)
Ey, — E weakly-(*) in L>=(0,T; L' (Q)) and strongly in L*((0,T) x ).
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Remark 7.4. Recall that the strong solution of the complete Euler system conserves energy, in
particular, the dissipation defect D, and, accordingly, the concentration measure u2 vanish. This
also justifies the strong convergence of the total energy claimed in (7.13).

In contrast with Theorem 7.1 the results stated in Theorem 7.3 is unconditional provided that:
e the limit system admits a smooth solution.
e the numerical solution generates a (DMV) solution.

Exactly the same result can be obtained for the barotropic Euler system (2.2) and the entropy
stable finite volume schemes (3.7) and (3.8).

Conclusions

We have shown convergence of the Lax—Friedrichs—type finite volume schemes for multidimensional
barotropic and complete Euler equations. Since multidimensional Euler equations are ill-posed in
the class of weak solutions for L>-initial data [29], we propose here to investigate the convergence
in the class of dissipative measure-valued (DMV) solutions. The latter has been introduced for
the Euler equations recently in [12,13], see also the related works on the (DMV) solutions of the
compressible Navier—Stokes equations [27,28]. The (DMV) solutions represent the most general
class of solutions that still satisfy the weak—strong uniqueness property. Thus, if the strong solution
exists, the (DMV) solution coincides with the strong one on its lifespan, cf. [37] and [12] for the
barotropic and complete Euler equations, respectively.

We build on the concept of entropy stable schemes that has been introduced by Tadmor [52],
see also [53] and the references therein. We work here with the Lax—Friedrichs—type finite volume
schemes (3.7), (3.8) and (3.9), (3.10) that are entropy stable. Furthermore, using some refined
a priori estimates for the numerical solutions we have shown consistency of our entropy stable
schemes. More precisely, assuming only strict positivity of the density and the upper bound on the
energy we have proven the consistency for the complete Euler system, cf. Corollary 6.5. On the
other hand, the consistency of the local Lax—Friedrichs—type scheme (3.7) for the barotropic Euler
equations with v > 3 can be obtained assuming only the strict positivity of density, cf. Lemma 6.2.
In Theorems 7.1, 7.2 we have shown that numerical solutions given by the Lax-Friedrichs-type
finite volume schemes generate Young measures representing (DMV) solutions of the complete and
barotropic Euler equations, respectively. Employing the corresponding (DMV)-strong uniqueness
results we have shown in Theorem 7.3 the strong convergence to the strong solution of the complete
Euler system on its lifespan. Analogous strong convergence result holds for the barotropic Euler
equations, too.
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