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1 Introduction

A celebrated deep result of Komlds [21] asserts that any sequence { F}, }°2_; of uniformly L'—bounded
real valued functions on a set Q@ C R* admits a subsequence {F,, }32, such that the arithmetic av-
erages % Zszl F,, converge a.a. to a function F' € L'(Q). Moreover, any subsequence of {F,, }22,



enjoys the same property. The result has been adapted by Balder [2] who introduced the concept of
K(Komlés)-convergence for sequences of Young measures. The use of Young measures in analysis
of nonlinear PDEs is not new, see, e.g., DiPerna [12, 13| or Tartar [27, 28]. More recently, the
Young measures have been used as an efficient tool in the analysis of certain numerical schemes,
see [15], [16], [17] or, from a rather different point of view, Fjordholm et al. [18], [19]. Our goal in
the present paper is to extend the notion of —convergence to families of numerical solutions to
problems arising in continuum fluid dynamics. As an iconic example, we have chosen the isentropic
Euler system describing the time evolution of a compressible inviscid fluid.

1.1 Young measures and numerical analysis of essentially ill-posed
problems

The equations describing the motion of inviscid fluids in continuum mechanics give rise to math-
ematically ill-posed problems. There is a large number of convincing examples that the Fuler
system admits infinitely many physically admissible (weak) solutions, in particular in the natural
multidimensional setting, for a generic class of initial data, see Chiodaroli et al. [7, 8,9, 10], among
others. In the light of these results, the question of convergence of the approximate schemes used
in the numerical analysis of the Euler system becomes of fundamental importance. It is our goal
in the present paper to address these issues in a new framework based on the theory of measure—
valued solutions. In particular, we adapt the concept of K—convergence, developed in the context
of Young measures by Balder [2], to show:

e pointwise convergence of arithmetic averages (Cesaro means) of numerical solutions to a
generalized (dissipative) solution of the limit system, even if the latter may admit oscillatory
(wild) solutions;

e criteria for unconditional convergence in the case the limit system is not uniquely solvable.

We develop a general framework based on the theory of Young measures to study problems of
convergence of numerical methods. To illustrate the implications of abstract results, we apply the
theory to a finite volume method for the isentropic Euler system. In particular, we show that the
arithmetic averages of numerical solutions converge pointwise to a generalized dissipative solution
of the Euler system introduced in [6]. We also show how the presence of oscillations in families of
numerical solutions may provide an evidence that the limit problem exhibits singularities.

Our approach bears some similarities with the recent works of Fjordholm et al. [18, 19], who
studied the convergence of entropy stable finite volume schemes to a measure—valued solution of
the Euler equations. The main difference lies in the way of averaging procedure. While Fjordholm
et al. average over different solutions of the initially perturbed problems and investigate only
the convergence of statistical modes, we introduce a new concept of K—convergence yielding the
averaging over numerical solutions for different mesh steps without any perturbation of initial data.



1.2 (General strategy

We start by recalling the necessary preliminary material from the theory of Young measures in
Section 2. In particular, we introduce the concept of narrow and K—convergence for Young mea-
sures.

In Section 3, we set up a general framework for studying convergence of numerical schemes.
We extend the concept of K—convergence to sequences of numerical solutions by identifying them
with sequences of Young measures. We distinguish between weak—IC or strong—IKC convergence
reflecting presence or absence of oscillations, respectively. In particular, we recover a variant of
Komlos’ result applied to sequences of numerical solutions.

In Section 4, we collect the necessary theoretical results concerning the isentropic Euler system.
Following [6] we introduce the concept of dissipative solution that can be seen as a barycenter of
the Young measure associated to a suitable measure—valued solution of the limit system. We also
state the relevant weak—strong uniqueness principle.

Finally, in Section 5, we apply the abstract theory to a finite volume scheme for the isentropic
Euler system. We show that (up to a subsequence) numerical solutions IC—converge to a dissipative
solution in the asymptotic limit of vanishing discretization step, see Theorem 5.2. We also identify
a large class of weak solutions to the Euler system for which the scheme converges unconditionally
and pointwise, see Theorem 5.4. Finally, we clarify how the presence of oscillations in the sequence
of numerical solutions may indicate singularities for the limit system, see Theorem 5.6.

2 Preliminaries from the theory of Young measures

We recall some basic facts from the theory of Young measures, in particular the concept of narrow
and K—convergence. The reader may consult the monographs by Balder [2] or Pedregal [24] for
details.

2.1 Physical space, phase space

We consider problems defined on the physical space Q C R¥. In the case of evolutionary differential
equations, the physical space coincides with the space-time cylinder,

Q:{(t,x) ‘ te(0,7), erCRd}, d=1,23 K=d+1

where (0,7) is the relevant time interval and € the spatial domain.

The phase space S C RM characterizes the state of the modeled system at any given time and
spatial position. For instance the density ¢ and the velocity u in the models of compressible fluids
range in the phase space

$={loul| oel0,00), we R} c R, d=1,23 M =d+1.



If not stated otherwise, the physical space @) will be a bounded domain in R¥ and its elements
denoted by the symbol y € Q; the phase space S will be a Borel subset of RM, with elements
U € S. Most of the applications presented below can be extended to a general (unbounded) open
set in Q € R¥.

2.2 Probability measures

Let P(S) denote the space of all regular Borel probability measures ¥V on R such that
V(S) =1

In view of the Riesz representation theorem, any V can be identified with a non—negative linear
functional on the space C.(R™), we denote

Vig) = (Vigl(0)) = [ 9(U) AV(U) for any g € CL(RM),
S
If V has finite first moment, we denote
<V; ﬁ> € S — the barycenter of V on S.

Definition 2.1 (Narrow convergence). Let {V,,}°° ;| be a sequence of probability measures in P(.5).
We say that {V,}22, narrowly converges to a measure V,

v, % veps),
if
(Va;9) = (V;g) for any g € C.(RM).

Remark 2.2. Narrow convergence is weak-(*) convergence if we identify P(S) with a bounded
subset of the space of (bounded) Radon measures M, (RM),

My(RM) = [Co(RM)]".

A necessary and sufficient condition for the limit to be a probability measure is uniform tightness
of the sequence {V,}°: For any € > 0, there exists a compact set K C RM and m = m(e, K)
such that

Vi(K) >1—c¢ for all n > m(e, K).

2.3 Young measures

A Young measure Vg = {V,} yeo 18 a family of probability measures V, € P(S) parametrized by
y € Q. More specifically,



Definition 2.3 (Young measure). A Young measure Vg on the set () is a mapping
Vo= {Vy}yeq. Vy:y€Q—V, €P(5)
that is weakly-(*) measurable,
Vo € L0 (Q; My(RM)),

meaning the function
yE€Qr (Vyig)
is measurable for any g € C.(RM).

Definition 2.4 (Narrow convergence of Young measures). Let {Vj}52, be a sequence of Young
measures on (). We say that {Vj}o2, narrowly convergences to a Young measure Vg,

N(Y
Vg(—)>VQasn%oo,

/ Vo a(y,-)) dy — / (Vy,9(y,-)) dy for any g € L'(Q; Co(RM)).
Q Q

Remark 2.5. Narrow convergence is weak-(*) convergence if we identify the space L>(Q; M, (RM))
with the dual to [L'(Q; Co(RM))]*. The limit is again a Young measure if the averages

1
L Yngy e Ps
|Q’/va y € PS)

are uniformly tight in P(S). If [Q| = co we require the above relation to hold for any compact
QCQ,[Q| < oo
2.3.1 K—convergence

Following Balder [2], we introduce the K—convergence of Young measures.

Definition 2.6 (K—convergence of Young measures). Let {V}72, be a sequence of Young mea-
sures on (). We say that {Vj}o2, K—convergences to a Young measure Vg,

K(Y
Vgngasn%oo,

[e.e]

if for any subsequence {Vg’“ } b1’

N

1

NZV;‘“ ﬁ)Vy as N — oo for a.a. y € Q).
k=1



We report the following result, see Balder [2].
Proposition 2.7. Let {V3}72, be a sequence of Young measures on Q such that

K
v 20y,

Then N
Y
v X v,

A fundamental result is a version of Prokhorov compactness theorem for Young measures, see
Prokhorov [26] and Balder [3]:

Proposition 2.8. Let {Vj}o2, be a sequence of Young measures such that the family of probability
measures

ﬁ/@vg dy € P(S) (2.1)

18 tight uniformly inn =1,2,....
Then there is a subsequence ny — 0o and a Young measure Vg such that

ng@n)@ as k — .

Note that Proposition 2.8 is considerably stronger than the so—called Fundamental Theorem of
the theory of Young measures (see Ball [4] or Pedregal [24]) that asserts only NV (Y') convergence
under the same assumptions. The present result can be seen as a variant of the celebrated theorem
by Komlés [21] (K—convergence) on a sequence of uniformly bounded real functions.

Remark 2.9. The result can be extended on locally compact physical spaces QQ = U2, Qk, Qk
compact, by requiring (2.1) on any Q.

3 K-—convergence for sequences of functions

Our goal is to set up a general framework to extend the concept of K—convergence to sequences
of numerical solutions. To this end we will introduce the concept of —convergence for sequences
of functions.

For U € S we denote dy € P(S) the Dirac mass supported by U. Similarly, we can associate
to any measurable function U : () — S a Young measure Jy,

(du)y = duqy) for a.a. y € Q.

Conversely, if a Young measure Vg has finite first moments a.a. in ), we can associate to it a
measurable function U : @) — S defined through barycenters (expectations),

U(y) = <Vy; fJ> € S, fora.a. y € Q. (3.1)

7



3.1 Convergence in averages

Definition 3.1 (weak—K property). We say that a sequence of functions {U,}>° ;, U, € L'(Q;59),
has a weak—K property if there exists a subsequence n; — oo such that the associated Young
measures

ou,, ), Vo (in the sense of Definition 2.6),

where Vg is a Young measure on ().
As an immediate consequence of Proposition 2.8 we get:
Corollary 3.2. Any sequence {U,}°°, satisfying
1Unllzi@:s) < U - uniformly forn =1,...
has the weak—IC property.
Here and hereafter U denotes a positive constant.

Definition 3.3 (weak—/C convergence). We say that a sequence of functions {U,}>*,, U, €
LYQ; S), weak—K converges to U € L*(Q; S) if the following holds:

ou,, ), Vo for a subsequence ny — 0o = U(y) = (V,,U) foraa. ycQ.
We can rephrase Proposition 2.8 as follows.
Proposition 3.4. Any sequence {U,,}>° | satisfying
10l @:s) < U - uniformly forn=1,...

admits a subsequence for ny — oo such that

weak—IC

U, — U, Uc LYQ;9).

In addition,
| XN
NZUW — U ae nQ.
k=1

Proposition 3.5. For any sequence {U,}5°,

weak—IC

U, -~ U wedkly in L'(Q;S) = U, U.



Proof. Suppose that
U, = U weakly in L}(Q; S) (3.2)

and
K(Y)
6Unk ——= Vg for a subsequence n; — oo.

We have to show that (), U) = U(y) for a.a. y € Q. By virtue of Proposition 2.7 we have

N(Y)

5U"k S VQ.

Specifically,
/ﬁwwmmmw—+/umwg®»@, (3.3)
Q Q

for any h € L°°(Q) and any g € C.(RM). Moreover, in accordance with the De la Vallé-—Poussin
criterion, see Pedregal [25, Lemma 6.4], and (3.2) we have

l/wumwsﬁ
Q

for a superlinear function ¢. Consequently, we are allowed to take g(U) = U’ i = 1,2,..., M, in
(3.3) which yields (V,, U) = U(y) for a.a. y € Q. O

Definition 3.6 (strong—K convergence). We say that a sequence of functions {U,}>*,, U, €
LYQ; S), strong—K converges to U € L'(Q; S) if the following holds:

(

K
oy —>Y) Vg for a subsequence ny — 00 =V, =dy() foraa. yeqQ.

"k

00
n=1»

Proposition 3.7. For any sequence {U,}

strong—K

U, —» U strongly in L'(Q;S) = U, U.

Proof. Suppose that
U, — U strongly in L'(Q; S) (3.4)

and
K(Y)
5U"k ——= Vo for a subsequence n; — 0o

which means that

1

I 9(Un,(y) = (Vy,9) aa. y€Q.

M-



We have to show V, = dy(,), meaning g(U(y)) = (V,, g) for all g € C.(RM) and a.a. y € Q. To
this end it is enough to observe that for any g € C.(R™) N C*(RM),

3 0(U.) = () in L'Q)

IM-

Indeed, in accordance with (3.4),

IA

%;gw ~g(u) %Z 19(Uny) = 9(0) l1c@)

LY(Q)

N
1
< Cgﬁz U, = Ullzig) =0 as N — oo.

k=1
[
Lemma 3.8. Let {U,}°, be a sequence of functions in L'(Q;S) such that
/|Un| dy < U foranyn=1,.... (3.5)
Q

Then the following is equivalent:

1.
U,, — U in measure in Q;
2. v
Y
su, YO0 50

In both cases, there is a subsequence n, — oo such that

U, (y) = U(y) as k — o0
for a.a. y € Q;

30U () — 9(U()) as N — oo

for any g € C.(RM) and a.a. y € Q.

10



Proof. Step 1:
Suppose that U,, — U in measure. To show

b, 2 5y
it is enough to observe that
/ h(y)g( )) dy — / )) dy for any h € L>(Q) and any g € C.(RM™)n C*(RM).
Q

To see this, for given € > 0 and k£ > 0 we write the integral

/Q h(y) [9(Un(y)) — 9(U(y))] dy

= / h(y) [9(Un(y)) — 9(U(y))] dy + / h(y) [9(Un(y)) — 9(U(y))] dy,
{lU.—U|<k} {{U.—U[>k}
where
‘/{IU vk h(y) [9(Un(y)) — 9(U(y))] dy‘ < ke (h, g),
while

< ecy(h, g)

’/IU Ul>k) h(y) [9(Un(y)) — 9(U(y))] dy

if n is large enough. Consequently, choosing ¢, k small and n large we get the desired result.

Step 2: Assume now that
/ R(y)g( )) dy — / )) dy for any h € L'(Q) and any g € C.(RM).
This impcfies, in particular
/ h(y)|9(Un(y))|*dy — / y))|? dy for any h € L*(Q) and any g € C.(R™).
This gii?/es rise to

9(Un) = g(U) in L*(Q) for any g € Co(RY),
yielding
9(U,) — ¢(U) in measure in @
for any g € C.(RM). This, together with hypothesis (3.5), implies
U,, — U in measure in Q.

Step 3:
As the sequence converging in measure contains a subsequence converging pointwise, and ac-
cording to Proposition 2.8, the associated sequence of Young measures contains a —converging

subsequence, the remaining part of the conclusion of Lemma 3.8 follows.
m

11



4 Isentropic Euler system

We consider the isentropic Euler system describing the time evolution of the density o = (¢, x)
and the momentum m = m(¢, x) of a compressible inviscid fluid:

0o +div,m =0

® m (4.1)

Oym + div, (mT) +Vaplo) =0, plo) = ag”, a>0, 7> 1.

For the sake of simplicity, we consider the space periodic boundary conditions, meaning the spatial
domain can be identified with the flat torus

']I‘d = ([_171]|{—1,1})d7 d= 172a3' (42)
The problem is supplemented by the initial conditions
9(07 ) = 0o, m(07 ) = IMy. (43)

We consider solutions defined on the time interval (0,7"). Accordingly, the relevant physical
space is
Q=(0,T) x T? c R*.

As the mass density is a priori a non—negative quantity, we set the phase space S to be
$={lom] | o€ [0,00), me R}

Thus K =M =d+1,d=1,2,3.
We also introduce the energy inequality in the form

%/Td B% +P(Q)] dz <0, /Td B% +P(Q)] (0+,-) dz < /Td B’IZEP +P(@o)} dz,

where

is the pressure potential.

As already mentioned in Section 1.1, the Euler system (4.1)-(4.3) is essentially ill-posed on
(0,T). Specifically, the unique strong solutions exist only on a possible short time interval [0, Tax),
while the problem admits infinitely many weak solutions for general initial data. In addition, there
are infinitely many weak solutions for certain initial data even if the energy inequality (4.4) is
imposed. On the other hand, the existence of global in time admissible weak solutions, meaning
weak solutions satisfying the energy inequality (4.4), for general initial data is an open problem. To
overcome this difficulty, we introduce a class of generalized dissipative solutions that exist globally
in time for all finite energy initial data.

12



4.1 Weak solutions
We start with the weak formulation of (4.1)—(4.3) that reads:

t=71 T
[ [ e dx] — [ [ oo+ m-Vap] st 00.) = on (4.5)
Td t=0 0 Td

for any 0 < 7 < T, p € C1([0,T] x T?);

t=r1 T
{ m- @ dx} = / / -0+ S Vo 4 plo)divasp] dadt, m(0,) = my, (4.6)
Td t=0 o Jrd 0
for any 0 < 7 < T, ¢ € C1([0,T] x T¢; RY).
In addition, the total energy is a non—decreasing function of time,
2

/w E% + P(@)} (r+,") dz < /Td B'% + P(g)] (s—,-) da for any 7 > s > 0,

where we set /T B% + P(Q)} (0—,-) de = /T FM 4 P(QO)} dz.
(@7)

4.2 Dissipative measure—valued solutions

Following [6] we introduce a class of generalized solutions using the theory of Young measures. The
leading idea is to replace all nonlinear compositions in (4.5)—(4.7) by the action of a suitable Young
measure {V, }yeq, Vy € P(S). A weak solution would then correspond to V = 6}, m]. Unfortunately,
the only a priori bounds available result from boundedness of the total energy uniformly in time.
In view of the specific form of the isentropic EOS, this yields

m*

L EL=0.T; LY(TY), o€ L®(0,T; L7(T%), m € L=(0, T; L+ (T% RY).  (4.8)

Our goal is to generate the measure-valued solutions by means of an energy dissipative numerical
scheme. Given rather poor stability estimates that basically reflect (4.8), the energy, the pressure
as well as the convective term in the momentum equation (4.6) may develop concentrations that
give rise to the so—called concentration defect measures in the limit equations. We shall therefore
make an ansatz

Q(th) ~ <Vt,:v; é) 9 m(ta l’) ~ <Vt,$; Ih> )
P(o)(t,z) = (Vi P(0)) + Cine(t, ), p(0)(t, ) = (Viw:;p(0)) + (v — 1)Cine(t, @),
1 |m]? 1 |m]?
QT(t’x) ~3 <Vt,za 7> + Cpin(t, ),

13



where the energy concentration defect measures belong to the class
Q:kina it € LOO(O,T,M+(Td))

The convective term in the momentum equation is more delicate. We write

m®m_2<m m>1|rn|2
0 m| — jm[/ 2 o

seeing that the expression on the right—hand side is a rank-one symmetric matrix with the trace

%. This motivates the following ansatz for the convective term:

m ® m
0

m & m
0

(t,.T) = <Vt,l‘; > + Q:conv(ta Z’),

where

Ceonv € L°(0,T; M(T% REE)),

Sym

M : d€eony(t) > 0 for any M € C(T% R4 M >0, and a.a. t € (0,7),

sym
Td v

(4.9)

1
5/ RL: d€eony(t) = / h A€y, (t) for any h € C’(Td), and a.a. t € (0,7).
Td Td

Remark 4.1. The second condition in (4.9) indicates that &(¢,-) is positively define, while the
third one can be interpreted as

—trace[Ceony] = ECint.-
2
Definition 4.2 (Dissipative measure—valued solution). We say that a Young measure

Ve L ((0,T) x T4;P(S)), and the concentration defect measures €y, € L>(0,T; M*(T?)),

weak—(x)

Cine € L0, T; MT(T?)), Cony € L>(0,T; M(TY; ngxnﬁl)), satisfying the compatibility condition
(4.9), are dissipative measure valued solution of the Euler system (4.1), (4.2) with the initial data
1 [my|*
[00, mo, Eyl, 00 >0, 5 + P(00) dz < Ep
T %0

if:

/ (Viz; 0) dx—/ 00 dx:/ / [(Vt,x;@atgo—i—(]/t,x;rm~Vxnp dx dt (4.10)
Td Td o Jrd

for any 0 < 7 < T, ¢ € C([0,T] x T?);

14



/d%, ) do— [ mgp do
T

/ / (Vie;m) - Oyp + <Vt,m; m Q;) m> Ve + Vi p(0)) divep| dadt
Td

+ / Voo : d€um(t, ) dt + (7 — 1) / / divyp A€o (£, ) dt
0 Td 0 Td
(4.11)

for any 0 < 7 < T, ¢ € C1([0,T] x T% R%);
e the total energy E is a non—increasing function on [0, 77,

E(r) = /T d <vm;§ ; +P(§)> do + /T d [d@km<7,->+d¢im(7,-)], E(0—)=E,,  (4.12)

for a.a. 7€ (0,7).

Remark 4.3. Definition 4.2 may seem rather awkward containing both the Young measure and the
concentration defect measures. We show in Section 6, that the deviations of the Young measure
from its barycenter can be included in the concentration defect. In particular, we may always
assume that V' can be replaced by 0, m] in (4.10)—(4.12).

Dissipative measure—valued solutions enjoy an important property of weak—strong uniqueness.
Here “strong” is meant in a generalized sense. To state the relevant result, we introduce a class of
functions r and u:

r € C([0,T]; LYT%), u € C([0,T]; L'(T% RY));
0<r<r<7, |u<uwaa. in (0,7) x

1 4~
,00 d ,00 d. .
r € By ([0, T] x T, u € B, ([6,T]XT7Rq)forany0<(5<T,a>§ p>—ﬁy_1 (4.13)

/ [—&-u(r,)(&- Vao)p + D(1)[€]*¢] dz >0 for a.a. 7€ (0,T),
Td

for any ¢ € R? and any ¢ € C*(T%), ¢ > 0, where D € L'(0,T).
The relevant weak—strong uniqueness principle reads, see [14, Theorem 2.1]:

Proposition 4.4 (Weak-strong uniqueness). Let o0 = r, m = ru be a weak solution to the Euler
system (4.1), (4.2) (specifically the integral identities (4.5), (4.6) are satisfied), where r, u belong
to the class (4.13). Let V, Cin, Cint, Ceony be a dissipative measure—valued solution of the same
problem with the initial data |09, mg, Ey] such that

00 =7(0,-), mg =ru(0,-), Ey = /T Brw +P(r)] (0,-) da.

15



Then
Cin = Cing = Ceony = 0 in (0,7) x T

and
Y = (5[@51] a.a. in (O,T) X Td.
As shown in [14], there are “genuine” weak solutions satisfying (4.13), in particular the 1D

rarefaction waves emanating from (discontinuous) Riemann data.

4.3 Dissipative solutions

Following [6] we finally introduce the concept of dissipative solution of the Euler system:

Definition 4.5 (Dissipative solution). We say that
0 € Coea([0, T]; L7(T%), m € Cyeuc([0, T); L>71 (T% RP)), E € BV[0, T]

is a dissipative solution of the Euler system (4.1), (4.2), with the initial data (4.3) and the initial
energy Fj, if there exists a dissipative measure—valued solution in the sense of Definition 4.2, with
the total energy E, such that

o(t,z) = Vip; 0), m(t,z) = (V,,;m) for aa. (t,z) € (0,T) x T
Finally, we reformulate the weak—strong uniqueness principle in terms of dissipative solutions.

Proposition 4.6 (Weak-strong uniqueness). Let o0 = r, m = ru be a weak solution to the Euler
system (4.1), (4.2) (specifically the integral identities (4.5), (4.6) are satisfied), where r, u belong
to the class (4.13). Let [p, m, E| be a dissipative solution of the same problem with the initial data
[00, My, Ey] such that

00 =7(0,-), mg=ru(0,-), Ey= /T Br|u|2 + P(r)] (0,-) dz.

Then
0=0, m=m aa. in (0,T) x T

and

B(r) = /T E ‘ﬁ;Q + P(E)] (r.) dz for a.a. 7 € (0,T).
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5)

Finite volume scheme for the isentropic Euler system

We illustrate the abstract theory applying the results to the numerical solutions resulting from
a finite volume approximation of the isentropic Euler system. Our strategy is inspired by the
fundamental Lax equivalence theorem [22] on the convergence of consistent and stable numerical
schemes:

1.

Existence. We first recall existence of the approximate numerical solutions g,, my, with
the associated energy F), for any discretization parameter h > 0.

Stability. We make sure that the scheme is energy dissipative. In particular, we recover the
same energy bounds as for the continuous problem, including a discrete form of the energy
inequality.

Consistency. We establish a consistency formulation and find suitable bounds on the error
terms.

Convergence. Using the technique developed in Section 3, we associate to each sequence
of numerical approximations {op,, my, }o; its Young measure representation dj,, m, ). We
perform the limit %, \, 0 and show that, up to a subsequence, the K—limit of {d},, m, ]}ne1
is a Young measure ) associated to a dissipative measure—valued solution. In particular, we
recover the strong convergence of the arithmetic means

N
1
Lt x) = o(t, ), NZ z) — m(t,x) as N — oo for a.a. (t,z) € (0,T) x T

“MZ

where p, m is a dissipative solution of the Euler system in the sense of Definition 4.5.

Unconditional convergence. Applying the weak—strong uniqueness principle we show
unconditional strong L'—convergence of the numerical solutions provided that the Euler
system admits a weak solution belonging to the regularity class (4.13).

We infer that the Young measure framework can substitute the linearity property. Accordingly,
our result can be seen as a nonlinear version of the Lax equivalence theorem.

5.1

Preliminaries of finite volume methods

We start by introducing the basic notation concerning the mesh, temporal and spatial discretiza-
tion, and discrete differential operators. We recall that the spatial domain coincides with the flat
torus T?. We shall write A <~ B if A < ¢B for a generic positive constant ¢ independent of h.

17



5.1.1 Mesh

The grid 7T is a family of compact parallelepiped elements,

d
T= | J K K=]]0.h]+2x, 0<AR<hi<h i=1...,d 0<A<L,
KeT i=1
where h denotes the mesh size and xx the position of the center of mass of an element K. The
intersection K N L of two elements K, L € T, K # L, is either empty, or a common vertex, a
common edge, or a common face.

The symbol £ denotes the set of all faces . To each face we associate a normal vector n. We
write £(K) for the family of all boundary faces of an element K, K|L = E(K)NE(L).

5.1.2 Discrete function spaces

We denote Q) the space of L functions constant on each element K € 7T, with the associated
projection:

1
Il : LYTY) — Qp, v = Z 1K|_K]/ vdx.
K

KeT

5.1.3 Numerical flux

For a piecewise continuous function v we define

() = Jim o(aton), v () = Jim vle—om), 5e) = D g o) ()

whenever x € 0 € £.
Given a velocity field v € Qp,(T% R?) and a transported scalar function r € Q, the upwind
fluz is defined as

) 1
Up[r,v]=r""v-n=7r"v-n|t +7°"v-n]" =7Vv-n— §|V -1 [[r]]

on any face o, where

Finally, we define the numerical fluz,
1
Fy(r,v) =Uplr,v] = h¥[r]] =7V -n— §<ha + v n|> [[r]], a>o0. (5.1)
If r is a vector the numerical flux is defined componentwise.

18



5.1.4 Time discretization
For a given time step At ~ h > 0, we denote the approximation of a function v at time t* = kAt by
v* for k =1,..., Np(= T/At). The time derivative is discretized by the backward Euler method,
oF — k-1

At

We introduce the piecewise constant functions on time interval,

D" = for k=1,2,..., Np.

v(t, ) =0 for t < At, v(t,-) = vF for t € [kAL, (k+1)At), k=1,2,..., Np.
Finally, we set
U(ta ) — U<t — At, )

D,y =
tv At

for t € [0, 7.

5.2 Numerical scheme

Using the above notation we are ready to introduce an implicit finite volume scheme to approximate
the Euler system (4.1).

Given the initial values (09, u) = (Il70o,II7ug), find (oF,uf) € Q) x Q, satisfying for k =
1,..., Nr the following equations

/d Dol da — Z/Fh(gﬁ,ui) [[on]] dS(x) =0 for all v, € Oy, (5.2a)

/ Di(opuy,) - ¢y dx—Z/Fh oy, up) - [[py]] dS(x Z/ p(oy)n nl] 45 (x)

- _hﬂZ/ ui]] - [[en)] dS(z), for all ¢, € Qu(T% RY), B> —1. (5.2b)
el

The weak formulation (5.2) of the scheme can be rewritten in the standard per cell finite volume
formulation for all K € T

(op,up) = (HTQOa 7uy),

Dyl + Z ok, up) =0,
ee (K (5.3)
D () + z '—'| (Fulohul,uf) + plohin — #° [[uf]]) = 0.
cel&(K

Similarly to [17], we prefer the formulation in primitive variables (o, u) instead of conservative
ones (o, m = pu). Indeed the scheme (5.3) mimics the physical process of vanishing viscosity limit
in the Navier—Stokes system. As a result we get uniform stability estimates on o5 and u, without
any CFL condition.
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5.3 Solvability of the numerical scheme
Here and hereafter, we impose a technical but physically grounded hypothesis
1<y <2,

noting the physical range of the adiabatic exponent for gases 1 < v < g

At the discrete level, the scheme (5.3) coincides with that one used for discretization of the
Navier-Stokes system in [17], with the viscosity coefficients u = —\ = %!, As shown by Hosek
and She [20], there exists a numerical solution [gf, uf], or extended in time as [y, uy], for any
given initial data and any A > 0. Moreover, we have

of >0 for any fixed h >0, k= 1,... whenever o) > 0.

5.3.1 Discrete energy balance

The scheme (5.2) is energy dissipative. More specifically, as shown in [17, Theorem 3.3],

t/T [ of [uf | + P( Qh] dx—l—Z/ ha [[ur]] +h6[[uiﬂz> dS(z)

o€l
At /! // «
-5 | Preindr dx——zfp 17 (5 + [ ml) dSG) (5.4)
20 o de - 23 [ (el [[uf]) asta),
5 ngh g |” de > Qh uf - n|||uy
oc

where € € co{of ™!, 0}, n € co{ok, o} with the notation co{A, B} = [min{A, B}, max{A, B}].

5.3.2 Consistency formulation

In the consistency formulation, we rewrite the scheme in the form of the limit system perturbed
by consistency errors. Referring to [17, Theorem 4.1], we have:

T T
—/ 0,¢(0,-) dx:/ / [Qh8t<p+ghuh-vxgo} dxdt—i—/ / e1(t, h,p) dedt
Td 0 Td 0 Td
for any ¢ € C2([0,T) x T9),

T
- /d Q?ZU?L ~(0,-) dz = / /d onUy, - Opp + opup @ Uy, : Vi +p(gh)divmcp] dx dt
T T

_hﬁ/ Z/ uh [Mre]] dS(x dt—i—/ /degthgo ) dzdt
T

el

20



for any ¢ € C3([0,T) x T% RY). The error terms e;(t, h, ), ex(t, h,p) were identified in [17,
Section 4]. Our goal is to show that these error terms vanish in the asymptotic limit A — 0.
Similarly to [17], the necessary bounds are deduced from the energy inequality (5.4). We focus
only on the integrals depending on the velocity that must be handled differently in the present
setting. These are:

/ > [l ] 1] s

el

/Z/ u] n]] [[H7e]] dS(z) di

o€l

for r;, being g5, or gru;pn, i =1,...,d.
Analogously to [17], we get

i T 9 1/2
u
Ei(ry) ~ hllglleslrnll2omez) | 1wnllzor2) + (/ Z/%dS(m))
0 o

/
~ hlllleslIrall 2 iz |1+ ( )
ceé

S hlllles b~ 14 A7 “’”}

2 1
SyCy for51:1—(‘” Nk )
2y 2

where [17, Lemma 2.4] combined with (5.4) and the estimates from [17, Lemma 3.5] have been
used to control the norms ||up||z2(0,r;r2()) and ||7a||L2(0,7;02(0)), Tespectively.
Furthermore, we have

Ex(en) Nh||90||03</ Z/ w,])’ dS(x ) (/ Z/ onl]? dS(x df>2
éh||so||cs(/:2/nuhn2ds ) (/ > @ asta )

oeg 9 oel
a4+ 2 +1
B )
2y 2

/2

<lﬁ
2

~ 2

lellesllonllizre < W |[@llcs,  for 6 = 1 — (

and exactly as in [17],

ghuh~h</ Z/gh u])? dS(z ) (/ Z/gh|uh| dS(z )2

el el
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11—«

T
+ h/o > [ orlwl]]® dS(z) < RO L TS for 6y = 5

i

Clearly, 61, 6o > 0 whenever —1 < <1 — aT*Q and a < 1.
Finally, diffusive correction in the momentum equation

)= =1 3 [ [[uk]] - (el as(oar

ceE V9

< b (m /OTZ/U Ik dS(a:)dt) "

oce€

can be handled as follows

v [ [ [lnd]) - el dstoar

ocE V9

T~ [ [yl v
(/ Z/TT(’odS(x)dt> ih%Hgon—M) as h — 0 for > —1.
0 o

oef
Combining the above estimates with those obtained in [17, Section 4], we obtain:

Proposition 5.1. Let

2
0O<a<l, —1<5<(1——)—9. (5.5)
v) v

Then the finite volume method (5.3) is consistent with the Euler equations (4.1), i.e.

T T
- [ o) o= [ [ oot Vag] dedir [ ethig) awat 60)
Td 0 Td 0 Td
for any ¢ € C3([0,T) x TY),

T
—/ oou) - (0,-) dz = / / [ghuh <O + opup, @ Uy, Vi +p(gh)divmgo] dz dt
Td 0 Td (57)

T
+d(h,so)+/ / ea(t, h, ) dzdt
0 Jrd
for any ¢ € C3([0,T) x T4 R?), with the consistency errors
T
[ [ eitne) avat S ilole
0 Jrd
T
[ [ ety asad] < el
0 Jrd

B+1
d(h,0)| & 1 s

for a certain § > 0.
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5.4 Convergence
At this stage, we are ready to apply the machinery developed in Section 3. Recall that
Q=(0,T) x T c R, S =[0,00) x R* C R*.
For a sequence of discretization parameters h,, \, 0, consider a sequence
Uy, = [on,, mp, ], myu, = op,up,
of numerical solutions resulting from (5.3). In view of the energy bounds (5.4), there exists a
subsequence n; — oo such that for Uy = [gg, my| = [thk,mhnk] we get:
1 [my|”
2 o
P(o1) — My weakly-(*) in L0, T; MT(T?),
mgy ® mgy.

Ok
plox) — (v — 1)y weakly-(*) in L°°(0, T /\/l+(']l‘d))

— My weakly-(*) in L2°(0, T; M (T?)),

— Meony weakly-(*) in L>(0, T; M(T¢; RE)),

Sym

as k — oo.
Next, by the same token, we observe that [y, my] possesses the weak—C property. In particular,
passing to another subsequence as the case may be, we may suppose that

LSORSY) (5.9)

5[Qk7mk}
where V;, € P(5), (t,z) € Q is a Young measure. Moreover, by virtue of Proposition 2.7,

Ny, (5.10)

5[Qk7mk]

We denote
o(t,x) = Vi 0), m(t,z) = (V,p,;m), (t,x) € Q.

Evoking again the energy bound (5.4), we deduce that the convex functions

are V;, integrable for a.a. (t,z) € Q). We set

1
Cin = Miin — <Vt,x; 5
Cint = Mine — <Vt,x; P(@)

Q:COHV - mconv - <Vt,:r:;

(dr® dt), (5.11)
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We show that the concentration defect satisfies the compatibility condition (4.9). Let

1 1 1
x(Y) = onrO<Y<— Xe(Y)=—-forY > —.
£ €

For M € C([0,T] x T4; RZX%)| we have

sym

T T
/ M : dDeone (£) dt = lim M 2O g
0 Td k—ro0 Td Ok

2 2 2
i [ o e ) g e e (Y]
k—o0 Td ’mkl lmy| o +¢ |my| — |myg Ok or+¢€

=12
[ L (e R
T | | m| g +e

2 2
4 lim M : M ('m’“’ Xe([my] )) dz dt
k—ro0 Td |mk| |mk| Ok + €

Letting ¢ — 0 we may use the Lebesgue convergence theorem to conclude that

T 2 2
/ M : d€oon(¢) dt = lim [hm / M : ('m’“' Xe (I )) dxdt]
o Jrd e—=0 | k—oo Td |mk| |mk| Or + €

which implies (4.9).
Finally, as the discrete energy is non-increasing, we may apply Helly’s selection theorem ob-
taining

1
E, = / {§gk|uk]2 + P(Qk)] dz — E pointwise in [0, 77,
Td

where E is a non-decreasing function in [0, 7], with

Combining the previous observations with the estimates of the consistency errors established in
Proposition 5.1, we obtain the main result concerning convergence of the numerical scheme (5.3).

Theorem 5.2. Let the initial data o9, mg belong to the class

0o € L”(']I‘d), 00 >0, Ey= / {— + P(QO)} dz < 0.
Td

Let

2 o
0<a<l, —1<B<<1——)——.
Y Y

Finally, let [on,, mp, = op,up,] be a sequence of numerical solutions resulting from the scheme
(5.3) with h = hy, \,0.

Then there is a subsequence ny — oo such that:
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@H}ask%oo,

[thk 7mhnk]
where V is a Young measure on (0,T) x T¢;
® 0k = On,, , My = my, generate the measures Myin, Mine, Meony via the limits in (5.8);

e the Young measure V, together with the concentrations measures defined through (5.11),
represent a dissipative measure—valued solution of the Fuler system, with the initial data og,
my, and the initial energy E(0—) = Ej.

In particular,
Oh,,, — 0 weakly-(*) in L>(0,T; LY(T%),
my,, — m weakly-(*) in L>(0,T; L%(Td; RY)),
and
By, — E pointwise in [0, T7,

N

1

N E Oh,, = 0 as N = 00 a.a. in (0,T) X T,
k=1

(5.12)

N

1

szhnk —m as N — oo a.a. in (0,T) x T
k=1

where [0, m, E] is a dissipative solution of the Euler system with the initial data oo, mg, Ej.

Remark 5.3. Theorem 5.2 holds even for ¢ > 0. In that case, the initial data for the approximate
density must be taken
oh = Troo + h.

The main novelty with respect to the existing results is the strong convergence of the arithmetic
averages of the numerical solutions established in (5.12). In view of the energy bounds, relation
(5.12) implies

N

1

NZQW — 0as N — oo in L'((0,T) x T%),
k=1

N

1

N thnk —m as N — oo in L'((0,T) x T% RY).
k=1
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5.4.1 Unconditional convergence

Theorem 5.2 asserts convergence of the numerical scheme up to a subsequence. Unconditional
convergence holds provided the continuous Euler system admits a unique (dissipative) solution.
According to the weak—strong uniqueness principle, this is the case provided p and u belong to
the regularity class (4.13). Combining Theorem 5.2, Proposition 4.4, and Lemma 3.8, we obtain
the following result.

Theorem 5.4. Let the initial data o9, mq belong to the class

1[myf?

o0 € L(TY), 0> 0, Eoz/ [
Td 2 0o

+ P(go)} dz < 0.

Suppose that the Euler system (4.1), (4.2) admits a weak solution o, m = pu, where ¢ and u belong
to the class (4.13). Let [opn,, mp, = op,Up,] be a sequence of numerical solutions resulting from

the scheme (5.3) with h = h,, \, 0, and

«

2
0<a<l, —1<ﬁ<<1——)——.
Y Y

Then
on, — 0 in L*((0,T) x T%), my, — m in L*((0,T) x T% R?) as n — oc.

Note that Lipschitz (strong) solutions of the Euler system with strictly positive density obvi-
ously belong to the class (4.13); whence Theorem 5.4 yields unconditional strong convergence to
the strong solution as long as the latter exists.

It is known, see e.g. Benzoni-Gavage and Serre [5], Majda [23], that the Euler system admits
local-in—time strong solutions for sufficiently regular initial data, specifically,

d
00 >0, go € WHA(TY), ug € WH(T% RY), & > H +1.

The strong solution exists on a maximal time interval [0, Tj,.,) and stay regular as long as its
derivatives remain uniformly bounded,

limsup ||V, 0| oo (1a; g4y — 00 and/or limsup ||V || poo(1a; gaxay — 00,
t—Tmax— t—Tmax—

see, e.g., Alinhac [1]. Thus Theorem 5.4 yields the following result.

Theorem 5.5. Let the initial data oy, mg belong to the class

00 >0, 09 € WF(TY), uy € WF*(T4 RY), k> 5

+ 1.
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Let [op,, myp, = op,up,]| be a sequence of numerical solutions resulting from the scheme (5.3) with
h=h, \ 0, and

2
0<a<l, _1<5<(1__)_2
Y Y

In addition, suppose that

sup Ll o Ll _—

uniformly for hy, \ 0.
Then

on, — 0 i L'(0,T) x T, my, — m in L'((0,7) x T% R%) as n — oo
where o0, u is a classical solution of the Fuler system (4.1), (4.2).
Indeed Theorem 5.4 guarantees the strong convergence to the unique classical solution in
(0, Thnax) X T?. In view of hypothesis (5.13), the limit is uniformly Lipschitz; whence Tp. = 7.

5.4.2 Absence of smooth solution

We conclude the discussion by presenting a negative result concerning the absence of the strong
solution should the numerical solutions develop oscillations. In accordance with Proposition 3.7,
the strong convergence of numerical solutions [gy, , my, | implies

strong—K
[lon,, my,] ——— [0, m].

This observation yields the following result.

Theorem 5.6. Under the hypotheses of Theorem 5.4 suppose that there ezists a function g €
BC(R*) such that

N

1

N Zg(ghnk,mhnk) — G # g(o,m) on a set of positive measure in (0,T) x T?, (5.14)
k=1

Then the Euler system (4.1), (4.2) does not admit a classical solution in (0,T) x T¢ for the
matial data g, my.

Note that the limit on the left-hand side of (5.14) always exists as the numerical solutions
K—converge. However, the limit must be a Dirac mass 0, m applied to g should the continuous
solution exist, in contrast with (5.14).
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6 Concluding remarks

We have extended the concept of —convergences to sequences of numerical solutions approximat-
ing the models of inviscid fluids in continuum fluid mechanics. We have also introduced a class of
generalized solutions — the dissipative solutions to the isentropic Fuler system.

To illustrate the theoretical results, we have studied a finite volume method as an numerical
approximation of the isentropic Euler system on a periodic spatial domain. Note that a particular
vanishing viscosity term

dhug) == [ [ [[u]] - [Wrel) asar

allowed us to obtain suitable stability estimates on the discrete velocity u; and unconditional
consistency of the scheme. Consequently, we have shown that, up to a subsequence, the arithmetic
averages of numerical solutions converge pointwise a.a. to a dissipative solution of the Euler system.
The convergence is unconditional provided the limit solution is unique. We have also shown a
simple criterion based on the oscillatory behavior of the numerical sequence that indicates absence
of smooth solution to the limit system.

Finally, it is interesting to note that in the context of the isentropic Euler system considered
in this paper, the dissipative solutions discussed in Section 4.3 can be defined without making
reference to the Young measure V. More specifically, we can include the “oscillation” defects

lﬁ@)m> - e (t,2), Dine = Vho; P(0)) — P(o)(t, )

QCOHVt E V l’? ~
Q < " 0 0

and

1|m|? 1 2
Dyin(t, ) = <Vt,x; | > _ lmf®

2 5 2 o
in Ceonv, Cint, and Cy, respectively. Indeed this is obvious for ®;,; as, by Jensen’s inequality and
convexity of P,

CDint Z 0.

Moreover, again obviously,
WViwip(8)) — plo)(t,2) = (v — 1)Di(t, ) for a.a. (t,z) € (0,7) x T

Next we observe that D.ony is @ symmetric matrix for a.a. (¢, z) with

1 1 |m/? 1 |m/?
—trace[Dconv] = ( Via; —g _ LjmP = Dyin > 0.
2 2 0 2 0
Thus it remains to show that D,y is positively definite. To this end, we write

D (5®€):<V |rh§|2>_|m§|2
conv - t,xy @ 0

> 0,
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where we have used convexity of the function

m - £J?

[0, m] — , £ e R4

Consequently, without loss of generality, we may replace V in (4.10)—(4.12) by 0o.m-
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