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Existence of energy-variational solutions to

hyperbolic conservation laws
Thomas Eiter, Robert Lasarzik

Abstract

We introduce the concept of energy-variational solutions for hyperbolic conservation
laws. Intrinsically, these energy-variational solutions fulfill the weak-strong uniqueness
principle and the semi-flow property, and the set of solutions is convex and weakly-
star closed. The existence of energy-variational solutions is proven via a suitable time-
discretization scheme under certain assumptions. This general result yields existence of
energy-variational solutions to the magnetohydrodynamical equations for ideal incom-
pressible fluids and to the Euler equations in both the incompressible and the compress-
ible case. Moreover, we show that energy-variational solutions to the Euler equations

coincide with dissipative weak solutions.
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1 Introduction

Hyperbolic conservation laws form a class of nonlinear evolution equations that is omnipresent
in mathematical physics and its applications. These range from traffic models [26] over ther-
momechanics [9, Sec. 2.3] to fluid dynamics and weather forecast [33]. Even though this class
of equations is so fundamental and plays such a prominent role in the research of partial
differential equations, up to now there is no suitable concept of generalized solutions such
that existence can be established for a large class of general multi-dimensional hyperbolic
conservation laws. To contribute to filling this gap, in this article we propose the concept of
energy-variational solutions.

We consider general conservation laws

OU +divF(U)=0 inT?x(0,T), (1.1a)
U(-,0)=U, inT* (1.1b)

on the d-dimensional (flat) torus T¢, d € N, and for a finite time 7" € (0, 00). Here U: T? x
(0,T) — R™, m € N, denotes the unknown state variable, F : R™ — R™*% is a given flux
matrix depending on the state, and U, € R™ denotes prescribed initial data. As usual (cf. [14]
Sec. 11.4.2]), we assume that there exists a strictly convex entropy 7 : R™ —[0, oo] such that
the total entropy E(U(t)) := [ran(U(t)) dz is conserved along smooth solutions, but which
may decrease along non-smooth solutions. To ensure this, we assume that

/TdF(U') -V Dy(0) dz = 0

for all suitable U. This condition differs from the usual entropy-pair assumption, where the
existence of a corresponding entropy flux is required, but it allows for more general entropy
functions and therefore a larger class of conservation laws; see Remark below for further
explanation. Observe that we use the letter £ to denote the total entropy since in the considered
examples the mathematical entropy is always played by the physical energy of the respective
system.

Hyperbolic conservation laws are well understood in one spatial dimension, that is, in the case
d =1 or m = 1. Going back to the fundamental works of Hopf [22] and Lax [25], the theory
is nowadays fairly standard; see [14] and [9] for example. In contrast, the one-dimensional
theory cannot be transferred to the multi-dimensional case m,d > 2 immediately, where a
general solution concept that ensures solvability is missing. Instead, solution concepts are
usually constructed such that they fit to one specific conservation law, and often there are
several different concepts for the same equation.

A prominent example is the Euler system for inviscid fluid flow, for which DiPerna and Majda
established the existence of measure-valued solutions in the incompressible case [11], and a
weak-strong uniqueness principle was proven later in [5]. Weak-strong uniqueness is another
favorable property for any solution concept and means that a generalized solution coincides with
a strong solution with the same initial data if the latter exists. In the same article [5], the weak-
strong uniqueness of measure-valued solutions to hyperbolic conservation laws was shown, but
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the existence of these solutions is not known and not expected to hold in general. The weak-
strong uniqueness principle for dissipative measure-valued solutions, where the measure-valued
formulation is enriched with a defect measure, was shown for more general conservation laws
in [19], but still their existence remains unclear. In the case of the compressible Euler equations,
the existence of dissipative weak solutions, defined by enriching the weak formulation with a
defect measure, was shown in [4], and a weak-strong uniqueness principle was proved in [20].

We shall see that both the incompressible and the compressible Euler equations can be treated
in the abstract framework of hyperbolic conservation laws presented here. In particular, we
establish existence of energy-variational solutions to both systems, and we show that they
coincide with the corresponding dissipative weak solutions. In this respect, we present a new
way to construct dissipative weak solutions for these equations. As another example, we con-
sider the equations of magnetohydrodynamics for an incompressible ideal fluid, which means
that the effects of viscosity and electrical resistivity are neglected. While there are results on
the local existence of strong solutions [31], 32, [10], and a weak-strong uniqueness principle
for measure-valued solutions was shown in [19], the global existence of suitably generalized
solutions seems to be unknown. By providing existence of energy-variational solutions to this
system, the present work gives the first result in this direction. We believe that the class
of equations considered here is quite general, and that the presented theory yields existence
results for many other conservation laws.

To explain the main idea of our solution concept, let us begin with the classical approach
towards a generalized solution concept for problem (|1.1]), namely the notion of weak solutions,
defined via the weak formulation of (1.1a)), that is, the identity

t t
(U, ) +// U-9,0+FU):Vodzdr =0 (12)
s s JTd

for s,t € [0, 7] and all test functions ® in a suitable class Y of test functions. As mentioned
above, a natural assumption is that the total entropy is non-increasing along solutions, which

t
means that £(U)| < 0if s <t. Combing this condition with ([1.2)), we obtain the variational
inequality

EW) - (U, )]

t t
+ [ [U-00+F©): Vedsdr <0 (1.3)
S J S Td

for s <t and ® € Y. Since can be recovered from ([1.3) (see also Lemma below),
we may also take to define weak solutions with non-increasing total entropy. As explained
above, existence of such weak solutions cannot be guaranteed for general hyperbolic conserva-
tion laws, which is why we introduce the concept of energy-variational solutions. The main idea
is to replace the total mechanical entropy £(U) € L*°(0,7T) with an auxiliary entropy variable
E € BV([0,T]), which may be seen as a turbulent entropy and may exceed the mechanical
entropy of the system. Additionally, we introduce the difference £(U) — E < 0, weighted by a
suitable factor KC(®) > 0 depending on the test function, into the equation . This leads
to the inequality

t

[E— (U, )]

f MdU'at‘“F(U):V‘MHC(@) EU)—E]|dr<0  (1.4)

s

for s < t and ® € Y, which will serve as the basic inequality defining energy-variational
solutions. In particular, if we have E = E(U), then (1.3 is equivalent to (1.4), and energy-
variational solutions coincide with weak solutions. The crucial assumption for our approach is
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that the function /C is chosen in such a way that the mapping
U / FU): Vo dz + K(D)EU)
T

is convex for any ® € Y. Under this assumption, (U, E) appears in (1.4) in a convex way, so
that inequality (1.4 is preserved under weak* convergence.

Note that the idea of relaxing the formulation of an evolution equation to a variational in-
equality and providing convexity by introducing an additional term goes back to Pierre-Louis
Lions in the context of the incompressible Euler equations [27, Sec. 4.4]. Similar solution
concepts have recently been used in the context of fluids with viscosity as the incompressible
Navier—Stokes equations [24] and viscoelastic fluid models [13].

Besides showing existence of energy-variational solution via a semi-discretization in time, which
may justify their usefulness for numerical implementations, we further show certain properties
that are directly included in the solution concept, for example, a weak-strong uniqueness
principle. Furthermore, we introduce the concept of energy-variational solutions in such a way
that the semi-flow property is satisfied. This is a desirable property of a solvability concept, in
particular, when uniqueness of solutions cannot be guaranteed; see [3] 4] for example.

As is the case for many generalized solution concepts, energy-variational solutions may not be
unique but instead capture all limits of suitable approximations. Hence, additional selection
criteria would have to be applied in order to choose the physically relevant solution. This
definitely requires further research, but we shall see that the class of energy-variational solutions
has desirable properties for such a selection process. In particular, we prove that the set of
energy-variational solutions is convex and weakly* closed, which might make it possible to
define an appropriate minimization problem on this set (cf. [23]), and to identify the (unique)
minimizer with the physically relevant solution. For scalar conservation laws, Dafermos [g]
proposed the entropy-rate admissibility criterion to select the physically relevant solution. He
was able to prove that in a certain class this selection procedure coincides with a selection
according to the well established Lax-admissibility criterion [8]. It is worth noticing that for the
auxiliary variable £ € BV([0, T]) the entropy rate 0.F is well defined in the space of Radon
measures, and the proposed minimization of this value may be defined at least for finitely many
points in time. Therefore, it might be possible to follow Dafermos'’s proposed criterion in the
present case. This is in accordance with the semi-discrete time-stepping scheme proposed
in below, where the energy is minimized in every step, which might provide additional
regularity for the minimizer as well as for the solution in the limit. This question will be further
investigated in the future, together with the performance of the proposed semi-discretization
in numerical experiments.

The article is organized as follows: In Section [2, we explain the relevant notation and introduce
the notion of energy-variational solutions for hyperbolic conservation laws. We formulate the
main result on their existence and collect several auxiliary lemmas. Section [3|is concerned with
the study of energy-variational solutions to these hyperbolic conservation laws. We derive a
number of general properties of energy-variational solutions, and we prove the existence of
energy-variational solutions via the convergence of a suitable time-discretization based on an
iterative minimization procedure. After considering the incompressible hydrodynamical equa-
tions and the incompressible Euler equations in Section [4] we deal with the compressible Euler
equations in Section [5]
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2 Preliminaries and main result

2.1 Notation

For d € N, we denote the scalar product of two vectors a,b € R? by a-b = a;b;, and
the Frobenius product of two matrices A, B € R™*% by A : B := A;;B;;. Here and in the
following, we tacitly use Einstein summation convention and implicitly sum over repeated
indices from 1 to d or m depending on the context. By RZx?, RG<! and R&s, we denote
the sets of symmetric, skew-symmetric and symmetric positive semi-definite d-dimensional
matrices, respectively. The symbols (A)ym = 2(A+A") and (A)gw = 3(A—A") denote the
symmetric and the skew-symmetric part of a matrix A € R™“, and by (A)ym 1 and (A)gym._,
we denote the positive semi-definite and the negative semi-definite part of the symmetric
matrix (A)sym, respectively. We usually equip matrix spaces with the spectral norm ||, defined
by

|Al, = sup a” - Aa, (2.1)

la|=1

that is, |A| is the square root of the largest eigenvalue of A" A. The dual norm of the spectral
norm with respect to the Frobenius product is the trace norm and denoted by | - |5. For
symmetric matrices S € ngxn? ,,,,,
where \;, j = 1,...,d, are the (real) eigenvalues of the matrix S. For symmetric positive
semi-definite matrices S € R&<Y . we may write S|, = f:j Aj =81 =tr(S), where [
denotes the identity matrix in R%*%,
By T¢ = R?/Z" we denote the d-dimensional (flat) torus equipped with the Lebesgue
measure. The Radon measures on T? taking values in R%<? are denoted by M (T4 RI:Y),
which may be interpreted as the dual space of the corresponding continuous functions, i.e.,
M(T4RED) = (C(T4 RE))*. Moreover, M(T% R ) is the class of symmetric positive
semi-definite Radon measures, which consists of Radon measures ;1 € M(T¢; ]ngxrf) such that

for any & € R? the measure £ ® £ : 1 is nonnegative.

For a Banach space X, we denote its dual space by X*, and we use (-, -) to denote the associated
dual pairing. The space C,([0,7];X) denotes the class of functions on [0, 7] taking values
in X that are continuous with respect to the weak topology of X. Analogously, the space
Cw+ ([0, T]; X*) denotes the class of functions on [0, 7] taking values in X* that are continuous
with respect to the weak* topology of X*. The space L% ([0, T]; X*) is the space of all function
on [0, T'] taking values in X* that are Bochner measurable and essentially bounded with respect
to X* equipped with the weak* topology.

We write z,, — x if a sequence (z,,) C X converges weakly to some = € X, and ¢,, = ¢ if a
sequence (p,) C X* converges weakly* to some ¢ € X*. In spaces of the form L>°(0,T’; X)
we usually consider a mixture of the weak convergence in X and weak* convergence in L*°,

which we call weak(*) convergence, and we write u, Y wifa sequence (u,,) C L>(0,T;X)
converges weakly(*) to some u € L*(0,7;X), that is, if
T T
VPELNOTX) i [ (), fO)dt = [ (u(t), f() d. (22)
0

n—o0 0

The total variation of a function E : [0,7] — R is given by

| Elrvo,m)) = sup > |E(ti1) — E(tr)]

0=to<...<tn=T |1
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where the supremum is taken over all finite partitions of the interval [0, 7]. We denote the
space of all integrable functions on [0, 7] with bounded variation by BV([0, T}), and we equip
this space with the norm || E|lgv(o,m)) = [|Ell101) + |Elrvo,m) (cf. [21]). Recall that an
integrable function E has bounded variation if and only if its distributional derivative E’ is
an element of M([0,77), the space of finite Radon measures on [0, 7’]. Moreover, BV([0, T])
coincides with the dual space of a Banach space, see [1, Remark 3.12] for example, and we
usually work with the corresponding weak* convergence, which can be characterized by

E, > Ein BV([0,T]) <= E,— EinLY0,T) and E. = E in M([0,T]).

Note that the total variation of a decreasing non-negative function F can be estimated by the
initial value since

Elrvory = sup > (E(te) — E(ty)) = E(0) — B(T) < E(0).

0=to<...<tn=T | —q

Let i : R? — [0, 00] be a convex, lower semi-continuous function with 17(0) = 0. The domain
of 7 is defined by domn = {x € R? | n(z) < co}. We denote the convex conjugate of 7 by
n*, which is defined by

n*(z) = sup [z -y —n(y)] for all z € R™.
yeR™

Then n* is also convex, lower semi-continuous, non-negative and satisfies *(0) = 0. We
introduce the subdifferential dn of i by

on(y) ={zeR"|VgeR": n(y) <nly) +z-@U—-y)}

fory € R™. The subdifferential On* of n* is defined analogously. Then the Fenchel equivalences
hold: For 4,z € R? we have

zely) <= yedn(z) <= ) +nk)=2y. (23)

A proof of this well-known result can be found in |2, Prop 2.33] for example. If On(y) is a
singleton for some y € R™, then 7 is Fréchet differentiable in y and dn(y) = {Dn(y)}. In this
case, we identify On(y) with Dn(y).

2.2 Main result

We introduce the notion of energy-variational solutions to the hyperbolic conservation law
(1.1). Consider an entropy functional 7 : R™ — [0, 0], m € N. We define the total entropy
functional

£: LMTER™) = [0,00],  EU) = / n(U) dz (2.4)
Td
with domain dom € = {U € L}T%R™) | E(U) < oo}. As the set of test functions, we

|
consider a closed subspace Y of C*(T¢;R™). We next collect further assumptions on 7, F,
and Y.

DOI 10.20347/WIAS.PREPRINT.2974 Berlin 2022
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Hypothesis 2.1. Assume that 7 : R™ — [0, o] is a strictly convex and lower semi-continuous
function that satisfies 7(0) = 0 and has superlinear growth, that is,

lim ny) =00. (2.5)
ll=oo [yl
We assume that the set
D:={U € dom& | H{P,}new C Y : Dp* 0 d,, = U in L'(T%4R™)} (2.6)

is convex. Furthermore, let F : R™ — R™*? be a measurable function such that there exists
a constant C' > 0 with

Yy eR™: [F(y)| < Cln(y) +1), (2.7)

and such that
Vo €Y /w F(Dy*(®(z))) : VO(z)dz = 0. (2.8)

We further assume that there exists a convex and continuous function K : Y —[0, c0) such
that for any ® € Y the mapping

DR, U /dF(U) VO dz + K(D)EU) (2.9)
T
is convex, lower semi-continuous and non-negative.

Before we further explain the assumptions made in Hypothesis[2.1] let us introduce the notion
of energy-variational solutions and formulate the main result on their existence.

Definition 2.2 (Energy-variational solutions). We call a pair (U, E) € L*>(0,T;D)xBV([0, T))
an energy-variational solution to (1.1)) if £{U) < E a.e. on [0, 77, if

3 t
/

for a.a. s,t € (0,T), s < t, including s = 0 with U(0) = Uy, and all ® € C*([0,T];Y),

[E— (U, ®)]

/WU‘@‘P+F(U)1V@dx+K(¢>)[€(U)—E] dr <0 (2.10)

While energy-variational solutions may not have much regularity at the outset, we shall see
that the initial value Uy is attained in the weak™ sense in Y*, and that U and E can be
redefined such that E is non-increasing and U € C, ([0, T]; Y*), see Proposition below.

As the main result of this article, we show existence of energy-variational solutions under the
previously specified assumptions.

Theorem 2.3 (Existence of energy-variational solutions). Let Hypothesis(2.1] be satisfied, and
let Uy € D. Then there exists an energy-variational solution in the sense of Definition|2.2 with

E(0+) = E(U).

The proof of this theorem relies on a suitable time discretization and is provided in Subsection
[3.3] Next we further comment on the assumptions stated in Hypothesis[2.1] and on the solution
concept of energy-variational solutions.
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Remark 2.4. Hypothesis 2.1 ensures, that the integrals in and are well defined. For
the integral in (2.9) note that the estimate implies |F oU| € L*(T?) for all U € D. For
the left-hand side of (2.8)), we first observe that 9n* is single valued by Lemma below,
since 7 has superlinear growth. The Fenchel equivalences yield the identity

n(Dn*(@(x))) = D (@(x)) - ®(x) — 1" (2(x)),

which shows that x +— 7(Dn*(®(z))) is a continuous function on the compact set T¢ and
thus bounded for any ® € Y. Hence Dn* o @ € dom E. Therefore, inequality (2.7)) yields a
bound for the integrand in (2.8)).

Remark 2.5. The convexity assumption on D can be seen as a compatibility condition on
the space Y and the entropy n. We note that Dn* o & € dom & for ® € Y as shown in
Remark [2.4] Moreover, for any sequence {U,,},en C D with bounded entropies, £(U,,) < C,
there is a convergent subsequence with limit U € D. Indeed, yields the existence of a
subsequence weakly converging to U in L'(T%;,R™) with E(U) < C, see Lemma below. A
diagonalization argument gives a sequence {®, },cny C Y with Dp* o ®,, — U in L*(T¢ R™),
which shows U € D.

In the case of a quadratic functional n(y) = aly|?, a > 0, the set D is the weak closure of Y
in L1(T9; R™). Since Y is a linear subspace and 7 is quadratic, this is nothing else than the
strong closure of Y in L?(T%; R™). In particular, the convexity of I is satisfied trivially.

In the case Y = C*(T?;R™), we have D = dom &. In particular, D is convex. Since dom(9€) is
dense in dom & (see [2, Corollary 2.44]) this follows from the above approximation property and
dom(9€) C D. To see the latter, let U € dom(9E). From [2, Prop. 2.53], we infer that the ex-
istence of ® € L>°(T% R™) such that ®(z) € In(U(z)) for a.a. x € TY, thatis, Dn*(P(z)) =
U(z) by the Fenchel equivalences (2.3). The density of C'(T% R™) in L>(T%R™) with re-
spect to the weak* topology, guarantees the existence of a sequence {®, },cn C C* (T4 R™)
with [|®, || oo pagmy < ||| oo (papmy and @, — @ a.e. in TY see [6, Ex. 4.25]. Lebesgue's
convergence theorem allows to conclude that Dn*(®,) — U in L'(T% R™) by the continuity
of Dn*, which shows U € D.

Remark 2.6. Instead of assuming that 7(0) = 0 and n > 0, we may consider a function
n: R™ — (—o0, 00] that attains its minimum at 0. Indeed, the original assumptions can then
be recovered by simply adding a suitable constant to 7.

Remark 2.7. Equation ([2.8]) ensures that the total entropy is conserved along smooth solutions.
Indeed, if U is a solution and all functions are sufficiently smooth, then we formally have

d

SEW) = /T QU - Dy(U)dz = — /T [divF(U)] - Dy(U) dz = /1r F(U): VDy(U)dz =0,

where the last identity follows from (2.8) with ® = Dn(U). Classically, this conservation
property is ensured by requiring the existence of an entropy flux g : R™ — R? such that

Dn(y)"DF (y) = Dq(y)" (2.11)

for all y € R™, which is a shorthand for the relation

Dn(y)"DF;(y) = Dg;(y)"  (j=1,...,d).

Clearly, this identity only makes sense if n and, in particular, F' are smooth enough. This
smoothness cannot be guaranteed for general conservation laws as we shall see in Section [5[in
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Existence of energy-variational solutions to hyperbolic conservation laws 9

the context of the compressible Euler equations. However, if this is the case, then ([2.8)) follows
from (2.11). Indeed, setting U = Dn*(®), that is, ® = Dn(U), and integrating by parts, we
deduce

/T F(Di(®)): Vb dz = /T F(U): VDy(U)dz = - /T [Py DFW)] : VU da

_ —/' DqU) : VU dz = —/' divq(U)dz = 0.
Td Td

Instead of verifying (2.8 . directly, one can also show existence of a vector field g: R™ — R?
such that g o Dn* € C*(R™;R%) and

¥z €R™:  F(Dn'(2)) = D|go Dn*|(2). (2.12)

This implies
F(Dy"(®))V® = div [g(Dn*(®))]

for all ® € C*(T% R™), so that follows from the divergence theorem. Observe that, in
contrast to (2.11)), condition does not require F to be differentiable. Moreover, we do
not require differentiability of ¢ and Dn* but merely of their composition. This distinction can
be helpful since there are standard cases where n* is not twice differentiable, for example, the
compressible Euler equations, which we study in Section [5]

Formally, the relations (2.12) and (2.11)) are equivalent in the case that n* € C*(R™) and
D?n*(z) is invertible at each z € R™. Indeed, choosing y = Dn*(z), we find by (2.3]) and the
chain rule that
[Dn(Dn*(2))" DF(Dy" (2)) — Dg(Dn*(2))| D (2)
=z D[F(Dn’(2))] — Dlg(Dn*(2))]
= D["F(Dy(2)) — q(Dy*(2))| — F(Dry’ (2)) .

Hence, (2.11)) is satisfied if and only if (2.12) holds for g(U) = Dn(U)"F(U) — q(U).

Remark 2.8. In case that F' is entropy-convex, i.e., there exists a constant A\ > 0 such

that |F'| + A\n is a convex, weakly lower semi-continuous function on R™, we may choose
K(®) = A|V®||o(ray. We shall use a similar functional K in Subsection [4.1, but finer
choices may be possible as we shall see in Subsection [4.2] and Section [5]

Remark 2.9 (Boundary conditions). In order to S|mp||fy the analysis, we restrict ourselves to
the case of periodic boundary conditions. But the method can also be adapted to more general
boundary conditions. These can usually be included into our framework by modification of the
space of test functions Y; see also Remark below.

2.3 Auxiliary results

Before we start with the analysis of energy-variational solutions, we prepare several auxiliary
lemmas. We start with the following basic result on an affine linear variational inequality.

Lemma 2.10. Let X be a Banach space, and let ai,as € R and y,,ys € X* such that

ar + (y1,z) < as + (Y2, x)

for all x € X. Then a; < as and y; = ys.
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Proof. The choice x = 0 directly yields a; < as. To infer y; = 1o, let x € X and A > 0.
Choosing = = A\r and dividing by A\, we deduce

)\_lal + <y1,i’> S )\_1612 + <y2, i’>

A a passage to the limit A\ — oo yields (y;,x) < (y2,Z). Choosing x = —AZ and proceeding in
the same way results in the converse inequality, and we obtain (y;,Z) = (2, ). Since € X
was arbitrary, this yields y; = y» and completes the proof. O]

The next result yields the equivalence of a pointwise inequality and its variational formulation.

Lemma 2.11. Let f € L*(0,T), g € L*(0,T) and gy € R. Then the following two state-
ments are equivalent:

i. The inequality

_/ 7)dr+ / 7)dr — ¢(0)g0 <0 (2.13)

holds for all ¢ € C([0,T)) with ¢ > 0.

ii. The inequality
t
g(t) — g(s) + | f(r)ar <0 (2.14)

holds for a.e. s, t € [0,T") with s < t, including s = 0 if we replace g(0) with gq.

If one of these conditions is satisfied, then g can be identified with a function in BV ([0, T])
such that

g(t+ )+ / ) dr <0 (2.15)

for all s,t € [0,T) with s <t, where we set g(0—) = go. In particular, it holds g(0+) < go
and g(t+) < g(t—) for all t € (0,T).

Proof. To see that implies (2.14]), one can use a standard procedure and approximate the
indicator function of the interval (s,t) by elements of C:([0, 7). For the inverse implication,
first note that implies that g coincides a.e. with an element of BV([0,T]). Hence,
one-sided limits of ¢ exist in each point, and we deduce from (2.14)). The choice s =t

n (2.14) implies g(t+) < g(t—) and g(0+) < go. Now let 0 < ¢ € C.([0, 7)) and consider a
partition 0 = 59 <ty < s1 <t <--- < sy <ty <T of [0,T] such that

gbl >0 in [tj—lv Sj] y gbl <0 in [Sj,tj] s ¢ = le =0 in [tN,T] .

To show ([2.13)), we subdivide the left-hand side of this inequality accordingly. Since ¢’ < 0 in
[s;,t;], we can use (2.15)) with s = s; and integration by parts to estimate

—/ r)dr < - / < )—/S_Tf(r)dr>dr

J

= —o(t;) (g<sj—> - [ 1) dr) +o(sy)gsi-) — [ eln)f()dr

J
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Existence of energy-variational solutions to hyperbolic conservation laws 11

where for j = 0 we have to replace g(sp—) with go. Since ¢’ > 0 in [t;_1,s;], we can use
(2.15]) with ¢ = s; in a similar way to conclude

e () dr < s &' (7) (g(Sj”—) —0—/:’1' f(r) d7’> dr

ti—1 ti—1

" gmar) - [* e

ti—1 tj—1

= ~ole)a(sy+) + 60,0 a5 ) +
Summing up and using ¢ = ¢’ =0 in [ty, T, we obtain

~ [[6 @) dar+ /0 L) dr = 9(0)

N ot

=2, 90 dT—Z/ d”/ m)d7 = ¢(0)g
Si::l¢(3j)<g(sj_)_gsj )+Z¢ ( (sj41+) — g(s _|_/8J+1 >

Since ¢ > 0, invoking inequality (2.15) and that g(t+) > g(t—), we can estimate the terms
in the last line by 0 and finally conclude ([2.13)). O

Next we show an adaption of a well-known theorem by de la Vallée Poussin, see [28, Sect. 1.2,
Theorem 2] for example. For the sake of completeness, we give a proof here. Observe that the
statement remains valid if T¢ is replaced with any other finite measure space.

Lemma 2.12. Let ¢ : R™ —[0,00] have superlinear growth, i.e., limy, _, 1 (y)/ly| = oo,
and let F C LY(T% R™) and C > 0 such that

YU € F /dw(U)dx <cC.
T
Then the set F is equi-integrable and therewith relatively weakly compact in L*(T<; R™).

Proof. Let ¢ > 0 and set M = 2C'/e. By assumption, we can choose R > 0 so large that
ly| > R implies ¢/ (y) > My|. Let A C T? be a measurable set with |A| < ;5. Then

/|U|dx:/ |U|dx+/ |U|dx<R|A|+—/@Z) 2))de < e.
A {zeAl U @)|<R) {@eAl V@) >R)

This shows
lim sup \U\d:l: =0,

l[Al=0yeF
that is, the equi-integrability of F. The relative weak compactness of F now follows from the
Dunford—Pattis theorem [12, Thm. 3.2.1]. O

The next lemma collects useful properties of a convex functionals with superlinear growth.

Lemma 2.13. Let n : R™ —[0, 00| be a strictly convex, lower semi-continuous function with
n(0) = 0 and (2.5]). Then the set-valued operator o : R™ —R™ is maximal monotone and
surjective. Moreover, the convex conjugate n* is globally defined and continuously differen-
tiable. In particular,

vz e R (9n)7 ({2}) = On"(2) = {Dn*(2)}.
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T. Eiter, R. Lasarzik 12

Proof. The subdifferential O induces a maximal monotone operator, cf. [2, Thm. 2.43], and
from [2, Prop. 2.47] we infer that this operator is surjective. The Fenchel equivalences (2.3)
allow to identify this inverse with the subdifferential of the conjugate n*. Note that n* is even
Gateaux-differentiable [2, Rem. 2.41 and Prop. 2.40] and continuous with domn* = R? [2
Prop. 2.25 and Thm. 2.14]. The assertion that 0n* is single-valued and continuous can be
found in [29, Thm. 5.20]. O

We use some of these properties to prove the following lemma that shows a way how to
continuously interpolate between 0 and a given value in the range of £ defined in (2.4).

Lemma 2.14. In the situation of Lemma let ® € C(T%R™) and U = Dn* o ®. Then
the mapping

G:[0,1] = [0,£(U)], aw— E(Dn*(ad))

is well defined, continuous and surjective.

Proof. Fix x € T%, and let y = U(z) € dom dn and z = ®(x) € In(y). Consider
f:10,1] = [0,00], o= n(Dn*(az))

Since On* has full domain and is single valued according to Lemma [2.13] the mapping is well
defined. Via the Fenchel equivalences ([2.3), we may further express f as

f(@) = n(Dn*(az)) = (D" (az), az) — n*(az).

This shows that f(«) is finite and that f is continuous since n* and Dn* are continuous
by Lemma [2.13] Moreover, f(0) = 0 and f(1) = n(y), and via Fenchel's identity and the
monotonicity of Dn*, we further observe for 0 < f < o < 1 that

f(a) = f(B) = (Dn*(az),az) — (D’ (B2) Bz) — (n"(az) — 17 (52))
> (Diy(az), az) — (Dn*(B2), Bz) + (D" (02), Bz — az)

5
a—p

Hence, f is a continuous and non-decreasing mapping with range [0, 7(y)]. This implies that
the mapping G is well defined with 0 = G(0) < G(«) < G(1) = E(U) for all a € [0, 1]. Using
Lebesgue's theorem on dominated convergence, we further conclude that G is continuous,

which also implies that G is surjective. O

(Dn*(az) — Dn*(Bz),az — Bz) > 0.

We shall also make use of the following result on the extension of certain linear functionals.

Lemma 2.15. Letl : V — R be a linear continuous functional, where V is a closed subspace

of
._ 1/md . od _
U= {p e Ch(T" x [0,T);RY | /ngodx = 0}.
Set
T:U = L0, T;C(TSRG),  I() = (Vi)sym,
and let p : L*(0,T;C(T¢ Rfyx,ff)) — R be a sublinear mapping such that
wpeV: (L) < p(IW)). (2.16)
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Existence of energy-variational solutions to hyperbolic conservation laws 13

Then there exists an element

% € (L'(0,T;C(TH RED)) = L2 (0, T M(TS RES)

sym sym
satisfying

1 . d. dxdyy . ) _
Proof. First consider ¥ € V with Z(¢) = 0. This implies that (-, ) is affine linear, and since
1 € V is spatially periodic and has vanishing mean value, this is only possible for ¥ = 0.
Therefore, Z is injective, and on its image W = Z(V) we can define the functional L by

(L, W) = (l,%) for U = Z(¢p) € W. Then estimate implies
(L, ¥) < p(T) (2.17)

forall W € W C L'(0,T;C(T% R%*%)). By the Hahn—Banach theorem (see e.g. [6, Thm 1.1]),

sym

we may extend L from W to a linear functional on Ll(O,T;C(Td;Rfanfl)). Using the Riesz
representation theorem, we may identify this extension with an object —R such that the

asserted properties are satisfied. O

3 Properties and existence of energy-variational solutions

In this section we collect several general properties of energy-variational solutions that follow
directly from Definition [2.2] Moreover, under additional regularity assumptions, we can show a
relative entropy inequality, which yields a weak-strong uniqueness principle. Finally, in Subsec-
tion [3.3] we introduce a time-discrete scheme that leads to the existence of energy-variational
solutions as claimed in Theorem 2.3

3.1 General properties

Let us begin with some continuity properties of energy-variational solutions, which follow
directly from Definition [2.2]

Proposition 3.1. Let (U, E) be an energy-variational solution in the sense of Definition 2.2
Then U and E can be redefined on a subset of [0,T] of measure zero such that E is a
non-increasing function and such that U € C,-([0,T];Y*) with U(0) = Uy, in Y*. Then
inequality is fulfilled everywhere in [0,T)] in the sense that for all ® € C'([0,T];Y) it
holds

- w,o)| +/t/TdU-8t<I>+F(U) VD 4+ () [EU) — E] dedr <0 (3.1)

for all s <t e 0,T), where E(0—) — (U(0—),®(0—)) := E(0+) — (Uy, ©(0)).

Proof. Setting ® = 0 in inequality (2.10), we infer that E’t < 0 forae t>s e (0,7T).
Since £ € BV([0,T]), all left-sided and right-sided limits exist and £ is continuous except
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for countably many points, so that we can redefine E such that it is non-increasing. For any
fixed ® € C'([0,T]; Y) we further observe that

t

E—w, o) < —/tAdU-at¢+F(U):V®+K(®) E(U) — E] dz ds

S

< /: [Adn(U)+n*(3t@)m+K(¢)E dr

for a.e. t > s € (0,T), where we used the Fenchel-Young inequality and the non-negativity of
the function in (2.9). This implies that ¢ — E(t) — (U(¢), ®(t)) € BV([0,T]). In particular,
left-sided and right-sided limits of this function exist, and passing to those limits in ([2.10]
yields . Choosing now s =t and ® € Y independent of time, we infer that

t+
[E—(U,®)]| <0 forallte (0,7)and ® €Y .

t—

Lemma now yields U(t+) = U(t—) in Y* for all t € (0,T) i.e., we can redefine U on a
set of measure 0 such that U € C,« ([0, T]; Y™). O

Proposition 3.2. Assume that for two elementsV, W € D with (V-W &) =0 forall® € Y
it holds V.= W . Then we have U € C,([0,T]; L*(T¢;R™)). Furthermore, if E[U,) = E(0),
the initial value is attained in the strong sense in L'(T% R™).

Proof. Let t € [0,T] and consider a sequence {t, }nen C [0, 7] with ¢, —¢. Then E(U(t,)) <
E(t,) < Ey for n € N, and from (2.5) and Lemma we infer that the set {U(t,)}nen is
relatively weakly compact in L!(T¢;R™). Hence, we may extract a subsequence such that

Ul(t,,) — A; in L'(T%R™)
for some A; € D. As shown above, we also have
Ulty,) A U(t) in Y.

We infer (U(t),P) = (A;, @) for all & € Y. The assumption implies U(t) = A;. Due
to the uniqueness of the weak limit, all subsequences converge to this limit, so that U €
Co([0,T]; LY(T4 R™)).

Moreover, if £(Uy) = E(0), we infer

E(0) > lim E(t) > lim £(U(t)) = £(Uo) = £(0)

due to the monotonicity of the function E and the weak lower semi-continuity of £. We
conclude that E(U(t)) - E(Uy) as t — 0. Since we also have U(t) — Uy, from the strict
convexity of &, we infer that U(t) — U strongly in L'(T% R™) by [17, Thm. 10.20]. O

Remark 3.3 (Semi-flow property). We note that energy-variational solutions fulfill the semi-
flow property. This means that the restriction of a solution to a smaller time interval as well as
the concatenation of two solutions (U1, Ey) and (U, E2) on subsequent time intervals (g, ;)
and (t1,ts) with (U(t,—), E1(t1—)) = (Ua(t1+), E2(t1+)). is again a solution. This follows
from Proposition [3.1] due to inequality for all t > s € [0, 7] and the weak* continuity of
the solution.
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Existence of energy-variational solutions to hyperbolic conservation laws 15

Proposition 3.4 (Solution set). The set of all energy-variational solutions with common initial
value Uy € V is convex. Moreover, let E(U,) < B for some B > 0, and let S be the set of
all energy-variational solutions (U, E) with initial value Uy € D and E(0) < B. Then S is
compact in L>(0,T; L*(T9)) x BV([0, T]) with respect to the weak* topology in BV ([0, T])
and the weak(*) topology in L>(0,T; L*(T?)) defined in (2.2).

Proof. Using the convexity of £ and of the mapping from ([2.9)), one readily sees that all terms
involving (U, E) appear in a convex way in . Therefore, the convex combination of two
energy-variational solutions with coincident initial value is again an energy-variational solution
with the same initial value.

Now consider the set S. By Proposition[3.1} we may assume that for all (U, E) € S the function
E is non-increasing, which implies that |E|ty(or)) < B. Due to the inequality £(U(t)) <
E(t) for a.a. t € [0,T] and the superlinear growth of 7, we infer from Lemma and
Helly's selection theorem (cf. [2, Thm. 1.126]) that any sequence in S contains a subsequence
{({U", E™)},en such that

ur YU in %0, T; LM(TY))
E" < E in BV([0,T]), (3.2)
E™(t) — E(t) forall t €[0,T].

For the initial values, we may further extract a subsequence such that £"(0+4) — E for some
Ey < B, and we have U"(0) = U, for all n € N. Using Lemma [2.11} we may rewrite the
energy-variational inequality (2.10) in its weak form

_ /OT ¢ [E" — (U™, ®)] dt — ¢(0) [E™(0+) — (Uy, (0))]

T
+ / &

0
for all ¢ € C1([0,T)) with ¢ > 0 and for all ® € C*([0,7];Y). Via the convergences (3.2),
we may pass to the limit in this formulation and obtain, again by Lemma [2.11} the formu-

lation ([2.10]). Moreover, the weak lower semi-continuity of £ allows to deduce that E(t) >
EU(t)) for a.e. t € (0,T). Consequently, (U, E) is an energy-variational solution in S. [

Proposition 3.5. Let (U, E) € L>(0,7;D) x BV([0,T]) be an energy-variational solution

in the sense of Definition and let the regularity weight IC be homogeneous of degree one,

ie., K(a®) = ak(®) for all « € [0,00) and ® € Y. Then the inequality is equivalent

to the two inequalities
t

E S 07 _<U7 (D>

s

/W F(U"): Voda + K(®) [EU™) - E"]| dt <0

t+/~tAdU.8t®+F(U):V(I)da:+/C(<I>) E(U)—E]dr <0 (3.3)

for a.a. s,t € (0,T), s <t, and for all ® € C*([0,T);Y).

Proof. Summation of the two inequalities in directly gives the inequality (2.10)). For the
converse direction, the first inequality in can be deduced from (2.10]) by choosing ® = 0.
In order to infer the second inequality in (3.3)), we choose ® = aV in @D for « > 0 and
U € C'([0,T];Y). Multiplying the resulting inequality by 1 implies

1 t t
[aE— (U,\I/)} + [ /TdU~8t\If+F(U) VU dz + k(W) [EU) — E] dr < 0.
Passing to the limit v — 0o, we infer the second inequality in ((3.3). O
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3.2 Relative entropy and weak-strong uniqueness

In order to derive a relative entropy inequality for energy-variational solutions, we make the
following assumptions on higher regularity of 1 and F' in the interior of the domain of 7.

Hypothesis 3.6. Let the assumptions of Hypothesis [2.1] be fulfilled. Set M := int dom 7 and
assume that n‘M € C*(M;R) such that D?p(z) is positive definite for all z € M, and that

F’M € C*(M; R™%) such that there exists a § € C*(M;R?) fulfilling (2.12).

Under these regularity assumptions, we can introduce the relative total entropy functional
R : D x C*(T¢ M) — R, which is given by

RUIU) :=EU) - EU) — (DEWU),U -T). (3.4a)
Additionally, we define the relative form W : D x C'(T%; M) — R via
WU|U) = /T VD) :(FU) ~ FU) - DFO)(U-1)) dz + KOYRUIT). (3.4)

We note that the assumption U € C'(T%; M) implies U € D, so that R(U|U) is finite. Indeed,
since 7 is continuous in the interior of its domain, the composition fr;o[j is a continuous function
on the compact set T¢ and thus bounded, which yields 5([7) < oo. Similarly, all compositions
of functions in ([3.4b|) are bounded, and W is well defined. Moreover, both terms R and W
are non-negative due to the convexity of n and of the function from , respectively.

Proposition 3.7 (Relative entropy inequality). Let (U, E) be an energy-variational solution
in the sense of Definition and let Hypothesis [3.6 be satisfied. Then the relative entropy
inequality

T /t K(O) [RUID) + E~£W)] dr
s s ) (3.5)

+/: {W(Ulﬁ'ﬂ/w (a0 +divF(@)) - D*n(0)(U ~U) dx} 4 <0

[RWUIT)+ E - £(U)]

holds for a.e. s,t € (0,T) and all U € C*(T% x [0, T]; M).

An immediate consequence of inequality (3.5]) is the following weak-strong uniqueness property.

Corollary 3.8 (Weak-strong uniqueness). Let Hypothesis 3.6 be satisfied. If there exists a
strong solution U € C'(s,t;Y) N C([s,t);Y) to in some interval (s,t) C [0,T], then
(U,E(U)) coincides with any energy-variational solution (U, E) € C,-(0,T;Y*) x BV(]0, T])
in the sense of Definition with (U(s), E(s—)) = (U(s),E(U(s))).

Proof. Since U is a strong solution on [s, ], it holdsﬁtﬁ +divF(U) =0 in (s,t). For any
energy-variational solution (U, E) such that U(s) = U(s) and E(s—) = £(U(s)), we further
observe

R(U(s)|U(s)) + E(s—) — EU(s)) = 0.
From the inequality (3.5)), we thus infer that

RUT () + E(r+) — EU(r)) + / WD) dr
< / K@) [RUD) + E - £U)] dr
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for all r € [s,Z]. The convexity of the function from (2.9) implies W > 0. From Gronwall’s
inequality, we infer that R(U|U) + E — EU) < 0 in (s,t). Since E > E(U), this implies
R(U|U) <0, so that U = U due to the strict convexity of 7. O

Remark 3.9. The above weak-strong uniqueness result is stronger than the usual weak-strong
uniqueness results (cf. [5]). Usually, these results are stated in the sense that: If there exists
a strong solution emanating from the same initial data as the generalized solution, then both
solutions coincide as long as the strong one exists. The above result also holds in case that
the energy-variational solution coincides with a strong solution at some later point s in the
evolution. However, the solution has to satisfy E(s—) = £(U(s)) at such a point in time.

Note that here we do not claim existence of such regular solutions. There are many different
results on the existence of classical solutions on short time intervals for conservation laws. We
refer to [9, Ch. V] and the references therein.

It remains to show the relative entropy inequality (3.5]).

Proof of Proposition[3.7. For any smooth function U € C*(T¢ x [0, T]; M), we observe by
the fundamental theorem of calculus and the product rule that

[5(0’) - <Df:(0’),ff)} t + /t y D) U -U)-9,U —d,DnU) -Udxdr =0. (3.6)

Note that U only takes values in M such that the following calculations are rigorous. Taking
the derivative of the assumed relation ([2.12]) with respect to 2, we infer

O p(Dif(2)) = DAlg; o Dr)(z)

DiF;;(Dn*(2)) D (2) = 92,

Note that since z = Dn(Dn*(z)), we infer from the implicit function theorem that n* is twice
continuously differentiable with D2n*(z) = [D?n(Dn*(2))]”'. We may express the derivative
of F' via

DiF 5(Dn*(2)) = Di;la; o Di)(2) Din(Diy* (2)) -
Multiplying the above relation by D?p(Dn*(z)) from the left, we infer by the symmetry of the
second derivatives of ¢ and 7 that

D, (D" (2)) DiF (D (2)) = Dgn(Dn’*(2)) Diila; o Dil(2) Dign(Dn’ (2))
= Din(Dn’*(2)) DinF i (D’ (2)) -

This symmetry can be used to calculate

- a - oU
J J
=ou; 0 . -
= Din(@)D,F(0) 5" = 5 Dnl0)DFy (D).

which implies

div F(U) - D*n(U)(U —U) = (DF(U) : VU) - D*p(U)({U - U)
FU): VDy(U)® (U -U)
Dn(U) : (DF(O)(U - 1)) .
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Additionally, we may set ® := Dn(U) in (2.8)) in order to conclude from the Fenchel equiva-
lences (22.3)) that

[ VD)(0): F(O) dz - /T V& F(Dy(®))dz =0.

Combining the last two equations, we find

0= /T (divF(0)- Dn(0)(U ~U)dz — | VDy(O): [F(O)+ DFO)U - )] dz.
(3.7)

Adding the above identities (3.6]) and ([3.7)) to the inequality (2.10) with ® = Dn(U) implies

t

[E—£(T) - (DE@).U-T)]

S

+ /-t | /T VDy(U) : (F(U) - F(U) - DFO)(U - U)) dzdr
- /t /Td (0 + div F(D)) - D0(0) (U - 0) da + K(O) [EU) — E] dr <0

which is (3.5)). []

3.3 Existence of energy-variational solutions

In this subsection we prove Theorem [2.3] that is, we show existence of energy-variational
solutions to the hyperbolic conservation law . To do so, we introduce a semi-discretization
scheme in time. For N € N, we define 7 := T'/N, and we set t" := mn for n € {0,..., N}
to obtain an equidistant partition of [0, 7]. We set U’ :=U, €D, and in the n-th time step,
n > 1, we compute U™ from U™ € D by solving the minimization problem

(ew)-ew™) - (U-U"",0)

U" = arg min sup
UeD;E(U)<EW™™1) PEY

(3.8)
o[ [ Fw): vedz s k(@) (£0) - @) ] |

Remark 3.10 (Comparison to time discretization for gradient flows). In the theory of gradient
flows it is nowadays standard to consider a time-discretization scheme based on a sequential
minimization [30, Chap. 6]. This is certainly a different setting than in the problem considered
here since the energy is not formally conserved along a gradient flow but dissipated by some
dissipation functional. Nevertheless, a similarity is that a saddle-point problem has to be solved
in every time step. The current algorithm can thus be seen as a first generalization of this
technique from gradient flows to more general systems, also including Hamiltonian dynamics.
A goal for the future is to combine both approaches in order to find a suitable discretization
scheme for general GENERIC systems [18], which combine dissipative and Hamiltonian effects.

Remark 3.11 (Solving the min-max problem numerically). It is worth observing that the discrete
optimization problem from ([3.8)) is given in form of a saddle-point problem. This is a standard
problem in optimization theory and machine learning and there are different tools to solve such
a problem numerically [7].
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Theorem 3.12 (Solution of the time-discrete problem). For each U"™' € D there exists a
unique solution U™ to the minimization problem (3.8)), and it holds

(1+7K(®)) (EU™) —€U™™)) —(U" ~ U™, &) + T/W FU"):Vodz <0 (3.9)
forall ® € Y.

Proof. The proof is divided into different steps:

Step 1: Functional framework. We define the set
= {UeDleWw) <eWw" M}
and the function

FrU|®) = (1+7K(®)) (EU) - EU™)) = (U-U"", ) + T/Td FU):Vddzx.

Then we solve the time-discrete minimization problem (3.8) if we find a unique minimizer
U" € D" of the function

H:D" =R, HU)=supF,(U|D).

deY
Step 2: Min-max theorem. In order to show that
inf sup F, (U|®) = sup mf FrU|P). (3.10)
Ueb™ ey pey Ueh”

we apply a min-max theorem. Since £ is superlinear, the set D" is weakly compact in L!(T¢; R™)
by Lemma and the function U — F[(U|®) is convex and weakly lower semi-continuous
for every & € Y. Moreover, the function ® — F7(U|®) is concave for all U € D" since £
is convex and £(U) < E(U™ ). Therefore, follows from Fan's min-max theorem [15,
Theorem 2].

Step 3: Inequality (3-9). We show infyepn H(U) < 0. To do so, let & € Y be arbitrary
and define U = Dn* o ® and U = Dn* o (a®), where a > 0 is chosen as follows: If
EU)<EU™ ), weseta=1,s0othat U =U. If EU) > EU™), we let o € (0,1) such
that £(U) = EWU™"), which is possible by Lemma [2.14] Then the assumed identity (2.5)
implies
- 1
F(0): Vodz = — [ F(Dy'(ad())) : aV(z)dz = 0.
|, F©):vedz = [ F(Dy'(ad()) : aVo()dz =0
Since a® € AE(U), from the definition of the subdifferential of £ we obtain
: T < T 3
inf FI(U]@) < F{(0])

— (14 7K(®) (£@) - U™ = = (T~ U a0) + v [ F@©):Vods

The last inequality follows since ov € (0,1] and E(U) < E(U™ ™). Because ® € Y was arbitrary,
identity (3.10)) implies infyep. H(U) < 0.
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Step 4: Solvability of the optimization problem. From the identity
HU) = (W) - U™ )
+sup (TK(@)EW) ~ V) ~ (U -V @) 47 [ FU): Vo).,

deY Td

we conclude the strict convexity of the mapping H from the strict convexity of £ and the con-
vexity the function in the second line, which is the supremum of convex functions. Additionally,
‘H is not equal to +oo everywhere due to Step 3. Furthermore, we observe the coercivity of
H via
H(U) > FL(U|0) =EU) - U™

since & is superlinear, which also implies that D" is weakly compact in L!(T?) by Lemma m
In total, H is a strictly convex, lower semicontinuous and coercive function on the compact
set D™ and thus has a unique minimizer U". ]

Proof of Theorem[2.3. We prove the existence of energy-variational solutions via the conver-
gence of a time-discretization scheme. We divide the proof into three steps.

Step 1: Discretized formulation. For N € N, let 7 = T'/N and t" = nt as above. Set U’ = U,
define U" iteratively by (3.8), and set E" = E(U") for n € {0,...,N}. Theorem [3.12
guarantees that U" € ID exists and satisfies

E"—E" - (U"-U"",®)
(3.11)
+7 UT FU") : Vo dz + (@)U — E" Y| <0

for all @ € Y. For functions ¢ € C°([0,T);[0,00)) and ® € C'([0,T];Y), we define ¢ =
(") and ®" = ®(t") for n € {0,...,N}. Using ® = &' in (B.11)), multiplying the
resulting inequality by ¢"~! and summing this relation over n € {1,..., N} implies

N

B = B =g Ut U )]

n=1

+7 i ¢! { /T JF(U™) Ve da + (0" (EWUT) - Enl)] <0.

Since ¢ = 0, using a discrete integration-by-parts formula and dividing by 7 > 0, we obtain

n __ (I)n—l

T - () - o (0 T - (e @) - @)

T

N
+ 3 gt [ [,FU™) Vet + K@) - E”‘l)] <0.
n=1
(3.12)

Step 2: Prolongations. We define the piece-wise constant prolongations

= "oforte (t" "

UN(t) — U ori ¢ ( ) ]7

Uy fort=0,

— EWU™ forte (t" 1], AU fort =T,
EN(t) = ( ) _( ] EN(t) = ( n)l n—1 4n
E(U,) fort =0, EWU™Y) fort e [tm T, im).
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Analogously, for test functions 1) € C*([0, T]; X), where X is R or Y, we define the piece-wise
constant and piece-wise linear prolongations by

—N,,._ Ju@r) forte (1"t N (D) fort =T,
V)= {w(o) for t =0, v = {z/;(t”—l) for t € [t"71 1),
(") — (")

T

PN (1) = (t—t""Y) 4+ ™) fort e [t" "],

With this notation, the discrete energy-variational inequality (3.12]) becomes

— /T <6t$N EN . <UN’@N>} _$N<UN,at&)N> +¢N,C(<I)N)EN> dt

+ [ [ F@) ez + k@NETY)] dt - 0(0) [EUy) ~ (9(0),U0)] <0
(3.13)

for all ® € C*([0,7];Y) and all ¢ € C5([0,T)) with ¢ > 0.

Step 3: Convergence. Since we have 0 < £(U") < £(U""), we obtain that t — EN(t)
and ¢t — EY(t) are non-negative and non-increasing functions and as such bounded in
BV([0,T]) by the initial value E° = £(U,). Moreover, by the superlinear growth of 7, we
infer from S(UN(t)) < E(Uy) that the sequence {UN}NeN is bounded in L>°(0,T; D). Thus,
we may extract (not-relabeled) subsequences such that there exist £, E € BV([0,T]) and
U € L>(0,T;D) such that

(TN in L°(0, T; L' (T R™)),
(E", EY) =~ (E, B) in BV([0,T)),
(E" (1), EN(t) — (E(t), E(t)) forallt € [0,T],

where the weak(*) convergence in L>(0,T; L*(T%; R™)) was defined in (2.2)), and where we

used Helly's selection theorem (see [2, Thm. 1.126] for example). We next show that E" and
EN converge to the same limit, thatis, £ = E a.e. in (0, 7). Due to the monotony E™ < Er 1,
we find

T N
/ EY — EN|dt = 3. 7(E" — E") = 7(E(0) — EY) < 7E(0) — 0 as N — oo.
0 n=1

Since BV([0, T]) continuously embeds into L'(0,T), this allows to identify E = E =: E. Due

to the pointwise convergence in [0, 7] of EY, we infer from the weak lower semi-continuity of
E that E > E(U) a.e. in (0,T). We clearly have

0,0 — 0,0, aN — 0, N — o pointwise in [0,7] as N — oo,
90N - 0,0, VN 5d, VOV 5V in C(T% R™) pointwise in [0,7] as N — 00 .

: : o =N
With these observations, we may pass to the limit in the weak form ([3.13). We note that U
occurs linearly in the first line of ([3.13). All other terms are bounded and converge almost
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everywhere in (0, 7). This implies that

lim OT [atc/SN EY - @", oM - 6" T",00") + ¢N/C<<I>N>EN] dt

N — oo

_ OT la@ E— (U, - 6U,0,®) + ¢K(@)E] dt.

Observing that the second line in (3.13) is bounded from below due to Hypothesis (2.1]) and
that ¢ > 0 in [0, 7], we may apply Fatou's lemma and the weak lower semi-continuity of the
function from ([2.9) as well as the continuity of IC in order to pass to the limit in the second

line of ([3.13)), which yields

N — o0

lim inf [/OT &N [/T FOY): vo de + lC((I)N)E(UN)} dt}

> [ limin [qu { /T FU"): VeV do + /C(@N)g(UN)] ] dt

0 N—oo

T
> : .
_/0 qﬁ/TdF(U) vV dz + K(D)EU) dt
In total, we infer from ([3.13)) that

T
— [ 06 (B~ (U.9)] dt = 9(0) [EWU) — (Uo, 2(0))
T
+[ o [<U,atc1>> + [ PU): Ve + K@)EW) - F]| di <0.
0 Td
Via Lemma , we now end up with the energy-variational inequality (2.10)) and with

lim [E(t) — U(t), 2()] < EWUo) — U, 2(0)) ,

after possible redefining the function on a set of measure zero. By Lemma [2.10}, this inequality
implies U(t+) = Uy in Y*, that is, the initial value is attained in the asserted sense. O

4 Two incompressible fluid models

Our first two examples are models for incompressible inviscid fluids, the incompressible magne-
tohydrodynamical equations and the incompressible Euler system. While the latter can be seen
as a special case of the first system, it allows to derive more properties and the comparison
with weak dissipative solutions for the Euler equations.

4.1 Incompressible magnetohydrodynamics

As the first example, we consider the equations modeling an incompressible, inviscid and
electronically conductive fluid. The corresponding equations of motion are the magnetohydro-
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dynamical equations given by

Otv+(v-V)v—,u(H-V)H+Vp+V%|H|2 —0, in T¢ x (0,7), (4.1a)
OH -V x(wxH)=0 in T x (0,7),  (4.1b)

dive =0, divH =0 inT¢x (0,7), (4.1c)

v(0) =v,, H(0)=H, in T¢. (4.1d)

Here v : T x (0,T) — R? denotes the velocity of the fluid, H : T¢ x (0,7) —R? is the
magnetic field, p : T¢ x (0,7) — R denotes the pressure, and 1 € (0,00) is the quotient of
the magnetic permeability and the constant density of the fluid.

Remark 4.1. We note that the above equation is not formally of the form . The pressure
is not a function of H and v but should rather be seen as a Lagrange multiplier to fulfill
the divergence-free condition in the evolution. The first equation can be interpreted as
o+ Pdiviv@v — pH ® H) = 0, where P denotes the Helmholtz projection on divergence-
free functions, and condition is incorporated in the functional framework by working
in the space of divergence-free functions. Another viewpoint is that one can derive a weak
formulation of by testing with divergence-free test functions. Then the pressure term
can be omitted, and the weak formulation is of the form (1.2)).

To introduce the notion of energy-varational solutions to the magnetohydrodynamical equa-
tions (4.1]), we define the corresponding mathematical entropy as the physical energy

E(v, H) “H

(4.2)

9 H L2(Td) L2(Td)’

Moreover, we we introduce the class of divergence-free vector fields

LI(TY) = {'v c LYT%RY) | Ve € CH(T?): / v-Vepdr = 0}
Td

for ¢ € [1,00). The mathematical precise sense of energy-variational solutions is given in the
following definition.

Definition 4.2. A tuple (v,H,E) € L>(0,T;L?(T%))? x BV([0, T]) is called an energy-
variational solution to the incompressible magnetohydrodynamical equations (4.1)) if it satisfies
E((t),H(t)) < E(t) for a.a. t € (0,7T), and if the energy-variational inequality

t t
E—/Tdv-cp—H-'t/de} +/ /1rd [v-@gp—i—(v@v—uH@H):chdx

+/tAdH‘at¢+(H®v_v®H):v¢dz+K(¢’¢> [5(U,H)—E”ds§0

(4.3)

holds for a.e. s < ¢t € (0,7) including s = 0 with (v(0),H(0)) = (vo,Hy) and all test
functions (p,%) € C*(T? x [0, T]; R%)? with dive = divep = 0. Here,

2
K(p,¥) = 2H(V90)Sym”L°°(Td;RdXd) + ﬁ“(vw)skWHLOO(Td;RdXd) (4.4)

with

[P]] £ (Td;Rdxd) = €SSSUp [P ()]2,
z€Td

where |-| denotes the spectral norm defined in (2.1]).
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Theorem 4.3. For every initial datum (vy, Hy) € L2(T?) x L2(T%), there exists an energy-
variational solution in the sense of Definition with E(0) = E(vg,Hy) and (v,H) €
Cw([0,T); L2(T?) x L2(T%)), and the initial values are attained in the strong sense.

Proof. We have to show that the Hypothesis is fulfilled. To realize the system (/4.1)
in the abstract framework introduced above, we introduce the quadratic entropy functional
n: R* =R via n(y,,y,) = 5lyi|* + £|y,/|*, which is obviously strictly convex, lower semi-

continuous and has superlinear growth. The space of test functions is given by Y = {((p,l/)) €
C(T4; R%)? ‘ divp = divy = O}, and we have D = L2(T9) x L2(T%) (see Remark ,
which is obviously convex. Note that " (21, 22) = 3]21|*+ 5, |22|? and the corresponding total
entropy is given by the physical energy £ from (4.2). The function F : R* — R*™? is given
by
_ (vev-—pH®H
Flv,H) = (H@v—v@H) '

Observing that Dn*(z1,22) = (21, %)T we find that the condition ([2.8)) is fulfilled due to
F(Dn*(p,9)): vV (¥ d
(D" (p,9)) : z
Td (2

:/ <<p®so—1z/)®¢> :V<p+l(¢®<p—<p®¢):v¢dx
T4 It It

B

=/Td(so-V)W— 1 [(¢®¢>:V¢—(¢-V>2 ¢ (peY)—p-Ppdivy| de

2 p
= 07
where we integrated by parts in the last term. The last equality follows by another integration
by parts since ¢ and % are solenoidal vector fields. Moreover, inequality ([2.7)) is fulfilled for
C=2+ % since from Young's inequality, it follows

2
[F(v, H)| < [vf* + plH|* + 2| |H| < 2n(v, H) + ﬁn(vﬁ%

Finally, we have to show that the choice (4.4)) of the regularity weight K yields the convexity
of the function from (2.9)). We infer similarly to the previous estimate that

[ P09 ($) dal < (1o 90— il © Bl sz 1)l v

+ 2[|v @ H|| g1 (agaxa) [ (V) skwll oo (ra.gaxay
< K(p,¥)E(v, H).

This implies that the mapping
(v, H) /dF(v,H) Y (5) dz + K, ¥)E (v, H)
T
is quadratic and non-negative, and thus convex and weakly lower semi-continuous. In total,
Hypothesis 2.1 is satisfied, and from Theorem [2.3] we infer the existence of a solution in the

sense of Definition [4.2) with the regularity from Proposition [3.1] Finally, Proposition [3.2]implies
the additional regularity. O
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Remark 4.4 (Alternative choice of F'). We could also define the function F' by

v|? HI2
F(v,H) = v®v—uH®H+[(%+%) |
) H®”_”®H—(U~H)[
With this definition, we can derive the relation 1) for the function q given by
2 H?

and the function F' fits better into our abstract framework with Hypothesis [3.6] But since
both choices yield the same when tested with solenoidal functions, we rather use the simpler
version in the above proof. Note that both choices fulfill the condition ([2.8)).

Remark 4.5 (Boundary conditions). The concept can be transferred to the usual impermeability
boundary conditions. Indeed, on a bounded Lipschitz domain Q@ C R? we may equip the
system (|4.1]) with the boundary conditions n-v = 0 = n-H on 0f2, where n denotes the outer
unit normal vector at 0€2. The associated space for the test functions Y has to be restricted
to (p, %) € Y :=CHQ x [0,T];R*) withn - 9o =0 =mn -1 on 9Q and divy = 0 = dive
in . Similarly to the above calculation, one may verify that condition is still fulfilled,
where the integral is taken over ) instead of T¢.

4.2 Incompressible Euler equations

For the sake of completeness, we apply the abstract result to the incompressible Euler equa-
tions, even though the existence of energy-variational solution to this system was already
proven in [23]. Actually, this can be seen as a special case of the magnetohydrodynamical
equations by setting H = 0. However, here we can give a finer choice of the regularity
weight C that allows us to show that energy-variational solutions are also dissipative weak
solutions.

The incompressible Euler equations are given by
ow+w-Vv+Vp=0, divoe=0 in T x (0,7), (4.5a)
v(0) =vy  in T, (4.5b)

Again, v : T x (0, T) — R? denotes the velocity of the fluid and p : T x (0,T) — R denotes

2
the pressure. We introduce the energy £ : L2(T%) — R with £(v) := le .

Definition 4.6. A pair (v, E) € L*°(0,T; L2(T¢)) x BV([0, T]) is called an energy-variational
solution to the incompressible Euler system (4.5)) if E(t) > E(v) for a.e. t € (0,T) and if the
inequality

[E—/Tdv-wdx}

holds for a.e. s < t € (0,7), including s = 0 with v(0) = vy, and for all test functions
@ € CH(T? x [0, T];R%) with divp = 0, where

K(p) = 2[(V@)sym [l oo (rameaxay - (4.7)

t t
+//Tdv.atgoﬂ@v:V<pdx+/C(<p)[5(v)—E]dsgo (4.6)
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Besides existence of energy-variational solutions, we shall show that they can be identified with
so-called weak dissipative solutions to the incompressible Euler equations (4.5]). The following
definition is an adaption of the compressible case, see Definition below.

Definition 4.7 (Dissipative weak solution). We call a pair (v, E) € L>(0,T;L?(T%)) x
BV([0,T]) a dissipative weak solution to the incompressible Euler equations (4.5)), if there
exists a Reynolds defect R € L% (0, T; M(T¢ demeC{Jr)) such that the equation

/Tdv-godx

is fulfilled for all ¢ € C'(T% x [0, T]; R?) with dive = 0, and for a.a. s,¢ € (0,7), including
s = 0 with v(0) = vy, and if £ is a non-increasing function with E(0+) = £(vy) such that

t "t t
://dv-8t<p+v®v:chdxds+//dV4p: dR(s)ds (4.8)
s sJT sJT

Ew(t)) +; [, an < B() (4.9)

for a.a. t € (0,7).

Theorem 4.8. For every initial datum vy € L2(T<), there is an energy-variational solution
in the sense of Definition with E(0) = E(vg) with v € C,([0,T]; L2(T?)) such that the
initial condition is attained in the strong sense. Moreover, a pair (v, E) € L>=(0,T; L?(T?)) x
BV([0,T]) is an energy-variational solution in the sense of Definition if and only if it is a
dissipative weak solution in the sense of Definition[4.7

Proof. At first, we show that the Hypothesis is fulfilled, which is very similar to the proof
of Theorem [4.3] To the most extent, we can copy the above proof with H = 0 or vanishing
second component in all functionals. But since we assert that the regularity weight I can be
chosen in the finer manner stated in (4.7), it remains to verify the convexity of the function
from (2.9) with this choice. Indeed, we have

/T F(v): Vopdz + K()E()
- /Tdv v : (Ve)sym + dz + /Td('v Q) : [(ch)sym,_ + (V@) sym | oo (pa.gaxay I | Az,

where we infer the convexity and weak lower semi-continuity of both terms in the second
line since they are non-negative and quadratic. Hence, Hypothesis is satisfied, and from
Theorem [2.3] we infer the existence of an energy-variational solution.

Now let (v, E) be an energy-variational solution in the sense of Definition [4.6] The choice
= 0 implies that E is non-increasing. Since the regularity weight K is homogeneous of
degree one, we infer from Proposition [3.5] that

—/ v-Ydr
Td
for all 9 € C*(T? x [0, T]; R?) with dive) = 0. We define

:+/()T/Tdv-3t’¢+('v®v):ngdxdtS/OT/C('l,b)[E—S(v)]dt (4.10)

= {p € CY(T¢ x [0,T);RY) | divep = 0 ae. in T x (0,T), /dgodx — 0},
T

I:V—-R, (Ly) ::—Adv-¢dxj+/oTAdv~8t¢+(v®'v):Vi/)dxdt,

sym

T
b L0, TS TS RED) SR, p(®) 1= [ 20/(®)equuonsy (B — E(v) d
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Due to (4.10)), Lemma implies that there exists & € L% (0, T; M(T4; RZ*4)) with

sym

VO € L0, T;C(TH R . (=R, ) < p(®), Ve V: (—R V) = (1,7).

sym

The first property implies (R, ®) > 0 if ® is positive semi-definite in T¢ x (0,7, so that
we have R € L°° (0, T; M(T?; RfyxnflJr)). The second property yields for 9 € V. Using
P = e; in , where e; is the j-th unit vector in RY, we see that Jravdx is constant
in time. Therefore, we can drop the mean-value condition on % and infer for all ¥ €
CH(T¢ x [0, T]; R?) with divep = 0. Considering ®(z,t) = —¢(t)I for some ¢ € C5([0,T))
with ¢ > 0, we further have

/OngS(t) [ 1+ dn()dt = (~R, @) < p(@ _2/ £())dt.

Since ¢ > 0 is arbitrary, this directly implies (4.9)) for a.a. ¢t € (0,7). In total, we see that
(v, E) is a dissipative weak solution.

In order to prove the converse implication, let (v, E) € L*°(0,T; L2(T4)) x BV([0,T]) be a

dissipative weak solution to (4.5). Due to R(t) € M(T¢ ngxanr) the duality of the spectral

norm and the trace norm for matrices, Holder's inequality and inequality (4.9)) allow to infer
/T VAR > /T (V)eym— t AR > [ (V40 aym [ e it /T T dm
2 2/[(Ve)sym,— | oo (papaxa) [E(v) — E]

a.e. in (0,7). Estimating the last term of (4.8]) with ¢ = — in this way, we obtain

/Tdv-i/)dx] i+

t
Since FE is non-increasing, we may add the term E| to the left-hand side to infer the formu-
S

lation ((4.6)). O

/tAdv.8t¢+v®v:v¢dx+K(¢) [E(w) — E] ds < 0.

Remark 4.9 (Trace-free measures). Due to the fact that the equation holds for solenoidal
test functions, one may change the measure R in this formulation by adding a multiplicative
of the identity. This can be done in such a way that the resulting measure R is trace-free by
setting R = R — ltr(i)%)[ Consequently, we could adapt Definition by requiring R €
L(0, T; M(T4; Rfyxnflo)) where R2Y denotes the set of symmetric trace-free matrices, and
by demanding the simpler inequality £(v) < E instead of inequality (4.9). We could infer this
formulation with the same arguments as above, but by choosing Z(¥) = (V#p)sym — 5 tr(Vep) [
in Lemma and p(®) = [T 2||®ll¢(pagaxa)(E — E(v)) dt. However, we prefer the choice
made in Definition since in inequality the dissipative nature of the Reynolds defect
R becomes visible.

5 Compressible Euler equations

Now, we turn to the compressible Euler system. Here, instead of formulating the equations in
terms of the density h and the fluid velocity v, we use the density and the momentum m = hw.
This is often done in the literature, see for instance [16]. The main reason for this choice is
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that the associated energy functional is convex in the variables (h,m) as we will see below.
The Euler equations then read

Oh + divm =0 in T¢ x (0,7), (5.1a)
om + div ("“fm> +Vp(h) =0 in T¢ x (0,7, (5.1b)
(h,m)(-,0) = (ho,mq) in T (5.1c)

Here h: T¢ x (0,T) — [0,00) and and m: T¢ x (0,7) — R denote the mass density and
the momentum field of an inviscid fluid flow, and the pressure p is related to the density h by
a barotropic pressure law p = p(h). Note that we follow [20] and use & for the density variable
instead of p, which fits to our notation to use Latin letters for the state variables and Greek
letters for the test functions.

To see that (5.1)) belongs to the class of hyperbolic conservation laws introduced above, we
set

mT
F(h,m) = <(m§m + p(h)f)X(o,oo>(h)> .

Then (5.1)) is equivalent to ([1.1)) with U = (h,m). The mathematical entropy 7 for the system
is defined as ,
1mE o p(p) ifh>0,
n(h,m) =10 if (h,m) = (0,0),

o0 else,

and £(h,m) = [ran(h(xz),m(x)) dz is the total physical energy. Here P denotes the potential
energy, which is associated to the pressure p via

h
P(h) = h/ ZL?dz. (5.2)
0 z
Vice versa, the pressure p can be derived from the potential energy P via
p(h) = hP'(h) — P(h). (5.3)

For conditions ensuring that all expressions in (5.2)) and (5.3 are well defined, we refer to
(5.7) and (5.6) below, respectively.

5.1 Energy-variational solutions to the compressible Euler equations

For the sake of convenience, we now transfer Definition to the compressible Euler system,
and express all quantities in the way considered here.

Definition 5.1. A triple (h,m, E) € L. (T x (0,7);[0,00)) x Li (T¢ x (0,T); R x

BV([0,T]) is called an energy-variational solution to the compressible Euler system (5.1)) if
E(h(t),m(t)) < E(t) for a.e. t € (0,7) and if the energy-variational inequality

t t
[E—/dhp%—m-godx} +//dh6tp+m-Vpda:dT
T S S T

+/t Adm'at¢+ (mfm +p(h>1) : Vodz + Ka(p, @) [E(h,m) — E] dT <0 (5.4)
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holds for a.e. s <t € (0,7), including s = 0 with (h(0),m(0)) = (ho,my), and for all test
functions (p, ) € C*(T? x [0,T]) x C*(T¢ x [0,T]; R™), where K, is given by

Ka(p,0) = Ka(p) = max {2, ad }[|(Ve)sym | oo raaay (5.5)
for a suitable choice of a > 0.
Remark 5.2 (Choice of regularity weight). There are different choices possible for the regularity
weight K. A finer choice would be given by
Ka(p) = max {2/[(V)sym, || o pa gy, @ll (div ) || oo(ram |
< max {2’ Oéd}||(V90)sym,—||Loo(Td;Rdxd) = Kalp) -

Note that the solution concept is finer for a smaller regularity weight, since the energy-
variational inequality remains valid, if the regularity weight increases (cf. [13] Prop. 4.4]).
Nevertheless, we use the above choice since it yields the equivalence to dissipative weak solu-
tions; see Theorem below.

To show existence of energy-variation solutions to (5.1)), we restrict the class of admissible
pressure laws and assume that p is of the form p(h) = ah?. Then we show the following result.

Theorem 5.3. Let p(h) = ah” for some a > 0, v > 1, and set ¢ = 2v/(1 + ) and
o =y — 1. For every initial data (hg,mq) € Li. (T4 R with £(hg,mg) < oo there exists
an energy-variational solution

(h,m,E) € Cy,([0,T]; L"(T9)) x C, ([0, T]; LY(T% R%)) x BV([0, T])

to the compressible Euler equations (5.1)) in the sense of Definition[5.1 with E(0) = & (ho, my)
and such that the initial conditions are attained in the strong sense.

5.2 Existence of energy-variational solutions

To prove existence of an energy-variational solution, we show that all assertions of Theorem
are satisfied. Actually, most of them can be shown for more general pressure laws than
those in the statement of Theorem [5.3] For the moment, we shall merely assume that the
potential energy P satisfies

P € C'0,00) N C*(0, 00), P"(z) >0 for all z >0, (5.6a)
P
lim iz) =00, P(0)=P'(0)=0. (5.6b)

In particular, P is a strictly convex function with superlinear growth, and p is well defined via
53).

Remark 5.4. In (5.6) we introduced assumptions on the potential energy P, while in the
literature it is much more common to state assumptions on the pressure p directly. To guarantee

(5.6a)) and (55.6b]), one may assume that p satisfies

p €C[0,00)NCH0,00),  p'(2) >0 forall z>0, (5.7a)
lim (Z) 00, ; p;) dz < 0. (5.7b)
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One readily verifies that then the right-hand side of (5.2) is well defined, and that ((5.6a)) and
(5.74)) are equivalent since P”(z) = p/(z)/z. Moreover, the second condition in (5.7b]) implies
lim, ,op(z)/z =0, and it is equivalent to the second condition in (§5.6b]), which follows with
the identity

1 1

p(2) _/dP(Z) _ PR o

/0 Sde= [ [ de = PO) ~ lim == = P(1) - P(0),

Additionally, superlinear growth of p implies superlinear growth of P. Indeed, the first condition

in (5.6b)) yields the existence of hy > 0 such that p(z) > z for all z > hy, whence we have
P(h)

ho p(2) h1 ho p(2)
=h Z/o et [ ;dz:/o E22 dz + log(h) — log(ho) — o

as h — oo. However, the converse is not true. For example, the function P(h) = (1 +
h)log(1+ h) — h satisfies (5.6a)) and ([5.6b]), but the associated pressure p(h) = h—log(1+ h)
does not have superlinear growth. Therefore, the assumption on the potential P in (5.6]) are
less restrictive than the assumptions on the pressure p in (5.7)), which explains why we work
with the former in what follows.

We separate the proof into several lemmas, the first one concerns properties of 7.

Lemma 5.5. If P satisfies (5.6)), then n is strictly convex and has superlinear growth.

Proof. By , we have P” > 0, and the strict convexity of 7 directly follows by computing
the second derivatives. To show the superlinear growth, let (h,,m,) C R x R" be a sequence
with |(hy,m,)| — oo. If h,, = —00 as n — oo, then we clearly have n(h,,m,)/|(h,,m,)| —
00. So we may assume h,, > 0 in the following. If lim,,_,.|m,|/h, = oo, then

1(fin, M) mal*  fma| ma

> — OO
By ma)| = 20 (B mi)l B2 |2 20

as n — oo; if liminf, ,|m,|/h, = ¢ > 0, then we have h,, — oo and

n(hp,my,) - P(h,) P P(h,) s
(B )| (B )| \VhE +|m,|? hn
as n — oo due to ((5.6b)). In total, this completes the proof. O

Next we calculate the convex conjugate n* of 1. To this end, we use that P’ is an invertible
mapping.

Lemma 5.6. If P satisfies (5.6), then the mapping (Q = P’ is strictly increasing and a
bijective self-mapping on [0,00). The convex conjugate n* of n is given by

n*(p,p) = /O(MQ‘;Z)* Q'(2)dz=poQ" <<p + |‘p2’2> +>, (5.8)

D (p,¢) = Q7" ((/) + |(p2|2> +> (;) (5.9)

where z; = max{z,0} for z € R.

and it holds
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Proof. By (55.6)), the function Q = P’ is strictly increasing and continuous on [0, c0) with
Q(0) = 0, and the convexity of P yields

Pz) — 00

z

Q(z) = P'(2) =

as z — o0o. Therefore, @ is a bijective self-mapping on [0, 00) with inverse Q. The second
equality in (5.8)) is now a direct consequence of the identity
1

—p(Q(2)) =p(Q@ ()(Q ) (2) =p(Q" (Z))m =Q  (2),

where we used QQ'(z) = P”"(z) = p/(z)/z. To verify the first equality in (5.8)), consider the
case p + @ < 0 at first. We employ Young's inequality to estimate

2 2 h 2
hotmep—nhm) < —h20 4 D TOE gy <

which shows 1*(p,¢) < 0. Since we also have n* > 0, we infer n*(p, ) = 0, which is (5.8) if

p+ @ < 0. This also implies ((5.9)) in this case. If p + @ > 0, then (p,¢) belongs to the
range of D, which is given by

for h > 0, m € R%. Computing the inverse, we arrive at (5.9)) in this case. This further yields
(5.8) for p + @ > 0 since @Q(0) = 0. In total, we have thus verified (5.8)) and (5.9). O

In the next lemma, we verify the compatibility condition (2.8) between F' and the entropy
functional 7.

Lemma 5.7. If P satisfies (5.0, then the condition (2.8)) is satisfied.

Proof. We first consider the integrand of (2.8). Using (5.9), for all (p,¢) € C*(T?; R™) we
have

F(D"*(p"p)):V@) B (go@go@ (o ‘ij) )+;|:Q‘+1>((p+ %)) I) :v(Z)

sl e ) o )

= div [on*(p, )],
where the last equality follows from (55.8)). Integrating this identity yields (2.8]). ]
Remark 5.8. We can also show (2.8 by verifying the alternative condition (2.12)). Indeed, we

can use (5.8) and (5.9) to derlve
o o QM ((0+15),) )
RO () re0 (o 7))

_ ( ©" Dy (p, ) )
@ Dyn*(p,p) + 07 (pyp)

= Do (p.9)] = Dlep(D,n* (0.9))] = D[a o D’ |(p.)
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for g(h,m) = Jp(h). This shows (2.12)), which implies (2.8) by Remark 2.7 However, we
cannot use the classical entropy-flux condition (2.11)) in the present situation, since F' is not
differentiable.

It remains to show that the function K defined in (5.5)) is a suitable choice. To show this, we
have to impose more restrictive conditions on p and P.

Lemma 5.9. Assume that additionally to (5.6)) there exist constants ¢, > 0 such that
p(h) < (1 + P(h)), (5.10)

for all h > 0, and such that the functions p and aP — p are convex and non-negative. Then
(2.7) holds for some C' > 0, and for any ¢ € C'(T? R?) the mapping

mm

dom& =R, (hm) /T ( +p(h)]) Vpdz + Ka(@)E(hym)  (5.11)

is convex, lower semi-continuous and non-negative for K, as in (5.5)).

Proof. For h < 0, estimate ({2.7)) is trivial, and for h > 0 we use Young's inequality and (/5.10))
to conclude

|F(h,m)| < c('\’;%'\/m |mh|

where we used the superlinear growth of P in the last estimate. In total, this shows (2.7)). To
deduce that ((5.11)) is convex and non-negative, firstly note that the mapping

m?

+p(h)> < C<h+ e

- +1 +P(h)> < C(1+n(h,m)),

mem mP> [ mem
(h,m)H/Td h .chdz+lCa(<p)/Tdﬁ =],

(T@)uym + 5Kalp)]) da

is convex and non-negative because the matrix

1 1
(V@)sym + §ICa(<p)1 = (V@)sym+ + (V@)sym,— + ilCa(w)f

is symmetric and positive semi-definite. For the term (V¢)sm + this is clear, and for the
remaining term this follows from 1K, (¢) > [(V@)sym [l oo (ra axey- Secondly, the mapping

hs /po(h)] Ve dz + Ka(p) /T P(h) dz
= [ (Vo)oms + / I+ (Kal@)I + ad(Ve)om,) dz

+ / —aP(W)I : (V@) dz

is also convex and non-negative. Indeed, this follows from the convexity of p, P and aP — p
and from the fact that (V@)sym +, —(V@)sym,— and Ko (@)1 + ad(Vp)sym — are positive semi-
definite in T. For the last term, this follows from KCy, (¢) > ad||(Vep)sym, || oo (pa,gaxay. In total,
the asserted convexity and non-negativity of ((5.11]) follows. Finally, since strong convergence
implies point-wise convergence almost everywhere of a subsequence, the non-negativity of the
mapping and Fatou’s lemma imply the lower semi-continuity of (5.11)). O
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Finally, we prove Theorem on existence of energy-variational solutions to the compressible
Euler system.

Proof of Theorem[5.3. If p(h) = ah?, then P(h) = (v — 1)"'ah?, and one directly sees that
all properties from (5.6) (or even (5.7))) are satisfied, and Lemma and Lemma are
applicable. Moreover, we have p(h) = (v — 1)P(h), so that the assumptions of Lemma
are satisfied with ¢ = o = v — 1. Moreover, we may identify D = dom &£, which is convex, cf.
Remark [2.5] From Theorem [2.3] we thus conclude the existence of energy-variational solutions
(h,m) in the sense of Definition 5.1 Moreover, Young's inequality implies

m|\? « qm*> 2-¢q, « v |Im|? 1
79— | — ha < =—— h2=d = v
ml <\/E Soh T2 147 b 11q

whence

/W h(t) + [m(t)|7 dz < C E(h(t),m(t)) < C & (ho, mo)

for a.a. t € (0,7") and some C' = C(v) > 0. Finally, the assumptions of Proposition are
clearly satisfied such that (h,m) belongs to the asserted function class. ]

Remark 5.10. It is readily seen that the previous proof also works for more general pressure
laws than the above choice p(h) = ah” since it suffices to satisfy condition (5.6) and the
assumptions from Lemma to obtain existence. For example, one may consider pressure
laws of the form p(h) = a1h™ 4 agh™ with a;,as > 0 and 71,7, > 1. One easily checks that
then ([5.6]) is satisfied, and the assumptions of Lemma hold with ¢ = a = max{vyy,72} — 1.
Another example would be the pressure law p(h) = h — log(1 + h) with associated potential
energy P(h) = (1+ h)log(1 + h) — h from Remark [5.4} where one can choose ¢ = o = 1.

5.3 Comparison with dissipative weak solutions

To compare the notion of energy-variational solutions with existing solution concepts for the
compressible Euler s