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Structure preserving schemes and kinetic models for approximating

measure valued solutions of hyperbolic equations

SUMMARY

In this thesis we consider approximate schemes and models for hyperbolic conservation laws. Systems
of conservation laws are fundamental mathematical models and have received a lot of attention from the
point of view of analysis, modelling and computations. They include the wave equations in elastic media
and fundamental equations in fluid mechanics. We consider structure preserving schemes and kinetic
models for approximating measure valued solutions of hyperbolic equations. Such solutions are of in-
terest given their application to problems in uncertainty quantification and in statistical inference. This
thesis contains new results on (i) the design of new schemes for the computation of entropy consistent
approximations, with particular emphasis on the consistency of the computational algorithms to entropic
measure valued solutions for HCL, (ii) the introduction of discrete and generalised kinetic models de-
signed to directly approximate measure valued solutions by using a combination of approximate Young
measures and the kinetic formulation of the conservation law and (iii) stability analysis of generalised
viscus kinetic models. We obtain uniqueness within a particular class of vanishing viscosity limits of

these models and of their corresponding measure valued solutions.
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Chapter 1

Introduction

In this thesis we consider approximate schemes and models for hyperbolic conservation laws (HCL)
with emphasis to approximations of measure valued solutions. HCL are partial differential equations of
the form

ur+ Vg - A(u) =0 (1.1)

where u = u(z,t) : © — R™ with Q = R? x [0, +-00). Systems of conservation laws are fundamental
mathematical models and have received a lot of attention from the point of view of analysis, mod-
elling and computations. HCL include, for instance, the wave equations in elastic media, fundamental
equations in fluid mechanics (Euler system, shallow water equations), and the magnetohydrodynamics

(MHD) equations of plasma physics.

It is well known that the solutions of system (1) may develop discontinuities in finite time even
in the case where the initial condition is smooth-see[I3, BY, B4]. Thus weak solutions, i.e., solutions
with lower regularity requirements, are introduced. However, weak solutions are not necessarily unique.
In fact, small perturbations inducing smoothness into (), yield approximating models which capture
possibly, completely different “solutions” at the limit as pertrubations tend to zero. This is one of the
most important and interesting challenges related to such problems. Generally, it is hoped that we can
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possibly distinguish a physically relevant solution out of, in some cases, infinitely many weak solutions,
by enforcing additional eligibility criteria. To this end, it is typical to augment the system (21) with
additional conditions. In the scalar case (i.e. when m = 1), additional entropy conditions provide a
complete theory of existence and uniqueness, stability estimates and characterisation of viscosity limits,
see [[5]. On the contrary, for systems (m > 2), well-posedness results after the formation of the
singularities, are not yet available with the exception of the one dimensional systems (d = 1). However,
still the notion of entropy solutions remains important, especially in applications where mathematical

justifications are necessary in computational modelling.

In addition to weak solutions, one may consider a more general framework of solutions for (IZ2)
based on parametrised measures, with respect to x and t. Measure-valued solutions were introduced
by DiPerna [1T9] based on the theory of Young measures. Already important in other areas of applied
analysis and notably in the calculus of variations [5], Young measures and compensated compactness
become quite useful tools for the study of HCL, yielding exciting analytical results, mainly by studying
the possibility of the measure y to collapse to a parametrised Dirac mass of the form pizt = dy(z,),
(atomic measure) where in this case one would like to link the function u to an entropy solution of the

conservation law-see [[[3] for a review.

In addition to their novelty as a mathematical theory, measure valued solutions, play a crucial role in
uncertainty quantification and statistical inference for hyperbolic systems. One of the important aspects
of the computational modelling associated to problems of the form (1) originates in the behaviour
of approximations of solutions not always being certain. Uncertainties in the solution can be caused,
for instance, by the initial data, or the parameters appearing in the model. A similar problem from a
mathematical perspective relates to statistical inference on the solutions when we study the behaviour
of an assembly of variable data of the model (e.g. we would like to have a statistical information on
the behavior of the solution with many different initial conditions). Several works have been devoted to
algorithms computing measure valued and statistical solutions, e.g., [38, 24, [[X, 1, D, B, 0], giving rise
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to new mathematical problems. One of them is related to the fact that the notion of entropic measure-
valued solutions is rather weak when non-atomic measures are considered. In fact, uniqueness is lost
even in the scalar case, when non-atomic measures were allowed in the initial data, [I5, 21]. Recent
results suggest the use of a stronger notion of measure valued solutions, namely of statistical solutions,
where one considers solutions which are probability measures on function spaces, such as L*(Q), [22],
see also [25] for statistical solutions in the Navier-Stokes setting. In [P2] was proved that statistical
solutions can be viewed as well as an infinite sequence of correlated parametrised Young measures.
In addition, a uniqueness result for appropriate statistical solutions was established. The numerical
algorithms for the computation of measure valued and statistical solutions for HCL are, to date, mainly
based on Monte Carlo sampling, i.e., on solving several deterministic problems and sampling the results.
For such algorithms, it is croucial to guarantee that the deterministic solvers retain certain stability and
entropy consistency properties.

This thesis contains new results mainly on (i) the design of new schemes for the computation of
entropy consistent approximations, with particular emphasis on the consistency of the computational al-
gorithms to entropic measure valued solutions for HCL, (ii) the introduction of discrete and generalised
kinetic models designed to directly approximate measure valued solutions by using a combination of
approximate Young measures and the kinetic formulation of the conservation law and (iii) stability anal-
ysis of generalised viscus kinetic models. We obtain uniqueness within a particular class of vanishing

viscosity limits of these models and of their corresponding measure valued solutions.

Outline and summary of the results

In Chapter 2 we present key notions and corresponding notation for the study of HCL, including week
and entropy solutions, measure valued solutions, kinetic formulations of the scalar conservation law,
generalised kinetic formulations and connections to measure valued solutions.

Chapter 3 is devoted to the introduction and and analysis of new entropy consistent finite element



schemes for time dependent systems of hyperbolic conservation laws. Entropy stability is a key property
of the numerical scheme which is the discrete analog of the entropy inequality assumed for the system.
Such schemes developed so far in the classic works of Tadmor [2Y9, B0] (see also the surveys [51], 52]),
Johnson, Hansbo and Szepessy [30, 31, P¥], and their collaborators and start from a class of appropriate
entropy conservative schemes. Then entropy diminishing schemes are obtained by adding appropriate
artificial diffusion terms. This program was based on the reformulation of the HCL using the entropy
variables, and this is the approach taken, as well, in modern works on the subject [23, 29, D1]. Our
approach has a starting point a new mixed-type formulation of the hyperbolic system which does not
replace the original variables. This formulation allows direct discretisation of the original variables and
at the same time leads naturally to entropy conservative schemes. Significant flexibility is allowed in the
design of the corresponding entropy stable computational algorithms. New finite element schemes are
introduced and analysed. It is shown that the resulting approximations converge to an entropy week and
when appropriate to an entropy measure valued solution. We consider approximating methods, which
are based on a space-time finite element discretization with piecewise polynomials of degree one and
zero in time. Our schemes and results can be extended to high-order elements as well. They can be also
extended when discretisation in space is done using discontinuous Galerkin methods, e.g., [13, 14, 172].
In Section B below we show stability estimates yielding the entropy stability of the scheme. In Section
B8 we derive first the entropy stability estimate for our scheme, Lemma B 1. In Section B4, Theorem
B, we prove that assuming that u;, — w then u is an entropy solution of the conservation law. Section
B is devoted to measure valued solutions of HCL. Our focus is the notion of measure valued solution
of Di Perna and we prove that the numerical method is indeed compatible with this notion at the limit. In
fact, Theorem B=®™ shows that approximating sequences obtained by our scheme generate an entropic
measure valued solution of HCL. The results in Section B8 were obtained under the assumption that
the approximations were uniformly bounded in L°°. A more refined approach is possible for certain

entropies. In fact, for entropies with u” growth in Section B9 we show that our approximations are



uniformly bounded in L? and thus one can apply the LP— based theory of measure valued solutions,
[8], [I7], to show that still the approximating sequences obtained by our scheme generate an entropic
measure valued solution of (Bl). As far as we know, this is the first fully discrete numerical method for

which such properties can be proved.

In Chapter 4, our aim is to develop a new approach to the computation of measure valued solutions
and to quantify uncertainties for nonlinear hyperbolic problems, based on two key ingredients : approx-
imate Young measures and kinetic models. We first present a framework for constructing approximate
Young measures, based on earlier results by [4R, 43]. Approximate Young measures were developed
having in mind applications to calculus of variations and to energy minimisation, see [6]. We show in
Section 4.4 that in the framework of conservation laws the approximation of the equation for measure
valued solutions by such approximate measures, gives rise in a natural way to discrete kinetic models.
These models are, however, severely under-determined. We overcome this issue by using tools from the
kinetic formulation of conservation laws, see Chapter 2, [20, 45]. In the scalar case the kinetic formula-
tion of conservation laws, [A0, A5], provides an interesting connection to parametrised Young measures
and to compensated compactness. This connection was further developed in [A2, 46, 5] for scalar laws
and in [I6] where kinetic formulations were the analytical basis to study conservation laws with stochas-
tic forcing. By using viscosity approximations and appropriate discrete defect measures we construct
new discrete kinetic models; their solutions will provide approximations to entropic measure valued
solutions. We further note that this approach can be extended to design a hierarchy of discrete kinetic
models approximating statistical solutions for scalar conservation laws based on correlation measures,
see [Z74]. Up to our knowledge, this approach provides the first systematic alternative to Monte-Carlo
sampling for approximating measure-valued solutions to conservation laws. The approximate models,
at all cases, rely on solving discretised kinetic models with prescribed defect measures on the right hand
side. There are several emerging questions for future research related to the mathematical analysis of
such problems, such as uniqueness and stability issues mainly for kinetic (and systems thereof) approxi-
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mations to continuum macroscopic models. These models are partial differential equations with discrete
kinetic velocities and their design is based on sharp consistency error bounds. In Section 2.2 we show
that they satisfy a discrete form of entropy inequality.

In Chapter 5 we derive a stability result for viscous generalised kinetic formulations. Although, as
mentioned, entropic measure valued solutions for scalar HCL are not unique, generalised kinetic for-
mulations cary more information due to the explicit presence of the defect measure in the model, which
in the case of viscosity approximation is known explicitly. It is therefore interesting to quest whether
by introducing a form of artificial diffusion at the kinetic level, and considering the defect measure on
the right hand side of the equation as an appropriate nonlinear function of f, it is possible to have some
guarantees that we compute in the limit a unique measure. This chapter is devoted to stability analysis
for generalised kinetic models including small diffusion terms and general initial data not necessarily
restricted to X,0(,), for some function u® . We consider models associated to the scalar multidimen-
sional conservation law. Generalised kinetic formulations were introduced by Perthame [44, A5] and are
generalisations of kinetic formulations of conservation law [40]. In Chapter 4, we observed that such
models are relevant when one would like to approximate measure valued solutions through approximate
Young measures. However, the study of generalised viscous kinetic formulations is of interest, even
one considers alternative approaches, such as Monte Carlo sampling, based on standard schemes for
approximating the conservation law, when such schemes include a form of artificial diffusion. Our main
result, Theorem B2, implies uniqueness within a class under structural assumption hypotheses on the
defect measure m/’. This result essentially states that all viscous generalised kinetic functions have the
same limit as soon as || Belyyoo(ray — 0, € = 0, where B is the diffusion tensor and the defect mea-
sures satisfy a dissipative structural assumption. These assumptions are to some extend generalisations

of properties appearing in the analysis of [44, 45] for initial data X0 ().



Chapter 2

Hyperbolic conservation laws

Partial differential equations of the form
ur 4+ Vy - A(u) =0 (2.1a)

where v = u(z,t) : Q — R™ with Q = R? x [0, +00), are called a systems of conservation laws.
Such systems are one of the most important class of mathematical models and has received a lot of
attention both from the point of view of analysis and from the point of view of computational modelling.
Formally, assuming for the moment that u is a smooth function, if we integrate (Z-Id) over a bounded

domain K C R we get

% / w(w, 1)z + / V. - Alu(z, t))dz = 0,
K K

and therefore using the divergence theorem of vector calculus we obtain

jt/u(x,t)dx + /(A(u(:c,t)) ‘n)ds = 0
K

oK

with n to be the outward pointing unit normal at each point on the boundary 0K. If u represents a
physical quantity per unit , then the last relation indicates us that the rate of change with respect to time

7



of the total amount of the quantity over K is equal and dependent only to the flux on the boundary 0 K.
We call A : R™ — R™*4 the flux of the conservation law. The system (Z-I3) is called hyperbolic if also
the flux Jacobian V,, (A - n) has real eigenvalues for each direction n. In addition we complement the

conservation law with an initial condition of the form
u(z,0) = ul(z). (2.1b)

In nature there exists a huge variety of physical phenomena that can be modelled and understood com-
pletely or to some extend through systems conservation laws. We mention for instance, the wave equa-
tions in elastic media, the shallow water equations of oceanography, the Euler equations for gas dynam-
ics and the magnetohydrodynamics (MHD) equations of plasma physics. These equations are hyperbolic
systems of the form (EZT), see [I5] for a comprehensive exposition of the mathematical theory for such

systems.

2.1 Weak and entropy solutions

It is well known-see[I5, B9, B4] that the solutions of system (E-1) can develop discontinuities in finite
time even in the case where the initial condition is smooth. For this reason we need to introduce weak
solutions. This framework equips us with the suitable notions that enable us, at least in some important

cases, to successfully interpret and understand discontinuous solutions of (271).

Definition 2.1.1 We call a function u € L*° () weak solution of the problem (2) if it fulfils

/O+m/8t¢)(x, t)u(z,t) + Vyo(z,t) - A(u(x,t))dzdt + /qb(:v7 0)ug(z)dz =0 (2.2)
Rd

R4

for all test functions ¢(x,t) € C°(€2). Weak solutions are not necessarily unique though. This is
one of the most important and interesting challenges related to such problems. It is hoped that we can

8



possibly distinguish a physically relevant solution out of, in some cases, infinitely many weak solutions,
by enforcing additional eligibility criteria. To this end, it is typical to augment the system (2Z11) with an

additional condition.

Definition 2.1.2 A pair of functions n — Q with 1 : R™ — R convex and Q : R™ — R% is called

entropy pair if the following relation holds
Nu(u)VyA(u) = V,Q(u). (2.3)
Definition 2.1.3 A weak solution of (Z2) is called an entropy solution if in addition satisfies

~ [ ()6 + @) dodt ~ [ o) - 6(0. 2z <0, 4

Q Ra

forall ¢ € C§°(Q) with ¢ > 0.

In the scalar case (i.e. when m = 1) every convex function paired with the entropy flux Q(u) =
%1/ (€)A’(€)d€ can be considered as an admissible entropy pair for the problem (Z2)-(Z4). The fact
that any convex function is an admissible entropy in the scalar case led to a complete theory of existence
and uniqueness, Kruzkov L!-stability estimates and characterisation of viscosity limits, see [T5]. On
the contrary, in the case of systems this plethora of entropy functions does not exist and thus results
for existence and uniqueness of weak entropy solutions in one dimension have been achieved only for
initial conditions whose total variation is sufficiently small, while in the multi-dimensional case well-
posedness results do not yet exist. However, still the notion of entropy solutions remains important,
especially in applications where mathematical justifications are necessary in computational modelling.
See Chapter 2, for detailed discussion on approximating schemes consistent with entropy inequalities.

9



2.2 Measure valued solutions

One may consider a more general framework of solutions for (I2) based on parametrised, with respect
to x, t, measures. To this end, we consider the notion of measure-valued solutions introduced by DiPerna
[T9] based on Young measures. Therefore, [4], let MT(R™) be the set of all positive Radon measures

on R™, and M*(R™) = {u € M+ (R™), u(R™) = 1} the corresponding set of probability measures.
Definition 2.2.1 We call Young measure a weakly* measurable mapping from € into MF (R™).
The set of all Young measures is denoted by Y (2, R™).

Definition 2.2.2 A parametrised measure p € Y (2, R™) is said to be a measure-valued solution of the

conservation law (4.1) if, [19],

Q R

forall ¢ € C§°(Q) where by (A, 1) we denote

<A>,u:zc,t> = /m A(/\)d,ux,t()‘)'

In a similar fashion as for weak solutions, an entropy measure-valued solution satisfies the additional

relation

/ ((777 ,uz,t> -~ ¢+ <Qa Mﬂc,t> : Vm¢)d$dt >0 (2.6)
Q

for all ¢ € C3°(€2) with ¢ > 0, where 7) is convex and (7, ()) an entropy entropy-flux pair, [T5].
Already important in other areas of applied analysis and notably in the calculus of variations, see
e.g., [8], Young measures and compensated compactness become quite popular tools, yielding exciting
analytical results, mainly by studying the possibility of the measure y to collapse to a parametrised Dirac
mass of the form p; ¢ = (5 1), (atomic measure) where in this case one would like to link the function

10



u to an entropy solution of the conservation law, see [I5] for a review.

Beyond the exciting mathematical theory related to the study of measure valued solutions, such so-
lutions become relevant in uncertainty quantification and statistical inference for hyperbolic systems.
One of the important aspects of the computational modelling associated to problems of the form (_T3)
is originated by the fact that the behaviour of approximations of solutions is not always certain. Uncer-
tainties in the solution can be caused, for instance, by the initial data, or the parameters appearing in the
model. A similar problem from a mathematical perspective relates to statistical inference on the solu-
tions when we study the behaviour of an assembly of variable data of the model. Several works have been
devoted to algorithms computing measure valued and statistical solutions, e.g., [BR, P4, IR, 1, 1, B, 0],
giving rise to new mathematical problems. One of them is related to the fact that the notion of entropic
measure-valued solutions is rather weak when non-atomic measures are considered. In fact, uniqueness

is lost even in the scalar case, when non-atomic measures were allowed in the initial data, [I5, 21]. See

more related details in Chapters 4 and 5.

2.3 Kinetic Formulation of HCL

In this section we summarize the kinetic theory for scalar conservation laws (m = 1), following, [43],
[T5]. In the kinetic theory the state at a point « and time ¢ is described by the density function f (&, x, t)
of the velocity &. Boltzmann equation describes the evolution of f(&, x,t) and provides an approximate
model for various macroscopic (continuum) equations, see [9]. Motivated by kinetic models, Perthame
and Tadmor [B7], considered an (“artificial”’) kinetic equation to be associated to scalar conservation
laws. In the spirit of the kinetic theory one would like to consider a density function f, which, however,
is allowed to take negative values by introducing a scalar-valued artificial “velocity” £ and express the

11



“macroscopic” variable u as

+oo
u(z,t) = / f& z, t)de. 2.7

—0o0

The function f is determined as the g — 0 limit of solutions of the transport equation, [A7],

0 1
where p is a small positive parameter and we are employing the notation

1if 0<é<w
Xwl) =9 -1 if w<e<0

0 otherwise.

The model (IZX) is similar to BGK model approximating the classical Boltzmann equation, [A5]. For-

mally at least, the ;1 — 0 limits of solutions of (_8) will satisfy

f(ga €z, t) = Xu(;t,t) (6), g eR ) te [Oa +OO) ’ (29)

so that f will be uniformly distributed on the interval with end-points 0 and u, with value —1 or +1.

The statement of the following result is from [I5]; it was first derived in [27].

Theorem 2.3.1 Assume ug € L>®(R?) N LY(RY). For any u > 0, there exist bounded measurable

Sfunctions (f,u), with

f(, 1) € CO([0, +00); LYR x RY), u(-,t) € C°([0,+00); L (RY)), (2.10)

12



which provide the unique solution of (I_1), (I8) under the initial condition

F(€2,0) =Xy (&), E€R, z€R™ (2.11)

Moreover,

0< f(&z,t) <1 for £€>0, —-1<f(&x,t)<0 for £<0. (2.12)

If iy € L=(R?) N LY (RY) are other initial data inducing the solution (f, ), then, for any t > 0,
”f(7 7t) - fT(v '7t)||L1(R><Rd) < ”f(v * 0) - f_(7 '70)||L1(R><Rd)7 (2.13)

Jut) = al, )l 21 may < [Jul-,0) —a(:, 0)|| L1 (ga)- (2.14)

As 1 — 0 the family (f,,u,) converges in Li . to bounded measurable functions (f, ) such that f

satisfies the transport equation

om

0
af(gaxat) + VUA(g) : vzf(gvxvt) = 875 (2.15)

in D'(RY x R x (0,+00)) for some nonnegative measure m with (Z-I1), (Z9) to hold and u is the
admissible weak solution of (Z3) and (IZ6). In setting up the transport equation ('), the role of the
stiff term p =1 (., — f) is to enforce, in the limit, (Z9). Other “collision” terms can lead to solutions of
(I3) , (I8) as well. The equivalence of (IC13) to (I3), (A) was studied in detail by Lions, Perthame

and Tadmor, [20], see also [A5] for a very detailed account on the theory.

Theorem 2.3.2 (Kinetic formulation of the scalar CL) A bounded measurable function u on R? x
[0, 4-00) with u(-,t) € C°([0,400); LY(R?), is the admissible weak solution of (Z3), (ZB) if and
only if the function f defined through (I9) satisfies the transport equation (I_13), for some nonnegative
measure m, together with the initial condition (_11).
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2.4 Generalised kinetic solutions and Young measures

The kinetic formulation can be generalised to handle distributional solutions of (ZZI3). The following

definition from [A5] will be very useful.

Definition 2.4.1 A function f(x,t,&) € L>(0,4o00; L*(R%1)) is called a generalized kinetic solution
of the scalar conservation law with initial data fy, if the following holds. For all $ € D([0,+00) x

R? x R) we have

/000 / ft,z,8) [;Mx,t,{) + VL, A(E) - Vz¢($,t,§)] dxddt

Ra+1

(2.16)

Y e 0¢(x,t,¢)
—/0 /m(t,x,ﬁ)agdazdfdt— / folxz,£)¢(0, z, &)dxd

Rd+1 Rd+1

for some nonnegative measure m, which for a bounded function which vanishes at infinity 11(§) satisfies

Jraxg m(t, x,&)dtdx < (u(€) . In addition there exists a nonnegative measure v such that

|f(z,t,8)] = sgn(§) f(z,t,£) <1 (2.17a)
e f(t,x,8) = do(§) — v(t,,§) (2.17b)
where
1 if 0<¢
sgn(§) =
-1 if£<0.

The relationship between f and v, [40][Remark, p. 178], establishes a connection between the kinetic
formulation and the entropic measure valued solutions in the scalar case. This relationship was studied

in detail by Perthame and Tzavaras [26]. Notice that (_T7H) can be written for any test function ¢ as

/ £/ (6)de = /R P(€)dva (V) — (0), 2.18)
14



and

f= / XA (&) dvz i (N). (2.19)
R

It is quite interesting to note that v, ; being atomic, and in particular v, ; = d,(; . corresponds to the
case where f(t,7,§) = Xqy(t,2)(§) - Generalised kinetic formulations and relationship (8-6d) will be

instrumental in Chapters 4 and 5.
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Chapter 3

A New Class of Entropy Stable Schemes

for Hyperbolic Systems

3.1 Chapter overview

In this chapter we introduce and analyse new finite element schemes for time dependent systems of
hyperbolic conservation laws (HCL)

Ou(x, t)+0, A(u(x,t)) =0, z €R, ¢t >0,
3.1

u(0,z) = up(z), = €R,
where the solution u(z,t) = (ui(x,t),...,un(z,t)),m > 1is vector valued, u : R — R™. The flux
A:R™ — R™ is assumed to belong to C'(R™) and the initial value ug € [L2(R)]™ is a given function
with compact support. At this point we are not precise regarding the notion of the solution considered
for the system. Our results apply to weak and measure valued solutions. Further, the schemes and most
results can be extended to the multidimensional case as well, however we have restricted our attention
to the one dimensional case for simplicity in the exposition.

Our aim is to propose a new class of entropy stable schemes for the system (Bl). Entropy stability is
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a key property of the numerical scheme which is the discrete analog of the entropy inequality assumed for
the system. Such schemes developed so far in the classic works of Tadmor [2Y, 50] (see also the surveys
[61, 571]), Johnson, Hansbo and Szepessy [30, 31, PR], and their collaborators and start from a class of
appropriate entropy conservative schemes. Then entropy diminishing schemes are obtained by adding
appropriate artificial diffusion terms. This program is based on the reformulation of the HCL using the
entropy variables, and this is the approach taken, as well, in modern works on the subject [3, DY, IT].
Entropy conservative schemes are quite interesting on their own, since among others, provide physically
relevant approximations to dispersive shocks, nonclassical shocks and other important systems, [37, [,

35, B6, 20].

Our approach has a starting point a new mixed-type formulation of the hyperbolic system which does
not replace the original variables. This formulation allows direct discretisation of the original variables
and at the same time leads naturally to entropy conservative schemes. Significant flexibility is allowed
in the design of the corresponding entropy stable computational algorithms. New finite element schemes
are introduced and analysed. It is shown that the resulting approximations converge to an entropy weak

and when appropriate to an entropy measure valued solution.

3.2 Motivation.

Consider the scalar conservation law

Assume for the moment that u is smooth and 7, Q) is an entropy-entropy flux pair, i.e., Q' = A’n/ . Then

ue (8 (u) + A () ua ' () = we () (u) + vz Q' (u) = n(u)r + Qu)x
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and thus

n(w) + Q(u)z = 0.

Integrating now with respect to x and ¢ while assuming that () tents to zero at infinity we have

t ¢
/ /n(u)t/dmdt/—i—/ /Q(u)xdxdt/:O
0 JR o JR

which implies

t
/ /n(u)t/dxdt' = 0.
0 JR

Hence

/Rn(u(x,t)) d:z::/Rn(u(:z:,O))da:.

Consider a Galerkin scheme (discretisation only in z): Seek uy, : [0,7] — X}, such that

/(uh,t(l', t), o(z))dx + /(A(uh(x, )z, p(z))de =0 forall p € X,.
R R

3.2)

(3.3)

Here X}, is a standard conforming finite element space consisting of continuous piecewise polynomial

functions (for precise definitions see below). A key observation is that this scheme is not entropy conser-

vative, i.e., it does not satisfy the discrete analog of (B2). The main reason is that 7 (uy,) is not eligible

test function anymore. Using a projection will inevitably introduce errors, which at the end will destroy

the equality in (B2).

The reformulation of the conservation law using entropy variables fixes this problem and yields

entropy conservation at the discrete level. In fact, since 7 is convex, n’ is invertible. Define a new

variable v such that v = 7/(u). Then for k = [1//] ! we have



The formulation of the HCL in entropy variables reads,

Now it is a simple matter to check that the corresponding Galerkin discretisation : Seek vy, : [0,7] — X},

such that

[t 9o+ [(G o)tz =0 forall g € X,
R R

is entropy conservative. Although simplified, this discussion highlights what one gains using the entropy
variables at the discrete level. As mentioned earlier these variables are used in the classical works both
for finite difference/volume as well as for finite element methods, [2Y, 50, B0, BT], and it seems that
it is the only viable way to obtain entropy conservative schemes to day. There are some limitations to
this approach. One can mention that although it can be recovered, the original variable does not belong
to the discrete space and it is available only through vy, the convexity of n is absolutely essential and

considering natural viscosity in the schemes is rather involved.

Entropy conservative schemes revised: A mixed formulation. Our approach is to based to a formu-

lation that keep both variables:

Of course, this writing is equivalent to HCL, but the corresponding discretisation scheme is new: Seek

up, T : [0, T] — X}, such that

/(Uh,ta p)dz + /(G (Th)z, ©)dz =0  forall p € Xy,
. . 3.4)

/(Th, V) dx — /(n'(uh), ) dx =0 for all ¢ € Xj,.
R

R

19



One can check that this scheme is entropy conservative (the proof follows by modifying appropriately
the proof of Lemma 3.6.1 below and it is omitted). This scheme an be used as basis for the design of

several “advanced” high-order discretisations.

By keeping both variables we allow for flexible flux-function choices. In certain systems is possible

to rewrite the HCL in a form where the flux depends on both variables,

u + H (7,1), =0,

The corresponding Galerkin discretisation is then: Seek up,, 7, : [0, 7] — V}, such that

/(um7 ) dx + /(H (Thy up)z, @) dx =0 forall ¢ € Vj,,
R R (3.5)

/ (i ) i — / (0 (un), ) dz =0 forall ¥ € Vi,
R

R

A key advantage of the later formulation is that the inversion of 7’ is not required. Mixed formulations
of the form similar to (B3) go back to [26] where the first energy consistent numerical methods for the
Navier- Stokes-Korteweg system were introduced. Notably, for this system the energy function is not
convex. In this work we focus on schemes whose design is based on (B-4). It is evident however that our

results can be extended to systems of the form (B3) under appropriate structural hypotheses.

3.3 Notation.

Going back to the system case we assume that (3.1) is equipped with an entropy-entropy flux pair (7, Q)

where @ : R™ — R, : R”™ — R convex and the following relation holds
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where by V,, A we denote the Jacobian of A. In addition to (B-6) we assume further that 7,,(0) = 0 and

Q(0) = 0. A function u € [L>®(Q2)]™, © = (0,400) x R that fulfils the relation

/ (u- ¢ + A(u) - ¢g)dzdt + /uo - ¢(0,x)dx =0, 3.7)

Q R

for all ¢ € C5°(9) is called weak solution of (B).

It is well known that weak solutions of (2.1.1) are not generally unique. In the scalar case uniqueness
is established by imposing extra entropy inequalities. Nevertheless, in all cases it is relevant to con-
sider additional criteria which identify physically relevant solutions, [I5]. To this end, we call entropy

solutions, weak solutions satisfying in addition

- [ (st + Quuie)ddt ~ [ n(u) - 6(0,2)dz <0, 38)

Q R

forall ¢ € C3°(2) with ¢ > 0.
A main concern in the numerical analysis of these problems is to construct approximations consistent

with (BEX) in the sense that in the limit converge in a suitable sense towards an entropy solution.

3.4 A space-time finite element method

We consider approximating methods, which are based on a space-time finite element discretization with
piecewise polynomials of degree one and zero in time. Our schemes and results can be extended to
high-order elements without notable technical obstructions.

Let 0 = tp < t1 < ty < ... be a sequence of time levels, define I,, = (t,,t,+1) and introduce the
‘slabs’, S;, = R X I,,. To simplify matters we shall assume that all solutions and approximations have
compact support. For the space discretisation we shall consider a fixed finite element decomposition of
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a given interval [— B, B]. Let X}, be the spatial finite element space consisting of continuous piecewise
polynomials of degree one extended to zero outside [—B, B]. The solutions and approximations are
implicitly assumed to vanish outside [—B, B]. Forn = 0,1,2,..., let T} be a mesh of .S, into space-

time rectangles K and define

th = {v c [Hl(Sn)]m : ’U|K: 2}1(.73) . Ug(t),’l)l S Xh, Vo € Pl}.

We denote by h = maxges,, n>0 diam K , and by h, h > 0 a mesh discretisation parameter propor-
tional to h. We shall restrict to quasi-uniform meshes and we shall use the fact A < C mingc S, n>0 diam K .
We will seek an approximate solution uy, in the space Vj, = {¢ : Rx (0, 4+00) = R : ¢|g, € V;*,n > 0}

we will have

uh|3n€ V}?.

Further,we consider the finite element space:

Wi = {p € [H(Sn)]™ : Y| k= 11 (x)a(t), Y1 € Xp, ¥h2 € Py},

and

Wi, ={w:R x (0,+00) = R:wlg, € W', n>0}.

The space W}, is needed for our mixed formulation given that by construction d;v € W' forallv € V;".
In fact, although both variables in our mixed formulation belong to the same space V}, we shall use two
different test spaces. The method is a discontinuous Galerkin in time-type of method much the spirit of
[B0, BT, 8] adapted to our mixed formulation (B4). It is important to note that we shall require an extra
compatibility condition at the discrete time nodes, see (39d) below. We can now define our numerical
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scheme: Seek up, 7, € Vj such that forn =0,1,...,

/ <(“h)t * A("‘(Th))x> < On dxdt + (h) /(Th)x - (¢n)s dudt

o o (3.92)
+ /(uz+ —uZ*) . gZ)Z* dz = 0,
R
/ (7 = nu(up)) - ¥, dadt = 0, (3.9b)
Sn
/ (" = nu(up®)) -+ do =0, (3.9¢)
R

forall ¢, € V;*(S™) and ¢, € W' (S™), where k = n, b, uy ™ = lim wp(t"+5), ¢p " = lim ¢, (1" +
s—0F s—0t
s), w2+ = sl—i>%1+ Yp(t" + s) and u?f = up. Notice that although the dimension of the space W}, is lower
than V},, the final system (B-94)-(B79d) is balanced in terms of degrees of freedom due to the presence of
(B9d). Here v = y(h) > 0, is a positive parameter, used to tune the amount of the artificial diffusion
induced in the scheme with y(h) — 0 as h — 0. A few comments are in order. First, the above scheme
is quite simplified and it serves as a model to verify that our approach can indeed be theoretically
justified at the finite element level. One can add various stabilisation terms (shock capturing, diffusion
at combined space-time direction, etc) to it, but these technical additions do not offer much on our
qualitative understanding as far as behaviour of the scheme is concerned. Further, the choice of the
artificial diffusion parameter y = «y(h) is also subtle. One may include a spatial dependent term within
the integral which can be tuned in an adaptive manner, or/and to include nonlinear dependence on the
approximate solution, in order to ensure consistency and flexibility, but again these technical alterations
which might improve the quality of the approximations, do not add much in our understanding at the

theoretical level. Thus we have decided to retain the scheme in a simple form.
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3.5 Main results—Remarks.

As mentioned, the strategy to design entropy stable schemes for hyperbolic conservation laws, is to
build on entropy conservative discretisation. Our approach is based on a novel entropy conservative
discretisation, (B-4)), which was the basis of the fully discrete space-time finite element scheme presented
above. The choice of different test functions provides the right discretisation at the mixed level which
leads to the desired properties. This scheme introduces artificial dissipation both in space and time
(explicitly in the space variable and implicitly in the time variable through the discontinuous Galerkin
time discretisation). In Section B8 below we show stability estimates yielding the entropy stability of
the scheme. We have opted for conforming space discretisation, just to make the comparison with the
results of [30, BT, PR] more tractable. We have chosen to include simple artificial diffusion terms, in
order to keep the analysis as simple as possible and thus to highlight the ideas needed to verify the
energy consistency for the scheme. Although the general plan of the proofs follows [B0, BT, DX], we had
to overcome several technical obstacles due to the new formulation introduced herein. The results of this
work can be extended when discretisation in space is done using discontinuous Galerkin methods, e.g.,
[3, T4, T2], but the formulation becomes quite technical and special care should be given on the design
of the discrete fluxes, compare to [26, P29]. In Section B we derive first the entropy stability estimate
for our scheme, Lemma B&l. In Section B74, Theorem BZZ1l, we prove that assuming that u;, — u then
u 18 an entropy solution of the conservation law. A crucial result towards this goal is the compatibility
of the mixed variables at the limit proved in Lemma B64. Section BR is devoted to measure valued
solutions of (Bl). Our focus is the notion of measure valued solution of Di Perna and we prove that
the numerical method is indeed compatible with this notion at the limit. In fact, Theorem B=X™ shows
that approximating sequences obtained by our scheme generate an entropic measure valued solution of
(B). Towards this goal, an important intermediate step is Lemma B which connects the limiting
behaviour of 75, with the limiting measure extracted from the sequence {uy, }. The results in Section BR
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were obtained under the assumption that the approximations were uniformly bounded in L°°. A more
refined approach is possible for certain entropies. In fact for certain entropies with uP growth in Section
B we show that our approximations are uniformly bounded in L? and thus one can apply the LP—
based theory of measure valued solutions, [8], to show that still the approximating sequences obtained
by our scheme generate an entropic measure valued solution of (Bl). As far as we know, this is the first

numerical method for which such property can be proved.

3.6 Stability-Preliminary results

3.6.1 Stability Estimate
We shall prove now, a stability estimate on which is essential for the forthcoming results. We shall use
that the convexity of 7, implies that there is a compact set D C R™ and a constant o > 0 such that the
relation

n(v) = n(w) = nu(w) - (v —w) = olv —w|’ (3.10)

holds for all v,w € D where |.| is the Euclidean norm.

Lemma 3.6.1 Suppose that the ranges of a sequence of finite element solutions of (B9) lies in the

compact set D i.e.

{uh}h>0 c D. 3.11)
Then for N = 1,2, ..., we have the estimate
N-1 N-1
_ N_
¥ Z 1(7h)alZ s,y + 0 Z [y _“Z+HQL2(R) +/77(Uh ) < /77(“0) (3.12)
n=0 n=0 R R

Remark 3.6.2 Observe now that having in mind (B223), assumption (B311) guarantees that t, is bounded
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on D, provided that 0, is also a bounded function on D and also T, = 0 when u;, = 0.

Proof: We achieve this by setting ¢;, = 7, in (B94d). We have

/ ((Uh)t + A(K(Th))x> -1y, dzdt + ’y/ ((Th>z)2d$dt

n n

—l—/(uZ* —uy )t de =
R

Thus
/ (up); - mhdavdt + / Vo A((m1)) K(7h)e - ()t + / ((r1)2)*dedt
én S S
+ /(uZ* —uy ) 1 tdr =0
R
and

/ (up); - ot + / (R () )V u Ak (1)) - K (7)ot + / ((7)2) dadt

Sn Sn Sn

+/(UZ+ —up ") 1 tde = 0.
R

Hence, by (B-6),

/(uh)t - Thdxdt 4 /Q(R(Th))xdmdt—kfy/ ((Th)x)2dl'dt

S Sn Sp
n4 n_ n4 .
—I-/(uh —u, )T, dr=0.

R

Since k(0) = 0 we conclude

/(uh)t - Tpdzdt + ’y/ ((Th)x)2dxdt + /(uz+ — uZ’) 'T}:L+d.CE =0.

Sn Sn R
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Setting ¥, = (uy) in (B9H) we get,

/Th - Opupdrdt = /nu(uh) - Opupdrdt = /n(uh)td:cdt

n Sn Sn

Thus, if we substitute the first term of (B213) with the above we get,

/n(uh)tdacdt + h/ ((Th)x)2dxdt + /(uz+ —uy )7 tde =0
Sn Sn

and (B9d) finally implies

/n(uh)tdxdt + 7/ ((Th)x)dedt + /(uZJr —uy ") nu(uyt)dz = 0.
R

Sn Sn

Summation over n implies,

n+1_ n n n_ n
S [ (™) = ) =) () do
n=0 R
N—-1
+ Y T w)lFas,) = 0.
n=0
Hence,
N—-1
/ () —n(L) — (™ — ) - () da
n=0 R

N—-1
1 Y Nl + [t de = [ nuo)de.
n=0

R R

Using (B10) in (BT4)) we obtain (B12).

O

(3.14)

A crucial step forward in order to prove the convergence of (B9) towards an entropy solution, is to

show that as

up — U , T — T a.e. When h — 0
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then the following statement holds,

T =nu(u) a.e. (3.16)

in Q. For this purpose we need also the following estimates for the L? projections.

Lemma 3.6.3 For S being a discrete space, S = Vj,, W), or X}, let Pg the L?—projection onto S. There
exist constants C such that for w € [H*(S,) N C(S,)|™, ¢ € H(S,) N C(Sy), u € Vi (or W), n =

0,1,2,...,and k =0,1

W¥llw = Py, wll e s,y + VAllw™ = (Py,w)™ || 2@y < Ch?|w|g(s, ),
W¥lug — Py, (u)ll s,y + VI (ug)™ — (Py, (up))™ || r2(w)

< Chllullp (s, (lH1(5,) + Pl H2(5,.)) -

Further, for Py, there holds

|w = Pw,wllr2(s,) < Chlw|g2(s,)-

In addition, fora ¢ € C°(Q) andw € V), there is a constant C' = C(¢) such that, withn = 0,1,2,. ..,

there holds that

[(ud)™* = Px, (ug)™* || L2m) < Chllu"™* || 2(w) -

Proof: For the first two estimates see [31]. By the best approximation property of the L? projection

and the discontinuity of the functions of W}, in time one observes

lw = Pw,wllr2(s,) <llw — Powllrz(s,) + [[Pot(w — Px,w)llz2(s,)
<lw = Pogwllr2(s,) + lw — Px,wllr2(s,)
<lw — Pogwllr2(s,) + llw — Ix,wllr2(s,)
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where Iy, the standard interpolation operator onto X}, and I ; the L? projection in time operator onto
the piecewise constant functions. The second relation then follows by standard interpolation estimates
and the Poincaré - Friedrichs inequality. For the last estimate, observe first that for I’ being a typical

element of the decomposition of the finite element space X}, there holds,
Jw"™ = Iy, w™* [ Loy < Ch2\<ﬂn+|H2(l')

see [R]. Clearly (u¢)™+ € H?(I'). We will denote for the rest of the proof (u¢)™+ as u¢. The above

inequality yields

1(ug) = Px,, (ud) |72y < Y 1(ud) = I, (ud) 721y < CB* D [udlFpapry- (3.17)
Il

I/
Next, since,

0% (ug) = 20,p0u + ud>¢

we have
%o = [ (20000u + ud?¢)2dr < [ 6(0,0)*(9pu)dx + [ 3u®(92¢)*dx.
H2(I) @ x
I I I

Therefore

\wblfqg(p) < 6||am¢||%°°(]R)”a’EuH%Q(I’) + 3\\5§¢’\%M(R)HU||%2(I')

(3.18)

< C(HamU”%?(I') + ||UHQL?(1/))

where C' = max{6//0.0|? w1, 3||0%0]|? o . Furthermore, standard inverse inequalities imply, [R],
L>=(R) z Pl oo (R)

|0xul| 271y < Coh™H|ul| f2(;r). Hence, inequality (3.18) implies

[udlipay < C(C2h™ + Dl Fap -
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Substituting this result in (3.17) we get

I(ug) = Px,, (ug) |2y < C(C2h® + 1Y) Y llullFa(pry
I/

and the proof is complete.

O
Lemma 3.6.4 Under the assumptions (B11) and (B13), 7 = 1y, (u) almost everywhere in ).
Proof: We prove (B16) by employing (B-9H). For a function ¢ € [C2°(£2)]™ we have
/ (Th — nu(uh)) - pdxdt = / (Th — nu(uh)) . (qS — PWh¢)da:dt (3.19)

Sh Sn

where by Py, we denote the Lo —projection onto W}, space. Summing over n in (BI9) and considering

that 21 is a finite domain such that supp(¢) C 21 ,we can see that

Zﬂ:/ (7h = nu(un)) - (¢—Pwh¢)d9:dt’ = ‘/(Th — nu(un)) - (¢—Pwh¢)dxdt'

< [l =) - (o= Fur )t < o =ty [ 1(6 = i)

Ql Q1

1
< 7n = nu(un)llLoo @) | — P, @l 200y 1012

By Lemma B3 we infer that ||¢ — Py, @||1,(0,) < Ch||¢||2 for some constant C'. Therefore by (ET9)
we obtain,

‘ /(Th — Ny (up)) - pdxdt| < Cyhl|@||2- (3.20)
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Here we used |74 1o(0,), [17u(un) | Lo (0,) < C, see Remark BS below. Moreover, since (75, —

Nu(up)) - ¢ are uniformly bounded and having in mind

(Th — Nu(un)) - ¢ = (7 — nu(u)) - ¢ a.e.

we obtain, by the dominated convergence theorem that

/(Th — nu(up)) - pdxdt — /(T — nu(u)) - pdzdtz. (3.21)
Q

Q

Letting h — 0 in (B220) we see then using (B=211), we conclude

j/(T-UUOO)-¢dwdt=:0 (3.22)
Q
for all ¢ € [C°(€2)]™ and our assertion follows. O

Remark 3.6.5 (Alternative scheme definition) I is interesting to note that the second and third equa-
tion in the definition of the scheme (B9) can lead to a relationship between Ty, and uy, and thus to
the possibility of eliminating the extra variable T3, . In fact, a simple calculation gives that Ty, can be

expressed in terms of uy, through the relation

thrl —t

n(z,t)|s, = Px, (ﬁu(%ﬂ)T

(3.23)
t—tm

LA <th (/1 nu(uh(x,t))dt) Ni! — Px,, (1u(u, ") ))

The original system form of the scheme is however more convenient in the analysis, and it is used
throughout the paper. One of the consequences of this expression is when uy, is uniformly bounded, the

same is true for Ty, .

Alternatively, one can observe that 1, = I Px, ny(up(z,t)), where the time interpolant I, :
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C(In) — Py(1y,) is defined as

/ Iowdt = / vwdt, Yw e Py_1(In), (3.24a)
In Iy
L™ = o™ (3.24b)

Notice that such an interpolant preserves the optimal order of convergence of the time-discontinuous
Galerkin method since one can show, |[1;v — v 1p(,) < k?LHHU(qH)HLp(In) . Similar bounds, have

been derived in [53, (12.10)].

3.7 Convergence
We can now proceed to the proof of convergence of uj, towards an entropy solution.

Theorem 3.7.1 Assume that {up}n~o C D and up, — w, 7, — T a.e.as h — 0. Let further that

'y(h)*l/ 2h — 0. Then the limit of the solution uy, of the numerical scheme (B9), u, is an entropy

solution of (B).

Proof: First, we show that u is a weak solution of (Bl). Taking ¢, = Py, (¢) in (B9d) with ¢ €

[C2°(Q)]™, we will have

/ ((uh)t + A(H(Th))x> - ¢ dadt + /(UT — W) - ¢ d
R

n

_ / ((uh)t + A(K(Th))x> . <¢ - th(gb))d:cdt

n

+ /(uZJr —uy ) (@™ — (Py, @)™ )dx — fy/(v'h)x - (Py, (¢))s dzdt.

R Sn
Notice that since ¢ € [C2°(Q2)]™ there exist ng such that ¢(t,-) = 0, t > t,,. Therefore summing with

respect to n we obtain
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Z/(uh 6+ A(r(m)) qu)ddeZ/ S g da

n>OS n>0

+ n—l—lf ¢n+ dx
X[

—Z/(uh t+A Th)) )-(¢—th(¢>>d$dt
n>0

+ X [ =) @ = R s =1 Y [ (P (@) dade.

n>0R n>OS

Hence,

/(“h Gt + A(k(Th)) - ¢x)dwdt+/u0’¢(0,m)da;

Q R

SH‘IF%X}VUA(H(T}Z)”/(
Q

(¢)|dwdt

Th)w

n,

dxdt

"t — (PVh¢)n+ dx + (Th)z Py, (#))z

n>0

< IE%X WuA(”(Th)” [(Th) ]l L) |0 — Pvi@ll o)

no 3
+<Zruh-—uh+u%2<R)) (ZW— (P )™ 2 >)
n=0

+ YN (7h) 2 Lo @) | (Pv, @)zl Lo (02)-

Again, from Lemma B3 it holds that ||¢ — Py, ¢[l1,) < Ch?||¢|lp2(q) and further Y hlj¢"+ —
n>0

(Py, )"+ H2 < Ch4|]<;5H for some constant C'. Thus

/ up - ¢ + A(k(13)) - qﬁx)dmdt—i—/umqﬁ(o,x)dw

Q R

. ) (3.25)
< max | Vu AR(Tn)| V2 | (7h)all L2(0) O™ 2126l gy + Csh (10 20

+ 1m0l Lo @) | (P, @)l 20

for some constant C'3. Recalling now Lemma B64, we know that A(k(7,)) — A(u) a.e. Further,

stability properties of the La—projection stability imply ||(Py, )z |lL,0) < [[(¢)zll2o(x)- Thus, letting
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h — 0 in (B322Z3) while choosing a proper 7y such that ’y*% h? — 0 and having in mind that (3I2) implies

(fy)% [(7h)zl2() < C we conclude that,

/ (u- ¢t + A(u) - ¢g)dadt + /uo - ¢(0,z)dr =0

Q R

and thus « is a weak solution for (B).

Next, we need to show that u is also an entropy solution. Setting ¢, = Py, (7,¢) in (33d) where

» € CX(Q), ¢ >0 we have

/ (Wt - A(Fv(%))m) The dedt + / (up™ —up )7 da
R

n

_ / <(Uh)t +A(/€(Th))x> : <Th¢ — PWL(Tth)))dJZ

n

+ /(UZJr —up) - (1, " — (P, (h9))™ ) da — ’Y/(Th):c (Py;, (Trh9)) e dadt.

R Sn

Since

/ <(“h)t+A(”(Th))x) - Tho dadt = / (un)e - Thdxdt + / VuAK(T)) 5(Th)e - u(r(Th)) pdxdt

Sn Sn Sh

we conclude

/(Uh)t - Thpdxdt + / Q(’%(Th))zdﬂxdt + /(UZ+ — uZ‘) .T;+¢”+ dx

Sn R

Sn
- /A(H(Th))z . (Thqb — Py, (Th¢)>dmdt — 7/(Th)m - (Py, (Th))s dadt
Sn

n

[ =) (6 (P )
‘ (3.26)
Setting now ¢y, = Py, ((us)¢¢) in (39H) we have
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/ (7h = nulun)) - (up)epdadt = / (7h — 1u(un)) - ((un)ed — P, ((un)ed)) dadt,

Sn g,

or

/Th - (up)rpdadt = / (Th — u(un)) - ((un)ed — Pw, ((un)ed))dzdt + /[n(uh)]tgbdxdt

Sn S, g

Substituting this in (B28) we get

/ [n(un)lpddt + / Q(r(mh)) ddwdt + / (upt =) o™ da

Sn Sn R

— /A(R(Th))x : <Th¢> _ PVh(Thqb))da:dt

n

+ / (up™ —up ™) - (17 9™ — (Py, (Th6p))" )dw — / (Th)a - (Py, (Th))a dadt

R S,

- / (Th — nu(un)) - ((un)ed — P, ((un)ed)) dadt.

Sn

Summing over n and integrating by parts on the left hand side of the equation we see that

- / (n(un)dr + Q(K(h)) b ) dadt

Q

+Z/( () = =) o do

— !A(K(Th»x : (Thqﬁ - th(Th@) dxdt

—l—Z/ —uh . n+¢>n+ — (PVh Th$))")dx —7/ PVh Tho))z dzdt
Q

- / (Th - UU(Uh)) : ((Wz)td’ - PWh((Uh)t¢))dxdt.

Q
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Since ¢ > 0 we have

—v/km»mm¢ndmﬁ

Q

= = [ (Th)z(Th)apdzdt — v [ (Th)aTndudrdt < —y [ (Th)sThzdzdt.
/ / /

Q
and thus equality B=Z4 becomes

_/WWW@+Q@WM%ﬁmﬁ

Q

+ Z/ < (")) = (™ —w, ") - T§+)¢"+ dz
= /A("?(Th))gc‘ <Th¢ — th(Thgb)) dzdt
+ Z / =y ) (79" = (P (109))" ) da (3.28)

{3 [ (P mo)s dodt —y [ (a(mdadadt -+ [(m)umindadt )

Q Q Q

- / (Th - Wu(uh)) : ((uh)t¢ - PWh((uh)tqb))dxdt

Q

=: A1 + Ay + Az + Ay.

We will estimate the right hand side of (8=28). Our aim is to show

~ [ (nunon-+ QUstr)) o)

Q

t2 / ( n(uy, ) = nuy ") = (u,” = u") r;:+>¢n+ da (3.29)

< C(h? + 77 + hy? +777h).
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To this end we first notice that Lemma (B-63) implies

1706 — Py, (Thd)| Lo 0) < C(h + 2|0l 2 ()
(3.30)

D bl 6™ = (P, (rh0) ™ 17, m) < Ch+ 1)1l 7r2

hence |A;| < C’y_%h and |Ag| < Ch. It remains to estimate the third and the forth terms of the

right-hand side of (B=23).

For the third term we notice that, the stability estimate in Lemma BT implies

[ e - (P (m))e = (116).) da

0
<(TR)e Lz | (P, (7¢))z — (Thd)allL2(0)
<A ()l L2 170l oo (@) (1@l 1 () + RSl E2(0))

< C(1+h)y2

and

y / (h)e - Thdadedt| < Al (mh)ell 2y I7hll =) 18]
0

D=

<Cv

Hence |[A3] < C(1+ h)yé. In order to bound A4 we first need a bound for the term (uy,); in L?($2). We
assume ||(up)el|z2(s,) > 0 sinceif ||(un)el|z2(s, ) = O for some index ny then it does not contribute to
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ngo H(uh)tH%Q(Sn)' Using (B9d) we have

Iun)las,y = [ Cone - ()

Sn
_ / A(s(m))a - (un)eddt — ~ / (0)e - (un)iadadt
Sn Sh,
_/(uer —up ) - (up)yTde
R
=— / VuA(E (1h)) (K (Th))z - (up)rdxdt — ’y/(Th)x - (up) e dxdt
n Shn

- [ =) ()i de

R

Hence, since 7, is uniformly bounded, standard inverse inequalities imply

|| (up) HL2 < C’/| Th)z - (un)t ]dxdt—l—’y/| Th)z * (Up)tz|dxdt
/ =) - ()} |

< Oll(h)ell 225 1 (wn)el 22,y + Y1 (Tl 2 (s 1 (wn)tal 225,
+ JJuy ™ — w2yl (un)f ™ 2

< Oll(n)all (s 1 un)ell z2gs,y + 77 1 Tm)e 220 1 un)ell r2gs,)
+CR73 [lupt — gyl (un)ell z2gs)

= Oy 392 || ()l (s | n)el 2250y + 72 R 792 ()l z2(s) | un)ell 22 s,y

_1 n n_
+ Ch™ 2 luy, ™ —up, ™ 2w [ (un)ell (s,
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Finally, Lemma B-61 implies

N-1 N-1 N-1 N-1
Z ”(Uh)t||%2(sn) <Cyly Z ”(Th)zniz(sn) +yh %y Z ||(Th)x||%2(sn) +ht Z [ U?H%z(ﬁg)
n=0 n=0 n=0 n=0

<Oyt A2+ 7.

Therefore
Nl 1 1 1 1
(3 lwndelBags,)* < OOt +73n 4 h78). (3.31)
n=0
Subsequently we will use the fact that
PWhU = PO,tPXhU = PXhPO,t'U (3.32)

forav € H'(S,,). This is a simple consequence of the tensor product nature of the elements of W}, at

each S, . Then (3.32) implies

A <[ [ (= ) - ((une — (un)ePoso) o

+ ZO / (7h = mu(un)) - ((uh»Po,tqb ~ Px, (<uh>tpo,t¢))dxdt
n> S,

—: | Ay | + |42

where we used the fact (up (., z)): € Po(I,) and thus Pyt ((un)tp) = (up)ePo .
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The first term A; is estimated as

A1 <O (Iwn)illzags,y) (16— Pordllzgs,))

n>0

NI}
Dl

<O D0 lun)ellFes, > lle = Posdlizs,

n>0 n>0

IN
Q

11 it
(’Y 24+92h 4+ h 2)hH¢HH1(Q)

N

1 1
C (v 3R+ +h3) 1] g)-

Notice that since Fp; commutes with differentiation with respect to x and it is stable in LQ(In) and in

L*°(1,), one can verify as in Lemma (B:63), that
[ (un)iPo.td — Px,, ((un)ePoed) 125,y < Chll(un)ellr2(s,.)-

Hence,

4] < CRllun)illzz@) < € (Y7347 +h3) .

and combined with the previous bounds yields (3.29) . We conclude therefore,

—/ (n(un) e + Q(K(h)) ¢xr) dadt
Q

+ Z/ (n(UZ) — () = nu(upt) - (up” — u2+)> ¢"+dx (3.33)
"R

< C(h2 +47 +hy? +772h) = ) / <<nu<u?ﬁ> — ) (g~ uZ*))ab"* da.
"R

Notice that (39d) implies (see (B23) )

7_}7:+ = PXh(nu(uZ+))~
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Therefore

Hence,

w5 = e = P, (0~ 6 ) o

To conclude the proof, it remains to estimate the last term of the right-hand side. To this end, let Dy C R

is a domain such that supp(¢(t")) C D for all n, and notice that

>/

< maanu upt)

nmﬁ<%—%wm4%wﬁwﬁwnw

o = Py, (g~ )e" ) |da

2

n n_ n n n_ Ny in % 1
< mae a0 1) ) ( / (i = e = P, (G = wyer )| o) Dyl
b, R
< a0 e Do~ P, (1 )| ) (X |D¢|)
n<n0D n<ng
Here, Lemma BTG53 implies
71,7L — n4 2 _
Z [ (u _Uh )¢" — Px, (( _Uh ") )HL <Ch Z [y, _Uh ”Lz(R
n<ng n<ng

41



The last inequality and (B-12) imply

1

) (Ze)

n<ng

(2]

n§n0D¢

(= )o" — P, (™ —u)")

N

1 1 _ n 3 1 _1 — n
< ’D¢|20hn5< Z [y, ™ = uh+||%2(]R)>2 < |Dg|2Chh 2( Z [y, _thr”%?(R))

n<ng n<no

< Cgh?

where Cg is an appropriate constant. We conclude therefore that

- / (n(un)é + Q(w(mh)) bs) daxdt

Q

w3 (n<uz> () — () - (= — uZ+>>¢"+dx
R
1 1 1 1 1
< Cu(h? 472 + hy2 +~72h) + Cgh?.

Finally, letting » — 0 while using the convexity of 1 and lemma (B=61l) we obtain the desired result. [

3.8 Measure-valued solutions

In this section we show that the scheme introduced herein is compatible with the notion of entropic
measure valued solutions. This notion of very weak solutions hinges on the theory of Young measures,
i.e., of parametrised with respect to x and ¢, appropriate probability measures in the phase space, e.g.,
[@], and was introduced by DiPerna, [T9] . Modern uses of this notion relate to uncertainty quantification
and to statistical inference when an assembly of solutions of the conservation law are considered, e.g.,
[2, 2T]. Next we shall show that when approximating sequences obtained by our scheme generate a
Young measure, this measure is indeed an entropic measure valued solution of (Bl).
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Young measures
Let M(R™) be the set of all signed Radon measures on R™. We denote by M (R™) the set of all
positive Radon measures and by M (R™) the set of all probability measures over B(R™) that s,

MP(R™) = {1 € M*(R™), u(R™) = 1}.

We call Young measure a weakly* measurable mapping from €2 into MF (R™), [4]. The set of all Young

measures is denoted by Y (2, R™).

Measure-valued solutions

A young measure p € Y (€2, R™) is said to be a measure-valued solution of the conservation law (B1),

DiPerna [IY] , if it satisfies the expression

[ Gdesies) 60+ (Aopins) - 62)ddt + [ o 60,2 =0, (3.34)

Q R

for all ¢ € C5°(£2) where by (A, 115, +) we mean

(Aiee) = [ A (3),

Similarly as in the concept framework of weak solutions, a Young measure p € Y (£2, R™) which fulfils

the additional relation

Q R

for all ¢ € C§°(Q2) with ¢ > 0 is called an entropy measure-valued solution of the conservation law
(B).
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3.8.1 Convergence towards entropy measure-valued solutions

We turn now our attention to our main task in this section, that is to show convergence of the numerical
scheme (B9) to an entropy measure-valued solution as » — 0, in the sense that, when approximating
sequences obtained by our scheme generate a Young measure, this measure is indeed an entropic mea-
sure valued solution of the conservation law. In order to do that so, we need first the following lemma

which connects the limiting behaviour of 75, with p.

Lemma 3.8.1 Let g : R™ +— R be any continuous function that converges to zero at infinity. Assume

that

17 — nu(un)|[ L2 — 0, h—0. (3.36)

Then if (BI) holds, then there exist a subsequence of Ty, (still denoted as Ty,) for which it holds that

9(m) = (g, () ) in L(9) (3.37)

where [ is a young measure associated with uy,.

Proof: Since we assume that (B-I1) holds, the fundamental theorem of Young measures(see [4] ),
implies that there a exist a subsequence ujy, (which we relabel here uy) and a young measure p1 €

Y (Q2,R™) such that

9(nu(un)) = (g, (nu)4p) in L(2) (3.38)

as h — 0. And further, on account to the fact that 7, is also uniformly bounded (see remark (3.2))
we deduce that there exist a subsequence Thy, of the sequence 75, (denoted as 75,) and a young measure
p' € Y (£2,R™) such that

9(mh) = (g, ') in L=(92). (3.39)
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Subsequently, assume for the moment that g € C°°(R™). Given a function ¢ € C2°(€2) and using the

mean value theorem for the function g we see that

1
/ (Q(Th) — g(nu(uh)))qbdazdt = // Vg(&(z,t,s))ds - (Th — nu(uh))¢dxdt
& 0

Q

where for each x and ¢, the function £(z, ¢, s) is defined as (z, ¢, ) = 7, — s((7h — Mu(up)). Let now
2, be a finite domain such that supp(¢) C ;. In addition, observe that the product of the functions
¢(z,t) and VG(&(x, t, s)) is a smooth enough function in Q1. Now set G (x,t) = fol Vg((x,t,s))ds.

Then,

[ (@) = atmun)osa] = | [ (= ) - @Gia.0) - P (06, 0) ]
Q Q

g

951

(7h = nulun)) - (6G(2,1) — Pw, (4G (,1))) | dwdt

< 7 = nu(un)l| 20 l10G (2, ) — Pw, (8G(2,1)) | z2(0,) -

Next we show that

16G — Py, (6G) |l 1201y < C, h — 0. (3.40)

Assuming for a moment the validity of (B-40]) we conclude,

/ (9(mn) — G(nu(un))) pdzdt — 0

951

as h — 0. Define now a sequence of functions g € C°°(R™) that converges uniformly at g on a

compact domain that contains the ranges of 7, and 7, (uy,). From the above limit we have that for all &
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given an € > 0, there exist a & > 0 such that

‘ / (9" (70) — g% (nu(up))) pdzdt| < €
Q1

when h < 4. Since,

(9" () — " (u(un))) ¢ — (9(h) — 9(nu(ur))) ¢

a.e. in {21 as k — oo, we know by the DCT that

[ (6@ = s atwn))sdadt = [ (o(m) = gloutun))) et
Q1 1951

Thus, passing to the limit in (B21) as ¥ — oo we obtain
[ (am) = gtonun) ot = [ (9(m) = gConaun))odade = o

Q Q1

On the other hand from (BE38) and (B339) we also have

Q

Finally, combining (B22) and (B43)) we conclude that

/ (g 2} — (g ()t ) ik = O,

Q

for all ¢ € C2°(Q2). Therefore, for almost all x and ¢ in 2 we have

(9, 1.0) = (g5 () o t) -
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Q

(3.41)

(3.42)

(3.43)
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Thus,

Mot = (M) 4 bt

in the sense of measures a.e. in {2 and hence (BZX1) is proved.

It thus remains to prove (B-4). To this end, we first observe, as in the proof of Lemma B-673 that

190G = Puw;, (G| 225,y <N6G = Pou(dG) L2,y + 160G = Ix, (6G) | L2 (s,,) -
Then, by the uniform boundedness of uy, 75, and the fact that 7, is piecewise constant in time, we have

16G — Poy(6G)|I12(s,) <chllO(dG)lr2(s,)
<ch||(0:¢)Gl 12(s,) + chllo(0:G) |l 12(s,,)

<Chl|0tdl 12(s,) + Chl Pl Loo (s,)10runllL2(s.,)s -

Thus in view of the bound (B3T) we will get that the contribution of this term to (B=40) yields a term
converging to zero. It remains to estimate || ¢G — Ix, (6G)| 12(S,)- By modifying the arguments in the
proof of Lemma and restricting our attention to a typical spacial element I’ of the decomposition

of the finite element space X}, there holds,

G — IXh(¢é)||L2(II) < Ch2\¢é|H2(ﬂ)

see [R]. Locally, ¢G' € H2(I"). For each fixed t in S), the spatial estimate holds

1(6G) = Lx,, (6 72(r) < Y (6G) = Ix, (6G)I[F 21y < OB Y |G gz pr)- (3.45)
I’ I’
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Next, since,

I2(¢G) = 20,00,G + G2 + ¢pI>G .

Using the definition of G and the fact that piecewise in each element 027, = d2u;, = 0 we observe

6G| 21y < CllOw® | oo =) (102unll 21y + 11027h £2(1r)) + CllO2¢| Lo )

1+l oo ) (10 s 1y + 1007113 1))

Therefore, using the inverse inequalities,

Ouxlz2(ry < Ch XN 12y, and [|0exl oy < CRT34|Ix oo (1,

[R, Lemma 4.5.3],

|6G 217y < C(HaxuhHLQ(I’) +10u7nll L2y + Haxuh”%m/) + ||3:r:7'h||%4(1/) + 1) (3.46)

< C(h‘1 F RT3 1) .

In view of (BZ8), we conclude therefore that ||¢G — Ix, (¢G)| £2(s,) < Cas h — 0 and the proof is

complete. U
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We can now state the two main theorems of this section.

Theorem 3.8.2 If assumption (B10) holds then the numerical scheme (B9) converges towards a measure-

valued solution of (B).

Proof: Using relation (B3223) from the proof of Theorem B71 we see that

/ (un - ¢ + A(k(7h)) - ¢g)dadt + /uo - (0, z)dx — 0,

Q R

as h — (. But by combination of the fundamental theorem of Young measures and of Lemma B=XT we

obtain by letting h — 0

/ (up - ¢r + A(K(Th)) - @) dadt + /uo - (0, x)dx —

Q R

/ ((id, Pat) - Ot + (A, iz t) - (Z)z)dxdt + /uo (0, z)dr =0

Q R

which proves the theorem. U

Theorem 3.8.3 If assumption (B1l) holds then the approached measure-valued solution of Theorem

B is entropy consistent i.e. it fulfils the relation (B339).

Proof: Picking ¢, = Py, (7,¢) in (BU4) where ¢ € C2°(€2), ¢ > 0 and following similar arguments

as in the second part of the proof of Theorem BT we conclude that



Using the convexity of 7 we deduce

_/ (U(Uh)¢t + Q(%(Th))% —/ n(up) - ¢(x,0)

Q R

< Cu(h® +~% + hy? +~72h) + Cgh?.

Therefore, letting 4 — 0 in the above expression and using Lemma BT we conclude that

_/ (<777:u96,t>¢t + <Qa N:Jc,t>¢z — / n(uo) . (;5(1’, O) <0

Q R

and the proof is complete. U

3.9 L? controlled measure-valued solutions

In this section we show that in certain cases the assumption that the approximating sequences are uni-
formly bounded can be relaxed by employing the L? theory of Young measures, [4]. In fact, uniform
bounded sequences in LP still generate Young measures. Roughly speaking, let u; a bounded sequence
of approximations in LP(£2,R™). Then there exists a subsequence and a measure u € Y (Q,R™),

= gy, (x,t) € Q, such that for G € C,(R™),

G(uj) = G, where G(z,t) = (G, pgt) = G(N)dpgt(N), (3.47)
Rm™m

where C,(R™) = {g € C(R™) : lim¢| oo % = 0} . The requirement that G € Cp,(R™), in order to
pass to the limit in (B=47) restricts its applicability of the limiting process (B-41) to nonlinear functions
with limited growth at infinity. Typically, in applications to hyperbolic systems, assuming that the
entropy 7 behaves as |u|P, we can control the LP norm of the entropy solutions. But then, when we
would like to show that the limiting measure is consistent with the entropy, see e.g. Theorem B3, we

need to pass to the limit for G = 7. Such G just fails to belong to C,,(R™). This is a quite subtle issue
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which can be bypassed by delicate analysis arguments and an appropriate alteration of the definition of
the measure valued solutions introduced by Demoulini, Stuart and Tzavaras in [[I'7], see also [Z, 2T, B3].
This approach leads to modifying (B-47) by amending the effect of 1, ; at the limit adding an additional
positive measure ~y accounting for concentration effects.

Next, we first exploit properties of the relative entropy to show that approximations obtained by our
scheme yield uniformly bounded sequences in L”. Then under certain assumptions we show the entropy
compatibility at the limit of the measure valued solution as in Theorem B83. To simplify the exposition
we assume that our sequence does not create concentration effects at the limit, and thus the measure ~y

above is zero.

3.9.1 Stability for p-entropies via relative entropy

Our first task is to prove the entropy stability of the scheme. We assume that the entropy 7 possesses the

following properties: There exist positive constants «g, oy, ¢g, g, &1 such that
(-1 aofvff <In(w)] <arfvff,  veR™,
-2)  D*(2)€-€>cololP2IEP, &z €R™,
n-3)  dolvlP~! < |pu(v)| < &Pt veR™,

A consequence of () —2) is that the relative entropy is non-negative:
n(vlw) :=n(v) —n(w) = nuw) - (v-w) =20,  v,weR™. (3.48)

The following lower bound of the relative entropy follows from the above properties, [372],

Lemma 3.9.1 Assume that the convex entropy n satisfies (n —2) with p such that p — 2 > 1. Then there

is a positive constant 3 such that the relative entropy satisfies:

n(w|w) = n(®) =n(w) —nuw)- (0 —w) = Bl —wl —[wl’),  vweR™. (349

51



Proof: Notice that (n —2) implies

(v [w) =n(v) —n(w) —nu(w) - (v—-w)
1
:/0 sD*n(v+ s(w —v))ds(v —w) - (v —w)
1
Zco/o s|v 4 s(w —v) [P ds|v — w|?

Since, obviously,

[s(w —v) | = |v+ s(w —v) —v| < |v+ s(w—v)| + o],

and | - [P~2 is convex,
2 =2 2 2
sw=v) P2 < (ot sw =) +]el) <& (lo+s(w - o)+ o2,

1.e.,

1
~ls(w —v) P72 — 072 < o+ s(w — ) P72

aP

Thus, using Young’s inequality ab < &+ %{1, with p = p/2 and ¢ = p/(p — 2) we finally obtain for

any ¢ small enough,

(v w) =n(v) —n(w) = nu(w) - (v —w)

1
Zc/ s|v+s(w—v) P2 dslv — w|?
0
1
Zc/ sls(w —v) P72 — v~ 2 ds|v — w]|?
0
1
:c/ o —w [P — s|v|P2 v — w|? ds
0
>clv—wlP=dlv—w|P—C>)v]P.

The proof is complete upon selecting ¢ appropriately small. U

We are ready now to prove the main stability result for our scheme.

52



Lemma 3.9.2 Assume that the entropy n satisfies (n —1, 2, 3) with p such that p — 2 > 1. Then for

N =1,2,..., we have the estimate

N-1

N-1
YY)l s,y +
n=0 n=0

Furthermore, there exists a constant C' independent of h such that

sup [[un(t, )| ze®) < €
>0

If instead of (n —2), the stronger condition
n-2) D)€ -&=co(lelP+1)IEP, &z €eR™,
holds, then
N-1 N—-1
_ N_
Y T el T eo D lup —up 172, +/77(uh ) < /77(“0)-
n=0 n=0 R R

Remark 3.9.3 Notice that (n —2') is satisfied for entropies behaving as |ulP + |u|?.

Proof: As before we select ¢, = 75, in (39d). We have

/ <(uh)t + A(K(Th))gc) -7, dadt + ’y/ ((Th)x)2d.7}dt

n n

—i—/(uZJr —uy )t de =0
R

Thus,

/(uh)t - T dxdt + /nu(ﬁ(Th))VuA(ﬁ(Th)) - K(Th) pdzdt + 7/ ((Th)x)QdCCdt

Sn Sh Sn

—F/(uz+ —uy )7y dr =0.

R
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As in Lemma B-61 we finally obtain

/n(uh)tdxdt + 7/ ((Th)z)Qd.Idt + /(uer —up”) - nu(uy " )dz = 0.
R

n STL

Summation over n implies,

n+1_ n n n_ n
S [ (™) =) =) () do
n=0 R
N-1
+7 Z H(Th)rH%Q(Sn) =0.
n=0

Hence,
N-1

/ (n(uy ™) =n(uy™) = (™ = up™) - nu(uy™)) do
n=0 R

N_
+72 [(7n) HL?(Sn) +/ (uy, ~)da

o (3.53)
=3 [ ntay up) e
n=OR
N-1
Y N alBags,y + [t )do = [ )
n=0 R R

and the first assertion follows. Since ]I{[ n(up)dzx are uniformly bounded and the relative entropy f n(uy” |up ) de
is always nonnegative, the above estimate implies that for all IV, f n( uh ~)dx are uniformly bounded.

Thus ||uh “|lzp@) < C for all N. We conclude therefore that for all N,

2/77 S lupt)de < C, (3.54)

nOR

and in particular,

/ n(uy,™ |w, ") de < C, (3.55)
R
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Now Lemma B9T implies

||Uh7 - U;LH ||l£p(R) <C+c HU;? ||z£p(R) . (3.56)

But we have proved that ||u, || z»(r) is uniformly bounded and thus |[u,~ — ), || L»(r) is uniformly
bounded as well. By the triangle inequality we obtain that [|u,™ || 1»(g) is uniformly bounded. Since
uyp, is piecewise linear in time and its end points are uniformly bounded in LP(R), the second assertion
follows. Finally (n —2’) and (B222) implies (B32) and the proof is complete. U

Recall now that

thrl —t
Th(7,t)s, = Px, (ﬁu(%ﬂ)T
n

t—t"

+5 (Po (] mtontonde) o= P )

Let ¢ > 1 be the conjugate of p. Then (p — 1)q = p. Using the growth of 7,,, see (n —3), and the stability

of Py, in L9 we obtain, for each Sj,,

7 Oy 1 < OOl gy + ) )

< CUh 1y + It 12gy) < €

Thus,

sup [|7 (¢, )| Law) < C'- (3.57)
>0
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3.9.2 Convergence

We can now state the two main theorems of this section.

Theorem 3.9.4 Let ) satisfies (n —1), (n =2'), and (n =3). If the flux A satisfies the growth condition

A € C,, and furthermore the following compatibility condition is satisfied

A(r(mh)) = (A, ), in L'(2) (3.58)

where 1 is a Young measure associated to uy, then the numerical scheme (B9) converges towards a

measure-valued solution of (B).

Proof: The uniform bound of uy, in L?, [8], implies that there a exist a subsequence uy, (which we

relabel here uj) and a Young measure p € Y (€2, R™) such that

G((un)) = (G, ), in L'(Q) (3.59)

as h — 0. And further, on account to the fact that 7y, is also uniformly bounded in L? we deduce that
there exist a subsequence 73, of the sequence 75, (denoted as 75,) and a young measure p e Y(Q,R™)
such that

G(s(m)) = (G(k), p) in L'(€2). (3.60)
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The compatibility assumption essentially says that (A(x), ') = (A, u). On the other hand by modifying

arguments of the previous section, see the proof of Theorem BZ1l, we notice,

/ (un - ¢ + A(K(7h)) - ¢a)dadt + /uo - (0, x)dx

R

¢ — Py, (¢)|dzdt

daH—’y/
Q

< IVuA(ET) @ ()2l a@)llé = Préllro o)

Q
S/‘VUA(IQ(Th))} (Th) 2
Q

+Z/

n>0

dxdt

UZ+ - uz— (Th)a: PVh ((ﬁ))f’?

"t — (Py,9)"*

no % no 5
(= e ) (216 ~ (P )
n=0 n=0

+ ()2l Lo@) | (Pv;, @) | Lo (22)-

/ (uh < + A(k(Th)) - gbw)dxdt + /uo - (0, x)dx
Q R

1 1, s 3.61)
< I7allz2@) V2 1(h) 2l L2 () Cy 2 7| 9llw2.00 () + CR2 D]l 72(0)

+ 'YH(Th)m”Lz(Q)|’(PVh¢)$|’L2(Q)
Therefore, using the inverse inequality, ||x||2 < Ch'Y/271/9) x| 4, [8, Lemma 4.5.3], while choosing a
proper 7y such that 'y*%thl/Q_l/q — 0 and having in mind that (B-12) implies ('y)% I(Th)zllL2() < C

we conclude that,

/ (un - ¢ + A(k(1h)) - ¢g)dadt + /uo - ¢(0,x)dx — 0,

Q R
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as h — 0. But by our compatibility assumption on Young measures we obtain by letting h — 0

/ (un - 60 + A(s(ms)) - b2 )ddt + / wo - 60, 2)dz —

Q R

/ (<id, Pat) - Ot + (A, o) - qu)da:dt + /uo - ¢(0,2)dz =0

Q R

which proves the theorem. O

To show that the limiting measure-valued solution is entropic, we shall neglect the possible concen-

tration effects corresponding to the Young measures generated by wuj, and 73,. We thus have the following

Theorem 3.9.5 Let 1 satisfies (n —1), (n =2'), and (n =3). Assume that the flux A is such that the

following compatibility condition is satisfied
Q(r(Th)) = (Q, ), in L*(Q) (3.62)
where i is a Young measure associated to uy, and furthermore
n(un) = (n,p),  in L'(Q) (3.63)

holds. If 1y, are uniformly bounded in L? then the measure-valued solution established in Theorem B94
is entropy consistent i.e. it fulfils the relation (333).
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Proof: Selecting ¢y, = Py, (7,¢) in (B948) where ¢ € C°(2), ¢ > 0 and following similar arguments

as in the second part of the proof of Theorem B~ we conclude

—/@W@@+QMW@%%Mﬁ—/nww¢@ﬁ)

Q R

+ Z/ < = () = (g™ =) - T,;’+)¢n+ dx
= /‘4(’1(771))9C : <7'h<25 - th(7h¢)> dxdt
* Z / —w, ) (7O — (P, (Th9)) " )dir (3.64)

{3 [ e Pimo). ot~ [)umludadt + [ (m)msaduat

Q Q Q

- / (Th - nu(uh)) : ((uh)th - PWh((Uh)t¢>)d$dt

Q

= AL+ Ay + A3 + Ay

We will proceed in a similar fashion as in the proof of Theorem B~Z1], but using only the available bounds
for uy, and 75,. We will thus highlight only the points where different treatment is required. We estimate

the terms A; in the right hand side of (864). Notice first

|A1| < / ‘VUA(/{(T}L))‘ |(7'h)xH7'h¢— th(Thqb)‘da:dt
Q

IN

IVu AT Lo @) ()2l Lo 1706 — Py, (7a) [ 20

N

< Cllm) @)l Tn)all o) (B2 170l Loy + A2 ()2l La0)

where we used the fact ||7,¢ — Py, (Th0) |1, < C(P*|llLy@) + h2(Th)all o)) which can

be derived by similar arguments to the proof of Lemma B-&3. Further, using the inverse inequality,
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x|z < Ch=Y2| x| 2, [8, Lemma 4.5.3], and the stability bound for || (Th)z || Lo (o) We conclude

A < O (BR324~ 4 p3/2471/2) (3.65)

Further, estimate |7, ¢"™ — (Py, (1h¢))"* | 1,(2) < Chll7;, " || 1,() and the stability bound for the

jumps in time of uy imply,

As] < CHV2. (3.66)
Similarly, we observe,
[ e (P (72))e = (1)) o
Q
<A Tr)zll L2 1Py, (78))e — (Th @)zl 2(02)
<A )zl 2@ I7nll 2 ) (Dl () + Rl Dllw2.00(c2))
<C(1+h)y? .
Thus,
|A3| < C(1+ h)vye. (3.67)
As in the proof of Theorem B”71l one can show, using the stability properties of the scheme,
vl 1 1 1 1
(3 MwnilBags,)” < COTE+in 4 071), (3.68)
n=0
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and

A <[> / (7 — muun)) - ((un)ed — (un)ePosd) devdt

n20g,

+ Z/ (7h — nu(un)) - ((Uh)tPo,t¢ — Px, ((uh)tP(),th))d:zdt

nZOSn

=: | Ay + | 4]

where we used the fact (up (., z)): € Po(I,) and thus Py ((un)ip) = (up)ePo ¢

The term A is estimated, using the inverse inequality, ||x||z» < ChY/P=1/2||y]| 2, as

A1 <> (U = mulun)llags, | @n)ell os,) (16 = Posdllzos,))
n>0

2

< CRMPTYE N )il Zes,y | 16— Posdllie o

n>0

11 -1 -
<O (vt ) A iy

Notice that since Py; commutes with differentiation with respect to « and it is stable in L”(I,,) and in

L*(I,,), one can verify as in Lemma 2.3, that

1(un)iPoud — Px, ((un)ePotd) | Les,y < Chll(un)ello(s,)-

Hence by the same arguments,
|Az] < Chll(un)illzz) < € (77 3+ + b3 ) p1r12,

and thus

[Aa < C (v 2R3 + b3 ) RUPI2, (3.69)
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Summarising,

|+ [ Aol + [ g+ [Aa] < C (7737 + 13 ) BYPT2 4 OS2 471 13129 7112),
< C(’y_l/zhl/p+l/2 + 71/2h1/p—1/2 + hl/p + h3/2 ,y—l + h3/2 7—1/2>

=: O(h,7).
(3.70)

Following again Theorem B~ we conclude,

- / (n(un)de + Q((m)) bs) derdt — / n(uo) - 6z, 0)

Q R

+Z/( n(uy ) —n(uyt) = nu(uy,™) - (u),~ —UZ+)>¢”+d:p
O(h7)+3 R/

e (e e A (e E )|

Since the relative entropy is always positive, it remains to estimate the last term of the right-hand side.

To this end, let Dy C R is a domain such that supp(¢(t™)) C D for all n, and notice that

|

< mae (Ol oy 3 luf~ = w6 = Py, (™ = i *)6™ ) oy

m) - (5 =)o = P, (05— )6 ) ) do

< e oy 3l = )8 = P, (= )6™ ) oy

n

Using similar arguments as in Lemma B6.3 we get

Z 1y~ = up,™) ¢n+ - Px, (( - )¢n+>”LP < Ch? Z Juy,” — uh+”Lp

n<ng n<ng
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Hence, by using inverse inequalities and the stability bound,

Sl — e = P, (= w8 ) )

n<ng
1 n n 3 1 n_ n 3
< Chng (3 ™ = wnt o) < O3S lup = )
n<ng n<ng
1
SCMﬂhV“”2<§:H%f—u?ﬂﬁmOQSC%UF
n<ng

We conclude therefore that

- / (n(un)be + Qr(r))bs — | nluo) - 6(,0)

Q

%\

< O(h,v) + ChM/?.

Therefore, letting h — 0, by selecting, e.g., v = ch, in the above expression and using our hypotheses

for the limiting measure we conclude that

_/ ((Uaﬂx,t>¢t + <Q7 ul’,t>¢m - / U(UO) . (25(1'7 0) <0

Q R

and the proof is complete. (]

Remark 3.9.6 Let 1 satisfies (n —1), (n —2'), and (n =3). In this remark we highlight that if the growth
at infinity of the functions considered is neglected then (B328), (B:82), (B:63) can be verified with some

additional hypothesis on the approximating sequences. 1o fix ideas, assume
70 = 1u(un)llLe = 0, h—0, (3.71)

and let g : R™ +— R be a continuous function that converges to zero at infinity. Then since (B321), (B57)
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hold, then there exist a subsequence of Ty, (still denoted as Tp,) for which it holds that

9(mh) = (g, () gpt) = (g(nu), 1) in L*(R) (3.72)

where [ is a young measure associated with uy. As mentioned in the beginning of this section the
uniform bound of uy, in LP, [4], implies that there a exist a subsequence uy,, (which we relabel here uy,)

and a young measure p € Y (2, R™) such that

9(muun)) = (g, (nu) i) = (9(m), 1), in L'(Q) (3.73)

as h — 0. And further, on account to the fact that T, is also uniformly bounded in L? we deduce that
there exist a subsequence Ty, of the sequence Ty, (denoted as 7p,) and a Young measure p e Y(QR™)

such that

g(mn) = (g, ') in L'(). (3.74)

As in Lemma BX1, we consider first a smooth g and given a function ¢ € C°(2) we have

1
/ (9(mh) — GOnu(un))) ddadt = / /0 V(e t,5)) ds - (7 — 1a(un)) b
Q Q

where for each x and t, the function &(x,t, s) is defined as §(x,t,s) = 1, — s((1h, — nu(up)). Let now
Oy be a finite domain such that supp(¢) C Q. In addition, observe that the product of the functions
o(x,t) and VG(€(x,t,5)) is a smooth enough function in Q1. Now set G(z,1) fo Vg(&(z,t,s))ds.

Then, as in Lemma B8, we conclude
‘ / G(Mu uh)))qﬁdmdt' ‘ / 7 — u(un)) - (G (z,t) — P, (6G(2,1)))dwdt
< i = u(un)l Loy 160G (2, 1) — Pw, (6G(, 1)) Lo(oy) -
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We would like to show that
16G — Py, (6G) || 1oy < C,  h— 0. (3.75)
Assuming for a moment the validity of (B213) we conclude,

/ (9(m) — G(nu(un))) ddzdt — 0

951

as h — 0. and the proof is concluded by repeating the arguments of Lemma B81. It thus remains to

prove (BZQ). To this end, we first observe, as in the proof of Lemma that

16G — Pw, (0G| Lo (s,,) <cl|#G — Pou(¢G) | o(s,) + ¢ l|6G — Ix, (6G) | Lo(s,.) -
Then, by the uniform boundedness of vy, 1, and the fact that T, is piecewise constant in time, we have

16G — o (G o(s,) <chllde(6G)llLa(s,)

<ch|(8:0)Cl 1o (s, + chll (G| o s, -

By modifying the arguments in the proof of Lemma and for a typical spacial element I' of the

decomposition of the finite element space Xy, we have,
196G — Ix, (¢G) || o1y < CR? |GG w2 (r)

see [8]. For each fixed t in S, the spatial estimate holds

1(6G) = Ix, (0G) 72y < D 1(6G) = Ix, (D) |72 (1) < CB* D [9G T2 1ry- (3.76)
Iz Iz

Next, one may use, 8§(q§(~}) = 20,¢0,G + é@%qﬁ + ¢8§@ , and the fact that piecewise in each element
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921y, = 02up = 0 1o control |¢G lw2p (1) - To complete the boundedness of (B“I3) a combination of

stability bounds, inverse estimates and growth assumptions on G will be required.

3.10 Numerical Results

We will present now some numerical results of an implementation of the numerical scheme (B-94)-(B9d).

For the purposes of the experiment we use the finite element spaces
Vit ={v € HY(S,) : v|g= vi(x)va(t), v1 ()| € Py, va(t)|x€E P1, K € TJ'}.
and

Wi = {¢ € H'(S,) : ¥|x= v1(x)ha(t), 1 ()| k€ Pr,vb2(t)| k€ Po, K € Ty},

on each 17 for the following problem

2
atu+ax(%) =0, z€[0,1], t>0,

u(0) =u(1)=0
with initial conditions
(
0 for x < 2.05,
1 for 2.05 < x <5,

(79—-2)/29 for5<z <79,

0 forz > 7.9.

In the next result, we pick n(u) = e* to be the entropy function of our problem. Thus the numerical
scheme (B94)-(B9d) takes the form
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/ <(uh)t + ;[(l”(Th)>2L> - ¢p, dxdt + 5/(Th)x - (én)x drdt
Sn

Sn

+ /(uZ+ —uy ) ¢pt dadt =0,
R

/ (Th — (e“h)) <Py dzdt = 0,

Sn

/ (" — (e“z+)) Yt dz = 0.

R

The partitions of both x and ¢ axis in our experiment are consisted of 400 nodes. The following graphs
show the results which have been obtained when taking different values of ¢ after 1, 100 and 200 time

steps.

(@)t =0.02 (b) t = 2.50

—— Numerical Solution

)t =501

Figure 3.1: Numerical experiment showing the solution when 6 = h/10
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2 T 0 T 0 T

12 T T
—— Numerical Solution
—— Numerical Solution = = Exact Solution
° :

il - = = Exact Solution Y \
LERS o
06— o
04— o
02— oxr

0 —.‘ °
. ) 02 | | , ,

) B B g 7 0 g o ) T 2 B n B B 7

(a)t = 0.02 (b) t = 2.50

—— Numerical Solution
WL act Soluti 7 -,—4[ 1
{
|

(c)t=5.01

Figure 3.2: Numerical experiment showing the solution when 6 = /20

T T T T T 12 ' ' ' ' '

—— Numerical Solution
= - =Exact Solution

Numerical Solution

= = =Exact Solution

(a)t =10.02

)t =5.01

Figure 3.3: Numerical experiment showing the solution when 6 = 0
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. . 2 .
Next we present one more experiment, where we pick n(u) = - to be the entropy function of our

problem. Thus the numerical scheme (B-94)-(B-9d) takes the form

[ (e +5(), ) - o dadt 6 [ (001, o
Sn

Shn

+ /(uZJr —uy ) ¢p " dxdt =0,
R

/(Th — uh) -¢h dxdt = 0,

Sn

JECART R RAR IS

R

The experiment has been implemented three times where at each time we have doubled the number of
the nodes of the previous partition. Thus, the first result includes for both x and ¢ axis 80 nodes , the
partition of the second result consist of 160 nodes and third result of 320 nodes. The graphs following

show the results which have been obtained when taking a constant § = %.
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—— Numerical Solution
= = :Exact Solution

(a)t = 0.25 (b) t = 2.50

1 T T T T T T

()t =5.06

Figure 3.4: Results which have been obtained using a partition of 80 nodes
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—— Numerical Solution
= = Exact Solution 1

4 o8|

(a)t = 0.25 (b) t = 2.50

1
T

—— Numerical Solution

= = Exact Solution

(c)t=5.03

Figure 3.5: Results which have been obtained using a partition of 160 nodes
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= Numerical Solution e Numerical Solution
L ] 1
1 = = Exact Solution
= = Exact Solution

06 06
04 aal
02— 4 02
o 3
02, I | I 1 1 02 | I | I | |
3 1 2 3 0 5 5 7 0 B 0 o 1 2 3 0 5 g 7 0 g 70

(a)t = 0.25 (b) t = 2.50

= Numerical Solution|

= = =Exact Solution

(c)t=5.01

Figure 3.6: Results which have been obtained using a partition of 320 nodes
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Chapter 4

Approximation of Measure-Valued

solutions of HCL

4.1 Chapter overview

Our aim is to develop a new approach to the computation of measure valued solutions and to quantify
uncertainties for nonlinear hyperbolic problems, based on two key ingredients : approximate Young
measures and kinetic models. We first present a framework for constructing approximate Young mea-
sures, based on earlier results by [48, Z3]. Approximate Young measures were developed having in mind
applications to calculus of variations and to energy minimisation, see [6]. We show below that in the
framework of conservation laws the approximation of the equation for measure valued solutions by such
approximate measures, gives rise in a natural way to discrete kinetic models. These models are, how-
ever, severely under-determined. We overcome this issue by using tools from the kinetic formulation of
conservation laws, see Chapter 2, [40, 45]. By using viscosity approximations and appropriate discrete
defect measures we construct new discrete kinetic models; their solutions will provide approximations
to entropic measure valued solutions. We further note, see [277], that this approach can be extended to
design a hierarchy of discrete kinetic models approximating statistical solutions for scalar conservation
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laws based on correlation measures, [2Z]. Up to our knowledge, this approach provides the first system-
atic alternative to Monte Carlo sampling for approximating measure-valued solutions to conservation
laws. The approximate models, in all cases, rely on solving discretised kinetic equations with prescribed

approximate defect measures on the right hand side.

4.2 Computation of measure-valued solutions for hyperbolic problems

We focus on the scalar conservation law

ug(x,t) + divA(u(z,t)) =0, =€ Rt >0. (4.1)

As mentioned we shall focus on approximating models and schemes for the computation of measure
valued and statistical solutions of this equation. In this problem the behaviour of approximations of
solutions is not always certain. Uncertainties in the solution can be caused, for instance, by the initial
data, or the parameters appearing in the model. One of the reasons is that in practice it is impossible to
obtain exact measurements. Hence, we are interested in studying and computing solutions that deal with
the problem of uncertainty in PDEs. Furthermore, a similar problem from a mathematical perspective
relates to statistical inference on the solutions when we study an assembly of variable data of the model.
Statistics is a discrete endeavour and when it comes to complicated models such as nonlinear PDEs
there are more than one (continuous) mathematical settings to formulate problems. A possible way to
access uncertainty in nonlinear hyperbolic systems is to use the concept of measure-valued or statistical
solutions, [38, 24, IR, 21, 2, 3, [].

For simplicity of the exposition, we will present our approximate models in the one-dimensional (d = 1)
case. The extension to the multidimensional scalar case is straightforward. For convenience and to fix
the notation for d = 1 we repeat the definitions of measure valued solutions next.

Weakly* measurable functions. Let V' be a normed space. A function p : 2 — V™ is called weakly*
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measurable if for z € Q the function z — (u(z), ) is measurable for all ¢» € V' where V* is the dual
space of V.

Measure valued solutions. Let now M (R™) be the set of all positive Radon measures on R, and
MF(R™) = {u € MT(R™), u(R™) = 1} the corresponding set of probability measures. We call
Young measure a weakly* measurable mapping from €2 into M” (R™). The set of all Young measures is
denoted by Y (2, R™). A parametrised measure p € Y (€2, R™) is said to be a measure-valued solution

of the conservation law (4.1) if, [9],

Q R

for all ¢ € C5°(2) where by (A, p1,.+) and (), ) we denote
Aotins) = [ AN e,

(i, pos) = [ AdiasO).

In a similar fashion as for weak solutions, an entropy measure-valued solution satisfies the additional

relation

/ (0, ot} - D+ (Q; pat) - b ) dxdt —I—/ n(uo) - ¢(x,0) > 0, (4.3)
Q

R

for all ¢ € C§°(Q2) where 7 is convex and (1, Q) an entropy entropy-flux pair, [T5]. The notion of
entropic measure-valued solutions which was originally proposed by DiPerna [[[9] is rather weak when
non-atomic measures are considered. A manifestation of this fact is the loss of uniqueness, even in the
scalar case, when non-atomic measures were allowed in the initial data, [[3]; an alternative definition
was proposed recently in [22] which leads to a uniqueness result within a certain class of statistical

solutions.
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4.3 Approximation theory of Young measures

As mentioned, we first present a framework for constructing approximate Young measures, based on ear-
lier results by [4R, 43]. To this end, suppose if our solutions take values on a set S (generally S C R™
where in the scalar case m = 1). For every h > 0, we assume that we are given a finite dimen-
sional space Sy, subspace of C'(S). In addition we assume that there exist a continuous linear projector
Py LY(;Co(S)) — LY(Q; S,) = Pu(LY(;Co(9))). Let further Y1,(€2, S) be the set of all Young

measures which map (2 into (S)*.

Lemma 4.3.1 The spaces P; (LS (Q; ME(S)) and L2 (Q; (Sk)*) are isomorphic. In particular if
PAY(9,5)) € Y(2,5)

then

PFY(9,5)) 2 Yu(, S).

This an important lemma since if we assume informally for a moment that Y (€2, S) is a space of com-
putational measures which approximate measures belonging to Y (€2, S), then given an p € Y (€2, 5)

there exist only one i € Y (2, .5) such that

/Q<¢, ﬂx,t>dxdt = /Q<Ph¢7 :ux,t>d$dt “4.4)

for all ¢ € L'(2; C(S)). Property (&4) leads to consistent and mathematically sound approximations
of measures. In addition allows great flexibility, since different choices for Sy will yield different ap-
proximations to /. , in terms of the order of approximability as was as in terms of the structure of ji. We

have the following result, [28],

Theorem 4.3.2 Additionally if the projector has the following properties
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forallh > h' >0: Py o Py =P,

and

forall ¢ € L'(Q;C(9)) : lim [|¢ — Pré | 2 sc(s)) =0
then it holds that

forallh > h' >0:Y,p(Q,S) CY(22,5) CY(Q,S)

and

[ — (L weakly* for the measures in expression (E2)

(w* — el U Yr(©,9))
h>0

respectively.

Thus, if a projection meets the properties of Theorem B3 and Lemma B3 then we can think
Y1 (£2,5) as a suitable space in which we can seek approximate measures. For instance if Sy, is a finite

element subspace of C'(S), then the interpolation operator of the form

n

Ph(d)(m?tag)) = Z¢(x7t7£z)vz(€) ’ 4.5)

i=1

where {v;}"_; is a basis of S}, and {&; € S}7", are the mesh points, is such a projection(see [8]). In this

work we will seek approximations of measure-valued solutions based on this operator, see (2-9).

Error Estimation

In order to estimate rate of convergence of computational measures of the form B0 we will consider
the space L'(Q; C%7(S)) where C%7(S) is the space of Holder continuous functions with exponent -,
0 < v < 1.The dual of this space is suitable for computing errors since L:°(€2; MF(S)) constitutes
a subset of it. Furthermore, using L*(2; C%7(S)) we are able to employ standard error estimates of
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the interpolant 9. These estimates will subsequently lead to an error estimation of our approximate

measures. We begin with the following lemma.

Lemma 4.3.3 There exist a constant C such that

|9 — Pudll L1 0icsy) < CRIGI L1001 (s)) (4.6)

forall € LY(Q; C%1(8S)).
(see [B])
Remark 4.3.4 This can be seen directly from the fact that the spaces C%' and WL are equivalent.

Theorem 4.3.5 There exist a constant C such that

¢ — Pudll i)y < CRYIBl rascom(s)) 4.7
forall p € LY(Q;C97(9)).

Proof: Let I; be the ;" interval of a given uniform partition of S. For a ¢ € L*(Q; C%7()) it holds

that

|6 — PuollLroics)) = /Q |p(x,t) — Pud(z,t)|| Lo (sydxdt

< Ch/ |p(x, ) lwy = Ch/ sup [, t,€1) _Qs(x’t’&)‘dxdt
Q Q

£1,62€8 &1 — &2
— Ch max{ sup ‘qb(x:taél) _¢(x7t)€2)|}dxdt
Q Jg6el 1§1 — &2

< Ch | max{ sup [& —&[7! [p,t, &) = (b(x’t’&)’}dxdt
Q

I &1,6El 161 — &7
t — t
< Ch max{ sup \51 _ §2|'yfl sup ‘qb(xa ,51) ¢($a a£2)| }dxdt
Q I g 6El €1,62€1; &1 — &7
t — t
Q J &1,6el; ’él - 52‘7

< ChY[9ll L1 (osc0(s))-
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Corollary 4.3.6 Given a measure pn € Y (2, 5) there exist a constant C' and only one measure i €

Y (2, S) related to y through expressions (B4) and (B9) , such that

[ = 1l Loe (0 (5))7) < O[]l Loo (v (9))

Proof:
[ = Bll Lgo (0 (co () <
< s (o pdod
||¢HL1<Q;CO,W(5))§1 Q
— s [(@-new
||¢HL1(Q;CO,W(5))§1 Q
< sup el Loe (imr (s 1 — Prdbll L icsy)
||¢HL1(Q;COFY(S))§1
Combining this result with Theorem B33 the proof is completed. U

4.4 Approximate discrete Kinetic models

Suppose that h > 0 is a mesh discretisation parameter, let S C R™, and .S}, is a finite dimensional
subspace of C(S). We assume that there exist a continuous linear projector Py, : L'(€2;Co(S)) —
LY(;.8,) = Pu(LY(Q;C(S))). Let further Y (2, S) be the set of all Young measures which map §2
into (S5,)*. One can define Y, (€2, S), the space of approximate Young measures, through the following

procedure, see [48] for details. Given p € Y (£2,.5), v is approximated by a i € Y, (€2, S) defined as

/Q (6 fina) et = /Q (Puds o) devdt, 48)
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for all ¢ € LY(Q;C(9)). To fix ideas, consider m = 1, S, being the standard finite element space of

continuous piecewise linear functions, and P}, the standard interpolation operator,

n

Pu((t,z,8) = ¢, t,&)vi(§) (4.9)

i=1

Here, {v;}!" ; are the hat-basis elements of Sy, and {&; € S}I' ; are the mesh points. It is essential now

to see the form of the approximate measure:

/<¢ [ t)dxdt = / Z¢ 2,1, &)0i(€), py)dadt
B> /Q¢<$vt»€i><w<ﬁ>’Mw,t>dwdt = ; /Q iz, 1) /S O, , \)dg, (Nt
:/Q/Scf)(x,t, )\)d[;ai(x,t)%()\)]da:dt:/Q<¢,;ozi(x,t)6&>dxdt.,

for all ¢ € LY(Q;C(S)) where a;(z,t) = (vj, jiz+) and §, is the Dirac measure at . Thus we have

proved,

Lemma 4.4.1 Assume that for a given measure i € Y (2, S), we define i € Y, (R, S) through (EX)
and (B9), where {v;}}'_, are the hat-basis of Sy, consisting of standard piecewise linear finite element

decomposition of S with nodes {&; € S}, . Then, for a;(x,t) = (vi, plat),

fio e = Y oi(x,)0,. (4.10)
=1

In other words, expression (A—I0) indicates that such approximations of a Young measure 4 is reduced
to the evaluation of the action of p on every basis function v; of the space Sj. As the functions «;
determine i, the approximating schemes defined below will have as unknowns «;, in a form of a PDE

system.

We can now proceed to the computation of approximate measure-valued solutions. Substituting j; in
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expression (4.2) with zi and supposing temporarily that ug = 0 one leads to the approximating scheme

/ (<ld, ﬂz,t> : th + <A, ,ax,t> : be)dxdt =0,

Q

for all ¢ € C5°(2) hence,

n
/ ((id, ZQZ (x,t)0¢,) - P(z,t) + (A,Zai(x,t)é&) + pp(z,t))dzdt = 0
Q =1 =1
for all ¢ € C5°(€2). Thus, one may conclude that the evolution of «; is dictated by the partial differential

equation

> Gai(m )+ > A(G)i(x,t)e = 0. (4.11)

i=1 i=1

Expression (B2IT) now will constitute the cornerstone of our approach for several reasons. However,
some remarks are in order: although (BTT) has to be satisfied, this equation is under-determined since
there are n unknown functions need to be determined but only one equation is in place and thus (4.11)
does not constitute a complete PDE system. We need therefore to quest a system for «; at another level
which will be complete and will imply (E1Il). Before proceeding further, at this point, we state the
following consistency result, which justifies the reason of considering discrete equations of the above

form.

Lemma 4.4.2 Assume that for a given measure i € Y (2, 5), i € Yr(Q2,S) is defined through (ER)

and (B9). Let that

/ M Bag) - Ot + (Q, pat) - ¢z)dxdt 4.12)
Q

where ¢ € C3°(RQ) is given. Then, for a;(x,t) = (vj, iz t),

B(1.6) = [ [ n€aite.t): or-+ Qeas(ant) - 6] dudr. @.13)
Q =1
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If n,Q, are regular enough such that Corollary is applicable, for a v > 0, v < 1, then for a

constant depending on 1, Q,

E(p,¢) — E(p, ¢)| < C(9)h7. (4.14)

4.4.1 A motivation from the kinetic formulation

Next we shall see how one can motivate the design of appropriate discrete (in £) models by considering
the kinetic formulation of the conservation law. We first observe that an indicative such n x n system

which can lead to (ZI1) can be
Opi(x, )& + Opavi(x, ) A(E) = M;, i=1,...,n, (4.15)

where the source functions M; are given and satisfy >, M; = 0. Such equations are reminiscent
of discrete kinetic models, though one has to specify appropriately M; . In a very rough analogy to
Boltzmann equation, one might view (EIl) as the macroscopic expression, thus, we have to define
appropriate microscopic equations in order to compute a meaningful solution o (B2). This can be re-
alised through the setting of the kinetic formulation of conservation laws, [40, 45]. In fact, to motivate
the design of appropriate discrete kinetic models leading to (EI1l) we will seek appropriate discretisa-
tions of functions f(t,x, &) of the kinetic formulation: A function f(t,z, &) € L°°(0, +oo; L' (R?)) is
called a generalised kinetic solution of the scalar conservation law, [45], with initial data f, if for all
¢ € C°(]0,+00) x R x R) we have

I / F00,6) [P0 i 200 e

(4.16)
/ /mtaz§ 5 f)al dédt — / fo(z,£€)¢(0, z, &)dzd,

Rm+1

where m is a bounded nonnegative measure on ((0, +00) x R x R) and additionally it holds that
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[f (&, 2, §)| = sgn(§) f(z,t,§) <1, (4.17a)

f= /R XA (§)dvz ¢ (N) (4.17b)
where
1 if 0<¢
sgn(§) =
-1 if £<0.

Here, v, ; is a Young measure associated to f and x is given by

1 if 0<&<A

XA =91 if x<e<0

0 otherwise.

Kinetic functions and approximate Young measures. At this point, notice that the above formulation

plays a key role. Specifically, the defect measure m might provide the additional information we are

looking for leading to an appropriate measure-valued solution. Suppose now that the approximate Young
n

measure 7, ; = », o;(x,t)d¢, approximates v, ;. We see then
i=1

f<$7t7§) ~ ‘]?(.’I},t,f) - /RX/\(g)dD:c,t = /RX)\(f)d[z ai(xvt)dfi (A)]

Z :Et/XA d(sgL ZazfﬁtX@ ):Zﬁ'»
im1 i=1

where f; = a;(z,t)xe, (€). Therefore, one can define the approximate model

ZanrZA’ O 887? (4.18)
i—1 t z
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where m is an approximation of measure m. We observe now

of; , . Of ,
Fo a9 e —0ai(et) [ xe (O + 0nauwnt) [ A©xe (e
R at ax R R (4'19)
:fiat()éi (.’E, t) + A(fl)axal (LE, t).
Therefore, by integrating (4.18) we conclude that
- - om

D Oz, )&+ Owi(x, 1) A(&) = a—fdg =0. (4.20)
i=1 i=1 R

Let us now assume temporally and without loss of the generality that the nodes £, > 0 and £y = 0. We
use the notation ®;, = 17, if I; C [0,00) and ®;; = —1y,,if I; C (—0o0,0], where I; = (&§;-1,§;) .

Then,

n

fla,t,6) = fi=Y ai(z,t)xe (&) = > Bi(w,0)@1, (&), (4.21)
=1 i=1

%

where
B1=ap+ o, 1+ -+
Po =ap + -+ a2
B =0,
ie.,
By —am -t 4oy (4.22)

Similar relations hold for &; which are allowed to take negative values. Notice that f(z,t,£) is piece-

wise constant in the elements of S;,. A natural finite volume discretisation in £ of (BIX) is obtained by
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integrating over [; (B218) for all <. This leads to the discrete kinetic model

B, 1)+ (A(&) = A1) ) Bila, £), =
(4.23)

m(ﬂ?, t, 57») - m(:l’,', t, gi—l) :
4.4.2 Entropic discrete Kinetic models

We have the following

Proposition 4.4.3 Consider approximate Young measures of the form

n
Upt = Zai(z, t)0¢, -
=1

and corresponding kinetic functions

Fl.t,€) = /R Oy =3 a1 xe, (6)

i=1

Assume that we are given a positive measure m with compact support with respect to £, and let 5;(t, x),

i =1,...,n satisfy the following discrete kinetic equations

BB (@, 1)+ (A(&) = A(&i-) ) Bila, ) =
(4.24)

m(x, t, gz) — m(ﬂ?, t, 62'—1) .

Then, if ; and (3; are connected through (B222) the piecewise constant function f(z,t,€) satisfies (E=21).
Furthermore for any convex function n the following discrete entropy inequality holds in the sense of

distributions,

n

S (&) ailz, )+ Qiailw, ), <0. (4.25)
=1

=1 =
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Here the discrete entropy flux Q); is defined through,

;‘\H

z]: ( (&) = n(&i- )) (A(&') - A(&Fl)) : (4.26)
p

Proof: It remains to show the discrete entropy inequality (BE23). To this end, we multiply (B=24)) by

n(&) — n(&—_1), and sum with respect to i to obtain

hZ( (€)oY (2(6) i) (Al6) — Alein)) i 1) =

i=1

(4.27)

M-

(n(&) = (&) (mla.t,6) = m.t,60))

1

7

Now,
> (n&) = n(&-0) Bl ) = S (€ B ) — > n(&-1)Bilw,
=1 i=1 i=1
n n—1
= n(&)Bi(z, 1) — Y n(&)Bir(x,t);
i=1 =0
n—1

n(&) <5i(3?7 )¢ — Bip1(x, t)t) +1(&n)Bn(x, t)t — n(&0) B, 1) -

I
—_

i

Hence, since 1(§p) = 0, and using (E22),

> (n(&) = n(&i-0) Bz = > (&) il ) (4.28)
i=1 =1
Next,



—hzcmz (1) ZQZ 1Bi(2, 1)

=1

—hZQsz Z, t ZQZB’L*Fl X t)

S SCACTT e,

=1
+ h/Qnﬁn(%’, t)w - hQOﬁl (.1', t)x .

Hence, since 1(§p) = 0, and using (E22),

> (77(&') - 77(&'—1)) (A(&') - A(&—l))ﬁi(%ﬁ t)e =h z”: Qi i, t)e - (4.29)

i=1 i=1

For the term involving the measure, and using the fact that m is zero at the endpoints of S,

< )( (x,t,&) —m(x,t, & ))
i=1
> (n o)) t.6) — 3 (1(6) — n(6-n) (et )
=1
Z (&) = (&) ) (e, t.6) - (n(&41) = (&) ) (o, t.)
=0

= — Z ( (&i+1) — 2n(&) + n(&i- ))m($vt>5i)'

Hence, since 7 is convex,

n

>~ (n&)—n(gi)) (M.t &) — (e, t,61) )

=l (4.30)

:—Z( (&+1) = 20(6) + (&) ) (e, £.6) <0,

and the proof is complete. U
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4.4.3 Viscous discrete kinetic models

As it is obvious the implementation of the above system, (B24)), requires that the measure m is known,

as well as discretisation with respect to x and ¢ variables as well. There are many alternative ways

to implement full discretisation and such methods will be subject of further research. As far as the

defect measure is concerned, we claim that its choice plays a crucial role for the model design. We can

observe now that in kinetic models for conservation laws with small diffusion the defect measure can

be explicitly computed, [IT]. Typically, it contains a diffusion term of the kinetic function f (¢, x, &) as

well. In fact, [I1, 411, the kinetic formulation of

Ou+ 0, A(u) = €ugy, ©€R, t>0,

18

M) | e P0l8) _ Pxl®) _ (aws — ) (au>2> _ om*
ot Ox Ox? o€ Ox o€

where

1 if 0<&<u
Xul€) =9 -1 if u<e<0

0 otherwise.

4.31)

(4.32)

Motivated by the above discussion, and the fact that we would like to include in our approximate

scheme artificial diffusion, we are led to the following approximating model: Let first & be defined

through
ﬂ:/Adﬂm()\) :/)\dZai(:ﬁ,t)é&. = ai(z, t)é.
R R =1 i=1

For fixed g, we consider (£ — x¢) to be a compactly supported smooth Gaussian-like approximation
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of 6(& — xp). As before we consider approximate Young measures of the form

n
Upt = Zai(z‘, t)d¢, -
i=1

and corresponding kinetic functions

Flat9) = [ x©dras =3 aule (€

i=1
Assume that we are given a positive measure m® with compact support with respect to &, and let 3;(¢, x),
be such that o; and j3; are connected through (E22) and the piecewise constant function f(z, ¢, ¢) satis-
fies (E2ZT). We seek models where 53;(¢,z), i = 1,. .., n satisfy the following discrete kinetic equations

i, )+ (&) = Al&i-1)) Bilw, )0 = eBi(a.t)ea
(4.33)

+ mf(x7 ta 52) - mé(x7 ta éi—l) .
where m®(t,z, &) = € (6(£ — u) [uz|?) . We observe that at least formally, as e — 0, the model (E33)
has the right form compatible with the kinetic formulation. The choice of the models is indicative and it
is an open problem to find the schemes which will produce the most efficient approximations. Motivated
by our analysis herein, Chapter 5 is devoted to the stability of viscous generalised kinetic solutions as

e — 0.
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Chapter 5

Stability of Young measures through

generalised Kkinetic solutions

5.1 Chapter overview

This chapter is devoted to stability analysis for generalised kinetic models including small diffusion
terms and general initial data not necessarily restricted to x,0(,), for some function u® . We consider
models associated to the scalar multidimensional conservation law. Generalised kinetic formulations
were introduced by Perthame [24, B3] and are generalisations of kinetic formulations of conservation

law [20]. We consider kinetic models of the form, see next section for precise definitions,

OO 0
|7 [0 | Gotte.e) + 9.0 - Voot 2.9)| s
0
R2
— | [ Vet .0.9) - oott.a, ddsar 1)
R2

o0 , a
+/0 R[m(t,x,f)agqb(t,x,g)dxdfdt —H!fo(x,g)gb(o,m,f)dxdg.
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These formulations are generalisations of the kinetic formulation of viscous conservation laws, [I1],

ant(g) + VuA(g) . szu(g) - E(VI)2Xu(§) n agze .

(5.2)

associated to

O+ Vo A(u) = eVZiu. (5.3)

As we have seen in Chapter 4, such models are relevant when one would like to approximate measure
valued solutions through approximate Young measures. However, the study of generalised viscous ki-
netic formulations is of interest, even one considers alternative sampling approaches, such as Monte
Carlo sampling, based on standard schemes for approximating the conservation law. In fact, since
most of such schemes include a form of artificial diffusion, approximations can be modelled by varia-
tions of (B3). In order to gain more understanding on the issue, consider different approximations u,
j =1,...,J, which correspond to different initial data u], J = ,J . Assume that all u; satisfy

(B3), then we would like to study the behaviour of the measure

J
> bu, -

Jj=1

Sl

As we have seen to each 5uj corresponds the kinetic function Xu; and all these functions satisfy (B2).

Then, to the sample above, we associate the kinetic function,

(€)= qu](m : (5.4)

Due to the linearity of the principal part of the viscous kinetic formulation, each such f satisfies (51),
: 1/
(here Be = I), for an appropriate measure 1’ and for fo(z,£) = 7 > 7, Xud(z) &) .
Next we give a precise definition of generalised viscous kinetic solutions and we consider the mea-
sure m’ to be, in general, a function of f. Our main result, Theorem 822, implies uniqueness within a
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class under structural assumption hypotheses on the measure m’. This result essentially states that all
viscous generalised kinetic functions have the same limit as soon as || Be leoo ®d) = 0,€ — 0, and the
defect measures satisfy a dissipative structural assumption. These assumptions are to some extend gen-
eralisations of properties appearing in the analysis of [44, 5] for initial data x,0(,). When is required,

the analysis adapts arguments from [44, 45] and [T, &1]] to our case.

5.2 A stability result for generalised viscous Kinetic solutions

Although it is quite natural to design schemes which induce a form of artificial diffusion, a key question
is, if it is possible to have some guarantees that we compute in the limit a unique measure. A partial
result in this direction is stated below. We need first to extend the definition of generalised kinetic
solutions to include small diffusion. To this end, a function f(t,z,£) € L*(0,+oo; LY(R 1)) is
called a generalised kinetic solution of the viscous scalar conservation law with initial data f, if for all

¢ € C°([0,4+00) x R? x R) we have

/ /f(t,m,i) {gtaﬁ(t,:c,i) + VL A(E) - ngzb(t,x,f)} dxdédt
0
R2
N _/0 / Be(2)Vf(t,7,) - Voot @, €)duddt (5.5)
RQ

> d
+/0 R[m(t,x,ﬁ)afﬂt,m,ﬁ)d:ndfdt—Hgfo(:c,f)gb((),x,g)d:ndg

where m/ is a given bounded nonnegative measure on ((0, +-00) x R? x R), B(x) is a positive function
belonging to the space WL (RY), which is the space of all L>°(R?) functions with first order weak

derivatives and

—+oc0o
/ /m(m,t,f)dwdt <u() e L8°(R)m (5.6a)
0
Rd

[f(t, 2, 8)| = sgn(&) f(z,t,€) <1, (5.6b)

! L$° bounded functions that vanish at infinity
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;= / A (©)dvas(N). (5.60)
R

Remark 5.2.1 The function f is the distributional function corresponding to the measure v, ; for almost

13 13
fat) = [ do) = [ vy, 57)

Furthermore, the relation (5.6¢) is equivalent to the expression

all x and ti.e.

0f(z,t,€)

e GRCRNS 58)

in M(R) for almost all t and x. Indeed, From (522) it holds that

— [C dup, if€ <0
f(x7 t’ 5) =

J& dvgpif € >0

while on the other hand we also have

— [ dv.if€ <0
/R () dvas(N) =

J& o dvgpif € > 0.

To show (BR), consider a $(&) € C°(R). Then we have

/¢ )iy (A /¢ (0)dva (M)
/ R/ (€ ddext / / ),
=7

SR
&
&
§

99(£)
o

dfz/f(x, 28 e

R
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A direct consequence of (58) is the fact that the mapping v, — f that is defined through (5.6c) is

injective.

The next result essentially states that all viscous generalised kinetic functions have the same limit as soon
as || Be|lyypo (ray — 0, € — 0, and the defect measures satisfy a dissipative structural assumption. Note at
this point the conceptual similarity with standard approaches for the scalar conservation law, where the
unique entropy solution is characterised through the vanishing viscosity limit. Atomic measures satisfy
such structural assumptions, however, it remains an open problem to investigate if such assumptions
can be relaxed to a certain extend and in addition to characterise families of approximations which
fulfil them. These are problems for future research. The assumption for the measures stated below
is understood via regularisation, see the next section for details, and we are not precise regarding the
smoothness assumptions on the viscosity coefficients B, which are assumed smooth enough. In Section

B4 we present a variant of Theorem with stronger hypotheses but with a simplified proof.

Theorem 5.2.2 Assume that f is a solution of (B3) and let f a viscous generalised kinetic solution of
(B3) corresponding to B. (z),m, and v. Furthermore, suppose that the initial data and the solutions
have compact support with (0,z,&) = f(0,z,&). In addition to these hypothesis, assume that the

defect measures m' and m/ satisfy, up to regularisation,

T
/ //m —md(v —v)dxdfdt <0. (5.9
° R R

Then, as both || B|yye (ra), \|BHW1<>O(Rd) — 0 we have the limit

If = fllzz — 0. (5.10)

Note here that by Remark BT when the limit (5239) holds true then (E-8) implies that the measures
Vet and U, ; become equal at the limit.
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5.3 L!-based analysis

We shall need some preliminary results. First, as it is typical, [45], we need to introduce regularisations

in order to handle operations on distributions. Let

bult,x) = L <t> L ("”)
€1 €1 Eg €2

where ¢ € C(R), ¢ € C°(RY) and [ ¢y (x)dx = 1, [ ¢o(x)dr = 1. Here, €1, €2 are the parame-
R Rd

ters for time and space regularization respectively. In addition, we assume supp(¢1) C (—1,0) for allow

the time regularization. Furthermore for some constant C' we assume |V, ¢;| < C fori =1,...,d. We

now set

+oo
Fo(@t,€) = [f % 6 (2, 1,€) = /0 / F(5,9,€)6elt — .2 — y)dyds
Rd

and

“+oo
me(z,t,&) = [m* oc](z,t,&) = /0 /gbe(t —s,x —y)dm(s,y,&)dyds.
Rd

Accordingly we define the regularization corresponding to f as

fe(x7t7§) = [f*¢e](x7t7§)
and
+oo
me(z,t,&) = [m* oc)(z,t,&) = /0 R[gi)e(t —s,x —y)dm(s,y,&)dyds.

We then have.

Lemma 5.3.1 Assume B.(x) = k with k > 0 to be a constant. The functions § — me(x,t,&) and

& — me(x,t, &) are Lipschitz continuous and for almost all £ we have
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AL + VA Vafi,6) = AL L5, + Somel1,6) 6.1
G0, VUA©)  Vah ot = ~ValBY[ 0t + ot G2

forall (x,t) € [0,+00) x RY.

Proof: We first show (B11). For some fixed parameters = and ¢ we pick ¢(y,s,&) = ¥(&)p(t —

s,x — y) in (BH) where ¥(§) € C°(R). Thus, we have

+o0
[ ] (y,sf 9 ot — ,—y>+f<y,s,§>vuA<§>-vm(t—s,m—y))dwyds

Rd+1

+oo
- /0 ggwma-s,x_ymm@,y,@dwgds_ / D) oy, et — y)dedy

Rd+1 Rd+1

+oo
—k /O / GOV f (s 5, )V ybelt — 5,2 — )dedyds.

Rd+1

Since ¢¢(t,z —y) = 0 for t > 0, the second integral of the right-hand side of the above equation equals

to zero and therefore integration by parts in the last integral of the right-hand side yields

400
/ / 0(©) (f<y,s €) 310t = 5.0~ 1) + (1.5, VuA(©)- Vyoult — 5. ) ) s
Rd+1
+00
/ Ot — s,z —y)dm(s,y, &)dydéds
Rd+1

+o00
k /0 / B(E) (55, ) Ayelt — 5, — y)dédyds.

Rd+1

In consideration of

0
&d)s(t — 5T — y) = _a¢6(t - 5T — y)
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and

Ay¢e(t - 5T — y) = Aw¢e(t - 5T — y)

we obtain

+oo
/ / (y,sg 9 et - ,—y>+f<y,s,s>vuA<5>'we(t—s,x—y))dgdyds

Rd+1

+oo P
[ ] St — s = am(s.y. dydcas

Rd+1

+oo
+k /0 / Dy, 5, ) Aute(t — 5.7 — y)dedyds

Rd+1

and therefore

[0 (5170wt + VuA(©) - V.l 0 (0.0.6)) e

R

:_/;¢(5)[m*¢e](x t,& d§+k/¢ o[ * O] (2,1, €)dE.

R

In order to prove (62) the same operations in (633) with f, B(z), 7, and 7 ; yield

—+00 _
[ ] (y,sg 9 - ,—y)+f(y,8,§)VuA(§)'Vycﬁe(t—saw—y))didyds

Rd+1

+00 P
- /0 / ggw(sme(t—s,x—y)dms,y,s)dydsds— / D) oly, )be(t x — y)dedy

Rd+1 Rd+1

+00
/ / Wy f(y,s,€) Vyde(t — s,z — y)dédyds.

Rd+1
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Hence since,

+00
/ / Vyf(5,9,8) - Vyde(t — 5,7 — y)dydt

+0oo N
- /0 / BV, f(5,9,€) - Vaoe(t — s, — y)dydt
Rd

we have

+0o0 -
/ [ (y,ss D et - ,—y>+f<y,s,s>vuA<s>-vxqse(t—s,:c—y))dgdyds

]Rd"'l

—+o00 a ~
_ /O / pE (€00t = 5,0 = y)dm(s,y, €)dydeds

Rd+1

“+o00 ~ ~
- /0 / DO BW)V,yf (4, 5,€) - Vadelt — 5, — y)dedyds.

Rad+1

Therefore

[0 (510 0d(w 0.9+ VuA(©) - V.l 0d(0.0.6) ) de

R

_ _/i¢(§)[m*¢e](x,t,§)df+/vx‘[vi*ﬁbe](xatv{)dg‘
R

R

g
Lemma 5.3.2 The regularized term f.(x,t,&) fulfils the relation
sgn(§) fe(x,t,§) = | fe(x,1,€)]. (5.13)
Proof: Relation (513) is a consequence of (A6H). To this end, we show first that
sgn(§) fe(z,t,€) = [|f]]. (5.14)
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where

+o0
171, = /0 / (59, )[6e(t — 5,7 — y)dyds.
Rd

Indeed,
+oo
san(©)fia..6) = sam) | / F 5.9, €)6(t — 5,2 — y)dsdy
/+oo/sgn (8,9,8)0c(t — s, — y)dsdy
+00
— [ [ 156 n 06t - 5.0~ sdy.
o
On the other hand,
150 =Nl =] [ [ 15w ©loutt = 0~ sy
Rd
+o0
= / /sgn(é)f(y, $,§)Pe(t — 5,0 — y)dydé"
o
+oo
= Jsan(©) [ [ 50000t =2 = )iy
R4
+oo
~lsgn®l| [ [ 05,0t — 5.0~ iy
R4
= ‘fe($7t7§)"
Hence from (514) we deduce that (5T3) holds true. O

Lemma 5.3.3 Let T > 0 and ¢(t,x) € C([0,T] x RY). Assume that m satisfies (65d), then

T
/0 [ et €0t Odadt < €)1 00, t) | 1y (5.15)
R4

forall e > 0.
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Proof:

T T
/0 R[me(x,t,ﬁ)qb(m,t)dxdt < Hqﬁ(aﬁ,t)HLoo/O R[me(x,t,é)dxdt

= [|o(z,t)| L= /OT//0+OO/¢E(t —s,x —y)dm(s,y,§)dxdt
Rd R
< |lp(z,t)[| e /(]+°O//0+00/¢6(t — s,z — y)dzdtdm(s,y, &)
R4 Rd

+o0o
— (16, )]z /O / dm(s,y,€) < u(E)]| bz, )] =
Rd

where the last inequality comes from (55d). O

Lemma 5.3.4 If f(t,x,£) is continuous at t = 0 we have for all T > 0

T
/O / f(a,t,6)|dedudt < T / F(2,0,6)|déde. 5.16)

Rd+1 Rd+1

Proof: Let ¢(x) € C>°(RY). In addition consider a family of convex functions Ss(£) € C°°(R) such
that

S5(€) = [€] as 6 — 0, 5(0) =
with supp S” () uniformly bounded [44]. Subsequently (6-IT) implies
8 ¢ ,
/ $5& X 0y - / SHE) el VuA(E) - Ve ()

— K / SHE)f. (0,1, ) Agbla)ddé + / () gemelz 1, o(e)dauds

At this point we make the choice

¢(z) = dr(x) (5.17)
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with ¢p(z) = q@(%) and € C°(R%),0< ¢ < 1,6 =1o0nB(0,1), supp¢ € B(0,2) where by

B(z,r) we denote the closed ball with center = and radius r. In view of

S:;(f)fe(x, 2 é‘)Axng(fI?) —0

sg@)ggme(x,t,a%(@ 5 sg@)aime(x,t,s)

Ofe(x,t,€)

o N
SH(E) 5 fe(a,t,€)0n(z) > SH(O 2

S5(E) fe(@, 1. E) VU A(E) - Vodr(z) = 0
(see [49], [40]) a.e. in =, t and £ as R — +oo we conclude that

[ si@2 5t acn = [ 9 fomelat.)avde

Rd+1 RCH'I

(5.18)
. / SU(E)mela, t,€)dade.
Rd

We now integrate w.r.t. t and hence

/ S4(E) (s 1, E)deda / S4(E)f.(x,0,€)dédn

Rd+1 Rd+1

t
_ / / SU(€)me (., €)dzdgdt < 0.
0

Rd+1

Subsequently we notice that for all § > 0 we have

—/t / S5 (&)me(z,t, &)drdédt <0 (5.19)

0
Rd+1
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since me > 0 and S§ > 0. Passing to the limit as § — 0 while in addition taking into account the limits

/ SLE) f. (.1, €)d — / sgn(€)fu(w,t,6)dz, 50
]Rd ]Rd

[ 550500, — [sgn©f 0.9, 50
Rd Rd
a.e. in £ we obtain

t
/ fult,€)\déde — / |ful,0,6)|dede = /0 / me(a, t,0)dedt
]R‘i

]Rd""l Rd+1

where we have also used (613). The limit in right-hand side is understood in the sense of weak star

convergence in M (R) i.e.

R/ SU(6) /0 t R/d me (1, €)dwdtde — R/ 260(€) /0 t R[ me (a1, €)dzdtde > 0,0 = 0.

Therefore we conclude from (519) that

/ Fult,€)|déda — / fu(2,0,€)|dedz < 0. (5.20)

]Rd+1 ]Rd‘H

Now integration w.r.t ¢ from 0 to 7" in (6220) yields

T
/ / \fulat, &)\ dedudt < T / fol,0,6)|dede. 5.21)
0 Rd+1

Rad+1

Letting € — 0 in the above inequality we have

/OTﬂglfe(x,t,ﬁ)ldz:dt%/OTR[U(;U,t,g)mxdt

/ ful,0,6)|dz — / F(@,0,6)|dx
Rd

Rd
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a.e. in &. The first limit holds true due to standard LP approximation theory. To see the second limit we

observe that since f (¢, z, &) is continuous at t = 0 we have again from well known results that

$gn(§€) fey,e2(2,0,8) — sgn(§) fe, (,0,8)

as €; — O a.e. in ¢ and z. Thus, by the D.C.T we have

/ forea(,0,6)|dz / fun (2,0, 6)|
Rd Rd

But

/ fon(2,0,6)dz / 1 (2,0,6)|dx
R4 R4

a.e. in £. Therefore

150,00z [ 150,10
R4 R4

as ¢ — 0 a.e. in £ and thus using again the D.C.T. we pass to the limit in (62211) and obtain (618). O

Next we have also two supplementary results of the previous lemma.
Lemma 5.3.5 If f(t,z,£) is continuous at t = 0 we have for all T > 0

T +o0o 400
/0 / /E (@, t,n)|dndeds < T / /5 (2,0, )| dnde. 5.22)
Rd R4

forall € > 0.

Proof: We arguing here as in the previous lemma. Take ¢(z) € C2°(R?) and consider a family of

convex functions S5(&) € C°°(R) such that

S5(€) = €T asd — 0
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where

o £, £>0

0, £E<0

and supp S”(£) uniformly bounded . Therefore (6=I1) implies

//+OO S50 8f€ ~T7t777 z)dndz — //+OO ) fe(z,t,n)VuA(n) - Voo (x)dnda

_k//m ) felz, t,n)Apd() dnd:c+//+oo Ss(n ime(m,n)é(:ﬂ)dnd«’v

for all £ > 0. At this point the choice

d(z) = ¢r(x) (5.23)

as in the previous lemma implies

S5 Lme(a, b mdr(a) — st(n);me(m,tm)

o¢
Of(x,t,m)

o _
i) 5 el t, ) dr(a) - Shn) L

S(/;(n)ﬂ(m,t,n)vu/l(n) : VxéR@:) —0

(see [49], [40]) a.e. in z,t and n as R — 400 we conclude that

+o0 +o0
// S5(n 8f€ x,t,n —— 2 dndr = // S5(n me(x t,n)dndz
+oo
/55 me(z,t,§) d:z—// S§(n)yme(x,t,n)dndz.

(5.24)
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We now integrate w.r.t. ¢ and hence
+oo
// ﬁmtmmm—/% )fo(,0, n)dda

+o0o
/ /55 me(z,t,§) dmdt—/ // S (n)yme(x,t,n)dzdndt < 0.

since me, S§ > 0 and S5 > 0. Passing to the limit as 6 — 0, since for almost all positive 7 and £ we

have
/%wﬂwuwmﬁ/ﬁ@awm 550
d Rd
/%wmummmp»/ﬂ@@mm; 550
d d
‘/%@mmw@m%+/mmm@m% 50
d d
we obtain

—+o00 —+o00
[ 1ntetondnds = [ [ 10 s
3 3
Rd R4
t —+o00 t
—/ /me(x,t,f)d:zdt—/ 60(77)/ /mg(az,t,n)d:cdtdn
0 Rd £ 0 Rd

where we have also used (513). The last limit in right-hand side is understood in the sense of weak star

convergence in M (R) i.e.

+00 +oo
/ S5 ( //mextn)dxdtdn%/ //memtn)dxdtdég( )>0,0 — 0.
3

To show this we first consider £ > 0. There holds,

“+o00 t
/ S{;’(n)/ /mg(a:,t,n)dxdtdn — 0,0 — 0.
¢ 0
Rd
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Next if £ = 0 we have

400
/ S5 ( / /mE x, t,n)dzdtdn

0

+o0o t
:/ / /m6 x,t,n)dzdtdn —>/ / /me(:v,t,n)dxdtddo(n)
Rd
+oo
/ / /m6 x, t,n)dzdtdoy(n).

Therefore we conclude that

+o0 +oo
/ /§ o) dnde — / /6 (o, 0,)|dndz < 0. (5.25)
Rd Rd

Now integration w.r.t ¢ from 0 to 7" in (B=23) yields

T +o0o 400
/0 / /6 fulast,n)|dndadt < T / /€ £ (&, 0, )| dndz. (5.26)
R4 R4

Letting ¢ — 0 in the above inequality we have

/OTR[|fe(x,t,?7)|dxdt—>/OTR[U(x,tmﬂdxdt

/ ful, 0,m)\dz — / | (2,0,m)|de
R4 R4

a.e. in £. To see the second limit we observe that since f(t,z, &) is continuous at ¢ = 0 we have again

from well known results that

Sgn(g)fﬁl,ﬁz (.T), 07 6) — Sgn(g)fQ (J?, 07 5)
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as e; — 0 a.e. in £ and z. Thus, by the D.C.T we have

/ Forea(2,0,6)|de / fon (2.0.6)|de
Rd Rd

But

/ fon(,0,6)]d — / F(2,0,6)|da
Rd Rd

a.e. in &. Therefore

/!fe(x,0,§)|dx—>/|f(x,o,5)dx.
R4 Rd

as € — 0 a.e. in £ and thus using again the D.C.T. we pass to the limit in (5=28) and obtain (5.16). O

Lemma 5.3.6 If f(t,x,£) is continuous at t = 0 we have for all T > 0

/ // fz, t,n)|dndzxdt < T// (x,0,n)|dndx. (5.27)

forall £ <Q0.

Proof: We arguing here as in the previous lemma. Take ¢(z) € C2°(R?) and consider a family of

convex functions S5(&) € C°°(R) such that
Ss(§) > & asd —0

where

0, E>0

_67 £<O
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and supp S”(§) uniformly bounded . Therefore (E11) implies

¢ . ¢
[ st o wyana - / | St Vud(n) - V(o)
Rd

= k// S5(n) fe(x,t,m)Avd(z )dnd:n—l—// S5(n nme(x t,n)o(x)dndx
for all £ < 0. Arguing as before we pick
¢(z) = ¢r(z) (5.28)

and thus

st(n)fe(% t, n)AxﬁgR(x) —0

g ; )
S5(01) et moR(w) = 85(1) 5 me(w, t,1)
! a ~ , a A :L‘7 ’
S‘s(n)afﬁ(wvtﬂ?)d)]%(x) — 55(n)w

S5(n) fe(z,t,n)VuA®) - Vadr(z) = 0

a.e. in z, ¢ and 7 as R — +oo we conclude that

// S5(n 8f€xtnddac—// S5(n mezvtn)dndx
/55 Me x,t,fdaz// S5 (n)me(z,t,n)dndx.

We now integrate w.r.t. t and hence

(5.29)

// Sh(n) fe(z,t,n dnda:—/S(s )fo(z,0,m)dndz

//55 memtﬁdxdt—/// S§(n)yme(z,t,n)dzdndt < 0.
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since me, S5 > 0 and S5 < 0. Passing to the limit as 6 — 0, since for almost all negative 7 and £ we

have
/st(n)fe(fc,t, n)dx — —/fe(m,t,n)dx, §—=0
R4 Rd
/st(n)fe(fv,om)dx - —/fe(x,O,n)dm, §—0
R4 R4
/S(/;(f)me(:c,t,f)dx — — /me(x,t,f)da:, 0—0
Rd Rd

we obtain

//io’fe(x’t’nﬂdndx_//:fs(l“,o,??)\dndx
Rd o

t 13 t
= —/ /me(x,t,f)dxdt—/ (50(77)/ /me(x,t, n)dxzdtdn
0 R —00 0 R

where we have also used (613). The last limit in right-hand side is understood in the sense of weak star

convergence in M'* (R) i.e.

3 t &t
/ Sg(n)/ /me(x,t,n)dazdtdn —>/ / /me(x,t,n)dxdtd(so(n) >0, = 0.
—00 0 e —o0 J0 Rd
To show this we first consider £ < 0. There holds,
3 t
/ Sg’(n)/ /me(x,t,n)dxdtdn — 0,0 — 0.
—o0 0
R4

Next if £ = 0 we have

0 t
/ S5 (1) / / me(z, t,n)dzdtdn
o 0

Rd

+o0 t +oo  rt
—/ Sg(n)/ /mg(:c,t, n)d:rdtdn—>/ / /me(x,t,n)dxdtddo(n)
—c0 0 —oo JO
R4 Rd

0 t
:/ / /me(x,t,n)dmdtdéo(n).
—o0 J0 Rd
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Therefore we conclude that

3 3
//_ IfE(x,t,n)ldndx—//_ | fe(2,0,n)|dndz < 0. (5.30)
R4 R4

Now integration w.r.t ¢ from 0 to 7" in (5=30) yields

T £ 3
/0 // Ife(x,t,n)\dnd:vdtST// | fe(x,0,n)|dndz. (5.31)
Rd &0 ]Rd -

Letting € — 0 in the above inequality we have

/OTR[|fe(m,t,77)|d1:dt—>/OTR[U(a:,t,n)uxdt

/ ful,0,m)ldz — / (2, 0,m)|da
R4 R4

a.e. in £. To see the second limit we observe that since f(t,z, &) is continuous at ¢ = 0 we have again

from well known results that

Sgn(§>f61,62 (:L', 0,6) — Sgn(g)fez (1‘, 0, 5)

as € — 0 a.e. in £ and z. Thus, by the D.C.T we have

/|f61,€2(x50’§)|d$_>/|f52($,0,£)|d$.
Rd Rd

But

/ fon(2,0,6)]dz / 1 (2,0,6)|dz
]Rd Rd
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a.e. in £. Therefore

/’fe(iv,oaﬁ)\d$—>/\f(x,O,f)dx.
R4 Rd

as € — 0 a.e. in § and thus using again the D.C.T. we pass to the limit in (6231) and obtain 5I8. O

Lemma 5.3.7 Suppose that function f is continuous at t = 0. We then have the Li—stability estimate

T ~ ~
/ / Flast,€)|dededt < T / F(,0,€)|déda. (5.32)
0

Rd+1 Rad+1

forall T > 0.

Proof: Arguing as in the previous lemma we have

| site )LD oy - [ @ a,t.OV.A©) - Vaow)dads

RCH'I Rd+1

/ SH(E)VL[BVY fleg(z)dxdé + / Sh(& mg(xtf)gi)(x)dxdf

Rd+1 Rd+1

- / SHEBY e - Vo) dudt + / SHE) gemelz 1, o(e)dads

Rad+1 Rd+1
+oo
=— / S5(€ / / yf $,Y,€)Pe(t — s, @ — y)dsdy - Vé(x)dxd
RCH'I

+ [ Sy©) gomele. . o(wdude

RdJrl
- / / m / VB F(5,5,6)8e(t — 5,2 — y)dsdy - Vad(x)dade
Rd+1
“+o00
+ [ s / / F(5,1, Vel — 5,5 — y)dsdy - V,(w)dude
RCH'I

+ [ sy©) gemela. . o(wdude

Rd+1
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Rd+1

of
o[

Rd+1

n / Ss<§>§§me<x,t,£>¢<x>dxdf

Ra+1

= / S4( Oo/v BW)f(s,y,8)¢e(t — s,z — y)dsdy - Vo (x)dudé
[0

3 'Y, 5 x¢5(t — 5,7 — y)dey : vxqﬁ(I)dl’df

= [ se /+°° / Yy B() (5,0, )t — 5@ — y)dsdy - Vo(x)dud

Rd+1

+ [ s f - / F(5, 9, €06e(t — 5,2 — y)dsdyd(e)dwde

Rd+1

n / S4(E)Veme (a1, €) () dude

Ra+1

As before we are choosing ¢(z, t) as in (511) and taking R — 0, to obtain the analogue of (5=29) for

fe. The rest of the proof is the same as in the previous lemma. ([

The following lemma is the extension of [45, Lemma 4.2.1] to the diffusion problem and for general

initial data. The proof is similar but we include it below for clarity.

Lemma 5.3.8 For the measure 11(§) in (5.15) we can choose the formula

+oo
X{§>0}T// f(y,0,n Idndy+X{g<0}T// f(y,0,n)|dndy

Proof: We multiply (5IT1) by a test function ¢(t, 2) € C°([0,7] x R?) and integrate w.r.t z and ¢.

There holds,

r T
(;1/0 /me(m,t,§)¢(x,t)da:dt—k/0 /wae($at7f)-Vgcqﬁ(x,t)da:dt
R4

/ /fe r,t,§) [ i) + Vy A(£)~Vx¢(:v,t)] dudt (5.33)

4 / fo(, T, €)$(T, x)dx — / £.(,0,€)$(0, 2)dx
R4 R4
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At this point we make the choice

oz, t) = Pr(x)(t)

with ¢p(z) = ¢ (%) as in (57) and ¢(t) € C2°([0,T1). In view of

vxfe(xv t, 5) : vx&R(x)@b(t) —0

mé(x7 2 €)¢~>R(x)¢(t) — me('x: t, §>¢(t>

OdR()V(t) w< )

f€(x7t7 g) 8t

= felz,t,8)—5—
fe(@, t, ) VLA(E) - Vadr(z)Y(t) — 0

fe(xa 0, f)éR(xﬁb(O) — fE(xa 0, é-)w(o)

fe(xv T, §)€5R(55)1/1(T) - fe(xa T, 5)1/)(T)

for every x,t and a.e. in £ as R — 400, integrating w.r.t. £ in (5.33) while considering & > 0 and

subsequently passing to the limit we get

/;ooi/oTéme(:r,t,n)w(t)dxdtdn— —/;OO /()T/fe(x,t,n)&gl(f)dacdtdn

/+Oo/f€ (x,0,m)¢ d,xdn+/+oo/f€ (z, T, ) (T)dxdn.

Therefore,

/ /mext§ )dedi = /+°°/ /fe o oty
/+oo/fe (2,0,m)9 dxdn—/:ooR/d fe(x, Tyn)Y(T)dxdn.
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We now pick 0 < ¢ < 1,4(0) =0, -1 < alg—gt) < 1. Using the fact that f.(z,¢,£) > 0 for & > 0, we

//mexté d:cdt</+oo/ /fﬁ:):tndxdtdn
/H”/ /i/ﬂn [y, 5, (t — )62, (@ — y)dsdydadtdn
=%4[;Aﬂwlﬁ”ﬂ%anmméa—swwwé@—yMWx
< /O ' /0 +°° R/ /ﬁ " P s m)ndysl (1 — s)dsde
< | ' / /E " F, s mydndyds < T / /5 " f,0, n)dndy
Rd R

get,

Similarly we can show for £ < 0,

T
| [mdat ootz <1 / / £(3,0,m)\dndy.
0

Rd

Finally the continuity of x is implied by the continuity of Lebesque integral. (]

Lemma 5.3.9 Assume x = || B lwee (ray and fix e2 = O(k %) Then if the conditions of (834) hold the

regularised viscosity terms satisfy the limit

G _/ / Vo BV fle + 60y f)(fe — fo)dzdédt — 0 (5.34)
Rd+1

as € vanishes.
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Proof: From (660) it follows that | f, — f.| < |fc| + |fe| < 2. Therefore,

g1 - V.(BV]. +I¢Axfe)(fe—fe)dﬂfd£dt‘
Rd+1
Rd+1 vi (f fE)+K/A.Z‘f6(fE fe))dmdfdt‘
BV - ﬂ)dmdfdt’ N ﬂ)dmdﬁdt’
Rd+1 Rd+1

/ /R BV el (e = fo)ldodedt + / / WALl (Fe — 1o)|dwdedr
<2/ A@l BVflmﬂwt+2/ / K| Ay fo|dzdedt

. /0 [ /;“ /W(S,y,gmyws,my)‘dsdydmgdt
e [ [T / 79,09, Bw) - Vyult 5.2 — )| dsdydadeas
ST Ay [ CY LI P
af [ R[W(S,y,gmy@(ts,w)‘dsdydmgdt.

dzdédt
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Therefore,

T +o00
1G] <dr /0 /R /0 [ 708,000t = 5.2~ )| dsdydadat
Rd

T +o0
+2/<;/0 /Rd+1/o R[!f(s,y,f)vy@(t— s,z — y)| dsdydxdédt

<tn T/ [ R/ (52, LA et — 5,2 — y)|dsdydde
= TRé / - R/ 1£(5, 9> OIAEIV (¢ — 5, — )| dsdydodt
= / / ' / ” Hz (s, ©)ldE6L, (1 — )dsdt] D62, (@ — y)|dyda
+2nﬂ4 / ' / ” R/ (s, E)ldE6L, (t — )dsdt|V 62, (w — y)|dyda
<ts | ' / mR / (s, €) dédyol, (¢ — s)dsdt R/ IR

T p+oo
Ty 42 N
+2m/0 /0 Rdé |f(s,y,8)|ddyde, (t S)detR[|vy¢EQ(y)|dy'

Now, to treat the integrals with respect to ¢ and s we observe that for g > 0 we have

A] = //+°° (¢ — )dsdt = //m Lt — s)dsdt
- /_jga—nw;(n)dndt

where in the inner integral we made a change of variables by setting ¢t — s = k. Thus,

+oco T 0 T
= 1 K — K Kr = 1 K — K K
A = L (k) /O ot - w)dtd / L) /0 g(t - w)dtd

—00
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and by setting ¢t — x = t’ in the inner integral we get

0 T—k T+1 0
A= [ o [ Conans [ g [ oo

T+1
= / g(that'.
0

We now have using Lemma 534, |V,¢2 (y)| < 6% and |Ay¢2 (y)] < <
2

2
€

T+1
1G] <dr / / |F(s..6)|dedyds / 18,62 (z — )ldy

Rd+1
T+1 5
von [ [ 1 9ldedyds 19,62 - pldy
0 Rd+1 Rd
4/@0 T+l 2C [TH1
dedyds + 2 [ [ 1560, ldedyds
Rd+1 Rd+1
4kC( T +1 2kC(T + 1)
ey / 7056 |d5dy+i | 170, €)1ded.
Rd+1 Rd+1
Hence G — 0 if we take e2 = O(k %) as k — 0 and the proof is completed. O

Lemma 5.3.10 Assume that functions f and f are continuous at t = 0 for all & > 0 and fo(z, &) =

fb(ﬂ?, €) a.e. in R4, Then the regularisations f. and . satisfy the limit

/ (ﬁ(o, z,€) — fE(O,m,£)>2 dadé — 0 (5.35)

Rd+1

as e approaches to zero.

Proof: It is enough to prove that

/ (ﬁ(o,x,g) _ f(o,x,g))dedg =0

Rd+1
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or equivalently

/ (F(0,2.€) — £(0,2,6))? drdE — 0 (5.36)

Rd+1

since

| (7026 - 10,2, o

Rd+1

= / (fe(O,x,f) — fe(0,2,€) = f(0,2,6) + f(O,z,f))zdavdg

Rd+1

2 [ (R0, - F0.0.9) dedg+2 [ (F0.2.6) - £.00.2,9)) " doe

RdJrl Rd‘H

2 [ (R0.0.6) = F0.0,9) dedg 4 [ (F0..6) - 0,2,9)) " dug

Rd+1 Rd+1

+4 [ (00,6) = £.(0,2.6))? o

Rd+1

=2 [ (70,00~ 70.2.0) dode+4 [ (7026 ~ 0.2, dode.

RdJr 1 RdJr 1

We now claim that a.e. in « and £ as €; — 0 we have the following limit

+o0
/ / F(5,)e(—s, 2 — y)dyds — / £(0,,)62 (x — y)dy
0 Rd RA

We conclude this by the following calculations.

—+o00
/ / F (5,5, E)be(—5, 2 — y)dyds — / F0,4, )2, (x — )dy
0

R4 Rd
| duyd o 0 2 dyd? d
- / / F (5,5, €)be(—s, 2 — y)dyds — / R/ F(0,4, )2 (¢ — y)dys}. (—s)ds

+o00
/ /lf $,9,€) — £(0,9,6) |82, (x — y)dye? (—s)ds.
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Recall at this point that f is continuous at s = 0 so given § > 0 there exist an 7 such that for |s| < §

|f(57y7§) - f(07y’£)| < n
and hence

+o00
/ / F(5, 5, €)be(—s, 7 — )dyds — / £(0, 4,62 (x — y)dy
0 R4 Rd
2 (. 1/ - 1 2 (p_
< /5 R/ 062, (x — y)dydt, (—s)ds + 2| |11 /5 oL (—s)ds / 62 (x — y)dy

<+ 2|l / 61, (—s)ds.

§>0

Thus for a given § > 0 there exist 7 such that letting €; — 0 it holds that
o0 9
| [ #0050 - pavds — [ 10,06~ nidy| <
: R Rd
for s < 0. Subsequently notice that

+oo
/0 /f(s,y,&)qf)e(—s,x - y)dyds - f(vaag) <
R4

+00
< /0 R/ 1F(5,9,€)[6e(—5, — y)dyds + | £(0,2,€)| < 2
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Therefore,

/ (;(fg(o,a:,g) - f(o,x,g))>2 dude

Rd+1

2
+o0o
- / (; /0 /f(s,y7§)¢e(s,xy)dydsf(O,x,§)>> dxde¢
Rd+1 R4

N

<

Rd+1

In view of

+o00
/ /f(S,y,§)¢e(—s,w - y)dde - f(0,$,§>
0 e

dxd€.

£(0,2,€) — F(0,2,€) = / £(0, 9, €)% (a — y)dydé — £(0,,€)
Rd

as €7 — 0. a.e. in x and £ we obtain by the D.C.T.

/ 1
2
Rd-+1

dxd¢

+oo
/ / (5. €)be(—s, 2 — y)dyds — £(0,2,€)
0 d

Rd+1 d

But

/3 L/f(o, 3. €)% (@ — y)dy — (0,2,€)
Rd+1

d

dzdé

1
< [ 5 [170.5.9 - £0.2.016%, (o - y)dydsac
Rd

Rd+1
Rd+1 Rd

— [ 5 [ 10 =06 - 10,0, o, )y
R4 Rd+1
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Thus given a § > 0 by L; continuity there exist an 7 such that

/mlLf0y5¢axw@fww@)w&
Rd+1
<[5 [ 10 — £(0, 2, 6)|dedze?, (y)dy
Rd  Rd+1
SR dy+/!f0m§|dwd§/¢€2
y<d Rd+1 y>d
and therefore is proved. O

We have the following

Lemma 5.3.11 The quantity fOT Jpar1 me(x, 6, X) — me(z, t, N\)d(vg , — 5

x,t

1) (N dxdt satisfies

T

oy = [ [ mtet i)W = [ [ i)

RCH'I

(me — me) ded€dt.

Proof:

/ / — me) dzd€dt

Ra+1

T
— / / ms)d(u;,t—ﬂ;,t)(x);’g<m€<fc,t,§>—m(:c,t,s))dfd:cdt
0

Rd+2
/ [ 0O 5 (e t.6) il £.€)) v, — 7%, (Vg
RA+2
/ [ 0O 5 e 1.6) = vl £.€)) ded(vs, = 5%, (V)
Rd+2

T
_ / / (e, £, 3) — (£, A) + (2, ,0) — me(z, £,0)) d(vS, — 55,)(\)dadt
0 JRra+t

T
:/0 /Rd+1 (me(z,t,A) — 1e(z,t, \) d(vs, — 75,)(\)dwdt

/ /m6 x,t,0) — me(x,t,0) /d (N)dzdt

T
:\/0 \/]Rd-'—1 (mE(xa ty )\) - me(-%‘, t, )\)) d(Vﬁi,t — ﬁ;t)()\)dl'dt
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Proof of Theorem .22

Using the estimates established earlier, we conclude this section by completing the proof of Theorem

27

Proof: By subtracting (511 from (AT2) and multiplying by 2( fe — fe) we have for almost all £

at(fe - fe)2 + vuA(f) : va:(f6 - fe)z + 2[_vx[évﬂe + ﬁAxfe](fe - fé)

Integration with respect to x, t, £ now gives

T

Ou(fe — fo)? + VuA(E) - Vo fe — fo)?dadtdé +2G
0
Rd+1

—/T / 2(f—f)3(m — me) dzdtde
- 0 € Eag € €

Rd+1

and hence,
[ (0= )" = (70 - 50)) ) e + 2
Rd+1
:/OT / Z(fg—fg)aag(mg—me)da:dtﬁ
RA+1
or T
[ ()= 5m) dwde = [ [ oG~ g5 e = me) dade
R R (5.37)
_ / (7(0) — 1u(0))” dede — 26.

Rd+1
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From Lemmata b=310, and b=39 the right-hand side of (B31) tends to zero as € — 0. Therefore, the

left-hand side also approaches zero. But from assumption (89) the limit of the term

—ﬂr/mﬂ—mi

Rd+1

(Mme — me) dxdtdg
is greater than or equal to zero. Hence, as ¢ — 0 we have

[ () = 1)) dod 0

Ra+1

for almost all 7' > 0. Therefore,

Ty
Hf f”L2( 0,7)xR2) / / t T f (t x7§)>2 dxdﬁdt

Rd+1

<4/Tl / (7, 6) — f(t,x g) dazdfdt+4/T1 / (t,2,€) — fe(t,x,g))2dxd£dt

Rd+1 Rd+1

T
+ 2/0 / (f(tvxvf) - f€(ta l"g))z dl’dfdt

Rd+1
From the D.C.T. letting ¢ — 0 we have that
Ty - 2
/ / (fe(t, 2,6) — f.(t, g)) dededt — 0.
0 Rd+1
Thus, since both limits

T
/(f(t:cf) fe(t,2,6))? daedédt — 0

Rd+1

Ty 2
/ / (t,2,6) — f(t,x,§)> dededt — 0

Rad+1

we see that the assertion is proved. (]
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5.4 [L’-based analysis

In this section we briefly discuss how one can use an L?— based argument and simplify the proof con-
siderably. However, this approach will require stronger assumptions, i.e., we need to assume f(x,t,§) €
L>(0, +o0; HY(R% 1)) with compact support with respect to = and . In practice, when considering
computational methods, it is reasonable to expect that our approximations will satisfy such restrictions,
and thus the proof below might be useful (with appropriate modifications) in applications to numerical

methods. The plan of the analysis follows[#1]]. We present the main steps of the proof.

Theorem 5.4.1 Assume that f € L>(0, +oo; H'(R1)) is a solution of (83) with B.(x) = x and let
f e L®(0, 4+00; HY (RH1)) a viscous generalised kinetic solution of (83) corresponding to a(x), m,
and v with k = ||a(x)|| o (r). Furthermore, suppose that the initial data are continuous at t = 0, for
almost all x and &, f(0,z,&) = f(0,x,&), and the solutions are supported in compact set D C R4+,
In addition to these hypothesis, assume that the defect measures m and m satisfy, up to regularisation

and as the regularisation parameter tends to zero,

T
///m—md(u—ﬂ)dmdgdtgo, (5.38)
0 R R

andm =0 (m =0)if f =0 (f =0). Then, as kK — 0 we have the limit
If = Fllzz = 0. (5.39)

Proof: We write again the regularized equations

‘W + Vi A(E) - Vafe(z,t,8) = KAy fe(z,t,€) + (ime(x,t,g) (5.40)
af(gtt@ + VuA(€)  Vafe(w,t,€) = Vo - (a(2) Vo (2, 1,€)) + aame(x,t,@ (5.41)
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where fo = f(,t,€)kde,me(x,£,€) = [mxo)(x, t,€) with ¢ = L1(L)Lda(2) as in the previous

section. We also consider & = ||a(7)|| o (r). Define
Q)= [ (o9~ fulo.t.€)Pdode
RA+1

It will be sufficient to prove that Q(¢) — 0 as € — 0 in order to show limit (539) as we have already

seen in the previous section. The derivative of Q(t) w.r.t. ¢ is

3 8f€ afs
/ ot )?drdg = / 2(fe = fo( % ot YdxdE .

Rd+1 Rd+1

Using (B240), (B41l) we have

%Q(t) = / 2[(Vas (d(x)vxfe) = V4 A(E) - sze) — (kAzfe — VL A(E) - vxfe)](fe — fe)dzd§

Rd+1
+ [ o= 15 e = me) dad
Rd+1
= / 2(fe = [V - (@(2) Vi fe) = VWA(E) - Vo fe = 60 fe + VA(E) - Vo fe]dwde
Rd+1
- 0 .
+ (fs - fe)aig (me - m€) dxd§
Rd+1
= / 2(.]1 - fe)[v;t : (&(x)vzfe> + VuA(g) ’ v;t[f€ - fNe} - HA:vfe]dxdE
Rd+1
+ [ (fe— fe) o€ (e — me) dzd§
RCH'I
/ Vu A fe] (f - fe)vx ' (&(x)vxfs - /ivrfe)dxdé
Rd+1
+ [ (fe— fe) o€ (e — me) dzd§
Rd+1
= [ 2 9 @@~ s 4 [ (= £ g (= m) dud
Rd+1 Rd+1
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By integrating by parts we have,

Cal) = / WV oo Ve — 20(2)(Valo)? — 26(Vafo)? + 2(2) Vo fo - Vg fodud

]Rd+1

5 (5.42)
+ / (JEE - fe)aig (ms - me) dxdg.
Rd+1
Since a(z) > 0 and |a(z)| < &, a.e. in R, we get
d
aQ(t) <
< / 26V fe - Vo fodzdé — / 2a(x) (Vg feo)?dxde
Rd+1 Rd+1
- / 25(Va fe)*dadé + / 26(2) Vo fe - Vo feldzdg
Rd+1 Rd+1
- o .
[ e 15 e = m) o
Ra+1
< / 2Kvmfe : foedl'df - / 2&(%)(fo6)2d$d§ - / Q’Q(foe)dedE
Rd+1 Rd+1 Rd+1
1/2 1/2
+2 (m/ &(x)(foe)Qda:dg) (R/ d(x)(VIfg)Qd:cd€> + /(]Fe—fg)aag(me—me) dade
d+1 d+1 Rd+1
< [ 2Vef Vatduds — [ 2()(Vafduds [ 20(V.fPdudet
Ra+1 Rd+1 RA+1
~ 2 ~ 72 7 9
+ / a(x)(Vyfeo)dxdé + / a(x)(Vyfeo)dxds + / (fe— fe)a—5 (me — me) dzd€
Rd+1 Rd+1 Rd+1
;o _ ~ 72 _ 2
< / 26V fe Vi fedxd / a(x)(Vyfeo)dxdg / K(Vgfeo) dxdE
Rd+1 Rd+1 Rd+1
- o .
+Rd[1 (fe - fe)aig (me - me) dzdg§.
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Hence, using the fact |f.| < 1, we conclude that

500+ [ a@)(Vaf e+ [ w(9,f dodg

Rd+1 Rd+1

< / 26V fe - Va feduds + / (fe — fe)aag (Mme — me) dxd§

_ o / Folh, fodadg + /(ﬂfa(fg

]R’i""l Rd+1

(5.43)
(e —me) dod§
]Rd‘H Rd‘H
. B
<o [ 1Afddeds + [ (7= g (e = me) dade.

Ra+1 Rd+1

But,

Af] =] / Af(s,9,€)6e(t — s, — y)dyds| = | / Vf(5,9,€) - Vée(t — s — y)dyds|

Rd+1 Rd+1

< / V(5,5 OV et — 5,2 — y)ldyds.
Rd+1

(5.44)

Therefore

500+ [ a@)V.fdude [ (9.5 dods

Rd+1 Rd+1

<o / / V£ (5,5,6)IVe(t — 5,2 — y)|dydsdade

Rd+1 Rd+1
. )
+ / (fe— fe)a*§ (Me — me) dzd§
Rd+1

=2k /OtRl R/ IV f(s,y,)|dE |Vde(t — 5,2 — y)|dzdyds
+ / (fe— fe)aag (e — me) dod€

Rd+1
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t
_ 1, 2
=2K 4/0 /|vf(5aya£)‘d£|¢e(t S)|d3|v¢€($ y)\dyd:p

+ [ U=t

Rad+1

< (/O /d/Vf<s,y,£>dsdy) ds) ([ t—sds> /rvm?( ") by

+/(f fe)

Rd+1

o¢ (e — me) dxd§

o¢ (e — me) dxd§

Moreover since we have assumed here that V f has compact support w.r.t. £ and y, and using the change

of variables, z = :%y’ we have

La) + / i(2)(Va f.)?dude + / R(Vo f.)Pdrds

Rd+1 Rd+1

< o (suppg,m) / t I/ W(s,y,@%adyds) / |vx¢2< )\dy
Rd R

+ [ U= tog

Rd+1

1/2
t
< 2ut'/|D|'/? (/0 / Vf(s,y,ﬁ)gdﬁdde) ;/I%qﬁ? (2) |dz

Rd+1 Rd

¢ (e =~ me) dede

+ / (e = Fe) o (e —m) dv

Rd+1

23

In order to find a bound for the first term on the right hand side, we observe that multiplying (840) by

fe and assuming that f has the required regularity and we can show that

5 | oy dfdm+fs//vf$t§))2d§dl‘<c/ (2,0,€)%dédo + Z.(t)

Rad+1 Rd+1
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where Z. — 0 as ¢ — 0, by our hypothesis on the measures. We conclude therefore that

d Cr!/? ; 9, .
OO < Z O oy + [ (o= £ (e = mo) dodg
Rd+1
and
Ckl/2 t . 0 .
Q) < Q)+ = FO) paonny + [ [ (= 1) (e = me) dade
]Rd"'l

From Lemma 5310 we have already seen that as ¢ — 0 then Q(0) — 0. Therefore as ¢ — 0 with

Kk = o(e3), then Q(t) — 0. This completes the proof. O
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Chapter 6

Future work

In this chapter we briefly discuss how the research outlined in this thesis could be further developed. A
potential future work could be devoted to the further development of the research in Chapter 3, where
we introduced a new approach for computing entropy solutions of HCL which has as a starting point a
new mixed reformulation of the hyperbolic system which retains the original variables but still allows
for conservative discretisation. For instance, we can extend our study to discontinuous Galerkin spatial
discretisations, to finite difference-finite volume methods, in the spirit of [49, 50], and also to important
systems, such as quasiconvex elastodynamics, where schemes based on entropy variables cannot be used.
Furthermore, as we have mentioned in Section B4, the scheme (B89) is quite simplified. Thus, one could
try to add more refined stabilisation terms, such as shock capturing, aiming at improved computational
results. Also another possible extension, could be the addition of nonlinear artificial viscosity terms. In
this way we may be able to ensure L” boundness of the approximate solution under weaker assumptions
on the entropy function 7(u) apart from convexity.

There are several open questions relater to Chapter 4 and the numerical computation of measure-
valued solutions of HCL. As far as the mathematical theory is concerned, there are many emerging
questions for future research related to the analysis of such problems, such as uniqueness and stabil-
ity issues mainly for kinetic (and systems thereof) approximations to continuum macroscopic models
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considered. Also, it is interesting to investigate the preservation of qualitative properties of the models,
such as positivity and compatibility with the measure structure of approximations. As a first step in
this direction, in Chapter 5 we have studied stability issues of generalised viscus kinetic formulations
of conservation laws. There are open issues, as well, related to the efficiency and the computational
justification of our approach. The choice of the numerical model in addition to its implementation,
can be a really challenging task. In Section B=2=3 we have described possible choices of numerical
schemes that may be successful in capturing meaningful measures. Nevertheless, it is to be noted, that
specific approximate defect measures may affect also the computational results drastically. The nu-
merical/computational investigation of such issues is quite interesting. Furthermore, interesting future
research could be to further study the problem of the stability of the computational measure with respect
to the choice of the numerical model. A source of interesting questions is the investigation of possi-
ble connections of discrete kinetic models to the study and computation of statistical solutions, and the
corresponding probability measures on function spaces, [22]. Most of the numerical algorithms for the
computation of measure valued and statistical solutions for HCL are, to date, mainly based on Monte
Carlo sampling, i.e., on solving several deterministic problems and sampling the results. In Section
b1 we have underlined the compatibility relation between the Monte Carlo sampling method based on
viscosity approximating models and the generalised viscous kinetic formulation. This observation gives
rise to the question whether is possible to show uniqueness for the computational measure obtained by
this method in the scalar case. Finally, it could be very interesting to make a systematic comparison on a
variety of problems between the approximate measure-valued solutions of HCL which potentially can be
computed through the approach presented in this thesis and the approximate measure-valued solutions

which are obtained by the Monte Carlo approach.
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