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Zusammenfassung

Diese Thesis behandelt den Beweis der Existenz von schwachen Losungen des Anfangswertproblems
der eindimensionalen isentropen Eulergleichungen mit Hilfe der Methode der ’compensated compact-
ness’. Zunéchst wird diese Methode fiir allgemeine Systeme von eindimensionalen Erhaltungsgleichungen
eingefiihrt, hierbei wird der Losungsbegriff durch die Ausnutzung von Young-Maken zunéchst verall-
gemeinert. Unter Verwendung von Entropie-Paaren und des div-curl Lemmas wird schlieflich eine
Vertauschungsrelation im Bezug auf die Young-Mafe hergeleitet.

Anschlieftend wird die Methode auf das Anfangswertproblem der eindimensionalen isentropen Euler-
gleichungen angewandt. Hierfiir werden explizit Entropie-Paare konstruiert und deren Kompaktheits-
Eigenschaften nachgewiesen. Letztlich wird mit Hilfe der Kommutationsrelation die Reduktion der
mafkwertigen Losungen zu klassischen schwachen Losungen bewiesen.

Abstract

In this thesis the existence of weak solutions to the initial value problem of the one dimensional isentropic
Euler equations is proven using the method of compensated compactness. At first the method of
compensated compactness is introduced for general systems of one dimensional conservation laws, here
the concept of measure valued solutions is presented by making use of Young measures. Using entropy
pairs and the div-curl Lemma a commutation relation regarding the Young measures will be derived.
Subsequently, the method will be applied to the initial value problem of the one dimensional isentropic
Euler equations. For this, entropy pairs will be constructed and their compactness properties will be
established. Finally, the commutation relation will be used to show the reduction of measure valued
solutions to classical weak solutions.
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1 Introduction

In the late 1950s P. Lax coined the term ’hyperbolic systems of conservation laws’ in his equally named
paper [15] and lead these problems to become a principal branch in the study of partial differential
equations. His student J. Glimm provided a proof of the existence of weak solutions for large times for
general systems of one dimensional conservation laws [12], by assuming the total variation of the initial
data to be bounded. In the 1970s, F. Murat and L. Tartar began developing the theory of compensated
compactness, set to prove the existence of weak solutions to systems of conservation laws for large initial
data. The groundwork was the classification of weak continuous non-linear functions, which would allow
approximate solutions to converge to weak solutions of the given system of conservation laws. Making
use of Young measures, R. DiPerna introduced the idea of measure valued solutions to these systems and
subsequently managed to show their reduction to ordinary solutions for the isentropic Euler equations
for adiabatic coefficients v = 1 + % in [5] . Following this development G.-Q. Cheng [3] filled the gap
for all v € (1,5/3]. The case for all v > 3 was finally solved by P. Lions, B. Perthame and E. Tadmor
in [17]. Lastly P. Lions, B. Perthame and E. Souganidis [16] provided a proof for the remaining cases
of v < 3.

The aim of this thesis is to prove the existence of weak solutions to the one dimensional isentropic Euler
equations for only bounded initial data, using the method of compensated compactness. Moreover,
it concentrates on the relevant results needed to present the method of compensated compactness,
formulate the existence proof and in doing so presents a summary of the required results.

In Chapter 2 some preliminary results regarding functional analysis and distributions will be summa-
rized.

In Chapter 3 the general problem regarding one dimensional systems of conservation laws will be in-
troduced. Subsequently, the groundwork for the method of compensated compactness in the form of
measure valued solutions and Young measures, as well as the div-curl Lemma will be presented.

In Chapter 4 the beforehand presented method of compensated compactness will be applied to the
isentropic Euler equations to obtain an existence result for weak solutions to the given initial value
problem with only bounded initial data.

Lastly, in Chapter 5 an outlook regarding measure valued solutions in multiple dimensions will be
presented.



2 Preliminaries

2.1 Functional Analysis

In this section we will introduce some functional analytical results and definitions, which will be relevant
throughout this thesis. The first necessary theorem is a generalization of the Riesz-Representation
Theorem, taken from [10].

Theorem 2.1 (Riesz-Representation Theorem). Let X be a locally compact Hausdorff space. Let pu €
M(X) be an element of the space of Radon measures on X and f an element of the space of all continuous
functions that vanish at infinity Co(X). Then the mapping p— I, defined as

(h = [ £du.

is an isometric isomorphism from M(X) to the dual space of Co(X).

This Riesz-Representation Theorem will allow us to confuse elements from the dual space of Cy(X)
with Radon measures in M (X). We will also need the concept of weak and weak™* convergence. The
following definitions and results are adapted from [2].

Definition 2.2. Let X be a normed space. A sequence (x,)n, C X converges weakly to x € X if
x*(xy,) — x*(x) for all x* € X*, where X* denotes the dual space of X. In this case we will also write
Ty — T.

Definition 2.3. Let X be a normed space. A sequence (x}), C X* converges weakly™ to x* € X* if
xk(x) — x*(x) for all x € X. In this case we will also write ¥ = x*.

If B1(0) denotes the closed unit ball we have the following two compactness theorems regarding weak
and weak* convergence:

Theorem 2.4 (Banach-Alaoglu). Let X be a separable normed space. Then B1(0)(X™*) is weak™ se-
quentially compact.

Theorem 2.5 (Kakutani). Let X be a refleriv Banach space. Then Bi(0)(X) is weak sequentially
compact.

Lastly we will introduce Sobolev spaces according to [24]. For this let u be a locally integrable function
on © C R™ open. A locally integrable function v on € is called the a-weak derivative of u, where ov € N¢
is a multi-index, if

/ o(@)b(z) do = (—1)l / w(@)D¢(z) dz, Vo € C2(Q).
Q Q

Here C2°(€2) denotes the space of all compactly supported smooth functions over €. In this case we
also write v = D%u. A function w is called k-times weakly differentiable, if all its a-weak derivatives for
la] < E exist.

Definition 2.6. Let Q C R™ be open, 1 < p < oo, and k € Ng. Then the Sobolev space W*P(Q) is
defined as
WEP(Q) = {u e WF(Q) : D% e LP(Q) if |a| < kY,

where WF(Q) denotes the space of all k-times weakly differentiable functions.
We can further define a norm on W*»(Q) by

1
P

[wllwrp ) = /Q Z |D%u(x)|Pdz | . (2.1.1)

lal<k

Together with this norm the Sobolev space W*P() is a Banach space. In the following we will often
write H¥($2) instead of W*2(Q). The space H*(9) is a Hilbert space. Furthermore H~* or WP will
denote the dual spaces of Hé“ and WéC P respectively. Here we have further defined Hé“(Q) and Wég P for
a bounded set © C R™, to be the set of all u € H¥(Q2) or u € W¥? such that u = 0 on 5.
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2.2 Distributions

In this section we will introduce generalized functions or distributions as well as some of their properties
which will be needed in Section 4.4.2. In the following, for an open set 2 C R", we will denote the set
of all smooth functions over  with compact support by D(€2). An element ¢ € D(2) will be called a
test function. Although the spaces D(€2) and CZ°(€2) contain the same functions, D is equipped with a
special inductive limit topology, hence the reason for this distinction. We define distributions according
to [24].

Definition 2.7. A distribution T on Q) is a linear functional on D(QY) such that T'(¢y) — 0 for every
sequence (¢n)n C D(Q) satisfying the following two properties:

i) supp(¢y) C K C Q, where K is compact and independent of n,
i) |DY@n| o) — 0, as j — oo for all a € N4,
In this case we say ¢, — 0 in distribution.

The space of all distributions on 2 will be denoted by D’(€2). We define the a-th derivative of T' € D'()
as

(D°T)(¢) = (-1)IT(D*), Vo € D(%),
for every o € N, Per construction every distribution is infinitely often differentiable.

Ezample 2.8. Consider €2 = R and the Heaviside-function

H(z) 1 ifx>0,
x:
0 ifz<O.

Since H € L>®(2) C L} (Q) the Heaviside-function defines a distribution by

loc

Ty (6) == /Q H(x)p(x)dr, V6 € D(Q).

According to the above definition we therefore obtain
d (o0}
(574) ) = ~Tu(@ @) = - [ A @) =— [~ )= o00)

which implies that in the distributional sense %TH = 0p, where dg describes the Dirac-Delta distribution.
In the following we will often confuse locally integrable functions with the distributions they define, which
means we will often wrongfully write H' = ¢y and interpret H as the above distribution.



3 The Method of Compensated Compactness

3.1 One Dimensional Systems of Conservation Laws

Let Q@ C R™, n € N be open. Given a smooth function F':  — R™ we consider the following system of
equations

%u(m,t) + %F(u(w,t)) =0, zeRteRt, (3.1.1)
where
ui(x,t)
u(x,t) = :
up(x,t)

is the unknown vector function and RT = {z € R : # > 0}. The function F is called the flux function
and denotes the conservative term. For that reason (3.1.1) is often called a system of one dimensional
conservation laws. In the following we will be studying the Cauchy problem corresponding to (3.1.1),
which means we would like to find u : R x Rt — Q satisfying (3.1.1) together with the initial condition

u(x,0) = ug(z), (3.1.2)

where ug : R — € is a given function called the initial data. In the following system (3.1.1) together
with the initial data (3.1.2) will be called the initial value problem (3.1.1),(3.1.2).

Definition 3.1. Let dF' denote the Jacobian matriz of the flux function F. We say that system (3.1.1)
is hyperbolic, if dF has n real eigenvalues A, and n corresponding linearly independent eigenvectors.
System (3.1.1) is called strictly hyperbolic, if all A, are distinct. If \j = A\; coincide at some points or
domain, for i # j, system (3.1.1) is called non-strictly hyperbolic or hyperbolically degenerate.

This definition is according to [13]. A function u € C1(R x RT;Q) is called a strong solution of the
initial value problem (3.1.1), (3.1.2), if (3.1.1) and (3.1.2) are satisfied pointwise. It can be shown,
see for example [24], that in general continuously differentiable solutions of the initial value problem
(3.1.1), (3.1.2) do not exist for all times ¢ € RT. We must therefore generalize our understanding of
solutions. After multiplying (3.1.1) by a function ¢ € C}(R x R*; ), where C! denotes the space of all
continuously differentiable functions with compact support, and integrating by parts we obtain

[e.e]

/o; /Ooo u(l?, t) . %¢($,t> + F(u(w,t)) . 5%(b(a:,t) dtdz + / UO(J?) . ¢(!L‘,O) dr = 0. (313>

—00

Here - denotes the inner product on R™. Since (3.1.3) is defined even when w is not differentiable we
obtain the following definition of a generalized solution, according to [18].

Definition 3.2. An L?, 1 < p < oo, bounded function u is called a weak solution of the initial value
problem (3.1.1), (3.1.2), with LP bounded initial data ug, if (3.1.3) holds for all $ € C}H(R x R*; Q).

In this thesis we are interested in systems of two conservation laws. In the most general way this
corresponds to the following two conservation laws

0 0 0 0
EU({L‘,t)—F %f(u(x,t),v(:r,t)) _Oa &U("L‘vt)"i_ %g(u(:c,t),v(:r,t)) _Oa (314)
where v = u(x,t) and v = v(x,t) are in R, with initial data
u(z,0) = up(z), v(x,0)=1vy(x). (3.1.5)

We set U = (u,v) and F = (f,g), such that (3.1.4) can be written as

) )
U (@) + dF (U, 0) U, 1) = 0. (3.1.6)

If we now assume that (3.1.4) or (3.1.6) is strictly hyperbolic then dF has two real and distinct eigen-
values A\ < Ag. Let 7y, Iy, and r),, [, denote the corresponding right and left eigenvectors.
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Definition 3.3. We say that (3.1.4) is genuinely non-linear in the A1 characteristic field, if
VAL-ry, #0

and genuinly non-linear in the Ao characteristic field, if
Vg -ry, #0.

If VA1 -1y, =0 or Vg -7y, = 0 in some domain, then system (3.1.4) is called linearly degenerate in
this domain in the A1 or Ao characteristic field.

The above definition was taken from [18]. We further define Riemann invariants according to [24].

Definition 3.4. The functions w = w(u,v) and z = z(u,v) are called Riemann invariants of system
(3.1.4) corresponding to A1 and A2 if they satisfy the equations

Vw-ry, =0, Vz-ry, =0. (3.1.7)

Following [8|, it can be shown that equations (3.1.7) imply that Vw is a left eigenvector of dF' corre-
sponding to Ay and Vz is a left eigenvector of dF' corresponding to A\;. Hence multiplying Vw and Vz
respectively to the left of (3.1.6) yields

0 9] 0 0
aw(u,v) + )\g(u,v)%w(u, v) =0, az(u, v) + Ao (u, U)B_xz(u’ v) = 0.

The above transport equations imply the conservation of the quantities w and z along the trajectories
given by the solutions of the ordinary differential equations % = X9 and fl—f = \1.
The system of conservation laws (3.1.4), (3.1.5) can give rise to physically non-acceptable solutions, see

[24]. In order to filter out physically relevant solutions we introduce entropies in accordance to [19].

Definition 3.5. A function n € C*°(R x R) is called companion, if there exists a smooth function q
such that
Vq(u,v) = Vn(u,v) dF (u,v). (3.1.8)

A convex companion is called entropy. In this case the corresponding function q is called entropy flux
and the pair (n,q) entropy-entropy fluz-pair or simply entropy pair.

In the following we will often also refer to non-convex companions as entropies, if we want to emphasize
the convexity we will sometimes redundantly call entropies convex entropies. For smooth solutions u, v
of (3.1.4) condition (3.1.8) for entropy pairs can equivalently be written as an additional conservation
law also called the companion law

0 0

En(u,v) + %q(u,v) =0. (3.1.9)
If u,v are only weak solutions the additional conservation law (3.1.9) will instead be imposed as ther-
modynamic admissibility constraints. This means we will filter out physically relevant solutions, as they
must satisfy the additional inequality

%n(u,v) + %q(u,v) <0, (3.1.10)
in the sense of distributions, for all non-negative test functions ¢ € C(R x R¥). The additional
conditions (3.1.9) and (3.1.10) are a manifestation of the second law of thermodynamics, which states
that the physical entropy of a thermodynamic system must never decrease. We therefore only consider
solutions admissible which satisfy this entropy criterion. We end this section with some remarks on
entropies and entropy pairs taken from [19]:

i) The entropy flux of each entropy is unique up to an additive constant.

ii) Every strong solution of (3.1.4) satisfies the companion law (3.1.9).
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3.2 Young Measures and Measure Valued Solutions

In order to prove the existence of weak solutions to our given system of conservation laws we will
construct a convenient sequence of approximate solution and subsequently wish to show that the limit
of this approximation satisfies the given system of conservation laws. If the convergence we obtain is
strong this limit will in fact be a weak solution, however the approximating sequence will turn out to
only have a weak or weak™ convergent subsequence. For the limit of this convergent subsequence to be
a weak solution, we would need to pass this weak limit through the possibly non-linear flux function.
The following example illustrates that we can in general not pass weak or weak* limits through non-
linearities.

Ezample 3.6. Consider the sequence of functions f,(z) = sin(nz) for = € [0,27]. We then know that
fn € LP(]0,27]) for all 1 < p < co. Here and in the following we will make use of the fact, that for
1 < p < oo and ¢ such that }D + % = 1, the dual space of LP is isometrically isomorphic to L4, which
will allow us to confuse elements of the dual space of LP with elements of LY. It can be shown that the
weak and weak™® limit of f,, is proportional to the signed area under the curve of f,. We can therefore

calculate
1 27

Using the above result one can now show that f,, converges weakly to 0 in LP([0,27]) for 1 < p < oo
and weakly* to 0 in L°°([0, 27]). Now consider the non-linear mapping x + 2. Then

1 [ 1 < sin(4nT)
7‘(‘_7

1
.2

t)dt = — — =, f — 00.
sin“(nt) o ™ ) 5 forn— oo

2m Jo
This implies that the weak and weak* limits of (f,,)? are different from the square of the weak and
weak™® limits of f,.

However in 1937 L.C. Young [28| proposed that for a weakly convergent sequence of measurable functions
Uy : 2 — R there exists a family of measures v,, which at least give the probability distribution of the
values of u, as n — oo near . This means, whereas we cannot make a statement about the limit directly
of a weakly convergent sequence under a non-linear function, we can express how the limit behaves on
average with respect to these measures v,. This is formalized in the following theorem based on [18].

Theorem 3.7 (Young Measure Representation Theorem). Let Q C R™ be measurable. Suppose uy, :
Q — R™ is a sequence of Lebesque measurable functions. Then there exists a subsequence (up,)r of
(un)n and a family of positive measures v, € M(R™), depending measurably on x, such that for any
continuous f : R™ — R with lim)y o f(A) =0,

Fluny) = {f (V) va) = A FN) dvg(X) - in L7(Q). (3.2.1)
If the range of the w, is contained in some bounded set G C R™, then so is the support of v,. If
furthermore HunHLoo(Q) < M for some M > 0 and independent of n, then the v, are probability measures.

Proof. We set Cy(R™) to be the space of all continuous functions on R™ that vanish at infinity and
define a norm on Co(R™) by [|g/lcymm) = suprer|g(M)]. It can be shown that Cp(R™) is separable with
respect to this norm, hence there exists {f,, : m € N} C Co(R™) with {f,,, : m € N} dense in Cy(R™).
Furthermore this implies that (fi(uy,))y is bounded on Q. We can therefore extract a subsequence uy,,
of u,, such that

Filun,) = a(fi) € L¥(Q).
By a diagonal argument we can conclude that there exists some a(f,,) € L*(£2) and a subsequence uy,,

of u,, with
fn(tn,) = a(fm), for all m € N. (3.2.2)

Each f,, defines a linear functional I(f,,) on L*(Q2) by

I(fm) () Z/Qso(fﬂ)a(fm(fﬁ))dw:kﬁm () fn (un,, (2)) da.

—0 JO
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Observe that we can estimate the absolute value of I(f,,) b

L(fn)(@)] < lla(fm)llz=@llelloie) < oo, Ve € LH(9Q),

which implies the boundedness of I(f,,). Now choose an arbitrary f € Cp(R™). Because of the density
of {fm : m € N} we can write f = limj_, f; for some appropriate (f;); C {fm : m € N}. Let
nk,, Nk, € N. Then using the triangle inequality we obtain

[ [ @) = Flun @) ola) d
Q

<

/ f(’LL’Ilkl (: )) f:](unkl (:E)) (()("L‘) da:-

Q

/ f.j(u”kl (m)) f](unk (:[ )) ¢( ) dx
Q 2 z

[ [y @) = 5 @] (o)
Q

+

<2||f = fillcowmy el L1 () + '/Q [fj(unkl () — fj(un,, (fﬂ))] o(r)dx|.

By the above convergence of f; — f we can choose j large enough such that the first term becomes
arbitrarily small and in virtue of (3.2.2) we can choose nj, and ny, large enough such that the second
term is small. Hence the sequence of integrals ([q ¢ f(un,)dz), is a Cauchy sequence in R and thus
converges for any fixed ¢ € L'():

I(f hm/funk (x)dx.

k—o0

Since f € Cy(R™) we know that f must be bounded an therefore I(f) is also a bounded linear functional
on L'(9). As the dual of L(€) is isometrically isomorphic to L>(£2) there exists a unique a(f) € L*>(Q)
such that

1(f)(g) = /Q o(f) (@) p(x) dr, Vo LMQ). (3.2.3)

We now want to show that «(-) is itself a bounded linear functional on Cy(R™). Since the above limit
of the Cauchy sequence and the representatives in L are unique we have

a(fi+ f2) = a(fi) +a(f2), Vfi,fo € Co(R™)

and
alef) =ca(f), VfeCo(R™),ceR.

Considering that a(f) is in L>(£2), it is in particular locally integrable, and we may hence assume that
each point in € is a Lebesgue point of a(f). Let z¢ € 2 and define

_ 1 1
Y(z) = WXBr(zo) € L' (Q),

for some r > 0, where |B,(z9)| denotes the Lebesgue measure of the open ball with radius r centered
at xg. Using (3.2.3) and the boundedness of I(f) we obtain

f alfle)de < | Floyen
By (z0)
and since g is a Lebesgue point we may let » — 0 in order for the above to imply

la(f) (o) < [ fllco@m),

by the Lebesgue Differentiation Theorem [20] and hence «(:) € (Co(R™))*. We may now apply the
Riesz-Representation Theorem 2.1 which yields some v, € M(R™), such that

a(f)(xo) = (f,vao) = f( )dvzy (A)-
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Since zo was arbitrary we can now conclude that

tin [ fluny(2)ola) do = [ alf)@)p(@)de = [ (Fva)ela)do
k—oco J Q Q

holds for all ¢ € L'(Q2) and thus (3.2.1) is true. Notice that we can find f € Co(R™) with f > 0. This
implies o(f)(x) = (f,vz) > 0 and hence v, must be positive almost everywhere.

The fact that the support of v, is contained in the range of w,, is a direct consequence of (3.2.1), since we
can simply construct a continuous function f, which vanishes on the range of u. Lastly, if the L*°-norm
of () is uniformly bounded we may choose f =1 in order for (3.2.1) to imply

/Qdum(/\) = 1.

Thus the measures v, are probability measures. O

We can express the Young measures as

Vo = I I deme )
where u,, satisfies the conditions in the above theorem and the limits are to be understood in the weak*
sense. Then the integral on the right hand side can be interpreted as the probability distribution of the
values up, (y) as we select y at random from B,.(x). Therefore the Young measures represent the limiting
probability distribution at an infinitely small neighborhood. For a derivation of the above formula see
[4]. There are special cases in which we can explicitly construct these Young measures. The following
example is taken from [6].

Ezample 3.8. Suppose v : R — R is a periodic function with period L. We define wu,(z) := v(nzx).
Then it is known that the sequences induced by scaling any periodic function converge weak* (in an
appropriate LP space) to a constant given by the signed area under the graph of v, similar to 3.6:

« 1 [F
unéz/o v(s)ds.

Let g € C(R) be arbitrary, then

L
o) = 1 [ atus)as

since g(un(x)) = g o uy(x) and we can interpret this again as a scaling of a periodic function. On the
other hand, after applying Theorem 3.7, we obtain

Hence v = v (%) is the image of the normalized Lebesgue measure under v.

The Young measures v, are defined even when the sequence (uy)n is only bounded in some L} = with
1 < p < 0. If the sequence is uniformly bounded in L this is obviously fulfilled. In case that the
domain of this sequence is unbounded the Young measures might not be probability measures. However,
Theorem 3.7 still holds for continuous functions f satisfying some growth condition, in which case the

convergence will be weak. The following corollary is again based on [18].

Corollary 3.9. Suppose that (up)n is bounded in L} (R™;R™), where 1 < p < co. Then there ezists a
subsequence (un, )k of (un)n and a family of positive measures v, € M(R™), such that for any bounded
set A C R,

Fluny () = (fF(N),va) in L(A), (3.2.4)
whenever f € C(R™) satisfies the growth condition
lim = 4G =0
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Figure 1: The Function 6,

Proof. Let f € C(R™). Since the convergence will only be given on a bounded set we may assume that
f > 0, otherwise, since the weak limit is linear, we can shift f upwards by its minimum on the closure
of A. We want to apply Theorem 3.7 and for this require a function in Cp(R™). In view of this we
define f,, € Co(R™) by fimn := O f, where

1, if |z| < m,
Om(z) =1+ m— || if m <|z| <m+1,
0 if |x| > m + 1.

Then for A C R" bounded we obtain

‘/ [fm(un(z)) = f(u(z))] (2) dz| < ||¢||Loo(A)/ f(un(z)) dz
A {z€A:lun|>m}

flx
< 1@l zoe () lnll o ) |(§§f§Xm{ " } ,

|z[P

which by assumption tends to 0 uniformly for m — co. Hence

lim [ i (un(2))6() d = /A £ (i (2)) () dz.

m—00 A

On the other hand by Theorem 3.7 we obtain a subsequence (uy, ) and a family of positive measures
vy € M(R™) such that

k—o0

lim /A Pt (2))() d = /A ), va)b(x) dz, Vo € L(A),

for every m € N. Now since we assumed f to be positive we know that f,, is monotonically increasing
and we can therefore apply the Monotone Convergence Theorem [20] to conclude that

/ 1 i (2)) = (), vl 6(a) |

A

< / 1 (i (2)) — fon (tmy ()| 6()| iz + / Fontimy (2)) = (i (V) v} 8(2) |
A A
" /A V), ) — (FON), ) ()| dt

— 0,

for m, k — oo, where we also used the above shown convergences. O

We are now able to return to our system of conservation laws (3.1.1). Suppose we have found a sequence
of, possibly approximate, solutions (uy), to (3.1.1), namely

gF(un(x,t)) —0, asn — oo, (3.2.5)

2u (x,t) + o

ot "
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in the sense of distributions and the sequence (uy), is uniformly bounded in L®°(R x RT;). Then
w*

Theorem 3.7 tells us that there exists a subsequence (uy, )i of (uy)n such that f(uy,) — (f(A\),v) in
L for any continuous function f, since the domain of f is bounded, as a consequence of the uniform
boundedness of u,. Together with (3.2.5) this implies

0 0

—_— <)\, V$7t> + a—$

B (F'(N),ve) =0, (3.2.6)

in the sense of distributions and we may therefore interpret v, ; as a new type of weak solution, according
to [6].

Definition 3.10. A measurable map vy : (z,t) — vz € M(R™) is called a measure valued solution of
system (3.1.1), if

0 0
E </\, V$7t> + %

holds in the sense of distributions, i.e.

(F(A),vgt) =0

[ [ (vmad gote + v ot dait <o

for all ¢ € D(R x R*; Q).

We can even show, according to [6], that these measure valued solutions also satisfy an admissibility
criterion similar to (3.1.10).

Theorem 3.11. Suppose v, is the Young measure associated with a sequence (uy), of approximate
solutions to system (3.1.1), which are uniformly bounded in L>®°(R x RT;Q). Then vy, is a measure
valued solution of (3.1.1) satisfying the admissibility criterion

0

57 (M) vat) + %@(A% Veu) <0,

in the sense of distributions, for all non-negative test functions in C1(RxR*) and for all convex entropy
pairs (1, q).

Proof. We can calculate
0 0 0 0
—n(up) + %q(un) = Vn(uy) - [gun + dF(un)%un] =eVn(u,) - =

Ot
92 o \'_, o
= 8@7)(1@1) —€ <%un> Von(uy) <%un>
82
< EWn(Un)a

since 7 is convex. Using Theorem 3.7 we obtain

N(un) = M), ver),  qlun) = (q(N), Vag),

which now immediately implies the above assertion, since the right hand side of the above inequality
will tend to zero in the sense of distributions. O

In order to obtain a classical weak solution we want to show that the support of the Young measures
is contained in a single point. In this case they will reduce to Dirac measures and the convergence in
Corollary 3.9 will turn out to be strong. This last theorem is again based on [18].

Theorem 3.12. Let 1 < p < oo and suppose that the support of v, in Corollary 3.9 is a point for
almost every x € R™. Then there exists a subsequence (up, )i of (un)n which converges strongly to some
function u in L?OC(R”) for 1 < q <p. Furthermore v, = () almost everywhere.
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Proof. Since LP(R") is reflexive for 1 < p < oo and u,, is bounded in Lf oc We know by Theorem 2.5 that
up has a weakly convergent subsequence u,, converging to u.

From Corollary 3.9 and the given assumptions we know that there exists a function v such that v, = §,(4)
almost everywhere on R™. Set f(\) = A for i = 1,2,...,m, where A\) denotes the i-th component
of the vector A € R™. Since p > 1 the function f satisfies the growth condition in Corollary 3.9 and is
obviously continuous. Using (3.2.4) we obtain

ul) (@) = f(un (@) = (fON), ve) = v (2)

where the superscript (i) again denotes the i-th component of the given vector. The above now implies
that u,, — v and because of the uniqueness of the weak limit we get u = v. We remain to show that
this convergence is locally even strong. For this consider f(A\) = [A()| for any 1 < ¢ < p. Then f again
satisfies the growth condition and we can apply Corollary 3.9, which yields, for every ¢ € Co(R™) with
support in some compact set K C R",

[ f@pete) e [ o) [ e = [ s@lu @) de

as n — 00, since the support of v, was assumed to be a point. This shows the strong convergence of wu,,
in L (R™). O

loc

Remark 3.13. The strong convergence of a subsequence of (uy,), in some L;Io . implies the existence of a
subsequence converging almost everywhere by the Theorem of Riesz-Fischer [21].

3.3 The div-curl Lemma

As we have already seen in Example 3.6, we are in general not allowed to pass weak or weak* limits
under non-linear functions.

Ezample 3.14. Consider the two sequences of vector fields u,, and v, on [0, 27] x [0, 27] given by

. (cos(g)le)), . (—coso(nacg))'

Then these are both in L? and converge weakly to 0 in L?, analogously to Example 3.6. If we now
consider the non-linear product of w, and v, (the dot-product, meaning non-linear products of each
component) we get

Uy, + Uy, = — cos(nxy) cos(naz) — 0,

in the sense of distributions, as the oscillations of v, and wu,, are in independent directions.

The example above shows that in some cases the product of two in L? weakly convergent sequences
can sometimes converge to the product of the weak limits in the sense of distributions. The reason this
happens is the compactness of both div(u,) and curl(v,) in some special space. More precisely both
div(uy,) and curl(v,) are bounded in L? and hence compact in H~!. This result, called the div-curl
lemma, was first found by F. Murat and L. Tartar in 1974 (see for example [27]) and is eponymous for
the method presented in this thesis.

Theorem 3.15 (div-curl Lemma). Let Q C R™ be open and bounded, (f1)n, (gn)n C L*(,R™) be weakly
convergent with limits f, g respectively. Suppose {div(fy)}n and {curl(g,)}n lie in compact subsets of
H;,1(Q) and H;,} (Q,R™™). Then

Jngn—f-g (331)

in the sense of distributions.
Proof. For each n € N, let ¢,, € H?(; R™) N HE (2; R™) be the solution of the boundary value problem

(3.3.2)

—A¢p =g, on £,
¢n =0 on ON.
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Since (gn)n is weakly convergent it must be bounded in L?(£2;R™) and hence (¢,), is bounded in
H2(Q;R™) N H&(Q;Rm), see [23]. We now define z, := —dive¢, and y, := g, — Vz, for all n € N.
Then (z,), is bounded in H'(£2), since lznllmr @) = 1div énllgr @) < l[@nlla2@@) < oo. For 1 <i <m
we obtain

i ) Oz
(1) _ g() Uzk

yk N B 8331
n a2¢](€l) o n 8¢](€])
_Z Ox? Oz; Z 0z

J=1 J

= o 81:, COxy )
In view of (3.3.2) it can be shown, since —A curl ¢, = curlg, and since {curlgy,}, is contained in a
compact set of Hy (€, R™*™) that {curl ¢, },, lies in a compact subset of H, ! (€; R™*™), by making use
of the mapping properties of the inverse Laplacian operator and subsequently the compact embedding of
H' into H~'. The above calculations then imply that (y,), is contained in a compact set of L?(£2; R™).

We can now use the reflexivity of the Hilbert space H'() together with Theorem 2.5 in order to obtain
(without loss of generality),

Zy — 2z in HY(Q), wyn,—y strongly in L?(Q;R™).
Here z = —divg and y = g — Vz, for ¢ € H?(Q;R™) N H}(Q; R™) satisfying

{—Aqﬁ =g on

¢ =0 on JN. (3:33)

Let ¢ € D(2), then
/ () - gn(z)p(2) doe = / fnlx )+ Vzu(x)Y(x) de.
Q
According to the above we have, using the strong convergence of ¥, and the weak convergence of f, in

L?,
/ Ful@) - yn(@) (@) da - / f(@) - y(@)(e) da,
Q Q

and using the assumption of div f,, being contained in a compact subset of H, l_ocl(Q), we obtain, using
integration by parts and now the weak convergence of z, and the, without loss of generality, strong
convergence of div f,,

/ fn(®) -V (2)Y(x) de = _/ fa(2) - Vp(2) 20 () da — (div(fn), an>H—1(Q)><H(}(Q)
Q Q

N /Q F(@) - V(@) 2(2) — (div(F)s 26) 1 e )

- /Q f(z) - Va(x)i(z) dr.

Here (-,-) denotes a pairing between H~1(Q2) and H}(Q). Thus we conclude

/an(az)-gn da:—>/f z) + Va(x dx—/f (z) dz.

The above proof was adopted from [7]. Theorem 3.15 can be used to show a weak continuity of a 2 x 2
determinant. The following corollary is taken from [18].

O
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Corollary 3.16 (Weak Continuity of a 2 x 2 Determinant). Let Q C R x Rt be a bounded open set and
n o Q — R a sequence of measurable functions satisfying

Uy —u, in (L2(Q))4

and
8u,(11) 8u7(12) 8u7(13) 8u$14)
ot T or 0 ot | ox

Then there exists a subsequence (still labelled) (uy)y such that

are compact in H;, ' (Q).

@ (@) 1,2
Up’  Up U u , T
u7(13) u%) — ORI the sense of distributions.

Proof. We define two sequences of vector fields f,, g, : @ — R?, by

NO uy) (x
fnlz,t) = <ug2)E$’2) , gn(w,t) = (_uggg(;ti) .

Then by assumption (f,), and (g,)n converge weakly in L?(Q). Moreover we can easily see, since

8u,(11) 8u£12)

div fn = ot + ox
and
Bug) 8u£14)
curlgn = — ot + oxr |’

that {div f,}, and {curlg,}, are contained in compact subsets of H; () and H; !(Q;R?). We may
hence apply Theorem 3.15 to obtain the convergence

uWu® 4 @y®) Dy @) @) ®)

in distribution. O

An alternative proof to this weak continuity not relying on Theorem 3.15 can be found in [26]. The
conditions needed to apply Theorem 3.15 and Corollary 3.16 respectively can be difficult to verify. We
will therefore often make use of the following embedding theorem following [18].

Theorem 3.17. Let Q C R™ be open and bounded, C' C VVl;Clq(Q) a compact set and B C WZZCIT(Q) a

bounded set for some 1 < q <p<r <oo. Let D C CNB. Then there exists E C I/Vl;(}’p(Q) compact,
such that D C F.

Proof. Let (fn)n be an arbitrary sequence in D. Then by the assumptions there exists M € R such that
an||Wl;cl,T(Q) <M, |fn-— kaWchl’q(Q) — 0 for n,k — oc.

The above is only true for a suitable subsequence of (fy,),, without loss of generality we assumed that
(fn)n is the said subsequence. For any {1 compactly contained in €2 we choose ¢ € D(€2) such that
¢lo, =1 and set fn := ¢ fn. Then clearly supp fn C Q and fn\Ql fnloy- We will now show that the
above subsequence is even convergent in VVZ o " (€). For this let uy, for each n € N, be a solution of the
boundary value problem

(3.3.4)

—Auy, = f, on Q,
u, =0 on 9.

Then it is known, see [23], that

lunllwra) < Millfallw-1a@ys  Nunllwrr@) < Millfallw-10();
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for some M; > 0. We obtain two estimates, since f,, € W~=14(Q) N W~17(Q). Thus
lui = wjllwra) < Mallfi = fillw-ra@) < Millfi = fillw-ra@) = 0,
for ¢, 7 — oco. Using the interpolation inequality

Iellwin < ol @ lwae).

for a € (0,1), we obtain

lwi — wjllwir) < llui — uj”%/[;gT(Q)Hui —ujllwra@) < Mallui = ujllyraq) = 0,

for some constant M, > 0 as i, j — co. From this and the construction of f, it now follows that

1 fi = fillw-1p(0)) = sup [(fi — £1)(9)]

<1, s Q
||¢||W&,p/(m_ , supp ¢CQ1

< suwp (=)@ = 1fi = fillw-rae)

o <1
16015 <

= [[Au; — Aujllw-100) < llwi — wjllwrr@y) =0,

as i,j — oo for % + 2% = 1. Here we used [|Av||y-1p(q) < [[vllwir(q), since

(Av)(8)| = ]/ﬂwvm

< ”UHWLP(Q)”(ZSHW(}W’(Q)-

Hence D is contained in a compact set in ngcl P(Q). O
A similar useful theorem, known as Murat’s Lemma is the following taken from [4].

Theorem 3.18 (Murat’s Lemma). Let & C R™ be open and bounded. Suppose (¢pn)n is bounded in
W=LP(Q), for p > 2. Furthermore let ¢, = @n + Un for all n € N, where (¢n)n is contained in a
compact set of W=12(Q), while (¢, lies in a bounded set of M (). Then (¢n)n lies in a compact set
of W=12(Q).

Proof. The proof is similar to the proof of Theorem 3.17 and can be found in [4]. O

3.4 Viscosity Solutions

The aim of this section is to find approximate solutions to the hyperbolic system of conservation laws
(3.1.1). For this we add a small parabolic perturbation term to (3.1.1), which yields

0 0 0?

Eu(m,t) + %F(u(x,t)) = Ewu(x,t), on R x RT. (3.4.1)
Physically the parabolic perturbation corresponds to introducing viscosity to the system (3.1.1), hence
the reason why solutions of (3.4.1), satisfying some initial data

u(z,0) = ug(z), on R, (3.4.2)

are called viscosity solutions. We will only state the following existence theorem for this parabolic
problem and refer to [24] and [18] for details on the proof.

Theorem 3.19. For any fized € > 0, the initial value problem (3.4.1), (3.4.2) with bounded measurable
initial data (3.4.2) has a local smooth solution u.(x,t) € C*°(R x (0,7); ) for some small time T, which
only depends on the L -norm of the initial data (3.4.2).

i) If the solution u. satisfies the a priori estimate
ue (- )| oo o,y < M(e,T),  for any t € [0,T7,

then the solution exists on R x [0,T].
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ii) The solution u. satisfies

lim wc(z,t) =0, o lim wug(x)=0.

|z| =00 |z| =00

iii) If one of the equations in (3.4.1) is of the form

2
O o t) + o (w(, g(ula, 1) = 6%

ot Oz w(@,?),

where g(u) is a continuous function of u € R™, then
we(z,t) > c(t,co,€) >0, if wo(z) > co >0

for some positive constant cg.

If the solution satisfies the a priori estimate ¢) then it can be extended to T stepwise, as follows:

If we have found a local solution u. as above, satisfying i) we consider the initial value problem (3.4.1)
but now with initial data @.(z,0) = w(z,7) which is by i) again bounded in the L*°-norm. Iterating
this process shows that a solution can be extended up to 7', since the step time 7 is only dependent on
the L°°-norm of each initial data and this norm will stay bounded by assumption.

Having an a priori estimate 7) will turn out to be important, as the uniform L*°-boundedness will yield
the existence of a weak™* convergent subsequence by Theorem 2.4.

3.5 The Method of Compensated Compactness

Initial Value Problem 5 Vis%ous Systemy : - .
Dug LPw) =0, it L F(u) = e Zyu | Young Measures | Measure Valued Solution Reduction of the Weak Solution u(z, t)
mu(w g)ﬁ S ) ) Z, Uniformly Bounded gj()\, V) + (,%<F(/\) vy =0 Young Measures of the Inital Value Problem
! Solutions

Commutation Relation
vomaz —maqr) = (v, m) v, a2) — V.m) (v, ¢1)

Young Measures Div-Curl Lemma

Compactness of
Me(ue) + o (ue)
in H,,'(R x R)

Companion Law

Vq(u) = Vn(u) dF (u)

Figure 2: The Method of Compensated Compactness

Using the results obtained in the above sections we are finally able to present the method of compensated
compactness. We wish to show the existence of weak solutions to the initial value problem of the
system of hyperbolic conservation laws given by (3.1.1), (3.1.2). For this, we construct a sequence of
approximate solutions u. according to Section 3.4 by adding viscosity to the system. To prove the
existence of such an approximate solution, we only need to show that the approximate solution satisfies
some a priori L*°-bound. Theorem 3.19 will then yield a sequence u,. of smooth solutions. Furthermore,
by Theorem 2.4 we can extract a weak™ convergent subsequence. We now hope that the limit of this
sequence satisfies (3.1.3), however as Example 3.6 showed, it is in general not possible to pass weak or
weak® limits under non-linear functions. We are therefore required to use the results found in Section
3.2 in order to see that for now we only obtain a measure valued solution, where the measures are
given by Young measures corresponding to the sequence of approximate solutions. In order to find a
weak solution of the initial value problem (3.1.1), (3.1.2), we must show that these Young measures
reduce to Dirac measures, such that Theorem 3.12 will yield strong convergence in LP. At this point
we need to make use of the additional structure we gave our system of conservation laws (3.1.1) in the
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form of a companion law (3.1.8). The aim is to use explicit entropy pairs in order to show that the
support of the Young measures is confined to a point. This obviously requires us to have a rich family
of entropy pairs, which greatly restricts the conservation laws we can apply our method to, to the ones
with a suitable flux function. Suppose for now that we have found entropy pairs (11, 1) and (12, g2) of
system (3.1.4) (i.e. the system of two conservation laws). The crucial step is to now show that these
entropy pairs satisfy the compactness property necessary to apply Corollary 3.16, with respect to the
viscosity solutions. Since the viscosity solutions satisfy some uniform bound we can assume that the
entropy pairs are compactly supported and hence converge weakly in L?. We thus only need to verify
the compactness relation

o (ue) +3Q1(Us) Oz (ue) +3q2(us)
ot or ’ ot ox

are compact in H;,!(Q).
The above compactness would then imply the following commutation relation

(maz —mq1,v) = (m,v)(a2,v) — (2, v){q1,v), (3.5.1)

where v denotes a Young measure, after applying the div-curl Lemma 3.15. It is then a matter of cleverly
using our given entropy pairs together with (3.5.1) to show the reduction of the Young measures to
Dirac measures. In this case we will obtain strong convergence of a suitable subsequence of our viscosity
solutions, which would in return imply that the limit is a weak solution of system (3.1.4).
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4 Application to the Isentropic Euler Equations

In this section we will apply the method of compensated compactness, as described in 3.5, to obtain
an existence result for weak solutions to the isentropic Euler equations. First of all, we will therefore
introduce the Euler equations and derive some basic properties similar to [18].

4.1 The Isentropic Euler Equations
In Eulerian coordinates the flow of a gas is described by
%p(x’t) + f%(p(xat)u(x’t)) =0,
S (o, tyu(z, 1)) + £ (p(z, t)u*(z,t) + P(p(,1))) = 0,
where in the following we will abbreviate the above by
5P+ g (pu) =0,
A o ) (4.1.2)
gi(pu) + 55 (pu? + P(p)) = 0.
We further introduce some bounded and measurable initial data

(p(x,0), u(x,0)) = () (x),u® (@), pO(x)>0. (4.1.3)

(4.1.1)

Physically p describes the density of the gas, u the velocity and P(p) the pressure of the gas, satisfying
P'(p) > 0. The equations (4.1.2) are therefore simply describing the conservation of mass and the
conservation of momentum respectively. Substituting m = pu yields

fip+ gpm =0,
2
G+ 3 (% +P()) =0,

where m is called the momentum. Later in this section we will restrict ourselves to the special isentropic

(4.1.4)

pressure law given by
P(p)=cp’, v>1,

where we call v the adiabatic coefficient and ¢ > 0 denotes a constant. Regarding (3.1.1) the flux
function of the above system of conservation laws takes the form

F(p,m) = (m m; + P(P)> ;

which allows us to calculate

IF 0 1
= m2 m .
—% + P'(p) 27

From this we find that the eigenvalues of dF are given by

M= VP, e = VP),

and the eigenvectors by
ro=(LA)", re= (LX)

Additionally, we want to calculate the Riemann invariants of (4.1.4). Following the same arguments as
in 3.1 we obtain that the Riemann invariants w(p, m), z(p, m) must satisfy

VwdF = Vw, VzdF =M\Vz. (4.1.5)

Writing out equation (4.1.5) explicitly yields

0 m? , 0 2m 0
VwdF = <%w (—? +P (p)) ’8_pw+ ——w>

() o 2 ) )
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Form the second equation we obtain the partial differential equation
0 m 0 0
—w+ ———w=+/P(p)—w,
dp p Om () om

which can be solved to give
e /P
w(p,m) = % —I—/ T(S)ds, (4.1.6)
0

and in similar way, upon using (4.1.5), we find
e /P
z(p,m) = % —/ %ds. (4.1.7)
0

We now assume that the pressure is described by the isentropic pressure law. A straightforward calcu-
lation then shows that

~1 1 1 1
V)\l'ﬁ:—“&/ﬂg, Vo - 19 = (v )4(’Y‘|‘ )p’yf?)’
which implies that (4.1.4) is strictly hyperbolic in the domain where p > 0 and else non-strict. Further-

more it is genuinely non-linear if v € (1, 3] and for v > 3 no longer genuinely non-linear in the vacuum
state p = 0.

4.2 Existence of Viscosity Solutions

In this section we want to construct a sequence of approximate solutions to the inital value problem
(4.1.2), (4.1.3). Regarding Section 3.4 we will consider the viscous approximation to (4.1.4) given by

%p + 6%m = 6%,0,
{%m - % <m72 + P(p)) = saa—;gm, (42.1)
with initial data
(p=(,0), me(,0)) = (o) (2), m (x)), (4.2.2)
defined by
(0 (), mO (@) = (0 (@) + &, O (2)ul (@) * e,

where ¢, is a mollifier, such that
(PO (x),mO(z)) € €= x €=, () (), m{" () = (o (x),m O (x)),
for ¢ — 0 almost everywhere. We furthermore assume that the initial data (4.2.2) is bounded by
e < POy < Mi,  [[ul?| poo(my < M,

where the constant M; € R only depends on the L>-norm of the initial data (4.1.3). Regarding Theorem
3.19 a smooth solution of the initial value problem (4.2.1), (4.2.2) exists, if we can find some a priori
bound on the solution. The following theorem is taken from [18], furthermore in order to keep the
notation clear we will abbreviate partial derivatives by f, := % f.

Theorem 4.1 (Existence of Viscosity Solutions). Let (p(9(z), u(9)(z)) be bounded and measurable sat-
isfying p\9 (x) > 0, P(p) € C2(0,00), P'(p) > 0 and 2P'(p) 4+ pP"(p) > 0 for p > 0 as well as

/mi\mdpzoo’ /Civpl(p)dp<oo, Ve > 0. (4.2.3)
c P o P

Then for any € > 0, the smooth viscosity solutions (ps(x,t), me(x,t)) of the initial value problem (4.2.1),
(4.2.2) exist and satisfy

Me < Mo, (4.2.4)

mw@ﬂs%@ng%|memwF‘
Pe |l Lo (RxR+)

where Ma > 0 and c(e,t) could tend to zero as € tends to zero ort tends to infinity.
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Proof. We will show that ¥ := {(p,m) : w(p,m) < M, z(p,m) > —M}, for some M € R, is an invariant
region, meaning if the initial data (4.2.2) is contained in ¥ then so will be the solution for all times.
This can be done by showing that the Riemann invariants satisfy a parabolic equation and therefore
a maximum principle. To obtain this parabolic equation we are going to multiply (4.2.1) by Vw and
Vz respectively, where w, z denote the Riemann invariants (4.1.6), (4.1.7). Using that Vw, Vz are left
eigenvectors of dF this yields, after a multiplication from the left with Vw

Wppt + WMy + Ao (WP + WiMy) = €(WpPaz + WinMgy)-
Furthermore employing
Wee = (WppPz + WimpMa) Pz + WpPaz + WinMae + (Wpm + Winm Mg )My,
yields, after an application of Schwartz Theorem,
W + AWy = € (wm - wpppi — 2Wp My Py — wmmmi) . (4.2.5)

A straightforward calculation regarding (4.1.6) implies

2m  P"(p) P'(p)
Wy, = — + — , 4.2.6
1
Wpm = Wmp = — 5, (427)
p
Wmm = 0, (4.2.8)
and we wish to eliminate m,. For this recall that
VwdF = AVw,
from which we obtain
Wy 2m Wy m
My = — — ()\2 — —) Po = — (— — P'(p)) Do (4.2.9)
Wm P Wi P

Substituting (4.2.6), (4.2.7), (4.2.8), (4.2.9) into (4.2.5) yields

2m  P"(p) P'p)\ o ( 1 (wz (m ) ) )
e | wee — [ = + — 2= =2+ (=P
< rT <p3 2p /P/(p) :02 Pa ,02 Wi p (p) Pz | Pz
—elw _@2_&2 VP/(P)2+2w +2_m2_2\/P'(P)2
= zT 02 Pz 2 P'(p) Pz 2 Pz P zPx P Pz 02 Pz
2P'(p) + pP"(p) 5 2
=& | Wgz — + —w .
( =T e Py

In a completely similar way we also obtain

2 2P'(p) + pP"
2+ Mzg =€ (zx:r + ;pmzm + (P) p (p) g) .

2p%\/P'(p)

If we now make use of the assumption 2P’(p) + pP”(p) > 0 this yields
2e 2e
Wi + Aowy < eWgy + ?pxwz, 2t + MN2g > €240 + ?pzzz. (4.2.10)

We can now apply the maximum principle for parabolic equations to (4.2.10) (more specifically to
subsolutions) since these are only scalar equations for w and z. This implies that there exists some
M € R such that

w(p,m) <M, z(p,m)>-M (4.2.11)

and shows that the above defined ¥ is in fact an invariant region. From the additional assumption
(4.2.3) and the explicit form of the Riemann invariants (4.1.6), (4.1.7), we may now conclude that
0 < pe < Mz and [|uc| oo (rxr+) < Ma for some constant Ma € R. Finally, since u is uniformly bounded
Theorem 3.19 7i7) yields the lower bound on p. O
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m
w=M
by
D
z=-M

Figure 3: The Invariant Region X

Theorem 4.1 obviously now implies the existence of uniformly bounded solutions to the isentropic Euler
equations, since
P'(p) =ep' ™' >0,

and
2P'(p) + pP"(p) = cp’ M (+* +7) > 0

and lastly

[ VO
s y—1’

which satisfies (4.2.3).

Occasionally, it is necessary to have a stronger lower bound on the density as in Theorem 4.1, as the

lower bound on the density might tend to zero in the limit of vanishing viscosity. It can be shown, see

for example [16], that even a uniform lower bound, that might only tend to zero in time, exists for the

density.

4.3 Weak Entropies and ngcl Compactness

In this section we are going to construct entropy pairs corresponding to (4.1.2). Furthermore we are

going to verify that these entropy pairs satisfy the compactness relation necessary to apply Corollary
12

3.16. We do so for the case of the isentropic pressure law P(p) = cp?, where we set ¢ = k? = %. For

smooth solutions it can be verified, according to [18], that system (4.1.2) can equivalently be written as

Pt + (pu)fﬂ = 07
ug + (%uQ + [y Pls) ds) =0,

s

(4.3.1)
and hence both systems have the same entropy pairs. This means we obtain the additional system

U p P’
(@5 qu) = (Mps M) (p/(p) u) = <npu+nu%,npp+nuu> ,
p

which yields

P/
Qou = Npul + nuu¥ + Np,

GQup = NppP + Mp + Nupl.

After applying Schwartz Theorem once again the above implies

P(p
npp = p(2 )nuu- (4.3.2)
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Definition 4.2. An entropy n of (4.1.2) is called a weak entropy, if n satisfies (4.3.2) together with the
boundary condition

n(p=0,u) =0, 1n(p=0,u)=g(u), (4.3.3)

where g is some arbitrary function.

Notice that the coefficients in (4.3.2) are independent of w. This reflects the Galilean invariance of
system (4.1.2). The general solution of (4.3.2), (4.3.3) is given by the following theorem taken from [17]
with some adaptations from [18].

Theorem 4.3. Let p > 0, u,w € R. We define the entropy kernel G as
G(p,w) = (/ﬂ_l = wQ):\r = sup {0, (p7_1 - wQ)A} , (4.3.4)
. I
with A = 5=1)

i) The solution of (4.3.2), (4.3.3) is given by

) 1
o) = [ 9OG(.€ ~u)ds =277 /0 r( = glu+ o’ — 2007y dr,  (435)

where 6 = WTfl
ii) m is convex in (p, pu) for all p,u, if the function g is convex.

ii1) The entropy flux corresponding to (4.3.5) is given by
a0 = [ 9(6) 06+ (1= 0 Glp. — . (4.3.6)

w) If g € CY(R), then
np(p;m)| < M, |1im(p, m)| < M,

where M € R is some constant only depending on the L°°-bounds of p and w.

Proof. We can consider 7 to be a function of the Riemann invariants w, z of system (4.1.2). Then
Vq = q,Vw+q,Vz,

Vn =n,Vw+n,Vz.
Inserting this into the entropy condition (3.1.8) yields

quwVw + q,Vz = (n,Vw+n,Vz)dF
=Ny (VwdF) +n, (VzdF)
= nw (ANaVw) + 1, (M Vz).

Since Vw, Vz are linearly independent this implies

quw = >\277wa q> = )\1772'

We now differentiate the first equation with respect to z and the second with respect to w and once
again use Schwartz Theorem to obtain

()‘2)2 (Al)w
— =0. 4.3.7
v vl v wio (4.3.7)
Furthermore it can be verified that the following equalities hold
3— 1 1 3 —
)\1: 7 +7+ )\2:7_}— w + ’VZ,

g YTy 1 1



4.3 Weak Entropies and H l;cl Compactness 22

3— -1
(/\2)2 = (/\l)w = TPY, A2 — A1 = PYT(w - Z).

We now make use of the relations w = u + p?, z = u — p? in order to otbtain

Up(PaU) = nw(wv Z)’LUn + nZ(wa Z)zT]

= nw(w, 2)0p° " — n.(w, 2)0p° 71,

1
and p = (“5%)?. All of the above now show that equation (4.3.7) reduces to the following Euler-
Poisson-Darboux equation

Nwz + w ("7w - nz) =0. (4.3.8)

—Z

Recall that n is a weak entropy, hence

0=Ilimn(p,u) = lim n(w,z)
p—0

(w—2)—0
and
=3
. . w—z )\t
otw) = tim (o) = im0 (27E) T ) (0.2,

must hold. Thus we have shown (4.3.5) after applying the solution formula to the Euler-Poisson-Darboux
equation [29]. Setting m = pu allows us to write (4.3.5) equivalently as

' m =t 2\
ne.m)=p | g ;+2p2 (1—2%)1 dz.

-1

We are now going to calculate the elements of the Hessian matrix of n, which yields
1.2
v =1 13 m -1
npp:/ 1 ng’(—+zp2>z(1—z2)f\,_dz
-1 p
+/1 ( m a1 ”)2 ”(m+ “)(1 )t d
i zZp 2 g — +zp 2 -z z
S\ 22 p *
1.2
—1 -2 1 <m Ll) 2\ A+1
= ——p" g | —+2zp 2 1—=z2 dz
e , (==

1 2
-1 _ _
+p/ (—% + 1 5 2p723> g" (@ +zpw21) (1-2%)3 dz,
1\ P p

after integrating by parts to make the second derivative of g appear. Analogously we find
1/t m —1
Tnm = —/ g (— + Zp%) (1- 2%} dz,
pJ- p

1
m -1 s m -1
npmznmp=/1<—;+72 2p°? )g" (;Jrzp 2 )(1—z2)idz.

Since g is convex if and only if g” > 0 we have 1,5, mm > 0 and moreover

1 2

m —1 -3 m —1

nppnmm - (npm)2 Z / <_p2 + ’Y 2 Zp’YQ ) g// (F + Zp’yQ ) (1 — 22)?_ dZ
-1

1
X / q’ <@ + zp721'> (1-— zg)j\r dz
- p

1

1 2
m y—1 -3 m y—1
—[/ (——2+ 5 2P ? >g”<—+zp2 )(1—22)idz]
-1 p p
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where we have used the Cauchy-Schwarz inequality in the last step. Hence 7 is convex, if g is convex.
In order to verify #ii), a direct calculation shows

1
2
n =21 [ 1=t~ 20 dr

1
+ 2721,0/ 7= g+ o = 20°7) (00"~ 20077 7) ar,
0

and
2

1
N = 2ﬁp/0 [r(1 =g (u+ p” —20"7) dr.

Using the second equation we obtained after writing system (4.1.2) equivalently as (4.3.1) we get
1
2
du=pip+um, =427 [ (1= n)P g (ko 20°7)(0 - 20100 dr
0

1
+ Q%Up/ [7(1— T)])‘g/(u + po - 2p97) dr,
0

where we also made use of (4.3.5). We now integrate the above with respect to u where we will again
use integration by parts and furthermore make use of Fubini’s Theorem [20] to obtain

u u 1
q= / ndu’ + / 27219/ [r(1 =) g (W + p? —20°7)(1 — 27) p0 T drdud
0 0 0

1 u
+ 2% [/ [7(1— ’7’)])\/ u'g (v + pe — 2p97') du’dv-}
0

0

u u 1
:/ n du’ +/ zfle/ [r(1 =) g (0 + p? —2077)(1 — 27) %+t drdud
0 0 0
1 u 1
+ 2% [/ [7(1 — T)]Aug(u +p% — 2p97) dr — / / [7(1— T)])‘g(u’ +p? — 2,0‘97) drdu/
0 0o Jo
u 1 u
= / ndu’ + 2%0/ [7(1 —7)Pglu+ p? —20°7)(1 = 27)p" 1 dr — / ndu’ + nu.
0 0 0

Plugging in 7, substituting and rearranging will then yield (4.3.6). The bounds described in iv) are an
immediate consequence of the last form of equation (4.3.5) together with the fact that g € C1(R). [

The aim is to use these explicit formulas for the entropy pairs to show that they satisfy the necessary
compactness relation. The remaining part of this section is based on [18].

Lemma 4.4. For any weak entropy n(p, m) of system (4.1.2),

e((pe)z; (ms)x)v277(p€a me)((pe)a (ms)x)T (4.3.9)

18 bounded in L}OC(R x RT), where Vn denotes the Hessian matriz of n and (ps, m.) denote the viscosity
solutions.

Proof. In the following we will omit the subscript € from the viscosity solutions. We first show that

m? k2

:% v—1

*

Ui

o7

is a convex entropy of system (4.1.2). For this we calculate

2 2
m ky 4 m 0 1
V77* = (——2 + P’Y 17 _> , AP = < m? v—1 _2m> ’
20?2 y—1 p —pz Tep p
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and

P’ 202 y-—1
3 2
- m _g 3Mm Y o1
= (et g 452
One can now easily verify that ¢(p,m) = % + f;’T"f p7~1 is companion to 1. Another simple calculation
shows
3m 2 —2 m
2 * _ | 2 p?
Vet (p,m) = i |
p? P
With this we can now conclude
3m? _ m?
det (V*n*(p,m)) = P kKyp 73 + Tz

since p > 0. Hence n* is a convex entropy. Another brief calculation shows

3m? 2m 1

6(pz,mz)V2n*(p, m)(P:mmm)T =& [(_W + kQ’YP’y_Q) P?; - 7mm,09: + ;mi]

_ 1 /m 2
= ek?yp %P2 + e (;pz - mx) :

We wish to verify that for now at least e(py, my)V20*(p,m)(ps, my)T is bounded in L} (R x RY). For
this we multiply Vn* to the left of the viscous system U, + F(U), = eU,y:

VN Upe =V - (U + F(U)z) =Vn* - U+ Vn* - dF(U)Uy = n; + ¢}
If we now write Vo* - Upy = (V)* - Uy)z — U, V2*UL, the above becomes
0+ g5 — (V" - U)o = —e(Ua) V20" (Up) "
Let ¢ € CX°(R x RT) be arbitrary with ¢ > 0. Then

2, % T _ . N - . .
/R/R+ €(pz, M) VN (pr,ms)” ¢ dtdr = /R/w (id + ¢d) — (V" - (po, ma)T) o dtda
— /]R/R+ (Nt + ¢*y) — (V™ - (,Oz,mx)T)gbm dide

< M(¢),

where we have again used integration by parts, as well as the fact that the viscosity solutions are
uniformly bounded in L*°(R x R™), which implies that 7* and hence also Vn* are compactly supported.
The above now shows that €(py, m;)V2n*(p,m)(pz, mz)T is bounded in L} (R x RT) and hence since

_ 1 /m 2 _
kKyp o2 + > (;px — mz> = E*yp" % pl + pu,
we know that

1 2
ep’ 22, 5; [%pw—mx] ., epud, (4.3.10)

are locally bounded in L!'(R x RT). We now calculate all second derivatives of 1 in order to show that
the Hessian matrix of n is locally bounded in the integrable functions. The first derivatives are given by

(P m) = /01[7(1 - (% +p = 2p07> dr
+ /01[7(1 sl (% +p’ = 2/)97) (—% +(1- 27)0/)") dr
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and
1 m
m(pm) = [ =) (; s 2&) ar,
0

in view of (4.3.5). This now yields
! A m 9
motoom) = [ 1= ) ( Fol -2 )
1
—i—/ /\ "( 2p T
0
9 m 2 -1
—i—/ (1—1)] ( — 20T <?+(1—2T)9p )d’]’
m / /\ //( ,0 —2p )
+92p29_1/ [7(1— )])‘ ”< 2,097‘> (1—27)2dr

+ (04670 /0[(1—7)]A (p—{-p 2p07'>(1—27')d7'

N—— —

Q

1
+ 29@;;9—1 / [r(1 —7)]Ng" (E + 0% — 2p07'> (1 —=27)dr
P 0 P
=hLh+L+I3+14

and analogously

! PRIl 0 0 m 6—1
Nom (p, M) = ; [r(1—=7)]"g s 2p°T T (1—27)0p dr
=I5+ Ig

! Ao (M 0 59 )1
Nmm (p, M) = / [r(1—7)]"g" (; +p" —2p T) ;dT =: I7.
0

In the following we will keep using the uniform boundedness of the viscosity solutions in L>(R x R*).
Since 26 — 1 = 7y — 2 we obtain the boundedness of €(p,)%I2 in Li (R x R*) from (4.3.10). Define

loc

0r) = /07[3(1 _ P — 25)ds.

Since A > —1, £ is continuous and satisfies £(0) = ¢(1) = 0. Integrating I3 by parts now yields

1
(60 +62)

e - P20 (%40 —2er) ar

20 1/5 ( ,0—2p7'>d7,

which by the same reasons as above implies the boundedness of £(p,)?I3. Similarly we obtain the
boundedness of £(p; )1 from

1
— I, =p" 1/[T (1—7)X1—27)g" (p—i—p —2pT>d

20u
= 2p29—1/ K(T)g(?’) <; +p? — 2p97‘> dr.
0

Using m, = puy + up, we can write

epzmagls = eu(px)ng + epprugle,
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where the first term is again bounded because of (4.3.10) and we can estimate the second term as

1
leppruzls| = 59/)9/ [7(1 = )M (1 = 27)g" (% + 07— 2p97-> dT Pty
0

/01[7(1 P - 27)g" <% 40— 2p97> dr|,

which is again finite, as a consequence of (4.3.10). And lastly & ((pz)*[1 + 2pzmals + (my)?I7) is locally
bounded in L'(R x RT) because of (4.3.10) and the uniform bounds on the viscosity solutions. O

<ef (/)2"*1(/)96)2 + p(ux)z)

Lemma 4.5. Let K C R x Rt be bounded. Then

// (e(pe)a)” dadt — 0, (4.3.11)
K

Proof. We again omit the subscript ¢ and for § € (0,1) we define

as e — 0.

O ={(z,t) eRxR": p<d}, Qo={(z,t) eRxR": p>5}.

Then ; is open. Let K; C €1 be compact and choose ¢ € C2°(21) with supp ¢ C 1 compact such
that ¢ =1 on K; and 0 < ¢ < 1. Multiplying (4.2.1) by 2p yields

(PH)e + 2(p°w)z — 2pups = €(p?)z — 26(ps)?.

Consequently we obtain
[ 2etpayodsa - / / (s + 2up’ by + 2P s + 2pupsd) dadt
0 —0o0
/ / 2(pr + 2udy + edpy) dadt + 2/ / pup drdt

<06+ 25/ / upy P dxdt
0 —00

2 > o 2,2 %
< 08 + 23 Jull 2 e (/ JX dxdt)
0 —00 .
0o oo 3
< 8 +C6 (/ / (px)ngd:rdt) ,
0 —00

for some C € R, where we have used the Cauchy-Schwarz inequality and 0 < ¢ < 1. This now implies

/ / )2 dadt = // e2(pe)? ¢ dxdt < C62,
supp ¢
// £2(pg)? dadt < C62.
Ky

(R x RT) from before to obtain

which means

We can now use the boundedness of £p772(p,)? in L},

// e2(pg)tdxdt — 0, ase — 0,
K>

for any bounded set Ko C Q9 and every fixed 6 € (0,1) using the boundedness away from zero of p.
Letting 6 — 0 completes the proof. O

We can now state the main theorem of this section concerning the compactness properties of the weak
entropy pairs of system (4.1.2) with respect to the viscosity solutions.
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Theorem 4.6. For any weak entropy pair (n,q) of system (4.1.2), the sequence

Nt(pe; Me) + Gz (pe, me)
is compact in Hy,' (R x RY) with respect to the viscosity solutions (pz,mz) of (4.1.4).

Proof. We multiply the viscous system (4.1.4) by V7 to obtain

Nt(pes Me) + qz(pe, Me) = eNwa(pe; me) — €((pe)z, (ms)z)VZW(psa me)((pe)a (ms)x)T' (4.3.12)

Using that W1 is isometrically isomorphic to the dual space of WO1 1 we obtain

Ps, me th + Q(p57 ma)¢m) dxdt

(0t (pes me) P + qu(pe, me) P dmdt‘
S HnHLC’o(RXRﬂ|’¢tHL1(RxR+) + H(J||L°°(RxR+)H%HLl(RxRﬂ < C'II(Z)HW&@(RXW)

for any ¢ € Wol’l(]R x RT), hence the left hand side of (4.3.12) is bounded in W~=1°(R x R¥). The
second term on the right hand side of (4.3. 12) was proven to be bounded in L} (R x RT) in Lemma
4.4. Lastly, we can bound en,(ps, m:) € H, (R x RY) by

// e (pos o) dardt

H€77m(l357 mE) HHI_Oi(RXR"')

”¢”H1(R><]R+)<1
1
< / C(|(pe)alle] + () |(e)e 1)) dadt
H¢”H1(R><R+)<l
1
< sup [Hg(Pa)zHH(RxRﬂ”¢HH§(RxR+) + [le(pe)? (UE)xHLZ(RXR“')H¢HH§(R><]R+)
H¢||H1(RX]R+)_

(// da:dt)é + (//K e2((ue)z)*pe dmdt)él ,

for every compact K C R x RT. We cannot directly conclude by integration by parts twice, since the
test functions are only once weakly differentiable. By Lemma 4.5 we know that the first term tends to
zero for € — 0 and by (4.3.10) ep(u,)? is locally bounded in L', hence the second term tends to zero as
well, for ¢ — 0. This in particular implies that €, (p-, me) is compact in H, (R x RT). The proof is
now completed by applying Murat’s Lemma 3.18. O

4.4 Existence of Weak Solutions to the Isentropic Euler Equations

In this section we want to prove the existence of a subsequence of viscosity solutions to (4.1.2) converging
pointwise, which in return implies the existence of a weak solution to the initial value problem (4.1.2),
(4.1.3). Regarding the nature of system (4.1.2) it is eminent that different arguments have to be used
for v > 3,7 = 3 and v < 3, since the behavior at the vacuum line changes. Ultimately we will also see
that the solution we obtain as a limit of viscosity solutions fulfill the admissibility criterion (3.1.10) and
will therefore even be an entropy solution. The main theorem we want to prove is the following;:

Theorem 4.7. Let v > 1 and (p.,u:) be viscosity solutions given by (4.2.1), (4.2.2). Then there exist
subsequences of p. and u. respectively which converge pointwise to p and w. In particular there exists a
subsequence of peus converging to pu.

In virtue of Section 3.2 this is done by showing the reduction of the Young measures, associated to the
sequence of viscosity solutions, to a Dirac measures.
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4.4.1 General Results

We will first make us of the results of Sections 3.2, 3.3 and 4.2 to introduce the general starting point
for the proofs of Theorem 4.7 similar to our description in Section 3.5. For this let h,g be arbitrary
functions. Then, following [17], according to Theorem 4.3

m(p.u) = /R 9(6)G(p, &1 — w) der,  qi(p,u) = /R 9(E0)[061 + (1 — )]G p, & — u) de;

na(p, ) = /R hE)G(p.6r — u)déa,  galpo) = /R h(E)[0 + (1 — 0)ulG(p. &2 — u) dés,

are weak entropies of system (4.1.2). Theorem 4.6 now implies that (1;(p,«)): + (gi(p, 1))z are compact

in H l;cl(R x RT) for all i = 1,2, where we chose to omit the index e for the viscosity solutions. Using

equation (3.5.1) or respectively Corollary 3.16 we obtain

/ 9(6)(G (&) déy / h(&:)([06 + (1 — 0)u]G(62)) de
R R
- / h(E2)(G (&) d&s / g(E0) (106 + (1 — O)uG(E1) dé;
R R
- /R 9(E)h(E2) (G(E) 06 + (1 — O)uG(E2)) e dEs
- /R G(ENR(ENC(E)E + (1 - 0)uG(E)) derdes.

Above and in the following we introduce the following notation for the pairing with a Young measure:

GO = [ Glo& = w vt (p.u).
Since this holds for arbitrary g, h we can conclude, after simplifying,

0 [<<G<51>G<§2>> _1] L [<G<€z>u> (Gle)u) (4.4.1)

1-0 [(GE)(G(&) | &-& | (G&) (GE) )

The above equation is only meaningful for all £ where G > 0 and « # 3, the case for v = 3 will be
considered separately. Since G(p,& —u) > 0 if and only if u — p? < ¢ < u + p? the above is only well
defined for &1, &2 € C, where

C= U {&: z(p,u) <v<w(p,u)}. (4.4.2)

(psu)Esupp v

We will now prove two useful Lemmas concerning equation (4.4.1) and the set C. The first Lemma is
based on [17] and the second one is taken from [16].

Lemma 4.8. Suppose equation (4.4.1) holds for all £1,& € C. Then the function

(uG(E))
(G(8)

s non-increasing for v > 3 and non-decreasing for v < 3 on C.

I(¢) :=

Proof. For simplicity we set

in order to write (4.4.1) as

0
T fol&) (&) = H-6 |G
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for &1,& € C. Since by construction (G(&)) does not vanish on C we are allowed to let & — & =: € on
the right hand side of the above equality. This yields the following limit in the sense of a distribution

1 [(G(fz)w <G(€)U>} 3<<uG(£)>>.

boe & —C | (G(&)  (G(O) (G(6))

We wish to also send &> to € on the left hand side of (4.4.1) and to do this in the L?, (C) sense. For this

we need to verify that fo and hence G is in L?(C). A brief calculation using the definition of G' shows

A
161 = [0 (1- “—‘f) d
R :02 +

1 .
— [ pTa-Pn
-1

= 5

which could diverge if v > 5, since the viscosity solutions might not be bounded away from zero for all
e > 0. We therefore now let ¢, (£) > 0 be a mollifier and set f, := fo * pq. Then
1 [{G(&)w) <G(€)U>]

— * a (&) * a(&2). 4.4.3
e G ) ) (4
Observe that by definition of C we have fy bounded and consequently Hfa||%2(c) = HfOH%Q(C) < oo0.
Now, using the fact that the Young measures are probability measures, since the viscosity solutions are
uniformly bounded, we obtain ||{fy) H%Z(C) < oo. Hence the left hand side of Equation (4.4.3) is bounded

S INGINGE

in the L?-norm and the right hand side is well defined on C and therefore smooth after mollifying. We
may thus set & = £ and let @ — 0 which yields a distribution on the left hand side of (4.4.3). Lastly
observe that % =2Xand A > 0 for v < 3 and A < 0 for v > 3. Hence II is non-increasing for v > 3
and non-decreasing for v < 3. O

Recall that the Riemann invariants of system (4.1.2) satisfy parabolic equations and thus obey a maxi-
mum principle. We can therefore set w(p,u) < wgy and z(p,u) > 29, where wg = supC and 2o = inf C.

Lemma 4.9. Assume that C # (). Then
i) The point (wo, z0) € R X R belongs to the support of the Young measures v.

ii) C = (z0,wo) and is hence open and connected.

Proof. In view of the definition of C each state (p, u) corresponds to one interval (z,w). Hence, because
of the above mentioned maximum principle the interval (zp,wq) is the largest in the union over all
possible states. Hence i) is a direct consequence of i) as soon as we know that C is connected. Assume
that C is not connected. This implies the existence of a,b € R and § > 0 such that a < b and

[a,b)NC =0, but (a—d,a)U(bb+3)CC.
If such a, b exist then
suppry NRZN (R = V)N {(w,2):a < w,z < b} =0,

where V' denotes the vacuum line V' = {(p, u) : p = 0}. This holds, since the intersection of [a, b] and C
is empty, which implies that for all £ € [a, b] there are no (w, z) € suppv with z < & < w. This is in
particular true for £ = a and £ = b. Now choose &;1,& € (a — d,a) C C and &3 € (b,b+ 6) C C. Then

supp(G(£1)G(€3)) = supp G(&1) Nsupp G(&3) = {(w,2) : 2 <& and §3 < wh,

C | a b | C
o °

a—0 b+6
Figure 4: The choice of a and b



4.4 Existence of Weak Solutions to the Isentropic Euler Equations 30

since &1 < £3. Similarly we obtain

supp(G(&)G(&3)) = {(w,2) : 2 < b and & < w}.

But these are clearly both subsets of {(w, z);a < w,z < b} and therefore cannot contain any points of
supp v away from the vacuum. Hence

(GE)C(E) _ (CE)G(&)
(Ce)){G(&)) ~ (Gl (Cl&)

=0,

which can be shown to imply

2A(IL(&1) — T(&3)) = — (&1 — &3),  2A(TL(&2) — 11(&3)) = — (&2 — &3),

or equivalently after subtracting the two equations

2A(TI(61) — T(&2)) = — (&1 — &2)-

If A > 0 then this implies I1(£;) — II(&2) > 0 a contradiction to II being non-decreasing for A > 0, if we
choose & > &;. If however A < 0 then 5223\51 < 0 and hence II(§;) — II(§2) < 0 a contradiction to II
being non-increasing for A < 0. Suppose now that (wq, z9) ¢ supp v, then (wp, z9) € R \ supp v which
is open. We may hence choose 1, &2 close to wg and zp respectively such that (G(£1)G(§2)) = 0. Then
we can conclude with exactly the same contradiction as before. O

4.4.2 Proof for the Case of v < 3

In this section we will prove the reduction of the Young measures for the case of v < 3 which corresponds
to A > 0. The proof is again based on [16]. From equation (4.4.1) we can obtain the following expression

(G(€)G(&) 1 /52 (G()*) dr
(GIEDNG(&)) & —& Jg (G()2

Using the additivity of the integral this yields the following lemma:

Lemma 4.10. Let C # 0, then for any &1,&s,&3 € C we have

(&2 — &)(G(&3)G(&))(G(61)) = (&1 — &)(G(£3)G(61))(G(&2)) + (&2 — &1)(G(61)G(&))(G(83)). (4.4.4)

The idea is to differentiate (4.4.4) a fractional amount of times, more precisely (A 4 1)-times, since the
entropy kernel will then be of the form x~! which, interpreted as a distribution, can be written as a
linear combination of principle values and Dirac distributions. This implies that after differentiating
(A + 1)-times, the singularities of G' will appear and we will make use of these singularities to show that
the support of the Young measures is either contained in the vacuum line or a single point. Since G is
smooth on (u — p?,u + p?) for all (p,u) the singularities will appear at u =+ p?. In the following we will
show that the derivatives of G satisfy some regularity, in order to justify our process. Write

Glp,u,€) = p*f <§;—9u> :

with
fla)=(1-a*}, wze(-11).

Then for any p € R, we obtain

_ §—u
D{G(p,u, &) = p* “)"Dé‘f( 7 >

where we define the fractional derivative D* as DHg = g+ ®_,, and the convolution has to be understood
in the sense of distributions. Here ®_, = I'(—p)z " ~! where I is the Gamma-function. For more
information we refer to [14].
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Lemma 4.11. Let XA > 0, then:
i) DG € Lgmu, for allp € [1, ) if A< 1, and for all p € [1,00) if A > 1.

1
1-A
ii) D?G € Lg’mu, for all g € [1,00).

Proof. We first observe that

DeG(&, pou) = =2XME — u)(p* = (€ = W) X (ur po.us ) ()-

For A > 1 this is simply a rational function on a bounded domain hence ) is surely true, furthermore
notice that for A € (0, 1) the prefactor (£ —u) will only allow integrability up until LP where p € [1, ﬁ),
as 7% is only integrable around zero for s < 1. Similarly we can calculate

DG(&, p,u) = p’ Dy f <5p_9“) :

Integrating by parts ([A] + 1)-times, where [A] is the greatest integer of A we obtain, after omitting some

constants
DAf = faa ot = (C1)WHFL DN+ f 4 A

where we may now notice that [A\] — A > —1, hence using Young’s inequality for convolutions [2], we can
conclude that the right hand side is in L? for all ¢ € [1, 00), since M s in L7 for pE [1, /\—LP\]) and
DWFLf ¢ L4 for g € [1, ﬁ), where we again used the local integrability condition for x®. Lastly

observe that this implies
A€ u
02 ()
p

ID2G| Z//PMG
&pyu
= //p(kq“)‘g ‘D;‘f(x)’q dzdv(p,u) < oo,

for all ¢ € [1,00). O

q
d€dv(p, u)

We now want to analyze the singularities of Dé\HG(f) and for this we make use of the fact that the
Fourier transform of f is given by

F©) = le1 72031 (1)),

where

1
3’\+5, as s — 0

J)\_,’_%(S) - {s‘% [cos (s — (A + 1)%) b sin (s — (A + 1)%) +0 (S%)] , as s — 00, (44.5)

S

is the Bessel function with some normalized constants. We may now apply the Fourier transform to
D) (), which yields

DX f(a) = / e (—ie) M f(€) de

R

- / eIET (i MLF(g) de + / e~ T (—ig) M f(€) de
g[<1 €[>1

=L+

Using the behavior of J near zero and infinity as described in (4.4.5) we immediately obtain

n@)< [ eaesc
[€1<1
for some C' > 0. We further set

A
I(r) = lim If(z) = / e (—ie M (e) d

A—00 1
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and after applying some trigonometric identities to Ié“ we find
/ [cos(§ (@ + 1)) + eI cos(¢(1 - @) + isin(Am)e€0 7| dg

A o i€(1—x)
n / [sm >>+6<A+1>msm<s<1+x>>Hm(m)ef; ]dg
1

o o)«

In general all the above integrals do not exist in the limit of A — oo, however we can again make use
that the limits exist as distributions, more precisely interpret them as Fourier transforms of tempered
distributions. Applying these known results (see for example Appendix (A.1) for some derivations)
yields

Alim 215 () = [0o(z + 1) — cos(Am)dp(1 — x) — 2sin(A7) PV(1 — )]
—00
+b[H(z+1) — cos(Am)H(1 — x) + 2sin(A7) log |1 — z|] + S(z),
where &g describes the Dirac distribution, PV the principle value distribution, H the Heaviside function

and S a function in W with s € [2,00). In summary this allows us to write

D)‘HG(f) ;pw [60(& — u+ p?) — cos(Am)do (€ — u+ p?) + 2sin(AT) PV(€ — u — p)]

+ gp(’\_l)e[H(é —u+p%) — cos(Am)H(v — u — p?)
+2sin(Ar) log u + p — €] + p*1?5(¢),

and to now distributionally differentiate (4.4.4) (A + 1)-times to obtain
(&2 — £)(G(&)G(&L)NDH G (&)
— (6~ &) (CE)DICEN CE) + (6 — &) (DX CE)CENEE)  (446)
+ (A +1) (DA GE)G(E)NG()) — (D GENGENG(E)]

We will now justify that we are allowed to let {3 — & in equation (4.4.6). In the following we will omit
the additional variable from the derivative hence setting D¢, = D if the variable is clear.

Lemma 4.12. Assume that (4.4.6) holds, then
(& — E)(G(E)G(ENDMG(&))
= (b2 — &)(G(&) DM G(E))(G(&)) (4.4.7)
+ (A +1) (D G(&)G(€))(G(&)) — (DG(&)G(E))G(&))
is true for all £1,& € C.

Proof. Let ¢,1p € D(C) and let ¢. be a standard mollifier. We multiply (4.4.6) by ¢, and ¢, and
consider each term separately. For the term on the left hand side and the second term on the right hand
side of (4.4.6) we notice that G and (G) are uniformly, and even Holder continuous function in £ and it
can be shown that (DM1G(&)) and (G(&)DM1IG(&)) are measures on C, see [16]. Hence we obtain
the following limit

tim, [If [(& - GG 0 6(e)
— (& - &)<D*“G<&> (£))(G(&))] V(&) (1) pe (&1 — &3) dEsdadéy
/ (& — &) [(G(&)G(&)NDMG(&)) — (G(&) DM G(E)NG(&)) Y (&) (&) déadés,
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as a consequence of the properties of a convolution with a mollifier. For the third term on the right
hand side we can use Lemma 4.11 and the fact that G is a continuous function on C to find

hm /// D/\G (£1)G(£3))(G(&2)) — <D’\G(f1)G(§2))(G(§3))]¢(§2)¢(§1)¢5(§1 — &) d€3dadey
- // (D G(€1)G(£))(G(&)) — (D*G(&)G(E)NG(&))] v(&)d(&1) déadés.

Lastly, for the first term on the right hand side of (4.4.6) notice that D¢, - (&1 —&3) = —Dey (61 — €3),
which together with an integration by parts yields

[ 6 - e)icE@ P GE) G @G — &) deadéades

— - [[[ (@I e (GenDe (6 - e - €olen]v(e) dadéades
- [[[ @ - e aenc@neta - @) dadeds
- [[[ @ cence v - &) dadds
+ [[f (6 - (G D GeNGIENE)s(E) Desirlés - &) déadéad
- [[[ @ - e aenc@neta - e ) dadeds
- [ (6 - @)D G DG GlEN vE)sE e 6 — &) dadsadsa

At this point we may now conclude similar to the step before by using Lemma 4.11. U
Now we wish to also let £ — & =: € in (4.4.7). This is justified by the following:
Lemma 4.13. Assume that (4.4.7) holds, then

(GE)*NDMIG(E)) =(DMG()GONG(E)
)

A > A (448)
+ A+ )[(DG)GE)(DG(E)) — (D G(E)DG(E))G(€))]
is true for all £ € C.

Proof. Let ¢ € D(C) and let ¢, again be a standard mollifier. We divide (4.4.7) by (£ —&2) and multiply
by ¢ and ¢.. For the term on the left hand side and the first term on the right hand side we get

lim // DMIG(E)) — (G(E2) DM HG(E))(G(E)] SE)pelé — &) dEndt

e—0

= / [(GE)*HDMIG(E)) — (DTG (G())] o (€) de,

where we again used D¢, (& — &) = —Dg,p-(§ — &) and the fact that

// IUDMIG(E)) — (G(E)DMIGE)N(G(E)] 6(€)pe (€ — &) dEade
// (DG(E)G(E2)) (D G(€))b(€)pe (€ — &) dEnds — // DD G(E))! ()= (€ — &) dende
// (£)G(E))N (D G(E))d(€) Dey 02 (€ — &) dbnde

+ [ (6D GONDGE)Hpul - &) dead
+ // (G(&)D G(ENG(€))P (e (€ — &) déadE — // (G(&)D G(E))(G(€))D(&) Deype (€ — &o) déade
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= - // (DXG(€))pe (€ — &)[(DG(E)G(&2))$(6) + (G(E)G(E))D(€) + (G(€) De, G(62))$(€)] dEade
+ // (€ — &)[(G(&2) D G(E))(DG(€))p(€) + (G(&) D G () (G(€))¢ (€)] déade
+ // pe(€ — £)(De, G(2) DMG(E))(G(E)) b€ dd,

in order to use the integrability of DG and D*G. Letting ¢ — 0 and integrating the result by parts again
to move the derivatives off the test function ¢ we obtain the claim. We remain to show the convergence
of the second term on the right hand side. However, again by using Lemma 4.11, we obtain

[EL=EED (¢ ) de - Daiey, L)

§—&
nd D G(&)(G G
[ ZEED, (6 - g)as  (0°6ODG©O) i L(C),
where > 0 was chosen according to Lemma 4.11. O

We are now able to prove one of the main theorems in this section, which shows that even though the
(A + 1)-th derivative of G is not locally integrable, its average with respect to the Young measures is
fairly regular.

Theorem 4.14. Assume C # (). Then for all § € [0, ﬁ - 1], if A< 1 and for all § € [0,00) if A >1
we have
DM@y e LI (C).

loc

Proof. In view of equation (4.4.8) we only need to consider the integrability of (D 1G(£)G(€)),
(DAG(6)G(€)) and (D G(£)DG(€)). Since G is continuous on C we immediately obtain D G G € LY

loc
for all ¢ € [1,00]. Furthermore we obtain D*G DG € Lllot‘s for ¢ according to above, since the least

behaved parts of D*G are uniformly bounded in the L>-norm or logarithmic terms, which do not affect
the Lll;g‘s-integrability of DG. In order to verify that (D 'GG) € Lllot‘s we only need to verify that
there is some M > 0 such that for any smooth function g:

‘/@M(A%(E —u+p”) + Boo(§ —u—p’) + CPV(E—u—p?)G(€))g(€) d&‘ < Mgl 1o ()

for ]l] + ﬁ = 1, in view of the Hélder inequality ([2]). Since G vanishes at ¢ = u & p?, the first two
terms do not contribute. With this we can now bound, after making use of Fubini’s Theorem

‘ [ v - pe)G(f)g(§)>d§’ = ]< [ g et ut o opgle+us )] d§>‘

(2 (o) o] )
< Mlgllze(c),

for a suitable M > 0. O

Lastly, very similar to before, we can differentiate (4.4.7) (A + 1)-times with respect to £, and rearrange
to obtain the following, where we have also renamed &» as &;:

Lemma 4.15. Assume that (4.4.7) holds, then
A+ D(GE) (DG (&) DMG(E)) — (DMG(6)DG(9))]

= (£ = &)[(GODM'G(E)NDMIG () — (GEONDM'G(&) DM G(E)]  (4.4.9)
+ (A + 1) [(GED G(&))(DMIG(€)) — (DMIG(&))(DAG()G(€))]

1s true for all £,&1 € C in the sense of distribution.



4.4 Existence of Weak Solutions to the Isentropic Euler Equations 35

We can heuristically see why (4.4.9) will yield our result. The right hand side of (4.4.9) is again fairly
regular, since we have already shown that the first part of the first term is quite regular and also the
second term. It is only the second part of the first term where we might multiply two singularities,
however this term is compensated by the factor (£ — &;). The left hand side however is considerably
worse, since here we have two multiplications of two singularities with in particular opposite signs, which
suggests that the left hand side will yield something non-zero in the limit & — &. It is exactly this
difference in regularity between the left and right hand side which will force the support of the Young
measures to be confined to a point.

Let ¢ : R — R be a smooth function with supp¢ C (—1,0), [¢(t)dt =1 and set

t
€

o) = 2o (1), K=ot

We will first of all go through all terms on the right hand side of (4.4.9) and show that each of the terms
converges to zero in the sense of distributions. For this we first consider the second term on the right
hand side.

Lemma 4.16. Let ¢ € D(C), then

// (GEODGENDMIG()) — (DG ENND GG 6(E)p-(& - &) déadg — 0,

as € — 0.

Proof. Using the regularity property found in Theorem 4.14 together with Lemma 4.11, the above
follows immediately by the properties of a convolution and the construction of .. O

The next Lemma is going to deal with the first term on the right hand side of (4.4.9).

Lemma 4.17. Let ¢ € D(C), then

[ € - 916D G DM GE)HOp¢ - &) derde 0

and

// (61— (GEONDYG(E) DV LG(E) 6(€)p-(€ — £1) dérde — 0,

as € — 0.

Proof. Recall that there exist a,b,c € R and S € W1*(C) for s € [2,00) such that
DMIG(€) = p ad (&) + b0 (€) + cPV(§ —w)] + 5(€).

The remaining terms will not contribute, as they all have well enough integrability to vanish analogously
to as we have seen before. For the first limit notice that the singular terms containing the (A + 1)-th
derivative are averaged separately with respect to the Young measure. We may hence make use of
Theorem 4.14. For this we first consider the terms containing Dirac distributions. Since (D**'G) €
LI(C) for some 8 € (0,6)), we obtain, using Fubini’s Theorem

loc

& = OGN 5(£)NDMIG(€))p(&)pe (&1 — &) dérd

=

P [ (2 - 060600 - GO G(E) d£>
o | |§—z\|<pe(£—Z)H(DA“G(é)>Id§> 1Cl=@ ¢l =(c)
supp ¢

== (0" [IKOOMIGG+ ) ol + 21 dt> 1G]z (o

— 0,
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as ¢ — 0. Completely analogously we can see that the second term involving a Dirac distribution
vanishes as well in the limit of ¢ — 0. Lastly we need to consider the term involving the principle value.
We again make use of Fubini’s Theorem to obtain

[0 - 6@ P& D G@)en(e - )o(6)) der
<PM // PV (&1 — w) (&1 — E)p:(€ — £)G(E)d(€) (D G (€)) d£1d§>

< ,\0/ (&1 — Ope(§ — %) fuw_E)%(f_w)G(E)QZ)(é)(DHlG(f»d§1d§>,

where we used

(§1=8p:(§ — &) — (w = pe(§ —w)
& —

and the fact that the last term in the above vanishes in the principle value PV (§; — w) since it is not
singular at w = &1, as it does not depend on &;. Performing a change of variables now yields

(&1 = 8§ — &) — (w—=E)pe(§ —w)
¢ = GE(ENDG(e)

—— (= Ope(€ —w) — (&1 +w—pe( —w—&)
a <p A9// 3 G(§)¢(§)<D’\+1G(§)>d§1d§>

- < Ae//ﬂp t/+t>@(_t_t/)G(w+5t)¢(w+€t)<D)‘+1G(w+6t)>dt'dt>,

(61 —=&)pe(1 &) = (&1 —w) + (w = &)p:(§ —w)

The above can be shown to tend to zero as e — 0, since integrating over ¢’ will yield a Hilbert transform
[1], which is well defined, acting on a Schwartz function (see Appendix (A.1)) and the remaining terms
are tending to a constant in ¢ in the limit of € — 0.

To prove convergence of the second expression in our lemma we only need to consider terms that are a
product of singular parts of D*1G(&) or DAM1G(&), since all other terms can be dealt with similar to
above. Therefore, we first consider the product of two Dirac distributions:

// (&1 — O(G()(p* (a0 (&1) + b0w(€1)) (ad2(€) + 0w (€)))P(€)pe (€ — 1) dérdE

= (7 [l = ) uls — 2)+ bw = )G ls ~ wllad(€) + 80,16 )
= (p™Mafa(z — 2)(G(w))pe(z — 2) + b(w — 2){G(2))pe (2 — w)]$(2)

+ p*%bla(z — w)(G(2))pe(w — 2) + b(w — w)(G(w))pe(w — w)]p(w))
_ _ab<p2w [(G(z)>¢(z)K (Z - “’) +(G(w))p(w) K (w - Z>] >

— 0,

as € — 0 where we have integrated twice over the Dirac distribution and used the fact that K is
compactly supported together with the continuity of all remaining terms. In the next step we are going
to consider products of a Dirac distribution and a principle value. This yields

// (62— E)CO))E) o€ — £1)(p™ (a6 (61) + bou(£2)) PV (£ — w)
L PV — w)(ad(€) + b (€)) dérde

_ <pm [( - 0(6E@)0©c ~ ) PVw - 9 de
+ (6 - (G - &) PV - &) dg)
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n b( [ - G@9(E)p-t€ - w) PV(E - w)

+ / (&1 — ) (G(w) (W)= (€1 — w) PV (& — w) d&)] >
) <p2/\9 [ a(/ (2 — E)(G(E)d(E)pe(€ — 2) dt +/ (&1 — 2)(G(2))(2)pe (2 — &) dél)

E—w w—§&

w0 [G@oente - wat + [(Gnowedte - wde ) |).

Since by construction [ (t)dt = 1 the last term in the above is equal to (G(w))¢(w). Furthermore
using PV x = 1 and after substituting and rearranging terms the above becomes

a<p2)‘6[/ ((z—w)¢(w)<G(w)><Pa(w—2) (2—w—£)¢(w+§)(G(wJré“)><ﬂs(w—ZJr€)>d5

£ 3
w—z z—w)—(E+w—=2 z—w—¢&
= b(p?’((G)$ * pe(w) — ((G)d)(w))).
Again, using the continuity of G, the term belonging to the constant b tends to zero for € — 0. Let I
denote the first term corresponding to the constant a, then for any 7 > 0 we have

L) = (0™ (x0.1(0) + Xproo) () Ac(w, 2)),

a

in order to separate the cases where the density becomes small, which would mean w — z. Here we
have defined

A (w, z) == /K <£+Z—_Z) (Glw +§)>¢(w2_€) - K (*22) (G(w))d(w)
Z—w=g\ _ z—w
+¢><z><G<z>>/K< ) K

Then, by using that K is compactly supported and the fact that because of the difference structure of
the above the singularity at £ = 0 is removable, we obtain the uniform bound

|Ac(w, 2)| < C, C>0,

for all possible (w, z). If p > 7 > 0 the compact support of K implies similar to before A.(w,z) — 0,
for e = 0 and any 7 > 0. Let p < 7, then the uniform bound on A, implies

lim sup
e—0

1
—(1)’ <7220, for all T > 0,
a

which shows I — 0, for ¢ — 0.
Lastly we need to consider the product of two principle values. For this we make us of

(61 —w+w—EPV(w—-§PV(w—§)
= (& —w)PV(w =) PV(w = &) + (w— &) PV(w - &) PV(w — &)
=PV(w - &) - PV(w =),

in order to obtain
(P*(&1 = (G()P(&)pe(€ — &) PV(w — ) PV (w — &1))

= (P& —w+w — (G(E))pe(§ — &) PV(w — ) PV(w — &))
= (pP(G(€))p( ) p=(6 — &) [PV(w — &) — PV(w — §)] ),

which again tends to zero as € tends to zero. O



4.4 Existence of Weak Solutions to the Isentropic Euler Equations 38

As already discussed before, the last step consists in showing that the left hand side of (4.4.9) converges
to something non-zero in the sense of distributions.

Lemma 4.18. There exist constants A, B > 0 such that for all ¢ € D(C),

L= // GEIDGE) ~ (D@D O 6Opele - ) dade
P [A<G(Z)>¢(Z) — B(G(w))¢(w)] )
as € — 0.
Proof. We use D¢ (§ — &1) = —Dg,¢-(§ — &1) and integrate (4.4.10) by parts to obtain
// )D& GE)DG(€))$()0e (€ — &1) + (GO D5, G(61) DG(€))6(6) Dew= (€ — &1)

G(§)><D§1 (£1) D G(8)) (€)pe (€ — &1)] déade
// DEl (&1) D)‘ (f))@b(é)D&‘Ps(f — &) dérd€

—— [ ¥©OWG©OD €)eule - ) dedes + 2 [ (ODep.le - @)D GODE G derde,
where we set 1(€) = (G(£))6(€). Using the relation 2ab = a2 + b% — (a — b)2 the above yields
- [[ v c©Dy Geede - &) derde
+ [ 6@ Deecle - ) IDGOP) + (1D Glen) )] déade
- [ H@Deeule ~ ) (D61 - DAG()?) dende
- [[ v c©Dy Geede - &) derde
- [[ weDeute - (DA GENP) s
- [ #@Deecl - €)((D6(6) - DAG(E)?) deads

where we have again used D¢ (§ —&1) = —Dg, (£ —&1) in order to see that the first part of the second
term in the first equality is equal to zero after integrating by parts. Simplifying then yields

L = // FE[(IDLG(E)) — (D*GE)DLG(E)) 0= (€ — &) dérde
- / (e D&%@—glx(wa(s)—D21G<51>>2>d51d§,

and applying Lemma 4.11 shows that the first of the two integrals above converges to zero in the limit
of € going to zero. From the expression for D’1G we obtain

D*G(&, p,u) = F(&, p,u) + L(¢, p,u),
where L is a continuous function and
F(&) = p [aH (¢ — 2) + bH(§ —w) + clog ¢ — w]] € L9(C),

for suitable constants a,b,c € R. Similar to before, the regularity of L and F' reduces the behavior of
I. to the behavior of

- / B(E) Dy pe(€ — E)((F(E) — F(€1))?) dérd,
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since the remaining terms will vanish in the limit. We will now consider each term of

(F(&) — F(&))* = M[[ (H(¢—2)— H(& - 2))
+b(H(E —w) — H(& —w)) + ¢ (log |€ — w| —log ¢, — w]) ]?

separately. For the first term we integrate by parts and use Example 2.8 to obtain

(4.4.11)

(7 [ wi1Dg gt - ) (e = 2) = Hea = 2) (€ - w) ~ (6r = w) dende)
= (" [ weDaptc ~ [ - D~ ) - HE - (G~ w)
~ H(6 = DH(E—w) + H(6 - D€ - w)] dde )
= (2 [[ 6©e-te - 0860 (E - w) + duten G - )
- B H(E ~ ) = o6 H(E - 9] dide )
(i [ 6(@eds —wltrte - ) - e} + (2 [ WO~ )~ HE: - w)loule - e ),

which tends to zero as e — 0, since H(w — z) = 1 as z < w and the second term is zero because of the
choice of the support of .. Similarly we obtain, again by integrating by parts, for the second term

(5 [ w(@De e ~ ) d1(e - 2) = H(er ~ 2) (o — vl - og e — wl) dera)
= <p2w/ $(€)Deype(§ — &) (H(E = 2) log [€ — w| + H (&1 — 2) log [&1 — w) d£1d§>
; <pw [ wepede - omie - 2ogles - w d§1d5>
20 [ (e) (D — )61 — ) o — wl s
<<M//w (~Di-(€ — £)H (&1 — 2)log I&—wldfldf> >
(2] [ 6(er0tc - €108l uides + [ w(€ronte — €06~ 2)logles —ul derae]
+ (5 / B(E)pu(e — =) logé - ul e )
= (7 [[ i€ lartes — 21081 — wl — He ~ 2 ogles — wi) (e — €0 e )
ey / D(Epu(e ~ 2)log ¢~ ulds — [ w(edoels - ) logler —wldsa | ).

The first term tends to zero as € tends to zero in view of the integrability properties of 1’ and log. For
the second term we only need to notice that the potential singularity of log |[v — w| in the vacuum case
is compensated by p?*? = (w — 2z)?}. Hence the second term tends to zero as well.

Next we need to consider products of Heaviside functions and logarithms. Again, using integration by
parts and Example 2.8, we obtain

<p2>‘9//¢(§)D§1905(§ — &) (H(E —w) — H(& —w)) (log |€ — w| —log [&1 — w)) dfld§>

_ —<pw J[v@pete- et - wiosle - ul d51d5>
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" <p”9 [ #©@Deeute ~ €0 (e - w)togle — ul d§1d£>

+ (7 [ weDente - (e - wptogles — wl e )

- (™ / H(E)Dey (€ ~ E)H (6~ w) logl¢ — wldende )

< 20 [l o) w)log |¢1 — w| — H(E —w)log & — wl] p.( — &) dfld§>
- (™ / () logley — wlpe(uw — &) des — [ v(€)logle — ulpule — w) s ).

For the first of the two terms above we may conclude as before to see that it tends to zero in the limit
of € = 0. For the second term notice that we can write

<p2*“’ [ [ v@10gle — wlioule —w) de — vt [ 10gles — wlpn (o - @)d&] >
- <pM [ 16(©) — v togle — wioule — w d5>
" <pww<w> [ [ 1081 = uleelé — wyde - [ 1oglér — wlpa(w ) da] >

Using a symmetry argument we obtain that the second term above is identically equal to zero, whereas
for the first term we let o be the Holder exponent of ¢ and use the Holder inequality for Holder
continuous functions to further obtain

<p”9 / [ (€) — $(w)] log ¢ — wlipe (€ — w) d5>‘

< < 2 [11(6) — viw)oglé — wlpele - w) d§>
< <p2”/|§ — w|*log|€ — wlpe(€ — w) d§>
- <pmea [ 1wl 10g eyl ) dy> o,

as € — 0, since again the singularity of the logarithm is compensated by the prefactor.
The fourth term we need to consider is given by

_ <p2)\0 //d}(&)Dglws(& — &) [A(H(E - 2) — H(& — 2))? + P(H(E —w) — H(& — w))?

T 2(log |¢ — w| — log & — w|>2]>.

Without loss of generality we may now assume that £ < &1, which by the choice of the support of ¢
yields

(H(é1—2) — H(E = 2))* = Xjg.(&1)
(H(& —w) — H(E = w))? = X0 (&1)-

Applying integration by parts to the two terms involving Heaviside functions yields

- <,o”9 / (&) De, (€ — €1) [ X[, (€1) + DX (e (61)] d§1d£>
_ <pw [ v©0ute - &) [@¥eter) ~ 5-(60) + P (Geler) — duler)] d51d5>

_ <pw { [o©pde-de+ 8 [v(©onle - w) df] >

= = (P [aPp(2) + Po(w)] ),
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as € — 0.
Lastly we need to deal with the term involving the square of the logarithms. For this choose R > 0
large enough such that

&+ |wol| < R, V£ € supp.

Now observe
— <p2*" // Y(€)Dey (€ — 1) (log € — w| — log [&1 — w])” d£1d£>
—— <pM J] i€+ w)Deenle ~ ) tog ¢l - tog ] d51d5>
== (P [[ 1016 +0) ~ vwIniicnlDe (€ - ) logle] — og ) dende )
~ (%) [[ xienDe (¢ ~ &)toglé] - log 1) derd.

We will now, similar to before, make use of the Holder continuity of 1. For this we bound the first of
the two terms above by

(9 [ xzntwt ) 000 Desate ) ol o))
< <p2A95i2//X|g—gl|<a(10g!£\ —log!§1|)2l§!aX|£|<Rdfld§>

< (p*) // Xie-er| <1(log |e€] — log |o€11) 2 [€[*x g = dErde,

but
[l ve-eusitog e <log eI g ds = 0e") sz,

and by applying the mean value formula to the logarithms we obtain the estimate

[, it €] ~ oglega Pl g v
1
— d fo" a72d
¢ </1 2/2<£|<’j6 ) g)
a—1
=0 <£°‘ (?) ) = 0O(e).

For the second term we write

R —
[ xesnDaeete - entoplel - oglen?deias = [ [ G (S5 toslel - og el deass

3
= [, ¢ [ e~ entonlel - gl = [ e [ (1o
S :
:/\tW(t) [/_ +/ﬁ(log!1+s|)28i2ds] dt.

We now integrate the above by parts and send € to zero to obtain

|t|e
— o) 1 (] 1 2
/|t|g0’(t) [/ " +/tl6(1og|1+s|)2s—2ds] dt 620/@@)/ wczsdtzcﬂm,
- R

—00

¢ 2
1—5) O (t)dt

where we also used that the support of ¢ is contained in (—1,0). O
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We are now able to complete the proof of the reduction of the Young measures. Equation (4.4.9) and
the just found Lemmas imply

(PG)9(w)) = (P(G(2)9(2)) =0,

for all test functions ¢ € D(C). We can now choose a sequence of test functions ¢,, such that ¢, — xc,
and since (G(£)) > 0 on C we obtain
< p2,\0XC> -0

It hence follows that the Young measure v must admit the decomposition

V:E’t = /"L:E:t + ad(w(),zo)’

where f1,; is a measure with supp pz; C V, since by Lemma 4.9 we know that (wo, z9) € suppv, if
C # 0. Inserting this expression for v into (4.4.1) and rearranging yields

(a—a®) (€~ &)G(E)G(&) =0, forall €& eC.

Hence if C # () we must have @« = 1 or @ = 0, but because (wp, 209) € suppr we must have o = 1
and since v is a probability measure p = 0. This completes the proof of the reduction of the Young
measures. Applying Theorem 3.12 and subsequently Remark 3.13 we obtain a subsequence of u. and
pe converging almost everywhere.

z

w

20
P = (wy, z0) € suppv

Wo

Figure 5: The Support of the Young Measures

4.4.3 Proof for the Case of v > 3

The proof of the reduction of the Young measures for the case v > 3 is taken from [17] and makes use
of the results obtained in Section 4.4.1. The only result we need to verify is the following Lemma:

Lemma 4.19. Let B = (£-,&4) be any open connected component of C and define ug := (§+ +£-)/2.

e W) wGi©)
u u
lim > ug, lim <u
e (GO) T e (GO)
Proof. By Lemma 4.8 we already know that in the case of v > 3 the function (uG)/(G) is monotonically

decreasing and we will consider the one sided limits. Suppose G(§, p,u) > 0 in an interval ({4 —¢&,&4)
for some € > 0 then

(4.4.12)

U+p02§+—8,

holds for these values of (p,u). Furthermore the values of (p,u) satisfy £&. < u — p?. This implies

(W)

EI—I>I?+ <G(£)> 2 mln{u : (pa U) € suppv, u + p9 = §+}
> % = Uo,

by using the above inequalities on ¢_ and &£,. The second inequality follows in a similar way. O



4.4 Existence of Weak Solutions to the Isentropic Euler Equations 43

The just found Lemma together with Lemma 4.8 implies that (uG)/(G) is constant on every open
connected component of C. Hence (f2(¢)) and thus f, (&) vanish on the support of v. Letting a tend
to zero shows that so does fy(£). From this we obtain

—-1=0, V(p,u)Esuppy,

or equivalently
G(pu= = [ Glou = dvaa(p.u). (o) € suppr.

which shows v, = 0, The existence of strongly convergent subsequences of u. and p. now follows
analogously to Section 4.4.2.

4.4.4 Proof for the Case of v =3

In the case that v = 3 we also have § = 1, hence the Riemann invariants of system (4.1.2) equal the
characteristic speeds
z = )\1, w = )\2

and the families of characteristic speeds totally decouple. Furthermore there now holds

4z = 27z, Qquw = Wy

and we can therefore find entropy pairs only depending on z, for example (22, 2%) or (322,223). Let
(pe, ue) denote a sequence of viscosity solutions and consider the Riemann invariants (z., w.) of system
(4.1.2) with respect to these viscosity solutions. Following the description in Section 3.5 we obtain

Az, ) (22, 0)) = 3(22 )22 ,) = (24 v). (4.4.13)
We will now make use of the identity
A 423 (2, 0) + 622 (2, 0)? — 422, 0)3 + (2,0) = (2 — (z,v))* > 0.
Applying the Young measure v to the above equation yields
(24 v) — 4023, ) (2, v) + 6(22, 1) (2, )% — 3(z,v)* >0,

which in view of (4.4.13) implies

-3 [<227V> - <Z, V>2] >0
and hence (z?,v) = (z,v)2. We can interpret this as the probability distribution given by the Young
measures having zero variance, which implies that the Young measure reduce to Dirac measures. Hence
we again obtain the strong convergence of a subsequence of z. to (z,v). Similarly we can show that

there exists a subsequence of w. converging strongly to (w,v). In particular we obtain a weak solution
of (4.1.2) by

p= 5w )~ (z0) w= g (wv)+ (50)).

4.4.5 Additional Properties of the Solution

Regarding Theorem 3.11 and the above obtained reduction of the Young measures we can conclude that
any weak solution of (4.1.2), (4.1.3) obtained via a vanishing viscosity approach satisfies the admissibility
criterion (3.1.10). Moreover following [16] we can notice that the reduction of the Young measures and
subsequently all Theorems necessary to prove the reduction relied on the uniform L°°-boundedness of
the sequence of approximate solutions. It can therefore be shown, that very similar arguments also
apply to a sequence of admissible solutions to (4.1.2), (4.1.3) if they satisfy some uniform L*-bound.
This additionally proves the stability or compactness of weak admissible solutions to the isentropic Euler
equations, at least for the cases v < 3. As a conclusion we may therefore state the findings of the before
sections:

Theorem 4.20. The initial value problem (4.1.2), (4.1.3) with bounded initial data (4.1.3) admits a
weak solutions for all adiabatic coefficients v > 1. Furthermore the solutions obtained via the vanishing
viscosity method are admissible solutions in the sense of (3.1.10).
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5 Outlook: Measure Valued Solutions

The discussion in Section 3.5 already showed that the method of compensated compactness is only
suitable for systems with a rich family of entropy pairs and furthermore only in one spatial dimension.
The compactness arguments and more importantly the application of Young measures, as presented in
Chapter 3 work for arbitrary spatial dimension. In the following we will present some results regarding
measure valued solutions in multiple dimension for the isentropic Euler equations, to illustrate that
although being a very weak form of a solution, they are still a meaningful concept. Measure valued
solutions in multiple dimensions can be defined in a variety of ways, in this last section we will follow
the construction given in [11].

5.1 Multi-Dimensional Isentropic Euler Equations

Similar to the one dimensional case, the Euler equations describe the conservation of momentum and
the conservation of mass of a fluid

5 () + div(pu @ u) + VP(p) =0,
; (5.1.1)
5 p+div(pu) =0,

where u : (0,7) x @ — R™ and p : (0,7) x © — R are the unknown functions and © C R" is open.
In the isentropic case we will again let P(p) = cp? where ¢ > 0 is some constant and v > 1. If the
boundary of €2 is non-empty we restrict ourselves to the cases, where no fluid is flowing into our out of
the region €2, which is formalized as the boundary condition u - n = 0, where n denotes the outer unit
normal vector of 2. We furthermore introduce some initial data

u(0,2) = up(x), p(0,2) = po(x) on . (5.1.2)

Similar as to explained in Section 3.1, continuously differentiable solutions do not exist for large times.
We must therefore consider weak solutions. In case that 2 C R™ is bounded with the above imperme-
ability boundary condition we can define weak solutions according to [19].

Definition 5.1. We call (p,u) a weak solution of the initial value problem (5.1.1), (5.1.2), if p €
L>®((0,T) x Q), u e L>®((0,T) x Q;R™) and

T 0
| [ ogrs puVidude = [ ps(0.:)da
0 Jo Ot 0
as well as
/ /,ou 50+ (u@w) s Vot g7 divodsdt = - [ poug-600,") d,
0
holds for all ¢ € C°((0,T) x Q;R™) and ¢ € CX((0,T) x ).

Here : denotes the Frobenius product of two matrices and ® denotes a tensor product. Similarly as
described in Section 3.1 we can define entropies in multiple dimensions and again pose a companion law
to be satisfied. For weak solutions this companion law is again stated as an admissibility criterion. For
more information see [19].

5.2 Measure Valued Solutions to the Isentropic Euler Equations

We will define measure valued solutions to the isentropic Euler equations (5.1.1) similar to Section 3.2,
however we will also consider possible concentrations of mass and dissipative effects.

Definition 5.2. A triple (v,m, D) is called a dissipative measure valued solution of the initial value
problem (5.1.1), (5.1.2) with the isentropic pressure law with 1 < v < oo and the initial data (5.1.2) in
LY(9Q), if

i) v is a Young measure,
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i) the measure m € M((0,T) x ; R™ ™) satisfies
m(dx dt) = my(dz) ® dt,
for a family of measures t — my € L*((0,T); R™*™).
iii) D € L*(0,T) with D > 0 and
|mqe| () < CD(t), for almost every t € (0,T),
and some constant C' > 0.

iv) The momentum equation

T
0
/ / (ot vas) 526+ (pu ® ) : Vo -+ {7, i) div g
0 Q

+ /OT/QV¢> sdmy dt = —/onuo¢(-,0) dz,

holds for all ¢ € C°([0,T) x Q;R™).

v) The continuity equation

T 0
| v g+ vy - Vs dadt = = | o 0)
holds for all 1 € C([0,T") x €2).

vi) The energy inequality

1 1 1 1
3 | ol + 507 v do+ DO < 5 [ plul? + o

is satisfied for almost every t € (0,T).

Condition vi) in the above definition can be interpreted as an admissibility criterion, which physically
states that the energy of the system is bounded by the initial energy. It is a special case of the more
general entropy admissibility criterion. However it turns out, that a weak solution is entropy admissible,
if and only if it satisfies the special energy admissibility (for a proof see [19]). The first terms correspond
to the kinetic energy and the second ones to the potential energy. Furthermore the measure m represents
the possible concentration of mass at certain points in space and is therefore sometimes referred to as
a defect measure. The bounded function D represents the dissipation of energy. Hence in the case
(,0,0) the measure valued solution is purely oscillatory and will therefore be called an oscillatory
measure valued solution.

The advantage of these dissipative measure valued solutions is that a global existence result, at least
where approximate solutions are known to exist (this is the case for v > %), can be established easier.

Theorem 5.3. Let the initial data (5.1.2) be in L*(Q) and LY(Q) respectively. Then there exists
a dissipative measure valued solution of the initial value problem (5.1.1), (5.1.2) with the isentropic
pressure law.

Proof. See [11]. O

For a proof we refer to [11], the idea however is to again make use of the Young Measure Representation
Theorem, applied to a viscous approximation. Unlike the viscosity solutions found in Section 4.2, the
approximate solutions here do not satisfy a uniform L*°-bound. The non-linear terms might therefore
not be suitable test-functions in Theorem 3.7 and must therefore be interpreted as measures themselves.
In multiple dimensions even admissibility does not suffice to achieve uniqueness of weak solutions ac-
cording to [19]. Therefore measure valued solutions will not admit unique solutions either. Suppose
however that our initial data (5.1.2) gives rise to a continuously differentiable solution. Then the dis-
sipative measure valued solution corresponding to this initial data will collapse to the strong solution.
This result is often referred to as weak-strong uniqueness.
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Theorem 5.4. Let the initial data (5.1.2) give rise to a continuously differentiable solution (p,u) €
(CLH([0,T) x Q),CH[0,T) x R™) of (5.1.1), with p > 0 everywhere and a dissipative measure valued
solution (v,m, D), then (v, m, D) = (0(,.u),0,0).

Proof. See [11]. O

Notice that weak-strong uniqueness is in this case only possible away from the vacuum.

Although measure valued solutions are a very broad solution concept it can be shown for the incom-
pressible Euler equations, that every measure valued solution stems from a sequence of weak solutions,
and hence the two solution concepts carry the same information, see for example [25]. The existence
of the former can however be proven much simpler. For the isentropic (compressible) Euler equations
(5.1.1) not every measure valued solution comes from a sequence of weak solutions. One may however
interpret the requirement of measure valued solutions being generated by weak solutions, as again an
admissibility criterion for measure valued solutions, in the sense that measure valued solutions, which
were not generated by a sequence of weak solutions, are discarded as unphysical.
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6 Summary and Conclusion

Since this thesis focused on the crucial results and concepts needed to apply the method of compensated
compactness there are still many additional aspects regarding the theory of compensated compactness
which have not been introduced here. In [4] one can find a different approach to constructing viscosity
solutions in a more physical way. Besides constructing approximate solutions using the vanishing vis-
cosity approach it is also possible to obtain these approximations in a different way. The paper [3| made
use of numerically generated approximate solutions using the Lax-Friedrichs scheme and subsequently
proved their convergence to a weak solution. Furthermore, the method of compensated compactness
has successfully been applied to a large number of one dimensional systems of conservation laws, see for
example [18] or [4] for collections of more applications. It is however equally relevant to mention the
restrictions of the method presented. In this thesis the method of compensated compactness was applied
to a system of two conservation laws. As already explained in Section 3.5, the crucial requirement is
to have a rich family of entropy pairs. This limits the applications of this method to systems of at
most two conservation laws, since only then will the governing equations of the entropy pairs not be
overdetermined, or larger systems that happen to have a flexible family of entropy pairs. Systems of
the latter type are referred to as 'rich systems’ and one can find further information in [22]. Regarding
these limitations, especially the concept of measure valued solutions, which were shortly presented in
Chapter 5, have become a more investigated idea, see for example [11] for a survey. Although existence
can be established easier, finding correct selection criteria in order to filter out the relevant solutions
remains a vivid field of study. A thorough construction of dissipative measure valued solutions as well
as numerical schemes for approximate solutions in multiple dimensions can be found in the monograph
[9].

As a summary, in chapter 3 the general problem of solving one dimensional hyperbolic systems of con-
servation laws was introduced. Consequently, the key results from L.C. Young, L. Tartar, and F. Murat
were presented to formulate the method of compensated compactness. In Chapter 4 this method was
applied to the isentropic Euler equations to prove the existence of weak entropy solutions to the given
initial value problem, where the initial data was only assumed to be bounded.

We may hence conclude that, considering the used references, this thesis introduced the method of com-
pensated compactness and applied this method to the isentropic Euler equations to obtain an existence
result and thereby collected the required results for this proof. In one spatial dimension an existence
theorem for large initial data has therefore been stated and proven. The existence of entropy admissible
solutions for arbitrary bounded initial data to the multi-dimensional Euler equations is still an open
problem.
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A Appendix

A.1 Further Information on Distributions and Fourier Transforms

In this section we give some additional information regarding distributions in order to justify some of
the relations used in Section 4.4.2. The results and definitions are based on [21]. For this we need a
different class of test functions:

Definition A.1. A function f € C*®°(R"™) is called a Schwartz function, if for all « € N™ and all ¢ € N
there holds
sup (1 + |z)|DYf(z)] < co. (A.1.1)
zeR™

We will denote the space of all Schwartz functions by S(R™).

The condition (A.1.1) implies that f vanishes faster than any polynomial at infinity. Obviously this is
a generalization of our before used test functions, as we have D(R™) C S(R").
Let «, 8 € N then we can define the (semi)norms

PDYf(x)|, VfeSRY. (A.1.2)

a,5(f) = sup
rER™

Definition A.2. We call a linear map T : S(R™) — C a tempered distribution and write T € S’(R™) if
T is continuous with respect to the topology induced by (A.1.2), i.e. there are finitely many «, B; such
that

N
T <CD qans(f), Vf €SR").
=1

The sequence of (semi)norms

pn(f) = sup (14 [z))"[Df(z)],
z€R" |a|<n

defines the same topology on S as (A.1.2).
Ezample A.3. Consider the function % ¢ L'(R). We can define a distribution corresponding to % by

PVi(¢) :=lim @) 4o Vo e S(R).
T E— R*[*E,E] X

Then this is well defined as a tempered distribution and we call it the principle value (distribution).

Definition A.4. Let f € L'(R™), we define f : R" — C by
i) =/ e " f(x) da (A.1.3)

and call f the Fourier transform of f: F(f)(€) = f(£).

It can be shown that the Fourier transform is a well defined, linear and continuous map between Schwartz
spaces. Furthermore the Fourier transform acts on a derivative as

F(DZ)(E) =& F (&), (A.1.4)

where €& = (€21 ... 2T Furthermore there exists an inverse:
1> »Sn

Theorem A.5 (Theorem of Inversion). Let f € S(R™), then

__ 1 pirE §
) = e [ e € e

and the Fourier transform has an inverse F~!: S(R") — S(R") with
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We can even extend the definition of a Fourier transform to tempered distributions.

Definition A.6. Let T € S'(R"). We then define the Fourier transform of F(T) =T by

A~

T(¢) = T(¢) = (T, §)s1(Rn)yx5(r")-

Example A.7. We can calculate the Fourier transform of the tempered distribution given by the function
constantly equal to 1.

~

(1, d)srxs = (1,9)srxs = - p(€) d¢ = (2m)"

1 '0.6 i
(A — 2 n
g [ €U0l & = 200,
hence 1 = (27)"dp.
Example (A.7) implies flA cos(é(x +1))dé — do(x + 1) for A — oco. Similarly, upon using 2.8 we can
see that A
/ Sm(é(éi—i_x))d{%fl(x—i—l) for A — oo,
1

g(mﬁ@+n>
ox £

since

) = cosleta + 1)
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