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GLOBAL ILL-POSEDNESS OF THE ISENTROPIC SYSTEM OF GAS
DYNAMICS

ELISABETTA CHIODAROLI, CAMILLO DE LELLIS AND ONDREJ KREML

ABSTRACT. We consider the isentropic compressible Euler system in 2 space dimensions
with pressure law p(p) = p? and we show the existence of classical Riemann data, i.e. pure
jump discontinuities across a line, for which there are infinitely many admissible bounded
weak solutions (bounded away from the void). We also show that some of these Riemann
data are generated by a 1-dimensional compression wave: our theorem leads therefore to
Lipschitz initial data for which there are infinitely many global bounded admissible weak
solutions.

1. INTRODUCTION

Consider the isentropic compressible Euler equations of gas dynamics in two space di-
mensions. This system consists of 3 scalar equations, which state the conservation of mass
and linear momentum. The unknowns are the density p and the velocity v. The resulting
Cauchy problem takes the form:

A + divy(pv) = 0
di(pv) + div, (pv @ v) + Va[p(p)] = 0 (1.1)
p%-, 83 =/ |

The pressure p is a function of p determined from the constitutive thermodynamic relations
of the gas under consideration and it is assumed to satisfy p’ > 0 (this hypothesis guarantees
also the hyperbolicity of the system on the regions where p is positive). A common choice
is the polytropic pressure law p(p) = kp? with constants k > 0 and 7 > 1. The classical
kinetic theory of gases predicts exponents v = 1 + %, where d is the degree of freedom
of the molecule of the gas. Here we will be concerned mostly with the particular choice
p(p) = p?. However several of our technical statements hold under the general assumption
p’ > 0 and the specific choice p(p) = p? is relevant only to some portions of our proofs.

It is well-known that, even starting from extremely regular initial data, the system (1.1)
develops singularities in finite time. In the mathematical literature a lot of effort has been
devoted to understanding how solutions can be continued after the appearance of the first
singularity, leading to a quite mature theory in one space dimension (we refer the reader
to the monographs [1],[7] and [18]). In this paper we show that, in more than one space
dimension, the most popular concept of an admissible solution fails to yield uniqueness even
under very strong assumptions on the initial data. In particular we consider bounded weak

solutions of (1.1), satisfying (1.1) in the usual distributional sense (we refer to Definition
1
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3.1 for the precise formulation), and we call them admissible if they satisfy the following
additional inequality in the sense of distibutions (usually called entropy inequality, although
for the specific system (1.1) it is rather a weak form of energy balance):

0y (pe(p) + p%) + div, [(ﬂe(p) + p% +p(p)> v] <0 (1.2)

where the internal energy ¢ : Rt — R is given through the law p(r) = r2¢/(r). Indeed,
admissible solutions are required to satisfy a slightly stronger condition, i.e. a form of (1.2)
which involves also the initial data, see Definition 3.2. For all solutions considered in this
paper, p will always be bounded away from 0, i.e. p > ¢y for some positive constant cg.
We denote the space variable as x = (z1,73) € R? and consider the special initial data

(p_,v_) ifaxy <0
(" (x),0°(2)) := (1.3)
(P, v4) if o >0,

where p4,v4 are constants. It is well-known that for some special choices of these constants
there are solutions of (1.1) which are rarefaction waves, i.e. self-similar solutions depending
only on t and x5 which are locally Lipschitz for positive ¢ and constant on lines emanating
from the origin (see [7, Section 7.6] for the precise definition). Reversing their order (i.e.
exchanging + and —) the very same constants allow for a compression wave solution, i.e.
a solution on R?x| — oo, 0] which is locally Lipschitz and converges, for ¢ 1 0, to the jump
discontinuity of (1.3). When this is the case we will then say that the data (1.3) are
generated by a classical compression wave.
We are now ready to state the main theorem of this paper

Theorem 1.1. Assume p(p) = p*. Then there are data as in (1.3) for which there are
infinitely many bounded admissible solutions (p,v) of (1.1) on R? x [0, c0[ with inf p > 0.
Moreover, these data are generated by classical compression waves.

It follows from the usual treatment of the 1-dimensional Riemann problem that for the
data of Theorem 1.1 uniqueness holds if the admissible solutions are also required to be
self-similar, i.e. of the form (p,v)(z,t) = (7" (%) , W (%2)) and to have locally bounded
variation (see Proposition 8.1). Note that such solutions must be discontinuous, because
the data of Theorem 1.1 are generated by compression waves. We in fact conjecture that
this is the case for any initial data (1.3) allowing the nonuniqueness property of Theorem
1.1: however this fact does not seem to follow from the usual weak-strong uniqueness (as
for instance in [7, Theorem 5.3.1]) because the Lipschitz constant of the classical solution
blows up as t | 0. Related results in one space dimension are contained in the work of
DiPerna [15] and in the works of Chen and Frid [3], [4].

As an obvious corollary of Theorem 1.1 we arrive at the following statement.

Corollary 1.2. There are Lipschitz initial data (p°,v°) for which there are infinitely many
bounded admissible solutions (p,v) of (1.1) on R? x [0, 00| with inf p > 0. These solutions
are all locally Lipschitz on a finite interval on which they all coincide with the unique
classical solution.
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We note in passing that, although the last statement of the corollary can be directly
proved following the details of our construction, it is also a consequence of the admissibility
condition, the Lipschitz regularity of the compression wave (before the singular time is
reached) and the well-known weak-strong uniqueness of [7, Theorem 5.3.1].

1.1. h-principle and the Euler equations. The proof of Theorem 1.1 relies heavily on
the works of the second author and Lészlé Székelyhidi, who in the paper [10] introduced
methods from the theory of differential inclusions to explain the existence of compactly
supported nontrivial weak solutions of the incompressible Euler equations (discovered in
the pioneering work of Scheffer [19]; see also [20]). It was already observed by the same
pair of authors that these methods could be applied to the compressible Euler equations
and lead to the ill-posedness of bounded admissible solutions, see [11]. However, the data
of [11] were extremely irregular and raised the question whether the ill-posedness was due
to the irregularity of the data, rather than to the irregularity of the solution.

A preliminary answer was provided in the work [5] where the first author showed that
data with very regular densities but irregular velocities still allow for nonuniqueness of
admissible solutions. The present paper gives a complete answer, since we show that even
for some smooth initial data nonuniqueness of bounded admissible solutions arises after the
first blow-up time. It remains however an open question how irregular such solutions have
to be in order to display the pathological behaviour of Theorem 1.1. One could speculate
that, in analogy to what has been shown recently for the incompressible Euler equations,
even a “piecewise Holder regularity” might not be enough; see [13], [14], [16], [2] and in
particular [8].

This paper draws also heavily from the work [22] where Székelyhidi coupled the methods
introduced in [10]-[11] with a clever construction to produce rather surprising irregular
solutions of the incompressible Euler equations with vortex-sheet initial data. This work
of Székelyhidi was in turn motivated by the so-called Muskat problem (see [6], [23] and [21];
we moreover refer to [12] for a rather detailed survey). Indeed the basic idea of looking for
piecewise constant subsolutions as defined in Section 3 stems out of several conversations
with Székelyhidi and have been inspired by a remark of Shnirelman upon the proof of [22].

1.2. Acknowledgements. The research of Camillo De Lellis has been supported by the
SNF Grant 129812, whereas Ondiej Kreml’s research has been financed by the SCIEX
Project 11.152. The authors are also very thankful to Laszlé Székelyhidi for several en-
lightning conversations.

2. IDEAS OF THE PROOF AND PLAN OF THE PAPER

2.1. Subsolutions. Especially relevant for us is the appropriate notion of subsolution,
which allows to use the methods of [10]-[11] to solve the equations and impose a certain
specific initial data. We give here a brief description of the concept of subsolution relevant
to us and refer to [12] for the motivation behind it and its links to existing literature in
physics and mathematics.
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Consider first some data as in (1.3). We then partition the upper half space {t > 0} in
regions contained between half-planes meeting all at the line {¢ = x5 = 0}, see Definition
3.3 and cf. Figure 1. We then define the density function p = p to be constant in each
region: this density function will indeed give the final p for all the solutions we construct
and it is therefore required to take the constant values p+ in the outermost regions Pi.

t A

FiGURE 1. A “fan partition” in five regions.

We then solve the compressible Euler equations (1.1) in each region P,..., Py using
the methods of [11]. Indeed observe that in each such region the density is constant
and thus it suffices to to construct solutions of the incompressible Fuler equations with
constant pressure. Employing the methods of [11] we can also impose that the modulus
of the velocity is constant (in each region): its square will be denoted by C;. In [11] such
solutions are constructed adding oscillations to an appropriate subsolution, which consists
of a pair ¥,u of smooth functions, the first taking values in R? and the second taking
values in the space of symmetric, trace-free 2 x 2 matrices. These functions satisfy the
linear system of PDEs

0v+div,u =0

div,v = 0.

and a suitable relaxation of the nonlinear constraints u = v ® v — %Id.

In our particular case we will choose our subsolutions to be constant on each region
P;: the corresponding values will be denoted by (p;, v;, u;) and the corresponding glob-
ally defined (piecewise constant) functions (p,7,w) will be called fan subsolutions of the
compressible Euler equations. We then wish to choose our subsolution so that, after solv-
ing (1.1) in each region P; with the methods of [11], the resulting globally defined (p,v)
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are admissible global solutions of (1.1). This leads to a suitable system of PDEs for the
piecewise constant functions (p, v, w) which are summarized in the Definitions 3.4 and 3.5.
In Section 3 we then briefly recall the notions of the papers [10]-[11] and in Section 4 we
describe how to suitably modify the arguments there to reduce the proof of Theorem 1.1
to the existence of the “fan subsolutions” of Definitions 3.4 and 3.5: the precise statement
of this reduction is given in Proposition 3.6.

2.2. The algebraic system. In Section 5, by making some specific choices, the existence
of such subsolution is reduced to finding an array of real numbers satisfying some algebraic
identities and inequalities, see Proposition 5.1. Indeed, since the functions (p, v, u) assume
constant values in each region of the fan decomposition, these conditions are nothing but
suitable “Rankine-Hugoniot type” identitites and inequalities. Although at this stage all
computations can be carried in general, we restrict our attention to a fan decomposition
which consists of only three regions. Therefore, the resulting solutions provided by Propo-
sition 3.6 (and therefore also those of Theorem 1.1) will take the constant values (p,vy)
outside a “wedge” of the form P, = {v_t < x5 < v;t}: inside this wedge the solutions will
instead behave in a very chaotic way.

Thus far, all the statements can be carried out for a general pressure law p. In the case
p(p) = p? we also compute explicitely the well-known conditions that must be imposed on
the velocities v and p4 so that the corresponding data (1.3) are generated by a compression
wave: this gives then an additional constraint. Observe that for such data the “classical
solution” will be a simple shock wave traveling at a certain speed, whereas the nonstandard
solutions of Theorem 1.1 “open up” the singularity and fill the corresponding region P;
with many oscillations.

Coming back to the algebraic constrains of Proposition 5.1, although there seems to
be a certain abundance of solutions to this set of identities and inequalities, currently we
do not have an efficient and general method for finding them. We propose two possible
ways in the Sections 6 and 7. That of Section 6 is the most effective and produces the
initial data of Theorem 1.1 which are generated by a compression wave. That of Section
7 is an alternative strategy, where, instead of making a precise choice of the pressure law
p, we exploit it as an extra degree of freedom: as a result this method gives data as in
Theorem 1.1 but with a different pressure law, which is essentially a suitable smoothing
of the step-function. We also do not know whether any of these data are generated by
compression waves.

2.3. Classical Riemann problem. Finally in Section 8 we show that the self-similar
solutions to (1.1)-(1.3) are unique: this follows from classical considerations but since we
have not been able to find a precise reference, we include the argument for completeness.

3. SUBSOLUTIONS

3.1. Weak and admissible solutions of (1.1). We recall here the usual definitions of
weak and admissible solutions to (1.1).
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Definition 3.1. By a weak solution of (1.1) on R? x [0, oo[ we mean a pair (p,v) € L>®(R?x
0, 0o]) such that the following identities hold for every test functions ¢» € C>°(R? x [0, oo),
¢ € C(R? x [0, 00]):

| [ oo Vevtdadt+ [ Peppieoids = o (3.1)
0 R2 R2

/0°° /R2 [pv - 019+ pv @ v : Dpgp + p(p) div, ¢] + /}R2 P2(2)0°(x) - p(z,0)dz = 0. (3.2)

Definition 3.2. A bounded weak solution (p,v) of (1.1) is admissible if it satisfies the
following inequality for every nonnegative test function ¢ € C°(R? x [0, oc]):

/OOO /RQ [(pe(p) + p%) Oip + <P€(P) + p% +p(p)> v- Ve

+/R2 (po(fli)&(ﬂo(ﬂ?))wo(@w)%)') p(e,0)dz > 0. (3.3)

3.2. Subsolutions. To begin with, we state more precisely the definition of subsolution
in our context. Here S3** denotes the set of symmetric traceless 2 x 2 matrices and Id is
the identity matrix. We first introduce a notion of good partition for the upper half-space
R?x]0, ool.

Definition 3.3 (Fan partition). A fan partition of R?x]0, 00| consists of finitely many
open sets P_, Py, ..., Py, P, of the following form
Po={(x,t):t>0 and zy <v_t}
P, ={(z,t):t>0 and x9 > vt} (3.5)
P={(z,t):t >0 and v 1t < zy <t}
where v_ =1y < v; < ... < vy = vy is an arbitrary collection of real numbers.
The next two definitions are then motivated by the discussion of Section 2.1. However at
the present stage it is not completely clear why the relevant partial differential equations

(and inequalities!) for the piecewise constant solutions are given by (3.8), (3.9) and (3.10):
their role will become transparent in the next subsection when we prove Proposition 3.6.

Definition 3.4 (Fan Compressible subsolutions). A fan subsolution to the compressible
Euler equations (1.1) with initial data (1.3) is a triple (p,9,u) : R?x]0, oo[— (RT,R?, §5*%)
of piecewise constant functions satisfying the following requirements.
(i) There is a fan partition P_, Py,..., Py, P, of R*x]0, oo such that
N
(ﬁ’ v, ﬂ) = Z(pia Vi, ui)lpi + (10—7 v, u—>1P7 + (p+> a) u+)1P+
i=1

where p;, v;, u; are constants with p; > 0 and uy = vL ® vy — %|Ui|21d;



GLOBAL ILL-POSEDNESS FOR COMPRESSIBLE EULER 7

(ii) For every i € {1,..., N} there exists a positive constant C; such that

G

(iii) The triple (p,,w) solves the following system in the sense of distributions:

0ip+div,(pv) = 0 (3.8)
__ L 1 2
0,(p) + divs (p7) + V. | p(p) + 5 > Cipilp +pPol1pup | | =0 (3.9)

Definition 3.5 (Admissible fan subsolutions). A fan subsolution (p,7,u) is said to be
admissible if it satisfies the following inequality in the sense of distributions

2

N
=1

It is possible to generalize these notions in several directions, e.g. allowing partitions with
more general open sets and functions v;, u; and p; which vary (for instance continuously)
in each element of the partition. It is not difficult to extend the conclusions of the next
subsection to such settings. However we have chosen to keep the definitions to the minimum
needed for our proof of Theorem 1.1.

0, (9<(p)) + div, [(7E(p) + p(p)) 7] + (ﬁwlmup_) +div, (ﬁ@mmup_)

3.3. Reduction to admissible fan subsolutions. Using the techniques introduced in
[10]-[11] we then reduce Theorem 1.1 to finding an admissible fan subsolution. The precise
statement is given in the following proposition.

Proposition 3.6. Let p be any C* function and (p+,v+) be such that there exists at least
one admissible fan subsolution (p,v,w) of (1.1) with initial data (1.3). Then there are
infinitely many bounded admissible solutions (p,v) to (1.1)-(1.3) such that p = p.

The core of the proof is in fact a corresponding statement for subsolutions of the incom-
pressible Euler equations which is essentially contained in the proofs of [10]-[11]. However,
since our assumptions and conlusions are slightly different, we state them in the next
lemma.

Lemma 3.7. Let (0,7) € R? x §™* and C' > 0 be such that 9 ® 0 — @ < $1d. For any
open set 2 C R? x R there are infinitely many maps (v,u) € L®(R? x R, R? x 83*?) with
the following property
(i) v and u vanish identically outside 2;
(i) div,v =0 and O + div, u = 0;
(i) (0+2v) @ (0+v) — (A +u) = $1d a.e. on Q.
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The proof is a minor variant of the ones given in [10]-[11] but since none of the statements
present in the literature matches exactly the one of Lemma 3.7 we give some of the details
in the next Section, referring to precise lemmas in the papers [10]-[11]. For the moment
we show how Proposition 3.6 derives from Lemma 3.7.

Proof of Proposition 3.6. We apply Lemma 3.7 in each region 2 = P, and we call (v, u;)
any pair of maps given by such Lemma. Hence we set

_|_

S
I
S|

Is

s
Il
N

(3.11)

=

wi=T+ (3.12)

=1

whereas p = p (as claimed in the statement of the Proposition!). We next show that the
pair (p,v) is an admissible weak solution of (1.1)-(1.3). First observe that div,(p;v,) = 0
since p; is a constant. But since v, is supported in P, and p = p = p; on F;, we then
conclude div,(pv;) = 0. Thus we have

Op + divy(pv) = Opp + div, (p_v + m)

=0up + diva(pv) + Y _ diva(pu;) = 01 + div,(pv) = 0 (3.13)

in the sense of distributions. Moreover, observe that

vy @ vy on P,
VRV = V- R v_ on P_
(’Uz"i_yl)@(%‘i‘yl):Uz—i‘ﬂz—i‘%ld OIlPi

and

U+®U+—%|’U+|2]:d on P+

S
Il

v-®v_— v [Id  on P_
U; on P;.
Moreover, on each region P; we have

2 C.
pv®v:p(v®v—%ld)+’0 :

2

Ci’i
Id = 73 + pi; + 2p Id.
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Hence, we can write

Oi(pv) + div,(pv @ v) + V. [p(p)] = 0 (p_v + Z piz_zz-) + div, (p_u + Z pigz)

+V, ( ZC’pzlp + = |v p_1p + = |v+| p+1p+>
=0, (pv) + div, () + V, ( Zcpzlp +5 !v Pp-1p + !v+! p+1p+>
+Y " pi Oy + div,u, (3.14)
p —_———

=0

Therefore, by Definition 3.4 we conclude 0;(pv) 4 div,(pv ® v) + V. [p(p)] = 0.
Next, we compute

2 2
O (pf(p) + %p) + div, ((pﬁ(p) + %p +p(p)) )
1 v_|? vy |?
=0, (ﬁE(ﬁ) + 2501'/% ; | 2‘ p-1p_ + | ;' P+1P+>

(,06 Z “Cipid | 1p +|U;|2p+1p+> <@+Zyi)]

i

+ div,,

Using the condition (3.10) we therefore conclude

) (ps(/)) + %p) + div, ((pE(p) + %p +p(p)> )
<Zd1vx [_ ( 7) + p(p +Z Copiip + 2|2p 1p + |”;|2p+1p+>} (3.15)

(. i
g

=0

in the sense of distributions. Observe however that the function p is constant on each P,
on which v, is supported. Thus

2 2

Oy <P5(P) + %p) + div, ((ps(p) + %p +p(p)) > <> odiveu, =0.  (3.16)
So far we have shown that (3.1), (3.2) and (3.3) hold whenever the corresponding test
functions are supported in R?x]0, co[. However observe that, since as 7 | 0 the Lebesgue
measure of P; N {t = 7} converges to 0, the maps p(-,7) and v(-,7) converge to the maps
p® and v° of (1.3) strongly in L} . This easily implies (3.1), (3.2) and (3.3) in their full
generality. For instance, assume ¢ € C>°(R?x] — 00, 00[) and consider a smooth cut-off
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function ¥ of time only which vanishes identically on | — 0o, €] and equals 1 on |d, co[, where
0 < e < d. We know therefore that (3.1) holds for the test function ¥, which implies that

00 é
/ / U [pO) + pv - Vb] dadt + / / 9 () p(z, t)(z, t)dedt = 0.
0o Jr2 0 JRr2

Fix 0 and choose a sequence of ¥ converging uniformly to the function

0 if t <0
nt) =< 1 if t >0
¢ if0<t<3s

and such that their derivatives 19 converge pointwise to %1}075[. We then conclude

o9 1 1
/0 /11@2 npd) + pv - Vbl dedt + 5/0 /R2 p(z,t)(x, t)dxdt = 0.

Letting 6 4 0 we conclude (3.1).
The remaining conditions (3.2) and (3.3) are achieved with analogous arguments, which
we leave to the reader. 0

4. PROOF OF LEMMA 3.7

4.1. Functional set-up. We define X to be the space of (v, u) € C=(€2, R? x S3*?) which
satisfy (i) and the pointwise inequality (0+v) ® (041v) — (@+u) < $Id. We then take the
closure X of Xy in the L> weak* topology and recall that, since X is a bounded (weakly*)
closed subset of L* such topology is metrizable on X, giving a complete metric space
(X,d). Observe that any element in X satisfies (i) and (ii) and we want to show that on a
residual set (in the sense of Baire category) (iii) holds. We then define for any N € N\ {0}
the map Iy as follows: to (v,u) we associate the corresponding restrictions of these maps
to By (0)x] — N, N[. We then consider Iy as a map from (X, d) to Y, where Y is the space
L>®(Byn(0)x] — N, N[, R? x §3*?) endowed with the strong L? topology. Arguing as in [10,
Lemma 4.5] it is easily seen that Iy is a Baire-1 map and hence, from a classical theorem
in Baire category, its points of continuity are a residual set in X. We claim that

(Con) if (v,u) is a point of continuity of I, then (iii) holds a.e. on By (0)x] — N, NJ.
(Con) implies then (iii) for those maps at which all Iy are continuous (which is also a
residual set).

The proof of (Con) is achieved as in [10, Lemma 4.6] showing that:

(C) If (v,u) € Xo, then there is a sequence (vg,uy) C Xo converging weakly* to (v, u)
for which

2
timinf 13+ vyl 2y > 117+ vy + 8 (CIT = 15+ 0lifaqr )

where I' = By (0)x] — N, N[ and /3 depends only on I'.
Indeed assuming that (Cl) holds, fix then a point (v,u) € X where Iy is continuous
and assume by contradiction that (iii) does not hold on I'. By definition of X there is a
sequence (v, u;,) C Xo converging weakly* to (v, u). Since the latter is a point of continuity
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for Iy, we then have that v, — v strongly in L?(T"). We apply (Cl) to each (v, ;) and
find a sequence {(vy j, ux )} such that

2
lmn inf 5+ v 2 2 17+ 2ellZagey + 8 (CIT] = 117+ el

and (vgj, uk;) —* (vg,u;). A standard diagonal argument then allows to conclude the
existence of a sequence (v (i), Ur,j(k)) Which converges weakly* to (v, u) and such that

2
lim inf |3+ vk g |20y = 119 + 2llZ2r) + 5 (CIFI —||v +y||iz(r)> > |54+ vl 2y -

However this contradicts the assumption that (v, u) is a point of continuity for Iy.
In order to construct the sequence of (Cl) we appeal to the following Proposition and
Lemma.

Proposition 4.1 (Localized plane waves). Consider a segment o = [—p,p] C R? x Sg*?,
where p = N[(a,a ® a) — (b,b @ b)] for some A > 0 and a # +b with |a| = |b| = V/C. Then
there exists a pair (v,u) € CZ(B1(0)x] — 1,1[) which solves
o +dive,u =0
(4.1)

div,o =0
and such that

(i) The image of (v,u) is contained in an e-neighborhood of o and [(v,u)dx dt = 0;
(i) [ |v(z,t)|dzdt > aX|b — al, where a is a positive constant depending only on C.

In order to the state the next lemma, it is convenient to introduce the following notation.

Definition 4.2. Let C' > 0 be the positive constant of Lemma 3.7. We let U be the subset
of R? x 83*? consisting of those pairs (a, A) such that a ® a — A < £1d.

Lemma 4.3 (Geometric lemma). There ezists a geometric constant co with the following
property. Assume (a,A) € U. Then there is a segment o as in Proposition 4.1 with
(a, A)+ 0o CU and \|Jb — a|] > co(C — |al?).

We are now ready to prove (Cl). Let (v,u) € X,. Consider any point (zo,t) € I' and
observe that (0,a) + (v,u) takes values in U. Let therefore o be as in Lemma 4.3 when
(a,A) = (0,1) + (v(xo,to), u(zo, to)) and choose r > 0 so that (0,u) + (v(z,t),u(x,t)) +
o C U for any (z,t) € B,(xg)X|tg — 7,tog + r[. For any € > 0 consider a pair (v,u)
as in Proposition 4.1 and define (vyg s, Usg o) (@, 1) := (v,u) (£=22,=12). Observe that

T
(v, w) + (Vag to,rs Uao,tor) € Xo provided e is sufficiently small, and moreover

/ Vsg t0.r| = CoQA(C — |0 +y($o,t0)|2)r3 . (4.2)

By continuity there exists rg such that the conclusion above holds for every r < ry and

every (z,t) with B,(z)x]t —r,t +r[C T. Fix now k € N with + < ro. Set r :=  and
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find a finite number of points (x;,¢;) such that the sets B, (x;)x]t; — r,t; + r[ are pairwise
disjoint, contained in I" and satisfy

(104 sty t)l) P ze (il = [lorstnoPdedr) . @3)
, r
j

where ¢ is a suitable geometric constant. We then define

(ks wg) := (v, u) + Z(Uﬂcj,tﬂvuwa‘atw) :
J

Since the supports of the (va, s, Us; ;) are pairwise disjoint, (vg,uy) belongs to X, as
well. Moreover, using the property that f (U%tj,,.,uzj,w) = 0, it is immediate to check
that (vg, ur) —=* (v,u) in L. On the other hand it also follows from (4.2) and (4.3) that

|ve — vl ry = (C\F] — / |0 +y|2>
r

where the constant ¢; is only geometric. Using the weak* convergence of (v, ux) to (v, u)
we can then conclude

limkinf |0+ ka%Q(F) = ||v + QH%2(F) + limkinf loe — v]|?

2
> 5+ vl 3y + I (timinf flog — vl )

2
> 154 0l + 1T (Om - ww\?) |

which concludes the proof of the claim (Cl).

4.2. Proof of Proposition 4.1 and of Lemma 4.3.
Proof of Proposition 4.1. Consider the 3 x 3 matrices

[ a®a a [ b®b b
Ua—<a 0) and Ub—(b 0)

Apply [11, Proposition 4] with n = 2 to U, and U, and let A(J) be the corresponding
linear differential operator and 7 € R? x R, the corresponding vector. Let ¢ be a cut-off
function which is identically equal to 1 in By/5(0)x] — %, :[, is compactly supported in
B1(0)x] —1,1[ and takes values in [—1,1]. For N very large, whose choice will be specified
later, we consider the function

(x,t) = = AN 3sin(Nn - (z,1))p(x,t) =: k(z,t)p(z, 1)

and we let U(z,t) := A(9)(¢). According to [11, Proposition 4], U : R* x R — &3 is
divergence free and trace-free and moreover Usz = 0. Note also that f B1(0) U(z,t) =0.
Define

x]—1,1]

U(LU’t) = (Ugl(l‘,t),USZ(xat)) u(w’t) = ( g;g:g g;zgizg ) ‘
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It then follows easily that (v,u) satisfies (4.1) and that it is supported in By(0)x] — 1, 1].
Also, since A(0) is a 3rd order homogeneous linear differential operator with constant
coefficients, ||U — pA(9) (k)]0 < CAN~!, where C' depends only on the cut-off function ¢:
in particular we can assume that ||[U—pA(9)(k)||o < €. On the other hand [11, Proposition
4] clearly implies that

PA(0)(k) = MU, — Up)p cos(N(,t) - 1) .

we therefore conclude that U takes values in an e-neighborhood of the segment [—A(U, —
Up), (U, — Uy)]. This obviously implies that (v, u) takes values in an e-neighborhood of
the segment o. Finally, Let B? /o be the 3-dimensional space-time ball in R? x R, centered

at 0 and with radius % Observe that

JECUEY) i,/

Aa — bl cos(N(z,t) - n)|dxdt = Aa —b| / | cos(Nt|n|)| dz dt .
B3
1/2

2

Moreover,
lim | cos(Nt|n|)| de dt = &
Neo /g3,
for some positive geometric constant a. Il

Proof of Lemma 4.53. Consider the set
C
K= {(v,u) € R? x 8§32 :u:v®v—§ld,|v\2 :C’} :

It then follows from [11, Lemma 3] that ¢/ is the interior of the convex hull of K /5. The
existence of the claimed segment o is then a corollary of [11, Lemma 6], since A|b — a is
indeed comparable (up to a geometric constant) to the length of o. U

5. A SET OF ALGEBRAIC IDENTITIES AND INEQUALITIES

In this paper we actually look at fan subsolutions with a fan partition consisting of only
three sets, namely P_, P; and P,.
We introduce therefore the real numbers «, 3,7,0,v_1,v_9,v11,v49 such hat

v = (a, B), (5.1)
v = (v_1,v_9) (5.2)
Uy = (V41,V42) (5.3)

ulz(g _57) (5.4)

Proposition 5.1. Let N =1 and P_, Py, P, be a fan partition as in Definition 3.3. The
constants vi,v_, vy, uy, p_, pr,p1 as in (5.1)-(5.4) define an admissible fan subsolution as
in Definitions 3.4-3.5 if and only if the following identities and inequalities hold:
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e Rankine-Hugoniot conditions on the left interface:

v-(p-—p1) = p-v2—pf
Vf(/)JLl - p104) = p_V_1V_g — p10

C
v-(p-va = pB) = p-v’5+ oy +plp-) = plpr) — 15 (5.7)
e Rankine-Hugoniot conditions on the right interface:
vi(pr = p1) = p1B — p+vsa (5.8)
vi(pror = prvin) = p1d — prviavis
C
vi(piB — prvge) = —pry — psvis + plo1) — plpy) + p171 ; (5.10)
e Subsolution condition:
o + %< Oy (5.11)
C C
(é—cﬂ-l—y) <71—52—7)—(5—a5)2>0; (5.12)
o Admissibility condition on the left interface:
2
v_ C
v_(p-e(p-) — pre(pr)) + v- (p—| 2' - plf)
o_|* Cy
< [(p-e(p-) +p(p-))v—2 = (pre(pr) + P(P1))B] + | p-v2——— —pB—o |5 (5.13)
o Admissibility condition on the right interface:
C v |?
ve(me(on) — pre(pn)) + v (mg ol )
Cy |U+|2
<[(pre(pr) +p(p1))B = (p1e(ps) + p(p))vs2] + | 1B = prvie—— | . (5.14)

Proof. Observe that the triple (5,7, %) does not depend on the variable x;. We will therefore
consider it as a map defined on the ¢, x5 plane. The various conditions and inequalities
follow from straightforward computations, recalling that the maps p,v and w are constant
in the regions P_, P and P, shown in Figure 2. In particular

e The identities (5.5) and (5.8) are equivalent to the continuity equation (3.8), in
particular they derive from the corresponding “Rankine-Hugoniot” type conditions
at the interfaces between P~ and P; (the left interface) and P, and P, (the right
interface), respectively.



GLOBAL ILL-POSEDNESS FOR COMPRESSIBLE EULER 15

v_ vy L2

F1GURE 2. The fan partition in three regions.

e The identitities (5.6) and (5.9) are the Rankine-Hugoniot conditions at the left and
right interfaces resulting from the first component of the momentum equation (3.9);
similarly (5.7) and (5.10) correspond to the Rankine-Hugoniot conditions at the left
and right interfaces for the second component of the momentum equation (3.9).

e The inequalities (5.11) and (5.12) are derived applying the usual criterion that the
matrix

C
M = éld — v @V + Uy (5.15)

is positive definite if and only if tr M and det M are both positive.

e Finally, the conditions (5.13) and (5.14) derive from the admissibility condition
(3.10), again considering, respectively, the corresponding inequalities at the left
and right interfaces.

g

6. FIRST METHOD: DATA GENERATED BY COMPRESSION WAVES FOR p(p) = p?

In this section we show how to find solutions of the algebraic constraints in Proposition
5.1 when p(p) = p* with pairs (p+,v+) which can be connected by a compression wave,
thereby showing Theorem 1.1. We start by recalling the following fact, which can be
easily derived using (by now) standard theory of hyperbolic conservation laws in one space
dimension.

Lemma 6.1. Let 0 < p_ < py, vy = (—-1,0) and v_ = (—i,Q\/ﬁ(,/er —/p=)). Then

P+
there is a pair (p,v) € W™ N L=®(R?x] — oo, 0, Rt x R?) such that

loc

(i) pr = p=p->0;
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(ii) The pair solves the hyperbolic system

dp + divg(pv) = 0
{ 0i(pv) + div, (pv ® v) + V,[p(p)] = 0 (6.1)

with p(p) = p? in the classical sense (pointwise a.e. and distributionally);
(iii) for t +0 the pair (p(-,t),v(-,t)) converges pointwise a.e. to (p°,v°) as in (1.3);
(iv) (p(-,t),v(-,t)) € WE> for every t < 0.
As already mentioned, the proof is a very standard application of the one-dimensional

theory for the so-called Riemann problem. However, we give the details for the reader’s
convenience.

Proof. We look for solutions (p,v) with the claimed properties which are independent of
the z; variable. Moreover we observe that, since we will produce classical W'licoo solutions,
the admissibility condition (3.3) will be automatically satisfied as an equality because

|vf? |of?

(/)5(/)) + 5 (pe(p) tp +p(ﬂ)) v)

is an entropy-entropy flux pair for the system (6.1) (cf. [7, Sections 3.2, 3.3.6, 4.1]). We
then introduce the unknowns
(my(xa,t), ma(x2,t)) = m(xa,t) := v(wa, t)p(x2,1t)
and hence rewrite the system as
Op+ Op,ma = 0
dymi + Oy, M) =0 (6.2)

p
atm2+ax2 m722+p2> =0

Observe that if (p, m) is a solution of (6.2) then so is

(ﬁ('va t)’ m(‘x?’ t)) = (p(_x% _t)7 m(_'x% _t)) :
Moreover, if (p, m) is locally Lipschitz and hence satisfies the admissibility condition with

equality, so does (p,m). We have therefore reduced ourselves to finding classical I/Vli’coo
solutions on Rx]0, co[ of (6.2) with initial data

pr if 9 >0,
Po(if) {PL if 2y <0, ( )
and
= (=22 2v/2pr(\/pPL — +/ if
mo(x) — Mg < oL’ \/_pR( P IOR)> 1 xg > O? (64)
my, = (—1,0) it x5 <0,

where p. = pp > pr=p- >0, mp =vypy and mp =v_p_.
The problem amounts now in showing that, under our assumptions, there is a classical
rarefaction wave solving, forward in time, the system (6.2) with initial data (pg, mg) as in
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(6.3) and (6.4). We set therefore p(p) = p* and we look for a locally Lipschitz self-similar
solution (p, m) to the Riemann problem (6.2)-(6.3)-(6.4):

(p,m)(xq,t) = (R, M) <%>, —00 < T2 <00, 0<t<oo. (6.5)

Thus (R, M) are locally Lipschitz functions on (—o0, c0) which satisfy the ordinary differ-
ential equations

¢ [Ma(6) = €R(E)) + R(E) =0

d% [%@?(@ - §M1(§)] + M (€) =0

d [My(§)? B B
d¢ [ Re) T PEE) sz(ﬁ)} + My(€) = 0.

Before analyzing our specific Riemann problem, we review some general notions for system
(6.2) (referring the reader to the monographs [7] and [18]). If we introduce the state vector
U := (p, m1, ms), we can recast the system (6.2) in the general form

U+ 0, F(U) =0,
where

ma
mima2

m 2 ?
"2+ p(p)
By definition (cf. [7]) the system (6.2) is hyperbolic since the Jacobian matrix DF(U)

FU) =

0 0 1
pruy=( e omow
= +p(p) 0 =2
has real eigenvalues
M=o V), =12 =2 ) (6.6)
p p p
and 3 linearly independent eigenvectors
1 0 1
R, = e , Ro=| 1], Ry= e . (67)

= —\/P(p) 0 /P (p)
The eigenvalue \; of DF, i = 1,2, 3, is called the i-characteristic speed of the system (6.2).
On the part of the state space of our interest, with p > 0, the system (6.2) is indeed strictly
hyperbolic. Finally, one can easily verify that the functions

P S/ P/
wy = m +/ VIAT) (T)dT, wy = 1L wy = % — / VP (T)dr (6.8)
P 0 T 0 T

- Y

p
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are, respectively, (1- and 2-), (1- and 3-), (2- and 3-) Riemann invariants of the system
(6.2) (for the relevant definitions see [7]).

In order to characterize rarefaction waves of the reduced system (6.2), we can refer to
Theorem 7.6.6 from [7]: every ¢- Riemann invariant is constant along any i- rarefaction
wave curve of the system (6.2) and conversely the i- rarefaction wave curve, through a
state (p,m) of genuine nonlinearity of the i- characteristic family, is determined implicitly
by the system of equations w;(p, m) = w;(p,m) for every i- Riemann invariant w;. As an
application of this theorem, we obtain that (pgr, mg) lies on the 1- rarefaction wave through
(pr,mp). Indeed, the 1- rarefaction wave of the system (6.2) through the point (pr,myz)
is determined in terms of the Riemann invariants ws and wy by the equations

P / ‘/— (6.9)

mp; = ——, Mo = p

with p < pr. In the case of pressure law p(p) = p?, the equations (6.9) read as

mi= L my=2v2p (Vi — /) (6.10)

PL
Clearly, the constant state (pgr, mg), as defined by (6.3)—(6.4), satisfies the equations (6.10).
Since, according to Theorem 7.6.5 in [7], there exists a unique 1-rarefaction wave through
(pr, my), we have shown the existence of our desired self-similar locally Lipschitz solution.
Observe that, by construction, p, = pp > p > pr = p_ > 0, thereby showing (i). The
claim (iv) follows easily because there exists a constant C' > 0 such that, for every positive

time ¢, the pair (p,m) takes the constant value (pg,mg) for zo > Ct and (pp,my) for
i) S —C't. O

We next show the existence of a solution of the algebraic constraints of Proposition 5.1
such that in addition (p,v+) satisfy the identities of Lemma 6.1.

Lemma 6.2. Let p(p) = p*. There exist p+,vy satisfying the assumptions of Lemma 6.1
and py, Ch, vy, uy, ve satisfying the algebraic identities and inequalities (5.5)-(5.14).

Proof. Taking into account that p(p) = p? and therefore £(p) = p, we substitute the
identities of Lemma 6.1 into the unknowns of Proposition 5.1 and reduce (5.8)-(5.10) to

vi(p1 — pt) = p1B (6.11)
ve(pa+1) = pid (6.12)
C
vipiB=—p1y+pi — P + P (6.13)

2
Similarly, we reduce (5.5)-(5.7) to

v(p- = p1) =2V2p_(\py —\/p~) — ;i3 (6.14)
v (=E= = ma) = =22 (VAE = V) — d (6.15)

+

v (V3p_ (5~ 1)~ 1) = Sp_ (o~ I k= - (6.16)
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The identities of Lemma 6.1 do not influence the form of (5.11)-(5.12). Instead, plugging
them into (5.13)-(5.14) the latter are reduced to

_ c
: (p2 — P+ 2[)7 +dp-(Vor — /o)’ ~ 1p1>
+

1 C
< Vo (Vi — Vi) (40 + o 8oV = ViR ) —2 - PGP (e
+ (p? — P+ 012'01 — i) <2078+ Clglﬁ - (6.18)

We next make the choice v, = =0 = 0 and hence (6.11), (6.12) and (6.18) are automat-
ically satisfied. The remaining constraints above then become

0=—pw+p?—p2++p1% (6.19)
v_(p-—p1) =2v2p_(/py — /p-) (6.20)
v (== pra) = - Mﬁ—yﬂ — Vp) (6.21)
v (2V3p_ (7~ ) =80T I et RS (622)
and
(p_ — i+ 2/;2 +dp- (s = Vp-) — Clpl)

< V- (V5= = i) (- + o 480 (VT V) (6.23)

Moreover, (5.11) and (5.12) become
a® <Oy (6.24)
0 < (%—a%v) (%—7) : (6.25)

Summarizing we are looking for real numbers v_ < 0,0 < p_ < py, p1,,y and C satisfy-
ing the set of identities and inequalities (6.19)-(6.25).
We next choose p— =1 < 4 = p; and simplify further (6.19)-(6.23) as

C
12”1 Y —py—16=0 (6.26)
v_(1—p1) =2V2 (6.27)
1 V2

C
9+ p1y — p2 — 12’)1 = 2V2u_ (6.29)
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1 2 01,01 1
_ — — < 12 .
(5+ P V2 (12+ = G (6.30)
We now observe that (6.27) and (6.28) imply a = —% and (6.26)-(6.29) imply v_ = _ﬁi‘
Therefore, our constraints further simplify to looking for p;, vy, Cy such that
1
—<C 6.31
16 (6.31)
c; 1 Cy
-t . 32
O<(2 16+7)(2 7) (6.32)
C
0= 12p1 42— pry — 16 (6.33)
8=—7(1-p1) (6.34)
1 1 Cip1
A8+~ >-T(5+ = —pf — : 6.35
ty2 ( oy T ) (6.35)
From (6.34) we derive p; = %2 and inserting this into (6.33) we infer St — = 232 In turn
this last identity reduces (6.32) to the inequality
1 559
Ci>—+—. 6.36
1716 T 105 (6.36)
The remaining constraints (6.33) and (6.35) simplify to:
4 259
5 v = 105 (6.37)
1 7 225 1501
A8+ L . .
84 435+ 5 - = (6.38)

We therefore see that v can be obtained from Cj through (6.37). Hence the existence of
the desired solution is equivalent to the existence of a C satisfying (6.36) and (6.38). Such
C exists if and only if

15 /1 559 1 7225
Sl e Wi A8 4+ — I
2(16+105)< STt
which can be trivially checked to hold. U

Theorem 1.1 and Corollary 1.2 now easily follow.

Proofs of Theorem 1.1 and Corollary 1.2. Let p(p) = p? and consider the p.,vs given by
Lemma 6.2. Applying Propositions 5.1 and 3.6 we know that there are infinitely many
admissible solutions of (1.1)-(1.3) as claimed in the Theorem.

Let now (py,vs) be any such solution and let (pp, vy) be the locally Lipschitz solutions
of (1.1) given by Lemma 6.1. It is straightforward to check that, if we define

(prsvp)(z,t) ift >0
(p,v)(z,t) == (6.39)
(o, vp) (1) ift <0,
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then the pair (p,v) is a bounded admissible solution of (1.1) on the entire space-time
R? x R with density bounded away from 0. Moreover (p(-,t),v(-,t)) is a bounded Lipschitz
function for every ¢ < 0. In particular we can define (p,0)(x,t) = (p,v)(x,t—1) and observe
that, no matter which of the infinitely many solutions (ps,vs) given by Theorem 1.1 we
choose, the corresponding (p, v) defined above is an admissible solution as in Corollary 1.2
for the bounded and Lipschitz initial data (p°,v%) = (pp, vp) (-, —1). O

Remark 6.3. In fact, it is not difficult to see by a simple continuity argument that the
conclusions of Theorem 1.1 and Corollary 1.2 hold even for general pressure laws p(p) = p”
with v in some neighborhood of 2.

7. SECOND METHOD: FURTHER RIEMANN DATA FOR DIFFERENT PRESSURES

In this section we describe a second method for producing solutions to the algebraic set
of equations and inequalities of Proposition 5.1. Unlike the method given in the previous
section, we do not know whether this one produces Riemann data generated by a compres-
sion wave: we can only show that this is not the case for the ones which we have computed
explicitely. Moreover we do not fix the pressure law but we exploit it as an extra degree
of freedom. On the other hand the reader can easily check that the method below gives a
rather large set of solutions (i.e. open) compared to the one of Lemma 6.2 (where we do
not know whether one can perturb the choice v = 0).

Lemma 7.1. Set vy = (£1,0). Then there ezist vy, p+, p1, @, 3,7,0, C1 and a smooth
pressure p with p' > 0 for which the algebraic identities and inequalities (5.5)-(5.14) are
satisfied.

7.1. Part I of the proof of Lemma 7.1: reduction of the admissibility conditions.
We rewrite the conditions (5.5)-(5.10)

v_(pr—p-) = (7.1)
v_(p- +p1a) = (7.2)
2= o plon) — plp-) = plﬁ (7.3)
vi(pr—py) = (7.4)
vi(proo—py) = (7.5)
plﬁ—pw +p(p1) —plps) = vipiB. (7.6)

2

The conditions (5.11) and (5.12) are not affected by our choice. The conditions (5.13) and
(5.14) become

(st = st + 55 =G ) 48 (et 0o 41 G ) <00 @)

e (et = pesto) + 0 =2 ) =6 (et 4o + 0 ) <00 (19
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Plugging (7.1) and (7.4) into, respectively, (7.7) and (7.8) we obtain

v_ (p—a(p—) — pe(pr) — ;1 012_ 1) + (pls(pl) +p(p1) + ;1 012_ 1) <0 (7.9)
Vi (ple(pl) — p1e(ps) + o1 012_ 1) —- B (me(pl) +p(p1) + p1 012_ 1) <0. (7.10)
We next rely on the following
Lemma 7.2. Assume that
vo <0<uvy, (7.11)
p— < Py . (7.12)

Then, there exist pressure functions p € C*°([0,4o00[) with p’ > 0 on |0, 4o00| such that the
admissibility conditions (7.9)-(7.10) for a subsolution are implied by the following system
of inequalities:

Cy—1
(p(p+) = p(p1)) (p+ — p1) > 12 p+P1 (7.13)
Cy—1
(p(p1) = p(p-)) (o1 — p-) > 12 p—p1- (7.14)
Proof. First, let us define g(p) := pe(p). In view of the relation p(p) = p?c’(p), we obtain
pip
/)= <(p) + 2
Thus, by vitue of (7.1) and (7.4), respectively, we can rewrite (7.9) and (7.10) as follows:
C;—1
v_(g(p-) — g(p1)) + v—(p1 — p-)g'(p1) — v—p- 12 <0 (7.15)
Cp—1
v (9(p1) = 9(p+)) + v (ps = p1)g (p1) + vips—5— < 0. (7.16)
From the hypothesis (7.11) we can further reduce (7.15)-(7.16) to
Cr—1
~(9(p1) = 9(p=)) + (o1 = p-)g' (1) = —5—p- (7.17)
, C;—1
(9(p+) = 9(p1)) = (P = p1)d (1) = —5—p+- (7.18)
Moreover, we observe from (7.1)-(7.4) that
vi(ps — p1) = —v—(p1 — p-).
Hence, in view of (7.11)-(7.12), we must have
p— < p1 < ps. (7.19)

Let us note that

(9(0) — 9(9) — (0 =9/ s) = [ [ g/ ryirar



GLOBAL ILL-POSEDNESS FOR COMPRESSIBLE EULER 23

for every s < . On the other hand, by simple algebra, we can compute ¢”(r) = p/(r)/r.
Hence, the following equalities hold for every s < o:

(9(0) — 9(s)) — (0 — )g/(s) = / ’ / JRAC
(9(s) = 9(0) + (o — 5)g' / / LAG I

As a consequence, and in view of (7. 19) we can rewrite ( 17) and (7.18) equivalently as

1 1
/ / P >C2 o, (7.20)
T /7“ 01—1
> . .
/pl /p1 . drdT_ 5P+ (7.21)

Now, we introduce two new variables ¢_ and ¢, defined by

and

q- = p(p1) —p(p-),

q+ = p(py) —p(p1) -

Proving Lemma 7.2 is then equivalent to showing the existence of a pressure law p satisfying
p(ps) — p(p1) = q4, p(p1) — p(p—) = ¢_ and for which the inequalities (7.20)-(7.21) hold.
First, introducing f := p’, we define the set of functions

- {feowqo,oo[,]o,oo[) : /pflf:q_ and /;f:cu}

and the two functionals defined on £

[ [
) im / " Tpl @drczr

Therefore, a sufficient condition for finding a pressure function p with the above properties

is that
C;—1

= sup L) > DL,
fec 2
and -
-1
I~ =supL~(f) > ——p_.

fecr 2
Let us generalize the space L as follows. We introduce

M™T = {positive Radon measures p on [p1, pi] : p([p1,p+]) = a4},
M~ = {positive Radon measures p on [p_, p1] : u([p—,p1]) = ¢-}.
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For consistency, we extend the functionals L™ and L~ defined on £ to new functionals L,
and L_ respectively defined on M™ and on M™:

P+ (71
= / / —dp(r)dr for p e M,
pr Jpr T
P
/ / —d,u for p e M™.
Upon setting
m* = max Ly (u)
neEMT

and

T = L_
m = max (1),

it is clear that

IT<m®™ and - <m".
Moreover, let us note that the the maxima m”m are achieved due to the compactness of
M* with respect to the weak* topology. By a simple Fubini type argument, we write

LAMZ/MMJTWW'

1

Hence, defining the function h € C([p1, p+]) as h(r) := (ps —r)/r allows us to express the
action of the linear functional L, as a duality pairing; more precisely we have:

Li(p)=<h,pu> forpe M.

Analogously, if we define g € C([p—, p1]) as g(r) := (r — p_)/r, we can express L_ as a
duality pairing as well:
L (p)=<g,p> forpe M.

By standard functional analysis, we know that m® must be achieved at the extreme points
of M*. The extreme points of M¥ are the single-point measures, i.e. weighted Dirac
masses. For M™ the set of extreme points is then given by E, := {q.d, for o € [p1, pi]}
while for M~ the set of extreme points is then given by E_ := {¢_d, for o € [p_, p1]} In
order to find m¥*, it is sufficient to find the maximum value of Ly on F.. Clearly, we

obtain
— 0‘ J—
m* = max {q+ P+ }:q+ P+ — P
o€p1,p+] o P1

and

-~ { U—ﬂ}_ p1—p-
m~ = max <{(q_ =q_ .
a€lp—,p1] o P1

Furthermore, given the explicit form of the maximum points, it is rather easy to show that
for every € > 0 there exists a function f € £ such that

P+ — P
L(f) > qs = -
P1

— &
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and
PL—pP-
P1

Such a function f is the derivative of the desired pressure function p. O

L_(f)>q-

g.

7.2. Part II of the proof of Lemma 7.1. We now choose p; = 1. Applying Lemma 7.2
we set g+ := +(p(p+) —p(p1)) = £(p(p+) — p(1)) and hence reduce our problem to finding
real numbers py, vy, gy, @, 3,7, 9, C; satisfiyng

v.<0<vy, O0<p_.<l<py, q>0 (7.22)
v-(1—p-)=p (7.23)
v_(p-+a) =9 (7.24)
C
5~ e =vp (7.25)
vi(l—ps) =B (7.26)
vi(a—pg) =0 (7.27)
C
71 -7 — 44 = 40, (7.28)
1 —1
¢-(L=p-) > —5—p- (7.29)
Cy—1
4+(p+ — 1) 12 P+ (7.30)
and (5.11)-(5.12).
Next, using (7.22), (7.23) and (7.26) we rewrite (7.29)-(7.30) as
Ci—1
—Ba- > =5 (~vop-) (7.31)
;-1
—Baqy > 12 Vip+ . (7.32)
In order to simplify our computations we then introduce the new variables
= < =_ G _
Bz—ﬂ,éz—d,C’z;,u =—v_,ry=pvy andr_ =p_v =—p_v_. (7.33)

Therefore, our conditions become

G, T4, Vi,V > 0 (734)
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vV —r_ = B
ry—vy =0
r_+avT =4
ry—avy =0
U—V—Fq_ = V‘B
C—v—qr=—vf

Moreover (5.11)-(5.12) become
o2+ 3 <2C
(C—a+9)(C B —7) —(6—aB)* > 0.

We assume o? # 1 and solve for v_, v* and r. in (7.35)-(7.38) to achieve

6+ B 0—p 0—ap
= , Uy = and ry = .
1+« 11—« lFa
Observe that _ _
_(0—ap)?
ryr_ = 1 —a2 .

Hence, if we assume o® < 1 and 6 > > 0, we see that the v*,v_, ry as defined in
the formulas (7.45) satisfy the inequalities in (7.34). Hence, inserting (7.45) we look for

solutions of the set of identities and inequalities

a’<1,6>F>0,q.>0

5—7—Q+——f:§3
E“><U_%)?:f
o -1y 3

(7.46)

(7.47)
(7.48)

(7.49)

(7.50)

combined with (7.43) and (7.44). Observe that, if we assume in addition that C' > 1, then

o> < 1,6 > B > 0 and (7.49)-(7.50) imply the positivity of g.. We can therefore solve
the equations (7.47)-(7.48) for g+ and insert the corresponding values in the remaining
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inequalities (7.49) and (7.50). Summarizing, we are looking for a, 3,7, 0, C satisfying the
following inequalities

B

8

«

(C—a®+7)(C—F —v) -

- = 1
2<1,6>08> >§
_J+8 _
et (C
_0—A4 _
(ERNRS
215 <90

b—af
) I+«

5—af
) 1 -«

(6 —aB)?>0

We next introduce the variable A = § — o3 and rewrite our inequalities as

— — 1
a2<1,)\>(1—a)ﬁ>0,0>§

B+ -C+a)> (C

Bu-a)-F+C - > (C

a2—1—32 <2C
(C—a®>+7)(C—F —7) > A\,

Observe that, if we require a, 3,7 and C' to satisfy the following inequalities

then setting

-7
1
3T

— 1

2
<1,C>-
’ 2
C—a2—|—7>0
—v>0

C >

\/(5—04”7)(5—32—7)>(1—a)3>0

Bh%—@) JC—a? 4y >Ba4anO-F -+

A= 1\/(C - a2 +)(C -

32_7)_777

(7.51)

(7.52)

the inequalities (7.56)-(7.60) are satisfied whenever 7 is a sufficiently small positive number.
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Observe next that (7.64) is surely satisfied if the remaining inequalities are and hence
we can drop it. Moreover, if 3,y and C' satisfy
1

B>0,6>5 (7.67)

C
C 7.

—2 1 — — N — —9
(5 +§—C)\/C—1+7>25 C-F —~ (7.70)
then setting o = 1 — 9, the inequalities (7.61)-(7.66) hold provided ¥/ > 0 is chosen small
enough.

Finally, choosing C' = %BZ, v = —%BQ and imposing 3 > \/g we see that (7.67), (7.68)
and (7.69) are automatically satisfied. Whereas (7.70) is equivalent to

BQ 1 /232 232

However the latter inequality is surely satisfied for 3 large enough.

8. CLASSICAL SOLUTIONS OF THE RIEMANN PROBLEM

We show here that, if we restrict our attention to BV selfsimilar solutions of (1.1)-(1.3)
which do not depend on the variable z;, then for the initial data of Theorem 1.1 and
Corollary 1.2 the solutions of the Cauchy problem are unique. We mostly exploit classical
results about the 1-dimensional Riemann problem for hyperbolic system of conservation
laws. We however complement them with some recent results in the theory of transport
equations: the resulting argument is then shorter and moreover yields uniqueness under
milder assumptions (see Remark 8.2 below).

Proposition 8.1. Consider p(p) = p* and any initial data of type (1.3) as in Lemma
6.1 (which therefore include the data of the proof of Theorem 1.1 and Corollary 1.2).
Then there exists a unique admissible self-similar bounded BVj,. solution (i.e. of the form
(p,v)(x,t) = (r,w)(*2)) of (1.1) with p bounded away from 0.

Remark 8.2. In fact our proof of Proposition 8.1 has a stronger outcome. In particular
the same uniqueness conclusion holds under the following more general assumptions:

e p satisfies the usual “hyperbolicity assumption” p’ > 0 and the “genuinely nonlin-
earity condition” 2p/(r) 4+ rp”(r) > 0 Vr > 0;

e (p,v) is a bounded admissible solution with density bounded away from zero,
whereas the BV regularity and the self-similarity hypotheses are assumed only
for p and the second component of the velocity v.

Remark 8.3. The arguments given below can be adapted to show the same uniqueness
statement for the Cauchy problem corresponding to the data generated by Lemma 7.1.



GLOBAL ILL-POSEDNESS FOR COMPRESSIBLE EULER 29

This would only require some lengthier ad hoc analysis of the classical Riemann problem
for the system (8.3), with p? replaced by the pressures of Lemma 7.1.

Proof. Observe that the initial data for the first component v; is the constant —i. On

the other hand:

e pis a bounded function of locally bounded variation;
e The vector field v = (0,v2) is bounded, has locally bounded variation and solves
the continuity equation

Oyp + div,(pv) = 0; (8.1)
e vy is an L™ weak solution of the transport equation

O¢(pvy1) + div(povy) =0
(8.2)
vl(O, ) =1 .

P+
Therefore, the vector field v is nearly incompressible in the sense of [9, Definition 3.6].
By the BV regularity of p and v we can apply Ambrosio’s renormalization theorem [9,
Theorem 4.1] and hence use [9, Lemma 5.10] to infer from (8.1) that the pair (p, v) has the
renormalization property of [9, Definition 3.9]. Thus we can apply [9, Corollary 3.14] to
infer that there is a unique bounded weak solution of (8.2). Since the constant function is
a solution, we therefore conclude that v, is identically equal to —i.

Set now m(xq,t) = p(x9,t)va(xe,t). The pair p,m is then a self-similar BVj,. weak
solution of the 2 x 2 one-dimensional system of conservation laws
Op + Opym =0
(8.3)

Oym + Oy, <m72+p2> —0,

that is the standard system of isentropic Euler in Eulerian coordinates with a particular
polytropic pressure. It is well-known that such system is genuinely nonlinear in the sense of
[7, Definition 7.5.1] and therefore, following the discusssion of [7, Section 9.1] we conclude
that the functions (p,m) result from “patching” rarefaction waves and shocks connecting
constant states, i.e. they are classical solutions of the so-called Riemann problem in the
sense of [7, Section 9.3]. It is well-known that in the special case of (8.3) the latter property
and the admissibility condition determine uniquely the functions (p, m). For instance, one
can apply [17, Theorem 3.2]. O
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