COMPRESSIBLE EULER EQUATIONS
WITH GENERAL PRESSURE LAW

GUI-QIANG CHEN! AND PHILIPPE G. LEFLOCH?

ABSTRACT. We study the hyperbolic system of Euler equations for an isentropic, compressible fluid governed
by a general pressure law. The existence and regularity of the entropy kernel that generates the family of weak
entropies is established by solving a new Euler-Poisson-Darboux equation, which is highly singular when the
density of the fluid vanishes. New properties of cancellation of singularities in combinations of the entropy
kernel and the associated entropy-flux kernel are found.

We prove the strong compactness of any sequence that is uniformly bounded in L°° and whose weak entropy
dissipation measures are locally H~! compact. The existence and large-time behavior of L entropy solutions
of the Cauchy problem are established. The existence result also extends to the p-system of fluid dynamics
in Lagrangian coordinates. Our proof of the reduction theorem for Young measures also further simplifies the
proof known for the polytropic perfect gas.

1. Introduction.

The Euler equations for an isentropic compressible fluid read

Oip + Oz = 0,

m? (1.1)
om + 830(7 +p(p)) =0,

where p > 0 denotes the density, m the momentum, and p(p) > 0 the pressure. As far as the well-
posedness of the Cauchy problem for (1.1) is concerned, the previous research was restricted to the
polytropic perfect gases (see (1.6)). This paper stems from a renewed interest in the applications toward
real gases and complex fluid flows governed by various pressure laws [9, 33]. One of the main difficulties
for the mathematical analysis of (1.1) is the singularity at the vacuum p = 0. The physical region for
(1.1) is {(p,m)| |m| < C p}, for some C' > 0, in which the term m?/p in the flux function is only Lipschitz
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continuous near the vacuum. For p > 0, v = m/p represents the velocity of the fluid. Another difficulty
is the development of shock waves in solutions of the Cauchy problem for (1.1),

(p,m)|t=0 = (po, mo), (1.2)

no matter how smooth the initial data (pg, mg) are.
This system is an archetype of nonlinear hyperbolic systems of conservation laws

ou+0,flu)y=0, wueRY, f:RY RV (1.3)

For background on conservation laws, we refer to Lax [20, 21]. Strict hyperbolicity and genuine nonlin-
earity away from the vacuum for (1.1) require that

P(p) >0,  2p(p)+pp"(p) >0, for  p>0. (1.4)

At the vacuum, the two characteristic speeds of (1.1) may coincide and the system be nonstrictly hyper-
bolic.
An entropy-entropy flux pair (7, ¢), by definition, provides the additional conservation law

6:577(,07 m) + aacQ(pa m) =0,

for any smooth solution (p, m). A weak entropy is an entropy that vanishes at the vacuum. An entropy
solution is determined by the entropy inequality

dn(p,m) + 0zq(p,m) <0 (1.5)

in the sense of distributions, for any weak entropy pair (7, ¢) with convex 7.
The so-called polytropic perfect gas is described by the equation of state

p«(p)=rp",  y>1L (1.6)

One may assume k = (y—1)?/(47), which is a convenient normalization. For early results on the existence
of entropy solutions, we refer to [29] for the Riemann problem, [34,14] for a special class of initial data
with bounded variation, and [28] for large total variation with small 7 — 1 or vice versa by using the
Glimm scheme [18].

The first global existence for (1.1) with large initial data in L>° was established in DiPerna [16] for
the case v =1+2/N (N > 5 odd) by the vanishing viscosity method. The existence problem for general
values v € (1,5/3] was solved in Chen [2] and Ding, Chen, and Luo [13]. The case v > 3 was treated by
Lions, Perthame, and Tadmor [23]. Lions, Perthame, and Souganidis [24] dealt with the interval (5/3, 3)
and simplified the proof for the whole interval.

The present paper is devoted to the compressible fluids governed by a general pressure law that has
singularities near p = 0. We assume that the pressure law p = p(p) is smooth away from the vacuum
but very singular near the vaccum: The principal singular part of p(p) coincides with (1.6) for some
v € (1,3), but additional singularities not accounted for in (1.6) are allowed. See the precise statement
(2.1) in Section 2.

We will prove the following result announced in [7].
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Main Theorem. Consider the compressible Euler system (1.1) under assumptions (1.4) and (2.1).

(1) Given any measurable and bounded initial data (po, mo) satisfying
0 < po(x) < Cy, |mo(x)| < Copo(x), for a.e. x and some Cy > 0,
there exists an entropy solution (p,m) of the Cauchy problem (1.1)-(1.2) satisfying
0<p(t,x)<C, |m(t,x)| < Cp(t,x), for a.e. (t,x), (1.7)

where C' > 0 depends only on Cy.
(2) Let (p°,mc) be a sequence of functions, satisfying (1.7) uniformly in €, such that, for any weak

entropy pair (1,q),
o (p®,me) + 9pq(pS,m) s compact in H; '

loc*

Then the sequence (p¢, m¢) is compact in L], ., 1 <r < oco.

The asymptotic decay of L* entropy solutions and the convergence of the Lax-Friedrichs scheme
are also established below. For the proof of Main Theorem, we develop new techniques to handle the
difficulties that arise with the general pressure law. In particular, in contrast with the case (1.6), no
explicit formula is available for the entropies of (1.1). Our approach turns out to simplify further the
proofs for the case (1.6).

When (1.6) holds, the weak entropies of (1.1) are given by a convolution product between an arbitrary
smooth function ¥ = 1(s) and the fundamental kernel of a linear wave equation, x., defined by

X«(p,v,8) = M, [p% —(v— 5)2]1\_, for p > 0. (1.8)

Here [y]+ = max(0,y), and 0, A\, M, are constants depending on 7 (see (2.2) and (2.11)). The weak
entropies have the form

n(p,v) = /R Ye(p,0,5) 1(s) ds. (1.9)

We refer to x. as the entropy kernel of the y-law gas. The singularities of x, are easily read on the
explicit formula. One of the main difficulties for the general pressure law is to identify the singularities
of different orders of the entropy kernel, denoted by x, when an explicit formula is not available.

The general strategy for proving the existence of entropy solutions is as follows. One first constructs
approximate solutions, (p¢, m), by adding a higher-order regularization term to (1.1) or by using a finite
difference scheme. As the parameter e converges to zero, the functions (p¢, m¢) formally converge to an
entropy solution of (1.1). However, carrying out this approach rigorously is very challenging. In general,
only L bounds on (p¢, m¢) are available and a weakly convergent subsequence can be extracted. System
(1.1) contains nonlinear composite functions that are not continuous in the weak topology, and additional
information on the approximate solutions is needed.

Tartar [30] first used Young measures to describe oscillating solutions to nonlinear partial differential
equations. A Young measure v(; ;) is a weakly-star measurable mapping from Ri := R X R to the set of
all probability measures. For hyperbolic systems of conservation laws, the so-called Tartar commutation
relations constrain the Young measure:

Wiaym a2 —mq) = Vaxm) Vi) a2) — Vi) m2) Vi a1) (1.10)
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for a.e. (t,x) and for any two (suitably restricted) entropy pairs (n;,¢;), @ = 1,2. These conditions
are derived by the method of compensated compactness, especially the div-curl lemma (see Tartar [30]
and Murat [26]). To this end, one needs certain uniform bounds on the approximate solutions and, in
particular, the H, l_ocl compactness of the entropy dissipation measures, for which Murat’s lemma is useful
[27,30].

If any measure satisfying (1.10) reduces to a Dirac mass for a.e. (¢,z), then the sequence of approxi-
mate solutions converges in the strong topology and, for appropriate approximations, toward an entropy
solution. For the Euler equations, to obtain that the Young measure v(; ;) is a Dirac mass in the (p,m)-
plane, it suffices to prove that the measure in the (p,v)-plane, still denoted by v ,), is either a single
point or a subset of the vacuum line

{(p,v)lp =0, [v] < sup|[m/p[|Lee}.
e>0

The main difficulty is that only weak entropy pairs can be used, because of the vacuum problem.

In the proof of [2,13,16] (also cf. [3]), the heart of the matter is to construct special functions ¢ in (1.9) in
order to exploit the form of the set of constraints (1.10). These test-functions are suitable approximations
of high-order derivatives of the Dirac measure. It is used that (1.10) represents an imbalance of reqularity:
the operator on the left is more regular than the one on the right due to cancellation. DiPerna [16]
considered the case that A > 2 is an integer so that the weak entropies are polynomial functions of the
Riemann invariants. The novel idea of applying the technique of fractional derivatives was introduced in
[2,13] to deal with real values of .

A new analysis of equation (1.10) was proposed by Lions, Perthame, and Tadmor [23] for v € [3, 00)
and by Lions, Perthame, and Souganidis [24] for v € (1,3). Motivated by a kinetic formulation of (1.1)
and (1.6), they made the crucial observation that the use of the test-functions 1 could in fact be bypassed,
and (1.10) be directly expressed with the entropy kernel x.. Namely, (1.10) holds for all s; and s2 by
replacing 7; := x«(s;) and g; := 0.(s;) for j = 1,2. Here o, is the entropy-flux kernel defined as

ou(p,v,8) = (V+0(s —v)) x«(p, v, 3).

In [24], the commutation relations were differentiated in s, using the fractional derivative operator 9} 1,
so that singularities arise by differentiation of x,. This approach relies on the lack of balance in regularity
of the two sides of (1.10) and on the observation that < v 4y, x«(s) > is smoother than the kernel x.(s)
itself, due to the averaging by the Young measure.

Many of the previous arguments do not carry over to the general pressure law. Our first aim is to
construct all of the weak entropy pairs of (1.1). Sections 2-3 contain an extensive discussion of the entropy
and entropy flux kernels, denoted x(p,v,s) and o(p,v, s), respectively. The existence and uniqueness of
the kernels are established in Theorem 2.1. This allows us to generalize (1.9) and obtain the family of
weak entropy pairs. In Theorems 2.2-2.3, we determine the singularities of different orders arising in
fractional derivatives of the kernels. Specifically, we decompose the kernels as a sum of a most singular
part and a less singular part, the former given by an explicit formula which involves the pressure law
p(p). The proofs are postponed to Section 3. A connection between the entropy kernel and the entropy
flux splittings will be discussed in [8] (also see [6,7]).

In Section 4, we study the compactness of a sequence of approximate solutions to the Euler equations.
In Theorem 4.1, for a sequence with a uniform L*° bound and the H l;cl compactness of its weak entropy
dissipation measures, we prove that the sequence is compact in Lj . for all » € [1,00). The main point is
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to establish the reduction theorem: a Young measure satisfying the commutation relations (1.10) for all
weak entropy pairs is a Dirac mass (Theorem 4.2). Our proof is based on new properties of cancellation
of singularities of the kernels x and o in the following combination

E(p,’l};81782) = X(p,’l)781)0'(p7’0,52) - X(p7’l},52)0'(p,’l),81)-

Then we observe that the following identity is an elementary consequence of the symmetric form of (1.10) :

(X(51)) (0357105 E(s2,83)) + (05, x(52)) (9357 E(s3, 51))

(90 (53)) (B E(s1,89)) = 0, (1.11)

for all s1, so, and s3, where for instance <X(51)> = <1/(t7z), X(51)>, and the derivatives are understood in
the sense of distributions. We prove that, when s5, s3 — s1, the second and third terms converge in the
weak-star sense of measures to the same term but with opposite sign. The first term is more singular
and contains the products of functions of bounded variation by bounded measures, which are known to
depend upon regularization (see Dal Maso, LeFloch, and Murat [10]). The first term in (1.11) converges
to a non-trivial limit which is determined explicitly. Finally, the genuine nonlinearity on p(p) is required
to conclude that the Young measure v either reduces to a Dirac mass or is supported on the vacuum line.

In Section 5, we prove the convergence of the Lax-Friedrichs scheme for the general pressure law,
extending the approach in [2,13] for v € (1,2). The same approach applies to show the strong convergence
of the approximate solutions (p¢, m¢) constructed by the vanishing viscosity method, i.e.,

O0¢p + 0 m = €0ppp",

(m°)?

omS + 0, ( + p(p%)) = € Opam®.

€
The existence, compactness, and asymptotic decay of L entropy solutions of the Cauchy problem then
follow, relying on the compactness framework in Section 4.

We point out that the approach developed in this paper is very general and applies to other hyperbolic
systems as long as the singularities of the entropy and entropy flux kernels are determined. See Chen
and LeFloch [8] for the details.

We remark that all of the results in this paper can be extended to the p-system of fluid dynamics in
Lagrangian coordinates

8,57' — 8yU = O,
8,5?] + ayﬁ(T) = O,

where 7 is the specific volume and v the velocity of the fluid. The system is hyperbolic under the
condition p'(7) < 0 for all 7 > 0 and is genuinely nonlinear when p”(7) > 0. Observe that, when the
density vanishes, the specific volume is unbounded and should be understood as a distribution.

There is a one-to-one correspondence between entropies and entropy solutions of the systems (1.1) and
(1.12) (Wagner [32]). Denote by x¥ and o the entropy and entropy flux kernels for the Euler equations
(1.1). The p-system (1.12) admits an entropy kernel, x*, and a corresponding entropy flux kernel, o,
that generate the family of weak entropy pairs. Indeed setting p = 1/7,

(1.12)

E
XL(’T,U78) = wa JL(T7UaS) = (UE - UXE)(pa/U78)’
P

Observe that x” blows-up when 7 — oco.
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2. Entropy and Entropy Flux Kernels : Main Results.

Throughout this paper, besides the hyperbolicity and genuine nonlinearity (1.4) of system (1.1) away
from the vacuum, it is assumed that p(p) is a function of class C*(0,c0) and that there exist v € (1,3)
and C' > 0 such that

plp)=kp'(1+P(p)),  |P™(p)] < Cp'™",  0<n<4, (2.1)

for sufficiently small p. The solutions under consideration will remain in a bounded subset of { p > 0}
so that the behavior of p(p) for large p is irrelevant. In this paper the notation C represents a generic
constant which need not be the same at each occurrence.

Remark. The pressure law p(p) has the same principal singularity as the ~-law gas, but (2.1) allows
additional singularities in the derivatives when p — 0. Indeed observe that, for n > v + 1, p?P(™ (p) is
unbounded when p — 0. Observe also that p(0) = p’(0) = 0, but, for n > ~, the higher derivative p{™(p)
is unbounded near the vacuum. O

Denote the sound speed by
c(p) = VP (p)-

Condition (1.4) ensures that, away from the vacuum, (1.1) is strictly hyperbolic and admits two genuinely
nonlinear characteristic fields associated with two distinct wave speeds, v+¢(p). At the vacuum, ¢(0) = 0,
and the wave speeds coincide. Consider also the function

Pe
ko) = [ Ly,
o ¥
in which the integral is finite in view of (2.1).
Define the constants 6§ € (0,1) and A > 0 by
(2.2)

For the polytropic gas,
cp) =00", k(p)=p’.

Observe that 2A+1 = 1/6 and 2A0 =1 — 6. One has v € (1,3) iff § € (0,1) iff A > 0. On the other
hand, y € (1,5/3] iff 6 € (0,1/2] iff A > 1.

Introduce the Riemann invariants
w=v+k(p), z=v—k(p),
which satisfy w > z except at the vacuum where w = z. In the special case
K"(p) <0  or, equivalently 2p'(p) — pp"(p) >0,
which is a stronger condition than (1.4), the Riemann invariants w and z are concave and convex functions

of p, respectively. This is the case of the v-law gas, but is not necessarily true for a real gas satisfying
solely (1.4) and (2.1).
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For smooth solutions away from the vacuum, (1.1) is equivalent to
dw~+ (v+c¢)0,w=0, hz+ (v—c)0yz=0.

The equation
Ao+ v 0,0+ pk'(p)? Opp =0

is a consequence of (1.1), which is convenient to derive the following equations satisfied by an entropy-
entropy flux pair (7, q) :

4o =V +pK (0)* s G =pilp+ V0.
Eliminating ¢ yields the following second-order linear hyperbolic PDE for the entropy 7:

TNop — k,(p)z Moo = 0. (2'3)

In the variables (w, z), one gets
Nwz + M (77w - 77z) =0, (2-4)
w—z
where A(w—z) = —k(p) k' (p) "2 k" (p) with p = k~1(%52). For the y-law gas, A(w—z) = X is a constant,
the simplest case.

The equation (2.3)-(2.4) belongs to the class of Euler-Poisson-Darboux equations. The main difficulty
comes from the singular behavior of A(w — z) near the vacuum. In view of (2.1), the derivative A’(w — z)
blows up like (w — 2)~(""1/2 when w — z — 0, and its higher derivatives are more singular, which is one
of the essential differences from the v-law case. The classical theory of Euler-Poisson-Darboux equations
does not apply (cf. [12,31]). In the present section, we establish the existence of a fundamental solution
to (2.3) and study its regularity.

By definition, the entropy kernel is the solution x(p, v, s) of the problem

(Z) Xpp — k/(p)Q Xvv = 0,
(1) x(0,v,5) =0, (2.5)
(”Z) Xp(oa v, 8) = Oy=s,

in the sense of distributions, where s plays the role of a parameter and 6,—, denotes the Dirac measure
at v = s. By definition, x(p, v, s) satisfies

/OOO /_OO X(p7 v, S) (SDPP(pa U) - kl(p)Q (va(ﬂ, ’U)) dpdv — @(07 5) = 07 (26)

for every test-function ¢(p,v) with compact support in Ri =R, xR.
Since the support of the initial data is the point (p,v) = (0,s), x should be supported in the domain
of dependence of (0, s),

K:={p>0,|s—v|<k(p)} ={(w,2)| w>s,z<s}.

Indeed the curves {w = const.} and {z = const.} are the characteristics of the hyperbolic equation
(2.51). By invariance under the transformation v — +(v —s), x(p,v,s) = x(p, |v —s|,0) = x(p,0,|s — v|),
it suffices to study (2.5) when s = 0.
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The entropy flux kernel o, by definition, satisfies
?"(p)

() Opp — k‘,(p)20w =
(@)  o(0,v,s) =0,

(i17)  0,(0,v,5) = v Oy=s,

Xv»
(2.7)

for each value of s. In contrast with problem (2.5), condition (2.7iii) above depends upon v, and
o(p,v,s) # o(p,v—s,0). However, in terms of the function o — v x, condition (2.7iii) reads

(O'p — vxp) (0,v,5) =0,

and o — v x depends upon v — s only, as x does. The y-law gas is much simpler since o, is determined
explicitly from y.; see (1.8).
In Section 3, we prove the following theorem.

Theorem 2.1 (Existence and uniqueness).

Problem (2.5) admits a unique Hélder continuous solution x(p,v,s) = x(p,v — s), supported in the set
IC and positive in the interior of K.

Problem (2.7) admits a unique Hélder continuous solution o(p,v,s) supported in the set K with o —v x
depending only on (p,v — s).

From Theorem 2.1, we deduce

Corollary 2.1. The family of weak entropies for the compressible Fuler equations is described by

n(p,v) Z/Rx(ﬂ,mS)lb(S) ds,

where (v) is an arbitrary function. By construction, n(0,v) = 0, n,(0,v) = ¢ (v). The corresponding
entropy flux is

dlp.0) = [ (o090 ds
O

We now determine the singularities arising in the derivatives of y and . Without loss of generality,
we assume here s = 0 and set x = x(p,v). The singularities of the kernels should be localized on the
characteristic curves which form the boundary of KC:

9K = {(p.v) |v + k(p) = 0}.

Measure terms on OK arise when differentiating the kernel with respect to v (or equivalently s).
To state the results, we use the following notation. For any real o > 0, the fractional derivative 0$g
of a function g = g(s) with compact support is

039 =T(—a) g [s]

where the convolution product is defined in the sense of distributions and I' is the classical gamma
function. Observe that the formula

05 (sg) =508 g+ (a+1) 05y

still holds for fractional derivatives.
All of the following properties are uniform for p > 0 and v in a bounded set.

—a—1
+ Y
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Theorem 2.2 (Asymptotic expansion for x). The entropy kernel admits the expansion

x(p,v) = az(p)Ga(p,v) + ay(p)Gry1(p,v) + g(p,v), (2.8)

where
A

Gal(p,v) = [k(p)® = v*] ],
and the coefficients ay(p) and ay(p) are explicitly determined and satisfy
az(p) = My k(p)™> k:'(,o)_l/2 > 0, for p >0,

2 (2.9)
o) + 22 o) < €,

for some constant My. The remainder g(p,v) and its derivative ) 1g(p,v) are Hélder continuous in
(p,v) with

lg(p,v)| < C Grt1tao(p,v), for some ag € (0,1). (2.10)
In (2.9), M) is given by
1 2\ !
— = 1 —22)*dz.
My V2Xx+1 _1( )
For the v-law gas, we have
ag =M, =V2ZX+ 1M\, a, =0, g=0. (2.11)

Similarly, we have

Theorem 2.3 (Asymptotic expansion for o). The entropy flur kernel admits the expansion

(0 —vx)(p,v) = —v (bs(p)GA(p;v) + by (P)Grt1(p,v)) + R(p,v), (2.12)
where the coefficients by(p) and b,(p) satisfy
b(p) = Mapk(p) 1K (p)* >0, for p>0,

) (2.13)
o)+ 22 b, () <

The remainder h(p,v) and its derivative )T h(p,v) are Hélder continuous in (p,v), and

|h(p,v)] < CGriiqan(psv),  for some o € (0,1). (2.14)
For the v-law gas, we have
M
by =—, b,=0, h=0
SRRV5) W R

The singularities in the derivatives of order A + 1 of the kernels are explicitly computable.



10 CHEN AND LEFLOCH

Proposition 2.4 (Explicit singularities). The distributions 0,7 x and 0)"1o decompose into two
Dirac masses plus an integrable function, i.e.,

R x =k (p) > KES, ) e, (2.15)
T

Rt (o —vx) = —vpk(p) K (p)"* Y K8, spip +e'l, (2.16)
+

11

where K* are some constants, and e’, e'T are Hélder continuous functions in the interior of IKC such that

€ (p.0)| < Ch(O 2 Galpv), [ (p,0)] < CR(p)* 2" Galp,v), (2.17)

for all a € (0,1].

Observe that, in (2.15)-(2.17), the coefficient k’(p)~'/? is unbounded when p — 0. It will be convenient
to use the notation fy(y) = [1 — yz]i so that

Crlprv) = k(D) fy (m) . (2.18)

Proof. Consider first the function fy(y). Its Fourier transform fy(¢) is a smooth, real-valued function
of the Fourier variable &, and

R 1
£© = [ costen) [1= 571’ dy = Colel 2 Il

-1
for all real £, where the classical Bessel function Jy /o (y) admits the asymptotic expansion
TInr1y2(y) = Cry /% cos (y — (A + 1) 7/2) + O(y~*/?)

as y — 400 (e.g. Gelfand-Shilov [17]). We deduce that

FA() = Ca €] cos (€] = (A + 1) w/2) + O([€]72). (2.19)

On the other hand, R
A€ < Cs (2.20)

for all . The constants Cj,0 < j < 3, may depend on A.

Using (2.19)-(2.20) and A > 0, it follows that fy(£) is integrable in ¢ € R. By the inverse Fourier
transform in the sense of distributions, one obtains (see [17])

T (y) = K by—1 + Ky 6y——1 4+ QA (), (2.21)
where K)jf are constants, and ) is supported on [—1, 1] satisfying

[Qx(y)] < Cllog(1 - y?)]. for all y € (=1,1). (2.22)
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We also have y
O 1) = KL Hy =1+ K5 H+ )+ [ Q) dy (2:23)
-1

where H is the Heaviside function.
From (2.18) we have

A+1 12X aA+1 v
G =05 (5 ).

Hence we deduce from (2.23) that
O (a4 + a,Gagr) =ay K> (K; Sui + K5 5v:_k) +ag k1 Qy (%)
+ ay kM2 <Kj\r+1 Hw—Fk)+ K  Hw+ k)) + a, kM /_Ul/k Qxt1 dy.
By Theorem 2.2,

T x = 00 (ayGr + a,Gasr) + 0,1 g,

where 9} 1g is Holder continuous. Thus the above formula implies (2.15) with K* := M, K)jf The
proof of (2.16) is similar. Estimate (2.17) for e! follows from (2.10) and (2.22). O

In Section 4, we use the results in Proposition 2.4 formulated on the functions x(p,v—s) and o(p, v, s).
That is,

R x(pv— ) =K (p) 2N KF6em i) + el (p,v — 5),
+

ot <U(P7U, s) —vx(p,v— s)) = (s —v) pk(p) " ¥ (p)"/? ZKi Ssmvth(p) T e (pyv — ).
+
Integrating in s, we get

M x(p,v —5) = k'(p)_l/2 ZKiH(s —vTFk(p) +é(p,v—s),
+

0} (alp,v.5) = vx(pv—3)) = (s = v) p(p) ™ K () /* Y K= H(s = v F k(p) + € (pv = s),
+

where &7 (p,v) := fjk(p) el (p,v')dv', J =1,I1.
Finally we record a technical property needed in Section 4, which follows by a direct calculation based
on the expressions (2.9) and (2.13).

Proposition 2.5. The coefficients of the asymptotic expansions (2.8)-(2.12) satisfy

Di(p) = as(p) bs(p) — 2k(p)* (a5 ()b () — > ()5 )

M} k(p) NV
= 10T 2 (PO +K(2) >0, for p>0.




12 CHEN AND LEFLOCH

3. Entropy and Entropy Flux Kernels : Proofs.

This section contains the proofs of Theorems 2.1-2.3 and Proposition 2.5. We first state and prove
three lemmas. First of all, we study the singular behavior of the function

Nl=

ay(p) = My M (p)K (p)

near the vacuum p = 0 when the pressure law satisfies (2.1). This result plays an important role in
identifying the singularities of the entropy kernel x. There is an extra singularity in oy(p) which is not
seen in the vy-law case for which ay(p) = Myp has no singularity. The notation C' > 0 represents a
constant depending only on v € (1,3) and a fixed upper-bound py; > 0 for the density.

Lemma 3.1. The function ay(p) satisfies
lax(p)| < Cp. lag(p)| + 1o (p)| < C, |t (p)| < Cp™, for p€(0,pu]- (3.1)

This fact can be seen from assumption (2.1) that

/ VP 4 0 (1 () (3.2)

where
|[H™ (p)| < Cp*~™, 0<m <3. (3.3)

It is then elementary to deduce (3.1) from (3.2)-(3.3).

The second lemma provides us with an priori energy estimate for

(i) tpp(p. ) + K ()* €2 ulp,€) = 1(p,€),
(i) w(e§) =0, (3.4)
(iti) pp(e,€) =0,

where € > 0 is a constant, the function r = r(p,&) € C'[e, 00) is given, and £ € R is a parameter.

Lemma 3.2 (Energy estimates I). Let u(p,€) be a C? solution of (3.4) defined in (e, 00) for any fived
&€ R. Then we have

1o(p, ) + K (p) p(p, €) <021p,, for any p > €,& # 0, (3.5)

where

Il(p7£) = k/(p)_Q 5_27‘(/)75)27 IQ(pag) = 5_2 /p k/(T)_Q T(Tag)Q dr,

. (1,€)?
Is(p,&) = & / |k:’ W (r ’—f—k’ dT.

Furthermore, when |k(p)¢| <1,

10(p, )2 + K (p)° €212 (p, €) < Cp /p r(r,&)%dr. (3.7)



COMPRESSIBLE EULER EQUATIONS 13

Proof. Multiply (3.4i) by 2 uu,, integrate over (e, p), and finally integrate by parts. One obtains

P p
1o(ps ) + K (p)* € ulp, €)* =2 <7“(p, &) u(p,€) — / ro (7. €) p(r, ) dr +/ K () K" (1) € p(r,€) dT> :
Using the inequality a3 < 6o + ﬁ (3% with suitably chosen weights §, it follows that

1p(p: €)% + K (p)? € p(p, €)?
<CK(p) 2 2r(p,€) +C/ {[F @k (@) + K (32} 2 (r, ) d (3.8)

1
+ 5 K (0)* & plp, ) +/ {2 (1) K" (7) + | (1) K" (7)| + K/ (7)?} € (7, £)* dr.
In view of (2.2) and for all p > 0 in a bounded subset, one gets

2K (1)K (7) + |K (1) K" ()| + K (1) < Cp* "2+ K/ (7)* < CH (p)*. (3.9)

Indeed the principal term in the expansion of k’(p) k" (p), — 0% (1 — 0) p**=3, is a singular term with a
negative coefficient and does not contribute to the upper bound in (3.9).
Estimate (3.9) allows us to apply Gronwall’s inequality to (3.8) and obtain

K (P € ulp. € < C (69 + [ Gre)ar)

for all p > €, where

G(p) == k/(/))_ 5 r(p,§ +£ / G ]:/7 * ‘6_)’_ K (1)2 dr.

Since the double integral involved in this upper-bound is bounded by the single integral, we arrive at

K (p)*&u(p, €) < C (L(p,€) + L(p. &) + I3(p, €)).

Returning to (3.8), we also obtain
1o(p,€)* < C(LI1(p, &) + I2(p,€) + I3(p, €))-
We now derive (3.7) when [k(p)¢| < 1. Multiplying (3.4i) by 2u,, we obtain
2 1
(kip + K (p) "€ 1%)p = 20 1y + 2K (DR (p)E"1a" < =2 & Cpr® + 2K (R ()€ s”
There exists p; > 0 such that

k/ 2
2K (p)k" (p) < 0 < %, for 0 < p < py.
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Therefore, we have
2 1 2
(12 + K (p) 1), < ;(ui + K (p)"Ep?) + Clpr® + Xip, 00) (P)147),

since [k(p)¢| < 1, where X is the characteristic function. Then

pl,OO)

(0 (12 + K (0)2€12)) ) < C(r? + X(pr,o0) (0)13),

that is,
e ) 2. ) p ) max(p,p1) )
to(p, &)° + K (p) & p(p,§)° < Cp / r(p,§) dT+/ w(p,§)dr | . (3.10)
€ P1

First of all, for p < pq,

1o(p, ) + K (p)°€1(p, €)* < Cp /p r(p,€)* dr. (3.11)

Second, for p > p1, we have |£| < C(p;) since |k(p)¢| < 1. Note that
P P P P
.67 < [ e+ [Cuetnepar <o [T opar s [ u(repar).
€ r1 € P1

so that from (3.10)
p P
ol &2 < Cp [ rirefar+C [ po(rgtan

P1
Gronwall’s inequality implies

P
:U'p(pvg)z S C/ T(Ta g)zd’r‘
Hence, when p > pq,

p
W@£P+H@f€m@@2s0g/rvffm. (3.12)

Estimates (3.11)-(3.12) yield (3.7). This completes the proof of Lemma 3.2. 0

Lemma 3.3 (Energy estimates II). Let u = pu(p,€) be a C? solution of (3.4) defined for p € (€,00).
Let r(p,§&) be such that
CpP=I

dr(p, &) < . i =0,1, 3.13
for g < (p+1)(2X\ +1). Then we have
2—m—+p
07 u(p,£)] < 2P for m=0,1,2, (3.14)

(1 +[k(p)g[)Ftt—’
where = min(g,\+ 14+ (p+ 1)X\g) and 0 < Ao < min(1, \).
Proof. We first derive the estimates for the case |k(p)¢| > 1. Using (3.13), we have

Li(p,€) < Cpr20+2wg=2 |p9§‘—2<1 < Cp2(p+1)‘k(p)£|—2(q+1)' (3.15)
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To estimate I5, we decompose it into two terms, Iy = Iy 1 + I 2, with

I (p.€) = € / 24r(r, ) dr < O k() €], (3.16)
le|- 1/9
where we used ¢ < (p+ 2)(2A + 1). On the other hand,
lg|=t/°
Lyo(p,€) = & / 2r(r, )2 dr < O pH [k(p) | 7T, (3.17)
Finally, we estimate I3 = I3 + I3 2 with
rr 7_7 5)2 2 —2q
Is1(p, dr < Cp2etD|k , 3.18
a(p€) 1= € /Mk, TR i S O (3.15)
where we used ¢ < (p + 1)(2A + 1). Similarly, we have
I3 2(p,€) < Cp* 2 |k(p)¢| 2P HDEMD, (3.19)

Combining (3.15)—(3.19), we conclude that, when |k(p)¢| > 1,
—23
po(ps €)2 < Cp P k(p) €]

Returning to the energy estimates (3.5) and using k’(p)2¢2 = p~2|k(p)€|? and equation (3.4), one can

also bound S
1(p, €)* + p*[k(P)El * 1op(p, €)% < C p* P |k(p) ¢ :

When [k(p)€| < 1, we conclude from (3.7) that

16(p, O + p l11p (0, )1 + P* |11pp (0, )] < Cp"*2.
Then (3.14) follows. The proof of Lemma 3.3 is completed. O

Lemma 3.4 (Energy estimate III). Let, for any fived £ € R, u(p,€) be a C? solution of the problem

Hoo(p,€) + K (0) € (p.©) = r(p,€). 0<p < par,
w(par,§) =0, pp(par, §) = 0.
Then, for all (p,€), we have

o9, €2 + K ()€ u(p.6)% < C / " r(r ), (3.20)

p

Proof. Multiplying by 2,(p,&) both sides of the equation, we have

(1 (0, €)% 4+ K (0)°€2u(p, €)2) = 7 1o (p, €) + 2K (p)K" (p) E21(p, €)2,
so that

PM 2%
1o(p: &) + K ()€ ul(p, €) < C/ (o(, € + K/ (7)°Ep(r, €)?) dr + C/ r(r,€)* dr.
p P
Gronwall’s inequality implies

2 10 \2¢2 2 pu 2
1o €)° + K (p) & u(p,§)* < C r(r,§)7dr

p
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Proofs of Theorems 2.1-2.2. Without loss of generality, we view the entropy kernel as a function of
two variables, x(p,s — v), and set s = 0 to simplify the notation. We first establish certain properties of
the Fourier transform of x in the variable v and determine the singularities of xy. We will prove that x

has the form
X(pv 5) = Xﬁ(pa 5) + )A(b(pa 5) + g(pv f)a
(0.€) = ay(p)k(p)* T fa(k(p)E), (3.21)
X (0,€) = ay(p)k(p)** 2 faga (k(p)9),

where the above coefficients will be explicitly determined (see also (2.9)-(2.18)) and

lag(p) — Mi| + p*lai(p)| + p°la} ()| + p°la}’ (p)| < C p,

(3.22)
lay (p)| + plaf (p)| + p*1ai ()| + p*[ay" (p)] < C p,
and 02
m P
|8p g(p,8)| < (1 N ’k(p)ﬂ))\—i-)\o-‘rZ—m’ m=0,1,2. (3.23)

Problem (2.5) becomes

(Z) Xpp — k/(p)Q Xov = 0,
(15) x(0,v) =0, (3.24)
(”Z) XP(Oa /U) = 61}:0-

Using the Fourier transform in the v variable, (3.24) is equivalent to
(Z) )ACpp + k,(p)z 52 X =0,
() x(0,€) =0, (3.25)
(1ii) Xp(0,6) =1,

which is a family of second-order differential equations in p, the Fourier variable £ € R playing the role
of a parameter. Observe that x is real-valued and (3.251) contains a singular coefficient at the “initial
time” p = 0.

Step 1 : Equation for the remainder function §(p,&). Note that, in (3.21),

E(0.6) = (P [ cos(h(p)ee) [1 - ]} ds

—:ay(p) A (k(p)§),  with ay(p) = ag(p)k(p)***.

Similarly, we have

(€)= a(p) far1(k(p)E),  with  a(p) = ay(p) k(p)** 2.

Using the identities fx(y) + /¥ (y) = far1(y) = —%ﬁ/\(y), we obtain

X6, + K (0)°€2%F = off (p) fr(k(p)E), (3.26)
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provided )
a(p) _ K(p)  K'(p)
asp) = M) T ()

Clearly ag(p) determined by (2.8) satisfies the equation, and the constant of normalization M) given in
(2.11) is chosen to ensure that (3.25iii) holds.
Similarly, we get

. . 2\ +3 k' A
X, + K (p) €% :(ag - % (2k'of — 2(\ + 2)—-a + k”ab)> Fai o)
3.27
201 +1 k' ;
+ % (Qk'al', —2(A + 2)?% + k"ab> oY
where we used the identity f§\+1(y) = —L;?’f)\ﬂ(y) + Z(A—erl)f)\(y)
We obtain the following equation from (3.26)-(3.27) for § :
2\ +3 k' :
Gpp + K (p)°€%5 = — <a;’ - Ij (2K af — 2\ + 2)?% + k”ab)> Pt
201 +1 k' :
~ (o + % (2K} = 200+ 2) "0, + K'ay) ) fy (3.28)
22+ 3 A .
Y N7 " —
= <ab + T 1)%) a1 = Alp) o,
provided that
K'(p)  K"(p) k(p)
/ 2
@ p+<—)\+2 + a(p) = ————0y (p). 3.29
D+ OT50) P awy) P T T e ) (329
We choose a;(p) the less singular solution to this singular equation, that is,
0 (0) = ~ g b ()7 [ k) O ) e
4N +1) 0 4
Note that
|0 (p)] + pla" (p)| + [} (p)] + |5 (p)] < C.
Therefore, § satisfies
. 2,9, 5
oo + K (0)"€%3 = A(p) frs1(k(p)€), (3.30)
where
[A(p)| + p|A'(p)] < C. (3.31)

Step 2 : Existence of the entropy kernel and estimates for §(p,€).
For every € > 0 and £ € R, we consider (3.30) with

ge(g’g) = Oa g;(ﬁ,f) =0.

This problem admits a smooth solution g¢ defined for p > e.
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Using Lemma 3.3 with p =0 and ¢ = 2\ + 1, we have

Cp2—m
(1 + [k(p)€[)rFAot2=m?

’a;nge(p’g)’ < m=0,1,2, (3.32)
where C > 0 is a constant independent of € > 0.

By the Cauchy-Arzela theorem, it follows from (3.32) that, as e — 0, the functions §°(p, &) converge
uniformly to a limiting function g(p, £) that is a solution of (3.30) (on every compact subset of { p> 0})
with the initial data:

9(0,6) =0,  9,(0,§) =0. (3.33)
Moreover, g satisfies
Cp2—m
(1 + [k(p)g[)Atrot2m?

In particular, g(-,£) and 9,4(-,§) are continuous at p = 0, uniformly in all . This shows that the initial
conditions (3.33) are satisfied in a classical sense.

This completes the proof for the existence and asymptotic behavior of g, as a function of p > 0, in
which £ € R plays the role of a parameter. The uniqueness of § follows easily from the energy estimates
derived in Lemma 3.2, by using ¢ = 0, ¢ = 0, and » = 0. Then, using the inverse Fourier transform,
we conclude that there exists a solution x(p,v) of problem (3.24) understood in the sense of (2.6) and
defined globally.

107 3(p,€)| <

m=0,1,2. (3.34)

Step 3 : Hélder continuity of x. It suffices to show that there exists 6 > 0 such that
00,41 0 g(p,w)| < C, (3.35)

which implies that 9)%'g € C%*(R3). In turn, since ¥ = 0 outside the region K, (3.35) gives (2.10).
Estimate (3.35) is proved as follows:

1/2
050, 0 g(p,v)| < C <1+ /I£ \5!”*1+5\829<p,5>\2d£> :

|>1
Since 82@(0, ¢) = 0, we can extend 82@(,0, €) to the half-space p < 0 by simply setting
99(p,€)=0,  p<0.

Then we obtain

10,90, ) =C|/\TI6§(T7 e #mdr|” < C/|T|26|§(T,£)I2d7

<c < [ 1ot f)\zdf)l_é ( / |afg<f,£>|2df>é,

where we used the Parseval identity and the interpolation inequality

[reisoar < ([isopar) " ([irrere)
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On the other hand, for |{| > 1,

PM 4
J 2dr < C / / T dr < O|€]~2(+X0+2)
/|9(7': f)‘ T > 0 + |- 1/0 (1 + |k(7’)§|)2()‘+)‘0+2) TS |§| s

where we used 2(A + Ao + 2) < 5(2\ + 1). Similarly, we obtain

[1o.aropar<c ( /

where we used 2(A + \g + 1) < 3(2\ + 1). Therefore, we have

05 59(p, € </ |g(7,&) ]2d7> </’8Tg(7_’§)‘2d7‘> < O¢| 20+ +2-8),

Then we obtain

|g|=1/°

|g|=1/°

M 7'2 2
—2(AAo+1
+/|£—1/6> (T (e o7 < Cle] otl),

1/2
1050, g(p,v)] < C <1 +/ |€|‘2A°‘3+3‘5d§> <C,
l€|>1
provided that 6 < min (2(1 + Xg)/3,1).

Step 4 : Uniqueness of x. We proved in Steps 1-3 that the Cauchy problem (3.24) admits a global
solution x € C%*(R?) in the sense of (2.6). For any two solutions X1, x2 of problem (3.24), the function
X = X1 — X2 satisfies

/ / X(@pp = K (p) Pu) dpdv = 0, (3.36)

for any function ¢ € C§°(R3 ). By approximation, (3.36) also holds for any ¢ € Cg’l(Ri) NW2P(RY)
for some 1 < p < 0.
For any ¢ € C§°(R?), consider the problem

2
Ppp — k,(ﬂ) Pov = 1/}7 P < PM,

3.37
gp(vag) = Oa (pp(vag) = Oa ( )

where ppr > 0 such that |, ,,, = 0.

Based on the arguments used in proving the existence of g from the energy estimates in Lemmas 3.2-
3.3, we can also conclude from Lemma 3.4 that there exists a global solution ¢ € Cj ’I(Ri) NW?2P(R?)
inp<pyforpe(l,1+ %) This is checked as follows.

For any function ¢ (p,v) with supp¢ C (0,00) x R, we have
R Cpm

VOl < v

Vel g

for any m > 0. Then, from Lemma 3.4, we have

M C
A2 1 \2¢2) 42 2
+k gc/ D|2dr < .
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This means

. C
PSS e e

Then, from the equation,

1 + pG—l

2000, E) < 10,6 + O (01800, 6) < C by

This implies that ¢ € C%Y(R%)NW2P(R3) forp € [1,1+ 55)- Then (3.36) holds for such functions. We
have

// x(psv)¥(p,v)dpdv = 0,
for any ¢ € C§°(R2), which implies x(p,v) = 0.

Step 5 : Compact support and positivity of x.

Problem (2.5) is hyperbolic, so the principle of propagation with finite speed applies : x is identically
zero outside the domain of dependence, K = {(p,v)| |[v] < k(p)}, of the support of the initial data,
i.e. the point (p,v) = (0,0). Therefore, suppx C K (this can be also checked from (3.38) below). We
focus on the main issue that y is strictly positive in K.

Claim: For any (po,vo) € K, we have

1

X0 0) = 5o / " K () do) {x(p.v0 + k(o) ~ K(p) + x(p.v0 — ko) — k() b dp.  (339)

where d(p) := W > 0.

We deduce from the equation pk’Q X =—-p& %X, that

o o) sin((k0) ~ ko) 20, o
—— [ o6 sinl(k00) ~ K(p0)) €)Xl €) o
=672 [{sin((k(p) ~ K(p0)) ) + pF' () cos((k(p) — k(o)) )} X(p:6)]
=6 [T 00+ (o)) cos((k(p) ~ K(on)) €) (0. €) dp
[T PR sin((k06) = K(oe) €)06.) o

where we used the integration by part and the initial conditions on y. Thus we obtain

pok!(po) X(po, ) = /Opo(/f'(p) +(pk'(p))") cos((k(p) — k(po)) €)X (p: €) dp.
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The desired formula follows by the inverse Fourier transform since, for instance,

/ cos((k(p) — k(o)) €) X(p.€) €% de

1

=3 /X(P,f) et (WHk(p)=k(po))€ ge % /)Z(P, ¢) el (RP)IHR(Po)E ge.

This establishes the claim.
Next we recall that, by (2.8)-(2.10),

2

X(pﬂ}) > ay G)\(p,U) (1 - Cp[l - z}p)g]+)

k
Therefore, there exists p > 0 such that, when p € (0, 5], x(p,v) > %MAG,\ (p,v), which implies

Xlknfo<p<py > 0.

Finally, we check that xy > 0 in the interior of I for all p > 0, relying here on the maximal principle
for hyperbolic equations. By contradiction, assume that (pg,vg) € K is the first point where x vanishes
when p increases. Then identity (3.38) implies that

X(pO’ UO) > 0’

since the integrand in the right hand side is positive for all p € (0, ). This is a contradiction.
This completes the proof of Theorems 2.1-2.2 for the entropy kernel. The same arguments apply to
the entropy flux ¢ and yield Theorems 2.1 and 2.3. O

4. Compactness Framework.

In this section we consider a family of approximate solutions (p¢(¢,x), m(t,x)) of (1.1) and derive a
sufficient condition of its strong compactness.

Theorem 4.1 (Compactness framework). Let (p¢,m) be measurable functions such that
0<pt,z) <C, |m(t,z)| <Cptx), a.e. (4.1)
for some C > 0. Assume that
O (p,m) + 0,q(p°,m) is compact in Hy,'(R3) (4.2)
for any weak entropy pair (n,q). Then there exists a function (p,m) such that
0<p(tz)<C, |m(tz) <Cp(t ), a.e.
and, extracting a subsequence if necessary,

(p°(t, ), m(t,2)) — (p(t,z),m(t,x)) in L] (R%) for allr € [1,00).

loc

Denote by v = v ;) (p,v) a Young measure associated with the sequence (p¢,v¢). Here v¢ := m*/p*
for p¢ > 0. By Murat’s div-curl lemma [26], condition (4.2) implies that v satisfies Tartar’s commutation
relations. To conclude with the strong convergence of the sequence and establish Theorem 4.1, we need
the following theorem.
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Theorem 4.2 (Reduction of the support of v). Let v(p,v) be a probability measure with bounded
support in {p >0,ve R} such that

<l/7 mqz — 12 CI1> = <V7 771> <V7 CI2> - <V7 772> <l/, Q1> (4-3)

for any two weak entropy pairs (n1,q1) and (n2,q2) of (1.1). Then the support of v in the (p,v)-plane is
either a single point or a subset of the vacuum line {p = 0}. O

In the proof of Theorem 4.2, we will use the following lemma.

Lemma 4.1. Suppose that the Young measure has a non-trivial support away from the vacuum line, i.e.,
supp v N {w > z} # 0. Let
{(wa Z) ‘ Zmin S z S w S wmax} (44)

be the smallest triangle containing the support of v in the (w,z) plane. Then its verter (Wmax, Zmin)
belongs to suppv.

Theorem 4.2 is based on the cancellation properties summarized in Lemmas 4.2-4.3. Nearby the
diagonal {82 = 83}, the function

E(p, V; 52, 53) = X(p7 v 52) o'(p, v, 83) - X(pa U= 52) o'(p, v, 83) (45)
turns out to be much more regular than x and o themselves. For each j = 2,3, consider a mollifying

sequence ¢§(s;) = e 1 ¢;(s;/€), where the mollifier ¢; satisfies

@;(sj) >0, /R @;(sj)ds; =1, supp ¢;(s;) C (—1,1). (4.6)
Set
X5(s1) = (xx5)(s1),  of(s1) = (0% 5) (s1).
Consider the differential operator P := 9}*1 and set P; := 8§7f1.

Lemma 4.2 (Cancellation of singularities I). For j = 2,3, the functions x1 Pjo§ — o1 Pjx§ are
Holder continuous in (p,v, 1), uniformly in €. Also there exists a continuous function X1 = X (p,v, s1),
independent of the mollifying sequence ¢;, such that

x1 Pjoj — o1 Pix; — X uniformly in (p,v, s1). (4.7)

Lemma 4.3 (Cancellation of singularities IT). The functions Pox§ Pso§ — Psx§ P2o§ are uniformly
bounded measures and

2
Pyxs P30y — P3x3 Paoy — Y(p2,03) Z(p) Z(Ki) b5y —vtk(p) (4.8)
n

weakly-star in measures in s1 and uniformly in (p,v), where

Y (p2,¢3) = /_OO /_82 ((,02(82) ©3(s3) — p3(s2) 902(83)) dsqdss,



COMPRESSIBLE EULER EQUATIONS 23
and
Z(p) == (A +1) M52 k(p)** D(p),
where D(p) was introduced in Proposition 2.5.
In other words, we have

/OO (Paxs P3o§ — Psx§ Paos) d(s1) ds1 — Y (2,93) Z(p) Y (K5) w(s1 — v F k(p))
T

— 00

uniformly in (p,v) for every test-function ¥ = 1 (s1).

Remarks. 1). The limit X; in (4.7) is continuous, so is twice more regular than 921y and 9} *lo.
The singularities of the kernels cancel because o (respectively x) vanishes on the singularities of 921y
(resp. 92*10), so that the corresponding products are bounded functions in s, rather than measures.
Furthermore, E has a symmetric form which provides further cancellation. The function

X0 lo — 093 x

can be regarded as a Holder continuous function of (p,v, s).

2). The term treated in (4.8) is a product of measures. Expanding x and o and relying on the
symmetry property of E, we obtain only the functions of bounded variation multiplied by measures.
Such products depends upon regularization, as was pointed out by Dal Maso, LeFloch, and Murat [10];
see Lemma 4.4 below. O

Now we prove Theorem 4.2 and Lemmas 4.1-4.3.

Proof of Theorem 4.2. A general formula of the entropy pairs was derived in Section 2. Plugging
the entropy-entropy flux pairs with the formulae in Corollary 2.1 in relations (4.3) and dropping the
test-function v, we obtain

(x(s1)o(s2) = x(s2) o(s1)) = (x(s1)) (o(s2)) — (x(s2)) (o (51)) (4.9)

for all s1,s5 € R". For simplicity, we set <X,> = <X(SZ)> = <V(t,w),x(si)>.
Given s1, s9, s3 € R, consider (4.9) for the pairs

(s2,83), (s3,51), (s1,82).

Multiply each identity by
(x(s1)):  (x(s2)),  (x(s3)),

respectively, and add them up. By symmetry, the sum of the right hand side vanishes identically:

() (Oz) (o3) = (xa) (02) + (x2) () (1) = () {o3))
+ () () (o2) = (xz) (1)) =0,

whereas the sum of the left hand side is

(x1) (X203 — x302) + (x2){(x301 —x103) + (x3) (x102 — x201) = 0. (4.10)
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Using the differential operator PoPs := 92,7102, we deduce from (4.10) that

{x1) (Pax2 P3o3 — Pyx3 P2o2) + (Pax2) (01 Psxs — x1 Ps03)

4.11
+ <P3X3> <X1 P202_01 P2X2> =0 ( )

in the sense of distributions in s1, s9, s3. For instance, the distribution < Py > is defined by

((Px). ) = — /R () (5) ds)

for any test-function 1. Recall from Section 2 that 92y is bounded in s and continuous in (p, v).
Our goal is to let sy and s3 tend to s; in (4.11). For each j = 2,3, consider a mollifying sequence
©5(s;) = € 1 pj(s;/e) satisfying (4.6). From (4.11), we obtain

€ € € €
2
{x1) (Pax5 P3o§ — P3x§ Paos)

4.12
= <P2X§> <X1 P03 — 01 P3X§>— <P3X§> <X1 Pyos — o1 P2X§>7 ( )

in which each term is a continuous function of s;. We now prove that, as € — 0, the right-hand side of
(4.12) tends to zero, while the left-hand side converges to a non-zero limit, when the functions ¢§ are
suitably chosen.

First, consider the right hand side of (4.12). Since P;; is a bounded measure in s;, we have

Pix§ = Pix; x5 — Pixa (4.13)
weakly in measures and uniformly in (p,v). In particular, by Fubini’s theorem, we have
(Pix5) — (Pixa)
weakly in measures in s1. Hence, using the convergence property (4.7) in Lemma 4.2, we arrive at

(Pax5)(x1Ps05 — 01P3x5) — (Psx5) (x1P205 — 01Pax5)

(4.14)
= (X1)(Pixa) = (X1){(Pix1) =0
weakly in measures in s1. This shows that the right-hand side of (4.12) converges to zero.
By Lemma 4.3, the left-hand side of (4.12) satisfies
2
(x1){(Pax5P30s — Psx5Paos) — (x1)(Y (w2, 93) Z(p) Z(Ki) bs1—vtk(p))
(4.15)

= {x1)Y (2, 93) Z Ki S5y =vth(p) )-
+
We conclude that, for every test-function 1 = 1(s1),

Y(<p2,<p3 Ki // x1(v £ k(p))Z(p) (v £ k(p)) dv(p,v) = 0. (4.16)
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Choose the mollifying functions in such a way that

Y(@Qv @3) 7& 0.

Such functions exist: for instance, choose o > 0 with unit total mass, and set p3(s3) = @2(s3 — §) for
a fixed § # 0. Observe that the trivial choice p2 = @3 does not work and the regularization in (sg, s3)
should therefore be asymmetric.

Choose the compactly supported test-function ¢ to be identically equal to 1 on the support of v. Then

((x(v£Ek(p))) Z(p)) =0

for every test-function v, or equivalently,

((x(w)) Z(p)) = {{x(2)) Z(p)) =0,

where we regard v = v(w, z) and p = k™1 (%5%).

Assume that suppv is not included in the vacuum line. Observe that the interior of the support of
the nonnegative function (w,z) — x(p,v — s) has a non-empty intersection with an open neighborhood
of the point (Wmax, Zmin). Moreover, Z(p) > 0 for p > 0 by Proposition 2.5. Therefore, by Lemma 4.1,

<X(s)> > 0, for all s in the open interval (zmin, Wmax)-
It follows that
supp v = {w = 2} U { (Wmax; Zmin) }-

Then, set
v = I; + w 6(wmaxvzmin)’

where w represents the mass of the measure v at the extremal point and suppv C {w = z}. Returning
to (4.9), we obtain, for all sq, s,

(w—w?) {x(s1)o(s2) — x(s2)a(s1)} =0,
where the functions are evaluated at the point (Wmax, Zmin). Therefore, either w = 0 (suppv C {w = z})
orw=1 (suppv = {(wmax, zmin)}). This completes the proof of Theorem 4.2. O

Proof of Lemma 4.1. By contradiction, assume that the point (wmax, 2min) does not belong to the
support, i.e.,
suppv N [wmax - aawmax] X [Zmin,zmin + Oé] = @, (419)

for some a > 0. Consider the commutation relation (4.9) in the form

(4.20)

Set
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By (4.19), for 0 < s; — sy < @ and 0 < s17 — s_ < «, the supports of s; — x(s1) and sy — o(s2) are
disjoint. The same is true for x(s2) and o(s1). Therefore, the left-hand side of (4.20) vanishes identically.
Since by = pk’ ay/k, by (2.8) and (2.12), the entropy flux has the form

a(p,v,s) = (v—(v—s)ck ")x(p,v—s)+ h(p,v — ),
where h satisfies (see (2.10) and (2.14))

|h(p,v = )| < Clk(p)® = (v = )*| x(p,v — 9).

Thus R
c—(vte)x = ($k‘—|—(’u—s))ck‘_lx+h. (4.21)

Therefore, we have

(o(s)) _ ((vEc)x(s)) N ((Fk+ (v—13))ck " x(s))
(x(s)) (x(s)) (x(s))

Define the trace measure py by

M - </“L+7j(wmaXa )> a /j(wmaxa ) dpig (2), as §2 = S+,

<X(82)>

for every continuous function j = j(w, z). The measure p_ is defined similarly as the trace on the line
{z = zmin}. As s; — s_ and s — s4 in (4.20), we use the decomposition (4.21) to obtain

(pg, (v—0¢)) = (u—, (v+c))=0. (4.22)

Indeed there is no contribution to (4.22) from the remaining terms in (4.21) since, on one hand,

(x(s2))

as so — s4 (and similarly with s_) and, on the other hand,
h

(h(s)) <c

(x(s))

when s tends to either s_ or s..
Set

(w,z)Esuppr

. -1
‘<k+v s2))ck X(82)>‘§C max  |w — sg| — 0,

max [k(p)2 —(v— 5)2] < C max |w—s||z—s] — 0,
p,vESUpp v supp v

A (w,z) :=v+e
By the genuine nonlinearity, we have
)\—(wmaxa Z) S )\—(wmaxa Zmin) < )\—i- (wmaxa Zmin) S )\—‘r (’LU, Zmin)

for all w, z between zpn, and wyax. This contradicts (4.22). O
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Proof of Lemma 4.2. We rely on the asymptotic expansions obtained in Theorems 2.2-2.3 and on the
explicit formulas in Proposition 2.4. Since only the first terms in expansions (2.8) and (2.12) are used
here, we set

g :=a,Gry1 + g, h:=—(v—35)b,Gxri1 + h,
which are Holder continuous in (p, v, s) and satisfy
3(p,v = 8)| + h(p,v =) < C [k(p)® — (v~ 5)?]

Also observe that by = pk’ ay/k.
By expanding the product, we get the decomposition

A1

X1 Pjo§ — o1 Pjx§ =x1 Pi(0f —vxj§) — (01 —vx1) Pixj
:(aﬁG)Hl —|—§]1) <pk g2 ZKi ((sj — v)ésj:vik) * 5+ eJI.I *gpj)
+

— ((81 — U) bﬁG)\J + ;Ll) (k/_l/Q ZKiésj:vik * 90; + 631‘ * @;)
+

::EI,€+E[I,5+EIII,E
where G j := Gx(p,v — s;), and

Ele — aﬁpkj k/1/2 G>\71 ZKi ((Sj — 51)6s‘j:v:|:k) *90;'7
+

BTl = pki/'? ZKifh ((s5 = )ds;=utk) * 95 — Ko ZKiBl B =tk * 5,
T +
plLe _ (anGA,1 +§1)e§1 *@; — ((51 —v)byGr1 + iL1)e§ *@2.

The term E*€ is the most singular; it contains the products of Holder continuous functions by measures.
Relying on the favorable factor s; — s;, we have

€ A €
(B (p,0 = 51)] < Cp™ [k(0)* = (0 = 1]} D KE[s1 =0 F k(o) (s1 — 0 F h(0))
+
<O Y sy v F k(o) (s v £ k(p) < Cp 2N 0
+

uniformly in (p,v, s1) in a compact set. Here we used that, since ¢; is continuous,
\s)“H (pj(s)\ < € sup ]sA w;(s)] < C e .
S
The term E!!¢ contains the products of Dirac masses by Holder continuous functions with exponent
> 1. We have

B (p,0 — 1) < C p* 2 [k(p)? — (0 — 50)°] " ST KE@S (51 — v F k()
+

<C PPN s1 — v k(p)M (51 — v £ k(p))
+

< C'p?’(l_a)/2 & — 0, uniformly for (p,v,sy).
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Dealing with ETI1:¢ is easier. For example, we treat the product

IIle . 11 €
E = ayGr1 €5 * .

In the region |k(p)? — (v — s1)?| < B (with 3 > 0 to be determined), we use (2.17) and so
B < CGr 1 Gaan = CGroan OB

which is as small as we want by taking 3 small, provided « € (0,1] N (0, \).

In the complement region |k(p)? — (v — s1)2| > 3 > 0, each of the two functions G,(s1) and e!!(s;)
is Holder continuous in (p, v, s1). The convergence of the convolution product is uniform in this domain
and the limit ayG'x(p,v — s1) eI (p,v — 1) is continuous. This shows that E//1-¢ converges uniformly in
(p,v,s1). This completes the proof of Lemma 4.2. O

Proof of Lemma 4.3. This proof again relies on the asymptotic expansions in Theorems 2.2-2.3 and
on the explicit formulas obtained in Proposition 2.4. Observe that, in the sense of distributions,

Pox2 Psog — P3xs Paos

=Py x2 P3(03 — v x3) — Psxs P2(02 — v x2)

=(ayPaGr2 + ay PaGry1,2 + P2ga) ((53 —v) (b4 P3Gr 3 + by P3Grt1,3)
+ Pshg + (A+ 1) b0 Grs + (A +1) bbagsam,g)

+ (agP3Gr3 + ay PsGj1,3 + P3gs) <(32 —0) (by PoGr2 + b, PoGy1,2)

+ Py + (A+ 1) b2 Grg + (A +1) b, Gm,z)

_ . gl 4 gl 4 gl

where we used the chain rule for fractional derivatives. We define

EI = (53 — 82) aﬁbﬁ PQG)\,z PSG)\,Sa

B . ag PQGA72 ((83 — U) bbP3G)\+1,3 + ()\ + 1) bﬁas\sG,\;;)
—ay P3GA73 <(82 — ’U) bbPQG,\_H,Q + ()\ + 1) bﬁag‘QG,\g)
+ ayby <P2G>\+1,2(83 —v) P3Gy 3 — P3sGri1,3(52 — v) PQG/\,Q)a

and E'T the remainder.
Consider the decomposition

Pax§ P3o§ — Pyx§ Poos = (E' + B + EM) w g % o = BV 4 EIDe B

and determine the limit of the first two terms. Dealing with ET//:¢ is easy since it involves only the
products of Holder continuous functions (such as h3) by measures (such as ay PG 2), or more regular
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products. Classical theorems on weak convergence of convolution products apply. By symmetry, one
easily checks that
Elle g as € — 0,

weakly in measures and uniformly in (p,v).
In view of Proposition 2.4 and its proof which provides the asymptotic expansion of the functions G,
the term
EL = BT x 0§ % 0§ = ((53 — 89) ayby PoGy 2 P3G 3) * 05 % ¢

can be decomposed into the products of measures, products of measures by L? functions, and the products
of LY functions. We need consider the first two cases.

Consider the product of two measures. A typical product is &(p) /2 Os—vtk(p) DY K (p)~1/? Os—v—k(p)-
Using the Riemann invariants w = v + k(p) and z = v — k(p), we estimate

K () ! [ 2o = w) i1 = o) d|

< C(w—2)"+ /@3(81 —w) 5(s1 — 2)|Y(s1)|ds1

N IF2A _
< 0 <u> / wa(s1) p3 <51 + %) [h(w + esy)|dsy < Ce**  — 0.
—1

€

We treat the product of a measure ps = p(s2) by an L? function I3 = [(s3) as follows :

[ [ 1= sopeston = sadessr — salisa) dsadusn) wisa) ds
= ¢ ‘///(53 — S9)pa(s1 — S2)ps(s1 — s3)l(es3) dssdu(esa) Y(esy) d51|

C P ifa [, / du(ss)]  — 0,

IN

il

L

uniformly in (p,v), where p = ¢q/(p — 1).
The other terms are handled similarly. This proves

Ele 0, ase — 0,

weakly in measures in s; and uniformly in (p,v).

The term E'!¢ contains the products of functions of bounded variation by bounded measures. Such
products converge to the limits that depend on the regularization, i.e. on s, 3. We can replace s, and
s3 by s in E'1¢ since the remaining terms converge to zero, as one can be checked by the arguments
used earlier. So we now study

E*JI,& =:ay PQGA72 * (pg <(81 — ’U) b|,P3G,\+1,3 + ()\ + 1) bﬁaﬁsGm) * (pg
— ay PsGiy 3 % 5 ((51 — )by PyGrpra + (A + 1) bﬁagGA,z) 5

+ ayby <P2G>\+1,2(51 —v) P3Gy 3 — P3sGri13(51 —v) PzGA,z) * (5 * 3,
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that is,
EIII,E :()\ + 1) aﬁbﬁ (PQG)\728‘?3G)\73 — P3G,\738£\2G)\72) * (pg * (pg

+ (81 - U) (aﬁbb — abbu) (PQG)\72P3G)\+173 — P3G,\73P2G,\+1,2) * (pg * (pg.
Since
NG (pv—s) = [k* — (v — 5)2]+ IXTIGA(p,v —5) —2(N+1)(s — v) D2 GA(p,v — 5),
the weak limit of EZ1€ is the same as the limit of

(A+1) (aﬁ by — 2k” (agb, — abbﬁ)) <P2G/\,2833G/\,3 — P3G 30 G,\,2> * 05 * P05

Denote by Hs—,, the Heaviside function with a jump at the point m. Using the asymptotic expansions
in Section 2, we arrive at

Z(p) (O K 6pvin > KT Hoyovi — > KT 60 —vire D K Hepoir) % 95 % 5.
+ + + +

To conclude, we observe

Lemma 4.4. For all ma,m3 € R, one has
(H52=m2 * 905) (683=m3 * ‘Pg) — Q(ma2,m3) b5, =ms
in measures, where
0, if ma <mg,

Q(mz, m3) = S ©2(s) [° ws(t) dtds, if my =ms,
1= [g w2(s)ds [ p3(t)dt, if my>ms.

The proof is omitted. In view of the lemma, EZ/>¢ converges in the weak sense in s; to the limit stated
in (4.8). The proof of Lemma 4.3 is completed.
5. Existence, Compactness, and Asymptotic Decay.

In this section we will establish the existence, compactness, and asymptotic decay of entropy solutions
of the Cauchy problem (1.1)-(1.2), relying on the assumptions (1.4) and (2.1).

Theorem 5.1 (Existence). Assume that the initial data (po,mo) satisfy
0<po(x) <Co, |mo(x)| < Copol), a.e. (5.1)

Then there exists an entropy solution (p,m) of the Cauchy problem (1.1)-(1.2), globally defined in time,
satisfying
0<p(t2) <C, Im(ta)| <Cplto),  ac.(t,)

where C' depends only on Cy and the pressure function p(-).

The proof is postponed at the end of the section. A direct application of Theorem 4.1 then yields the
following compactness theorem.
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Theorem 5.2 (Compactness). The solution operator (p,m)(t,-) = S¢(po,mo)(:) determined by Theo-

rem 5.1 is compact in L}, (R?).

Proof. Consider any (oscillatory) sequence of initial data (p§, m§), € > 0, satisfying
0 < po(z) < Co,  |mg(x)| < Co pi(x), (5.2)

with Cy > 0 independent of ¢ > 0. Then there exists C' > 0 independent of € > 0 such that the
corresponding sequence (p¢, m¢), determined by Theorem 5.1, satisfies

0<p(tia) <C,  |me(t.)| < Cpf(t,).

Since (p¢, m¢) are entropy solutions satisfying 0;n(p®, m¢) + 9,q(p¢, m) < 0 in the sense of distributions,
for any C? convex weak entropy pair (7, q), we deduce from Murat’s lemma (see [4] for details) that

O (p®,m*) + 0zq(p°, m°) is compact in  H,,'(RY),

for any weak entropy pair (7, q). Combining with Theorem 4.1 yields that (p¢, m¢) is compact in L} (Ri),

loc
which implies our conclusion. O

Finally, based on the analytical framework for the asymptotic decay of periodic solutions established
in Chen and Frid [4], we obtain

Theorem 5.3 (Asymptotic decay). Let (p,m) € L*>® (Ri) be a periodic entropy solution of the Cauchy
problem (1.1)-(1.2) with period [, 3]. Then (p,m) asymptotically decays:

B
esslim (lo(t,z) — p|" + |m(t,z) —m|") du =0, forall 1 <r < oc.

—
tooa

where (p,m) := ﬁ%a ff(po(x),mo(x))dx.

Remark. The results in Theorems 5.2-5.3 are somewhat surprising since the flux-function of (1.1) is only
Lipschitz continuous. Notice that a counterexample found by Greenberg and Rascle [19] demonstrates
that there exist certain systems with only C! (but not C?) flux functions admitting time-periodic and
space-periodic solutions. This example indicates that the compactness and asymptotic decay of entropy
solutions are sensitive with respect to the smoothness of the flux functions.

Proof. Theorem 5.2 implies that the self-similar scaling sequence
ut'(t,z) = (p" (t,2),m" (t,2)) = (p(Tt,Tx), m(Tt, Tx))
is compact in L}, (R2) as T — oo. From [4], it follows that

B
esslim (M« (u(t,x)) — nu(u) — Vnu(a)(u(t,z) —u)) dx =0,

—
tooa

or, equivalently,

t—o0

8 rl
i — D) (ult,z) — @) " V2. (a+ 7(u(t,z) — @) (ut,z) — a)drdz = 0. .
esshm/a /0(1 J(u(t,x) —a) Von.(u+ 7(ut, ) —a))(u(t,z) — u)drde =0 (5.3)



32 CHEN AND LEFLOCH

Here uw = (p,m), etc, and 7, is the standard entropy associated with the physical energy of (1.1).
We observe the following facts.
1. For 1 < 7 < 2, the entropy 7, is uniformly convex, that is V27, > ¢y, for some ¢y > 0, and (5.3) is

equivalent to
B
esslim lu(t,z) — u|*dx = 0. (5.4)

—
tooa

2. For v > 2, (5.3) means that

B m(t,z m ! "(p+ T z)—p
A € L R R e e R R

which implies

t—o0 p(t,SC) P
Note that o m o - -
m—mP = |2 = Do+ Do - )P <2Z - T + 2D (0 - o)
P . P . P 2 P P P (5.6)
<C{{(=—-=)p+(-0n"}
P p
and

3 3 1/2
/ lp— pl*de < C (/ lp— pl”dﬂs> (5.7)

by Holder’s inequality. We conclude from (5.5)-(5.7) and the uniform bound on the solution (p, m) that,
for any 1 < r < oo,

B
esstlim (Im(t,x) —m|" + |p(t,z) — p|") dx = 0. (5.8)
Combining (5.4) with (5.8) leads to the completion of the proof. O

To establish the existence result stated in Theorem 5.1, we now apply the compactness framework
established in Theorem 4.1 and prove the convergence of the Lax-Friedrichs scheme for the Cauchy
problem (1.1)-(1.2) satisfying (5.1) for some Cj > 0.

As every difference scheme, the Lax-Friedrichs scheme satisfies the property of propagation with finite
speed, which is an advantage over the vanishing viscosity method: our convergence result applies without
assumption on the decay of the initial data at infinity. We now introduce the family of Lax-Friedrichs
approximate solutions (p"(t,x), m"(¢,)). Set also v" = m"/p" when p" > 0 and v = 0 otherwise. The
Lax-Friedrichs scheme is based on a regular partition of the half-plane ¢t > 0 defined by t, =n7,2; = jh
forn € N, j € Z. Here 7 and h are the lengths of time step and space step, respectively. It is assumed
that the ratio h/7 is constant and satisfies the Courant-Friedrichs-Lewy stability condition :

T sup [v"(t, ) £ c(p" (t, 2))| < 1.
h (1,2)

For each n € N, we set
In = {j | j integer with even n +j}.
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In the first strip {(t,z) |0 <t < t1, zj_1 < x < xj41, j odd}, we define (p"(t,z),m"(t,x)) by solving a
sequence of Riemann problems for (1.1) corresponding to the Riemann data:
Q_ ,mQ_ s T < x4,
(ph,mh)(l‘,()):{ (pé 1 (]) 1) J
(Pj+1amj+1)7 x>y,
with

1 [Ti+2
(ﬂ?+1ym2+1) = ﬁ/ (po, mo)(x) dz.

zj
It can be checked that the Riemann problem is uniquely solvable for the general pressure law (1.4) and
(2.1).
If (p",m") is known for t < t,,, we set
L[5
o) =5 [0 - 0.0 da,
2h J,,_,

In the region {(t,2)|t, <t < tpi1, T; < T < Tjt2, j € Jn}, we define (p"(t, ), m"(t,z)) by solving the
Riemann problems with the data

rom), T < Tijil,

(p", ") (t, ) = { (pi J)n a

(P2 mis), @ > T,

This completes the construction of the Lax-Friedrichs approximate solutions (p"(t, ), m"(t,z)).
The main result of this section is the following.

Theorem 5.4. Let (pg,mo) be the Cauchy data satisfying (5.1). Extracting a subsequence if necessary,
the Laz-Friedrichs approzimate solutions (p,m") converge strongly to a limit (p,m) € L=(RZ) which is
an entropy solution of the Cauchy problem (1.1)-(1.2). 0

The following two lemmas are used toward the proof of Theorem 5.4.
Lemma 5.5. For all wy > zg, the regions
R(wo, 20) = {(p,m) : w < wp, 2z > z0,w — z >0}
are invariant for both the Riemann solutions and the Laz-Friedrichs approximate solutions. O

Proof. The fact that R(wy, 2zg) is an invariant region for the Riemann solutions can be checked directly
from the explicit formulas known for the Riemann problem. Since, the sets R(wy, zp) are convex in the
(p,m)-plane, it follows from Jensen’s inequality that, for any function satisfying {(p(z), m(z)) :a <z <
b} C R(wo, 2o) for some (wy, z0), we have

b
(o) = 5= | (o). m(a))d € Rluwn, o).

Therefore, R(wo, zo) is also an invariant region for the Lax-Friedrichs scheme. O

In particular, Lemma 5.5 shows that the density p" remains nonnegative so that it is indeed possible
to construct the approximate solutions globally, as described earlier.
Consider the entropy pair defined from the kinetic and internal energies by

mt 70 moyl)
L(p,m) = 2 P e, qu(p,m) = 25 PAY) . 5.9
mpm) =g to [ B a(pm) =gz em [ (59)
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Lemma 5.6. For any weak entropy pair (n,q) and any invariant region R(wy, 2q), there exists a constant
C > 0 such that, for any solution (p(t,z), m(t,z)) of the Riemann problem with initial data in R(wy, zp),
one has

|2 (&) [n(p, m))(t) = [alp, m)](®)] < C |2’ (8) [n(p, m)](t) = lgu(p, m)](1)]

where x'(t) is the speed of any shock located at z(t) in the Riemann solution (p,m) and [g(p,m)](t) :=
9o, m)(@(0)+,) — g(p, m)((t)—1) for any function g(p,m).

The proof of Theorem 5.4 then follows similar lines as in [2,13] for the y-law case. It is not difficult to
include the interval v € (2,3) for which the standard entropy (5.9) is degenerate near the vacuum.
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