L*>* SOLUTIONS FOR A MODEL OF NON-ISOTHERMAL
POLYTROPIC GAS FLOW

HERMANO FRID, HELGE HOLDEN, AND KENNETH H. KARLSEN

ABSTRACT. We establish the global existence of L solutions for a model of
polytropic gas flow with varying temperature governed by a Fourier equation in
the Lagrangian coordinates. The result is obtained by showing the convergence
of a class of finite difference schemes, which includes the Lax—Friedrichs and
Godunov schemes. Such convergence is achieved by proving the estimates
required for the application of the compensated compactness theory.

1. INTRODUCTION

We consider the following system modeling a gas flow with a pressure-density-
temperature equation of state of the form

p(p, ) = wip?,
where p denotes the pressure, p is the density, ¥ the temperature, v > 1 and
K= %(,}, —1)2. In the nomenclature of [7], this means that the thermal pressure

pn(p,9¥) and the elastic pressure p.(p) satisfy pin(p,9) = p(p, ), pe(p) = 0. In
particular, by Maxwell’s relationship we get e = Q(¢}), where e is the internal
energy, that is, e is a function only of the temperature.

The model assumes that ¥ is governed by a Fourier equation in Lagrangian
coordinates and, in Eulerian coordinates, reads

(1.1) pt +my =0,
(12) e+ (" plp. )2 =0,
1
(1.3) TH# ((pﬁ)t + (md — pﬁx)m) =0,

where m is the momentum defined as m = pu, where u is the gas velocity. We denote
by T the Lagrangian transformation determined modulo constants by T'(z,t) =
(y(z,t),t), with y satisfying

dy dy

or " a T

and T# denotes the corresponding push-forward operatorﬂ from the distributions
on R% := R x (0,00) in the (z,t) coordinates to the distributions on R in the (y, t)

(1.4)
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IThe push-forward of a distribution of the form div F, where F € L>(2;R™), with Q@ C R™,
by a Lipschitz continuous mapping f : Q2 — ) C RV, is the distribution f#(div F) in Q) defined
as (f#(div F), ) = —(F, V(¢ o f)) for all p € C° ().
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coordinates. We observe that, when vacuum occurs, 7" is not invertible and so we
cannot get rid of the push-forward operation in .

The system 7 is a mathematical model intended to approximate the
more physical model where equation is replaced by the thermal energy equa-
tion (see, e.g., (1.36) in [7]), which reduces to if the terms involving the velocity
are neglected, and this motivates our mathematical model.

Initial data are given by

(15) p(fE,O) :PO(Q«")’ m(z,O) :mo(fﬁ),
(1L6)  9(x,0) = do(x) = olyo(x)), @)= [ po(a)d
0
Assume that
(1.7) po, Mo, % EL®[R), po>=0, 0<d<oeW2(R).
0

In particular, the initial data (and the solution) allows for the occurrence of vacuum.
In addition, we also assume that o is periodic with period, say, 2m, that is,

(1.8) o(y+2m) =o(y), yeR.

We remark that assumption ([L1.7]), imposed on o, implies that the solution of the
heat equation with initial data o,

N 1 e
(1.9) o(y,t) = W/}Re W=2"/45(2) dz,
satisfies
_ - _ _ 3 ) - 1 2m
(1.10) |6(y,t) — &, 16y (y, ), |Gyy(y, )| < Coe™", with &:= o o(z)dz,
0

for some absolute constant Cy > 0. Indeed, (1.7]) and (1.8) imply the absolute con-
vergence of the Fourier series of o, ¢/ and ¢”’. On the other hand, a straightforward
calculation shows that

— a2 i 2 . .
;1/2/6_(?!—2)2/4156%,2 ds — e~y +(y+21;f;f) )/47:/6(2(952‘“)) .
(4mt) R (4rt) &

— eiky7k2t

for any k£ € R, which then gives the asserted asymptotic behavior, by plugging the
Fourier series for o, ¢/ and ¢” in and the corresponding equations for 7, and
Gyy, Obtained from by replacing o by ¢’ and ¢, respectively.

We have the following definition of weak solution.

Definition 1.1. We say that a function (p, m,9) € L>(R%) is a weak solution to
[L.1)-(L.6) if:
() m/fp € L=(R2),
(i) 0 € W (R2), 0,/p € L=(R);
(iii) for all ¢, € C§°(R?),

[ om0+ (n, ™ 40, p) )0
R2 p

(1.11) + [ (o0 mo) ). 0) da =0,
/ : 0 g 0,8) 4 () = = 0,) (o, 0). ) ol

(1.12) +/Rp()'l90’l/J(y0(CE)7:L‘) dx = 0.
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We observe that, in Definition we ask that p,m,d,9,/p € LOC(Ri) and
so we have (pd, md — %’) € L>®(R%). Therefore, the push-forward operation

T4 (,019, my — %) is well-defined by
(1.13)

(7 (o0 + 0 =22, ) ) o= = ( (0= 22 ) (FwoT, Swo)),

for all ¢ € C§°(R?%), where on the left-hand side (-,-) denotes the pairing (W =1,
Wh1) while on the right-hand side it is the pairing ((L°°)%, (L')?). Ttem (iii) of
Definition is the natural extension of in order to take into account the
initial data.

Our main result reads as follows.

Theorem 1.1. There exists a constant r(y) > 0 such that if ||(po, mo)|leo < (%),
then there exists a global weak solution to the Cauchy problem (1.1))—(1.6)) satisfying

an entropy inequality of the form
(114) n*(pvmvﬂ)t +Q*(p;m, Qg)z S Ce_ta

in the sense of distributions, for some C' > 0 depending on L bounds for p,m,v,
where

1 K
(1.15) n:(p,m, ) = 5/’“2 + ﬁ'ﬁp’yv a«(p,m, 9) = un.(p, m, 9) + pu.

Moreover, r(v) — oo as v — 14. Further, if po, mo are periodic with period L such
that yo(L) = 2w, we have the following decay

L
(1.16) im [ | (p(, ), ma, 1), 0(x,1)) = (7,m,9)| da = 0,

t—o0 0
where p,m, ¥ are the mean values of pg, mg, Vg, respectively.

The following sections of this paper are dedicated to the proof of Theorem [I.1}
We will construct approximate solutions using an adaptation of Godunov’s finite
difference scheme which roughly runs as follows. We start with the approximate
solution (p”, m” 9") defined at t = 0 as a piecewise constant function with jumps
located at the space grid points = = (i + 1/2)Az, i € Z, setting p, m", 9" on
the space interval ((: — 1/2)Axz, (i + 1/2)Ax)) constant equal to the mean values
of pg,mg, 9y on that interval. Then, inductively, we assume that p",m” 9" have
been for t = jh, for some j € N, and are piecewise constant with jumps located at
x = (i+1/2)Ax, i € Z. Here h is the time-step, At. We assume that Az and At
satisfy a CFL-condition, which, in order to be justified, depends on a crucial L a
priori bound for the approximate solution, which is a central point in our proof. We
then define p", m", 9" on the time-interval [jh, (j + 1)h) by solving the Riemann
problems for the 3 x 3 system (2.15)), (2.16)),(2.17), centered at the discontinuities
on the points ((i +1/2)Ax, jh), i € Z. Since vacuum may occur in the solutions of
the Riemann problems, we need also to define 9" on the vacuum zones, whenever
this is the case for a certain Riemann problem solution. So, if vacuum occurs on
a Riemann solution defined on the rectangle [iAz, (i + 1)Ax] x [jh, (§ + 1)h), for
some i € Z, it takes place on a wedge

et = jh) < (x— (i + 5)A0) et —jh),  jh<t<(G+Dh

for certain —2At/Az < ¢; < cg < 2At/Az. We then define 9" on this wedge
as (V" (iAx, jh) + 9"((i + 1)Az, jh)) /2. Having defined (p",m",9") on [jh, (j +
1)h) xR as just indicated, we may define y"(x,t) on Rx [0, (j+1)h) by (3.1)) and the



4 FRID, HOLDEN, AND KARLSEN

auxiliary function o”(x,t) by (3.2). We thus define p", m", 9" on Rx {t = (j+1)h}
by G3). (B4 and G3).

As we mentioned, the crucial point in our proof is the obtainment of L* a
priori bounds for p,m" 9". These bounds allow us to apply the compensated
compactness method following the ideas developed in [], [5], [1], [10] and [9]. Using
this framework we succeed to prove the convergence a.e. of p*, m" to certain p, m,
which implies the uniform convergence of y"(z,t) to a certain Lipschitz continuous
function y(z,t) satisfying (1.4)), as well as the uniform convergence of the auxiliary
functions ¢”(z,t), and hence that of ¥"(x,t), to &(y(z,t),t) where &(y,t) is the
solution of the heat equation

5',5 == 5'yy,
satisfying 7(y,0) = o(y). Therefore, we verify and, using the Lagragian
transformation T'(z,t) = (y(z,1),t), in a standard way, we easily verify (L.12). The
entropy inequality (L.15)is also easily verified and based on it we can apply the
proof of the main result in [2] to verify . The details of these procedures are
given in the following sections.

Before passing to the proof of Theorem [1.1] we remark that in Lagrangian coor-

dinates the model f reads
vy — Uy = 0,
(1.17) u +p(v,9)y =0,
V¢ — Vyy =0,

where v = 1/p is the specific volume. We observe that, despite the fact that system
has a form much simpler than (1.1)),(L.2)),(L.3), the possibility of occurrence of
vacuum turns the direct analysis of the Cauchy problem for a very difficult
task and so, as in the isentropic case, a better strategy is to proceed with the
analysis of the corresponding problem in Eulerian coordinates, that is, 7.

We now briefly describe the contents of the remaining sections. The main pur-
pose of Section [2]is to describe the solution of the Riemann problem .
In Section [3| we describe the construction of the approximate solutions to (|L.1)—
. In Section |4 we prove the L°° a priori bound for the approximate solutions,
which is a central point in this paper. Section [5]is devoted to the proof of the con-
vergence of the approximate solutions by means of the compensated compactness
method. Finally, in Section [f] we conclude the proof of Theorem by outlining

the proof of the decay property (|L.16]).

2. BACKGROUND RESULTS. THE AUXILIARY RIEMANN PROBLEM.

Let us first recall results for the p-system for a polytropic gas in Eulerian coor-
dinates. More precisely, we consider the system

(21) Pt +my = 0,
(2.2) mg + (m? +p(p)), =0,

where the pressure is given by p(p) = k9p?. For later use we observe that we can
rewrite the conserved quantities in terms of the other variables, viz.,

(2.3) p=p(p,V) = (%)w » m=m(u,p,9) = pu=u (H%)W :

Here we consider the isothermal case where the temperature ¢ is considered a
constant. Recall that the functions

1 pN\NO/Y 1
(2.4) w=u+§(pp)1/2:u—|—q91/2p9:u+ (E) 1921~/,
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FIGURE 1. The wave curves for the p-system for a given left state.

1 0/~

(2.5) z=u—§(pp)1/2=u—191/2p9=u—<£> 19%,
K
with § = 2(y — 1), form a pair of Riemann invariants for system (2.I)-(2-2) in the
isothermal case where ¥ is constant. A standard calculation (see, e.g., [8,3]) yields
that the rarefaction curves are given by
my

m=—"p* Y22 p(p" — pf),

while the Hugoniot locus reads

m 1 1/2
m = fpiwmp(f(p” —p7)(p—pz)) ,
pi ppI

from a given left state (p;, m;). When we involve the entropy condition we find that
the wave curves equal

(2.6) W (om0 m Y291 2p(p? — pf) / for p < p,
. \p,my): m=-—p— 1/2
P 09 2p (507 = p)p— 1)) for p= pu,
1/2
V2,( (0 — ) (p —
2.7) Walpr,m): m= ",y 007 P(ppl (0" =/ )p pz)) for p < pi,
P V2V p(p" — pf) for p > p.

In the variables (p,u) we find
Y22 (0% — pf) for p < pi,

(2.8) Wilp,w): uw=mwu — 1/2
9191/2(%(/)” —p)p— pz)) for p > pi,
1/2( 1 v 12
L (o — — <
(2.9) Wolpr,w): w=mwu + v (PPl (" =p/)p Pl)) for p < pi,
Y29V (pf — pf) for p > py.

An important property of the p-system is that the Riemann invariants provide
invariant regions. More specifically, (see, e.g., [3, Lemma 5]) if (po(z), mo(z)) €
Q={(p,m) | w < wy, z > 29, w—z > 0} for all z € R, then also the solution
(p(z,t), m(x,t)) will remain in £, that is, (p(z,t), m(x,t)) € Qfor (z,t) € Rx[0, c0).

An entropy-entropy flux pair (7, ¢) for the p-system satisfies for smooth solutions

n(p;m)e +q(p,m)z = 0.
Consistency with the system (2.1))—(2.2)) requires
(2.10) Va(p,m) = Vn(p,m)VF(p,m),
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FIGURE 2. The triangle in the Riemann invariants (left) is mapped
into the indicated region bounded by rarefaction waves in the
(p, m)-plane.

. — . . LW
8 10 | 12 14 16

FIGURE 3. The solution of the Riemann problem using the Rie-
mann invariants as coordinates. Through the right state backward
Riemann invariants are drawn.

where F' = (m, mTQ + p(p)) is the flux function of the p-system. A particular choice
of entropy-entropy flux pair (7., ¢.) reads

m? P 1 K
2.11 =t = —pu2 4
(2.11) v kT v
(2.12) Qx = UNs + pu = un, + urdp”.

More generally, the weak entropy-entropy flux pairs (7, ¢) constitute a class of
entropy-entropy flux pairs of particular interest in isentropic gas dynamics, as first
pointed out in [5], and they are characterized by the following conditions at the
vacuum line:

n(p,w)lp=0 =0,  np(p,u)|p=0 = g(u),
for some continuous function g. Let us denote

p
x(p,u; ) = (; — )},
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where (a)+ = max{0,a} and A = % As observed in [10], weak entropy-entropy
flux pairs can be given by the integral formulas

(213) o) = [ 0 x(p.€ )

(214) alp.) = [ €)(0+ (1= u)x(p.¢ ~ .

Remark 2.1. Observe that the entropy pair (1., ¢.), defined in (1.15)), is a weak
convex entropy pair. Moreover, for any weak entropy pair (7, q) there exists a
constant C, > 0 such that 7 4+ Cyn. is convex.

Let us now turn to the full system

(2.15) pt+mg =0,
(2.16) me + Uf T p(p.9))2 =0,
(2.17) (p9): + (mi), =0,

where the pressure p is given as above. The Riemann problem is the initial value
problem for the system (2.15)—(2.17) with special initial data consisting of a single

jump between two constant states, viz.

Pl
my for z < 0,
P 9
(2.18) m (z) =
¥/ lt=o0 Pr
m, for z > 0.
197"

The system ([2.15)—(2.17)) possesses three eigenfields associated with the eigenvalues

Alzu—\/pTJ, Ao = u, )\3:U+\/ZTP.
The solution to a Riemann problem for system f may be described using
the coordinates w, z,1, that is, the Riemann invariants for the p-system and the
temperature, in the following way. Consider first the case when the solution does
not contain vacuum. The solution of the Riemann problem, starting from the left
state (p;,my, ), consists of a slow wave in which the entropy ¢ remains constant
(i.e., in the (w, z)-plane determined by ¥ = ¥,), followed by a contact discontinuity
in which the velocity u and the pressure p remain unchanged, and finally a fast
wave with constant temperature ¥ (i.e., in the (w, z)-plane determined by ¢ = ¥,.)
connected with the given right state (p,, m,,9,). Along the slow wave we can write

the Riemann invariants a
(2.19) wzul(P;Pl,Ul,ﬂz)+ﬂll/2 f
z = ui(p; pr,u, V) — 1951/2 f

where u = uq(p; p1, w1, V) is the slow wave given by (2.6). For the fast wave we
consider the backward wave (i.e., consisting of the states that can be connected to
a given right state from the left), and the Riemann invariants read

w = a2(p? Pr; Ur, ?97") + 19’}/2 0;

2.20
( ) ZZﬂz(P%Pr,Umﬂr) _1971"/2 9;

21t turns out to be easier to describe the solution using the speed u rather than the momentum
m as a variable.
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where u = a3 (p; pr, ur,¥,) is the fast backward wave corresponding to (2.7). The
contact discontinuity, with pressure p* and velocity u*, jumps from a left density
p] to a right density p; determined by

p* = ri(p;)" = KI:(py)7,
-

u* Ul(ﬂ?;pl,ul,ﬂl) 2(p:;p7‘7ur7197‘)7

(2.21)

which yields

* 1/’)’
pl 197“)
2.22 (= ,
(2.22) pr <191

to be inserted in the second equation for the velocity, u; = 2, to determine pj

and pf. In terms of the Riemann invariants we find that w jumps from u* +

1 1 1

(p*/K)?/ 7977 to u* + (p*/k)?/7977, and similarly z jumps from u* — (p*/k)%/ 79"

1

to u* — (p*/k)?/792 . An alternative way to describe the contact discontinuity is

the following. Consider a point on the backward fast wave curve with Riemann

1

invariants (w, z) given by (2.20)), which we can write as w = 4y + (p//’a)g/'Y 97

1

and z = g — (p/lﬁ;)e/’y 97", Construct now another curve (w, z), given as a Rie-

mann invariant with the same velocity @ and pressure p as (w, z), but with the
temperature 9, replaced by ¥;, that is,

We find

which yields

Wi g
Il Il
o 8 o 8
/N 7 N
= =
| +
/N N
sls ®ls
~— ~—
S S
N~ ~—
+ +
IR
/N
—
+
7N
=
=3 -~
N——
by
~—

The intersection between the slow wave curve in the Riemann invariants plane and
the curve (w, z) determines the values of the variables to the left of the contact
discontinuity, whose speed, in the physical space of the (z,t)-coordinates, is then
¢y = (W + Z)/2. Through this intersection we draw the line where w + z = 2¢y,
and the intersection between this line and the backward fast wave gives the values
of the variables to the right of the contact discontinuity, cf. Figures [4 and [

The solution involves vacuum when the slow wave is a rarefaction wave that
connects to a state on the vacuum line w = z; the velocity is then given by u* =
U + 71/21911/2/)? and w = z = u*. Similarly, the given right state connects via a
rarefaction from a vacuum state with velocity @* = u, —71/219$/2pf andw =z = u*.
This is possible only if @* > u*. On the physical space of the (z,t)-coordinates the
vacuum region is the wedge V := {(x,t) : u*t <z < a*t}; for definiteness, we then
set u = (u* +a*)/2, and ¥ := (¥; +9,)/2 on V. In this way, we define completely
the Riemann solutions that will be used in the next section in the construction of

the approximate solutions to (|L.1)—(L.6).
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0.8
32

FIGURE 4. The slow Riemann invariant through the left state (blue
curve), and the backward fast Riemann invariant through the right
state (red curve). In addition the yellow curve (w, z), whose in-
tersection with the slow Riemann invariant determines the contact
discontinuity.

0.95- /

0.90 -

R N /

L L L L L L i ' w 0.80 L L L

' w

33 34 35 36 37 38 39 4.0 3.80 3.85 3.9 395

FIGURE 5. The same data is in Figure Curves for the invari-
ant region for the corresponding p-system are added (black). In
addition, the dashed line is given by w — z equals a constant de-
termined by the intersection between the yellow and blue curves.
The interaction of this straight line with the red curve gives the
value on the right of the contact discontinuity. The right figure is
a close-up near the intersection.

4.00
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3. CONSTRUCTION OF APPROXIMATE SOLUTIONS.

Here we provide the full proof of Theorem We construct approximate so-
lutions for f by using a Godunov-type finite difference scheme based on
solving Riemann problems at each time step, updating the approximate 9 using
the Lagrange transformation, and averaging at the end of each time step.

Before we begin the proof, let us describe the fundamentals of the construction
of the approximate solution. We discretize both in space and time. Let h = At,
and Az = ch with ¢ > 0 to be chosen by the CFL condition

mh 1‘7t
) ) )

c> sup
(z,t)ERX[0,00)

which is possible as long as we can obtain an L a priori bound for

mh x,t
[M & \[pp (0" (2. 1), 9 (z1)).

The initial data pg,mg, Yo is approximated by step functions with jumps at
T;_1/9 = (i —1/2)Ax for i € Z. The multiple Riemann problems are solved for
t € [0,h). At t = h a new step function is created with jumps at 2;_/, (details
given below), and new Riemann problems are solved. More precisely, suppose the
approximate solution U" = (p", m",9") has been defined for t < jh and that
U"(z,jh) is constant for 2 € I; where

Ii = (vi_1/2,%ip1/2), 1€ZL.

For t € [jh,(j + 1)h), setting 2; = iAw, i € Z, we define U"(x,t) by glueing
together the solutions of the Riemann problems for the system f de-
fined at [x;,z;11] X [jh, (j + 1)h), determined by the discontinuities at the points
(%i41/2,7h), i € Z. Inductively this yields a function U" defined on R x [0, 00), as
long as we are able to obtain the necessary a priori bound mentioned above.

We describe the construction of the approximate solution as follows. Assume
that we have constructed the approximate solution U” for z € R and t < jh, and
have defined it at time ¢ = jh as a piecewise constant function with jumps at z; 1 /o
for i € Z. For (z,t) € [z, xi41] X [Fh, (j + 1), i € Z, let U"(x,t) be the solution
of the Riemann problem f as described in the previous section. Set
(3.1)

x t
y"(x,t) :/ ph(z,t)dz—/ m"(0,s)ds, x€R, te[jh,(j+1)h),
0 0

and

(3.2)

oM (a,t) = ! /ef ““‘ﬁ?‘z’za( Ydz = 5(y"(2,t),t), (x,t) € R x [jh, (j + 1)h)
b) \/m R b b) b b b .

We then deﬁneE|

(3.3) o, G+ 1) = - / P G+ DR - 0)d,

(3.4) m" (2, (j + 1)h) = Aix [ (@G + DR - 0) a2,

(35) P (o, Dh) = 57 [ 0@ G+ D= 0)ds

for x € I,.

3We use the standard notation f(z % 0) = lim¢ o f(z L €).
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z

FIGURE 6. Assuming that the initial data are in the shaded region,
we show the existence of an R such that the solution remains in
the larger triangle. The vacuum line is w = z.

4. L°° A PRIORI ESTIMATE.

We now investigate the problem of obtaining an a priori L* bound for the
approximate solution U”. Let us denote

w'(z,t) = w(U"(x, 1)), 2M(x,t) = 2(UM(x,t)).
Let » > 0 be such that
wh(z,0) <, 2M(x,0) > —r, z €R.
We assume for the moment that w”, 2" satisfies an a priori bound of the form
(4.1) wh(z,t) < R, 2z, t) > R, (x,t) € R x [0, 00),

for some constants R > r, and we will find a condition relating » and R under
which (4.1) can be justified.
We first observe that if (4.1 holds, then, for any (x1,%1), (xz2,t2) € R x [0, 00),

(4.2) y"(z1,t1) — ¥ (22, t2)| < C(R)(Ja1 — @a| + |t1 — ta| + D),

for some constant C(R) > 0 depending only on R. In what follows, C'(R) will always
represent a positive constant depending on R that may differ from one occurrence
to the next one.
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t

(j+Dh

(i-3/2) Ax (i-1/2) Ax (i+1/2) Ax

X

FIGURE 7. Schematic figure of the solution of the Riemann prob-
lem. Contact discontinuities are indicated by thick lines. We see
that the vertical line z equals a constant first intersects a slow or
a fast wave before it crosses the contact discontinuity.

We also observe that
lo"(x1,t1) — 0" (0, t2)]
= a(y" (x1,t1),t1) — 5(y" (22, ta), t2)]
Gy (x1, 1), t1) — 6 (y" (w2, t2), t1))]
+15(y" (w2, t2), t1) — 6(y" (w2, t2), 2|

1
(4.3) < \yh(fﬂhtl) - yh($2,t2)|/ |&y(Ty§b + (1 - T)y?atlﬂ dr
0

1
It — o] / 6oy, Ot + (1 — 0)t2)] do
0

< C(R) ((|x1 — Zo| 4 |t — ta| + h)e !t + |ty — tale” min(tl,tQ))
< C(R)(|lz1 — 22| + |t — to| + h)e~ ™in(tita)

where we have used (1.10) and denoted y? = y"(z;,t;), i = 1,2.
Assume inductively that

wh(x,t) <rj, zh(ac,t) > —rj, (z,t) € R x [0, jh],

for some constant r;. For t € [jh, (j + 1)h) the approximate solution is defined by
solving the Riemann problems given by the discontinuities at the points (41,2, jh),
i € Z. Since the p-system enjoys an invariant region given in terms of w and z, the
only possible increase in w beyond r;, and, similarly, the only possible decrease in z
beyond —r;, may occur across the contact discontinuity. Here both the velocity and
the pressure remain unchanged, and the sole change is in the entropy. Observe first
that since the slow Riemann invariant is increasing in w, there can be no increase
in the value of w. Fix x and let ¢ € [jh,(j + 1)h). We see from Figure [7| that
the vertical line x equals a constant crosses slow or fast waves before it crosses the
contact discontinuity. Let jh < ¢ < f < (j + 1)h denote two times such that f is
after the fast or slow wave, but prior to the contact discontinuity, while ¢ is after
the contact discontinuity. Then we find

2, t) = 2" (x, 1) + (2"(x, 1) — 2"(x, 1))
M2, t) — M@, 1) — 2"(2, )|
T — {Zh(xai) - Zh(xa{)| y

AV

v

since the solution of the p-system remains within the invariant region. Furthermore,
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|zh(a:,ﬂ — zh(x,f)’

(2) % @n-(2) # o

K

<

AN
N
‘ S|
>
N———
2
—
53
=
"‘ N‘H
2
—
8
Nl
—~
53
=
SN—"
N
o)
w
N/

(44) x [0 (@)~ (") (2,0)|
< S =) () (@)

IN

r;C(R)(y = 1) [[9" (D]
=r;C(R)(y = 1) |W" ()],

where we have used the mean value theorem and estimated the resulting factor
o

multiplying the jump in 9" times (19h) 27 (z,t) by a constant C'(R). Next we

estimate the jump in the temperature. Let x; and xo be two points on the left and

right side of a jump, respectively, thus ¥y < x;_; /o < x2, with 3 — 2y < Az. We

obtain

x [0 (@)~ (") (2,D)|
|
|

9" GR)]] = [ (2, jh) — 9" (1, )]
(4.5) < i/ |o" (& 4+ Az, jh) — 0" (&, jh)| d
A.’]’J I;
< C(R)he 7",

by (4.3), where, for the last inequality, we have used ((1.10)).
This yields

(4.6) P a,D) > —ry(1+ C(R)(y - Dhe ),

and we conclude that

(4.7) M(x,t) > —rj(1+ C(R)(y — 1)he "), te[jh,(j+ 1)h).
A similar calculation leads to

(4.8) w"(z,t) <rj(14+ C(R)(y — Dhe "), t € [jh,(j+1)h).

At t = (j + 1)h we average the approximate solution as described in (3.3)—
(3.5). Here we argue as follows. We first observe that the averaging of the values of
(p"(z, (j+1)h—0),m"(z, (j+1)h—0)) in the intervals I 7" := I; x {t = (j+1)h—0},
i € Z, in order to obtain the values of (p"(z, (5 + 1)h),m"(x,(j + 1)h)) in these
intervals, does not affect the bounds and . More precisely, at each such
interval, 9" (z, (+1)h—0) assumes at most 3 values, due to the possibility that two
contact discontinuities, departing from (;_1/2,7h) and (2;11/2,jh), respectively,
Iij+1

end inside Iij *1. This means that the values of (p", m") in each interval belong

to the union of at most 3 regions of the form
Ro={(p,m) : =Cp+9a"?p"TH <m < Cp—0,"?p""},  a=1,23,

for some constant C' > 0 common to all regions R,, o = 1,2,3. But, one easily
check that ¥7 < ¥ implies Ry D Ry, that is, the regions R,, a = 1,2,3, are
contained in that one corresponding to ¥, = min{v¥;,92,93}. In particular, if we
define

Oz, (j+ 1)h) = min{9"(E, (j+ Dh—0) : €L}, inlt' iez,



14 FRID, HOLDEN, AND KARLSEN

then, from the convexity of the regions R, we have

(4.9) 2(p" u 00)(x, (5 + Dh) > —r;(1+ C(R)(y — Dhe M),
and also

(110)  wlph w90, G+ D) < 151+ C(R)(y — Dhe ™),
where

m"(z,(j+1)h) :c h .
u(z, (j + 1)h) = { P GTDA) i p(@, (7 +1)h) > 0
u(z,(j +1)h —0), otherwise

and we agree that the value of u"(z, (j +1)h —0) at a vacuum interval is the mean
value between its values at the extremes of the interval, which determines precisely

the values of u"(z, (j + 1)h — 0) for all z € R. Observe also that the case in which

I’*' is contained in a vacuum interval is trivial since p" = m” = 0 in such an

interval, and so the values of p" and m” do not change through averaging on I f +

Now, we need to check how the bounds and change when we replace
V" (z, (j + 1)h) by the values of ¥"(z, (j + 1)h) given by (3.5). For this, we first
estimate the change in 9" from ¥"(z, (j+1)h—0), to 9" (z, (+1)h), given by .
As already mentioned, 9" (z, (j+1)h—0) can be one of three values; either the value
V"(x,jh), or the values of ¥ in the neighboring intervals, that is, 9" (z + Az, jh).
In any of the three cases, the entropy is given by a formula similar to , but
with (j + 1)h replaced by jh. We consider the most representative case where the
value is in a neighboring interval. Thus

|9 (x, (j + 1)h) — 19h(a:—Ax ih)|
(4.11) < Ax/ |o" (& 1)h) — o (& — Az, jh)| di

< C(R)he —ih

again by (4.3]). Since,

Zh(x7 (.7 + l)h) = Z(phvuhvﬂh)(x’ (.7 + l)h)7
wh(x’ (.7 + 1)h) = Z(ph7uhv ﬂh)(xv (] + 1)h>7

we conclude as above that

2w, t) = 2(p" u 98) (, (5 + 1)h)
= [z(p" u" 92 (@, (G + Dh) = 2(p" a0 (2, (j + 1)R))|
> —rj(1+ C(R)(y = Dhe ™ ")? =t —rjq,
w"(xz,t) < w(ph,u, ) (x, (j + 1)h)
+w(p" w92 (@, (7 + Dh) = w(p", u",9") (@, (j + 1)h))|
<rj(1+C(R)(y — Dhe M2 =rj.

(4.12)
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It remains to estimate the ;. From the inductive formula (4.12) for the r;, we
find

rp=r ﬁ(l + C(R)(y — 1)he M2
k=1

(4.13) < rexp (QO(R)(»Y —1) Z efkhh))
k=1

<rew (206 ) | " esds)

< re2CR(-1)

Therefore, we see from (4.13) that the condition relating r and R under which
the a priori bound (4.1]) holds is

(4.14) Re—20-1DC(R) > .

We may easily check that C(R) may be defined as a continuous increasing function
of R € [0, 00) such that C(0) = 0 and C(R) — oo as R — oo. Hence, the left-hand
side of attains a maximum value for some R, € (0,00) and by the
initial bound r can take the largest possible value given by the left-hand side of
for R = R,. In particular, may be viewed as a restriction on the initial
bound r which amounts to a restriction on ||pgllco and ||mgl|co, assuming given .
We also verify that the initial bound can be taken as large as we wish provided that
v — 1 is sufficiently small.

5. CONVERGENCE OF THE APPROXIMATE SOLUTIONS.

Now we proceed to prove the compactness of the sequence of approximate solu-
tions U". The proof is based on the general analysis carried out by DiPerna in [4]
and we are going to apply the compactness result in [5] and its extensions in [I],
[10] and [9], which together cover the whole range v > 1.

Now, let V* = (p",m") and F* = (m", p"(u")? + p(p",9")). For any ¢ €
Cs°(R?) we have

(5.1)
© i+ 1L)h
//R , )Vh¢t+Fh¢xdxdt:Z/hj /RVh¢t+Fh¢xdxdt
X 10,00 j:0 J
= [Vh(jr)]¢(x, jh) dx
oy
-y V(ih ,jh)dx — [ V"(2,0)¢(x,0) dz,
Z/[{ (GR(z, jh) de / (2,0)6(z,0) da
where

[V (jn)] = V"(z, jh — 0) — V"(z, jh +0).
Further, if (n,q) is an arbitrary entropy pair for (1.1)—(1.2), with ¥ constant, we

have
(5.2)

/ / n"¢r + q" ¢ dx dt =
Rx[0,00)

= — hx T T 3 h(j T, ] T - -
- /Rn (2,0)(x, 0) d +;/R[[n (i]é (. h) d +/0 s<¢>dt+/0 C(o) dt.

0 (j+Dh
> / / " + ¢" 6 da dt
R

j=0"ih
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where, for reasons of brevity, we write " = (V" 9") and ¢" = ¢(V",9"). Here

[[Uh(Jh)]] = nh(majh - O) - 77h(33ajh + 0)7

and S(¢) is defined as

S@)= Y (sIn"l - [d"De(x(t), 1),

shocks

"] = n"(x(t) — 0,¢) — n"(2(t) +0,1),

where the sum is over all shock discontinuities (z(t),t) at time ¢, s = 2/(t) denoting
the shock speed, while C(¢) is defined as

cor=" > (W0~ [")e).b),
discco(;lrétiﬁﬁtities

with sum running over all contact discontinuities (z(t),t) at time ¢, where u” is

the velocity. The latter is defined over a vacuum interval as the arithmetic mean
between the velocity at the end of the 1-rarefaction wave bounding the vacuum
interval on the left-hand side and the velocity at the beginning of the 2-rarefaction
wave bounding the vacuum interval on the right-hand side.

We recall that if (1, ¢) is a convex entropy pair for the isentropic system (1.1)—
where ¥ is constant, then

(5-3) s[n"] - l¢"] = 0,

across each shock wave. Since ¥" is constant across waves of the first and third
family, inequality (5.3)) also holds here. Therefore, for any weak entropy pair (7, q),
we find that the functional
o0
[ s@a
0

is a (signed) measure with locally finite total variation, as a consequence of Re-

mark 271
Concerning the functional
| e@oa
0
if (1, q) is a smooth entropy pair, we have, in view of previous calculations,
[u" [ (5h)] = [a" (G| < Cpe™7"h,

and so

[ ew dt| < G diam(K) |].o.

where K is any compact containing the support of ¢, which gives that this functional
is also a measure with locally finite total variation.
Observe that the weak entropies may be also written as

1
n(p,u) = p/ 9 (7: - zﬁl/gp(”—”/?) (1—22)} dz,

while a similar formula holds for ¢. In particular, 7, ¢ are Lipschitz up to vacuum
if g is smooth.
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We also observe that for the special entropy pair (7)x, ¢«) we have fooo C(¢)dt =0.
Also, for this entropy pair, for nonnegative ¢ € C§°(R?) we have

Z /IR [0l (i)l (w, jh) da
:Zz/< Vi(a, jh = 0)),0" (@, jh +0))

=0 (V" (@, jh +0),0" (@, jh +0)) ) $(a jh) da

722/ n*th]h 0)), 9" (x, jh + 0))

Jj=14€Z

(5.4)

=1 (V" (@, jh = 0),0" @, jh — 0)) ) $(a jh) da.

The first sum in the right-hand side of equation ([5.4]) is nonnegative for nonnegative
#, since V" (x, jh +0) is the average of V" (z, jh — 0), in each interval I;, and 7, is
convex. Therefore, we get

o0 h . i ’ ;
;/R[[U*(Jh)w( ,jh)d

DY J a0 ) (G~ 06, ) d

j=14€Z
—Zce—fhh/qs(x,jh) dz
j=1 R

where nly(--+) = fol nhy(Vi(x, jh — 0), A(0))d0 is the coefficient of the linear re-
maining term in the trivial Taylor expansion of zero order in the variable ¥ and
A(0) = (1-0)9"(z,7h—0)+09"(x, jh+0). In particular, both the left-hand side as
well as the second term of the right-hand side of are measures of locally finite
total variation. As a consequence, we may apply equality with ¢ replaced
by the characteristic function of any suitably chosen rectangle |z| < L = MAuz,
0 <t <T = Nh, to find that

(5.6) Z Z /Dvm ) (V(x, jh = 0)) = VI(x, jh 4+ 0))? dz < const.,

Jh<N |iAz|<M

Y

for any M, N > 0, the constant depending on M, N, where DZn(- fo (1-
0)D%n..(B(0), 19"(96, jh+0))df is the coefficient of the quadratic remalnlng term in
the Taylor expansion of first order and B(6) = (1— H)Vh(a: jh+0)+0V"(z, jh—0).

Since for all Weak entropy n we have |D%n| < C,D%n,, for some C, > 0, it
follows from ) that

e | % /|D n|(VA(z, ih — 0)) — V(z, jh + 0))2 dz| < const.,

Jh<N |iAz|<M

for any M, N > 0, the constant depending on M, N.
We can then use DiPerna’s method in [4] to prove the ngcl 2 compactness of the
distributions 7! 4+ ¢ by decomposing the functional

=3 [ [ mlota ) da
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as
= o(x, jh) dx
jgl ZEZ‘/I
= ¢ (El,jh )]] dx
(58) J; 1E€EZL ( /

/ [n"(Gh)] (6 (x, jh) ¢(xi,jh))dw)
= L1(¢) + La(o

We consider the two terms separately. We have

=3 i) / "Gy + "G, de = L (8) + Lia(6),

j=1icz
where, if [n(V,9)] = n(V_,9_) —n(Vy,94), we denote
[V, 9)ly = n(Vo,9-) =n(Vi,9-),  [n(V.9)ly = n(Vi, 0-) = n(Vy, 94).
Since |[n"(jh)] 4| < Ce™7"h, we clearly have
L12(¢)| < C||8]loo-

Concerning L11(¢), we have, cf. (5.7)),

(5.9)
[L11(¢)| < szyh / 7" (Gm)]y
Jj=14i€Z
= ZZ(bZ;h /D SV (2, jh —0) = VP (z, jh + 0))% da
Jj=14i€Z
< Cll¢ll

Hence, we have

[L1(0)] < C1| 4] co-
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Next, exactly as in [4], we find, assuming that the test function ¢ satisfies
supp ¢ C [-N, N] x [—J, J] and keeping 0 > 0 sufficiently small,
(5.10)

IAOEDS Z/H[n G| |6(z, 3h) — 6, jh)| da

l71<J i <N
<lollo. 32 [ [ Gm1| aae de
l7l<J
iI<N
<lollee - [ (G + 00" [l G0N )
l7l<J
1| <N
Ag2ot!
<lolle 3o 0 (S +ae [ Gl as)
[FI<JT il <N
Ax2a+1
< léllon (S7—(27 + DN +1) + Aa? ||Z<:J/| "Gl de)
J
A$2a+1 1 )
< len (SO ) + 80° ||Z<J/| I Gml* )

Ax2a+1
< G2 18l en (Fogrs +A27)

< Co ¢l g D212
where C'* denotes the Holder space with seminorm

[6llca = sup [d(z) —d(y)|/lz—y*,  a>1/2
z,ye€R

and where C5 depends on the support of ¢. Thus
L1(9)] < Cilldfloe,  and  [La(9)] < Ca(A) ]|

for appropriate «, 5 € (0,1), for some positive constants Cp,Cy depending on
supp ¢, but independent of ¢, and through the Sobolev imbedding theorem

Ly(¢) < Co(Az)P (|l wrr.a,

for an appropriate ¢ € (1,2) and constant depending on the support of ¢.
In this Way we obtain by the usual interpolation argument that for any weak

entropy pair 77, for we have
(5.11) n(Vh,ﬁh)t + q(Vh,ﬁh)x € { compact of W *(R x [0,00)) }.

By [@2), [@3), B-5), (3-2). it easily follows the uniform convergence of y"(z,t) and
9" (x,t), by passing to subsequences if necessary, to Lipschitz continuous functions

y(x,t) and ¥(x,t) with ¥(z,t) = ~(y(ﬂc t),t), where

(y— 2)2
G dy,
(y,t) m / (2) dy
is the solution of the heat equation
Tt = Gyy,
with initial data
a(y,0) =a(y).

By (5.11) and the uniform convergence of 9" (x,t) to ¥(z,t), we can then use the
compactness results in [B] [0 [0, 0] to deduce that we may extract a subsequence of
(p", m", ") converging in L] (Rx [0,0)) to a weak solution (p(z,t), m(z,t), Iz, t))

loc
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to (1.1)—(1.6)). Indeed, . implies (1.11)) by a calculation similar to the estimate
for Lo(¢) above. Moreover, we have

0—/ / a(y, t)i(y,t) — ay(y, 1)y (y, 1) dydt+/RU(y)w(y,0) dy

= [ [ @t 0 10000.01.0) = 3, o) 00 (1,0 )

+/(%UW%(NMMW$

— [ ] (00600t 0. 00,8) = pla Ol 00,0 00, (1.1
p(z,t)>0

+ p(z, t)m(m, t)&(y(a:, t)? t)T/’y(y(ﬂ% t)v t)
1

N mp(f”’t>5y(y(%t>7t)p(x,t)¢y(y(m7t),t)) da dt

+ [ ottt 0t
R
0 1 o
_ /RX(O’OO O S0 + (md) = ~0,) Sy ). ) dr

+Am%wm@wwm

where we have used the coarea formula (see, e.g., [6]) and (|1.4), thus proving (1.12]).
Also, (b.5) implies the entropy inequality (1.15),

6. CONCLUSION OF THE PROOF OF THEOREM [I. 1]

To conclude the proof of Theorem it remains to verify (1.16)), which we do
as follows. First, from the above discussion, we deduce that for any weak entropy
pair we have

[(n(p,m, D) + a(p,m, )a, )| < C1|¢loo,
with C; depending only on supp ¢ and bounds for (p,m,?). Hence, if UT =
(pT,mT,97) is the self-scaling sequence U7 (z,t) = U(Tz,Tt), we see that for
any entropy pair
|<77(pT3 mTa ﬂT)t + q(pT7 mT7 19T)£7 ¢>| < Cl”¢||007
while from (|1.15]) we have, for 0 < ¢ < T,

T
/ n«(p,m,9)(x,t) dx > / ne(p,m,0)(x,T) dx — C/ / e *dxds
[0,L] [0,L] t [0,L]
> [ n(pm )@ T)da - OLe !
[0,]

Hence, we can apply the decay result in [2] to deduce ([1.16}), which then concludes
the proof.
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