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EXISTENCE AND PROPERTIES OF SEMIDISCRETE SHOCK
PROFILES FOR THE ISENTROPIC GAS DYNAMIC SYSTEM WITH
v =3

ALEXIS VASSEUR'

Abstract. We consider a semidiscrete kinetic scheme for the isentropic gas dynamic system
with v = 3 which corresponds exactly to the “transport-collapse method” of Brenier. We show the
existence of shock profiles for every admissible limit values. In addition we give properties of such
profiles.
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1. Introduction. We consider in this paper the isentropic gas dynamic system
with v =3

(1.1) Oip+ 0, P =0,

2 3
(1.2) 0P + 0, (1; + f2> =0,
where p is the density and P the momentum of the gas. We introduce an extra
variable v € [—D, D] and call microscopic every nonnegative function f(¢,z,v) > 0.
We say that f(t,z,v) € L(RT x Rx] — D, D) is an equilibrium function if there
exists a(t,x) and b(t, z) such that f(¢,z,v) = 114<y<p}. Then we can reformulate the
system (1.1), (1.2) as

D D
(1.3) 8,5/ v f(t,z,v)dv + [“)m/ VT f(tz,v)dv =0 §=0,1
-D —D

with the constraint that f is an equilibrium function. Indeed, if we denote p =b —a
and P = bzgaz, we find # = %2 + ‘1’—;. In fact, Lions, Perthame, and Tadmor in [4]
have shown that we can give a rigorous kinetic formulation of (1.1), (1.2) by this way.
Therefore, we can define a natural semidiscrete kinetic scheme in the following way.
First we fix a time step At. For ¢t €](n—1)At, nAt] fa: just evolves by free streaming,
namely,

Ocfar +v0zfae = 0.

At time nAt, we substitute for the values of f the values of the equilibrium function
1{a(a)<v<b(z)} defined such that

D
b(x) —a(x) = /_D f(nAt, x,v)dv,
2 —a(x)? b

b(z) 5 :/_D vf(nAt, z,v)dv.
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We can notice that fa; is a solution of (1.3). Therefore, if at the limit At — 0, f is an
equilibrium function, then (p = [ fdv, P = [vfdv) is a solution of (1.1), (1.2). This
has been proved in [8]. Notice that this scheme coincides exactly with the “transport-
collapse” method proposed by Y. Brenier for systems [2]. The aim of this article is to
investigate how faithful this scheme is in the presence of a discontinuous solution of a
system. Especially the CFL number (At/Ax) of this scheme is infinite (Axz = 0 since
there is no discretization in space). Since a large CFL number is well known to induce
oscillations, it is a great deal to describe the perturbations induced on solutions of
(1.1), (1.2). A classical way is to study the existence and properties of nontrivial shock
profiles (see [7]). We restrict our study to the system (1.1), (1.2) since the scheme
is simpler to handle than the more physical ones with v < 3. Despite its common
features with scalar conservation laws, it leads to new difficulties. For instance, the
uniqueness is still unknown and the time regularity of the solutions has been proven
only recently (see [9]). Let us emphasize that we consider here shock profiles for a
time-discrete scheme with a continuous space variable. Thus our concept of shock
profiles differs from all the recent works on discrete shocks [6], [5]. The existence
of time-discrete shock profiles for convex scalar conservation laws has been proved
by Brenier in [1]. Notice that Golse, also for scalar conservation laws, has studied
a similar problem for the so-called BGK approximation in [3]. Let us introduce the
rescaled time iteration operator T defined in the following way. To f(x, v) we associate
the unique equilibrium function 1, (z)<v<p(z)} such that

D
b(z) —a(x) = /_D f(z —v,v)dv,

2 —a(z)? b
blw)” — a(@)” :/ vf(x —v,v)dv.

2 b

We say that f(x,v) is a stationary shock profile if T'(f) = f. If f does not depend
on z (f = lyg<y<p} With a,b constant), we say that f is a trivial shock profile. Let us
consider a stationary shock of system (1.1), (1.2). We denote (p1, P1) the left-hand
state, (pa, P2) the right-hand state, and a; = % - b= % + £ the two Riemann
invariants for ¢ = 1,2. Then the Rankine-Hugoniot (R.—H.) conditions ensure that

2 2

3 3
We will say that (a1,b1,a2,b2) is R.—H. if (1.4) and (1.5) are satisfied.

In section 2 we give some properties of the kinetic scheme. Then in section 4 we
show the following consistency theorem.

THEOREM 1.1. Let f(x,v) = 1{4@)<v<b(@)} € L (Rx] — D, DJ) be a nontrivial
stationary shock profile. The function f defined by f(x,v) = f(—xz,—v) is also a
nontrivial stationary shock profile. Then, replacing f with f if necessary, there exists
ay, by, as, by € [—=D, D] and xg € R such that (a1, by, az,b2) is R.—H. (a1,b1) # (as,bs)
and a1 >0, f(x,v) = 1, <v<p,} 0N | — 00, 20[x] = D, D], and a(x) — az, b(x) — by
when x goes to +00, in the sense that

Xliffoo ([la(z) = azll Lo x 400 + 116(z) = b2l Lo x,400])) = O-
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This will be useful to show in section 5 the following existence theorem.

THEOREM 1.2. For every a1, by, as,ba €]— D, D[ such that (a1, b1, a9,bs) is R.—H.
with (a1,b1) # (az,be), permuting (a1, b1) with (az,be) if necessary, there exists a non-
trivial stationary shock profile denoted f(x,v) = 1ia(z)<v<b(z)} Such that (a(x),b(z))
converges to (a1, by) for & — —oo and to (ag,be) for x — +oo.

Notice that if (a1, b1, a9,bs) is R.—H. with (a1,b1) # (ag,bs), then there is only
one admissible choice between (a1,b;) and (ag,bs) for the limit at —oo. Indeed, the
other case does not provide a shock but a rarefaction. One of the main tools is a
Liouville type argument (section 3, Lemmas 3.2 and 3.3).

2. Properties of the kinetic scheme. In this section we show some basic prop-
erties of the scheme. First, Lemma 2.1 is a property of compactness, then Lemma 2.2
is a property on the structure of equilibrium functions. Finally Lemma 2.3 is a kind
of maximum principle.

LEMMA 2.1. For all equilibrium functions f, let us denote p(x) = [T(f)(z,v)dv
and P(x = [WT(f)(z,v)dv. Then p and P belong to a bounded subset of BVlOC( )N
L*> (]R) Therefore we can extract from every sequence of equilibrium functions f, a
subsequence [, such that the two first moments of T(f,) converge strongly in Lj, (R).

Proof. Let us first notice that 0 < p(x) < 2D and |P(z)| < D?; thus p and P are
bounded in L*>*(R). Next for every R > 0 and every h > 0 we have

plath)=p(w) = [ [F(@+h)=0.0) = F (@ +h) = v.0 = W] do

Therefore, if we integrate with respect to z, we find

/1 @+ h) = pl@)ldr < / /Rw — f(x,v — h)|dzdv.

Since f is an equilibrium function, however,

/ F(@,0) — f(e0 — h)ldv < 2h;
R

therefore
R
/ 5@ + h) — pa)|de < 4h(R + D).
—R

In the same way,
P(x + h) — P(x) = hp(x)
+/v[f(zfv+h,v)ff(x—v+h,v7h)}dv.
R

This leads to

/R |P(a + h) — P()|dz < 6D(D + R)h.
—R

Thus (p, P) belong to a bounded subset of BVjo.(R) N L>°(R) which is compact in
L (R). O

loc
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LEMMA 2.2. Let f, € L°(Rx] — D, D[) be a sequence of equilibrium functions
such that their two first moments (py, Pp) defined by

D

pol) = [ ey,
D

Paa) = [ ot (o0

converge strongly in L, (R) to (p, P). Then f, converges strongly in L, (Rx]—D, D])
to an equilibrium function whose two first moments are (p, P).
Notice that the crucial point is that the limit of f,, is still an equilibrium function.
Proof. First, there exists a subsequence such that (p,, P,)(x) converges for al-
most every € R to (p, P)(z). If p(z) # 0, then, for p large enough f,(z,v) =

14, (2)<v<by (x)} With

WO T2
-2
Therefore fp(x,-) converges strongly in L'(] — D, D[) to 1{q(z)<v<p(z)} With

Next, if p(z) = 0, then f,(z,-) converges strongly in L'(] — D, D[) to 0. Therefore,
using Lebesgue theorem, f, converges strongly in L (Rx]—D, D]) to the equilibrium
function associated with (p, P). Finally, since the limit is unique, the entire sequence
fn converges to the equilibrium function associated with (p, P). a

LEMMA 2.3. Let f € L®(Rx] — D,D|) be an equilibrium function, and let
V €] — D, D[. For almost every x € R such that f(x —-,-) =0 on] — D, V][, we also
have T(f)(z,-) =0 on ] — D,V[. In the same way if f(x —-,) = 0 on |V, D], then
T(f)(z,-) =0 also on |V, D|.

Proof. Let us show only the first assertion since the proof is similar for the second.
Let us denote

D D
plx) = [DT(f)(x,v)dv = /7D flx —v,v)dv.

For v €] — D, V[ we have f(x —v,v) = 0. Therefore, remembering that f is valued in

{0, 1},
D D
P(z) = / vT(f)(x,v)dv = / vf(x —v,v)dv

-D

V+p(x) 5(1)2
> / vdv = p(z) + Vp(x).
v 2
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Since T'(f) is an equilibrium function T'(f)(z,v) = 1{a(z)<v<b(x)} With

_P@) @)
=m0
Thus a(z) > V and therefore, T'(f)(x,) =0on | — D, V]. O

3. Properties of shock profiles. In this section, we define a notion of asymp-
totic of shock profile. Then we will show a “Liouville type” result concerning those
asymptotic functions (Lemma 3.3).

DEFINITION 3.1. Let f be a stationary shock profile. For X > 0 we define
fx(z,v) = f(z+X,v). Then we call asymptotic at +oo every function g € L= (Rx]—
D, D|) such that there exists a sequence X,, which converges to +co and

Li,.(Rx]—D,DI)
fx. —
We define a notion of asymptotic at —oo in the same manner.

In order to show that every shock profile has an asymptotic at +o00 and —oo which
are equilibrium functions and do not depend on z, let us show the following lemma.

LEMMA 3.2. Let f be a stationary shock profile; then for almost every x € R

D
(3.1) [ U= faoio =0
-D

with equality only if f(x—-,-) = f(x,-) almost everywhere in v. Moreover, there exists
C > 0 such that

+oo D
(3.2) / / V2 [f(x —v,v) — f(x,v)]dvdz < C.

—0 —-D

Notice that ff)D vifdo = %2 + ’1’—; which is an entropy for the system (1.1), (1.2).
The first statement is due to the fact that the scheme is entropic.
Proof. Since T'(f) = f, we have

D D
(3.3) [ ta=vodo= [ fv)a = pa),
-D —D
D D
(3.4) / vf(x —v,v) = / vf(z,v)dv = P(x).
-D -D
If p(x) = 0 the first statement is clear, or else let us define u(z) = %. Then,
using (3.3), (3.4) and remembering that f is an equilibrium function,
D
(35) | o) - faode
-D
D
(36) = [D(U — u(x))Q |:f(.’£ — ’U7’U) — ]_{u(x)ip(;) Svgu(m)Jr@} dv.

Finally, since f is valued in {0, 1} and using (3.3), Lebesgue’s measure of {v €|u(z) —
p(x)/2,u(z) + p(x)/2[/ f(x — v,v) = 0} is equal to Lebesgue’s measure of {v &]u(x) —
p(x)/2,u(zx) + p(x)/2[/ f(x — v,v) = 1}; therefore

D
/ v [f(z —v,v) — f(z,v)]dv >0

—D
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with equality only if f(x —-,-) = f(z,) almost everywhere in v. Finally, for every
X > 0, doing the change of variable y = x — v for the first term of the integral,

X D
/ / Vf(x — v,v) — f(z,v)]dvdx
-xJ-p
= 7/ v2sgn(v) f(z, v)dvdz
c(x)

+/ visgn(v) f(z, v)dvdx
C(=X)
<2D*,

where C(X) = {(z,v)/|v] < D and sgn(r — X)(z — X +v) <0}. O
LEMMA 3.3. Let g be a stationary shock profile such that

/R/_[; v[g(z —v,v) — gz, v)]dvdz = 0;

then g does not depend on x.
Proof. By Lemma 3.2 we know that for almost every (z,v) € Rx] — D, D]

(3.7) 9(@,v) = gla —v,v).

The two functions g1 (z,v) = 1{,>0y9(x,v) and g2(z,v) = 1{,>039(—, —v) are equi-
librium functions and verify (3.7). Since g(x,v) = g1(z,v) + g2(—z, —v), if g1 and g2
do not depend on x, then it is the same for g. Therefore it is sufficient to consider
function g(z,v) = 1{4(z)<v<b(z)} such that a(z) > 0.

Let us denote Q = {(z,v) / g(z,v) = 1}. According to Lemma 2.1, p = [ gdv
and P = [wvgdv are BVjo, functions. Therefore, for all zo such that p(zg —0) > 0
a(z) and b(x) have a left-hand side limit, and {z¢} X [a,b] C Q where a = a(zo — 0)
and b = b(zg — 0). (Indeed we can define pointwise { as the union of the two sets
{(z,v) / p(x £0) >0, a(zx£0) < v < b(x +0)} which is compatible with (3.7).) We
denote

K(xo) ={(z,v) /0<v<Dand 0<x—2x9 <0}

Notice that the knowledge of g on K (z) gives the values of g everywhere. Moreover,
for every n € N, segments I,, = [(zo + na,a), (zg + nb,b)] are included in . Since
Q is convex in v (g is an equilibrium function), this ensures that the set K,, of (x,v)
such that « € [zg + (n + 1)a, zo + nb] and which are between the two segment I,
and I,,11, is included in €. Using the property that g(x,v) = g(x — nv,v), we find
that the quadrilateral K/, whose vertices are (z¢ + a,a), (zg,a(n+1)/n), (zo,b), and
(xo+bn/(n+1),bn/(n+1)) is included in Q. Therefore the Lebesgue measure of the
set of (z,v) in K(x0) N (R X [a,b]) such that f(x,v) =0 is lesser or equal to

a? b2

o ot 1)
When n goes to +00 we find that K (z9) N (R x [a,b]) is in , and finally,

R X [a,b] C Q.
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Thus Q contains R X [a(zg — 0),b(xg — 0)] for all zg such that p(xg — 0) > 0. Then
there exists a set I C] — D, D[ such that @ = R x I. Finally, since Q is convex with
respect to v, 2 must be a strip R X [a, b]. O

Now, for every sequence X,, which converges to +00 or —oo, let us consider the
sequence (fx,). Of course those states are still fixed points of T, so, according to
Lemmas 2.1 and 2.2 there exists a subsequence still denoted (X,) such that fx,
converges strongly in Ll _(Rx] — D, D]) to a stationary shock profile g. For every
R > 0, the function

D
1 R<e<Rr) /D V?[fx, (x —v,v) = fx, (z,v)]dv

D
= 1{X7L—R§w§Xn+R}/ V[f(z —v,v) = f(z,v)]dv
—D

converges to 0 for almost every x € R. Using Lemma 3.2 and Lebesgue theorem, we
find

/_I; /—DD v?[g(x — v,v) — g(z,v)]dvdz = 0

and then

/R/DD v?[g(z —v,v) = g(z,v)]dvdzx = 0.

Therefore, thanks to Lemma 3.3, the following proposition follows.
PROPOSITION 3.4. Let f be a stationary shock profile. Then for every sequence
X,, which converges to 400 or —oo, there exists a subsequence and an associated
asymptotic function which is an equilibrium function and constant with respect to x.
Remark. In particular there exist asymptotic functions both at 400 and —oo, and
every asymptotic function is an equilibrium function and constant with respect to x.

4. Other properties of shock profiles. This section is devoted to the proof
of Theorem 1.1. Notice that those properties will be useful in the next section in
order to enforce that the solution we construct is a stationary shock profile which is
not trivial. First we show an easy result on the condition R.-H. Then we see some
regularizing effect of T. Finally we prove Theorem 1.1.

LEMMA 4.1. Let P € R and Q € RT; then there exist at most two values of (a, b)
such that a < b and

b2 —a?
(4.1) 5 = P,
b3 —ad

(4.2) —=Q

Moreover, if there are two distinct values, then one is such that ab > 0 and the other
such that ab < 0.

Proof. Let us denote p = b—a > 0. Then (a, b) verifies (4.1) and (4.2) if and only
if Q= P?/p+ p3/12, or

4

Glp) = 25 = pQ+ P* = 0.
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But G decreases for p < (3Q)F and increases for p > (3Q)3. Thus there are at most
two values of p such that G(p) = 0. If there are two distinct values, then one is smaller
than (3Q)? and the other one is bigger. Since

a:P/p_p/2>
b=P/p+p/2,

using that Q = P?/p + p3/12, we find that those cases correspond, respectively, to
ab > 0 and ab < 0. |

We consider in the following some properties in bounded domains | — R, R[ which
will be useful in the next section. Notice that to define T'(f) on | — R, R[ we need to
define fon]|— R—D,R+ D|.

LEMMA 4.2. Let R €]0,+00], and f € L>°(]— R — D, R+ D[x]| — D, D|) be an
equilibrium function such that T(f) = f on]— R, R[x]— D, D[. Let zy €] — R, R| and
V >0. If f(z,v) =0 on |zg — D, zo[x]V, D[, then f(z,v) =0 on |xg — D, R[X]|V, D|.

In the same way, if f(x,v) =0 on |xg,x0 + D[X]| — D, =V, then f(z,v) =0 on
|- R,x0+ D[x]—D,-V]|.

Proof. We show only the first assertion since the second one can be proved
in the same way. Let us first assume that V' > 0. We show by induction that
for every n € N f(z,v) = 0 on (Jxg — D,zo + nV[N] — R — D, R[)x]V, D[. For
n = 0, this is exactly the hypothesis of the lemma. If the property is verified at
step n, then for almost every (z,v) € (Jzo, zo + (n + 1)V[N] — R, R[)x]V, D[, we have
(x —v,v) € (Jrop — D,zo + nV[N] — R — D,R[)X]V, D], so f(x — v,v) = 0. Then
using Lemma 2.3, we find that f(z,v) =0 on (Jzo,zo + (n+ 1)V[N] — R, R[)x]V, D|.
The case V = 0 can be proven by considering a sequence V,, — 0 and passing to
the limit. O

The next lemma is very simple. Two corollaries will follow in order to show its
interest.

LEMMA 4.3. Let X1, X3 € R be such that X1 < Xo, and let f € L*(]X1—D, Xo+
D[x] — D, D|) be an equilibrium function such that T(f) = f on X1, X2[x] — D, D|.
Then

(4.3) /C(Xl) sgn(v) f(x,v)dvde = /C(XQ) sgn(v) f(x,v)dvde,
(4.4) /C(Xl) [v|f(z,v)dvdz = /C(Xz) [v|f(z,v)dvdz,
where

(4.5) C(X) ={(z,v)/|v]| < D and sgn(z — X)(z — X +v) <0}.

Proof. Since T(f) = f on | X1, Xs[x] — D, D],

/ / fxvdvda:—/ / f(z —v,v)dvdz,
/D/X1 vf(x,v)dvdz:/D/Xl vf(x — v, v)dvdz.

Making the change of variable y = x — v in the right-hand side term of the equalities
leads to the desired results. ]
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COROLLARY 4.4. Let a,b € R with —D <a <b< D and f € L°(Rx] — D, D)
be a stationary shock profile such that f(z,v) =0 on R x (] — D, alU]b, D[). Assume
that

b — a3

/ |"U|f(1',1))dvd$ = / |’U|1{agvgb}dvd:c = 3 ;
c(0) c(0)
then f(x,v) = 1ig<y<p)y on Rx] =D, D|.

Proof. For every x € R, using Lemma 4.3 (with X; =0, Xy = z if x > 0 and
X1 =z, Xy =0if x <0), we find

/ ol £y, v)dvdy = / (0] Lacuesy dudy
C(x) c(0)

= / [v[1{a<o<pydvdy
C(z)

since 14<,<py does not depend on x. However, f < 1 and is equal to 0 on R x (] —
D, alU]b, D[), so f(y,v) = lia<v<py on C(z). We conclude noticing that the union of
C(z) for x € Ris Rx] — D, D|. 0

COROLLARY 4.5. Leta,b € R with0<a<b< D, andlet f € L°(]—R—D,R+
D[x] — D, D]) be an equilibrium function such that T(f) = f on ] — R, R[x] — D, D]
and f(z,v) = 0 on | — R — D, R[x]b, D[. Moreover, we assume that there exists
xo €] — R, R] such that f(z,v) =0 on ]zg,xo + D[x] — D,0], and

b2—a2
2 )

b — a3

(4.6) /C( | sgn(v) f(z,v)dvdx =

(4.7 / vl f(z,v)dvdr =
C(=o)
Then f(x,v) = lig<v<py on | — R, 20[x] — D, D|.
Proof. First, using the second part of Lemma 4.2 with V' = 0, we have f(z,v) =0
on | — R,xzo+ D[x] — D,0[. Thus

(4.8) sgn(v) f(z,v) = f(x,v)

on | — R,zg + D[x] — D, D[. Using (4.6), (4.7), (4.8) and Lemma 4.3 with X; = z,
Xo = xg, we get for every x €] — R, o]

(4.9) /C )~ Tz v =0,

(4.10) /( R e
C(x

Then, since f is valued in {0,1} and f(x,v) =0 for v > b, (4.9), (4.10) ensures that
f(z,v) = 1{g<y<p) on C(z). Indeed,

/ 1{v§a}1{f:1}d93d”:/ L{a<ozty{s=0ydadv
C(z) C(x)
and

[ s, ) - gz dvds
C(x)

:/ ‘U|1{U§a}1{f:1}d$dv—/ |U|1{a§v§b}1{f:0}d.7jdv.
C(x) C(z)
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Finally, since the union of C(x) for €] — R, 2¢[ includes | - R, 2¢[, f(z,v) = 1ia<v<t}
for z in this interval. 0

PROPOSITION 4.6. Let (pg, Py) € RT X R, pg > 0, g € R and f € L*®(|zo —
D,zo+2D[x]— D, DJ) be such that T(f) = f on|xg, 0+ D[x|— D, D|]. Let us denote
(p, P) € [L>=(R)]? the two first moments of f with respect to v. If

xro+2D

(4.11) [ ot = ol + 1P(@) - P o < &
Zo—D

then for almost every x € [xg, zo + D)

(4.12) p(z) = po| + [P(z) — Po| < Me,

where M depends only on D and pyg.
Proof. Since f is an equilibrium function we can write f(z,v) = 1{q@)<v<b(z)}-
Let us denote € the set of x € [xg — D, xo + 2D)] such that

Ip(x) — pol + [P(x) — Py| < e,
Notice that for every x € Q)

la(z) — ao| + |b(z) — bo| < Me,

where M = %4— Dptl, ag = Py/po — po/2, and by = Py/po + po/2. So for every

v € [ag + Me, by — Me] such that x — v € 2, we have v € [a(z — v),b(z — v)], which
implies that f(x —wv,v) = 1. Because of (4.11), however, the Lebesgue measure of the
complementary of  in [xg — D, zo + 2D] is less than e. Therefore for almost every
x €]y, xo + D

o) = [ F(& = v, v)dv
(z—Q)N[—D,D]
> po — 2Me — ¢
> po — 2e(M +1).
In the same manner we obtain
P(z) > Py — 2D(M + 1)e.

Moreover for every v such that x—v € €, if f(z—v,v) = 1, then v € [ag— Me, by+ Me|.
Therefore

p(z) < po+ 2(M + 1)e.
In the same manner we obtain
P(z) < Py +2D(M + 1)e.

Therefore, we obtain the desired result with M = 2(D+1)(M +1) = M(pg, D). o
We are now able to show Theorem 1.1.
Proof. First, according to Proposition 3.4 there exist asymptotic functions both
at +o0o and —oo, and they are equilibrium functions and constant with respect to
x. Let us denote one 1i,<y<p} (which could be at 400 or at —oo). Then there
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exists a sequence X, such that f(- + X,,-) converges to this asymptotic function in
LL (R x [-D, D]). For every zo € R, using Lemma 4.3 for f at points xo and X,

loc
and using the definition of fx we find

/ sgn(v) fx, (x,v)dvdr = / sgn(v) f(x,v)dvdz,
C(0)

C(zo)

/ [v|fx, (z,v)dvdx = / [v|f(z,v)dvdz.
c(0)

C(zo)

Then, passing to the limit when n tends to +o0o0 we find

(4.13) / sgn(v)1{g<y<prdvde :/ sgn(v) f(x,v)dvde,
C(0) C(zo)
(4.14) / |01 {q<o<pydvde = / [v|f(z,v)dvdz.
c(0) o C(xo)

Since f is assured to be a nontrivial shock profile, the right-hand side of (4.14) must
be different from 0 at least for an g € R and therefore a must be different from b.
For zo = 0, we find

b? — a?
2

b —a?

5 = /C(O) |v|f(z,v)dvdz = Q.

= / sgn(v) f(x,v)dvdr = P,
c(0)

Therefore, thanks to Lemma 4.1, there are at most two admissible values (a,b) of
asymptotic function, and those values are such that a < b.

Let us now consider two asymptotic functions 1;,-<,<p-y and lyg+<y<pty, Te-
spectively, at —oo and +o0o (which could be equal). Then there exist X, and X'
which converge, respectively, to —oo and +oo such that f(-+ X, ,-) and f(-+ X,,")
converge to the associated asymptotic functions in L{ (R x [-D, D]).

Since a™ and bT are constant, we can use Proposition 4.6 (with pg = bT —a™
and Py = (b+* —a*?)/2) to deduce that ff)D f(-+X,F,v)dv and fPD vf(-+ X, v)dv
converge strongly in L{° (R). This means that, if we define a(z) and b(x) such that

loc
f(z,v) = 1{a(@)<v<b(a)}s a(- + X;I) and b(- + X;I) converge in L (R), respectively,
to at and b". Using the second statement of Lemma 4.2 (with 2o = X,I, R = oo and
V = —inf{0,a(y), y €)X, X;F + D[}), we find that for x €] — 00, X;" + D|
a(z) > inf {a(y), 0}.

el XD
Then, letting n going to 400, we find that a(x) > inf(a™,0) on R. After doing the
same thing for —oo, we have obtained that

(4.15) a(z) > inf(a™,0) and b(x) < sup(b~,0).

We have seen that there are at most two asymptotic functions. First let us assume
that we have only one denoted 1{,<,<p}. We will show that in this case f is a trivial
shock. If ab < 0, it means that a < 0 < b, so, because of (4.15) we have f(z,v) = 0 on
R x (] = D, a[U]b, D). Therefore, since (4.14), thanks to Corollary 4.4, f is constant
with respect to z. Let us now assume ab > 0. Since 1;{_y<,<_q} is an asymptotic
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function of f defined by f(z,v) = f(—x, —v), replacing f with f if necessary, we
can assume without loss of generality that 0 < @ < b. Then (4.15) ensures us that
f(z,v) = 0 on R x (] — D,0[U]b, D[). Therefore, using Corollary 4.5 with (4.13),
(4.14), we find again that f is a trivial shock. We conclude that we have exactly
two distinct asymptotic functions. Thanks to Lemma 4.1, there is one such that
a1b; > 0. Replacing as above f with f if necessary, we can assume without loss of
generality that by > a; > 0. Thanks to Lemma 4.1, the other value is such that
agby < 0. Therefore az < 0 < by. Finally by < by (because b3 — a3 = b3 — a?). Now
assume that 1y, <,<p,} is an asymptotic function at +oo, then according to (4.15)
f(z,v) =0 for v <0, which is impossible since 1{,,<,<p,} is an asymptotic function
and az < 0. Therefore 1¢,,<,<p,) is the unique asymptotic function at +oo, and
we can set at = ay and b* = by. In the same way, if 1;,,<,<p,} is an asymptotic
function at —oo, then according to (4.15) f(z,v) = 0 for v > bs which contradicts
that 1¢,,<y<p,} is an asymptotic function with by > by. Therefore 14, <,<p,} is the
unique asymptotic function at —oo and we can set a~ = a; and b~ = b;. From
Proposition 3.4, we deduce that for every sequence X,, which converges to 400 or
—00, fx, converges in L (Rx]—D, DJ) to the associated unique asymptotic function.

loc
Next, using Proposition 4.6 we find

Jim(lla@) = a1z oo, xp) + 16(&) = bill L g0, x) = 0,

i (lla(@) = asll o gx,00p + 16(2) = ball o 1,100 = 0-

Since a; > 0, however, this implies that there exists X < 0 large enough such that for
(z,v) €] — o0, X[x] — D, 0] we have f(z,v) =0. Since (4.15) implies that f(x,v) =0
on Rx1by, D], we deduce from (4.13), (4.14), using Corollary 4.5 (with oy = X — D,
R =00, a=ai, b=by) that f(x,v) = 144, <y<p,} 0] =00, X — D[x] = D, DI. O

5. Existence of stationary shock profiles. In this section we show Theo-
rem 1.2. Thanks to Theorem 1.1 and Lemma 4.1, we can restrict ourselves to show
the existence of a stationary shock profile which is not constant and has a left-hand
side limit 1, <, <p,} such that 0 < a; < b;. Therefore we fix for all this section a left-
hand state (a1, b1) with 0 < a; < by, and we denote p; = by —aq, and P; = (b3 —a?)/2.

In order to show Theorem 1.2, we use the Schauder fixed point theorem for the
two first moments of f on a bounded domain | — R, R[. But as R goes to 400 we may
get a trivial shock profile (constant with respect to x). Therefore we construct our
solution on a bounded domain with a property which ensures us that the limit is not
trivial. In fact we use the following property which is a corollary of Theorem 1.1.

PROPOSITION 5.1. Let f be a stationary shock profile such that

(5.1) f(z,v) =0 on Rx]by, DJ,
) B
(5.2) /C(o) sgn(v) f(x,v)dxdv = 5
_bi—af
(5.3) /C(O) [v|f(z,v)dzdv = 5

where C(0) is defined by (4.5). Assume that

2D 2D
(5.4) <[ @ -pldes [P~ Pilde<e

—D

DN ™
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for some € > 0 small enough, with p(z) = [ f(z,v)dv and P(z) = [vf(z,v)dv. Then
f(w,v) = 1, <v<p,y for @ <0, f(x,-) converges to 1;q,<y<p,) when x converges to
+o0, and (az,b2) # (a1,b1). In particular f is a nontrivial shock profile.

Proof. Thanks to Proposition 4.6 and the second inequality of (5.4), for = €
10, D[ we have a(z) > a3 — M+/e for some constant M depending only on p; and
D. Therefore, for € small enough we have a(z) > 0 on |0, D[, since a; > 0. Using
Corollary 4.5 we find that f(x,v) = 1y4,<p<p,} for @ < 0. Moreover, the lower
bound in (5.4) ensures us that f(x,-) is not constant with respect to « and therefore,
thanks to Theorem 1.1, f(z,-) converges to 14, <v<b,} When z converges to +oo with
(ag,bz) 7é (al,bl). 0

We will apply the Schauder theorem on the set of (p = [ fdv, P = [wvfdv).
Therefore we introduce the closed convex subset Lg of L1(] — R, R[) of all (p > 0, P)
such that

(x)?

)

Vo €] — R,R[ P(x)+ < Dp(x),

[\)

(which implies p(z) < 2D, |P(z)| < 2D?). Moreover, in order to enforce property (5.4)
we introduce F, the function defined on R, by

Fy)=-Dif0<y<,
AT

S N i S <y <

F.(y) 2D (1 e) if 5 <y<eg,

F(y)=0ify > e

Then we define A, : L'(] — R, R[)> — R by
2D 2D
(5.5) Adp, P) = F. / () — pr|dz + / \P(z) — Pyldz | .

—D —D

Notice that € is fixed as in Proposition 5.1 and does not depend on R. In order to
define the operator T, we associate with (p, P) € Li the equilibrium function f
defined on Rx| — D, D]

(56) f((ﬁ,’l)) = 1{a1§v§b1} if £ < —R,

(5.7) if 2 €] - R, R|,

F@0) =1 p0) 02 payucpiorreg?y
(58) f(z:,v) = 1{A€(p,P)§v§0} if x > R.
Then Tr(p, P) = (p’, P') is defined on | — R, R[ by

D
p@ = [ a0,

P'(z) = /D vf(z —v,v)dv.

—-D

Let us explain the idea of this construction. Assume that (p, P) = (pgr, Pgr) is a fixed
point of Tg. First, the corresponding function f = fg is such that T(fr) = fr on
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| — R,R[x] — D, D[. Therefore we will be able to show, using results of section 4,
that Ac(pr, Pr) cannot be equal to —D nor 0. Therefore, because of the definition of
F,, it means that (pg, Pgr) (which are the two first moments with respect to v of fr
on | — R, R[ by definition of fg) verifies property (5.4). Then when R goes to +oo,
thanks to Lemma 2.2, we will find a subsequence R,, — oo such that fr, converges
to a new function f which is an equilibrium function, T'(f) = f on Rx] — D, D[ and
verifies property (5.4). Finally, thanks to Proposition 5.1, we will be able to show
that f is a nontrivial stationary shock profile connecting (a1,b1) and (ag, bs). Let us
now show it in details.

LEMMA 5.2. The set Lg is a closed convex subset of L' (] — R, R[)?, stable under
Tr. Moreover, the set Tr(LR) is relatively compact in L'(] — R, R[)?.

Proof. Lemma 2.3 ensures that Lg is stable under T and thanks to Lemma 2.1,
Tr(Lg) is relatively compact in [L'(] — R, R[)]Q. ]

LEMMA 5.3. Operator Tg is continuous from Lg to Lg in [L'(] — R, R[)]

Proof. Since € is fixed, it is clear that A, is continuous from Lg to R. Therefore,
thanks to Lemma 2.2, the operator which gives the equilibrium function f from (p, P)
is continuous from Lg to L'(]— R — D, R+ D[x] — D, D[). So T is continuous from
LY(] - R, R[) to L'(] — R, R]). a

We are now able to show Theorem 1.2 with (a1, b;) as left-hand side values.

Proof. Thanks to Lemmas 5.3 and 5.2, we can use the Schauder theorem to show
the existence of an equilibrium function fr € L*(Rx] — D, D]) such that

2

D D

/ fr(z,v)dv = / fr(z —v,v)dv = pr(x),
-D -D
D D

/ vfr(x,v)dv = / vfr(x —v,v)dv = Pr(x)
-D -D

for x €] — R, R[, fr(z,v) = lia,<v<t,y for z < —R and fr(z,v) = 1{a§§v§0} for
x > R, where

2D 2D
a3 = F, (/D lpr(x) — p1|dz +/D |Pr(z) — P1|d$> :

We have fr(z,v) = 0 on | — R — D,—R[x]b;, D[, so Lemma 4.2 (with g = —R,
V = by) ensures us that

(5.9) fr(z,v) =0o0n]—R— D, R[x]by, D|.
Let us show that (pgr, Pr) verifies (5.4). This is fulfilled by the definition of af.
Indeed, if (5.4) was not true, from (5.5) we would get a = 0 or af = —D. We will

see that because of the conservation of ffg pr(z)dz and ffg Pgr(x)dz by Tg, the
first case would imply that (pr, Pr) = (p1, 1) on |0, D[ and the second case that
(pr, Pr) # (p1, P1) on ]0, D[ which are not compatible with definitions of af and F..
More precisely, assume that

2D 2D
(5.10) / lpr(z) — p1|dx +/ |Pr(z) — Pildx > e.
D D

By definition (5.5) Ac(pr, Pr) = 0 and, by (5.8), fr(z,v) =0on|R, R+ D[x]—D,0].
Using the second part of Lemma 4.2 (with 2o = R, V = 0)

(5.11) fr(z,v) =0o0n]—R,R+ D[x] — D,0[.
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Thus, for R larger than D, we deduce from definition (5.6) that

2 2
by —aj
2 )

/ sgn(v) fr(z,v)dedv =
C(-R)
bS _ 3
/ [v|fr(z,v)dzdv = A4
C(-R) 3
(where C'(—R) is defined by (4.5)). Therefore, using Lemma 4.3 (with X; = —R,
X2 = R) we find

b —a?
/ sgn(v) fr(z,v)drdy = +—2L,
c(m) 2

3 3
b1*a1,
3 )

/ |v|fr(z,v)dzdv =
C(R)

therefore we can use Corollary 4.5 (with a = a1, b = by, 9 = R, using (5.9), (5.11)),
and find that f(z,v) = 1{4,<y<p,} o0 | = R, R[x] — D, D[. For R > 2D, this leads to
a contradiction with (5.10). We conclude that

2D
(512) | lonta) = palde + |Pa(o) - Pifds <
-D
for R > 2D. Thanks to Proposition 4.6, for = €]0, D[, we have a(z) > a1 — M/e,
where M depends only on D and p;. Therefore, since a; > 0, for € small enough we
have a(z) > 0 on ]0, D]. Using the second part of Lemma 4.2 (with V' = 0,29 = 0)
we find that a(x) > 0 on | — R, D[. Therefore, as above, if R > D

b2 2
/ sgn(v) fr(z,v)dxdv = 17%,
C(-R) 2
b3 _ 3
/ |v| fr(z,v)dzdv = 17%,
C(-R) 3
and using Lemma 4.3 (with X; = —R, X3 =0)
bf — af
(5.13) / sgn(v) fr(z,v)dedv = —,
c(0) 2
b3 _ a3
(5.14) / |v|fr(z,v)dedy = 2——L.
() 3

Now assume that

2D 2D
/ Ipr(z) — pldz + / |Pr(z) — Pyldr < <.
D D

|

By (5.5) and (5.8), using Lemma 4.3 (with X; =0, Xy = R), we find

2 2
by —aj

/ sgn(v) fr(z,v)dxdv =
C(0) 2

D2
= / fr(z,v)drdv — — <0
C_(R) 2



SEMIDISCRETE SHOCK PROFILES 1901

for R > 2D, where C_(R) = {(z,v)||v]| < D, x < R, x — R+ v > 0}. Notice that

the inequality holds true because the Lebesgue measure of C_(R) is smaller than %2
and fr < 1. But this is impossible since 0 < a; < b;. Therefore, taking (5.12) into

account, we have obtained

€ 2D 2D
(5.15) ‘< / pa(z) — pildz +/ |Pr(z) — Plde < ¢
D D

for all R > 2D. Finally, thanks to Lemmas 5.2 and 2.2, there exists a function
f € L*(Rx] — D,D[) and a sequence R, — +oo such that fr, converges to f
in L{ .(Rx] — D, D). Since the convergence is strong, f is an equilibrium function

(Lemma 2.2), and so T'(f) = f. Passing to the limit in (5.9), (5.13), (5.14), and (5.15)
we find (5.1), (5.2), (5.3), and (5.4). Proposition 5.1 concludes the proof. 0
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