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Abstract : We introduce a new method for studying the Cauchy problem for
systems of conservation laws in one space dimension. This method is based on
the equivalence of the Cauchy problems in Eulerian and Lagrangian coordinates,
as regards the existence and uniqueness of entropy solutions. The main idea is
to solve the problem in Lagrangian coordinates and determine the transformation
linking the two coordinates. The main contributions are the uniqueness and explicit
entropy solutions. Applications include the Keyfitz-Kranzer system, the Born-Infeld
equations and linear Lagrangian systems which are linear in Lagrangian coordinates.
For these examples, the existence and uniqueness of solutions in L are obtained in
explicit expressions. The linear Lagrangian system contains examples such as the
equations of pressureless gas dynamics, all 2 x 2 linearly degenerate systems and
the augmented Born-Infeld equations. In particular, we deduce the existence and
uniqueness of entropy solutions of the Cauchy problem for the Born-Infeld equations.
An explicit formula of its entropy solution is also provided.
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1. INTRODUCTION

Both Eulerian and Lagrangian coordinates are used for the description of the evolution
of one-dimensional flow of a compressible and inviscid gas. The equations of gas dynamics
have a simple form in Lagrangian coordinates and are often treated in those in mathe-
matical analysis instead of in Eulerian coordinates. See for instance [34, 35, 30]. These
two coordinate systems are linked by a nonlinear transformation depending on unknown
variables [15, 24]. The transformation is abbreviated by E-L. It possesses many interesting
properties (see [42, 44]).

For a class of systems of conservation laws, after an E-L transformation we obtain a
system in Lagrangian coordinates. It is easy to see that smooth solutions of the systems in
the two coordinate systems are equivalent. In 1987, Wagner gave a rigorous justification
of the equivalence of entropy solutions in L* of the systems in the two coordinate systems

[44]. His result shows that the choice of coordinates is not important and one may work
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2 Y.J. Peng

with either of them. However, in his work the initial data have not been taken into account
and the equivalence of the Cauchy problem in the two systems has not been investigated.

In this paper, we prove that the Cauchy problems in the two coordinate systems are
still equivalent as regards the existence and uniqueness of entropy solutions in L*°. An
explicit relation between the entropy solutions in the two coordinate systems is exhibited.
These results are given in Theorem 2.1 in the general case. They reveal that when
the transformation is known, the entropy solution in Eulerian coordinates is obtained
explicitly from the entropy solution in Lagrangian coordinates and vice versa. Note that
the E-L transformation is uniquely determined by the entropy solution and its initial data.
Thus, if the system in Lagrangian coordinates has a simple form, it is possible to solve
the Cauchy problem for the original system by determining the transformation.

The E-L transformation is induced by one of the conservation equations. For the
linearly degenerate system, entropy inequalities for all convex entropies become entropy
equalities for all entropies. This provides many choices of conservation laws for making
transformations. This idea is used throughout the applications in Sections 3-6.

The above considerations have some consequences in applications. The first application
concerns the Keyfitz-Kranzer system of two equations for which one characteristic field
is genuinely nonlinear and the other is linearly degenerate [28]. In a very simple way we
establish the existence and uniqueness of entropy solutions for the Cauchy problem. For
such a system with convex flux functions, an explicit formula of the entropy solution is
provided with the help of the Lax formula for scalar conservation law.

The second application concerns linear Lagrangian systems, a class of systems which
are linear in Lagrangian coordinates (see Definition 3.1). For such a hyperbolic system,
we give a precise description of its mathematical structure on the eigenvalues, linear
degeneracy of the characteristic fields, classical Riemann invariants and entropy-entropy
flux pairs. Strictly convex entropies are also constructed. From the explicit entropy
solution of the Cauchy problem for the linear system in Lagrangian coordinates, we deduce
a unique E-L transformation which yields a unique entropy solution of its Cauchy problem
with an explicit expression. This expression is of the form : w;(t, z) = w?(a4(t, z)), where
w; is an i-th classical Riemann invariant of the system, w? is its initial value and «; is
determined explicitly by the system and the initial data. Therefore, a maximum principle
can be applied to each w;. Furthermore, we show that the entropy solution is weakly
stable in L>°(R* x R) and satisfies the entropy equalities for all entropy-entropy flux
pairs of the system.

We present three physical examples of linear Lagrangian systems. They are the system
of pressureless gas dynamics, all 2 x 2 linearly degenerate systems and the augmented
Born-Infeld (abbreviated to ABI) equations introduced by Brenier [9]. These systems are
not necessarily strictly hyperbolic. For the system of pressureless gas dynamics which
is not even hyperbolic, the local existence of solutions in L with explicit expressions
is shown under a partial regularity assumption on the initial velocity. The solution is
global if the initial velocity is a non-decreasing function. The 2 x 2 linearly degenerate
system and the ABI equations are two hyperbolic linear Lagrangian systems. Thus our
results can be immediately applied to them. The main application is the existence and
uniqueness of entropy solutions of the Cauchy problem for the Born-Infeld (abbreviated
by BI) system. The later is not a linear Lagrangian system. The results for this system
are obtained from the entropy solution and a further study on the entropy-entropy flux
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pairs of the ABI equations. An explicit formula of the entropy solution of the BI equations
is also given.

Finally, we remark that the equivalence of the two coordinate systems in several space
dimensions is discussed in [16, 17, 45]. See also [20] for a numerical investigation in two
dimensional equations of gas dynamics and the references therein. However, due to the
essential difference between the systems of conservation laws in one dimension and several
dimensions, it is not so obvious to obtain the results of this paper in several dimensions.
A further study on the problem will be given in a forthcoming work.

This paper is organized as follows. In the next section, we consider the change of
variables and establish the equivalence of entropy solutions of the Cauchy problems in the
two coordinate systems. The main result of this section is Theorem 2.1. In Section 3 we
apply Theorem 2.1 to the Keyfitz-Kranzer system. Section 4 is devoted to the study of
the linear Lagrangian system with its first example : pressureless gas dynamics. Sections
5 and 6 contain another two examples of linear Lagrangian systems : the 2 x 2 linearly
degenerate system and the ABI equations. At this stage the BI equations are studied. In
the Appendix, we give the proof of Lemma 6.2 which is a key step to obtain the main
results for the BI equations.

2. EQUIVALENCE OF ENTROPY SOLUTIONS IN TWO COORDINATE SYSTEMS

2.1. Definitions. Consider the Cauchy problem for a system of conservation laws :
(2.1) Ou+ 0, f(u) =0, t>0, z€eR,

subject to an initial condition :

(2.2) t=0: u=1u"), zekR

Here u = (u17u27 t 'aun)ta u’ = (u?7u(2)7' ’ '7u2)t € LOO(R)a and f = (f1>f27' ’ '7fn)t is
a smooth function from a domain U C R™ to R™. We denote by A;(u), Aa(uw), - -+, Ap(u)
the eigenvalues of the system (2.1), i.e., the eigenvalues of the matrix A(u) = f'(u) and
by ri(u),re(u), - - -, m(u) the corresponding right eigenvectors. The following notions
are fundamental, see [29] for instance. We say that the system (2.1) is hyperbolic in
U if Ai(u), Aa(u),- - -, A\(u) are real and A(u) is diagonalizable for all u € U. It is
strictly hyperbolic if Aj(u), Aa(u), - - -, Ay (u) are all distinct. The i-th characteristic A;(u)
is genuinely nonlinear in the sense of P.D.Lax if V\;(u).r;(u) # 0 and is linearly degenerate
if VAi(u).r;(u) = 0 for all w € U. If all the characteristics are linearly degenerate, the
system (2.1) is said to be linearly degenerate.

It is known that solutions of the system (2.1) develop singularities in a finite time even
if the initial data are smooth. As a consequence one has to seek global existence of weak
solutions in the sense of distributions. In order to guarantee the uniqueness of weak
solutions an entropy condition is imposed. A function u € L (RT x R) is called entropy

loc
solution if for all entropy-entropy flux pairs (E, F') with E convex it satisfies

(2.3) O E(u) 4+ 0, F(u) <0,

in the sense of distributions.
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2.2. Equivalence of systems. Let u € L>°(R" xR) be an entropy solution of the system
(2.1) with uy(¢,z) > uy; > 0. The variable u; plays a special role in the study. In physical
models it may stand for the density, energy density etc. Using the first equation in (2.1)
for u;, we may take an E-L transformation from (¢, x) to (s,y) :

(2.4) (s,y) = (t,Y(t,z)) and dy = wuidr — fi(u)dt

This change of variables can also be written as :

s=t and y= /X x(t) uy (t,€)de with X/(t) = zfl((tf )?il((t))))'

It is unique if Y'(0, z) or X;(0) is given. Then in Lagrangian coordinate
(2.1) reads (see [44]) :

(1) - (H2) <o

as(;“) o, (@) - M):o 2<i<n),

Uy

t)
(s,y), the system

(2.5)

for s > 0 and y € R. Here and in what follows we denote by u the variable v in Lagrangian
coordinates, i.e., u(s,y) = u(t,z). More generally, for an entropy-entropy flux pair (F, F')
of the system (2.1), let us define

(2.6) E(v) = E(u)/uy, F(v)=F(u) = fi(u)E(u)/u,
with
(2.7) vlzuil, vi:Z—j (2<i<n), v=(vi,ve,- v,

For u; > 0 the function ¢ : u —— v is a C*°-diffeomorphism with the property pop = I;.
From [44] we know that (E, F) is an entropy-entropy flux pair of (2.1) if and only if (E, F)
is an entropy-entropy flux pair for (2.5), and E is convex with respect to u if and only if
E is convex with respect to v. Hence, in Lagrangian coordinates the entropy condition
(2.3) is equivalent to

(2.8) 0.E(v) +0,F(0) <0, E convex.

For linearly degenerate systems the Rankine-Hugoniot conditions are independent of
the choice of the conservation laws among all entropy-entropy flux pairs. Therefore, it is
expected that the entropy solution satisfies the entropy equality

(2.9) O E(u) 4+ 0, F(u) =0
for all entropy-entropy flux pairs (F, F'). This condition is equivalent to
(2.10) 0.E(v) + 0,F(v) = 0.

Definition 2.1. A function u € L2 (RT x R) is called an entropy solution of the linear

loc

degenerate system (2.1) if (2.9) holds for all entropy-entropy flux pairs (E, F).

As we will see in Sections 4-6, condition (2.9) is satisfied for L> weak solutions of the
linear Lagrangian system and the BI equations. When only a part of the characteristic
fields is linearly degenerate, we require the entropy equality (2.9) for all entropy-entropy
flux pairs corresponding to the linearly degenerate fields. This is the case of the Keyfitz-
Kranzer system (see section 3).
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The E-L transformation possesses many remarkable properties. In particular, if we
denote by \; (@) the i-th eigenvalue of the system (2.5), from the second equation in (2.4),
we obtain

dy dx
a Ul@ — fi(u),

which gives,

Moreover, let A(u) = f'(u). The non-conservative equations dyu + A(u)0,u = 0 are
equivalent to dsa + A(a)0,u = 0 with A(u) = wjA(u) — fi(u)l,. Therefore, A(u) and
A(u) have the same eigenvectors.

In the following proposition are listed the main equivalence properties between the
systems (2.1) and (2.5). The proof can be found in [42, 44].

Proposition 2.1. The E-L transformation preserves the (strict) hyperbolicity, convezity
of entropies with relation (2.6), entropy solutions, and for eachi = 1,2, ---,n, the existence
of an i-th classical Riemann invariant and genuine nonlinearity or linear degeneracy of the
i-th characteristic field of systems. Finally, the relation of the eigenvalues of the systems
(2.1) and (2.5) in the two coordinate systems is given by (2.11).

Remark 2.1. Ifuy is a function of (us, -+, u,) and the first equation dyui+ 0, f1(u) = 0 in
(2.1) is exact and is derived from the sub-system composed of the n — 1 equations in (2.1)
with variables (ug, - - -, uy,), then this sub-system is equivalent to the sub-system without
the first equation in (2.5), in the sense of Proposition 2.1.

2.3. Equivalence of the Cauchy problems. From the definition (2.4) and (s,y) =
u(t,x), we have u(t,Y (t,z)) = u(t,z). If we set

(2.12) Y(0,2) = Yo(z) / "6,

then for each given u € L>®°(R* x R), (2.4) and (2.12) define a unique E-L transformation.
Note that the choice of Y by (2.12) is compatible with (2.4). Obviously, for u{(z) > u; >
0, Y} is strictly increasing, Lipschitzian and bijective from R to R. So is its inverse function
Xo. Similarly, for all ¢ > 0, x — Y'(¢, x) is bijective from R to R and (¢,z) — Y (¢, )
is Lipschitzian. Concerning the inverse function of Y'(¢,-), we have the following result.

Lemma 2.1. Assume u® € L®(R) with u)(z) > u; > 0, a.e. x € R. Let u € L®(R" x R)
be an entropy solution of (2.1)-(2.2) with uy(t,z) > uy > 0, a.e. (t,z) € RT x R. Let
u(t,y) = u(t,z) and x = X(t,y) be the unique solution of

1 .
(2.13) dz = gy + 1

Uy Uy
Then X (t,-) =Y (t,-) for allt > 0.

dt, X<07 y) - XO(y)

Proof. Let us just compute, for all £ > 0,
dY(t, X(t.y) _ V(L X(ty) OV(LX(ty) 0X(y)

dt ot ox ot

- (—fl(ﬂ) + iy - f{(a)) (t, X(t,y)) = 0.

Uy



6 Y.J. Peng

Since Y (0, X(0,y)) = Yo(Xo(y)) = y, we obtain Y (¢, X (¢,y)) = y for all ¢ > 0. Similarly,
X(t,Y(t,z)) = x. Hence, X(t,-) =Y !(¢,-) for all t > 0. O

Taking ¢t = 0 in a(t,y) = u(t, X(t,y)) gives u(0,y) = u’(Xo(y)). Thus by Wagner’s
result [44] which uses the E-L transformation (2.4) in weak formulations of the systems,
we obtain the following equivalence result for the Cauchy problems.

Theorem 2.1. Let the assumptions of Lemma 2.1 hold and (t,x) — (s,y) be the unique
E-L transformation defined by (2.4) and (2.12). Then u(t,y) = u(t, X (t,y)) is an entropy
solution of (2.5) satisfying the initial condition @].—o = u°(Xy), where Xy and X(t,-) are
the inverse functions of Yo and Y (t,-), respectively.

Furthermore, if the entropy solution of the Cauchy problem for the system (2.5) is
unique, then the entropy solution u € L (R X R) of (2.1)-(2.2) with uy(t,z) > uy; > 0,
a.e. (t,x) € RT xR is unique.

Proof. The proof of the first part of Theorem 2.1 is clear. It suffices to give the proof of
its second part.

Let u € L*®(RT x R) be an entropy solution of (2.1)-(2.2) with u;(t,z) > u; > 0,
a.e. (t,r) € R" x R and (t,z) — (t,Y,(t,x)) be the unique E-L transformation with
y = Y, (t,z) being the unique Lipschitzian solution of (2.4) and (2.12). From Lemma 2.1,
the inverse function X, (t,-) of Y, (t,-) is given by (2.13). Then the first part of Theorem
2.1 shows that u(t,y) = u(t, X,(t,y)) is an entropy solution of (2.5) with initial value
u° = u%(Xp). From the uniqueness assumption of the Cauchy problem to the system (2.5),
@ depends only on u° and f but is independent of u for ¢ > 0. It follows from (2.13) that
X, is independent of u. So is Y, and we may write Y,, = Y. Thus, any entropy solution u
of (2.1)-(2.2) with uy(f, ) > u; > 0 has the same expression u(t,z) = @(t, Y (¢,x)). This
proves the uniqueness of entropy solutions to the Cauchy problem (2.1)-(2.2). O

By Lemma 2.1, Theorem 2.1 shows the equivalence on the existence and uniqueness
of entropy solutions for the Cauchy problems in the two coordinate systems. This result
can be immediately applied to the Cauchy problem for the equations of gas dynamics in
BEulerian coordinates :

( Oup + Ox(pu) =0,
Oy (pu) + 0x(pu® +p) = 0,

8t<p<e—|— %u2>> + 0, <<p<e+ %u2> +p>u) =0, t>0, z€eR,

L t=0:(p,u,e)=(p°,u’e)(z), z€R

(2.14)

and in Lagrangian coordinates :
(0,0 — 0,1 =0,
Ost + 0yp(v, €) = 0,

(2.15)

1
o, <é + 5712) +0,(p(5,6)0) =0, s>0,yeR,

s=0:(0,a,6) = (0", 0°,&)(y), yeER,

\

through the change of variables (2.4) and (2.12) with wy = p, fi(p,u) = pu, p(v,e) =
p(1/v,e) and (0, u,€)(s,y) = (1/p,u,e)(t,x). In the above equations, p > 0, u, e > 0 and
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p = p(p,e) are the density, velocity, specific internal energy and pressure, respectively.
Thus, (p,u,e) € L®(RT x R) with p > p > 0 is an entropy solution of (2.14) if and
only if (#,1,é) is an entropy solution of (2.15) for which the initial data are linked by
(0%, a°,e%) = (1/p° u’,e%) o Xy or (p°,u’,e®) = (1/0%, 1’ é°) o Yy. The entropy solution
of (2.14) is unique if and only if that of (2.15) is unique. In particular, the L* entropy
solutions of the Cauchy problems for the isentropic gas dynamics equations are equivalent
in Fulerian and Lagrangian coordinate systems.

Notice that the above equivalence result is also valid for systems of conservation laws
with source terms provided that the source term does not appear in the conservation law
for u; > 0. Hence, Theorem 2.1 can be applied to one-dimensional Navier-Stokes equations
and Shallow Water equations. Further applications are given in the next sections.

3. A KEYFITZ-KRANZER MODEL

In mathematical modeling of enhanced oil recovery, the Keyfitz-Kranzer system is often
used [28]. A simplified version of this system reads :

(3.1) Ou+ Op(ugp(r)) =0, t>0, z € R,
subject to an initial condition :
(3.2) t=0 u=u'(z), z€R,

where u = (u1,us)!, r = |u| = +\/u? +u3, and ¢ : R* — R is a smooth function.
The two eigenvalues of the system are :

(3.3) A(u) = (ré(r)), Ae(u) = o(r).

We check easily that the second characteristic field is linearly degenerate. When (r¢(r))” =
0, i.e., ¢(r) = Cy/r + Cy for r > 0, with C}, Cy € R, the first characteristic field is also
linearly degenerate. In this case, the problem is solved in Section 5. In what follows,
suppose that (r¢(r))” # 0 for all » > 0. Then the first characteristic field is genuinely
nonlinear. Let u = 70 with 6 = (6;,60,)" € S, the unit circle. For smooth solutions, the
system (3.1) can be put in diagonal form :

Opr + (ré(r)) s = 0,
00+ o(r)0.0 =0, t>0, xeR.

Hence, it is hyperbolic but not strictly hyperbolic since it may occur ¢(r) = (ro(r)),
i.e.,, ¢'(r) = 0 for some r > 0. For the Cauchy problem (3.1)-(3.2) we refer the reader
to [13, 14, 23, 28, 31, 40] and the references therein. When the initial data satisfy u° €
BV (R), the existence of entropy solutions can be proved by using the Glimm scheme [27].
This is partially due to the decoupling of the system which compensates the loss of non
strict hyperbolicity. The entropy solutions in L*(R) is investigated in [14].

The two families of entropy-entropy flux pairs (E;(u), F;(u))1<i<o are

Eiw) = au(r), Fi(w) = [ () ro(r))dr

and
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where g; and g9 are smooth functions. By checking the Rankine-Hugoniot conditions of
the system, we see that the entropy-entropy flux pairs (Eq, F1) and (FEs, F3) correspond
to the genuinely nonlinear field A\;(u) and the linearly degenerate field As(u), respectively.
Therefore, we require that any entropy solution u of (3.1) satisfies :

(3.4) 9i(rga(0)) + 0u(re(r)g2(0)) = 0,

in the sense of distributions for any continuous function go. Let g2(6) = 1 and ¢2(0) =
6; (1 =1,2). We obtain
O + Ou(ré(r)) = 0,
O (r0) + 0y (rep(r)f) =0, t>0, zeR.
It is clear that (3.1) is not a linear Lagrangian system (see definition 4.1). However, it is
equivalent to (3.5) for weak solutions satisfying (3.4). Since the system (3.5) is decoupled,
we may first solve the scalar conservation law for r then find # by an E-L transformation.
More precisely, assume v’ € L*(R) and inf,eg 7°(z) > r > 0 with 7% = |[u°|. Let r be

the unique entropy solution of the first equation in (3.5) with initial datum r°. It satisfies
the entropy inequality

(3.6) 0:g1(r) + Oy /g'1 (r)(ro(r))dr <0, V g convex,

(3.5)

in the sense of distributions. From the maximal principle, we know that r € L>(R* x R)
and r(t,z) > r, a.e., (t,7) € RT xR. Let (t,x) — (s,9) = (¢, Y (t, 7)) be the unique E-L
transformation defined by

(37) dy = rdz — ré(r)dt,  Y(0,7) = Yo(z) & / "),
Then . 0
Y(t.0) = Yo(o) ~ [ (o)) (r,a)dr
In Lagrangian coordinates (s, ), the second e(;uation in (3.5) becomes :
asé(s,y) =0, s>0,yeR.
From Theorem 2.1 we obtain a unique solution € with initial datum 6° = u°/r°, given by
(3.8) 0(t,x) = 0°(Xo(Y(t,7))), with Xo=Y;".

When the function 1 (r) = r¢(r) is strictly convex, Y can be expressed explicitly by using
the conjugated function due to the Lax formula [29] :

(39 Y(ta) = inf (Yo(©) + 1 (<)), ¥ () = sup (my — v(n))-

EeR t neR
Theorem 3.1. Assume u® € L®(R) with inf,er r°(z) > 0. Then the Cauchy problem
(3.1)-(3.2) has a unique global entropy solution uw = rf satisfying the entropy equality
(3.4) and entropy inequality (3.6) for all continuous functions g1 and gy with g, convex.

Moreover, if the function 1(r) = ro(r) is strictly convex for r > 0, this solution is given
explicitly by r = 0,Y and (3.8), where Y is defined in (3.9).
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4. STUDY OF LINEAR LAGRANGIAN SYSTEMS
4.1. Definition and structure of the system. Let us begin with a definition.

Definition 4.1. A system of conservation laws (2.1) is called a linear Lagrangian one if
it is linear in Lagrangian coordinates (s,y) defined by the E-L transformation (2.4).

As we will see in the next sections, the class of linear Lagrangian systems contains many
interesting examples such as the equations of pressureless gas dynamics, all 2 x 2 linear
degenerate systems of conservation laws and the augmented Born-Infeld equations. By
Proposition 2.1, it is easy to see that if a linear Lagrangian system is hyperbolic then it is
necessarily linearly degenerate and admits a complete set of classical Riemann invariants.
Moreover, since J; is a constant, from (2.11) the multiplicity of each eigenvalue of a linear
Lagrangian system is constant.

Now let us look at the structure of this system. The conservative variables of the system
(2.5) is v = (vy, v, - -, v,)" defined in (2.7). Therefore, the system (2.5) is linear if and
only if there are real constants a;; (1 <,7 < n) such that

_%f) = ;&1jvj7 fz(u) - fl(uul)uz = ;aiﬂ}j (2 <1 < n)’

which yield

fi(u) = —an — Zaljuja

(4.1) = n

fiw) = - ( +usfi(w) + Y agn,) @2<i<n)
A - Uy i1 i) 1 ~ ig Uy =t = .

Hence, a linear Lagrangian system is necessarily of the form :

Oyuy — O, < i &qu) =0,
=2

(4.2) )

It can be written as a linear system in Lagrangian coordinates :
(4.3) 040 + Ad, b = 0,

where A = (@ij)1<i j<n 1s a constant matrix. Thus a linear Lagrangian system is completely
determined by a constant matrix. We remark that f; is an affine function of u and the
system (4.2) can be rewritten in an equivalent form with the variables (uy, v, - -, v,)" :

&gul — 036 (Ul Z &1]"()]') = 0,
j=2

gLil ~ - ~ ~ .
@(ulvi) + 81 <u—1 — a11V; + Z(ai]’ — aljulvi)vj> =0 (2 S 7 S TL)

(4.4)

=2

In what follows we suppose that the linear Lagrangian system (4.2) is hyperbolic. By

Proposition 2.1, the linear system (4.3) is also hyperbolic. Then (I3, 1, - -, 1,) is a basis
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of R™ with l; being an i-th left eigenvector of A associated to S\Z It follows that w; = l~iv
is an i-th classical Riemann invariant of (4.2) and satisfies

(4.5) Dl; + Ny =0 (1 <i<n).
Therefore, each entropy-entropy flux pair (E F ) of the system (4.3) has the form :

E(v) =Y gj(w;) = i g;(Ljv),
(4.6) it =

n

Ajg;(1v),
j=1 J=1
where g; (1 < j < n) are arbitrary continuous functions. From the equivalence relation
(2.6), we obtain an explicit expression of each entropy-entropy flux pair of the linear

Lagrangian system as :

n

(@7) (B(u), F(w) = 3 (1, )y + fl(u))gj(uiliju,uz,- ).

Jj=1

Moreover, let Zij be the i-th component of le, we have

Ov; 00, - p 9g; (wj)ijiljk = O‘zk(“’)’ with w = (wh - 7wn) )

OPE(v) _i " 7 def g ¢

Therefore, by the equivalence of the convexity of entropies given in Proposition 2.1, E(u)
defined by (4.7) is convex if and only if the symmetric matrix A, (w) o (o, (w))1<ik<n 18
positively definite for all w € R™. In particular, since (l~1, Iy, -+, l~n) is linearly independent,
the constant matrix (< L,ik >)i<ik<n 18 positively definite, where < -,- > denotes the
inner product of R". Thus a strictly convex entropy F(u) is constructed by choosing
gj(§) =& forall j=1,2,--- n.

We collect the above discussion in the following result.

Proposition 4.1. Suppose that the linear Lagrangian system (4.2) is hyperbolic. Then
it is linearly degenerate, admits a complete set of classical Riemann invariants defined by
w; = L;(1, ug, -+, up,)' /uy (1 <4 < n) and each of its eigenvalues has constant multiplicity,
where (l~1, I, - l~n) is composed of the left eigenvectors of the corresponding linear system
in Lagrangian coordinates. Moreover, each entropy-entropy fluz pair (E(u), F(u)) of the
system has an explicit expression (4.7), E(u) is convez if and only if the matriz Agy(w)
is positively definite for all w € R™ and a strictly conver entropy E(u) is given when

g;(&) =& forallj=1,2,-- - n.

Finally, we mention that a similar notion was introduced in [19] where a system of
conservation laws is called a Lagrangian system if in Lagrangian coordinates it admits a
strictly convex entropy with zero flux function. The Lagrangian system is an extension
of the equations for gas dynamics. Then the nature of the linear Lagrangian system and
Lagrangian system is different.

4.2. Explicit solutions of the Cauchy problem. Consider the Cauchy problem for the
linear Lagrangian system (4.2) with the initial condition (2.2). Let v° = (1,13, -+, u2)*/u?
and w = (wy,ws, - - -, w,)". By Theorem 2.1 we have

(4.8) s=0: @ =uwl(Xo(y) ="(Xo(y). yeR.
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Therefore, the unique solution of the Cauchy problem (4.3) and (4.8) is given by

Wi(s,y) = w(Xo(y — Ais)).
It follows from Theorem 2.1 that the Cauchy problem (4.2) and (2.2) admits a unique
entropy solution u. For seeking an explicit expression of u, we denote by 7; the right eigen-
vector of A associated to \; normalized as I;7 iTj = 0,5, where d;; stands for the Kronecker’s
symbol. Then we may write
(4.9) (s, y) = Z(LUO)(XO(?J — \is))Fi.
i=1

Now let us determine the unique function y = Y'(¢,z) in the E-L transformation. From
(2.4), we have

dr =0y (t,y)dy — > ayby(t,y)dt,
=1
which defines a unique function z = X (¢,y) together with X (0,y) = Xo(y). A straight-
forward calculation using the first equation in (4.3) gives

X(t,y) = Xo(y) —/ Z&u@j(ﬂy)dT

(R

Let 7j; be the j-th component of 7;. Since

Dyt = A
j=1
it follows from (4.9) that

(4.10) X(t ) = Xo(y) /Z)\rhlv)(Xg(y Ar)dr

011

Note that the function in the above integral is given by the initial data. To guarantee
that the function y —— X(¢,y) is invertible for all ¢ > 0, we need the conditions v €
L*(R* xR) and vy (t,z) > vy > 0, or equivalently u € L>°(R* xR) and w4 (¢, 2) > u; > 0,
a.e. (t,x) € RT x R. That is why we have made the assumptions

(4.11) uw’ € L®(R), u)(z)>ui >0, aezeR

and furthermore,
(4.12) Z(LUO)(XO(y — \it))Fy; > v >0, ae (t,y) eRT xR

i=1
It is clear that under the conditions (4.11)-(4.12), the function y — X (¢, y) is invertible
and bi-Lipschitzian from R to R for all ¢ > 0. Therefore, from Lemma 2.1 we obtain
y = Y(t,x) as the inverse function of y — X(t,y) satisfying Y (0,z) = Yo(x). Finally,
(4.9) gives
(4.13) vt ) =Y (L") (Xo(Y(t,x) — Ait))7,

=1
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which implies, together with (4.12), that v1(t,z) > vy > 0, a.e. (t,z) € RT x R. In
particular,

(4.14) w;i(t, 7)) = w)(Xo(Y(t, z) — S\Z-t)),

which shows that the maximum principle holds for each w;.

On the other hand, the expression w;(s,y) = w)(y — :\15) shows that the entropy
equality (2.10) is satisfied for all entropy-entropy flux pairs (E(v), F(v)) given in (4.6).
This equality is equivalent to (2.9). Thus we obtain the following conclusion.

Theorem 4.1. Let the assumptions (4.11)-(4.12) hold and the linear Lagrangian system
(4.2) be hyperbolic. Then the Cauchy problem (4.2) and (2.2) admits a unique entropy
solution in the sense of Definition 2.1. It is given by the explicit expression (4.13) and
(2.7), where Xo and Y (t,-) are the inverse functions of Yo and X (t,-) for allt > 0 defined
in (2.12) and (4.10), respectively.

Remark 4.1. Formula (4.13) shows that the solution of the Cauchy problem (4.2) and
(2.2) has the same regularity as its initial data. In particular, if u® € BV(R) then
u(t,-) € BV(R) for all t > 0; and if u® € C™(R) with m € N* then Xy, Yo € C™(R) and
X, Y € C™(Rt x R). Hence, u € C"™(RT x R).

Remark 4.2. From (4.10), we have
O X(t,y) = E:AmzvoX@( — \it)

and
Ay, X (t,y) = Z (00 0 Xo) (y — Mit).

Hence, when \S\Z] =) forallt=1,2,---.n, X satisfies a linear wave equation
O X — N0, X = 0.

As we will see in the next section, this situation occurs for all 2 x 2 linearly degenerate
systems of conservation laws.

4.3. Weak stability. Consider a hyperbolic linear Lagrangian system (4.2). Let (u?).s¢
be a bounded sequence in L*(R) satisfying (4.11)-(4.12) uniformly with respect to . We
denote by (uc).~o the Corresponding sequence of entropy solutions of the system (4.2)
with the initial data (u2).so. From (4.11)-(4.12) and the explicit formulas (4.13)-(4.14),
we know that the sequence (ue)esq is bounded in L*(R* x R) and there is a constant
u > 0, independent of ¢ — 0, such that u.(t,z) > u, a.e. (t,z) € RT x R.

Therefore up to Subsequences still denoted by (u€)€>0 and (u?).~0, we have

u. — u, in L®(RT x R) weakly-*
and
u? —— v’ in L®(R) weakly-x,

with u € L®(R" x R) and u® € L>(R) satisfying uf(z) > u; > 0 and u;(t,z) > u, a.e.

(t,x) € RT x R. The weak stability of the linear Lagrangian system means that the weak

limit u is a unique entropy solution of (4.2) with initial datum u°.
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Indeed, since f; is an affine function, we obtain
filus) — fi(u), in L®¥(R" x R) weakly- *

Then applying the div-curl lemma of compensated compactness (see [43]) to the first and
i-th (2 < i < n) equations in (4.2), we obtain, in the sense of distributions,

li_{% (ulsfi(us) - uisfl(us)) = U ll_ff(l) fz(ua) — U; ll_f)f(l) f1 (Us)
It follows from the definition of f; that

ll_}r% <a11 + Z &ijuje) = Uy ll_r% fz(uE) - uifl ('LL)

j=2
Hence, for all 2 < i < n,

‘ 1
ll_r% filue) = ” (azl + uifi(u Zawu]> Ji(

This allows to pass to the limits in the weak formulatlon of the Cauchy problem for u.
and deduce that u is a weak solution of (4.2) and the initial datum of u is just u®.

To prove that the weak limit u is a unique entropy solution of (4.2), it remains to show
that u fulfills the condition (4.12). To this end, we notice that the sequence (Ype)es0
defined by

Volo) = [ a(€)de

is bounded in W'licoo (R). Then up to a subsequence, still denoted by (Yoe)es0, we have
Yoe — Yy in L} (R) strongly for any p > 1, where Yj is given in (2.12). Let ¢ € C5°(R)
and Xo. = Y;_'. Then ¢(Yy.) — #(Yp) in Lp (R) strongly. It follows that

loc

[aoXawmottr = [ @l @)
= [ R @)
= [ @Yl
— [l @)

_ / (1”0 Xo) (1)) dy,

with v0 = (1,49, - - -, u?)*/ul. Here we have used the changes of variables y = Y;.(z) and
y = Yo(z) in the first and last equalities, respectively. This shows that

v? o Xo. — 1?0 Xy, in L®(R) weakly- *

Since u! satisfies (4.12) uniformly with respect to ¢, i.e.,

n

D (1)) (Xoe(y = Ait))F1; > v > 0, ae. (t,y) € RT xR,

i=1
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we deduce that u satisfies (4.12). Thus, u is a unique entropy solution of the Cauchy
problem to the linear Lagrangian system (4.2).

Theorem 4.2. The linear Lagrangian system is weakly stable in L (Rt x R).

Similar results were obtained by Serre [38] for 2 x 2 linearly degenerate systems and by
Brenier [9] for a simplified ABI system. Since these two systems are included in the class
of linear Lagrangian systems, Theorem 4.2 can be viewed as an extension of their results.
However, the entropy equality and uniqueness of entropy solutions were not discussed in
their papers. Finally, we point out that the above weak stability result is obtained in a
very simple way with the help of a good choice of conservation laws to apply the div-curl
lemma among all entropy-entropy flux pairs given in (4.7).

4.4. An example of non-hyperbolic linear Lagrangian systems. Consider the
Cauchy problem for the system of pressureless gas dynamics :

{ Op + 0:(pu) = 0,

(4.15)
Oy (pu) + 0, (pu?) =0, t>0, z€R,

with initial conditions :

(4.16) t=0 :p=p"2), u=1u’(z), zeR.
Let p > 0 and (¢t,z) — (s,y) = (¢,Y(t,x)) be the E-L transformation defined by
(1.17) dy = plo — pudt, Y(0.0) = Yo(a) ™ [ P(€)de

0

Then in Lagrangian coordinates (s, y), the system (4.15) becomes :
0,6 — B = 0,
(4.18)
ou=0, s>0,yeR.

It is clear that the equations of pressureless gas dynamics are linear Lagrangian system
but not hyperbolic.
The initial conditions (4.16) correspond to :

(4.19) s=0:9=72"(y), a=1u"(y), yeER,

where

We deduce from (4.18)-(4.19) that
ot y) = 0%(y) + (@) (y), alt,y) = a°(y).
To guarantee the change of variables (4.17), we assume that
(4.20) p’ € L®(R), u’ € W' (R) with p’(z) > p >0, ae z€R.
Then o(t,y) > 0 for small ¢t > 0. It follows that x = X (¢, y) satisfies
dx = (0"(y) + t(a")' (y))dy + @’ (y)dt.
The unique function 2 = X (¢,y) satisfying X(0,7) = Xo(y) = Yy *(y) is
X(t,y) = Xo(y) + ta’(y).
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Since X/ (y) = ©°(y), the function y — X (¢, ) is bijective and bi-Lipschitzian for small
t > 0. From Lemma 2.1, we have Y (¢,-) = X~!(¢,-) for small ¢ > 0. Hence,
0
P (Xo(Y(Z,2))) 0

4.21 tx) = ot ) = (XY (t,2))).

( ) p(t, z) 1+ t(p" () ) (Xo(Y (£, 2))) u(t, ) = u’(Xo(Y(t,2)))
Proposition 4.2. Under the assumption (4.20), there exists t; > 0 such that the Cauchy
problem (4.15)-(4.16) admits a unique solution (p,u) € L>((0,t;) x R)NWH=((0,#,) xR),
defined by (4.21). This solution is global if u® is a non-decreasing function.

Beyond the interval [0,¢;), p becomes a measure. For the study of measure-valued
solutions of (4.15), we refer to [6, 7, 8, 22] and the references therein. See also [47] from
a physical point of view.

5. THE 2 X 2 LINEARLY DEGENERATE SYSTEM

Consider the Cauchy problem for the 2 x 2 linearly degenerate system. Since the
characteristic fields are both linearly degenerate, the eigenvalues A\; and A\, are two classical
Riemann invariants of the system associated to the eigenvalues Ay and Ay, respectively.
Set z = A\ and w = Xy, then for smooth solutions all 2 x 2 linearly degenerate systems
can be written in a canonical form :

ow + z 0,w = 0,
(5.1)
Oz+wd,z=0, t>0, z€R.
It is supplemented by initial conditions :
(5.2) t=0: w=u"2), z=2"x), veR.

It is easy to check that each entropy-entropy flux pair (F, F') of the system (5.1) is of the
form (see [38]) :
(5.3) Blw, o) = B0 2@ (@) Feg(z)

w—z w—z

where ¢, and g, are two arbitrary continuous functions.
For w > z and any a > 0, let

Then we obtain the equations for Chaplygin gas dynamics [46] :

{ Op + 0:(pu) = 0,
d(pu) + 0= (pu* + p(p)) = 0,

in which the pressure is given by the state law of Von Karman-Tsien : p(p) = p’ — a?p™ 1,
where p’ > 0 is a constant such that p(p) > 0 (see [15], p.10 and [2], p.7).

Comparing the systems (4.4) and (5.5), we see that (5.5) is a linear Lagrangian system
with n = 2, u; = p and us = pu. According to Definition 2.1, (w, z) € L>*(R* x R) with
w > z is an entropy solution of the Cauchy problem (5.1)-(5.2) if all entropy-entropy flux
pairs (E(w, z), F(w, 2z)) defined by (5.3) satisfy

(5.6) O, E(w,2) + 0. F(w,2) = 0,

2a W+ z
, U= .
wW— 2 2

(5.5)
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in the sense of distributions. This makes sense of the system (5.1) for weak solutions.

The system (5.1) was studied by Serre for oscillatory solutions (see [38] or [40], p.110-
113), and by E and Kohn for measure-valued solutions [21]. When the initial data satisfy
(5.7) w’, 2° € L®(R), inf w’(x) > sup 2°(z),

z€R z€R
the existence and uniqueness of entropy solutions were established by Chen by using the
compensated compactness and quasidecoupling method [14]. The derivation of explicit
solutions of the Cauchy problem (5.1)-(5.2) was investigated by Serre [39] and by Brenier
9, 10] in the case of periodic smooth solutions.

Under the conditions in (5.7), the explicit entropy solution in L of the Cauchy problem
was constructed by the author [36] by means of the method presented in Sections 2-4. The
resulting formula is the same as that in [9, 10] but is different from that of [39]. Indeed,
it is a particular case of the linear Lagrangian system for which the second condition in
(5.7) corresponds to (4.12). This condition implies that w(t,z) > z(¢,z) and then the
system (5.1) is strictly hyperbolic for almost all (¢, z) € RT x R.

The E-L transformation can be defined explicitly by using the first equation in (5.5)
and (5.4) with a = 1. It is given by (s,y) = (t,Y (¢, z)) with

2 w2z B def Z2d—§
(5.8) dy = dx dt, Y(0,z) = Yy(z) —/0 D :

w— z w— 2z ) — 2°(&)
The corresponding linear system in Lagrangian coordinates (s,y) is
(5.9) 0w — 0y =0, 052+ 0,z =0.
Let Xo =Y, . Then

w(s,y) =w’(Xo(y +5)) and Z(s,y) = 2"(Xo(y — 5)).
Hence, a unique function z = X (¢, y) satisfying X (0,y) = Xo(y) is given by

1 y+t 1 y—t
(5.10) X =5 [ wGons—; [T @)
Obviously, X (t,-) is bijective and Lipschitzian from R to R for all ¢ > 0. From Lemma
2.1, we have Y'(t,-) = X~'(t,-). Finally, since the eigenvalues of the linear system (5.9)
are Ay = —1 and Ay = 1. From Remark 4.2, X satisfies the linear wave equation :
OuX — 0y, X = 0.
As an application of Theorem 4.1, we obtain the following result already stated in [36].

Theorem 5.1. Let the conditions in (5.7) hold. Then the Cauchy problem (5.1)-(5.2)
has a unique solution (w,z) € L>®(RT x R) satisfying the entropy equality (5.6) for all
entropy-entropy flux pairs (E, F') defined by (5.3). This solution is given by

(5.11)  w(t,z) = w’(Xo(Y(t,z) + 1)), 2(t,x)=2"(Xo(Y(t,x) —1t), t>0, 2 €R.

Remark 5.1. In view of the expressions (5.8) and (5.11), the second condition in (5.7)
can be replaced by the following weak condition :

inf (wO(XO(y 1)) — 2°(Xo((y — t))) > 0.

t>0, ye

By the expression (5.3) on the entropy-entropy flux pairs, it is easy to see that this weak
condition is necessary and sufficient to define any weak solution.
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Remark 5.2. In the literature there exists an another way to integrate the system (5.1).
Consider the second order nonlinear partial differential equation

(5.12)  ((8,®)*+1) 0y ® — 20,2 0, P 0y, @ + ((,®)> —1) 9u® =0, t>0, z€R
with initial conditions

(5.13) t=0 :®=>y(zx), 0P=P(x), xR

Under the hyperbolic condition 1 + (9,®)* — (0;®)? > 0, Lochak obtained the following
explicit formulas for smooth solutions of (5.12)-(5.13), see [32, 33],

1 / L+ (2h(N)?
2 )5 IT (@) - 93V

(5.14) /

I

B M 1 @ Dy (A)P1(N)

(5.15) T 24 VIH (@) - o)
D)+ ®u(B) 1 [ &)

(5.16) ® = 5 24 V1 (PH(N)2 — P(N)

If we introduce w = 0;® and v = 0, P, then (5.12) can be rewritten as a non conservative
system :
(v* + 1)Opu — 2uvdu + (u? — 1)d,v = 0,
8,51) — 8xu = 0.
This system is equivalent to (5.1) for smooth solutions in which w and z are defined by
1 1
w = (\/1+v2—u2—uv), z=— (\/1+112—u2+uv>.
v?2+1 v?2 41
It is clear that Lochak formulas (5.14)-(5.16) are different from (5.11).

6. THE BORN-INFELD EQUATIONS

6.1. Preliminary. The Born-Infeld system is one of the nonlinear models of Maxwell
equations and related to the Born-Infeld Lagrangian (See Born-Infeld [5], Boillat [2],
Boillat-Ruggeri [4], Brenier [9], Gibbons [25, 26] and Serre [41])

(6.1) L(E,B) = —\/1+|B|2 — |E|>-~ < E, B >2,

where £ and B are the electric and magnetic fields in R3, < -, > stands for the inner

product and |B| =< B, B >3 is the Buclidean norm. Introducing the electric induction
D = 0L/OFE, the Poynting vector P and the Born-Infeld energy density h [5, 26, 9]:

(6.2) P=DxB, h=+/1+|B]2+|D]2+|D x BJ?,
then the BI equations read :

—B—l—DxP)_O

h - 9

D—l—BxP)_O
h - 9

@D+Vx<
(6.3)
@B+Vx<
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with differential constraints
(6.4) V.-D=V-B=0.
Remark that in the Born-Infeld model, the electric field E € R? is given by

_on(D,B) 1

E op = (D+BxP).

It is well known that the Born-Infeld energy h and Poynting vector P satisfy the
additional conservation laws

(6.5) Oh+V-P =0,

PR P-B®B-D®D 1
® ® ® >—V<>:O,

(6.6) OP + V- ( . -

which mean that h and P are just mathematical entropies of the system (6.3). In [9]
Brenier lifted the BI system of 6 equations (6.2)-(6.4) to the ABI system of 10 equations
(6.3)-(6.6) by considering h, D, B and P as independent variables. He revealed the
hydrodynamic structure of the ABI system similar to that of the Magnetohydrodynamics
equations. An another enlargement of the BI system of 6 equations to 9 equations was
described by Serre [41]. Note that the idea of enlargement of systems was developed by
Qin [37], by Dafermos [17] and by Demoulini-Stuart-Tzavaras [18] for nonlinear elasticity.

For smooth solutions to the BI and ABI systems, the reader is referred to Brenier
9] and Serre [41] for local existence of smooth solutions by an argument for first order
symmetrizable hyperbolic systems, to Chae-Huh [12] for global existence with small initial
data, and also to [11] for the solutions beyond singularities. In this section, we consider the
entropy solutions for both BI and ABI systems in one-dimensional case. In a simple way
we show that both systems are hyperbolic and linearly degenerate. Therefore, L> entropy
solutions of the BI system should satisfy the conservation laws (6.5)-(6.6) according to
Definition 2.1. Moreover, the ABI system is a linear Lagrangian one thus allowing to
apply Theorem 4.1. Although the BI system is not a linear Lagrangian one, the explicit
entropy solutions can still be constructed via the solutions of the ABI system.

As in [9] we denote by x = x; and consider the problems independent of x5 and z3.
Then B; and D; are constants from (6.3)-(6.4). It follows that the BI system (6.3)-(6.4)
and the ABI system (6.3)-(6.6) are reduced to

oDt 895(33 + 021;1 — D1P2> 0.
9,D; + az(_BQ i Dfl - D1P3> —0,

(6.7) 0B, + ax<—D3 + Bgfl - Blpg) 0
o, o, (2 BOBRY
P=Dx DB, h=+/1+|B2+|D]>+|D x BJ?,
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( Oh+ 0, P, =0,
SP: + 0, ( — (1 +hD2+B2)> o,
s+ o, (BRI
9Dy vo (PR DRY
(6.8) ﬁthJrax(_D?’JrBQhPl_BlPQ) o
0,8, + 8x(D2 + 33];1 — BlP3> —0,
0, (AP= DD BBy
\ 0P, + 3x<P1P3 - leg — B1Bs> _0,

respectively. Here we have used the notations

B:(BlaBQ)B3)t7 D:(D17D27D3)t7 P: (P17P27P3)t‘

6.2. Entropy solutions of the ABI system. Obviously, the ABI system is decoupled
since the first two equations in (6.8) are nothing but the equations for Chaplygin gas
(5.5). Therefore, we may first solve these equations to get (h, P;), and then determine
the remainder unknowns by a linear system of six equations. This is possible for smooth
solutions. For weak solutions, we will not do so since the linear system for unknown
(Ds, D3, Bs, B3, P», P3) contains discontinuous coefficients which makes the problem diffi-
cult to be treated.
Now let us rewrite the system (6.8) by introducing

(69) Pl = h’Uz, D2 = hUg, D3 = h’U4, BQ = hU5, B3 = h’Uﬁ, P2 = hU7, P3 = hUg.
Then the ABI system (6.8) becomes :

[ Oih + 0, (hvy) =

Oy (hvg) + 0, (hv ) =0,

O(hvz) + 0, (hvavg — Dyvy + vg) = 0,

(6.10) Oy (hvy) + 0y (hvgvy — Dyvg — v5) = 0,

Oy (hvs) + 0 (hvgus — Bivr — vy) = 0,

Oy (hvg) + 0y (hvgvg — Bivg + v3) = 0,

Oy (hvy) + 0, (hvguy — Dyvg — Byus) = 0,
| Oi(hvg) + Oy (hvavg — Dyvy — Byvg) = 0,

where a = /1+ B+ D? > 0 is a constant. We associate to the system (6.10) the

following initial conditions :

(6.11) t=0: h=h~%2), v=1v(z) (2<i<8), xcR.

)
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In view of (4.4), we see that (6.10) is a linear Lagrangian system with n = 8 and u; = h.
Moreover, let (t,2) — (s,y) = (t,Y (t,z)) be the change of variables given by

(6.12) dy = hdx — hvodt, Y (0,2) = Yo(z) < / hO(€)dE.
0
Then in Lagrangian coordinates (s,y) the system (6.10) is written as
(6.13) 040 + Ad, v = 0,
where vy = 1/h, v = (v1, v, - -, v5)" and
0 -1 0 0 0 0 0 0
—a? 0 0 0 0 0 0 0
0 0 0 0 0 1 =Dy 0
~ 0 0 0 0 -1 0 0 —-D
6.14 A=
( ) 0 0 0 -1 0 0 —-B; O
0 0 1 0 0 0 0 -B
0 0O -Dy 0 -—-B;y O 0 0
0 0 0O -Dy 0 -B 0 0

Notice that A is composed of two block matrix A = diag(A,, A,), with 5211 € M5(R) being
obviously diagonalizable and Ay, € Mg(R) being symmetric. Hence, A is diagonalizable
and the linear system (6.13) is hyperbolic. Furthermore, a straightforward computation
gives the eigenvalues of A :

(615) 5\1 = 5\2 = /~\3 = —a, )\4 )\5 = 0 5\6 = 5\7 = 5\8 = Q.

Thus applying Proposition 4.1, we obtain

Proposition 6.1. For h > 0 and any given By, D1 € R, the ABI system (6.10) is a linear
Lagrangian one and hyperbolic. Let uw = h(1,vy,- -+, v3)". The eigenvalues N\; = \;(u) (1 <
i < 8) of the system (6.10) are :
Uz — @ Uz +a
A= A5 = A6 = A7 = A\g =
L 4 = A5 = Uz, 6 7 8 h

It admits a complete set of classical Riemann invariants w; = l v (1 <7 <8), where l~ is

(6.16) A=A = Ay =

the left eigenvector of A associated to the eigenvalue )\ Moreover, each entropy-entropy
flux pair (E, F) of the system is expressed as

8
1-
(6.17) (B(u). F(w) = h > (LA (0)g; (5L wa, - us)' )
j=1
with arbitrary continuous functions g; (1 < j < 8), and a strictly conver entropy E(u) is

given when g;(§) = &* for all j =1,2,--+,8.

Each eigenvalue of the system (6.10) being multiple, then its linear degeneracy can
alos be obtained from the result in [1]. To solve the Cauchy problem (6.10)-(6.11), we
translate the conditions in (5.7) into

©18) K€ @) (2 <i<8), inf (80 + 50 ) > s () - )

zeR
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which imply that h(t,z) > 0 for almost all (t,z) € RT x R. As above, for t > 0, define
(6.19) Xo=Yy ! Y(t,) =Xt ),
with

—t

620 X)=3 [ (8 ) enas - [ (8- ) Caene

Then applying Theorems 4.1-4.2, we obtain the following result.

Theorem 6.1. Under the condition (6.18), the Cauchy problem (6.10)-(6.11) admits a
unique solution h, v € L>®°(RT x R) satisfying the entropy equality O;E(u) + 0, F(u) =0
in the sense of distributions for all entropy-entropy fluz pairs defined by (6.17). This
solution is weakly stable in L°(R™ x R) and is given by

8
(6.21) bt ) = S0 (Xo(Y (8.2) — M)y (1< <8),

i=1
where 7; 1s the right eigenvector offl associated to 5\1 such that Zﬁj =0, (1 <14,7 <8)
and 7;; 1s the j-th component of 7;.
6.3. Entropy solutions of the BI system. It is clear that (E(u), F(u)) defined in
(6.17) is an entropy-entropy flux pair of the BI system (6.7) when h and v lie in the

4-dimensional sub-manifold (6.2) of R® (BI manifold following Brenier [9]). By a further
computation, we obtain the following result.

Proposition 6.2. For h > 0 and any given By, Dy € R, the BI system (6.7) is hyperbolic
and linearly degenerate with the eigenvalues

(6:22) () = (V) = B p(0) = ) = P

where U = (Bay, B3, Dy, D3)t, Py and h are given by (6.2). It admits a complete set of
classical Riemann invariants W; = L;U/h (1 < i < 4) where L; (1 < i < 4) are linearly
independent constant vectors given by

{ Ly = (a,B1,0,=B3), Ly = (=P, a,pBs,0),

(6.23)
Ly = (0, —5276%51), L,= (5270, —5170)7

with 3y = ByDy, By = 1+ B? and 33 = 1+ D}. Moreover, each entropy-entropy fluz pair
has an explicit expression :

(6.24) (E(U) - hz 1, (U ( L, U)

where h is defined in (6.2) and g; (1 <i < 4) are arbitrary continuous functions.

Proof. First, replacing P, and P3 from the expression P = D x B and using the notation
(6.9), we obtain

(625) V7 = B1U4 - D1U6, Vg = D1U5 - Bﬂ)g.
Then in Lagrangian coordinates (s,y) with

(6.26) s=t, dy = hdx — Pidt, h >0,
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the BI system (6.7) becomes
( 8563

0y (B )is) =
8v4~|—8 (BD1U3— 1—|—D21~}5)
9y (( ) =

9

(6.27) <
0,05 —

( 0506 + 0, ((1+ B})v3 — B1D5) = 0.

1 + 82 U4 — BlDlv6

Y

0
0,
0
0

From Remark 2.1, the BI system (6.7) is equivalent to the linear system (6.27) via the
E-L transformation. Now the eigenvalues of (6.27) are

(628) ,Etl = /12 = —a, ﬂg = ﬂ4 = a,

with the corresponding left eigenvectors Ly, Lo, L3 and Ly given in (6.23). According to
(2.11), the eigenvalues of the BI system (6.7) are given by (6.22). Since the vectors L,
Lo, L3 and L, are linearly independent, the linear system (6.27) is hyperbolic. It follows
from Proposition 2.1 and Remark 2.1 that the BI system (6.7) is hyperbolic and linearly
degenerate. It admits a complete set of classical Riemann invariants W; = L;U/h =
Li(vsg,vq,v5,06)" (1 < 4 < 4). Similarly to the proof of (6.17), we may check that each
entropy-entropy flux pair of the BI system has the expression (6.24). U

Obviously, all entropy solutions (B, D) of the BI system (6.7) satisfy the ABI system
(6.8). Conversely, if (h, B, D, P) is a smooth solution of (6.8), with an initial datum in
the BI manifold (6.2), then (B, D) is also a smooth solution of (6.7) (see [3, 41]). This
means that the Bl-manifold is invariant for smooth solutions. Here we show that it is still
invariant for the entropy solution. It implies that if the initial data lie in the BI manifold
(6.2), then (B, D) is an entropy solution of (6.7) if and only if (h, B, D, P) is an entropy
solution of (6.8). Note finally that the BI system is not strictly hyperbolic. For strictly
hyperbolic systems having all linearly degenerate characteristics, we refer to [14] on the
existence of entropy solutions.

Theorem 6.2. Let the condition (6.18) be fulfilled and (h,B,D,P) € L*(R" x R)
be an entropy solution of the ABI system (6.8) with initial data (h°, B®, D° P°). If
(R, B, D° P%) lies in the BI manifold (6.2), then (B, D) is an entropy solution of the
BI system (6.7).

We first show the following lemmas.
Lemma 6.1. For the ABI system (6.8), under the assumptions of Theorem 6.2, we have
(6.29) P,=BDs— DBy, P;=D{By— B{D.

Proof. Let €y = P2 - (Bng - DlBg) and €3 = P3 - (DlBQ - Bng). We want to show
eo =0 and e3 = 0.
By the definition (6.9), we have

ey = hvy — Bihvy + Dihvg and  es = hvg — Dihvs + Bihus.
Therefore, using the system (6.10) we get
8t62 + 8x(1)262) =0 and (9t63 + ax(’l]2€3) =0.
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In the coordinates (s,y) they are equivalent to

O, <€~—2> =0 and O, <e~_3) = 0.
h h

Since the initial data (h°, B, DY) P?) lie in the BI manifold (6.2), we deduce that ey(0, z) =
e3(0,x) = 0. Hence, é; = é3 = 0 and then e; = e3 = 0. O

Lemma 6.2. For the ABI system (6.8), let us introduce
1+ |BP+|D|? +|P]? _ hPyEy(u) — 2a° Py + 20*hE>(u)
B h ’ B h? ’
BgDQ — BQD3 PlEQ(U) P12 -+ aQ — hEl (U)
N 2(u) = hoo 2h?

If (6.29) holds, then (E1, Fy) and (FEs, F») are two entropy-entropy flux pairs of the ABI
system (6.8).

(6.30) By (u)

Fi(u)

(6.31) Es(u)

As the proof of Lemma 6.2 involves only elementary calculations, it is postponed to
Appendix.

Proof of Theorem 6.2. Let us denote by
P=DxDB, h=+/1+|B]2+|D|?+|PJ2.

Lemma 6.1 shows that P, = P, and P; = P5. Now we prove that h = h and P, = P;,
i.e., Ey(u) = h and Ey(u) = h™'P;. On one hand, since the solution of the ABI system
satisfies the entropy equality for all entropy-entropy flux pairs, Lemma 6.2 together with
the notation h™'P, = v, gives

2@2(E2 — Ug)
)0

08> + 0, (2152 — %(vg + Z_Z _ %)) _

On the other hand, from the first two equations in (6.10), we have
ath + @I(hl)g) = O,

Oy + 0, (U2E1 +
(6.32)

1 a?
(9tvg + 5835 (U; - ﬁ) = 0.
Let W = E; —h and Z = 2(FEy — v3). Subtracting (6.32) and (6.33) and using h™'F; =
h='W + 1, we obtain

(6.33)

o + o, (ww + 2) =

0,7 + 0, (UQZ n %) —0.

In Lagrangian coordinates (s,y), this system is equivalent to

o () ao,(2) =0

&(%) + ay(%) — 0.
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Since (h°, B°, D°, P°) lies in the BI manifold (6.2) which implies that W = Z = 0 at
s =0, we deduce from the uniqueness of solutions to the linear system that W = Z = 0.
Hence, F)(u) = h and Ey(u) = vy. This shows that » = h and P, = P;. Then (h, B, D, P)
lies in the BI manifold (6.2) and (B, D) is a weak solution of (6.7). Besides, since (h, P;)
satisfies the conservation law 0,h + 0, = 0, we may use the Lagrangian coordinates
(s,y) defined in (6.26). In these coordinates the BI system is equivalent to the linear
system (6.27) which yields the entropy equality for all entropy-entropy flux pairs (E, F).
Therefore, Theorem 2.1 implies that (B, D) satisfies the entropy equality for all entropy-
entropy flux pairs given in (6.24). Thus, (B, D) is an entropy solution of the BI system
(6.7). O

Since the entropy solution (B, D) of the BI system (6.7) satisfies the ABI system (6.8),
from the uniqueness of the entropy solution of the Cauchy problem for the ABI system, we
obtain a result of the uniqueness of the entropy solution to the BI system. Moreover, by
solving the equations of Chaplygin gas dynamics and the linear system (6.27), we obtain
as above an explicit expression of the entropy solution.

Theorem 6.3. Let U° = (BY, B}, DY, DY)" € L*(R) and (h°, P°) be defined by the BI

manifold (6.2) satisfying the second condition in (6.18). Then there exists a unique en-

tropy solution U = (Bg, Bs, Dy, D3)' € L*(RT X R) to the system (6.7) with the initial

data U°. The solution is weakly stable in L°(R™ x R) and is given by the expressions :
4

(6.39) i) = 2 (50 (9000 — R,
(6.35) hit,z) = 20

wO(Xo(Y(t,x) + at)) — 29 Xo(Y (¢, 2) — at))’
where Xo, Y, L; and [i; are defined by (6.19), (6.20), (6.23) and (6.28), respectively,

0
a o P

a 0_ 04 % _ 11
w—/UQ ho? U2—h07

m7
and R; is defined by L;R; = 0;; for alli,j =1,2,3,4.

o_ .0

Remark 6.1. In one space dimension there is an another way to obtain the existence
and uniqueness of entropy solutions of the BI system. Indeed, it suffices to enlarge the
BI system by adding the equations for h and P; instead of h and P. Then we obtain
a linear Lagrangian system of 6 equations of independent variables h, Py, (Bg, B3) and
(D, D3). We may use this system (which is smaller than the ABI system) to replace the
ABI system. Here the essential thing is that the relations in (6.25) are linear.

Remark 6.2. The Born-Infeld Lagrangian L(E, B) given in (6.1) is well defined if and
only if
A(E,B)=1+|B> - |E|*~ < E,B>*>0,

with .
E:E(D—i—BxP), P =D xB.
Using the definition (6.2) on h,
<BxP,B>=0, <B,P>=<B,DxB>=0
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and the formula

P n* = < &n >* +HExn?, VEneR,
we have

WAE,B)= 1+ |B*?*+2[Dx B -2<D,BxP>.

Since

<D,BxP>=<PDxB>= |Dx B[,
we obtain finally

R*A(E, B) = (1+ |BJ*)* > 0.

Thus, the Born-Infeld Lagrangian L(E, B) is well defined for all B, D € R3 and all h > 0.
In addition, we have

L(E, B) = _%(1 +1B]).

Appendix : Proof of Lemma 6.2
Step 1 : Equation for (Ey(u), Fi(u)).
Let vy = h™'P;. Following Brenier [9], F; satisfies

Pl—hE2+Bl<B,P>+D1<D7P>)
h? .

0tE1 —+ 6x(v2E1) = 281 (

Using Lemma 6.1, we get
Bi<B,P>+Dy<D,P >

= DBi(B1P1+ BaPs + B3Ps) + D1(D1 Py + Dy Py + D3 P3)
= (B} + D})P, + (B1By + D\ Dy) (B, D3 — B3D;) + (B1B3 + D Ds3)(BoD; — B Ds)
= (B} + D})(P1 — hE,).

Hence,

P —hE
8,5E1 —+ ax<U2E1) = 2&28x <¥) s

12
namely,
O By (u) + 0. F1(u) = 0.
Step 2 : Derivation of the equation for V' = hEj.
From the system (6.8), we obtain

8,5‘/ - 8t(BgD2 - Bng)
— Bgath —|— DQath - Bgath - Dgath

Bs 4+ DsP, — D{P. Dy, + B3P, — B, P
:—Bgam< 3+ Doty 12>_D28z( o + D3l 13)

h h
—|—Ba <_B2+D3P1_D1P3)—|—Da <—D3+BQP1—31P2>
2Ux 3Vx
h h

and
ax(UQV) = afp (’UQ(BgDQ — B2D3)> .
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Therefore,
@V + 81(1}2\/) =&+ €9,
with
g1 = Bgax(UQDg) — Bgax<U2D2) — Dg&r(vng,) -+ Dg@x(vng) -+ 0;,3 (UQ(Bng — BQDg)) s

B B D D
Eg = —Bﬁx (72) — Bgax (73) — Dgax (72) — D38x (f)

Dy Py Dy Py B, Ps B P

By developing €1, €5 and using the definition of F;, we get

g1 = —Vamvg

and

1 1
62:%8$(B§+B§+D§+D§+P22+P§)—893 [E(B§+B§+D§+D§+P§+P§)}

1 a* + P?
:ﬁax(hEl—Pf)+ax< ; 1—E1).

Hence,
2

1
BV + 0, (UQV - %) = (Pt = V)0sv2 + 5-0.(hEY) = O, .

Step 3 : Equation for (Ea(u), Fa(u)).
By the definition of V| we obtain
a? 1

0,(hEy) + 8, (hv2E2 . E) — (v = B2)0,v = 5-0,(hEy) — 0, By,

Using the first equation in (6.10) and after simplification, we have

2

1 1 1
(9tE2 -+ ar(ngg) — %&(E) — ’UQar’UQ = W&B(hEl) — EamEl

Since
1 1

1
2h2 33;E1 — —§ax(h71E1>,

we obtain finally
This ends the proof of Lemma 6.2.
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