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1. Introduction

We are concerned with the phenomena of relaxation, particularly the ques-
tion of stability and singular limits of zero relaxation time. Relaxation is im-
portant in many physical situations. For example, it arises in kinetic theory
[5], gases not in local thermodynamic equilibrium [17,27], elasticity with mem-
ory [11,15,22], multiphase and phase transition [14,23], and linear and nonlinear
waves [28]. In general, relaxations can be modeled as having a functional de-
pendence on the basic dependent variables. In this article we consider the case
where the relaxation depends on the local values of these variables. Thus, we

consider an evolutionary system of partial differential equations in the form
1

(1.1) U+V-FU)+-R(U)=0.
€

Here U = U(t,x), which takes on values in R¥, represents the density vector
of basic physical variables over the space variable z € R”. Consistent with the
linear well-posedness of physical examples, we assume that the system is hyper-
bolic, that is, that the flux vector F' = F(U) is such that for every wavenumber
¢ € RP the N x N matrix 9y F(U)-¢ has real eigenvalues and is diagonalizable.

The relaxation term is endowed with a n X N matrix Q with rank n < N
such that

(1.2) QRWU)=0 forallU.

This yields n independent conserved quantities v = QU. In addition, we as-
sume that each such u uniquely determines a local equilibrium value U = &(u)
satisfying R(€(u)) = 0 and such that

(1.3) Q& (u) = u, for all u.
The image of £ then constitutes the manifold of local equilibria of R.

Associated with Q are n local conservation laws that are satisfied by every
solution of (1.1) and that take the form

(1.4) 8:(QU) + V-(QF(U)) =0.
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These can be closed as a reduced system for v = QU if we make the local

equilibrium approximation for U, namely

(1.5) U=¢&(u),
(1.6) Ou+V-f(u)=0,
where the reduced flux f is defined by

(L.7) f(u) = QF (£(u).

The quantity € is the relaxation time, which is small in many physical situations.
In the kinetic theory it is the mean free path, in elasticity the duration of
memory. One would expect solutions of the full system (1.1) to tend to those of
the local system (1.6) as € goes to zero. This local equilibrium limit turns out
to be highly singular because of shock and initial layers. We are also interested
in the weakly nonlinear limits when the characteristic values tend to infinity, so

as to obtain incompressible flow equations.

Basic to our understanding of system (1.1) is the question of stability. In the
classical study of homogeneous systems of hyperbolic conservation laws (R = 0),
this question is addressed through the notion of entropy, which is a function
® : RV — R such that for every U and ¢ the matrix

(1.8) Ouv®(U) Oy F(U)-¢  is symmetric.
This ensures the existence of an entropy flux ¥ : RV — RP” such that
(1.9) Ou®(U) oy F(U) =0y (U) for all U .

If @ is convex, zero viscosity solutions of the homogeneous conservation laws

should satisfy
(1.10) ®(U)+V-¥(U) <0,

with equality for classical solutions. Now, given such a ®, every classical solution
of (1.1) satisfies

(1.11) 0.2(U) + V-W(U) + (V) R(U) =0,
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If this equation is to be consistent with (1.10), the relaxation term should be

dissipative in the sense that
(1.12) ou®(U)R(U) >0, for all U.

This is reminiscent of the notion of entropy introduced by Boltzmann into his ki-
netic theory to describe kinetic relaxation to fluid dynamics. His key observation
was that his entropy characterizes the local equilibria of his kinetic equation, the
celebrated H theorem. In this work we adopt a notion of entropy that shares all
of the above properties. Among our main results is the conclusion that if sys-
tem (1.1) is endowed with such an entropy, the characteristic speeds for the local
equilibrium equation (1.6) are real and interlaced with those of the full system.
More precise statements are given in the next section. For 2 x 2 systems the

converse also holds, and the aforementioned singular limits can also be justified.

Many physical systems of the form (1.1) exist; we list a few below. The

compressible Euler equations are
op+V-(pv) =0,
(1.13) O (pv) +V-(pv®@v)+Vp =0,
O (pE)+ V- -(pEv+pv) =0.

In local thermodynamic equilibrium, the system is closed by the constitutive

relation

p:p(pve)7 E:%|U|2—|—€.

When the temperature varies over a wide range, the gas may not be in local
thermodynamic equilibrium, and the pressure p should then be regarded as a
function of only a part e of the specific internal energy, while another part ¢ is

governed by a rate equation

o Q(pa 6) —q
(1.14) Orq + V- (qu) = )
(1.15) p=plpe), E=3pf+e+q.

Using the notation of the general system (1.1), one identifies

U=(p,pv,pE,q)",  u=(p,pv,pE)".



The relaxation time 7 and the equilibrium value ) are given functions of the

density p and the part e of the specific internal energy.

A large class of systems from kinetic theory, the discrete velocity kinetic

equations, is represented by the Broadwell model, which has the form

Of —0uf — f+ff fof-—f8 7
(1.16) O fo = 7f° miLicy
8tf++a er_ f—i—f- fO )

Here the relaxation time is the mean free path €, and the conserved quantities

u are the density and the momentum as given by

/- 1 2 1
u:(ppv):Q fo ) Q:<_1 0 1)'
[+

Considerable interest exists in the question of the local equilibrium approxima-
tion in kinetic theory, where it is better known as a fluid dynamical approxi-
mation. See [3,4,24,29] for such studies in the context of the Broadwell model

(1.16), and [2] or [19] for a discussion of more general models.

The simplest physical models are 2 x 2 systems. Here we mention the river
equations [25,28], a shallow-water wave model describing the vertical depth h

and mean velocity v by
8th + Bx(hv) =0 y

(1.17) s 1
Oy (hv) + 0, (™ + 59h7) = ghS — Cylv|v,

where g is the gravitational constant, S is the slope of the river bottom, and Cy
is the friction coefficient. The local equilibrium limit is identified with the long
space-time behavior of solutions of the system (1.17) that is associated with the
description of flooding. Care must be taken when devising numerical simulations

of the river equations in such regimes [16,25].

As an illustrative 2 x 2 model, consider the p-system of conservation laws
ou+ 0v =0,

19 O+ Dup(u) + (v = f(w)) = 0.



This system is hyperbolic provided p’(u) > 0; its characteristic speeds then are
j:\/m . The positive parameter € is the relaxation time for the system; in the
absence of spatial gradients, the value of u remains fixed while that of v evolves
to the equilibrium v = f(u). The relaxation term is stiff when e << 1; that
is, the relaxation time is much shorter than the time it takes for a hyperbolic
wave (sound wave) to propagate over a gradient length. In such a case, one
might naively expect that the solution would achieve local equilibrium and the

dynamics would be governed by the so-called local equilibrium approximation

(1.19)
Opu+ O f(u) = 0.

This approximation has two potential problems. First, its solution will de-
velop an infinite spatial derivative at some location in a finite time. This not only
violates the key smoothness assumption that led to this approximation, but also
complicates the nature of the solutions involved in the analysis. Second, equa-
tion (1.2b) has the characteristic speed f’(u); this will exceed the characteristic

speeds of the original system unless

(1.20) —VP'(u) < f'(u) < Vp'(u).

The consistency of the approximation would seem to require that this bound be
satisfied, if only to preserve the proper causality. Indeed, further analysis shows
that the local equilibrium (@, f(@)) is linearly stable if and only if u = « satisfies
the bound (1.20); hence (1.20) will be referred to as a stability criterion.

This issue can be better understood by improving upon the local equilibrium

approximation. Let (uf, v¢) be a family parameterized by e that solves

out + 0,0 =0,

0pv¢ + 0xp(u’) + %(ve — f(uf)) =0.

Consider a formal expansion of just v¢ in the form

ve = f(u) +evf + vy -



where the e dependence in each v}, arises only through u® and its derivatives.

One finds from the above two identities that
Opu + 0 f(u®) = O(e)
O f (u€) + Oup(u) +vi = Ofe) .

Eliminating the time derivative of u¢ up to O(e) above leads to
(¢ () = £/ (u)?) 0 4+ 05 = O(e).
The simplest way to satisfy this relation is to set
v = —(p'(ue) — f'(u6)2)8xu€.

Dropping all the higher-order terms in expansion (1.6) leads to a first-order

correction to the local equilibrium approximation in the form

v=fu) €0 (u) = f(u)?)osu,

1.21
( ) Ou+ 0y f(u) = €0, <(p’(u) — f’(u)Q)ﬁxu) .

This evolution equation will be dissipative provided that the stability criterion
(1.20) holds. The criterion is now intrinsically manifest in the approximation
(1.21), whereas before it was inferred through reference to the original system
(1.18).

The approximation is in the spirit of that of Chapman-Enskog for the kinetic
theory by which the Navier-Stokes equations are derived. The approximation
(1.21) cannot be viewed as the local equilibrium limit of (1.1) in any rigorous
sense. Instead, it holds when the solutions are dissipative so that higher dif-
ferentiations of the solutions are smaller. Thus it holds in the time-asymptotic

sense.

Such 2 x 2 systems have been studied in [8] and [20]. In [20] the viscous
approximation and time-asymptotic justification are shown for general systems.
Particular solutions of traveling waves and rarefaction waves are constructed,
and their stability is studied. In the local equilibrium limit, solutions of (1.1)
tend to those of the local equilibrium approximation (1.6). The limit is highly

singular because of shock and initial layers. In [8] this limit is studied for the



physical models in elasticity and phase transition. Specifically, entropy pairs are
constructed to derive the energy estimates, and the compensated compactness

method is then applied to control the oscillations.

In the present article we study the limiting behavior of general systems
with stiff relaxation terms. In Section 2 we construct the local equilibrium ap-
proximation and its first correction for a general N x N system of hyperbolic
conservation laws with appropriate relaxation terms. A general notion of entropy
is introduced for such systems, the existence of which ensures the hyperbolicity
of the local equilibrium approximation and the dissipativity of its first correc-
tion. In Section 3 we show that for general 2 x 2 strictly hyperbolic systems the
existence of dissipative entropies is implied by a strict stability criterion that
the equilibrium characteristic lies between the frozen characteristics (cf. (1.20)).
The validity of the local equilibrium limit for such 2 x 2 systems is then estab-
lished in Section 4. Finally, in Section 5 we derive the weakly nonlinear limit
for 2 x 2 systems and justify it through energy estimates. This limit is the third
approximation; it shares the feature of the local equilibrium approximation (1.6)
that it does not contain the relaxation time. It is based on the observation that
the linearization of the local equilibrium approximation (1.2) about an equilib-
rium u = @ gives a simple advection dynamics with speed f’(u). This suggests
that, for solutions of the original system (1.1), a small perturbation about an
equilibrium (u,v) = (@, f(u)) will be slowly varying in the corresponding moving

frame.
2. The Structure for General Systems
Consider the N x N system of conservation laws over Q C R in the form
1
(2.1) U+V-FU)+-R(U)=0.
€

Here the density vector U = U(t, z) takes on values in O, the closure of an open
convex set O C RY. The flux vector F : O — RV*P ig a twice-differentiable
function such that the system is hyperbolic. More precisely, this means that for
every U € O and every wavenumber ¢ € RP, the N x N matrix Oy F(U)-¢ has

real eigenvalues and is diagonalizable.
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The relaxation term R : O — RY is a vector field that leaves O invariant

under the flow

d 1
2.2 —U+-R(U)=0
22) ZU + —R(U) =0,

such that it has n < N independent linear conserved quantities

(2.3a) Q:RY - R" such that Q has rank n,
(2.3b) QR(U)=0 for every U € O.

Moreover, each orbit has an equilibrium that is uniquely determined by the
constants © = QU denoted &(u). The map

(2.4) E:0—0, where o = QO C R" is an open convex set ,

and satisfies the identities

(2.5a) QE (u)

u for every u € o,
(2.5b) Q0 (u)=1 for every u € o.

This last implies that for every u € o the N x N matrix P(u) = 0,E(u)Q is a
projection (P? = P) onto the tangent space of the image of £, which is therefore

the n-dimensional manifold of local equilibria.

Throughout this section we shall adopt the following notational conventions.
Variables uniquely associated with either R™ or R¥ will be denoted by lower
or upper case Roman fonts respectively. The calligraphical font is used for
quantities that go between R™ and R like £ and Q. Products are matrix
multiplication with the understanding that vectors in R™ or R¥ are column
vectors, while those from R™* or RV* are row vectors. Gradients of scalars with

respect to column vectors are row vectors, and vice versa.

Associated with Q are n local conservation laws that are satisfied by every
solution of (2.1) and take the form

(2.6) o(QU)+ V- (QF(U)) =0.
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These can be closed as a reduced system for v = QU if we make the local

equilibrium approximation

(2.7b) Ou+V-f(u)=0,

where the reduced flux f is defined by
(2.8) f(u) = QF(E(w)) .

This approximation may not even be hyperbolic, much less have excessive char-
acteristic speeds. For example, consider the symmetric 3 x 3 linear system in

one spatial dimension:

U 0 1 0 U 1 0
(2.9) Olv|+|1 0 =10 v ]|+- 0 =0
w 0O -1 0 w C\w-—2u

Here the local equilibrium approximation is obtained by setting w = 2u in the

first two equations. This yields

b(2) (4 a)

which are the Cauchy-Riemann equations, and hence elliptic. These do not even
have a well-posed initial-value problem. Although the initial-value problem for
system (2.9) is well posed for each positive €, the bounds are not uniform as
€ tends to zero. This behavior can also be connected with the fact that all of
the equilibria (u,v,w) = (u,v,2u) are unstable. Even if the reduced system
(2.7b) is hyperbolic, the approximation is subject to the same kind of questions
as were raised regarding the p-system (1.18), such as whether it has excessive

characteristic speeds.

Whenever the local equilibrium approximation is hyperbolic, it makes sense
to seek a first-order correction. The validity of the local equilibrium approxi-
mation would suggest that the conserved density functions w could be used as
coordinates for a subset of the density functions U that is invariant, or at least

approximately invariant, under the evolution (2.1). Such a set would be the
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image of the conserved densities u under a coordinate map u +— U = M|u] such
that OM|[u] = u. Here the notation indicates that, unlike £(u), the value of
M]u| at x generally depends on more than the value of v at x. For example,
the dependence may be nonlocal, or possibly local through the values of spatial
derivatives of u. Assuming differentiability, denote the Frechét derivative of M
with respect to u by D, M]|u].

If the image of M were invariant under the evolution (2.1) the conserved

densities u would satisfy the closed system
(2.10) 6tu+V~<QF(M[u])> ~0.

Assume that the dynamics of u is now governed by (2.10). The evolution of
U = M]u] is then given by

QU = DyM[u] dpu = —DyMu] QV-F(M]u])
and hence
OU + V-F(U) + %R(U)
(2.11) — (I - DyM[u]Q) V-F(M]u]) +%R(M[u]).
If M = M[u] could be found such that
(2.12) (I = DyM[u]Q) V-F (M]u]) + %R(M[u]) =0,

the image of M would be an invariant set under the evolution (2.1). While this
is too much to ask, we can seek an approximately invariant set by finding an M

for which this term is small.

Since the local equilibrium approximation suggests the possibility of such an
approximately invariant set for small €, it is natural to seek a formal expansion

for M€[u] in powers of € as
(2.13) Meu) = E(u) + e MDD ] + EMP ) + - - -
The equations to be satisfied are

(2.14a) (I = DM []Q) V- F(M[u]) + - R(M[u) =0,

(2.14b) OM u] =u.
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Setting expansion (2.13) into (2.14) and matching terms order by order in €, at

first order one obtains

(I - P(u))V-F(E(uw)) + OyR(E(u)) MY[u] =0,
(2.15) oMWy =0,

while at higher orders one finds the general form
(2.16) O R(EW) MP ] = TP W],  oMP =0,

for k > 1, where the term 7 [u] depends explicitly on those M) [u] with order
7 strictly less than k.

At this point we will assume that the null space of the N x N matrix

duR(€(u)) has dimension exactly n. The linear system
(2.17) OuR(E())V =J, QV =0,
will then have a unique solution if and only if
(2.18) QJ =0;
we denote this solution by

-1
(2.19) V= (8UR(5(U))> J.

Since I — P(u) is annihilated by left multiplication by Q, the solution of (2.15)
is then simply

(2.20) MWD [y] = —(8UR(5(u))>_1 (I - P(u))V-F(E(w)).

Furthermore, since (2.14a) is annihilated upon left multiplication by Q, that will
also be the case order by order. Since left multiplication by Q also annihilates
the left side of (2.15b), it follows that

(2.21) QIMu] =0, for every k > 1.
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Thus, equation (2.16) can be solved recursively to systematically obtain each

term in expansion (2.13) as
(2.22) MB[y] = (aUR(g(u)))_1j<k>[u].

This formal expansion is just the quasi-linear analogue of the classical Chapman-
Enskog expansion of kinetic theory [5], the local equilibrium approximation be-

ing analogous to the compressible Euler approximation.

The first order correction to the local equilibrium approximation is obtained
by truncating the above expansion after order e; it is the analogue of the com-
pressible Navier-Stokes approximation in the kinetic theory context. Thus, the

first correction is
(2.23) U=Eu)—e <8UR(5(u)))_1 (I—P(w)V-F(Ew)),
Ot V- f(u) = €[ Qdy F (£ (w)) (00 R(E(w)) (1= Pw) V-F(Ew)] .

It is not generally clear, even when the zero-order approximation is hyperbolic
and its characteristic speeds are not excessive, that this first-order correction will
be dissipative. It can be shown that this will be the case whenever the linear
constant coefficient problem obtained by linearizing the original problem about
any absolute equilibrium £(u) is stable as e — 0. However, this is a cumbersome
criterion to check. Here we present a simple alternative criterion, namely, the

existence of a strictly convex entropy.
Definition 2.1. A twice-differentiable function ® : O — R is said to be an
entropy for the system (2.1) provided
(i) Oy ®(U) Oy F(U)-€ is symmetric for allU € O and £ € RP;
(ii) Oy ®(U)R(U) >0 forallU € O ;
(1ii) for any U € O the following are equivalent
(¢) R(U) =0,

(b) dy®(U) R(U) =0 ,
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(c) Ou®(U) =vQ , for some v € R™.
An entropy ® is called convex if
(iv) Oy ®(U) > 0 as a quadratic form for all U € O;

if the inequality in (iv) is strict, the entropy is called strictly convex.

Notice that (i) is the classical Lax entropy condition for hyperbolic conservation

laws [18]. It ensures the existence of an entropy flux ¥ : O — R such that
(2.24) dud(U) dy F(U) = dy(U),  forall U € O.

Formally, every classical solution of (2.1) then satisfies

(2.25) 0 0(U) + V- (U) + %&A)(U) R(U) =0,

so that by (ii) the entropy ® is locally dissipated. Moreover, if ® is strictly
convex, the characteristic speeds associated with any wave vector ¢ € R” are

determined by the critical values of the Rayleigh quotient

WT0yu®(U) Oy F(U)-£W
WT 0y ®(U) W

(2.26) W ,  for WeRN.

Note that (ii) and (iii) are an abstraction of Boltzmann’s H theorem [5]. In
particular, (iii) completely characterizes the local equilibria & = £(u) in terms
of ® and Q as follows.

Let ®* : O* — R be the Legendre dual function of the strictly convex

entropy function ®. Its domain O* is given by

0" = {VGRN*

V =0y ®(U) for some U € O} ,
and for every @ it satisfies

(2.27) oU)+e*(V)=VU,

where U € O and V € O* are related by

(2.28) V=0p®U), U=0oyd* (V).



Defining
o* = {v e R™

erO*},

we can recast (c) of (iii) as
(d) U =0y d*(vQ) for some v € o*.
The conserved densities corresponding to these equilibria are then

(2.29) u= QU = Qdy®*(vQ) = d,¢"(v),

15

where ¢*(v) = ®*(vQ). Note that since ®* is strictly convex, so is ¢* : 0* — R.

Let ¢ = ¢(u) be its Legendre dual; its domain o** is given by

o' = {ueR”

u = 0y@* (v) for some v € 0*}
= {u cR" ) u= QdyP*(vQ) for some v € o*} ,
and it satisfies
(2.30) ¢(u) +¢*(v) = vu,
where u € 0** and v € o* are related by

(2.31) v = 0yp(u), u = 0y (v).

Now recall the set o defined in (2.4), which by (2.28) can be expressed as

OE{UER” u:QUforsomeUeO}

= {u € R" ) u = Q0y®*(V) for some V € O*} .

It is clear upon comparing this with the definition of 0** that o** C 0. On the

other hand, given any u € o, the orbit of any solution of (2.2) with conserved

values v = QU has a unique equilibrium &£(u). By (d) of (iii) this must have the

form
E(u) = oy P* (vQ) for some v € o*.

Applying Q to both sides above and using (2.5a), we see that u € o**; hence

o C o**. Therefore ¢ = ¢(u) is defined over the entire set o, and the equilibria

in (d) written as a function of u € o must be

(2.32) E(u) = Oy ®* (0ug(u)Q) .
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One sees, from the duality relations (2.30) and (2.31) for ¢*, the definition of
¢*, and the duality relations (2.27) and (2.28) for ®*, that

¢(u) = v9y¢" (v) — ¢*(v)
(2.33) =vQ0yP*(vQ) — ¢*(vQ)
=3 (O ®*(vQ)) = ®(E(w)) .

Simply stated, ¢ is just the restriction of ® to the manifold of local equilibria.
The functions @, ¢, and £ are implicitly related by the relation

(2.34) ou®(E(uw)) = dud(u) Q.

Differentiating the above relation yields

(2.35) (0, (w)) v ®(E(w) = Buud(u) Q.

Multiplying the last identity by Q' and envoking the symmetry of the resulting

right side, we obtain the relation
(2.36) P (u) Oy ®(E(w) = uu®(E(u) P(u) .

This in turn implies that P(u) is an orthogonal projection with respect to the
inner product defined by dyy®(€(u)).

Assuming the existence of a strictly convex entropy for the system (2.1) as

defined by (i)-(iv) above, we have the following stability theorems.

Theorem 2.1. The local equilibrium approximation
(2.37) Ou+V-f(u)=0,

15 hyperbolic with the strictly convexr entropy pair
(2.38) o) = D(EW) . V() = U(EW)):

Moreover, its characteristic speeds associated with any wave number
¢ € RP are determined as the critical values of the restricted Rayleigh

quotient

Wy () duF(€)-EW

(2.39) W ogwe@) W

W = 0,€(w)w for w e R™.
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Proof. First check that (¢,1)) is an entropy pair for the reduced system (2.37)
by the following direct calculation. Use the definition (2.8) of f, the relation
(2.34), and the defining relation (2.24) of ¥ to show

Oup(u) O f(u) = ud(u )QGU (5( ))3 &(u)

:8U\If(5u) = u@[)( ).
The strict convexity of ¢ follows from its construction through Legendre duals.

Next, since the existence of this strictly convex entropy pair ensures that
the reduced system is symmetrizable, its characteristic speeds associated with
any wave number ¢ € RP are determined as the critical values of the Rayleigh

quotient
W Oy d(u) w
By the definition (2.8) of f and the identity (2.35), the matrix appearing in the

numerator of (2.41) can be written as

(2.41)

(2.42)  0uud Ouf = Ouud QO F(E) 0uE = (0,E) Oyu®(E) Oy F(E) D.E,
while, by the identities (2.5b) and (2.35), the matrix in the denominator becomes
(2.43) Ouu® = Ouud Q0uE = (0,E)T A ®(E) 0,E .

Substituting these into the above quotient yields the result.

Remark. The reduced system’s characteristic speeds associated with any wave
number ¢ € RP are determined as the critical values of a restriction (2.39) of the
Rayleigh quotient for the full system (2.26) to the tangent space of the manifold
of local equilibria. Hence, they are interlaced with the characteristic apeeds for

the full system. More precisely, given a wave number & € R”, for each u € o let
A< KA S A << Ay,

where Ay, = Ax(E(u)) are the characteristic speeds for the full system (2.1),

while

mny

A< <A S A < <A
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where A\; = A;(u) are those for the reduced system. Then the A; are inter-
laced with the Aj in the sense that each of the A; lies in the closed interval
[Aj,Ajin_p], cf. (1.20). This follows from the classical min-max characteriza-

tions of the Aj and \; given by

o W Oyu®(€) wF(E)-EW | . B
A= wnélﬁw{v?gv { WT oy d(€) W } dim W = k}

= v 4 min WToyy®(E) Oy F(E)-¢W
~ WCRN | Wew WTopy®(E) W

codimW =k — 1} ,

\j = min {max{wTau"M“f'fw} ' dimWZj}

wCR» | wew W' Oy dw

= Inax min

wCR"™ | wew wTﬁuud)w

codimw = j — 1} ,
and the identities established in the proof of the proceeding theorem.

Theorem 2.2. The first-order correction is locally dissipative with re-

spect to the entropy ¢(u). It has the form
(2.44) ou+V-f(u)=eV-[g(u) V@uqﬁT(u)] ,

with the diffusion tensor g(u) defined by

(2.45) g(u) = S(u) L(u)~'S(u)" ,

where
(2.462) Liw)t= <6UU<I>(5(u))6UR(E(u))>7 ,
(2.46Db) S(u) = QyF(E(u)) (I — P(u)),

is a nonnegative 4-tensor in RV*N @ RP*D,

Proof. Multiplying the equation (2.45) by 0,¢(u) gives

(2.47) Orp+V1p =€V [0, gV(0ud")] — €(VOu0) g (VOu0) .
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Integrating (neglecting boundary contributions), we have that

(2.48) % / P(u) de = —¢ / (VOu0) g (VOu¢) drx <0.

The key step in this proof is checking that

(2.49) dyu®(E) Ay R(E) + (uu®(€) uR(E))' 20,

in the sense of forms. But this follows directly from (iv) which states
(2.50) ov®(U)R(U) >0, for every U € O,

and the fact that equality is attained when U = &,

(2.51) JuP(E)R(E)=0.

Together, these imply

(2.52) duu (0u®(U) R(U)) >0.

U=¢&

A direct calculation then shows

— duu®(E) Ay R(E) + (Buu®(€) uR(E))"
Uu=¢&

(2.53) v (Bu®(U) R(U))

and (2.49) then follows from (2.52). What remains is to compute the formula
for g(u). Note that by the definition (2.44a) of L=, the orthogonality (2.36) of
P, the symmetry (i), the relation (2.35), and the definition (2.44b) of S, one has

(OuR(E)) " (I - P)V-F(€)
— (Ouu®(E) duR(E)) ' duu®(E) (I — P)OyF(E)V-E
=L = P)" oy ®(E) Oy F(E) 0.& Vu
— LI = P) 0y F(E)) duu®(E) 0uE Vu
— LI = P) 0y F(E))' Q Ouut Vu
(2.54) = L71ST(Vo.9) .

Substituting this identity into our formula (2.23b) then yields the result.
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3. The Structure for 2 x 2 Systems

The remainder of this paper considers the general 2 x 2 system of conser-

vation laws over a one-dimensional spatial domain in the form

Opu + Oy f1(u,v) =0,

(3.1) 1
Opv + Oy fa(u,v) + Zr(u,v) =0.

This system is assumed to be strictly hyperbolic with (real and distinct) char-

acteristic speeds given by

(32 As(w0) =3 (0ufi +0ufo = VO = 0,17 T 40,1 0ufz)

Here, as before, the values of (u,v)" lie in O, the closure of an open convex set
O C R2. For many physical models the set O can be one generated from an
invariant region, for example, as for the p-system (1.18) (see Section 4) and the

elastic model (see [8]).

The first equation of (3.1) represents a conservation law for v and the second

equation a rate equation for v. A typical form for the relaxation term r(u,v) is
(3.3) r(u,v) =v —e(u);

however, in general we assume only that for each u € o the vector field v —

r(u,v) has a unique stable equilibrium v = e(u) satisfying
(3.4) r(u,e(u)) =0, Opr(u,e(u)) > 0.

We also assume that the two equations in (3.1) are coupled in a nontrivial way.

More precisely, for Theorem 3.2 we assume the coupling condition
(3.5) Oy f1(u,e(u)) #0, forallu € o.
In addition, we assume smoothness as needed.

When cast in the notation of the previous section, system (3.1) takes the

form

(3.6) U + 0, F(U) + %R(U) o,
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where

on o= (1) o= () o= (0,)-

while

38) Q=(1 0), 5@):(6&)), P@):(é 8)

The general formulas for the local equilibrium approximation (2.7) and its first-

order correction (2.23) can now be specialized to system (3.1).

The local equilibrium equation is now just the scalar conservation law
(3.9) Ou+ 0, f(u) =0,
where the flux f(u) is simply

(3.10) fu) = fi(u, e(u)),

and its characteristic speed is

(3.11) AMu) = f(u) = Oy fr(u, e(u)) + Oy f1(u, e(u)) € (u).

While by its scalar nature the reduced equation (3.9) is hyperbolic, the stability
criterion analogous to that of (1.20) for the p-system (1.18) is

(3.12) A <A<AL on v =-e(u).

As with the p-system, this can be inferred by requiring the linear stability of
the local equilibrium (u, e(w)). By Theorem 2.1, the existence of an entropy for

system (3.1) would also yield (3.12); later we will establish a partial converse.

The first-order relaxation correction for system (3.1) is simply the scalar

convection-diffusion equation
(3.13) Opu + 0, f (u) = €0, (g(uw)dpu)

where

01 (Outo+ (Oufo = Dufi) € = ufi )
- OpT

(3.14)  g(u)

onv=-e(u).

We have the following theorem.
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Theorem 3.1. The first-order relaxzation correction (3.13) is dissipa-
tive if and only if the stability criterion (3.12) holds. Moreover,

(3.15) g(u) = (A4 = AB)U(;\ —A-) onv=ce(u).

Proof. Since 9,r(u,e(u)) > 0 by (3.4), the nonnegativity of g(u) is equivalent
to that of the numerator on the right side of (3.15), which in turn is equivalent
to the stability criterion (3.12). Thus, the theorem follows immediately once
(3.15) is established. But a direct calculation starting from the definitions (3.2)
of Ay and (3.11) of X leads to the important identity

(A — (A=A )
=0 fi (3uf2 + (Oufo — Oufr1)€ — Oufi 6'2) on v =e(u).
Setting this into the numerator on the right side of (3.14) gives (3.15), and thus

proves the theorem.

(3.16)

Theorem 2.1 and its subsequent remark state that if (®, V) is a strictly
convex entropy pair for the system (3.1), then (¢, ) defined by

(3.17) d(u) = P(u,e(u)), Y(u) = ¥(u,e(u)),

is a strictly convex entropy pair for the local equilibrium equation (3.9) and,
moreover, that the stability criterion (3.12) holds. Since (3.9) is a scalar conser-
vation law, any strictly convex ¢(u) gives an entropy pair. Therefore the first
assertion is no deeper than the fact that ¢(u) defined in (3.17) is strictly con-
vex by construction. The main content is therefore the second assertion of the
validity of the stability criterion. For 2 x 2 systems (3.1) satisfying the coupling

condition (3.5) there is the following partial converse.

Theorem 3.2. Let (¢,v) be a strictly convex entropy pair for the local

equilibrium equation (3.9). Assume that the strict stability criterion
(3.18) Al <A<AL onv=ce(u),

holds. Then there ezists a strictly convex entropy pair (®,V) for the
system (3.1) over an open set Oy C O containing the local equilibria

curve v = e(u), along which it satisfies (3.17).
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Proof. If ® is to be a strictly convex entropy for the system (3.1), it must

satisfy (i)-(iv) of Definition 2.1 as they are now manifest:

(i’) @ solves the following entropy equation over (u,v)" € Oy,

(319) 8qu avvq) - (avf2 - 8ufl) 8uv(1) - avfl auuq) = O;

(ii") 9y®(u,v)r(u,v) >0 for all (u,v)" € Oy ;
(iii’) for any (u,v)" € O, the following are equivalent
(a) r(u,v) =0,
(b) 0p®(u,v)r(u,v) =0 ,
(¢c) v=-e(u) for someu € o ;

(iv’) ® satisfies the following strict convexity conditions over (u,v)’ € Oy

(3.20) Ove® >0,  0uu® 0y ® — (0uu®)? > 0.

Given (iv’) and assumptions (3.4) regarding the equilibria of 7(u,v), it is clear

that (ii’) and (iii”) will both follow from the simple requirement that
(3.21) 0y ®(u,e(u)) =0.

Indeed, for any fixed u € o conditions (3.21) and (iv) ensure that v — 9, ®(u,v)
has one simple zero at the point v = e(u), and no more. Condition (3.4) does
the same for v — r(u,v). As both functions are locally increasing at this zero,
their product must be nonnegative, with v = e(u) being the only zero of both r
and the product, in accord with (ii’) and (iii’). Thus, given ¢ = ¢(u) we must
construct a ® = ®(u,v) that satisfies (3.17), (3.19), (3.20), and (3.21).

First, by the strict stability criterion (3.18) and the coupling condition (3.6),
the identity (3.16) implies that

(3.22) Oufs+ (Oufo— Oufi) e —Oufre” #0.
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But this is exactly the condition that the local equilibria curve v = e(u) is a
noncharacteristic curve for the entropy equation (3.19). This is a second-order
hyperbolic equation for which we consider Cauchy data consistent with (3.19)
and (3.21) in the form

(3.23) O(u,e(u)) = p(u), Oy ®(u,e(u)) =0.

The classical local existence theory ensures that there is a solution ® = ®(u,v)
of this Cauchy problem over an open domain containing the local equilibria

curve.

If the strict convexity conditions (3.20) are satisfied along the local equilibria
curve, then by continuity they will also be satisfied in some (possibly smaller)
open domain containing the local equilibria curve; this smaller domain is the

O, asserted in the theorem.

Differentiating the Cauchy data (3.23) with respect to u will lead to the

identities

(3.24a) Ouu®(u, e(u)) + Oup®(u, e(u)) €' (u) = Ouud(u),
(3.24Db) Our®(u, e(u)) + Oy ®(u, e(u)) €' (u) =0,

Starting with the entropy equation (3.19), first use (3.24a) to eliminate Oy, ®,
and then use (3.24b) to eliminate 9,,® to obtain

0= 8Ufl 8uuq) + (ava - 8ufl) auvq) - auf2 81)11(1)
(325) - 611f1 6uu¢ + (8’Uf2 - 6uf1 - 611f1 6,) auvq) - 6uf2 6111)(1)
== 611f1 6uu¢ - (auf2 + (8’Uf2 - 6uf1) 6, - 6vfl 6,2) avvq) P

on v = e(u). Multiplying this by 0, f1 and employing the identity (3.16) give
(3.26) (A — N\ —=A_)0pe® = (0y f1)? Ouu® on v =-e(u).

The strict stability criterion (3.18), the coupling condition (3.6), and the strict
convexity of ¢ then imply that

(3.27) Oy ® >0 on v =e(u),
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which is the first of the strict convexity conditions (3.20).

To obtain the second, start with the identity (3.16), use (3.24b) to eliminate
¢/, and then use the entropy equation (3.19) to find

Ay =A)(A—A)
= 0uf1(0uf2 + (Oufo — Ouf1) € — Oufr 6/2)

(328) = % (auf2(6vvq))2 - (avf2 - 6uf1) avvq) 6uvq) - 6vf1 (auvq))2)
= ((g”fql)); (0uu® 0up® — (800 ®)?) onv=e(u).

Now the strict stability criterion (3.18), the coupling condition (3.6), and the
first strict convexity condition (3.27) imply

(3.29) Ouu® 0o ® — (04, ®)> >0  onwv=ce(u),

which is the second of the strict convexity conditions (3.20). By the aforemen-

tioned continuity argument, Theorem 3.2 follows.

Remark. For any bounded set B C R? there is a constant v > 0 such that
(3.30) B, =Bn{(u,v)||lv—-e(u) <~} CO,.
On the set B, one has
Opp® >0,
(331) det(BUUCD) > 0,
Oy ®(u,v) r(u,v) >0, for (u,v) € B, —{v=c¢e(u)}.

The constant v depends on the flux functions (fi, f2) as well as the entropy

function ¢.

4. The Local Equilibrium Limit for 2 x 2 Systems

Suppose that a sequence U¢ = (u,v) € B, bounded open convex set, are

solutions of the systems of conservation laws with a stiff relaxation term:

€ € 1 0 _

Ué}tzo =Us,

(4.1)



26

and satisfy the entropy condition: for any convex entropy pair (¢, ¥) on B,,
1

(4.2) B, ®(UC) + 0, W(U*) + =B, (U) r(US) < 0.
€

For simplicity, we can assume from Theorem 3.2 that there are two convex and

dissipative entropy pairs (®;, ¥;),7 = 1,2, on B, such that

(4.3) p2(u) — p1(u) = Cf(u),
where ¢;(u) = @jly=c(u), f(u) = fi(u,e(u)), and
( St)lgB f" ()
C< =
(u,glefo o7 (u)

In fact, we first choose any strictly convex function ¢;(u) as the Cauchy data
in the Cauchy problem for (3.19) to get a convex and dissipative entropy pair
(®1,¥1) on B,,; then we take convex function ¢o = C'f(u) + ¢ as the Cauchy
data in the Cauchy problem for (3.19) to get another convex and dissipative

entropy pair (®2, V) on B,,; and finally we choose v = min(vy1,v2).

Theorem 4.1. Suppose that
meas{u| N (u) =0} =0,

and

I(ug = u,v5 = 0)|[2 < C,

with v = e(u). Then there exists a subsequence (still denoted) (u€,v°)

strongly converging almost everywhere:
(uf,v%) — (u,v) a.e.,
and the limit functions (u,v) satisfy
(i) v(t,z) = e(u(t,z)) forae t>0;
(ii) u(t,z) is unique entropy solution of the Cauchy problem

Ou+ 0, f(u) =0,

u‘t:O = w*-limu§(z) .
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where w*-1lim denotes the weak-star limit in the space L°°.

Remark 1. Notice that v§(x) generally is not equal to e(u§(x)); indeed, the
initial data may even be far from equilibrium. Theorem 4.1 indicates that, in the
local equilibrium limit, the functions (u,v) indeed come into local equilibrium
as soon as t > 0. This shows that the limit is highly singular. In fact, this limit
consists of two processes simultaneously: one is the initial layer limit, and the

other is the shock layer limit.

Remark 2. Theorem 4.1 indicates that the sequence (u,v) is compact no
matter how oscillatory the initial data (u§(z), v§(x)) are. Note that systems with
the stiff relaxation term are allowed to be linearly degenerate; in particular, the
second characteristic field may be linearly degenerate, and the initial oscillations
can propagate along the linearly degenerate fields for the systems without the
stiff relaxation term (see [7]). This fact shows that the relaxation mechanism
and the nonlinearity of the equilibrium equations can kill the initial oscillations,
just as the nonlinearity for the full system can kill the initial oscillations (see
[6,13]).

Proof of Theorem 4.1. Notice that if (¢, V) is a convex entropy pair, then

SO 1S

OU) =o(U) - &(U) — du@0)(U -T),
U(U) =T(U) —¥(U) - 0y®(U)(F(U) - F(U)),

with U = (4,0) = (4,e(@)). Without loss of generality, we assume that U =
(0,0). Therefore, we have

1
(4.4) 0 (U°) 4+ 0, ¥ (U®) + -2,(U°) r(U°) <0.

€

Integrate (4.4) over [0,t] X (—00,00) to obtain

/_ B (L, 2)) da + ~ // Ue)dxd7</_o;¢(U5(:z;))d:1:.

Therefore, there exists a constant C' > 0 such that

(4.5) // v — e(u dxd7<0/ [(us(x) — @) + (v () — 9)°) de.
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Define (¢;(u), ¥i(u)) = (i, ¥;)|v=e(u), @ = 1,2. Then (¢i(u), ¥i(u)),i = 1,2, are
convex entropy from Theorem 3.2. Notice that

D¢ i (u®) + Opthi(uf)
< 0 (q)i(ue, e(u)) — ®;(us, ve))
(46) +8x (\I’Z‘(U,e,e(ue)) _ \Ifi(ue,UE))
1

+ —@iv(ue, ve)(r(ue, e(u)) —r(us, ve))

Using the estimate (4.5), we have
[ il r—2 = sup

pEH} //8t (ufs e(u)) — (I)i(ueave))godxdT‘

< Co° = e(w)llL2 el 2
<VeClpllm — 0, ase—0.

Similarly, we have
115 -1 < CVello]| — 0.

Notice that ®;, = 0 as v = e(u). Therefore, we have from (4.4) and (4.6)
115] 0 < C

that is,

€ . . —1,p1
i3 is compact in W~ >P1 |

from the Sobolev embedding theorem. Therefore, we have
(4.7) If = foj is compact in W1,

Using the fact
Orpi(u) + Ozthi(u®) — I <0,
Oy i (u€) + Opths(u®) — I¢  is bounded in WPt |

from (4.6) and the boundedness of u¢, and the Murat lemma [21], we conclude

(4.8) Oy i (u) + Opths(uf) — I¢  is compact in WPz 1< py <p;.
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Combining (4.7) and (4.8) with the boundedness of u€, we obtain

is compact in WP, 1<p<ps,
is bounded in W1

Oy i (u®) + Outhi(uf) {

Thus

(4.9) Orpi(u®) + Optbi(uf) is compact in H~,  i=1,2,

from a compactness embedding lemma [12]: Let 1 < p < ¢ < r < co. Then
(compact set of ngcl ?) N (bounded set of I/Vl;cl ") C (compact set of I/Vl;clq) )
Therefore, we have from (4.3) and (4.9)

O f (uf) + 8m</u (f'(y))2 dy) is compact in H~ 1.

Similarly, we can show that

Opu’ + 0y f (u) is compact in H~!.

The compactness theorem that was established in [9] by using the Div-Curl
Lemma of compensated compactness (see [26]) then ensures that there exists a
subsequence (still denoted) u€(¢,z) converging almost everywhere to a function
u(t, ):

u(t,x) — u(t,z) a.e.,
and
ve(t,x) — e(u(t,x)) ae.,

from the estimate (4.5). The proof is complete.

The above theorem is based on the L°° a priori estimate. In many physical
systems, the estimate can be achieved. As an illustration, we now apply this
theorem to the p-system (1.18), a model in which a stiff relaxation term is
appended to the equations of elasticity. Consider the solutions (u¢,v¢) of the

Cauchy problem

ou+ 0v =0,
(4.10) 1 /
Gtv%—(?xp(u)%—g(v—f(u))zo, p'(u) >0,
with the Cauchy data

(4.11) (u,0)] g = (u(2), v5(x)) -

We first construct the solutions of the Cauchy problem (4.9)-(4.10).
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Lemma 4.1. Suppose that p(u) and f(u) satisfy

(4.12)

peC?; p'(w(u—u)>0, foralu#0,
fecCh f(u)=f=const., asl|u—al> My,

and the stability condition

(4.13) p'(u) = (f'(w)* > 0.

Assume that the initial data (u§(x),v§(x)) are bounded in L, uni-
formly in €, and (u§(z) — @, v5(x) — v) € L?. Then there exists a weak
solution (u(t,x),v(t,x)) for the Cauchy problem (4.10) and (4.11)
for any fixed €. The solution sequence (uc(t,x),v(t,x)) is bounded in
L, uniformly in €. Moreover, there exists a constant Ny > 0 such
that (u(t, x),v(t,z)) € B, provided ||(uf — 1, v§ — 0)||re < My < Np.

Proof. Consider the following parabolic systems:

Ot + 0,0 = 6 Oppt

with the Cauchy data
(4.15) (u, v)e=0 = (ug(), v5(2)) -

The Riemann invariants associated with system (4.14) are

welw) =v- = [ VIE .
The invariant region principle [10] indicates that the domains
Y= {(u,v) }Ml < |wi (u,v)] < Mg},

with K > M, and

Mlzmin{/:mdé,/Kmdé},

U

Mzzmax{/uK Mdf,/uK Mdé},
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are positively invariant for the homogeneous system associated with (4.14). This
is guaranteed by the condition (4.12). Therefore, the domains ¥ will remain

invariant for the inhomogeneous system provided that
(4.16) —ii- (0,0 — f(u)) <0, on 9%,

where 7 denotes the outer unit normal to 9%. The condition (4.16) is an imme-

diate corollary to the stability criteria (4.13).

For the uniformly bounded initial data (u§(z), v§(z)), there exists Ko > M)
such that

(US,US) € EKO )

and hence
(ug(t7 .CI?), Ug(tv ‘T)) S EKO )

which means that (u§(t,x),v§(¢,2)) are uniformly bounded. Then the classical
local solution can be extended to the global solution for the Cauchy problem
(4.14)—(4.15). DiPerna’s compactness theorem [13] for such p-system ensures
that the viscosity solutions (u§(t,x),vs(t,2)) converge strongly and pointwise

almost everywhere to (u(¢,x),v(t, x)):
(u(t, ), v§(t, x)) — (u(t,z),v°(t, z)) ae.,

and that for every € > 0 the limit (u®(¢,x),v(t, z)) is an entropy weak solution,

uniformly bounded in e. This completes the proof.

Theorem 4.2. Suppose that p(u) and f(u) satisfy (4.12) and (4.13).

Then there exists a constant No > 0 such that, when
(4.17) [(ug, v5) ||z < Mo < No,
there exist global weak solutions
(4.18) (u(t,z),v(t,z)) € B,

for the Cauchy problem (4.10) and (4.11) subsequently converging point-

wise almost everywhere:

(u(t,z),v°(t,2)) — (u(t,z),v(t,x)) a.e.,
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Moreover, the limit function (u,v) satisfies the following conditions:

(i) v(t,z) = f(u(t,z)) ae , fort>0 ;
(i) u(t, x) is the unique entropy solution of the Cauchy problem

Oru+ 0y f(u) =0,

(4.19) _
u’t:O = w*-limug(z) .

Proof. Theorem 4.2 is a direct corollary of Theorem 4.1 by using Lemma 4.1.

Remark. The constant Ny depends only on ~. If there exists a global strictly
convex entropy for the p-system, the condition (4.17) can be removed by only
assuming the uniform boundedness of the initial data (u§(x),v§(z)), and the
assumption f(u) = f = const., as |u — u| > My, does not affect the limit

equation if one chooses a sufficiently large My > sup |u§(x)|.

5. The Weakly Nonlinear Limit for 2 x 2 Systems

Now we are concerned with the weakly nonlinear limit for the Cauchy prob-

lem of 2 x 2 systems

87511/6 + 8xf1(u€, UE) = 0,

(51) 6{06 _|_ axf2(ue’ve) _|_ %T(UG,UE) — 0,
and
(5.2) (u,v) |, = (ut(2), v5(@)) -

about an equilibrium (u,v) = (u,e(u)):
(5.3) (uf,v°) = (u,v) + € (e, 2°) .

Upon rescaling the time variable ¢ and translating the space variable x as the

slow time variable et and the moving space variable x — \(u)t, respectively:

(t,z) — (et,x — A(u)t),
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the flux functions in (5.1) with the stability condition (3.9) satisfy
A= \u)=0,
(5.4) .
)\,>\+ = A,(E)AJF(TTL) < 0,

The limit process as € — 0 is a weakly nonlinear limit just as the limit from the

Boltzmann equations to the incompressible Navier-Stokes equations [1].

Let us first consider a formal expansion. Suppose that (u,v) is a family
of solutions of (5.1) parameterized by e. Define the new dependent variables
(e, 2¢) and (4, 0¢) by the relations
(5.5) ut(t,z) = u + e + 2a°(t, &),

(5.6) ve(t, ) = e(@) + € 2° + 20°(t, &) .

Rendering system (5.1) in terms of these new variables yields

(5.7) ) )
€ 00 + 20p01° + fro (WS + € 0°) + fro (25 + €05)

+ gax{fm<w€ + €)? + 2 frp (0 + € @) (2° + €0°) + fron(25 +€0)%}
+€0,Q1(f1) =0,

and
€02 + 0,0 + fou (WG + €4°) + fau(022° + €050°) + €0:Q0( f2)
(5.8) + l{fu(ﬁ)e—l—eue)%—m(z +€0)}
+ efPuu (0 + €0)? + 27y (0 + €0) (2° 4 €0°) + Py (2 + €0)%}
+e2Q1(r) =0
where
QolB) = =5 (B(u, %) — A(@, (@) — Bl + ) — By (2 + )

=0(1) ((u?G +eii€)? 4 (25 + 6@6)2) ,
1 _
(5.9) @)= G—S(Qo(ﬁ) — 22 (Buu (0 + €rf)?
+ QB“U(UAJE + Gﬂe)(ée + eﬁe) + va(ée + €ﬁ6)2)>

= O(1)(|o° + et > + |2° + ed*]*)
B = p(u,v), Bu = O0uB(u,v), BU = 0,0(u, ), etc.
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We have from (5.7)—(5.8)
(5.10) T W + 7,2 =0,

(5.11)
Fo 0 + Pyl + %(fuu(we)Q + 272 + m(éé)Q) + (fou + fove/ (@) 00 =0,
(5.12)
8751136 + ,]Eluaa:a6 + .flvaxﬁé + % <.]E1uuaa: (we)Q + Q.fluvaa: (wéée) + .flvvax(ée)2) =0.

If (w¢, 2¢) — (w,2z) and (4, 0°) — (4,0) as € tends to zero so that, consistent

with their leading-order formal expansions, one also has the limits

(5.13) z=r¢€'(u)w,
(5.14)
1 1, - _
0 =€ (u)t — 57 (Fuu + 27y € () + T e’(ﬂ)2>w2 5 (fou + fov €' (1) Opw,
(5.15)

dw + f1,(0,0 — €' (w)dpa) + <-]E1uu + 2 fruw € (@) + froo el(ﬂ)2>aﬂﬁ (30°) =0,

by using

Plug (5.14) into (5.15) and use

Fuu + 2wy € (@) + T €/ (0)2 + 7y (1) = 0,

RoAy = —fuo(fou + fon (@)

We have

(5.16) PO + X0, (310?) ) + A A1 pgro = 0.

This is the dominant balance for this asymptotic scaling provided
(5.17) N#0, and A_A; <O0.

Not unexpectedly, (5.16) is just the classical Burgers equation.
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If one applies the same asymptotic scaling as above to the first correction
to the local equilibrium approximation (1.21), one again arrives at the weakly
nonlinear approximation (5.16). This shows the latter to be a distinguished limit
of the former and makes clear why it inherits the good features of the former.
Its big advantage is that the solutions of the Burgers equation (5.16) are so nice.
If the initial data has spatial derivatives that are order one, then so does the
solution for all time. Moreover, the solutions are smooth for any positive time.
Thus, the solutions of (5.16) remain globally consistent with all the assumptions

that were used to derive the weakly nonlinear approximation.

We justify this approximation by using the energy estimate technique. From
(5.1) and (5.3), we obtain that (w€, z¢) satisfies

0w + Op f1(t+ ew, 0 +€2) =0,

(5.18) 1
€202 4+ Oy fo(t + ewS, 0+ €2) + —r(d + ew, v +€2°) =0,
€
and
(5.19) (W, 2|,y = (Wi(2), 25(@)) -

Theorem 5.1. There exist constants ¢g > 0 and Cy > 0 independent
of € such that, if

(5.20) 0<e<eg,
| 1w, 28)ll s < Co,
and
e elu+ewy) —e(u
(521) HZO — ( 0) ( )||L2(R1) S C()E,

€

such that there exists a unique global solution (w¢,2¢) € H? for the

Cauchy problem (5.18)-(5.19) (also (5.1)-(5.2)) such that

S 008 (w2 aqmz) < O

(522) 1,7=1,i+j<3
. e(u+ew)—e(u)
1€ — lr2mz) < Ce,
€ +
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where C' is the constant independent of €.

Proof. For simplicity, we drop the index € in the functions (w€, 2¢). Define

3

Bo= [ > looiw.ea) ) f ds.

T 65=0,i+5<3

t e’}
Clt) = /O / S D00 (w, €2) () b dadr

4,j=1,i+7j<3

(5.23)

We first obtain the a-priori estimates.

Suppose there exist solutions (w¢, 2¢) € H?3 for the Cauchy problem (5.18)
and (5.19). We wish to prove that there exist constants ¢g > 0 and Cy > 0

independent of € such that, when

0<e<e,

(w5, 25) [z < Co,

[ (wite) — i) < i,

— 00

(5.24)

the estimates
B(t)+ C(t) < By,

hold. These are proved under the a-priori assumption

We have from the first equation of (5.18) that

1
(5.25) 2y = ——{ewy + frawy}.
1lv
Differentiating both sides of the second equation of (5.18) with respect to x, we

have

€2th +f2(ﬂ+ew,6 +€Z)3:
(526) € 62
=Tuw+ Tz + 5 (Fuuw® + 2Fypwz + Typ2?) + EQl(r) .



Henceforth the functions r, = 9,r, etc. are evaluated at the point (@, )

(u, e(u)) and for any function 3,
[@=§@@+awwma—ﬁwm»=oumw+vu
(18] — eBuw — €Byz) = O(1)(w? + 22),

< - GBuw - GBUZ - %62 (Buuw2 + QBuva + vaz2))
= O()(|wl* + [2]%),
Ba,v),  Bu=0u6(w,v), By=0Pu,1v), etc.

Plug (5. 25) into (5.26) to eliminate z and obtain

(5.27) o
ol + X (302),) + AR, +

= — €(fiu + fov)War
- €{f1U[f1v] + f2v [fM] - flv[f2u] - f2u[f1v] + [f1U][f2v] - [flv][f2u]}wxw

+ Efv{(.fluv + flvv@/)(@”w2 + %Ql(r) - %f2m - 26215) - 27;?%& [flv]w

v

_1
_62
1
3

T[.];llv] ((Fuvw + QFUUZ)flu - 'Fuvflvz)QO(flu) + QO(flv)}wx
- {(flquv)a: - flvaua: - f2vf1u flva: + 62(f1uu - flu fluv)
flv f 1o
es(fluv - ;1:; flvv)zt}wx
= fve = 22 frum =~ frau ot ()Pt + 27 b
i)ac flv v fl v flv v \Tuv uv
+ erzflv {€F o (Funw? + 2F w2 + Fpp2® + Ql( )+ %fgx + ez)?
- (Tvv(@/)2w - 2ruv7°vw)
(FuqW? + 2F Wz + Ty 2> + %Ql(r) + %fzx +eze) s
+ %flv@l(r)m
=FE(t,x).
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On the other hand, we know from Theorem 3.2 that there exists a convex entropy

pair (®(u,v), ¥(u,v)) near the equilibrium with ®, = 0 and

(5.28) ®(u,v) < EC(w? 4 22) .
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Otherwise we can replace (®, ¥) by (®, ¥) where

Multiplying (5.1) by dy®, we have

ed, + U, + @UT(“’ v)

<0.
€

Integrate the above inequality, and notice that
7 (u,v) > ag(v — e(u))?,

for some ag > 0 from ®,(u,e(u)) =0, P,, > 0, and r, # 0. We obtain

[ twrarra [ [T

< e/oo D (ug(z),vo(x)) de

— 00

< e?’C/_OO (w(z) + 25 (2)) dz,

and, therefore,

(5.29) Iz —

Now we estimate the relationship between w and z. From (5.18) we can

obtain
(5.30) 22| < C{wz| + elwy|},
C v—e(u
(5.31) |zl < —{Jwa| + efwe] + |672()|},
(5.32) 200 | < C{|was| + €|wae| + €(w? + €w}) },

v—e(u
(5.33) |22t| < C{|th| + €|wy| + w2 + e2wt2(|wx| + e|wt|)|672()|} ,
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Y

M}

C
(5.34) |zu| < 6—3{62th + Ewy + € (w +€ wt) + |wg| + €|lwy| +

(5.35)
|Zpaa| < C{lwxwx|+€|wmt|+6(|ww|+€|wt|)(|wm|+€|th|)+€3(|wx|3+63|wt|3)} )

2rat] < C{ [zl + elwau

(5.36) + (|wz| + €lwe]) (|waz| + €lwae] + € |wy| + ew? + €w})

Iv—e(U)I}’

+ (g + €Wy + ew + egwf) =

|2zt | < 6720{€2|tht| + 63|wttt| + wi + ewa + 62|wx|3 + e5|wt|3
(5.37) + € (|we| + efws]) (Jwae] + elwr])
v — €(U)|}

+ (|wg| + €|lwe| + e2|wmt| + Swyy) =

(5.38)

C
| 2¢4¢ ] §€—5{e4|tht| +e5|wttt| +63|wtt| —|—€2|th| + |wg| + €|wy] + €2 w + e*w;

1
€ we P + M + € (Jwa] + elwe)(Jwar| + elwul) + v - 6(U)I} )

62/ twd:z:+// TxdxdT

geQ/Oo 2(0, ac)dx+// {w? + (w2 + w?)} dzdr,

t o3} t
(5.40) // zid:z;dTgC// w? + w?) drdr,
0 J—o0 0 J—

€ /00 zf(t,m)daf;—k/ /OO {1 - EC(|wa| + elwy|) } 27 dwdr
(5.41) <C/ |V (wo(x), zo(x ))|2dm+—/ (vo(x) — e(uo(x)))? da

and

(5.39)

+C// {w] + E(w) + e'w}) + €w?, + e'w}, } dadr,



40

t 0 t [e%s}
(542) /O / 232590 dl‘dT S C/O / {w?cx _|_ €2w§t —|— EQ(UJ;‘I; —|— €4wf)} dl‘dT,

(5.43)

t poo
/ / 22, dxdr
0 J—o0

t ) 2
v—e(u
< C/ / {wit + e2wt2t + wi + e4w;L + (wi + e2wt2)7( 64( ) }d:l;dr,
0 J—c0

oo t poo
68/ 22,(t,x) dx + 66/ / {1 — EC(|wy| + €|wy])} 22 dadr
0 J—o0

— 00

(5.44) < Cé? /OO |V (wo (), z0(z))|* do + 624 /OO (vo(x) — e(uo(x)))? dz

—0o0

t )
6 2 2 2 2 92 2 92 4.2
+ € C// {w; + wi + wy, + €ws, + € wsyy + € wyy, dadr
0 J—c0

t o3} t o3}
/ / Ziazx dde S C/ / {w:?:xa: + €2wixt + 66(w2 + €6wt6)
(545) 0 J—0 0 J—

+ (w2 + Ew?) (w2, + 62w§,t)} dxdr ,

(5.46)
t o0 t [e%e)
/ / zixt dxdr < C/ / {wimt + e2w92ctt
0 J— 0 J—oc0
+ (wi + ewa)(wix + 62w§,t + 64wt2t + 62w§ + e6wf)
2
v—e(u
+ (wix + e2w326t + 62w§ + 66w,§4)7( 64( ) }d:l;dr,
t [e%e) C t o0
/ / zitt dxdr < —~ / / {e4wg2ctt + e6wt2tt + wi + E4w;l
0 J—c0 € 0 J—-c
(5.47) + 64wg + elowt6 + 64(w§ + eQw?)(wit + 62wt2t)
+ (w2 + Ew? + Ew?, + 63wt2t)} dxdr ,
t o0 C t [e%e)
/ / 2y dwdr < 10 / / {eswitt + w}, + €twl, + ECwy
0 J—x € 0 J—c0
(5.48) + wfc + 62wt2 + 6410;L + egwil + eswg + 614wf53

+ & (w? + Ew?) (w2, + e2wt2t)} dxdr .
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Multiply (5.25) by w, and integrate over [0, ¢] x (—o0, c0). We obtain from (5.4)
and (3.4)

D[ ey et m// w? dvdr
(549) = —/ 2(0, 2) da + € / () (b ) — (ww)(0, )} da

62// wfd:z;dT—F// E(r,x)w(r,z) dzdr .
0 J—o0 0 J—o0

Now we estimate the integral of the E term. From the Schwartz inequality

xT o0 o0 1/2
wi(t,x) = / 2uw, dx < <2/ w? d:z:/ w? d:r:) ,
and so

[ s s { ([~ wrar) [ [ s

< By / / w;, 2 dadr .
Thus, we have

t poo t poo
// (w6+z6)dde§Bo// (w? + 22) dxdr
0 J—o0

<B0// w? + €w?) dedr .

5.01 € ww dr < w3(t,x) dx + €2 w3 (t,x)dx .
t

(5.50)

Moreover,

and 7 7
€ Ot/_o;(flu + fio)Warw dl‘dT’
(5.52) - ‘G/Ot/(: {(flu + fro)wzws + (fru + flv)xwwt} dl‘dT‘

t poo
<C / / {6wi + e2wt2} dzxdr, for ¢ sufficiently small.
0 J—o0
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Using (5.50), (5.51) and the argument of estimating (5.52), we obtain from
(5.49)

oo t poo
/ w?(t, x) da + / / w? dxdr
—00 0 J—o0

gc{/_ (w2(o,x)+e4w§(o,x))dx+/ (w?(t, ) + €*w}(t, x)) dx

t poo
+ / / (6w323 + Ew? + 6423) da:dT} .
0 J—o0

Therefore, we have

0o t poo
/ w(t, x) dx + / / w? dxdr
—00 0 J—o0

(5.53) SC{/ (w?(0,2) + €|V (w, 2)[*(0, z) + (v — e(u))*(0, z)) da

00 t poo
+ et / wi(t, z) dx + € / / (w?(t, ) + wi(t, z)) da:dT} ;
oo 0 J—o0

henceforth we assume that C' is the universal constant depending only on Bj.

Similar arguments yield the estimates for higher derivatives of w by in-
tegrating (5.27) x w, (5.27) x wy, (5.27) X wy, (5.27)y X Way, (5.27)z X Wy,
(527)t X Wtt, (527)xm X Weot, (527) X Weat, (527)xt X Wyttt and (527),5,5 X Wt

over [0,t] x (—o0, 00), respectively,

[e%} t o3}
62/ w?(t, r) da:—l—/ / w? dedr
—00 0 J—o0

00 t poo
<é / we (0, z) do + C/ / {w? + w?, + e*w?,} dedr
oo 0 J—o0

(5.54)

(5.55)

[e%e] t [e%¢]
/ w(t,x) dx + / / w?, drdr
—00 0 J—oc0

< C{ /OO <w323(0, ) + €(Wez (0, ) + 220(0,2)) + (w3 (0,z) + 25(0, :1:))) dz

00 t poo
+ € / w?,(t,z) dx + / / (w2 + Ew} + €w?)) da:dT} ,
—00 0 J—o0



oo t poo
e / w? (t, ) dr + € / / w?, drdr
—00 0 J—o0

(5.56) <& / wy (0, x) de

— 00

t )
+ C/ / {wi + wt2 + wix + ezwfct + e2wimt + e6witt} dxdr ,
0 J—oc0

00 t poo
€ / w2, (t, ) dr + / / w?, drdr
—0o0 0 J—o0

00 t poo
< 64/ wy (0, x) do + C/ / {w? + Ew? +w?, + dw?,,} drdr
0 J—o0

— 00

(5.57)

00 t poo
/ w2 (t, ) dx + / / w?, . drdr
—0o0 0 J—o0

(558) < / w0, 7) da

N — o0
t [e%e)
+ C/ / {wi + e4wt2 + wix + 66wt2t + ezwixt + e4wg2ctt} dxdr,
0 J—o0

0 t poo
/ (€2w§xt + wimx (t7 x)) dm + / / wi:ﬂt dde
0 J—o0

—0o0

(5.59) < /OO (62w§xt(0, z) + w2, (0, J:)) dx

—0o0

43

t )
2, 4.2, 2 9 4.2 2 6 2
—I—C// {wg + €*wi + e ws, + € wyy + Wiy, + € wiy b dedr
0 J—x

(5.60)
o0 t poo
/ (*w2y + Ewlyy(t, 2)) do + € / / w?,, drdr
0 J—oo

—0o0

< / (e*w2,,(0,2) + €w?2,,(0,z)) d

N — o0
t [ee)
+ C/ / {wi + 6wt2 + wix + 6w92ct + wyy + wim + 6w92cxt + e4wt2tt} dxdr ,
0 J—c0
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(5.61)
[ee) t )
/ (e6w?tt + 64w§;tt (t, ac)) dr + e* /0 / w?tt dxdr

—0o0

< / (Pw2,(0,2) + e*w?2,,(0,z)) dz

— o0
t [e%e)
+ C/ / {wi + wt2 + 6wg2m + 62w32ct + *wyy + 62w32mt + e4w92ctt + 65wt2tt
0 J—0
3 2 3 2
+ €8 <f1w) zft + 68<f1w — flw) zft} dxdrt
flv flv flv

We obtain, from (5.53)—(5.61) and (5.39)—(5.48), that there exists ey > 0 such
that, when 0 < € < ¢q,

B(t)+ C(t) < C(By)Dy,
where

)
C . 1 fio . e(u+ewy) —e(u)
(5.62) Dy = ||(w0720)||§{3 + &2 < flu ) 126 — ( eO) ( H%Q(R) ’

and C(By) is the constant depending only on By. Choose Cy > 0 sufficiently
small that, when Dy < Cy,

C(By)Dy < By .

Then we do have
B(t) < By,

as we assumed a priori.

Using above estimates, we have from (5.23)
(5.63) I > 0i0i(w,e'2)|32 < By.
§,j=0,i+j<3
The classical theory ensures the local solutions for the Cauchy problem (5.18)—
(5.19). The energy estimates (5.63) enable us to extend the local solutions to
the global solutions and
(wf, 2%) € H*(R?).
This completes the proof of Theorem 5.1.

The condition (5.20) in Theorem 5.1 can be removed provided that the flux

function fi(u,v) satisfies the following condition (5.64).
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Theorem 5.2. Suppose that fi(u,v) satisfies
(564) flvv(ﬂy T)) =0 )

on the equilibrium state (u,v) = (u,e(u)). Then there exist constants
eo > 0 and Cy > 0 independent of € such that if (5.20) holds, there
exists a unique global solution (w€,2¢) € H? for the Cauchy problem
(5.18)-(5.19) (also (5.1)—(5.2)) such that (5.22) still holds.

In fact, the condition (5.64) ensures

Do = [[(w5, 2) || s

in (5.62). The results follows.

Remark. The condition (5.64) is satisfied by many physical examples such as
the elasticity model (see [8]) and the p-system (1.18).

Theorem 5.3. Suppose that the functions (w€,z2¢) are solutions of
the Cauchy problem (5.18)—(5.19) uniquely determined by Theorem
5.1 and Theorem 5.2. Then there exists a subsequence (still denoted)
(we(t, ), 2°(t,x)) strongly converging to (w(t,z),z(t,z)) in L?:
(we(t, ), 2°(t, 2)) — (w(t, ), 2(t,x)) € L?,

and the limit function (w(t,z), z(t, x)) satisfies the Burgers equation:

z(t,x) =€ (u)w(t,z),

Fo(we+ N (30), ) + A-Agwse =0,

Proof. Notice that the sequence (we(t, z), 2¢(t, z)) satisfied the estimates (5.22):

t proo
/ / [ % gl d=)Pire) ) dedr <.
0 /=00 Mij=1i+j<3
Using the estimates (5.22), we obtain from (5.27)
TuW + Tpz = 0(1) — 0,

5.65 _ -
( ) wt+)\(%w2)m+)\,)\+wm:o€(1) —0, ase—0.
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Notice that
| w* HHl(Ri)

are uniformly bounded with respect to €. Using the Sobolev embedding theorem,
we obtain that there exists a subsequence (still denoted) w® converging strongly
in L?:

we(t,x) — w(t,r) € H*.

Using the estimate (5.29), we conclude that z¢ strongly converges in L?:

2°(t,z) — €' (u) w(t,z).

Taking € goes to zero in the equality (5.65), we finally have that the limit

function (w(t, x), z(t, z)) satisfies

2(t, @) = €'(u) w(t, ),
o (B0 + N0, (Ju?) ) + XX a0

This completes the proof of Theorem 5.3.
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