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STABILITY OF SELF-SIMILAR SOLUTIONS OF THE DAFERMOS
REGULARIZATION OF A SYSTEM OF CONSERVATION LAWS*

XIAO-BIAO LINt AND STEPHEN SCHECTERT

Abstract. In contrast to a viscous regularization of a system of n conservation laws, a Dafermos

regularization admits many self-similar solutions of the form u = u(%) In particular, it is known
in many cases that Riemann solutions of a system of conservation laws have nearby self-similar

smooth solutions of an associated Dafermos regularization. We refer to these smooth solutions as
Riemann—Dafermos solutions. In the coordinates z = K, t = InT, Riemann—Dafermos solutions
become stationary, and their time-asymptotic stability as solutions of the Dafermos regularization can
be studied by linearization. We study the stability of Riemann—Dafermos solutions near Riemann
solutions consisting of n Lax shock waves. We show, by studying the essential spectrum of the
linearized system in a weighted function space, that stability is determined by eigenvalues only. We
then use asymptotic methods to study the eigenvalues and eigenfunctions. We find there are fast
eigenvalues of order £ and slow eigenvalues of order 1. The fast eigenvalues correspond to eigenvalues
of the viscous profiles for the individual shock waves in the Riemann solution; these have been studied
by other authors using Evans function methods. The slow eigenvalues are related to inviscid stability
conditions that have been obtained by various authors for the underlying Riemann solution.
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1. Introduction. Consider a system of wiscous conservation laws in one space
dimension, i.e., a partial differential equation of the form

(1.1) ur + f(u)x = (B(uux)x,

where X € R, T € [0,00), u € R"?, f: R® — R", and B(u) is an n X n matrix for
which all eigenvalues have positive real part. We are interested in the behavior, as
T — o0, of solutions of (1.1) that satisfy the constant boundary conditions

(1.2) u(—o00,T) = u’, wu(+o0,T)=u", 0<T < oo,

and some initial condition u(X,0) = u°(X). Our interest is not in the solution for
any particular initial condition, but in the possible asymptotic behavior of solutions
as T — oo.

It is believed that as T' — oo, solutions of such initial-boundary-value problems
typically approach Riemann solutions for the system of conservation laws

(1.3) ur + f(u)x =0

obtained from (1.1) by dropping the viscous term. In numerical simulations, the

convergence is seen when the solution is viewed in the rescaled spatial variable z = %;
the rescaling counteracts the tendency of the solution to spread as time increases. The
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shock waves in the observed Riemann solution satisfy the viscous profile criterion for
the viscosity B(u). Speaking very roughly, Riemann solutions are believed to play
the same role for (1.1)—(1.2) that constant solutions (equilibria) play for ordinary
differential equations (ODEs): they are the simplest asymptotic states. An important
difference, however, is that Riemann solutions are not solutions of (1.1) but only of
the related equation (1.3). We recall that a shock wave is a weak solution with a jump
discontinuity of the system of conservation laws (1.3). The simplest such solutions
are

u~  for X < T,

(1.4) w(X,T) =
ut  for X > sT.

For (1.4) to be a weak solution of (1.3), the triple (v, s, u™) must satisfy the Rankine—

Hugoniot condition

(1.5) F@®) = flw™) = s(u" —u™) =0.

A shock wave (1.4) satisfies the viscous profile criterion for the viscosity B(u), pro-
vided (1.1) has a traveling wave solution u(X — sT') that satisfies the boundary con-
ditions

(1.6) u(—o0) =u", u(+o00) =u".

A traveling wave solution of (1.1) that satisfies these boundary conditions exists if
and only if the traveling wave ODE

(1.7) a=Bu) " (f(u) = f(uT) = s(u—u7))

has an equilibrium at u™ (it automatically has one at u~) and a connecting orbit from
u~ to u. The condition that (1.7) have an equilibrium at u* is just the Rankine-
Hugoniot condition (1.5).

A Riemann problem for the system of conservation laws (1.3) is an initial value
problem of the form

ut for X <0,

(1.8) u(X,0) =
u” for X > 0.

Since (1.3), (1.8) is invariant under the transformations (X,T) — (aX,aT), to avoid

one-parameter families of solutions, a solution u(X,T’) of (1.3), (1.8) should have the

form u(X,T) = a(z), x = &. Then a(z) satisfies

(1.9) (Df(u) —zlu, =0, —o0 <z < o0; u(—o0) = u?, u(oo) = u".

Notice that even though a Riemann problem in the form (1.3), (1.8) is an initial value
problem, in the form (1.9) it is a boundary value problem.

Normally one looks for a solution of (1.9) consisting of constant parts, contin-
uously changing parts (rarefaction waves), and jump discontinuities (shock waves).
Shock waves occur when

lim a(z) =u~ #ut = lim a(x).

rT—8— r—s+
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We shall require that each such triple (u™,s,u™) satisfy the viscous profile criterion
for a given B(u).

It is known that even with the viscous profile criterion, Riemann problems can
have multiple solutions. This is disconcerting if the Riemann problem is regarded as
an initial value problem. There is no such difficulty, however, when Riemann prob-
lems are regarded as boundary value problems whose solutions represent asymptotic
states of (1.1)—(1.2). Indeed, in this context, multiple solutions of a Riemann problem
represent multiple asymptotic states of (1.1)—(1.2), which are approached for differ-
ent initial conditions u°(X). For a model initial-boundary-value problem (1.1)—(1.2)
whose associated Riemann problem has three solutions, Azevedo et al. [2] have done
careful numerical work that indicates that this is in fact the case. Two of the Riemann
solutions appear to be attractors, while the third appears to attract a codimension-one
set of initial conditions.

The study of the stability of Riemann solutions as asymptotic states of (1.1)—(1.2)
is not easy. If the Riemann solution is a single shock wave, then it corresponds to
a traveling wave solution of (1.1), and one can use a moving coordinate system to
convert the traveling wave solution to a steady state solution. One can then study
stability by studying the spectrum of the linearization at this solution. There is always
a zero eigenvalue, which corresponds to shifts of the traveling wave. An additional
difficulty is that the continuous spectrum touches the imaginary axis. For a single
conservation law, Sattinger [39] dealt with this difficulty by using an exponentially
weighted norm, which shifts the continuous spectrum to the left. For systems, the gap
lemma of Gardner and Zumbrun [14] (see also [19]) allows one to study eigenvalues of
the linearization near the origin despite the continuous spectrum. A series of papers
by Liu, Zumbrun, and Howard justifies the passage from linear to nonlinear stability
[28], [29], [27], [50].

Alternatively, one can study stability of viscous shock waves by energy methods
[34], [15]. A relation between the two approaches is that energy methods can be used
to verify that the spectrum of the linearization is contained in the left half plane.

Riemann solutions other than a single shock wave do not correspond to traveling
wave solutions of (1.1). Thus one cannot determine their stability by finding the
spectrum of a linear operator. In some situations one can construct an approximate
solution of (1.1)—(1.2) near the Riemann solution and show that solutions of (1.1)—
(1.2) that start near the approximate solution approach it. See [26] for Riemann
solutions consisting of weak Lax shock waves and [45] for Riemann solutions consisting
of a single rarefaction.

Riemann solutions are functions of % only, and it is in the variables (z,T) with
r = % that the convergence of solutions of (1.1)~(1.2) to Riemann solutions is ob-

T
served. With this motivation, in (1.1) we make the change of variables

(1.10) r=—, t=IT.

(The substitution ¢ = In7T" is simply for convenience. Decay that is algebraic in T’
becomes exponential in ¢.) We obtain

(1.11) us + (Df(u) — zu, = e (B(u)ug) s

Thus in the (z,t) variables, which are natural for the study of the large-time behavior
of solutions of (1.1), (1.1) becomes a system that is both spatially dependent and
nonautonomous. In studying nonautonomous systems, it is natural to first freeze
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the time variable and study the resulting autonomous system. In this case one sets
e = e~ for large t, € is small. One obtains

(1.12) w4+ (Df(u) — xl)u, = e(B(u)ug) s
Returning to (X, T') variables, (1.12) becomes
(1.13) ur + f(u)x = €T (B(u)ux)x.

Equation (1.13) is the Dafermos regularization of the system of conservation laws (1.3)
associated with the viscosity B(u) ([8]; see also [46], [47]). It is usually regarded as an
artificial, nonphysical equation because of the factor T" in the viscous term. As we have
seen, however, if one is interested in the behavior of solutions of (1.1)—(1.2) for large
T and uses the appropriate variables (1.10) for large T', the Dafermos regularization is
actually a natural simplification of the physical equations. Like the Riemann problem,
but unlike (1.1), (1.13) has many solutions of the form u(X,T) = i(z), z = 2. (This
is why it was originally introduced.) They satisfy a Dafermos ODE

(1.14) (Df(u) — xD)u, = e(B(uw)ug)z-
Corresponding to the Riemann data (1.8) we have the boundary conditions
(1.15) u(—o0) = uf,  u(+oo0) =u".

We shall refer to a solution uc(x) of (1.14)—(1.15) as a Riemann—Dafermos solution
of (1.13) for the boundary data (u’,u"). A Riemann-Dafermos solution of (1.13) is
just a stationary solution of (1.12). The boundary value problem (1.14)—(1.15) is a
viscous regularization of the Riemann boundary value problem (1.9).

Actually, Dafermos always used B(u) = I. For this case, he conjectured that
Riemann—Dafermos solutions of the boundary value problem (1.14)—(1.15) converge
to a corresponding Riemann solution as e — 0. This conjecture has been proved for u”
close to u’ by Tzavaras [48]. His proof relies on showing that the Riemann-Dafermos
solutions are of uniformly bounded variation and oscillation.

Recently, Szmolyan [44] studied the boundary value problem (1.14)—(1.15) with
B(u) = I using geometric singular perturbation theory [18]. The idea is to think
of a Riemann solution, with shock waves that satisfy the viscous profile criterion for
B(u) = I, as a singular solution (e = 0), and then show by geometric singular pertur-
bation theory that, for small € > 0, there is a nearby Riemann—Dafermos solution.

A Riemann solution is structurally stable if the number and types of its waves do
not change when the flux function or boundary data are varied slightly [40]. (This
use of the term “structurally stable” is consistent with its use in dynamical systems
theory, but differs from Majda’s use of the term in [32].) For B(u) = I, Szmolyan
proved that, for small € > 0, structurally stable classical Riemann solutions, which
consist of n rarefactions and Lax shock waves, have Riemann-Dafermos solutions of
(1.14)—(1.15) nearby. There is no requirement that u* and u” be close.

A valuable feature of the Dafermos regularization is that it works equally well for
general B(u). Schecter [41] makes this point explicit and shows that any structurally
stable Riemann solution consisting entirely of shock waves that satisfy the viscous
profile criterion for a given B(u) has, for small ¢ > 0, a Riemann—Dafermos solution
of (1.14)—(1.15) nearby. Undercompressive shock waves, whose existence and location
are very dependent on B(u), are explicitly allowed.
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It is likely that any structurally stable Riemann solution whose shock waves satisfy
the viscous profile criterion for a given B(u) has Riemann-Dafermos solutions of the
corresponding Dafermos regularization nearby. Some nonstructurally stable Riemann
solutions are treated in [30].

In this paper we shall study the Dafermos system (1.13) in the transformed form
(1.12), with boundary conditions

(1.16) u(—o0,t) = uf, wu(oo,t) =u", 0<t< oo

Our goal is to begin the study of the asymptotic stability of Riemann-Dafermos
solutions (i.e., steady state solutions) of (1.12), (1.16). We will consider (1.12), (1.16)
on the time interval ¢ > 0, which corresponds to considering (1.13) on 7" > 1.

The possible usefulness of this study for the study of the stability of Riemann
solutions as asymptotic states of (1.1)—(1.2) is as follows. Let

u(r,t) = u(z) with e = e,
where the u.(x) are Riemann-Dafermos solutions of (1.12) that converge, as € — 0, to
a Riemann solution 4(z) of (1.3), (1.8). Then for large ¢, u(z,t) is almost a solution
of (1.11) and converges as t — oo to 4(x). With a good enough understanding of the
stability of the u.(z) as solutions of (1.12), one can perhaps show that near u(z,t) is
a true solution of (1.11) with the same stability that u.(x) has as a solution of (1.12)
for small e.

Tzavaras [48] gives a different argument for the relevance of the Dafermos regu-
larization to understanding Riemann solutions as asymptotic states of (1.1). We now
preview the remainder of the paper. For simplicity, we shall take B(u) = I. Then
(1.12) becomes

(1.17) ur + (Df(u) — xl)uy = gy

We consider a structurally stable Riemann solution of (1.3) that consists of exactly
n Lax shock waves with speeds 5! < 52 < --- < 5". We assume that each Lax shock
wave satisfies the viscous profile criterion for B(u) = I. Precise definitions are given
in section 2. We do not assume that u’ and u" are close.

We write the Riemann solution as a piecewise constant function wug(x) that is
undefined at x = 5%, i = 1,...,n, where ug(z) has jumps. From [44] or [41], near it
there is, for small € > 0, a Riemann-Dafermos solution u.(z) of (1.17). It has sharp
transition layers near x = 5, i=1,...,n.

In section 3, we construct an asymptotic expansion of u.(z) in powers of e. In
the regular layer, which is R with 5%, i = 1,...,n, removed, u.(x) has an expansion
of the form

in which u{(x) is just the piecewise constant Riemann solution ug(z).

We shall refer to a small neighborhood of §* as the ith singular layer and denote
it S*, i =1,...,n. The Riemann-Dafermos solution u.(x) has sharp transition layers
at
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with 2(0) = 5. Near z°(¢) we use the stretched variable & = mff(ﬁ). In terms of this
variable, the solution has an expansion

ul(€) = Z ejuz» (¢) in the singular layer S°.

It turns out that uj(€) is a traveling wave of (1.1) with speed 5.

This description of u.(x) is consistent with its construction by geometric singular
perturbation theory.

Let C'(v,R.), v > 0, be the Banach space of uniformly continuous functions U (z)
such that the weighted norm |U/|,, := sup, |U(z)|e"1*l < co. Let

C*(7,Ry) = {U : U, U, U" € C(,R,)}.

On C?%(v,R,) we will use the equivalent norms |Uls . = |U|, + €|U’|, + €2|U"],,
where € > 0 is the small parameter in (1.17). This family of norms was used by Fife

[12]; the € scales out when the stretched variable & = %Z(E) is used instead of z. An
advantage of this family of norms is that one can have a family of functions U,(z) for
which sup, |U/(z)| = O(2) and sup, |U/(z)| = O(%) but |Uc|2,y, remains bounded
as € — 0.

Let X, denote the affine space of functions u(xz) = uc(z) + U(z) with U €
C?(,R,). This function space includes the most important perturbations of u(z).
We shall study (1.17) together with the boundary conditions (1.16) in the space X,.
In section 4 we show that for v > 0, (1.17), (1.16) is well-posed in a neighborhood of
ue(z) in X,. The size of the neighborhood is uniform in the norm |- |3 . as € — 0.
Thus, for small € > 0, perturbations with large derivatives are allowed.

An argument like that of Evans [10] shows that linearized stability of u.(x) in
X, implies nonlinear stability in X,. Therefore we consider the linearized stability of
ue(x) in X,.

In section 5 we show that for «y sufficiently large, using the exponentially weighted
norm moves the essential spectrum of the linearization of (1.17) about wu.(z) to the
left of the imaginary axis, as in [39], [38]. Thus linearized stability of u.(x) in X, is
determined by the eigenvalues.

In sections 6 and 7 we study eigenvalues for v > 0 using asymptotic expansions
in e. We assume the eigenvalues have asymptotic expansions of the form

oo

A=Y )

i=—1

and the corresponding eigenfunctions have similar expansions. Section 6 is devoted
to eigenvalues with A_; # 0. The corresponding eigenfunctions are local; i.e., their
expansions are nonzero only in singular layers. These eigenvalues reflect the fast
convergence of the solution to traveling waves in the singular layers. Section 7 is
devoted to eigenvalues with A_; = 0, which we discuss in more detail below. The fact
that there are both O(1) and O(1) eigenvalues is consistent with the description of
solutions at the beginning of section 6.

The fast eigenvalues A\ = ’\;1 + O(1), with A_; # 0, correspond to the nonzero
eigenvalues A_; of the individual traveling waves that are found by Evans function
methods [14], [3]. However, a nondegeneracy condition is needed to ensure that a

zero of the Evans function can be continued to a fast eigenvalue A = % + O(1); see
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section 6. Thus, roughly speaking, a necessary condition for stability of the Riemann—
Dafermos solution is that the Evans function for each individual viscous shock wave
in the Riemann solution have no zero with positive real part. Slow eigenvalues have
the form A = Ao + O(e). It turns out that Ay = 0 is never an eigenvalue, while A\g =
—1 is always among the O(1) eigenvalues. Its multiplicity is n. The corresponding
eigenfunctions are local. To lowest order they are just the derivatives of the individual
traveling waves in the n singular layers and correspond to shifts of the traveling waves.

Other O(1) eigenvalues are nonlocal: The corresponding eigenfunctions asymptot-
ically satisfy a piecewise continuous system of ODEs in x, along with jump conditions
atz =35 i=1,...,n. Tolowest order, these O(1) eigenvalues and eigenfunctions can
be interpreted as eigenvalues and eigenfunctions for a system of first-order hyperbolic
equations. This system has been used by many authors to study perturbations of Rie-
mann solutions of the inviscid equation (1.3) that contain only shock waves. There are
two types of treatment of this equation of which we are aware: (1) One can show that
if a nondegeneracy condition (Majda’s stability condition) holds for each shock wave,
the system can be solved by characteristics for all time [32]. (2) Assuming the same
nondegeneracy condition, one can interpret the system as describing the scattering
of incoming small shock waves by the large shock waves that comprise the original
Riemann solution, and one can find sufficient conditions that guarantee that, in some
norm, the total weight of the scattered shocks is smaller than the total weight of the
incoming shocks [42], [4], [5], [49], [22], [21]. A condition of this type can then be used
in Glimm’s scheme to show the existence of solutions of (1.3) for initial data close to
the original Riemann data. For a Riemann solution with n = 2 that consists of two
Lax shocks, this approach yields a simple computable inviscid stability condition.

The system that determines the O(1) eigenvalues to lowest order is also related
to the SLEP system used by Nishiura and Fujii [35] for reaction-diffusion equations
to study the stability of solutions with several sharp layers.

In this paper we study only the possible values of Ay for slow eigenvalues. The
study of conditions under which Ay can actually be continued to a slow eigenvalue
A = Ao + O(e) of the Riemann-Dafermos solution u.(x) is deferred to a later paper.

A necessary condition for stability of the Riemann—Dafermos solution is that no
slow eigenvalue have positive real part. For n = 2, we show that to lowest order in €,
the O(1) eigenvalues, other than —1, of a Riemann—Dafermos solution with two Lax
shock waves all have the same real part. They are evenly spaced along a line in the
complex plane. We compute the real part of these eigenvalues; the condition that it
be negative turns out to be the n = 2 inviscid stability condition mentioned above.
For n > 2, the relationship between the O(1) eigenvalues and the known sufficient
conditions for inviscid stability remains to be determined.

In section 9 we calculate slow eigenvalues other than —1 for Riemann solutions of
the p-system that consist of two Lax shocks. They all have real part —2, independent
of the Riemann solution. The calculation is essentially the same as the calculation of
the inviscid stability criterion for these Riemann solutions in [4].

Thus, for Riemann—Dafermos solutions whose underlying Riemann solution con-
sists of n Lax shock waves, our analysis suggests that they should be asymptotically
stable if (1) each viscous shock wave is linearly stable, a matter that is determined
by the wave’s Evans function, and (2) the Riemann solution is stable in the inviscid
sense, sufficient conditions for which have been determined by studying the scatter-
ing of small shock waves by large ones. The stability analysis of Riemann—-Dafermos
solutions thus unites two distinct lines of research. These relationships are explored
in a little more detail in section 8.
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A shortcoming of our analysis is that we do not address the possible existence of
eigenvalues intermediate between fast and slow. This issue is discussed at the end of
section 6. Its resolution may well involve Majda’s stability condition, which is known
to be related to the derivative of the Evans function at the origin [14], [3].

It should not be difficult to extend the results of this paper to more general
diffusion matrices B(u) or to general structurally stable Riemann solutions consisting
entirely of shock waves, including undercompressive shock waves. However, we do
not see how to deal with rarefactions, for which the asymptotic expansions are much
more difficult due to loss of normal hyperbolicity in the underlying geometric singular
perturbation problem [44].

2. Riemann solutions. In this section we define precisely the notion of a struc-
turally stable Riemann solution consisting of Lax shock waves. A Lax i-shock for (1.3)
that satisfies the viscous profile criterion for B(u) = I is a function

(2.1) () u~  for x < s,
. ulxz) =
ut  for x > s,

X
T

with z = %, together with a solution ¢(&) of the traveling wave ODE

(2.2) = flu) = fu") = s(u—wu"),

such that the following hold:
(L1) f(u*) — flu) — st —u) = 0.
(L2) The eigenvalues v; < --- < v, of Df(u~) are real and distinct and satisfy
v, <s<vy;.
(L3) The eigenvalues vj" < --- < v of Df(u™) are real and distinct and satisfy
vt <s <.
(L4) q(&) approaches u™ as £ — —oco and u™ as £ — oo.
Notice that (L1), (L2), and (L3) imply that for (2.2), u™ are hyperbolic equilibria,
the unstable manifold of ©~ has dimension n — i 4+ 1, and the stable manifold of u*
has dimension i. Assumption (L4) says that these manifolds intersect. Because of the
dimensions of the manifolds, generically, if they intersect, they do so in curves.
Remark 2.1. The function ¢(§) is also a solution of

(2.3) (Df(u) — sl)ug = uge

and satisfies the boundary conditions (1.6).
A solution of the Riemann problem (1.3), (1.8) that consists of n Lax shock waves,

each satisfying the viscous profile criterion for B(u) = I, is a piecewise constant
function
% for x < &',
(2.4) up(z) =qat forst <z <stt i=1,....n—1,
a™  for x > §",
with z = %, together with R™-valued functions ¢*(¢), i = 1,...,n, such that

(R1) @ = v’ and a" = u";
(R2) for each i = 1,...,n, the triple (u#;_1, 5;, u4;), together with the function ¢*(&),
defines a Lax i-shock.
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Define a mapping G : R""+2n — R"” by

Gl st ut, . um s um)
= (fluh) = fu®) = s'(ut —u®), .. fu™) = fu"7h) = 8™ (u" —u" ).
Notice that
(2.5) G’ st at, ..., a" 5" a") = 0.

The Riemann solution just defined is structurally stable, provided

(S1) DG(u°, 3%, at,. .., un"1, 5" u"), restricted to the n2-dimensional space of vec-
tors (UY, SY, UL, ...,U" 1 §" U™) with U = U™ = 0, is invertible;

(S2) for each i = 1,...,n, the unstable manifold of 4*~! and the stable manifold
of u® for the traveling wave ODE @ = f(u) — f(u'"!) — 8(u — @*~!) meet
transversally along q¢*(¢).

If (S1) and (S2) are satisfied, then for each set of Riemann data (u®, u™) near (a°, a"),
there is a Riemann solution near the original one. Condition (S1) can be restated as
follows:

(S1') If we set (U°,U™) = (0,0), then the system of linear equations

(Df(a) -5 NHU"— (Df(a"™ ') -5 NU" S (@' —a""1) =0, i=1,...,n,
has only the trivial solution
(st,ut,...,umt 8" =(0,0,...,0,0).

A condition equivalent to (S2) is the following:
(S2") For each i = 1,...,n, the linear differential equation

(Df(q"(§)) — 8'T)Ug = Uge

has, up to scalar multiplication, a unique solution that approaches zero as
§ — Foo. It is g¢(§).

3. Stationary solutions. Consider the Riemann problem (1.3), (1.8). Assume
that it has a solution (2.4) that consists of n Lax shock waves and is structurally
stable. We shall study (1.17) together with the boundary conditions

(3.1) u(—o0,t) = u’, u(oo,t) =u", 0<t< oo
Stationary solutions ue(x) of (1.17), (3.1) satisfy

(3.2) (Df(u) — 21)uy, = €tgy

and the boundary conditions

(3.3) u(—o0) = uf, u(co) =u'.

We shall look for u.(z) that lie near the given structurally stable Riemann solution
(2.4). Such stationary solutions are known to exist, and to approach 0 exponentially
as ¥ — +o0, from the geometric singular perturbation arguments of [44].

In the regular layer, which is R with 5, i = 1,...,n, removed, u.(z) has an
expansion of the form

(3.4) ull(z) ~ > dull(x),
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in which uf¥(z) is just the piecewise constant Riemann solution (2.4). The regular
layer is divided by the points s* into n + 1 connected sublayers

RO = (700751)3
R' = (5,5, i=1,...,n—1,
R" = (5", 00).

Each uf(x) is defined and piecewise C'*° in the regular layer. At the jump points
5%, we assume that each uf(x) has one-sided limits uf'(xéj:) =1, iy uf(m) We
assume that the same is true for all derivatives of the uf (x).

As explained in the introduction, we shall refer to a small neighborhood of 5
as the ith singular layer and denote it by S% i = 1,...,n. The Riemann-Dafermos
solution u.(x) has sharp transition layers at

(3.5) xi(e):Zejxé, i=1,...,n,

with 2(0) = 5. Near z°(¢) we use the stretched variable & = %1(6)

variable, the solution has an expansion

. In terms of this

(3.6) ul(€) = Z ejué- (¢) in the singular layer S°.

R
€

The expansions uf(x) and u!(£) satisfy, respectively,

(Df(uR) - xI)uf = eufx,

(Df(u?) — a:I)ué = uég, x = x'(e) + €.

We first consider the regular layer. We substitute (3.4) into (3.7) and expand in
powers of e. At order €® we obtain

(Df (uff () — «I)ufy, = 0.

We shall set uff(x) equal to the Riemann solution (2.4), which satisfies this equation.
In the regular layer, at order €',

Thus uf(z) is constant on each regular sublayer. By induction, we can show that

uff(z) is constant on each regular sublayer for all j.

We denote the constant value of uf(x) in R" by @}. Thus

From the boundary condition (3.3),
(3.9) a?:Oforjzl,...,oo, uy =0for j=1,...,00.

Next, we consider the ith singular layer S?. We substitute (3.6) and (3.5) into
(3.8) and expand in powers of €. At order €?, we obtain

(3.10) (Df(uf]) - :vf)I)uf)§ = uf)gg-
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To match the solutions at order € in regular and singular layers, we must have
(3.11) ub(—o0) =ah P =a"! and  uj(oo0) = @h = u'.

We set

=35, t=1,...,n.

o'

x

Then by (S2') in section 2, (3.10), (3.11) has the solution u} (&) = ¢*(£). As £ — Fo0,
q'(¢) approaches the limits exponentially fast. By (S2), the solution ¢ is locally
unique up to a shift in &.

In S%, at order €', we have

(3.12) Uigg —((Df(q") = 8" Duj)e = — (=] + S)qé
We look for uf that satisfies the matching conditions
(3.13) ul(—o0) =at ' and wul(c0) =u}.

By (3.9), @) = @} = 0. The other %} and the z¢ are to be determined.
Integrating (3.12) from £ = —oo to & = oo, we obtain

(3.14) (Df(up) — 8 Dyay — (Df(ag ') —s'Day ' — i@y — a5 ')

/ fqide, i=1,....n
0

After making the substitutions 4§ = @} = 0, (3.14) becomes a system of n? linear
equations in the n? unknowns z%,i=1,...,n,and 4%, i =1,...,n—1. By (S1) there
is a unique solution.

The space of bounded solutions of the adjoint system to the homogeneous part of
(3.12), ee+ (D f(¢*) —5'I)1pe = 0, is n-dimensional and consists of constant solutions.
Therefore, using lemmas from [6], [24], condition (3.14) is necessary and sufficient for
the existence of solutions uf(£) to (3.12) that satisfy the boundary conditions (3.13).
For completeness, we state this fact as a lemma and present a simpler proof, taking
advantage of the fact that (3.12) is in conservation form.

LEMMA 3.1. Consider the system

(3.15) Uge — ((Df(4'(€)) = 5'I)U)e = g(8),

where g(&) approaches zero exponentially as & — +oo. There is a solution U such
that U(&) — U™ exponentially as & — 400 if and only if

(3.16) (Df(g'(00)) = 8'1)UT = (Df(q'(=00)) = 5')U™ + /_OO g(s)ds = 0.

Proof. 1t is easy to see that the condition is necessary. We prove only that the
condition is sufficient. The system (3.15) is equivalent to the system

(3.17) Ue = (Df(q'(€)) = 5' DU (&) + (Df(¢'(~00)) = 5' 1)U~ = G(&),

where G(¢ f s)ds is bounded, G(§) — 0 exponentially as { — —oo, and
G(&) — f_oo (s )ds exponentlally as £ — oo.
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From the definition of a Lax i-shock, Df(q‘(+00)) — 5°I is hyperpolic, so sys-
tem (3.17) has exponential dichotomies [7] on R*. Therefore there exist nonunique
bounded solutions Uy () and Ug(€) that solve (3.17) on R~ and R™, respectively.

For the dichotomy on R~, let P,(0—) denote projection onto the unstable sub-
space at x = 0, with kernel the stable subspace. Similarly, for the dichotomy on RT, let
P, (0+) denote projection onto the stable subspace at = 0, with kernel the unstable
subspace. Then the definition of a Lax i-shock implies that R P, (0—)+RP;(0+) = R™.
Therefore there exists a (nonunique) pair (¢, ¢s) such that

UL(O_) + Qbu = UR(0+) + ¢s»
qu S RRL(Of); ¢S S RP@(O+)

Let ®(&,() be the principle matrix solution to (3.17). The solution U(£),€ € R,
can be obtained by letting

U(§) = Ur(§) +2(£,0)ps, & =0.

From (3.17) and (3.16), using the limits of G(§) as £ — £oo, it is easy to show
that U(§) - U~ as { » —occ and U(€) — U™ as £ — oo. O

Proceeding inductively, we can solve for all xj and ﬂ;

Our asymptotic expansions are justified by the fact that u.(z) is known to exist
from the geometric singular perturbation theory arguments of [44]. Alternatively, a
proof of existence of the exact stationary solutions u.(x) can be based on the exis-
tence of the formal asymptotic expansions (3.4)—(3.5). For this approach to singular
perturbation theory, see [25]. The same assumptions (S1) and (S2) are used in both
types of arguments.

We summarize the results about stationary solutions in the following.

PROPOSITION 3.2. In the regular layer, to all orders of €, uf¥(x) is piecewise con-
stant with jumps at x}(€), i = 1,...,n, only. At lowest order, ul}(z) is the Riemann
solution (2.4). In the ith singular layer, at lowest order, u} (&) = ¢*(£), a heteroclinic
solution connecting the states uh * and @h. Higher order terms uf(z), u%(€), and
.Z'; can be obtained recursively, using the matching of reqular and singular layers and
Lemma 3.1.

4. Well-posedness. To show the well-posedness of initial value problems with
initial conditions near a Riemann—Dafermos solution, it is convenient to use the
stretched variables { = £ and 7 = é We shall translate the results back to (z,t)
variables at the end of the section.

Using the stretched variables, (1.17) becomes

(4.1) wr + (Df(u) — €T )ue = uge.

Let u(x) be a stationary solution of (1.17), (3.1). Then u.(e€) is a stationary solution
of (4.1). A solution of (4.1) near u.(e€) can be expressed as u(e£) + U(&,7) with U
satisfying

(4.2) U, + (Df(ue +U) — e€DUe + (Df (e + U) — Df(ue))uce = Use.

For any p > 0, let C(p, R¢) be the Banach space of uniformly continuous functions
U(), £ € R, such that the weighted norm |U|, := supy |U(€)]erl¥l < oo. Let C*(p,Ry)
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be the space of functions U(¢) such that U,U’,...,U® € C(p,R¢). On CF(p,Re)
we use the norm |Ulg , == |U|, + |U'|, + -+ + |[U®|,. One can define C(p, Rgi) and
C*k(p, Rgi) similarly.

We shall show that for any p > 0, (4.2) is well-posed for small initial data in
C?(p, R¢). The intuitive reason is that for the underlying Riemann problem, the
characteristics on the two unbounded regular layers head inward. This keeps a space
of exponentially decaying profiles invariant.

Stronger results can be obtained using fractional powers of Banach spaces or
intermediate spaces [13], [17], [36], [9], [31], [23]. We choose to use C?(p,R¢) for
simplicity.

We rewrite (4.2) as

(43)  Ur+(Df(uc) — €D)Us + D* f(u)uc U + (U, Ue, €) = Ue,
with
(4.4) ¢.(U,Ug§)
= (Df(ue +U) = Df(u))Ug + (D f(uc +U) = Df(uc) = D?f(ue)U)uce.

Note that because of the dependence on Ug in (4.4), if U € C?*(p,R¢), then g, €
C*(p,R¢). Moreover, we have

19¢U)l1., < CIUT .

(4.5)
19:(U1) — 9e(U2)]1,, < Cmax{|Ui|z,p, |Uzl|2,,}|U1 — Usalz p-

We first consider the inhomogeneous linear system
(4.6) Ur + (D f(ue) — e€)Ue + DQf(ue)ueéU + he(§,7) = Uge.

The hypotheses on h in the following lemma are motivated by the observations
just made about g.

PROPOSITION 4.1. Let 79 > 0, €g > 0, and p > 0. Assume that

(1) for each 0 < € < €, he(-,T) is a continuous mapping from 0 < 7 < 19 to

C*(p, Re);
(2) there is a constant M such that |he(-, 7)1, < M on {(1,€) : 0 <7 < 15,0 <
e<eo}-
Let
(4.7) U(€,0) = ¢(¢),

with ¢ € C?(p,Re). Then there exists 71, 0 < 11 < 19, such that for each 0 < € < e,
the initial value problem (4.6), (4.7) has a solution U(&,7), 0 < 7 < 71. The mapping
7 — U(-,7) is continuous from [0,71] to C*(p,R¢), and there is a constant C such
that, for each (7€),

Ulz2,p < C(|]p + [hl1,p)-

The numbers 7, and C depend on €y but are independent of p and M.
Proof. Let y = e"¢ and define v(y,7) := U(e” "y, 7). Then

vy + €T (Df(u)vy + D? fuc)ue v) + h = e2Tvy,.
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Let s = 625276_1, so that 7 = 7(s) = (1 + 2es)z7. Let w(y, s) := v(y, 7(s)). Then

1
s + —=(Df(u. D? f(ue)ue — - h= ,
ws) T R vt D luue) + oo h = v
w(y,0) = ¢(y).
Moreover, if 71 is sufficiently small, then for each 0 < € < €g, he defines a continuous
function from 0 < s < s1(€) to C'(p,R¢), where s;1(e) = 625;16_1 ~ 71. In (4.8) the

coefficients of w and w,, and the inhomogeneous term, are bounded on

{(y,s,€) 1y e R,0<5<s1(€),0 < e <o}

Let ®(y,s) := 2\/1ﬁe*y2/45 be the fundamental solution of the heat equation

ws = Wyy. The solution of (4.8) is the fixed point of the integral equation

D10, 0) = / B(yo -y, 50)6(y)dy — / / (o -y, 50— ) he(y, s)dyds

—00

2es+ 1

_ /0S /Z ®(yo — vy, 50 — s)ﬁ(Dﬂus)wy(% s) + DQf(us)ueyw(y, 5))dyds.

If w(y, s) defines a continuous function from 0 < s < s1(€) to C%(p,R¢), then it is
easy to show that @ defines a continuous function from 0 < s < s1(e) to C%(p,Re).
Moreover, if 71 is sufficiently small, then, independent of p, the mapping w — w is
a contraction mapping in the space of continuous functions from 0 < s < s1(€) to
C?(p,R¢). Therefore, there exists a unique fixed point w(y, s) in C?(p, R¢), which is
the solution of (4.8).

Then

U&7 = o(y, 7())] = lw(y, s)| < CUSl, + hlp)e P < Cr(|g], + [hlr,p)e.

Similar estimates for |Ug| and |Ug¢| can also be obtained from the integral equation for
w. The proof that w : [0,71] — C?(p,R¢) is continuous uses a well-known technique
from the theory of evolution equations in abstract Banach spaces [17] and will be
omitted. O

Using Proposition 4.1, the estimates (4.5), and the contraction mapping theorem
in C?(p, R¢), we can easily prove the following proposition.

PROPOSITION 4.2. Consider the initial value problem (4.2), (4.7), with ¢ €
C?(p,R¢) and p > 0. There exist positive constants 71, €1, and 61, all independent of
p, such that if |¢la, < 61, then for each 0 < € < €1, the initial value problem has a
unique solution U(&,7), 0 < 7 < 71, such that 7 — U(-, T) is a continuous mapping
from [0,71] to C%(p,Re).

We can apply Proposition 4.2 repeatedly until the maximal time interval of exis-
tence is reached.

We recall from the introduction that for a C* function v (z), we define

|1/)|k,%6 = |1/’|7 + €|¢/|7 +oot Ekw(k)‘v-

LEMMA 4.3. Let k be a nonnegative integer. Let 1) € C*(vy, R,). Define ¢(€) =
¢(€§) Then (b € Ck(€/y7R§)7 and |¢|k,e'y = |w|k,'y,e'
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Proof. We have

()l = [p(e6)le™e! = [o(e) e,
(4.9) el (2)]e”17 = el (€)™ = [ (€) e,

etc. The result follows. ]
In the original variables © = e£ and ¢t = e, (4.2) becomes

(4.10) Vi+ (Df(ue+V)—al)Vy+ (Df(ue + V) — Df(ue))ter = Vi,
and the initial condition (4.7) becomes
(4.11) V(z,0) = ().

COROLLARY 4.4. Consider the initial value problem (4.10), (4.11), with ¢ €
C?(v,Ry) and v > 0. There exist positive constants 71, €1, and 61, all independent
of v, such that if |1]2.e < 61, then for each 0 < € < €1, there is a unique solution
V(z,t), 0 <t < em, such that t — V(-,t) is a continuous mapping from [0,ery] to
C?*(7,Ry).

Proof. The constants 7y, €;, and §; are those of Proposition 4.2. Suppose
|w|2,’y,e S 61~ Let ¢(€) = ¢(€f) By Lemma 43) |¢|2,e’y = W]|2,fy,e- By PI‘OpOSi—
tion 4.2, the initial value problem (4.2), (4.7) has a solution U(§,7), 0 < 7 < 71. Let
V(x,t) =U(%,L). d

As noted in the introduction, the condition |¢|2 ., < 61 allows, for small € > 0,
initial perturbations of the Riemann-Dafermos solution w.(z) with very large deriva-
tives.

5. Essential spectrum. In the space of uniformly bounded functions, a travel-
ing wave (viscous shock) solution of (1.1) has an essential spectrum that touches the
imaginary axis. This is the main difficulty in proving stability of the traveling wave.
The same difficulty occurs for a Riemann—Dafermos solution u, of the Dafermos reg-
ularization. Following an idea of Sattinger [39], we use weighted function spaces to
move the essential spectrum to the left.

Let 6 > 0 be given. For sufficiently large v > 0, we shall show that, for small
€ > 0, in the space C?(v,R;), the essential spectrum of the linearization of (1.17)
about a Riemann—Dafermos solution u.(x) lies in the region Rel < —4. Therefore
the stability of the Riemann—Dafermos solution is determined by the eigenvalues.

Let T(&, () be the fundamental matrix solution for a first-order system

(5.1) We=BOW, €€l

DEFINITION 5.1. Let § < « be real numbers. System (5.1) has a pseudoexponen-
tial dichotomy on J with spectral gap 6 < « if there is a real number C' > 0 and
projections P(£), € € J, such that

(1) T(&, ) P(¢) = P(ET(&, Q)
(2) if ws € RP(C), and £ > ¢ in J, then

IT (€, Qws| < CePE Dy ;
(3) ifw, € RU— P(C)), and £ < ( in J, then
(& Quwa| < Ce ™, |

(4) P(&) is continuous with respect to &.
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Notice that P(£) is not assumed to be uniformly bounded.
The linearization of (1.17) about u.(z) is

(5.2) U + (Df(ue) — 1)Uy + D? f(ue)tte 2 U = €Upy.
The complex number \ is in the resolvent set of (5.2), provided the spectral equation
(5.3) AU + (Df(ue) — xI)Uy + D2 f(ue)tie nU + h = Uy,

can be solved for U in terms of iL, and the mapping h — U is bounded.
In (5.3) let A=-€X, £ = £, and h = €h. Then (5.3) becomes

€’

(5.4) AU + (Df(ue) — €€)Ue + D? f(ue)ue U + h = Uge.

Let 6 > 0 be given. We shall show that for ¢ > 0 sufficiently small and ReX > —éé,
(5.4) with h = 0 has, for an appropriate a > 0, pseudoexponential dichotomies on
the intervals £ < —% and £ > 2. Although the projection operators P(),¢,§) of the
pseudoexponential dichotomies are not uniformly bounded, even for fixed (A, ¢), we
will show that the restriction of P(), ¢, &) to the subspace of R?" defined by setting
the first n coordinates equal to zero is uniformly bounded. Based on these results we
will show that for e > 0 sufficiently small, the essential spectrum of (5.3) is in the
region Re) < —§6.
Let W = (U,V) and let

5.5 B\ €)= 0 :
(5.5) A ew) = A+ eD? fucue, Df(ue) —al )

Let

~ 0 I
(5.6) B(A,€,€) i= B\ e, €€) = ()\ + D2 f(uduee Df(u) — ng> '

Then (5.4) can be recast as
(5.7) We =B\, e. )W + (0, h)".

Our proof that We = BW has pseudoexponential dichotomies on the intervals
§ < —%and ¢ > ¢ is motivated by the proof of Coppel’s Proposition 1 [7, p. 50]. This
result says, roughly speaking, that if the matrices B(§), £ € J, are uniformly bounded
and uniformly hyperbolic, and vary slowly with £, then (5.1) has an exponential
dichotomy on J. Our case differs in that the matrices B(\,¢,£) are not uniformly
bounded, even for fixed (A, €). In addition, they have eigenvalues near 0 for small
€, so we are interested in pseudoexponential dichotomies rather than exponential
dichotomies.

Let

A\ z) = 0 !
A=\ Dy —a1)

LEMMA 5.1. For § > 0 sufficiently small, there are numbers 3(6) < a(8) < 0 such
that if ReA > —6 and zf < z, then A(\, ) has n eigenvalues with real parts less than
B(6) and n eigenvalues with real parts between a(6) and 0. As é — 0, 5(6) approaches
a negative limit, and «(8) is O(6).



900 XIAO-BIAO LIN AND STEPHEN SCHECTER

Proof.  Since (1.3) is strictly hyperbolic, the eigenvalues of D f(u") are real and
distinct. Denote them by 11 < --- < v, and denote the corresponding eigenvectors
by ri,...,r,. ~

Let p be an eigenvalue of A(\,x). It is easily verified that

det(A+ pu(Df(u") — (x + p)I)) = 0.
Therefore one of the following equations must hold:
WA @—v)p—A=0, j=1,...,n.
Thus there are two eigenvalues of fl()\, x) for each j,

2
+_ _~rTY rT—Y

with corresponding eigenvectors

+
(I‘j,ﬂj I‘j)T.

For each = with z§} < z, we have v;,, < z. Let p = (2§ — v,) > 0. Let § be such
that 0 < 6 < p?. Let

-6
B(6) = —p— VP8, a(®)=-p+E-b=— .
p+Vp* =0
Notice that 3(6) < a(6) < 0, lims_,0 B(6) = —2p < 0, and «(6) is O(9).
Let 1 < j < n, let ReA > —6, and let zj < z. From Corollary 5.6 at the end of
this section, with r = p; = £ (z — v;), ,u;E must satisfy

Rep; < —pj—/p; — 6 < B(5)

and
-6
(5.8) Reu;r > —p;+ ,/p? b= > a(6). O
pj+4/p; =06

We shall refer to the wi.Jj=1...,n, as pseudostable eigenvalues and the ,u;-',
7 =1,...,n, as pseudounstable eigenvalues.

We now construct projections associated to the pseudostable and pseudounstable
eigenvalues.

Let R = (r;...r,) and ME(\,z) = diag(yi ... xE) be n x n matrices. The
eigenvectors of A(\, x) form a 2n x 2n matrix

o= (5 ) (& &)

The first n columns of H are eigenvectors (rj,u;rj)—r for the corresponding By s
and the last n columns are eigenvectors (r;, /J,;-‘—I'j)—r for the corresponding uj‘. Let
D(\, z) = M+ — M~ = diag(u] — ;). Then

g1 M*TD-1  —_D-1\ /R! 0
" \=-M—-D! p-i 0 R/
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Let P = (Ig 8). The projection to the space spanned by the pseudostable

eigenvectors is

i R 0\ /MtD! _p-! R! 0
P = HPH ! = )
(A, z) (0 R) (—AD‘l —M—D—1> ( 0 R—l)

Here we have used M~ Mt = —)\I,,.

PROPOSITION 5.2. Let § > 0. Let a > max;=1,..n |z&|. Then for e > 0 suf-
ficiently small and Re\ > —€b, We = BW has pseudoexponential dichotomies with
n-dimensional pseudostable and pseudounstable spaces on & < —% and on & > 2.
The spectral gaps are 0 < (e < ay for € < —% and By < agze < 0 for & > % The
numbers o; and B;, j = 1,2, are independent of X. The constant C in the definition
of pseudoexponential dichotomy is independent of (X, €).

Proof. We will consider only the interval £ > ¢, since the interval £ < —% can be
handled similarly.

From section 3, on the interval x > a, u.(x) —u" is 0 to any finite order in e. Thus
on the interval § > ¢, W, = BW is approximately We = AW, with W = (U, V) and

AN €6,6) == A\ €€) = (2 Df(uTI) - 651) '

Let 6 = §(¢) = €. Choose € > 0 such that & is small enough that Lemma 5.1
applies. In the following we consider only € with 0 < € < €.

Let M(\,z) := diag(M~,M™T). Then A = HMH™'. Consider the (\,z)-
dependent change of variables W = HZ. After making the substitution z = €,
We = AW becomes

(5.9) Ze=MZ - H 'HZ.
The differential equation (5.9) is a perturbation of the diagonalized system
(5.10) Zg = MZ.

That is, z; = p; 2; iflgjgnandzg»:,u;‘_nzj ifn+1§j§2~n. For 0 < € <€,
system (5.10) has a pseudoexponential dichotomy with projection P and spectral gap
B(8) < a(8) < 0, with § = €d.

It is easily verified that there is a constant C, independent of § for ¢ sufficiently
small, such that

Lt g+l ]
W (x—v;)2+4X

for all (j,\,z), with j = 1,...,n, ReX > —6 and 2% < z. Therefore |[H™1| < C
uniformly with respect to (A, ). Moreover, using z = €€, we have

optjoc = — te(z - l/j)((;j — V)2 AN O(e)

for all (j, A\, x). Therefore H 'H¢ = O(e). From this, one can show by an argument
similar to the proof of roughness of exponential dichotomies that for sufficiently small
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€, (5.9) also has a pseudoexponential dichotomy on § > 2. The projection, which
we denote by Q()\,e, £), is O(e) close to P. For appropriate negative constants o
and (32, the spectral gap is f2 < age < 0. The constant C in the definition of
pseudoexponential dichotomy is independent of (A, €).
Because the system Wy = AW is just (5.9) after a linear change of variables, it
also has a pseudoexponential dichotomy on § > ¢ with spectral gap 52 < aze <0.
The matrices A and B differ by O(e) terms that are in the last n rows only.
Existence of a pseudoexponential dichotomy on § > % for We = BW then follows by
an argument similar to the proof of roughness of exponential dichotomies. 0
The pseudoexponential dichotomy for W = AW has the projection Q := H QH™ !
= H(P+0(e))H™' = O(1 + €|z| + /|\]), which can be large for large & and |)|.
LEMMA 5.3. Let Q(\, &) be the projection for the pseudoexponential dichotomy for
We = BW. Then |Q(\,&€)(I — P)| is uniformly bounded for all (A, &) with Re\ > —6
and [§] > 2.
Proof. We will show the result for Wg = AW. The result for Wy = BW then
follows by an argument similar to the proof of roughness of exponential dichotomies.
Observe that
)(I —P)=HQH (I - P),
QU - P)| < [HIQIIH(I - P).

Using the facts

[H] < O+ 1M™|+ M),
e
HI = P)] < Cl(M* = M)

we obtain that |Q(I — P)| is uniformly bounded with respect to (A, €, ) in the domain
of consideration. |

Let v be a constant such that v > max{—as9,81}. We now show that in the
function space C(v, R, ), the region Re) > —6 consists of normal points only. Observe
that in the ¢-coordinate, the space is C'(ev, Re).

Without loss of generality, assume that x = 0 is between z} and z§. Consider
the nonhomogeneous equation (5.4), where h € C(ey,R¢). This is equivalent to the
first-order system

(5.11) We = BW 4 (0, h)".

By Proposition 5.2, the associated homogeneous system of (5.11) has pseudoexponen-

tial dichotomies on £ < —% and & > % These dichotomies can be extended from

(=00, —%] to R~ and from [2,00) to RT. The constants of the extended dichotomies
are € dependent and may approach co as € — 0, but the exponents remain the same.
If, for certain A, the n-dimensional pseudounstable space at £ = 0— has a nontrivial
intersection with the n-dimensional pseudostable space at & = 0+, then A is obviously
an eigenvalue.

Next assume that for some A, the n-dimensional pseudounstable space at & = 0—

has trivial intersection with the n-dimensional pseudostable space at £ = 0+, so that

(5.12) RQO) & R(I — Q(07)) = R,
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Let wy € RQ(0T) and w, € R(I — Q(07)). Then the solution of (5.11) can be
expressed as

£
w(€) = T(€, 0w, + /0 T(6,)Q(C)(0, h(¢) T d

13
+ / T(6,0)(I — QUO)0, h(Q)TdC, € >0,
(5.13) o0

£
w(€) = T(€, 0w, + / T(,C)(I - Q(O))(0, h())TdC

£
+ /_ T(6.0)QC)(0, h(C)TdC, € <0.

Using Lemma 5.3 and the fact that (0, h(¢))T = (I — P)(0, h(¢))7, it is easy to show
that the integrals in (5.13) are convergent and define functions in C(ev, Rg') for £ >0
and in C(e%Rg) for £ < 0.

It remains to find ws € RQ(0") and w, € R(I—Q(07)) such that w(0~) = w(0™).
From (5.13),

0 0

(5.14) wy — ws =/ T(0,0)(I — Q(E))(0, h(C))TdC—/ T(0,Q)Q(O)(0, h(¢)) T dC.
oo — 00

By (5.12), there exist unique ws; € RQ(0") and w,, € R(I — Q(07)) such that (5.14)

holds.

Thus the spectral equation (5.4) has a unique solution U for each h. From (5.13),
we see that |U|ey < Ce|h|ey. This shows that X is in the resolvent of the linear partial
differential equation (5.4).

We have proved the following.

THEOREM 5.4. Let ¢ be a positive constant. Let v > max{—as,51}. Then for
€ > 0 sufficiently small, system (5.3) on the space C%(y,R;) (resp., system (5.4) on
the space C*(e,Re¢)) has only normal points in the region Rel > —6 (resp., in the
region ReA > —6 := —65),

We end this section by stating a lemma that will also be used in the next section
and a corollary that was used in the proof of Lemma 5.1.

LEMMA 5.5. Let A = 04wt and z = z+yi be complex variables, with o,w,x,y € R.
For a given real v # 0, consider the mapping

z=vr2+ A\

and its inverse

A =222

2

(1) For any a > 0, the mapping A\ = z> — r? takes each vertical line Rez = +a

bijectively onto the parabola

2 2 w?
o=a"—r"——.
4a

The regions Rez > a and Rez < —a are each mapped bijectively onto the closure of
the region to the right of the parabola, i.e., onto

2
w
02a277‘27—2.
4a
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0] y
c(m) ) e G

\
/

2

Fi1c. 5.1. The mapping A\ = 22 — r2 takes each vertical line Rez = +a bijectively onto the

parabola C(n).
(2) For any n > —r?, let

c) ::{<o,w>:a=n—4(r;"im},

a parabola with vertex at (n,0) that opens to the left. Then the mapping z = v/r? + A
takes C(n) onto the vertical lines Rez = ta = /12 + 0. The closure of the region
to the right of C(n), denoted R(n), is mapped onto |z| > a = /1% + 1.

(3) If n >0, then a > |r|; if =r?> <n <0, then 0 < a < |r|.

See Figure 5.1.

COROLLARY 5.6. For any 0 < 6 < r2, let n = —6. Then the region ReX > —n is
in R(—6) and is mapped by z = \/r% + X into |[Rez| > /r2 +n =12 = 4.

6. O(2) Eigenvalues. Let us first consider a time-dependent solution u.(z, t) of
(1.17) with initial data u.(z,0) = ¢.(x) near the Riemann—Dafermos solution uc(x).
Thus, ¢.(x) has n sharp transition layers at Zi, with Z! near 5'. Then we expect
that u.(x,t) has n sharp jumps near curves z'(t), with z:(0) = z¢. (If the Riemann—
Dafermos solution is stable, we expect that Z'(t) — x%(€) as t — 00.) Near the curve
Zi(t) we use the fast spatial variable ¢ = 2=2) Then (1.17) becomes

€

evs = uge —  Df(w) = al(0) - i) - € ue.

Unless ¢, is a stationary solution of (1.17), we have u; = O(%) near Z'; i.e., the system
exhibits very fast motion near #i. It is common in singular perturbation problems to
have an initial layer in which there is motion with speed of order % for time of order
€. Thus we expect the existence of eigenvalues of order %, with the support of the
eigenfunctions concentrated near the points ..

Assume now that in the singular layers, the solution quickly converges to traveling-
wave-like solutions. Then after the initial time layer, the solution behaves like convec-
tion in the regular layer coupled with traveling waves in singular layers. This motion
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occurs for t > O(e) and has uy = O(1). Thus we expect to find eigenvalues of order 1
and related eigenfunctions.

We discuss fast eigenvalues of order % in this section. Slow eigenvalues of order 1
will be studied in the next section.

We recall that the linear variational system at a Riemann—Dafermos solution
ue(x) is

Ui + (Df(ue) — DUy + D? f(ue)tte 2 U = €Uy

We shall study this equation in the space C?(v,Ry), v > 0.
Eigenvalues A and corresponding eigenfunctions U(x) satisfy

(6.1) U 4 (Df(ue) — 2)Uy + D f(u)tie U = €Upy.

In section 3 we found an expansion for u.(z) in the regular layer. We also found
expansions for the jump positions z*(¢), and for u¢(§) in singular layers centered

around z(e), in the stretched coordinate £ = %(5) We shall use these expansions
in what follows.

We shall look for eigenvalues

(6.2) A=)
=—1

j —

Fast eigenvalues have A\_; # 0; slow eigenvalues have A_; = 0. We shall look for
corresponding eigenfunctions with expansions

(6.3) UR(z) = Z el UjR(x) in the regular layer,
j=0

(6.4) UL&) = Z el U;({) in the singular layer S°.
j=0

In this section we look for fast eigenvalues, which have the form (6.2) with A_; # 0.
We shall show that under certain conditions, fast eigenvalues have eigenfunctions
that are localized in a single singular layer. These eigenvalues correspond to zeros of
Evans functions on each singular layer.
We first consider the regular layer. We substitute (3.4), (6.2), and (6.3) into (6.1)
and expand in powers of e. At order e~! (the lowest order) we obtain

(6.5) AU =o.

Since A_; # 0, U = 0.
At order € we obtain

A_1U{ = terms involving Uf* = 0.

Since A\_; # 0, U = 0. Similarly, higher-order expansions of eigenvalues and the
corresponding eigenfunctions are determined by a system of algebraic equations. In
particular, we find that Uf* = 0 for all j.

In the ith singular layer, we rewrite (6.1) as

(6.6) €A+ 1)U + ((Df(ue) —al)U')e = U, with @ = 24(€) + €€



906 XIAO-BIAO LIN AND STEPHEN SCHECTER

We substitute (3.6), (6.2), and (6.4) into (6.6) and expand in powers of €. At order
€® (the lowest order) we obtain

(6.7) A1UG+ (Df (") — 2 D)UG)e = Ulge-

Since Uf* = 0, we must have Ui(¢) — 0 as &€ — +o0o. We note that (6.7) also arises
in the study of the stability of the traveling wave solution u(X,T) = ¢ (X — x}T)
of the system of viscous conservation laws (1.1); it determines the eigenvalues and
eigenfunctions of the linearization of (1.1) at the traveling wave. Let us assume the
following:
(H1) For the complex number A_; # 0, there is exactly one i, 1 <4 < n, such that
(6.7) has a nontrivial solution U}(€) that satisfies the boundary conditions
Uk(€) — 0 as € — +oo.
(H2) For that 4, A_y is a semisimple eigenvalue [20, p. 41] of the linear differential
operator

(6.8) Uégg - ((Df(ql) - $6I)Ué)€

on the Banach space of uniformly continuous functions that approach 0 as

& — +00, with the sup norm.
Consider first the index i of assumption (H1). Let A\’ := A_;. Let the multiplic-
ity of A" | as an eigenvalue of (6.8) be m;. Let ¢(£), j =1,...,m;, be a basis for the
eigenspace. Then to lowest order, an eigenfunction associated to A = dje 1 Ajel has

mg

the form U§(€) = 27" ¢/ ¢%(€) in the ith singular layer for some constants {c}

my

j=1%47%j j=1
and is zero in the regular layer and other singular layers.
We now show how to determine the possible values of \j and {c}};; using the

expansions to order €.

Later, we will show that in certain regions of A-space, the limiting systems of
(6.7) at £ = £oo have exponential dichotomies with n-dimensional unstable and
stable subspaces. The eigenfunction U¢ corresponds to a nontrivial intersection of the
unstable subspace at £ = —oo and the stable subspace at & = oo.

By [33], the adjoint system to (6.7) must also have an m;-dimensional space of
bounded solutions. Let {t}};2, be a basis for this space.

In the ith singular layer, at order €', we have

(6.9) (X + DU + (D*f(g")uy = (21 +E)1)Up)e

+AL UL+ ((Df(q") — 26 D)UT)e = Ulge-
The solvability condition of (6.9) can be obtained from Fredholm’s alternative [33]:
(6.10)  {(v5, (A + 1)Us + (D*f(q')uy — (1 + ONUG)e) =0, £=1,....,m;.
Recall that U} = Z;’Zl c;(b; (€). Since A\’ is semisimple, without loss of generality,
we assume that (¢7, ¢%) = 5]@.

Let B' = {bj ;} be the m; x m; matrix whose entries are
by = (Wi (D2 f()ui — (21 +€)1)g5)e).

The solvability condition (6.10) becomes
(6.11) (N +1)I—B")c =0,
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(0]
cm)
(0}
-0 0] n

R

F1G. 6.1. Eigenvalues to the right of C(n) and C(0).

where ¢’ = (c},..., ¢}, ), and I is the m; x m; identity matrix. Therefore Aj + 1 is
an eigenvalue of the matrix B and (cj,...,c},.) is the corresponding eigenvector. The

algebraic system (6.11) determines the possible values of Aj and the corresponding c’.

We assume the following:

(H3) The eigenvalues of the matrix B are distinct.

Of course, (H3) holds automatically in the most common case, m; = 1.

From (H3), we have m; distinct eigenvalues A} + 1, each with an eigenvector c’
corresponding to an eigenfunction Uj = 3_ c¢5. Thus, for € > 0, ] splits into m;
distinct eigenvalues.

Assuming (H3), higher-order expansions of eigenvalues and the corresponding
eigenfunctions in singular layers can be obtained by a straightforward formal proce-
dure, which will not be presented here.

Next, we consider 7 other than the one specified in assumption (H1). It is clear
that U = 0. From (6.9) we find that U} = 0. Similarly, all U = 0.

We refer to the O(%) eigenvalues as local eigenvalues since the asymptotic expan-
sions of their associated eigenfunctions are localized in a single singular layer.

Our next object is to define, for the ith singular layer, an Evans function E*(\)
[11] whose zeros are complex numbers A\ ; for which (6.7) has solutions that approach
0 as £ — doo. For an arbitrary 1 > 0, we will define a parabola C(n) that opens to
the left and has its vertex at (n,0),n > 0, in the complex plane. The parabolas C(n)
do not intersect. As n — 0+, they approach a parabola C(0) with vertex at (0,0).
See Figure 6.1 Let the region to the right of C(n) be R(n). The Evans function E*(\)
can be defined on R(0). For each small 5 > 0, if A’ ; is a zero of the Evans function
defined in R(n), then (6.7) has a nontrivial solution that satisfies U}(¢) = O(e~"I€).

As in section 5, let zf = 5, i = 1,...,n. Let N > max{|x}|,|z%|}. Thus the
compact interval [N, N] contains all the points z, i = 1,...,n. Let 2] = —N and
chﬂ =N.ForAeCandi=0,...,n, define

i _(0 I i it
A(/\,l‘)—<>\j Df(ﬂé)—l’])’ x € [zh, 2" ],

where @} was defined in section 5.



908 XIAO-BIAO LIN AND STEPHEN SCHECTER

LEMMA 6.1. For each n > 0, there exist 3(n) < 0 < a(n) such that, for all
A€ R, for alli =0,...,n, and for all x in [xé,:c%“], A\, x) has n eigenvalues

less than B(n) and n eigenvalues greater than a(n). Asn — 0, a and B are O(n).

Proof. Fix an index i between 0 and n. Let vi < --- < /i denote the eigenvalues
of Df(@}). Let p be an eigenvalue of A%(\,z). Then one of the following equations
must hold:

(6.12) ,uer(foj’:),uf)\:(), j=1,...,n.

Let p(z) := iz —vl), z € [z}, x{""]. The solutions of (6.12) are

J
yji()\,x) = —pé— + \/péz + A

The main branch of the square root is used.
Define

2

Cgi'(n) = {(U,W):U_ﬂ_ 4(]3;;]_'_7’)},

w

2
Ri(n) :—{<a,w>:azn4.},

(P52 +n)
aj = —py /P + o,
B == —pj —\/Pi* + 1.

The vertex of the parabola C}(n) is at (g,w) = (1,0). The parabola opens to the left.
Using Lemma 5.5 with p = pé, we have that if \ € R;(n), then

Reu§7§5;<0<a§§Reu§+, ji=1,...,n.

Define
p := max |p§(£)|, o= IIliIlOé;v-7 8= maxﬁé,
w2
(6.13) Cn) = Alonwllo =n = oy
. w2
(6.14) R(n) = NijR;(n) = {(o,w)|o >n — W+

If A € R(n), then ,u]'._ <fB<0<ac< u?’ for all 4 and j and for all z € [z}, z5™].

From their definitions, a;» = O(n) if p§- > 0 and 6; = O(n) if pé- < 0. Notice that pé-
can be both positive and negative. It follows that o and 3 are O(n). ad
Let = = €€, and let A¥(\, ¢, &) := AY(\, ef). From the roughness theory of expo-
nential dichotomies [7] and Lemma 6.1, we derive the following proposition.
PROPOSITION 6.2. For eachi =0,...,n and for each A\ € R(n), the slowly varying

system

) i i+1
WE = Al()‘vea )VVa g € |:a :| 9

€ €
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has an exponential dichotomy with exponents 5(n) < 0 < a(n). The unstable subspace
of the exponential dichotomy in each subinterval is n-dimensional. Asn — 0, a and
B are O(n).

Using the information from Lemma 6.1, for each internal layer S* and for each
n > 0, we can define an Evans function E*()\) for A € R(n). More precisely, rewrite
(6.7) as

(6.15)

(vg) =0 (i) where 500 = D2?<qi<§>>qg DI -241)

The coefficient matrix approaches A(\, z3+) as £ — 400 exponentially. By Lemma 6.1,
the limiting matrices A(X, x{+) have n eigenvalues with real parts less than §(n) < 0
and the other n eigenvalues with real parts greater than «(n) > 0. We conclude
that for the system (6.15), there exist n linearly independent solutions {(bj()\, §)10_y
such that each approaches zero as £ — oo and n linearly independent solutions
{(;ﬁj_(/\, §)}7_, such that each approaches zero as { — —oc.

The Evans function for the internal layer S* is defined as

(6.16) EI(A) 1= e~ o TEOOU 3 ey A pox €)= a(A, 0) A B(A, 0).

Here a(), €) and b(A, §) are n-forms associated to {¢; : i =1,...,n} and {(bjr D=
1,...,n}, respectively [11], [1], [14].

Since formula (6.16) is independent of 7, the Evans function is actually defined
on R(0). A zero of the Evans function corresponds to a complex number \*; for
which (6.7) admits a nontrivial solution U¢ that approaches zero as & — +o0o. The
same Evans function arises in the study of the stability of the traveling wave solution
w(X,T) = ¢"(X — x}T) of the system of viscous conservation laws (1.1).

According to [14], the Evans function extends analytically to a neighborhood of
the origin. We always have E*(0) = 0; an eigenfunction is qé. By analyticity, there
are no other zeros of E*(\) near A = 0. Therefore for any sufficiently small 7 > 0 and
§ > 0, all zeros of E*()\) in {\: ReX > —§} are contained in R(n) N {\: ReX > —6}.

THEOREM 6.3. Let n > 0 be given and let \' | be a zero of E' in the region
R(n) N{X:Re\ > —6}. Assume that conditions (H1)—(H3) are satisfied. Then there
exists €g(n) > 0 such that if 0 < € < eg(n), then the root X', of E' is associated to a
finite number of curves of fast eigenvalues (6.2).

To all orders in €, the corresponding eigenfunction is zero in the regular layer
and in singular layers other than the ith. The pair (\L,UE) satisfies (6.7) and
the boundary condition Ui — 0 as & — +oo. If the eigenspace of \'.| for (6.7) is
m;-dimensional, then U} :Z;ﬂ:l cidh, where {¢5}72) is a bqsis for the eigenspace.
The m; possible values of A\ and the corresponding vectors c* are determined by the
eigenvalue-eigenvector problem (6.11).

Proof. Sketch of the proof: The procedure for finding the correction terms A\
and AU' is similar to that for finding A} and c?, followed by a contraction mapping
argument. The necessary dichotomies in regular sublayers and singular layers come
from Lemma 6.1 and Proposition 6.2. ]

Remark 6.1. (1) We emphasize that Theorem 6.3 does not apply to A_; = 0.
Indeed, by Proposition 6.2, as n decreases, the exponential dichotomy weakens, so
the e-interval on which the contraction mapping argument is valid shrinks. Thus,
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as 7 — 0, eg(n) — 0. Moreover, as we shall see in the next section, there can be an
infinite number of curves of eigenvalues (6.2) whose asymptotic expansion begins with
A_1 = 0; in the case n = 2, at least, this is typical.

(2) We also emphasize that we have not shown that for a fixed small ¢ > 0, all
eigenvalues near A_; = 0 are given by expansions of the form (6.2) with A\_; = 0. We
note, however, that E’(0) is the product of two terms, one of which is nonzero if and
only if Majda’s inviscid stability condition holds [14], [3]. We expect that in the case
E'(0) # 0, all eigenvalues near A_; = 0 are in fact given by such expansions.

7. O(1) Eigenvalues. We look for eigenvalues of (6.1) of the form
(7.1) A=) €N
j=0

and the corresponding eigenfunctions U(x). We continue to work in the space C?(v, R,),
~v > 0. We rewrite (6.1) as

(7.2) A+ DUE + (Df(ue) — 2)UR), = eUR in the regular layer,
7.3) e+ DU + ((Df(ue) — 2'(e) — e£1)UY)e = U in the singular layer S°.
3 33

PROPOSITION 7.1. To any order of e, A\ = —1 is an eigenvalue of (7.2) and (7.3).
The corresponding eigenfunctions form an n-dimensional eigenspace. The ith basis
vector is a homoclinic solution to 0 that, to lowest order in €, equals qg in the ith
singular layer and is zero in other singular layers and in the regular layer.

Proof. We need to find expansions of U (z) and U!(¢) to the following system:

(7.4) (Df(ue) —2l)UR), = eUR in the regular layer,
(7.5) ((Df(ue) — 2'(€) — €U = Ugig in the singular layer S°.

By Lemma 7.2, proved below, for any j > 0, U]R(a'}) = 0 in the regular sublayer R°.

Let 1 <4 < n. Assume that for all j > 0, UJR(IE) = 0 in the regular sublayer
R=1. We shall show that U¢(€) is a constant multiple of qg and that for every j > 0,
UjR(x) = 0 in the regular sublayer R?. Then, by induction on i, the proposition is
proved.

In the singular layer S?, in order to match the solution in R*~!, we look for a
bounded solution of (7.5) that approaches 0 as £ — —oco. Integrating (7.5) from —oo
to &, we have

(7.6) Ue — (Df(uc) — x'(e) — €U = 0.

By the definition of a Lax i-shock, at order €°, this system has exponential dichotomies
for £ € R*. By the definition of a structurally stable Riemann solution, the unstable
space of the dichotomy on R~ intersects the stable space of the dichotomy on RT
transversely at £ = 0. The intersection is a one-dimensional space spanned by qé. To
have a bounded solution, we must set U}(¢) equal to a constant multiple of qé. Then
U¢(€) approaches zero exponentially as & — +oc.

At order €', (7.6) becomes

(7.7) Ute — (Df (ug(€)) — 2)Ui = (D* f(ug(€))uy — (21 + €)1V
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Since Ug(€) = O(e~°l€l), the nonhomogeneous term of (7.7) is O((|¢| + 1)e~*I¢l),
which approaches zero as & — +oo. Observe that the homogeneous part of (7.7)
has exponential dichotomies in R*, and the unstable space of the dichotomy on R~
intersects the stable space of the dichotomy on R* transversely at & = 0. Thus, if
we assume that U}(0) L Ug(0), a unique solution Ui = O((|¢] + 1)e~ ) can be
constructed using integral equations on R* and the matching at & = 0. See [33], [25].

Proceeding inductively, at order €/, j > 1, we solve a nonhomogeneous system
for U, with a nonhomogeneous term that is O((1 + |€])7e~l€h). The solution Ui =
O((1 + |€])7e~I¢l) approaches zero as € — +oc.

We now consider the solution in the regular sublayer R'. By matching, for all
20, Uft(zp+) = Uj(00) = 0.

We show inductively that for all j > 0, Uf{(z) = 0 in R". At order €%, from (7.4),
(Df(ug)—zI)Uf(x) is constant in R?. Since it is zero at x{+, (D f(ug)—zI)UE(z) =0
in R?. Since D f(ug) — zI is nonsingular in each regular sublayer, we see that U = 0
in R".

Next, at order €', because Uf* = 0, we can show similarly (D f(ug) — zI)UE(x) is
constant in R?, and hence that U{* = 0 in this sublayer. Proceeding inductively, we
see that for all j >0, Uff =0 in R'. O

We remark that in the viscous regularization (1.1) of a system of conservation
laws (1.3), traveling wave solutions always have a zero eigenvalue with eigenfunctions
Ut = céqé. Such an eigenfunction corresponds to a shift of the shock position from
X{§ to X} + c}. Using the self-similar variable x = X/T, the shock position is at
(X§ + ¢8)/T, which differs from X§/T by a decay term cj)/T. Changing to the new
time ¢ = InT, the deviation of the shock position is c{e~*. This explains why (6.1)
always has an eigenvalue (7.1) with Ay = —1, and why the eigenspace is as stated in
Proposition 7.1.

To look for other slow eigenvalues, in the regular layer we substitute (3.4), (7.1),
and (6.3) into (6.1) and expand in powers of e. In singular layers, we substitute (3.6),
(3.5), (7.1), and (6.4) into (6.6) and expand in powers of €. For a fixed v > 0, we shall
look for solutions such that

(7.8) |U(z)] < Ce™ 12l in the sublayers R® = (—oo, z}) and R™ = (1, 00)

for some constant C.
At order €” (the lowest order) we obtain

(7.9) (Mo + DUE+ (Df(ah) — x1)UL), =0 in the sublayer R?,
(7.10) (Df(q") — zh)UY)e = US§§ in the singular layer S°.

LEMMA 7.2. To all orders of €, eigenfunctions U(x) that satisfy (7.8) are zero in
the regular sublayers R® = (—oo,z}) and R™ = (x§, 00).

Proof. First consider the lowest order €. UF satisfies (7.9). We consider only R°.
Let v;, j = 1,...,n, be the eigenvalues of Df(a). Notice that for each j =1,...,n,
vi—x > 0in R° Letl;, j = 1,...,n, be corresponding left eigenvectors. Let
vj(z) = (l;, Up(x)), z € R'. Equation (7.9) becomes

)\OUj“t‘(Vj—l‘)Ujm:O, j=1,...,n

The general solution is v; = C;(v; — x)*°. Since v; = O(e~71?l), v > 0, we must have
C; = 0 for all j. Therefore Udi(z) = 0 for all z € R°.
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By an easy induction argument, we can show that UJR = 0 for all j on
RYUR™. o

In the ith singular layer, we look for a solution U¢ of (7.10) connecting the adjacent
sublayers. Integration from £ = —oo to £ = oo, together with matching, yields jump
conditions that must be satisfied by Ud*:

(T.11)  (Df(ah) — ey DUR(wit) — (DF() — s DUR@h=) =0, i=1,...,n.
By Lemma 7.2, U¥(z{—) = 0. Then setting i = 1 in (7.11) yields
(7.12) Ul (zp+) = 0.

Solving the ODE (7.9) on the sublayer R' with the initial condition (7.12) yields
Uf(z) =0 for all x € R*. By induction, we have the following.

PROPOSITION 7.3. Any solution of (7.9)—(7.10) that satisfies (7.8) has Uf*(x) = 0
for all x in the regular layer.

Proposition 7.3 implies that U} (€) approaches 0 as £ — 400 for all i = 1,...,n.
Then assumption (S2) implies the following proposition.

PROPOSITION 7.4. Any solution of (7.9)—(7.10) that satisfies (7.8) has, for i =
L...,n, Us(&) = c4qi(§), i = 1,...,n, for some constants cj.

The possible values of \g, along with the corresponding values of ¢, are deter-
mined at the e'-order expansion.

At order €', we have

(7.13) MUy + (Df(ah) — 2I)Ur, = 0 in the regular layer,
(7.14) Uf(x)=0 forz € R°UR",
(715) (Ao +1)Us + ((D2f(f1i)uli - (ﬂfi+ 5)1)Q3)£
+((Df(q") —2oI)Ui)e = Ujge  in the singular layer St

In (7.15), U§(§) = chge(€), i = 1,...,n, for some constants cj by Proposition 7.4.

In order to match with Uf¥(z) in the regular layer, Ui (¢) must satisfy the following
boundary conditions: Ui(¢) — Uf(z}—) exponentially as ¢ — —oo and Uj(¢) —
Uf(zi+) exponentially as & — oco. Then, integrating (7.15) from ¢ = —o0 to £ = oo
and using U = céqé, we have the jump condition

(7.16) (Ao + D)cp(ag —ug ) + (Df () — o UL (w+)
— (Df(ag ") = 2pD)Uf (25—) =0, i=1,...,n.

By Lemma 3.1, condition (7.16) is sufficient for the existence of a solution U{(£) of
(7.15) that approaches the desired limits exponentially as £ — +oco. Thus if

(717) ()\O;C(l)a"'acgaUlR(z))

satisfies (7.13) with auxiliary conditions (7.14) and (7.16), then there exist Uj(¢),
1 <4 < n, that satisfy (7.15). More precisely, if we write

Ui (&) = Ui (&) + cigi (),

where U+ (0) is orthogonal to qé (0), then (7.15) uniquely determines Ui+ (£), but the
values of ¢! are determined at the e2-order expansion. In general, for each j > 1, we
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write Uj(€) = UiH(€) + ¢fqi(€) with Uj*(0) orthogonal to gi(0). Then the €/-order
expansion determines

(N1 €f1s s o UFH(E), . UFH(9)),

leaving ()\j,c}, .. .,c?) to be determined at the e/t'-order expansion. In order to
continue the expansion past the determination of (7.17), it is necessary to assume
that Ao+ 1 is a semisimple eigenvalue of a certain operator. This will be described in
a later paper. See [25], [16] for related work on reaction-diffusion systems.

PROPOSITION 7.5. For Ao = 0 there is no nontrivial solution of (7.13) with
auziliary conditions (7.14) and (7.16).

Proof. If \g = 0, then from (7.13), U{ is constant in each regular sublayer R’
t=1,...,n—1. Then (7.14) and assumption (S1) imply that the only solution of the
system (7.16) is Uff(z) =0 forz € R, i=1,...,n— 1, and ¢}, = 0 for all 4. ]

Let Vi(z) = (Df(u}) — x)UE(z), € R for i = 0,...,n. Let s := (A + 1)c}
and A" = @} — @' for i = 1,...,n. Each A’ is nonzero. Equations (7.13), (7.16),
and (7.14) become

(7.18) Vit Mo+ D)(Df(ay) —2aD)~'Vi=0, i=1,...,n—1,
(7.19) Vi(xh) =V xh) = —s'AY, i=1,...,n,
(7.20) Vo%z)=0 and V"(x)=0.

PROPOSITION 7.6. For \g # —1, there is a nontrivial solution (7.17) of (7.13),
(7.14), (7.16) if and only if there is a nontrivial solution

(st,...,s" V... v

of the system (7.18)—(7.20).

In contrast to the O(%) eigenvalues, which reflect the dynamics in a single internal
layer, the O(1) eigenvalues reflect the dynamics of the first-order linear ODE (7.18)
in the regular layer. Equations (7.19) and (7.20) provide boundary and interface
conditions for (7.18).

We remark that the system (7.18)—(7.20) is similar to the SLEP system introduced
by Nishiura and Fujii [35] to study the stability of internal layer solutions of reaction-
diffusion systems. We now derive the analogue of the SLEP matrix of Nishiura and
Fujii.

Let X (z,y, Ao) be the principal matrix solution of (7.18). Although the differential
equation (7.18) has jumps at z, i = 1,...,n, the principal matrix solution X (z,y, \o)

does not have jumps. If, for example, y < ) < xé“ < -+ < xh <, then

X(x,y, Xo) = X(x, 25, Xo) - X (b, 2571 No) - -+ - X (20,9, \o).
If we integrate (7.18) from xj— to i+ and use the jump conditions (7.19) and the

initial and terminal conditions (7.20), we obtain

(7.21) > X (g, Mo)s’ AT = 0.

Jj=1

Let M(\) be the n x n matrix whose jth column is the n-vector X (x, =}, A\g)A7, and
let s = (s!,...,s™). The matrix M()o) is the analogue of the SLEP matrix. Finding
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the lowest order expansion of slow eigenvalues is equivalent to finding solutions of
(7.22) M(Xp)s = 0.

Note that Proposition 7.5 implies that M(0) is nonsingular.
We shall consider the existence of slow eigenvalues Ay other than —1 and 0 in
more detail only for the case n = 2. In this case system (7.18)—(7.20) becomes

(7.23) Ve + Mo+ 1D)(Df(a}) —x)™'V =0, z}<z<ad
(7.24) V(zd) = —s'Al,
(7.25) V(2d) = —s2A%.

Since (7.23) is linear and A! and A? are nonzero, the system (7.23)—(7.25) has a
nontrivial solution if and only if the following boundary value problem has a solution:

7.26 Ve + Mo+ 1D)(Df(w) —2xD)™'V =0, zp<az<a?,
0 0 0

(7.27) V(zg) = A",

(7.28) V(22) = a nonzero multiple of A2

Let the eigenvalues of D f(u}) be v1 < va, with corresponding eigenvectors r1 and
ro. Let

V(z) = Zaj (z)ry,

where a;(z) is a scalar function. The function a,;(x) satisfies

X+ 1
Z/j—.'IJ

(7.29) aj(z) + aj(z) =0.
Therefore the subspaces of R? spanned by r; and ry are invariant under (7.26).

PROPOSITION 7.7. For n = 2, if A' or A? is a multiple of one of the r;, then
there is no Ao such that the system (7.26)—(7.28) has a solution.

Proof. Without loss of generality, suppose A! is a multiple of one of the r;. Then
A? cannot be a multiple of the same r;, since it is easy to check that in the case
n = 2, the Riemann solution wug(x) satisfies condition (S1) for structural stability if
and only if A' and A? are linearly independent. Therefore, since the subspaces of
R? spanned by r; and ry are invariant under (7.26), the system (7.26)—(7.28) cannot
have a solution. ]

The case in which neither A! nor A? is a multiple of one of the r; is covered by
the following result.

PROPOSITION 7.8. Forn =2, let

2
AT = "diry, i=1,2,
j=1

with all d;- nonzero. Then there is a countably infinite set of \o for which (7.26)-
(7.28) has a solution. All such \g have the same real part and have nontrivial UL
(hence they are nonlocal). Explicit formulas for Ao are given in (7.36).
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Proof. The solution of the initial value problem (7.23), (7.24) is

z—v; \ ot
(7.30) aj(x)=<l ]> dj, j=1,2.

Ty —Vj
Notice that  — v; and z{ — v; have the same sign in the interval 2§ < x < 3, so the
number being raised to a power is positive. The function t**! used in (7.30) is in
general multivalued. Since we must have a;(x) = d1 j = 1,2, the branch used must

be the one for which 1%+ = 1.
The boundary condition (7.28) implies that

ai(z) di 2
31 = h =
(7.31) det (ag(w) 3 0 when z = zg,

which reduces to

(7.32)

when x = x%.

((z —vy)(z} — w))“*l  did?

(x5 — v1)(x — v2) - did3

Again, the branch of t**! used in (7.32) is the one for which 1**! = 1. In fact, let
us define a change of variables by

(x —1)(z — 1)
(g —v1) (@ —12)’

(7.33) t= 5 <z <l

Then ¢ is an increasing function of z on the interval x} <z < x%, and t(z{) = 1. Let

2 1
- - did
34 —p(2) (x5 —v1)(xg — v2) 1 2
(7 3 ) b t(‘rO) (Ié 7 Vl)(zg — 1/2) > 1 d1d2 7é 0.
Then (7.32) reduces to b**! = d or
(7.35) (Mo +1)logb =logd.

Let the main branch of logarithm for which log1 = 0 be denoted Inz. We must use
the main branch logb = Inb in order to have 1*+! =1 for all complex Ao . However,
in calculating log d, we may use any branch of the natural logarithm.

Since b > 1 is real and d is real and nonzero, there are two cases.

1. d > 0. Then logd =Ind + 2nmi, n € Z.

2. d < 0. Then logd =1In|c| + (2n + 1)7i, n € Z.

Substituting log d into (7.35), we find

In|d
Redg = —1 + ?‘b| for d # 0,
(7.36) L[ if d > 0,
.
Gntmif g < 0.

Remark 7.1. With n = 2, consider a Riemann solution that consists of two weak
Lax shocks connecting the states @}, 43, and 4. For the corresponding Riemann—
Dafermos solution, Proposition 7.8 implies that the nonlocal slow eigenvalues are
stable. In fact, for i = 1,2, @} — ﬂf;l is approximately parallel to r;. Therefore
|di| << |d}| and |d?| << |d3|, so |d| << 1. Hence Relg < —1.
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8. Slow eigenvalues and inviscid stability conditions. Let us consider the
inviscid system (1.3) and its Riemann solution (2.4). In studying the linearized sta-
bility of (2.4) as a solution of (1.3), one considers the following system [22]:

Df(a®)Ux =0 for X < 5T,
(8.1) Ur+ Df(a)Ux =0 for 8T < X <&HT, i=1,...,n—1,
Df(@")Ux =0 for T < X,

(8.2) (Df(a') —&NUGT+,T) — (Df(a"') - 51U (GT—,T)
- S T)(a' —a" ) =0, i=1,...,n,
where

8.3 U(ET+,T lim U(X,T), UGET-,T lim U(X,T
(8:3) (FT+ 1) = lim UXT), U(s )= lim UX,T).

In each sector, the matrix D f(u') is constant, so solutions (which may include
discontinuities) propagate along straight-line characteristics. Along the lines X = 5T,
data arrive from both sides along incoming characteristics, and one uses (8.2) to solve
for S* and for the continuation of the solution along outgoing characteristics. Majda’s
stability condition—which is that for each i = 1,...,n, the eigenvectors for the largest
i — 1 eigenvalues at @', the eigenvectors for the smallest n — i eigenvalues at @,
and the vector @’ — %'~ ! should constitute a basis for R"—is just the condition upon
which one can do this.

In (8.1) and (8.2), let us make the change of variables z = %, t = InT. We obtain

(Df(a°) —2x)U, =0 for z < 3
(8.4) Ui+ (Df(at) —x)U, =0 for & <3:<§i+17 i=1,...,n—1,
(Df(a") —zl)U, =0 for §" < x,
(8:5) (Df(a') =s' DU +,t) — (Df(@'™") = 8 DU(5'~, 1)
- Sty @ —a"h =0, i=1,...,n,

where

(8.6) U(s'+,t) = lim U(x,t), UG'—t)= lim Ulz,t).
r—35"+ T—5t—
The characteristics are no longer straight lines, but the lines X = 5T become z = &,

so it is reasonable to look for eigenvalues and eigenfunctions. A solution of (8.4), (8.5)
of the form U(x,t) = eMU(z), S'(t) = eM S’ satisfies

(Df(a°) —2)U, =0 for z < 5,
(8.7) AU+ ¢ (Df(u') —2)U, =0 fors' <z <5t i=1,...,n—1,
(Df(a"™) —2)U, =0 for §" < x,

(8.8) (Df(a") -5 1NUG+) — (Df(@™1) —5NHU (5" ~)
—Si@—ah =0, i=1,...,n,
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where

(8.9) U(s'+) = lim U(z), U(s'—)= lim U(z).

r— 38" r—8"—
If we add the conditions U(x) = 0 for z < 8! and 5" < x, then (8.7)—(8.8) is equivalent
to the system (7.13)—(7.14), (7.16) that was studied in section 7.

Assuming Majda’s stability condition, one can interpret (8.1)—(8.2) or (8.4)—(8.5)
as describing the scattering of incoming small shock waves by the large shock waves
that comprise the original Riemann solution. Several authors have found sufficient
conditions that guarantee that, in some norm, the total weight of the scattered shocks
is smaller than the total weight of the incoming shocks [42], [4], [5], [49], [22], [21]. For
the case n = 2, the BV stability condition reads as follows in the notation of section
7 [49], [21]. Recall that o} = 5* and @) = u’. Let

(8.10) (I — Df(ar)) Ha' —a°) = ajry + ajry,
(8.11) (Df(a") — vol)"Ha?® — a') = a’ry + a3ry.
Then
2.1
(8.12)
a1a3

As in section 7, for i = 1,2 let A® = @' — @*~! = dir; + dirs, and define b and d by
(7.34). Elementary computations show that
atay  d3di(E' — 1) — 5% d

8.13 = S
(8.13) ata3  did3(5' —e)(v1 —5%2) b’

and, since b > 1,
In|[d|
Inb

Thus the n = 2 BV inviscid stability condition holds if and only if all slow eigenvalues
have negative real part.

d
(8.14) |b| < lifand onlyif —1+ —— <0.

9. Two Lax shocks in the p-system: An example. We consider the p-
system

U — vy = 0,
(7 +p(u)1 = 07

with p a smooth function, p'(u) < 0 for all u, and p”(u) # 0 for all w.

The p-system has been used as a model for isentropic gas dynamics with p(u) =
ku=, k > 0, v > 1 [37], [43]. The p-system is strictly hyperbolic with eigenvalues
and eigenvectors

vi(u,v) = —y/—p'(u) <0, ri(u,v) = (1,y/=p'(u)),

vo(u,v) = v/—p'(u) >0, ra(u,v) = (1, —y/=p'(w)).

Consider a Riemann solution (ug,vg)(x) that consists of two Lax shocks:

)
(@, v%) for xz < &,
(ug,v0)(z) = ¢ (u',vt) for &' <z < 52,
(u?,v?) for 5% < .
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THEOREM 9.1. To lowest order in €, the corresponding Riemann—Dafermos solu-
tion has ezxactly the following slow eigenvalues: (1) a local eigenvalue with A\g = —1;
(2) a family of nonlocal eigenvalues with A\g = —2 + nwgi, n € Z, wy > 0.

Proof. We fix the middle state (a',9') and look for (u,v) and s such that the
Rankine-Hugoniot condition

—(0' —v) = s(ut —u) =0, p(a')—plu)-s@ —v)=0
is satisfied. The solution set is two curves: I'; given by
v=¢(u) =" —sgn(u—a')y/(u—al)(p(a) - p(u)),

p(a') —ip(u) ,

s = sl(u) = —
and I's given by
v=y(u) =" +sgn(u—a')y/(u—a)(p@a) - p(u)),

p(a) = p(u)

s =s%(u) =

T’y is a curve of 1-shocks, I'y a curve of 2-shocks. Using Lax’s condition for an ¢-shock,
we easily check the following:
(1) If (u,v,s') € I'y, then there is a 1-shock from (u,v) to (u!, ') with speed s’
if and only if u — a' > 0.
(2) If (u,v,s?) € T'y, then there is a 2-shock from (u!, ') to (u,v) with speed s2
if and only if u — @' > 0.
Therefore we have, in the notation of section 7,

Al = (@t —a@°, ot - ) = (@' — @, 0t — p(a®), @’ —a' >0,
1

A? = (@ —a',5? — o) = (@® — @b, ¥(a?) —at), @®—a'>0.

Let
_ [ u—a")(p(a') — p(u))
o) = \/ —p/(at) ‘
Then
2
A= "dir;, i=1,2,
j=1
with
1 1 -0 -1 —0 1 0 -1 _0
di = 5(=(@" —u’) —q(@)), dy=g(=(a" —a)+q(@)),
B = @7 — (), &= (@ (i)
Therefore

_dydi (@0 —ul —q(a)) (@ —a! — q(a?))

= HE T @@ @)@ 0 T g(@))

By Lemma 9.2 below, the numerator of this fraction is positive. Therefore d > 0.
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Let v; = v;(ut,9'), i = 1,2. Then

(=) (3t — )
N Fr Ty R

An easy computation shows that b = é. The result now follows from Proposi-

tion 7.8. O
LEMMA 9.2. For u > @', the sign of u — @' — q(u) is independent of u.
Proof. We shall assume p”’(u) > 0 for all u. The case p’(u) < 0 for all u is similar.
Let u > @'. Since p”" > 0 everywhere,

Therefore
(u— )2 (u—1a")(p(a') — p(w))
—p'(u') ’
sou—u' > q(u). ]
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