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Introduction

We consider n x n systems of hyperbolic conservation laws in one space
variable z € R

up + fu)e =0 (1)

where the unknown function u(z,t) takes its values in an open convex set
UCR"and f: U — R" is a given smooth vector field. The Cauchy problem
is to find a solution u : R x [0,7") — U, T > 0, which solves the system (1)
and satisfies

u(z,0) = up(x) (2)

for given initial data ug € C*(R). The problem is well posed if the system is
(strictly) hyperbolic.

The calculus along characteristics shows that for some nonlinear functions f
a classical solution exists only for a finite time. Therefore, one has to allow
weak solutions, which are bounded measureable functions u(zx,t) satisfying
(1), (2) in the distributional sense. However, weak solutions turn out to
be not unique. An important class of solutions are shock waves (u™,u";s),

which are defined as
u-, x<st
u(x,t) := ’ ’ 3
(z,%) {u*, x > st, )

where the constant vectors u~—,u™ € R" together with the wave speed s € R
satisfy the Rankine-Hugoniot condition

s(uh —u”) = (f(u") = f(u7)) =0. (4)

Such a shock wave is a weak solution of system (1), which is piecewise con-
stant with a single jump discontinuity moving with wave speed s. The quan-
tity |ut — u~| is referred to as shock strength or amplitude.

In order to single out one of the solutions Gelfand proposed the wvanishing
viscosity method, where admissible solutions of system (1) correspond to lim-
iting solutions of viscous conservation laws

u + f(w), = e(Bluyu,), (5)
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as € — 0. In the context of profiles this method is particularly simple. A
travelling wave or profile is a smooth solution of system (5) depending on a
single variable & := x_TSt, where s € R is the speed of the wave. Majda and
Pego [MP] proposed a stability criterion for the matrix B(u) which guarentees
for shock waves the existence of a travelling wave. The identity matrix I, is
admissible in the sense of [MP] and the viscous profiles are governed by the

system of ordinary differential equations

—SUge + f(u)g = Uge- (6)

The travelling waves are asymptotically constant and we get the boundary
conditions limg_ 1, u(€) = u*. We integrate the equation (6) once and obtain
the viscous profile equation

ue = flu) - su—c, (7)
where the boundary conditions determine the constant vector ¢ € R" as
c=f(u")—su” = f(uT) — su™. The constant vectors u~,u" € R" are the

restpoints of the system (7) and a profile corresponds to a heteroclinic orbit
connecting u~ with u™.

The problem can also be considered as an evolutionary system and stabil-
ity of solutions is an important admissibility criterion. A travelling wave is
nonlinear stable if small perturbations vanish in time. Zumbrun [Z] was able
to show that spectral stability of the linearized operator implies nonlinear
stability. Hence the general stability problem for profiles is reduced to deter-
mine the spectrum of the linearized operator.

Freistiihler and Szmolyan [FS] proved the spectral stability of small ampli-
tude profiles in viscous conservation laws. In this paper they introduced the
concept of Evans bundles and used geometric singular perturbation methods.

Jin and Xin introduced a relaxation model [JX] which is popular in the
numerical studies of systems of hyperbolic conservation laws. For a given
system (1) the corresponding Jin-Xin model is

Uy + Vp =
vy + azux =

Q= O

(f(w) - ). (®)

where o is the (positive) relaxation parameter, a is a positive constant and
(u,v) € U x R® C R?". Taking the formal limit of (8) as o tends to zero,
one finds the equilibrium v = f(u) and recovers the conservation law (1).
We consider a shock wave (u~,u™; s) satisfying the Rankine-Hugoniot con-
dition (4). The corresponding profile (u,v)"(f), 6 := ==t should satisfy the

4



nonlinear ordinary differential equation

—Sug -+ vg = 0, <9)
—svg + a*upg = f(u)—v,

with boundary conditions

li 0) = u* li 0) = v=. 10
RO =l O = o)
We integrate the first equation of system (9), insert the solution v = su + ¢
into the second equation and obtain

(a® — s*)ug = f(u) — su—c. (11)

For a > |s| the travelling wave is governed by the same equation (7) as the
viscous profile up to a positive constant. Hence for a small amplitude shock
wave (u~,u";s) the existence of a profile is guarenteed [MP].

In this thesis we will consider the stability problem for the Jin-Xin model.
Mascia and Zumbrun [MZ1], [MZ2]| have further extended the work of Zum-
brun and his collaborators [Z], [ZHo] to include relaxation models. Hence
the stability problem is again reduced to determine the spectrum of the lin-
earized operator.

The spectral stability of small amplitude profiles of the Jin-Xin model was
established in the PhD thesis of Humpherys [Hu] by energy methods. We
will instead follow the programme Freistiihler und Szmolyan [FS] proposed
in their paper on spectral stability of small amplitude profiles in viscous con-
servation laws. We will be able to construct the Evans bundles and to prove
the spectral stability through a reduction of the problem. This can be viewed
as a step towards a proof of spectral stability of small amplitude profiles in
general relaxation systems.

In detail we will prove spectral stability for small amplitude profiles of a Jin-
Xin model, which satisfies the following assumptions at a basepoint u, € U

(A1) The system (8) is strictly hyperbolic at w,.
(A2) The eigenvalue Ay is genuine nonlinear at u,.
(A3) subcharacteristic condition: a > max{spec(Df(u.)), |s|}.

In Chapter 1 we review the existence of small amplitude travelling waves in
the Jin-Xin model. In Chapter 2 we will give the definition of nonlinear and
spectral stability and state the main result. It turns out that the proper
notion of spectral stability is, that the linearized operator L has no spectrum



in the domain C} := {k € C|Rx > 0}\{0}. The spectrum of L will consist
of essential and point spectrum. The essential spectrum does not intersect
C} and touches the imaginary axis only in 0. The point spectrum consists of
isolated eigenvalues « of finite multiplicity, i.e. we are searching for an eigen-
value x and an eigenfunction w satisfying the eigenvalue equation associated
with the differential operator L

Lw = kuw. (12)

In Evans function theory the eigenvalue problem is considered as an first
order differential equation with spectral parameter . We will construct
the stable (unstable) Evans bundles, which are spaces of initial values of
solutions decaying at plus (minus) infinity. Hence a nontrivial intersection
of the bundles corresponds to an eigenfunction. The crucial region for the
stability analysis is a small neighbourhood of kK = 0. We have to consider two
regions, a inner problem corresponding to |x| < ge? and an outer problem
|k| > 0e® where € corresponds to the shock strength and ¢ is a fixed large
constant.

The inner problem is analyzed in Chapter 3, where it is shown, that the
Evans bundles are essentially perturbations of the corresponding bundles
for the viscous Burgers equation. From the well known stability of profiles
of the Burgers equation we will be able to conclude that there is no point
spectrum in the inner problem. In Chapter 4 we will prove that there is
no point spectrum in the outer problem either. Thus the spectrum of the
linearized operator does not intersect C} and the small amplitude profiles of
the Jin-Xin model are spectrally stable. We present some results needed in
the analysis in two appendices. In Appendix A we collect some facts about
Grassmann manifolds. Appendix B gives a brief introduction to invariant
manifold theory.



Chapter 1

Shock waves and profiles

We consider n x n systems of hyperbolic conservation laws in one space
variable z € R
u+ f(u)e =0, (1.1)

where the unknown function u(z,t) takes its values in an open convex set
UCR"and f: U — R" is a given smooth vector field. The Cauchy problem
is to find a solution u : R x [0,7") — U, T" > 0, which solves the system (1.1)
and satisfies

u(z,0) = ug(x) (1.2)

for given initial data uy € C'(R). The well-posedness of the problem in
standard spaces, such as Holder or Sobolev spaces, is only expected if the
system is hyperbolic.

Definition. The system (1.1) is hyperbolic if at every point u € U the
Jacobian D f(u) is diagonalizable with real eigenvalues.

We will use an even stricter definition.

Definition. The system (1.1) is strictly hyperbolic if at every point u € U
the Jacobian D f(u) is diagonalizable with distinct, real eigenvalues.

In a strictly hyperbolic system (1.1) we denote with Aj(u) < ... < A, (u) the
eigenvalues of D f(u), u € U in ascending order, and with r;, ¢ = 1,...,n the
associated eigenfields:

Df(u)ri(u) = N(u)ri(u), i=1,...,n.

The calculus along characteristics shows that for some non-linear functions
f a classical solution exists only for a finite time. Therefore one has to



allow weak solutions, which are bounded measureable functions u : Q7 =
R x [0,T) — U satistying (1.1), (1.2) in the distributional sense

/Q (w0 + f(w)0y0)dxdt + /Rgb(x, 0)ug(z)dr =0, V¢ eC'(Rx[0,T)).

Proposition 1.1. Let I" be a Ct-curve within Qr. Let u be C* away from T,
having continous left and right limits u* on T'. Then u is a weak solution of
the Cauchy problem if and only if

1. w is a classical solution away from T.
2. u satisfies along I' the Rankine-Hugoniot condition
(w* — Y — (F(ut) = Fw™)) v =0, (1.3)
where v denotes a normal vector field to T'.
An important class of solutions are shock waves (u~,u"; s), which are defined
as
u, x < st,
u(z,t) = {u*, z> st (1.4)

where the constant vectors u~,u™ € R" together with the wave speed s € R
satisfy the Rankine-Hugoniot condition

Foun) = (flwh) = fw)) =0. (1.5)

Such a shock wave is a weak solution of system (1.1), which is piecewise
constant with a single jump discontinuity moving with wave speed s. The
quantity |u™ — u~| is referred to as shock strength or amplitude.

Definition. For £k =1,...,n a k-Lax shock wave (v, u";s) is a weak solu-
tion of (1.1) which satisfies

Mew1(ut) > s> Ae(uh) and M(u™) > s> Mg (u”).

It turns out that weak solutions are not unique. In order to single out one
of the solutions Gelfand proposed the vanishing viscosity method, which is
based upon the idea that physically relevant (weak) solutions of system (1.1)
should correspond to limiting solutions of viscous conservation laws

w + fu), = e(B(u)um)gC (1.6)

as € tends to 0. In the context of travelling wave solutions the vanishing
viscosity method is particularly simple.
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Definition. A travelling wave or profile is a smooth solution of system (1.6)
depending on a single variable £ := x — st, where s is speed of the wave.

Majda and Pego [MP] proposed a stability criterion for the matrix B(u)
which guarentees for shock waves the existence of a travelling wave. The
identity matrix I,, is admissible in the sense of [MP] and the viscous profiles
are governed by the system of ordinary differential equations

—stg + f(u)e = uge. (1.7)
The travelling waves under consideration are asymptotically constant and we

get the boundary conditions limg 1+ u(§) = u™. We integrate the equation
(1.7) once and obtain the viscous profile equation

ue = f(u) — su—c, (1.8)
where the boundary conditions determine the constant vector ¢ € R” as
c = f(u)—su” = f(u") — su™. The constant vectors u~,u" € R™ are

the restpoints of the system (1.8) and a profile corresponds to a heteroclinic
orbit connecting v~ with u™.

1.1 Jin-Xin model

We will follow Pauline Godillon [G] in this introduction. Jin and Xin in-
troduced a relaxation model [JX] which is popular in the numerical studies
of systems of hyperbolic conservation laws. For a given system (1.1) the
corresponding Jin-Xin model is

u;y + v, = 0,
v o+ du, = L(f(u)—v),

g

(1.9)

where o is the (positive) relaxation parameter, a is a positive constant and
the unknown function (u,v) € U x R® C R?*". The model was introduced
by Jin and Xin [JX] in order to obtain nonoscillatory schemes for systems
of conservation laws. Taking the formal limit of (1.9) as ¢ tends to 0, we
recover the local equilibrium v = f(u) and the equilibrium system

ur + f(u), =0, (1.10)

which is in fact a system of conservation laws. Relaxation provides a dissi-
pative mechanism similar to viscosity. This can be seen from a Chapman-
Enskog type expansion ( see Liu [L]), which shows that the solution u(x,t)
of (1.9) satisfies

u+ f(u), = 0(\((12[” — Df(u)z)JuI)I + O(o?).

=(u)
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In order that this equation is well posed the coefficient 3(u) has to be positive.
This is guarenteed with the subcharacteristic condition [L]

a > max{spec(Df(u)), u € U}. (1.11)

The condition is equivalent to the characteristics of the equilibrium system
being subcharacteristic to the characteristics with speeds +a of the Jin-Xin
model. The shock waves (v, u";s) of the equilibrium system (1.10) are now
related to travelling waves in the Jin-Xin model for ¢ > 0. For the existence
of such profiles the wave speed has to be subcharacteristic and our condition
(1.11) becomes

a > max{spec(D f(u)), |s|}. (1.12)

A profile u(§), £ := x — st, which is a solution of system (1.9), is governed
by the system of ordinary differential equations

—Sus + Ve =
—sve 4+ ad*ug =

9

(f (u) = v).

The travelling waves under consideration are asymptotically constant and we
get the boundary conditions

9=

. 4 . _ o+
Sim u(@) = o, lim v(©) =¥,

The points (u,v)* are rest points for this system of ordinary differential
equations and a travelling wave corresponds to a heteroclinic orbit connect-
ing (u=,v™) with (u™,v"). The system is autonomous in § and hence it is
invariant under translations £ = { + z, z € R. This means there is no unique
solution (@, v)(€), since the shifted travelling waves (u,7)(£ + 2) solve the
problem as well. As long as o > 0 it is possible to introduce a new variable
0= § and obtain an equivalent system

—Sug -+ vg = 0,
—svg + a*ug = f(u)—w, (1.13)
which is independent of o. The respective solutions (u,v)(§), (u,v)(d) are
equivalent and we continue with system (1.13). The boundary conditions
became

: - = : _ .+
o ul0) =, lim w(f) =™

Remark 1.1. At the first glance system (1.13) is independent of o, but we
actually tied the relaxation parameter o to the independent variable £. As
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we let o tend to 0 we have

—o00 £<0,
limﬁzliméz 0 £=0,
o—0 o—0 T

+oo £>0.

The variable ¢ is defined as £ := x — st and we recover in the limit of the
profile the shock wave (u™,u";s)

- < st

lim u(f) = limu<§> _t e

oc—0 c—0 o 'LL+ x > st.
[

Integrating the first equation of system (1.13) once and substituting the result
v(0) = su(f) + ¢ into the second equation of system (1.13) we derive

(a® — s*)ug = f(u) — su —c, (1.14)

with boundary conditions limg_,+., u(f) = u*. The system is reduced to an
ordinary differential equation in u with rest points u*. The constant vector
¢ is determined by ¢ = f(u™) — sut = f(u~™) — su™, and we recover the
Rankine-Hugoniot condition. The profiles of the Jin-Xin model are governed
by the same equations as the viscous profiles in a viscous conservation law.
In this case for small amplitude shock waves the existence of profiles is well
known, see Majda and Pego [MP]. We will prove it by using a scaling which
allows us to use methods from singular perturbation theory (Appendix B).
The singular perturbation nature of the problem will be crucial to the proof
of spectral stability in Chapter 3.

We choose a basepoint u, € U and assume throughout this thesis

(A1) The system is strictly hyperbolic at w,.
(A2) The eigenvalue \; is genuine nonlinear at w,, i.e. Vg (us) - rp(us) # 0.
(A3) subcharacteristic condition: a > max{spec(D f(u.)), |s|}.

Theorem 1.1. Under the assumptions (A2)+(A3) there exists for a small-
amplitude shock wave (u™,u"; s) a family of profiles satisfying system (1.13).

Before we prove Theorem 1.1 we develop some tools and notation needed in
the proof. We can assume without loss of generality

(S1) The basepoint u, satisfies u, = 0, otherwise substitute u with u + ..
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(S2) The function f satisfies f(0) = 0, otherwise replace f with f(u)— f(0).

(S3) The Jacobian D f satisfies D f(0) = diag(A1(0), ..., A,(0)).
As D f(0) is diagonalizable there exists a transformation matrix T with
ToDf(0)oT™ = diag(A:(0),...,A,(0)), and we replace u with T u.

(S4) The genuine nonlinear eigenvalue \g satisfies Ax(0) = 0, otherwise sub-
stitute f with f(u) — A\ (0)u.

2

Remark 1.2. The subcharacteristic condition provides that a?—s? is a positive

factor. Introducing the new variable

' 0
TE
leads to the profile equation
do
Ur = Up o = f(u) —su —c, (1.15)
with boundary conditions lim, . u(7) = u*. Note that since we scaled by
a positive factor the direction of time remains unchanged. O]

We denote with ' := % differentiation with respect to the variable 7
u' = f(u) — su—c. (1.16)

For s = 0, ¢ = 0, the trivial solution u = 0 is an equilibrium solution of system
(1.16), which is degenerated as Df(0) has a simple eigenvalue A\, = 0. We
introduce the scaling

u=€l, S=¢€5, c=¢€4q, (1.17)

0 < € < 1, to analyze the system (1.16) for (u,s,c) close to (0,0,0). In this
way we get the scaled profile equation

etl! = f(eli) — €250 — €°C. (1.18)
We expand the function f around 0:
1
f(v) = £(0) + Df ()0 + 5D f(0)(v,0) + O(|o*) (1.19)
and rewrite the equation as

et’ = f(0) + Df(0)eu + %DQf(O)(e&, €it) + O(e?) — €251 — €°¢

= f(0) +eDf(0)u + EZ%DQf(O)(ﬂ, i) — €251 — €26+ O(€%).
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The function f satisfies f(0) = 0 and we divide both sides with € to obtain
u' = Df(0)u+ O(e),

where we dropped the tilde for notational convenience. The Jacobian D f(0)
is diagonal and the system becomes

u; = XNi(0)u; + O(e), (1.20)

i=1,...,n. The assumption \;(0) = 0 implies a slow-fast structure of the
problem, see also Appendix B. Specifically system (1.20) is in the standard
form of singularly perturbed ordinary differential equations on the fast time
scale. Here wuy is the slow variable and w;, i =1,...,n, i # k are the fast
variables. Taking the formal limit € = 0 we arrive at the layer problem

0 = 0, (1.21)
i=1,...,n, ¢ # k, which is in equilibrium if u; = 0, i.e. the ug-axis is a
manifold of equilibria. This critical manifold V{ is normally hyperbolic since
the eigenvalues \;(0) # 0, i =1,...,n, i # k. Therefore Fenichel theory
([F2],[J2]) is applicable. We infer that the critical manifold V perturbs
smoothly to a slow manifold V., e small, which has a parameterization

Ve = {(;)i=1,.., n‘uk € R,

, (1.22)

u; = eh; (uk, s,¢,€), h; smooth, i # k}
and is invariant under the flow (1.18). We denote with “ 7 differentiation
with respect to the slow time scale er. It remains to determine the evolution
of uy, restricted to the slow manifold V..

Lemma 1.1. For 0 < € < ¢, system (1.18) has a one-dimensional invari-
ant slow manifold V. with a parameterization (1.22). The flow on the slow
manifold is described by

e = Aui — suy, — cx + O(e), (1.23)

where A = %%QJ’“ (0).

Eal

Proof. The slow flow on the manifold V, is given by

g = %DQf(O)(u,u)k — sup— o+ O(e).
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The slow manifold V; has the parameterization (1.22) with u; = eh; (uk, S, ¢, €),
h; smooth, 7 # k and we investigate the quantity

D2 u u E= ZZ aizgl;] uuj

i=1 j=1

The term %QJ; (0)u? is the only one which is O(1). O

Proof of Theorem 1.1. We assumed that the eigenvalue )\ is genuine non-
linear at 0, i.e. VAg(0) - 7,(0) # 0 which is in our case \y = f’“ and 1, = ey,

equivalent to the condition 24 55(0) #0. As A= ;%1’;’“ (0) is non-zero we can
find two restpoints connected €hr0ugh a heteroclinic grbit which corresponds
to a travelling wave. Since such a profile for e = 0 exists by virtue of the
intersection of stable and unstable manifolds, it perturbs smoothly to profiles
lying in the one-dimensional slow manifold V. for € > 0. This finishes the

proof. O]

Remark 1.3. The slow flow on Vj is described by (1.23) for e = 0. Note that
the wave speed s and the vector ¢ depend on the small parameter €, since
they are determined through the Rankine-Hugoniot condition.

U = Aui — SUp — Ck

We define the variable v by v := uy — 5% and obtain
o= A(v? - B)
where B = 4A§1’gs2 is a positive number, since we have two restpoints. We

introduce the variable w := \/LE and get
W= AVB (w2 — 1)
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We consider from now on only the case A < 0 as we can switch with the
transformation x := —w from one case to the other. Finally we rescale the
time variable to |Av/B|7 and obtain

w=1—w

In the same manner we can transform the flow on the manifold V, to obtain
uf = +1 and get a simplified profile equation

iy =1—uj + O(e) = (1 — uj) ge(u) (1.25)

with g.(ur) =1+ O(e). O
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Chapter 2

Spectral stability

In this introduction to the stability of profiles we will follow Humpherys [Hu].
We want to study the long term behavior of travelling waves. In this regard
it is useful to describe our problem in the form of an evolutionary system
u; = F(u), defined in an appropriate Banach space B. This is achieved by
translating our problem (1.9) for 0 = 1, see Remark 1.1, via the transforma-
tion (z,t) — (£ =2 —s-t,t) to

ZZ z iu};vi sve + fu) — U} = f((:)) (2.1)

In this setting a travelling wave (@, )" is a stationary solution. The stability
is related to the long term behavior of solutions which are initially “close”
to this equilibrium. More precisely, given an appropriate Banach space B
with norm ||.|| and an admissible subset A C B of small perturbations, we
consider the Cauchy problem for (2.1) with initial data

u(§,0) = u(€) +p(¢,0),
v(£,0) = 0(§) +4(£,0),

with (p,q)t € A and (u,v)" a stationary solution of (2.1). The evolution
of (p,q)(&,t) describes the difference between the stationary solution (@, )"
and (u,v)". In general asymptotic stability is understood as

‘ (z)(ﬁ,t) = H(Z)(s,t) - (Z)(f)” — 0 as t — oo.

However the stationary solution w is not unique, since the shifted profiles
(@,0)'(€ + 2), 2 € R are solutions as well and we give the definition
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Definition 2.1. A stationary solution (@, )" is non-linearly stable with re-

spect to A if
(2o (2)eer

for a z € R as t — oo, whenever (u,v)!(.,0) — (u,0)!(.) € A.

|

—

]|

)
In order to obtain an equation for (p,q)"(£,t) we first linearize the operator
F around the solution (@, )"+ (p, ¢)* to find that small perturbations (p, ¢)*
satisfy

(]‘;)t:(‘zé}n ) (g)ﬁ(D?‘?u) ) (0 (atm) 2

(. s
v~

~1(;)

where R(p) = O(|p|?) is a nonlinear function. Results by Mascia and Zum-
brum [MZ1], [MZ2] show that spectral stability (defined below) implies non-
linear stability, in the sense of Definition 2.1. Therefore we study the eigen-

value problem
L(p) —n<p> (2.3)
q q
with boundary conditions

lim p(¢,.) =0, lim ¢(¢,.) =

£—+oo £—+oo

Definition. The spectrum o(L) of L is the set of all k € C such that L — k[
is not invertible, i.e. there does not exist a bounded inverse.

Definition. The point spectrum o,(L) of L is the set of all isolated eigen-
values of L with finite multiplicity.

Definition. The essential spectrum o.(L) of L is the entire spectrum less
the point spectrum, i.e. o.(L) = o(L)/o,(L).

The next lemma shows that L has at least one eigenvalue:

Lemma 2.1 (Sattinger [St]). The derivative of the profile (g)/ is an eigen-
function of L with eigenvalue 0.

Proof. The translational invariance of the system is the reason that also the
shifted shock waves (u,0)!(§ + z), 2 € R are solutions, i.e. they satisfy
F((g) &+ z)) = 0, Vz € R. Hence differentiating with respect to z and
evaluating at z = 0, yields L(g:) = .7-"((7?)) (Z;) = 0. 0

v
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Spectral stability in a strong sense means that the whole spectrum lies to
the left of the imaginary axis. Since x = 0 is an eigenvalue we have to allow
this one and give the following definition.

Definition. We say that the operator L, linearized about the profile (@, v)",
is spectrally stable if it has no spectrum in the punctured closed right half
plane

Cl:=CH"\{0}
wit = 1K € e(k) > 0} denoting the closed right half plane.
h C* C|R d he closed right half pl

The variable £ varies in R, hence the operator L can have point and essential
spectrum. We will start with the analysis of the essential spectrum and then
turn our attention to the point spectrum.

2.1 Essential spectrum

The essential spectrum can be computed by using the following theorem.

Theorem 2.1 (Henry [He]). The essential spectrum of L is sharply bounded
to the right by
oe(LT) Uoe(L7),

where L* correspond to ihe operators obtained by linearizing about the con-
stant solutions (g) = (Z) respectively.

Let L* be the limits of L at £ = o0, i.c.

q —a*l, s, q) Df(u®) —I,) \q/)"
A linear operator with constant coefficients has no point spectrum and o (L¥)

satisfies o(L*) = o.(L*). We can determine o.(L*) by considering the
Fourier transform

— . sl, -1, —kl, 0.,
(Li - /ﬂ}IQn) = (ze (—CLZIn sIn> + (Df(ui) —(k + 1)]n) )7

6 € R. We loose invertibility of L* — kl,,, when the right hand side is
singular. Thus we conclude that x € o.(L*) if and only if

det (ié’ (_ff;‘[n ;II:) + ( th/zvjl) —(53:1) [n>> =0, (2.4)
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for some 6 € R. The condition (2.4) simplifies to
det(k(k + 1)1, — i0s(2k + 1)1, + (a® — s*)0*I, + 0D f(u™)) = 0.

We consider the matrices D f(u®*) to be diagonalizable and obtain

ﬁ k(K + 1) —i0(26s + 5 — \;(u™)) + (a* — 5%)0%) = 0. (2.5)

j=1
This implies that there is a j € {1,...,n} such that

k(K +1) —i0(2ks + 5 — \j(u™)) + (a* — s%)0* = 0, (2.6)

0 € R. The equation (2.6) is a second order polynomial in &

K2+ k(1 —i20s) —i0(s — \j(u™)) + (a* — s2)6* = 0. (2.7)

+

The spectral parameter K)o Can be computed as

1—132 1 — i260s)2
I{i:l/z _ 2Z Os " \/( Z 0s) +i0(s — Aj(ut)) — (a2 — 52)62
—1+41420s + /1 — 4a26? — 40\ (u*)
- > |

7 =1,...,n. This defines 4n-curves ﬁfl/Q(Q), f# € R corresponding to the

eigenvalues \;(u®), j = 1,...,n. The essential spectrum o.(L*) is the union
of these curves

oo(LY) Uol(L Unw ) U #7000
j=1

We drop the subscripts for notational convenience. In the following lemma
we will locate the spectrum o(L*).

Lemma 2.2. If a > max{spec (Df(u")),spec (Df(u")),|s|} it follows that
o(LF) C {Rk < 0} U {0}.

Proof. The spectral parameter x is at # = 0 computed as k1(0) = —1 and

k2(0) = 0. Hence {0} is part of o(L*). We will prove that under the

assumption for a and 6 # 0, the spectral parameter satisfies Rk < 0. We
point out that the discriminant is a function in 6 which is symmetric with
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Figure 2.1: The eigenvalue k() as a function in 6.

respect to the real axis. Therefore we only consider the part of the function
which is above the real axis. The discrimant z in polar coordinates is

r = /(1 —4a202)% + (40))2
40\
1 — 4a?6?
We note that with z = 1 — 4a%6? — 140\ we are only interested in the root of
z with non-negative real part. The equation
1 —4a%0> 1 — 4a20?
r /(1 —4a20%)? + (40))?

¢ = arctan

cos ¢ =

implies

1 — 40202 + /(1 — 4a207)2 + (4O0)2
> .

%ﬁ:\/?cos%:\/
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The property Rx < 0 of the spectral parameter is equivalent to

< 1.

\/ 1~ 40202 + /(1 — 42022 4 (4002
2

As the discriminant is non-negative we are allowed to square the inequality

1 — 4a%0* + /(1 — 4a2602)2 + (40))2

<1
2

and obtain

V(1 — 4a2602)2 4 (400)2 < 2 — 1 + 4a%6>.
Again we square the inequality
(1 —4a*0%)* + (40))* < (1 + 4a*0?)?
and obtain the condition
(400)* < (46a)*.
The last inequality is satisfied with € # 0 and the assumption

a > max{spec(D f(u*)),|s|} . O

Theorem 2.2. The differential operator L associated with a small ampli-
tude profile obtained in Theorem 1.1 has no essential spectrum in C} if the
subcharacteristic condition

a > max (spec (D f(u.)), |s])
1s satisfied and € is sufficiently small.

Proof. The subcharacteristic condition and e sufficiently small guarentees
that
a > max (spec (D f(eu™)), |s|)

is satisfied. Thus the requirements of Lemma 2.2 are fulfilled and we conclude
that the curves /ijfl /2(9) are contained in the left half plane and touch the
imaginary axis only in 0. Theorem 2.1 implies that the essential spectrum is
bounded to the right by these curves. O]
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2.2 Point spectrum and the Evans function

In the last section we proved that under the subcharacteristic condition the
essential spectrum does not intersect C}. Hence the point spectrum will de-
cide upon spectral stability.

Starting with the work of Evans (see [E] and references therein) it became
popular to study the spectra of linearizations along travelling waves via a
dynamical systems approach. The point spectrum consists of isolated eigen-
values of finite multiplicity, i.e. we are searching for functions p,q : R — C"
and k € C satisfying the eigenvalue equation associated with the differential

q q

and boundary conditions limg 1o p(§) = 0, lime 100 ¢(§) = 0. The linear
Operator L was defined in equation (2.2) and we obtain

() () (ot 1) () =)
—a2In sl, q) ¢ Df(ﬂ) -1, q q '
First we change the independent variable £ to 7 := afTSQ, ,see Remark 1.2,

e (i ) (), (ot %) () =)

The eigenvalue problem can be rewritten as the following explicit first-order
ordinary differential equation with variable coefficients obtained by solving

for (p, q)% )
(- (B, ) o

i (r)

The matrix A, is clearly analytic in x and C! in 7 because f is smooth. The
coefficients of A, (7) tend to constants as 7 — 00, since lim,_,+o, D f(u(7)) =
Df(u*) and we denote the limits of A, with AL at 7 = Fo0.

Starting with the work of Jones [J1] the connection between properties of
the travelling wave problem and the eigenvalue problem became apparent.
Alexander, Gardner and Jones [AGJ] developed a method which is used to
analyze such problems, and is now known as Evans function theory. See also
Gardner and Jones [GJ1] for a comprehensive introduction. We will follow
the related concept of stable/unstable Evans bundles which was proposed by
Freistithler and Szmolyan in [FS].

At first we will explain the Evans function and the Evans bundles for a k-Lax
shock (Z) in a subset 2 C C with consistent splitting.
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Definition. ) C C has consistent splitting if there exists [ € N such that
A* both have [ (resp. 2n — [) eigenvalues with positive (resp. negative) real
part for all Kk € Q.

Remark. As usual the curves in C where A* have pure imaginary eigenvalues
define the boundary of o.(L). The essential spectrum is contained in the
region to the left of the union of these curves and tangent to the imaginary
axis at k = 0. Thus Q is contained in the set C/o.(L).

Additionally we get for such a domain € that A*, k € Q has n eigenvalues

K7
with positive respective negative real part. Il

It is possible to write system (2.8) in the form
= (A+V(r))z (2.9)

with A = AF a constant matrix and V(1) = A, (7) —AZ a matrix which tends
to zero in each coefficient as 7 — £o00. We state a theorem, whose proof can
be found in [CoLe, Chapter 2, page 92|, which characterizes the behavior of
solutions of differential equations with asymptotic constant coefficients as in
(2.9).

Theorem 2.3 (Coddington, Levinson [CoLe]). Let A be a constant ma-
triz with characteristic roots pj, j =1,...,n, all of which are distinct. Let
the matriz V' be differentiable and satisfy

/m\v’(t)\dm 00
0

and let V(t) — 0 ast — oo. Let the roots of det(A+ V(t) — AI) = 0 be
denoted with \j(t), j =1,...,n. Clearly, by reordering the ji; if necessary,
im0 Aj(t) = pj. For a given k, let

Dyj(t) = R(Ax(t) — A(1)).

Suppose all j, 7 =1,...,n fall into one of the two classes Iy and I, where

t t2
J€ Il,if/ Dy;(T)dT — 00 ast — oo and / Dyj(r)dr > =K (t2 >t > 0)
0

t1

t2
j € [27Zf/ ij<7'>d7' < K (tg >t > O)
t1

where k is fired and K is a constant. Let p, be a characteristic vector of A
associated with py, so that

Apr, = 1Dk
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Then there is solution ¢y, of (2.9) and a ty, 0 < tg < oo, such that

Jim () exp [—/ Ai(T)d7] = pi.

to

As € has consistent splitting and f is smooth, we get the existence of n

independent solutions of (2.8) n; (1), i =1,...,n which decay to zero as
7 — —oo and n solutions 7; (1), i =n+1,...,2n which decay to zero as
-

T — +o00. In view of the hyperbolicity of AT, x is an eigenvalue of L if and
only if (2.8) possess a nontrivial solution which decays to zero at both ends,
400 and —oo. The existence of an eigenfunction is equivalent to the property
that these two subspaces intersect nontrivially. This idea is explored in two
ways: The Evans function is defined as

E(r):Q—C
ko= E(r,k) = det (0, (7), -+ e (T)s (7)1 (7))
which has the following properties (see [AGJ])
1. E(r, k) is analytic in k for k € ) and independent of 7.
2. E(7,ko) = 0 if and only if k¢ € o,(L).

The Fwvans bundles are the result of our attempt to study the mentioned
subspaces of solutions of system (2.8)

X, (1) = span{ny . (7),...,n4 . (T)},
X7 (7) = span{n,; 1 (7). 7 (T)}

and their possible intersection directly. We will now line out how we are
going to construct these bundles and concentrate in this regard on the con-
struction of the unstable one as the stable case differs only slightly. As the set
X, (7) is a family of n-dimensional subspaces of C*" which depends continu-
ously on parameters (7, k), it has the structure of a complex n-plane bundle
over the base space R x €). In order to be able to construct the subspaces
X (1), X7 (1) we augment the profile equation (1.15) with the system (2.8)

to obtain an autonomous system of the form

u=f(u)—s-u—c,

2.10
X = A, (u)X,, ( )

with A, analytic in x and C! in u. The idea is to apply the stable/unstable
manifold theorem to the rest points, (u=,0) and (u™,0), of the augmented
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system (2.10). More precisely, as €2 has consistent splitting, there exist for
k € Q n-dimensional subspaces UZ (resp. ST) associated with the portion
of spectra of AX with positive (resp. negative) real part. In the situation of
a k-Lax shock the restpoint (u~,0) of system (2.10) is hyperbolic with n — k
(real) unstable directions (from the u system) and n (complex) unstable di-
rections (from the X-system). The unstable manifold theorem provides an
unstable manifold W* of solutions of (2.10) which tend to (u~,0) in back-
ward time. The projection of W* into C*" along the heteroclinic orbit u(r)
is denoted by Xj.

The concept of the Grassmann manifold will be helpful to study the (global)
behavior of these subspaces as an entity. The set G (C) of m-dimensional
linear subspaces of C? is a complex-analytic manifold of dimension m(d—m).
With respect to a given basis {ej,...,eq} of C¢, the mapping

¢ . C(d—m)xm _ grdn<(c)’

I
T m
= 5pcm<T>

is a local chart of G4 (C) with ¢(0) = Xy = span{ey,...,en}. A linear au-
tonomous system Y’ = AY with Y € C¢ induces a flow on G%(C) which
we denote with Y/ = T™A(Y). The solutions of the projectivized flow
Y = FmA(Y) are obtained from the linear flow by forming the span of m
independent solutions. An important observation is that an m-dimensional
eigenspace E of A is A-invariant, and hence, F is a critical point of " A.
Furthermore, if A is hyperbolic with m (resp. d — m) eigenvalues of positive
(resp. negative) real part, and if E is the eigenspace associated with the

unstable eigenvalues, then E is an attracting rest point for the projectivized
flow on Y =T"A(Y). See also Appendix A.

For the asymptotic matrices AL of A, (u), the unstable subspaces UZ are at-
tractors for the flow which AE induces on G>*(C). We projectivize the eigen-
value equation in the augmented system (2.10) and the flow on R™ x G2*(C)

becomes
u,/:f(u)_su_c’ (2.11)
X, =T"A,(u)(X,).

The solution X (u) tends to the unstable subspace U, of A as u — u~.
The unstable Evans bundle H~ will be defined as

H™:Q— G*(C),
k= X (u(0))
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and is analytic in k.
In the same manner we construct the stable Evans bundle

H* Q- G2(C),
k= X (u(0))

as we consider the restpoint (u*,0) and refer to the stable objects (stable
directions, stable manifold (theorem)). The existence of an eigenfunction for
k € () is equivalent to the nontrivial intersection of the subspaces

X, (u(0)) N X7 (u(0)) # {0}

We note that 7 = 0 as intersection point with the spaces X*(7) was chosen
arbitrarily.

In order to prove that there is no point spectrum in the punctured closed
right half plane C} we would need 2 to contain a neighbourhood of 0. In the
last section we proved that the curves in C where A have pure imaginary
eigenvalues define the boundary of o.(L) and intersect the closed right half
plane C* (only) in 0. In Lemma 2.1 we even showed that 0 is an eigenvalue.
Thus consistent splitting breaks down in (a neighbourhood of) the origin.
We consider small amplitude shock waves which we discovered through a
suitable scaling. We will show that the slow-fast structure of the profile
equation carries over to the eigenvalue problem. The slow-fast structure de-
pends on the size of the spectral parameter x relative to the shock strength
€, introducing k = €2¢, we distinguish two regions in C*:

1. Inner problem: For |(| < p, p > 0 the equations governing the eigen-
value problem have an intricate slow-fast structure and the Evans bun-
dles can be constructed as Whitney sums of lower dimensional subbun-
dles related to the different time scales

Hf=HeH, Ho =M oH '

The slow subbundle H}* can be decomposed even further into H>* =
H* @ HF*/ and we will prove that the subbundle HF*/ will carry
the stability information.

2. Outer problem: |(| > p, p > 0 This is similar to the usual situation in
Evans function theory where |k| > ¢, ¢ > 0 large. For large modulus
of the spectral parameter x the eigenvalue problem is approximately
constant coefficient [AGJ]. Due to the scaling the analysis is not trivial
as the essential spectrum approaches the entire imaginary axis of the
(-plane as € tends to zero. However we will show that the Evans bundle
don’t intersect.
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We allow the small parameter ¢ to tend to zero and compute the limits
H(ﬂf ” Hgt fof the perturbed summands. They will be found to be suspensions
of Evans bundles H?ﬁred of a smaller problem. The analytic convergence of
the Evans bundles means that in fact we can study the zero limit objects
to decide upon the stability of the small amplitude shock waves. We will
state the main theorem which is the analogon of the result Freistiihler and
Szmolyan proved for viscous conservation laws in the paper [FS].

Theorem 2.4. (“Reduction Lemma”, version for bundles)
Consider a family

G R — U ¢ (+o0) =uE, 0<e<e
of shock waves for (1.15) whose end states satisfy
uF = u, £ e(r(u.) + O(e))

and the associated unstable and stable Evans bundles H-, H} : C* — G>*(C).
Then the scaled versions HX : Ct — G*"(C) defined by

HE(¢) = HZ(€0)
have the following properties.

(i) Let
¢0 R — Ra ¢0(:|:OO) = j:lv

be the shock wave for the scalar viscous conservation law (Burgers equation)
Vg — (02>:p = VUgg

and Hy peqs Mo veq - C3 — G (C)be unstable and stable Evans bundles for the
scalar shock wave ¢o. The scaled Evans bundles HE converge as analytic
functions

lim H* = HF

e—0

where HF denote suspensions of Hy,., in G2*(C), namely with respect to
appropriate coordinates on C**

Hy (€)= (Hyea(€) x {(0,0)}" ) & ({(0,0)} x (C x {0})"™),
Hy (€)= (Hg,ea(€) x {(0,0)}"7) & ({(0,0)} x ({0} x ©)" ).

(i1) There exist p > 0 and € > 0 such that H-(¢) N HX({) = {0} for all €
with 0 < e <€ and all ¢ € Ct with || > p.
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The profile equation for the travelling wave ¢, with speed s = 0 of the
Burgers equation is
' =1—u? (2.12)

The corresponding eigenvalue problem can be written as the first order sys-
tem of ordinary differential equations

p' = —2¢p —q,
/

q = —Rp,

(2.13)

k € C. The travelling waves for the viscous Burgers equation are known to be
spectrally stable. Hence the Evans bundles for the profile ¢y don’t intersect.
We conclude from Assertion (i) that also the Evans bundles of profiles for
the Jin-Xin model don’t intersect. We state the result

Corollary 2.1. The small-amplitude profiles of the Jin-Xin model (1.9) are
spectrally stable.

The results of Mascia and Zumbrun [MZ1], [MZ2] prove that spectral stability
of profiles of a relaxation model implies their nonlinear stability. Hence the
small-amplitude profiles in the Jin-Xin model are even nonlinearly stable.
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Chapter 3

Inner problem

In the first step we will show that the augmented system (2.10) is singularly
perturbed and reveal a slow-fast structure with a suitable scaling. This allows
us to decompose the stable space ST (x) and the unstable space U (k) in
fast and slow directions which carries over to the Evans bundles. The Evans
bundles thus can be constructed as Whitney sums of subbundles related to
the different time scales

Hf=H™oH, H =H * ¢oH '

In the first section we will make the slow-fast structure of the augmented
system explicit, as we introduce a scaling to investigate the singular solution.
We still assume A1-A3 and make use of the simplifications S1-S4.

3.1 Scaling and slow-fast system

The eigenvalue problem

p' = Df(u)p — skp — (k+ 1)g,

¢ = sDf(u)p — a®kp — s(r + 1)g, (3.1)

reduces at the point of interest k = 0 and at the trivial solution v = 0 of the
profile equation for s =0, ¢ =0 to

p=Df0)p—q,

P (32)

The upper triangular matrix



is singular with 0 an eigenvalue of multiplicity n + 1. In order to simplify
matters we introduce a new variable y := g — sp. The equations for the new
variables are

()= (S ) () e

g

=Ax(u,s)

The boundary conditions are lim, ..., p(7) = 0 and lim, .+ y(7) = 0. The
matrix A, is clearly analytic in x and C* in 7 because f is smooth. The co-
efficients of A, (7) tend to constants as 7 — F00, since lim, 1, Df(u(7)) =
Df(u*) and we denote the limits of A, with AL at 7 = Fo0.

The profile equation (1.15) combined with the transformed eigenvalue prob-
lem (3.3) gives a coupled autonomous non-linear system of ordinary differ-
ential equations

u = f(u) —su—c,
p'=Df(u)p—s2k+1)p— (k+ 1)y, (3.4)

y = —(a® — s*)kp.

We introduce the scaling which extends (1.17) to the eigenvalue problem
u=€l, S=¢€35, c=¢€¢ y=¢f, k=€ (3.5)

to investigate the situation in the neighbourhood of the origin. To be able
to use perturbation arguments we need ¢ to be bounded and with g; > 0
chosen arbitrarly, we consider from now on only spectral parameters ( €

D,, :=={¢ € C|[¢| £ o1}. From

et = f(ett) — €250 — €7¢,
p = Df(ett)p — €5(*¢ + 1)p — e(€2¢ + 1), (3.6)

e = —(a® — (€3))*Cp,
and by using the Taylor expansion of f (1.19) we obtain

o' = Df(0)a+ O(e),
p'=Df(0)p+O(e), (3.7)
7 = O(e).
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The system is in the standard form of singularly perturbed ordinary differen-
tial equations on the fast time scale. The Jacobian matrix D f(0) is diagonal
and for notational convenience we drop the tilde

p; = Ai(0)pi + O(e), (3.8)
yi = O(e),
i=1,...,n. The assumption A\z(0) = 0 implies a slow-fast structure of

the problem. We get that ux, pr and y;, ¢ = 1,...,n are the slow variables
whereas u;, p;, 1 = 1,...,n, i # k are the fast variables. The system (3.8) for
e = 0, i.e. the layer problem, is in equilibrium if u; =0, p;, =0, =1,...,n,
t # k. This defines a manifold of equilibria

Mo,g = {(ui,pi,yi)i:17_,,7n|ui =pi = 0, 9, = 1, oy NG 7 7é /{} C R"™ x C2n.

The critical manifold M, is normally hyperbolic as the eigenvalues \;(0),
i=1,...,n, i # k are non-zero with the assumptions A\;(0) = 0 and strict
hyperbolicity. Thus Fenichel theory ([F2],[J2]) shows that M, smoothly
perturbs to a slow manifold M. which has a parameterization

Me,g = {(Uiapi>yi)i=1,...7n|uk € R7 U; = Ehi(ulm S, C, 6)7 hz SmOOtha
Pr € (C? pi = E-F)’i(uk)pka Y, €, C)v -PZ SmOOth7 (39)
yeC i=1,....m; i#k} CR" x C

and is invariant under the flow of the scaled augmented system (3.6). We
point out that the profile equation decouples from the rest of the system
which is reflected in the independence of h; from p,y. See also Chapter 1. In
order to switch to the slow time scale 7 we rescale 7 with € and denote with
“"7” the differentiation with respect to the slow time variable 7 = er. This
yields the slow system

1

a:€—2f(eu)—su—c

D= %Df(eu)p —5(22C+Dp— (¢ + 1)y
g =—(a®—(es)*)(p
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The profile equation was analyzed in Lemma 1.1. In a similar way we simplify
the eigenvalue problem and obtain

. 1P
Up = 58—%(0)% — suy — ¢, + O(e),
epi = Xi(0)p; + O(e),
. 0P
Pk = _f;(o)ukpk — spr — yr + O(€),
ou;,
y’i = O<€>7
Y = —a’Cpr + O(e),
1=1,....,n,1 #k. II; Remark 1.3 we showed the problem can be transformed
to the case A = %%u’;’“ (0) = =1, uf = 41, s =0 and ¢, = —1. In the
k

following proposition we will collect our results for this special case and
restrict our attention to the part of the slow manifold V, from Lemma 1.1
with u, € J = [—1, 1], that corresponds to the profiles and its endpoints.

Proposition 3.1. (a) Let 0 > 0 be arbitrary. There exists ¢, > 0 such
that for every ¢ with |¢| < o and every e with 0 < € < €. the system
(3.6) possess a unique invariant manifold M. . such that

Mee = [Jlu)} x M2,

veJ

where u(v) denotes the point on the profile at which w, = v, and with
linear spaces of the form

GV,C = {((plmyk)7 (piayi>i;ék)’
bi = GH(V7pk7y17 s ayna€7<)7i 7£ k} C C2n7

where P; are smooth functions, linear in py,y1, ...,y and analytic in

C.

(b) With respect to the coordinates (uk,pk, Yk, (yz)z;,gk) running in the fized
domain J x C"*1, the (slow) flow on M. is governed by the equations

, = —ui + 1+ 0(e),

Pr = —2urpr — yr + O(e),
Y = —a*Cpr + O(e),

g = O(e),

(3.10)
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and depends smoothly on € for 0 < e < €. The limiting slow flow on
Mo, is represented by

i = —u;p + 1,

e = —2UkPk — Yk,

I?k 2kpk Yk (3_11)
Ur = —a”Cpy,

yi = 0.

(¢) The (fast) flow outside M. is governed by system (3.6). The limiting
(fast) flow outside M. is represented by

p; = Xi(0)pi,
1=1,....,n, 1 # k with u, pr, Yr, y; = constant.
Remark. The claimed uniqueness of M, ¢ follows from the requirement that
the fibres M . are linear spaces. O

Remark. We point out that the slow flow on My, (3.11) consists of the
augmented system of a profile of the viscous Burgers equation combined
with the trivial flow y; =0,i=1,...,n, 1 # k. O]

In the following we will take full advantage of the fact that the profile equation
can be reduced to

X =e(1—x%)ge(x) (3.12)

with g.(x) = 1+ 0O(e). See Remark 1.3. We denote with x : R — (—o0, +00)
the solution of this equation with y* = #£1 the respective endpoints at Fo00.
We note that with a solution x also the shifted versions are solutions of the
problem and we choose the one satisfying x(0) = 0.

We introduce the notation

Acclx] = A (eu(x), s)

and rewrite the scaled augmented system as

X =e€(l—x%)g(x)

() -ma)

In the next step we want to investigate the eigenvalues of A, . and the related
eigenvectors.
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3.2 Eigenvalues of A,

The matrix

_ (Df(eu) —es(2e2¢ + 1)1, —(e*¢+ 1),
tewes) = (PG )

has associated to it the eigenvalue equation
det (AE,C(eu, €s) — /,LIQn) =0,
which specializes with D f(eu) R-diagonalizable for e small to

(,u2 — (Nj(eu) —es(2€°C + 1)) — €2¢(€¢ + 1) (a® — (65)2)> =0.

1

J

n

Thus an eigenvalue ¢, j = 1,...,n has to fulfill

150 — (Ajleu) — es(2€2C + 1)) pjec — €C(€¢ + 1) (a® — (es)?) = 0. (3.13)
We obtain for the eigenvalues

Aj(eu) —es(2€2¢ + 1)

(e, es) =

2
[ =) 1y ey
_ Ajlew) — €s(2¢2¢ + 1)
2
N \/()\j(eu) — 68)2 + 462§(62C + 1)a2 — 4\ (eu)e3sC
1 :

These eigenvalues have the property

Lemma 3.1. Under the subcharacteristic condition a > max (spec (D f(u.)), |s|)
and € sufficiently small the domain C} has consistent splitting, i.e.

§R('uji,e,C(aL’ 68)) <0< %(M;te,g(‘fua 53)) (3.14)
for € sufficiently small, { € C}.

Proof. The equation (3.13) is equivalent to the equation of the spectral pa-
rameter x (2.6) except that the parameters are scaled. We conclude with
Lemma 2.2 that there is no purely imaginary solution p for ¢ € C{. The
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continuity of the roots in ( proves that the number of eigenvalues of Afc
with positive (resp. negative) real part is constant and so are the dimensions
of the stable and unstable eigenspaces. Whenever ( is real and positive, we
note that the coefficients of equation (3.13) are real and that the product of
its roots

,u;;c(eu, €s); . (€u, €s) = —eC(2¢+ 1) (a® — (es)®) <0

is negative. Hence these roots are real and of opposite signs and this is true
for all of C{. O

The eigenvalues ujfeﬁc(eu, es), j =1,...,n have the associated eigenvectors

n r;(eu, €s) .
Rj,e,((Guu 65) = Spall ,ujfe,c(eu,es) ) cC (315)

se Tileus es

where 7;(eu, es) are the smooth eigenvectors of D f(eu) associated with the
eigenvalues \;(eu), j =1,...,n. The eigenvalues ,uji(eu, es) and the associ-
ated eigenvectors R;—LE c(eu, es) are analytic functions in ¢ € C* as long as

V:Vi.

Lemma 3.2. As long as e >0 and ¢ € CJ

St = @ RS V"] is the n-dimensional stable space of Ac¢[v™] (3.16)
=1

and
U- = @ R} [v7] is the n-dimensional unstable space of Acc[v™]. (3.17)
j=1

Proof. We consider the stable space S&. The same arguments carry over to
the case of the unstable space U;_. With Lemma 3.1 we have that i _ [v7]
is the stable spectrum and the related eigenvectors Rj_,e,g[y+] span the stable
space of A, ¢[vT]. The eigenvectors r;[v] of Df(eu) are linearly independent
as Df is R-diagonalizable. This property carries over to the eigenvectors
Ricc,Rjec,i # j. Additionally CJ has consistent splitting for € > 0 and the
cigenvalues satisfy ;. # pl ¢, j =1,...,n. Therefore R;_. and R} . are
linearly independent as well.

In the next step we want to shed some light on the order of magnitude of the
eigenvalues.
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Lemma 3.3. For sufficiently small ¢ > 0 and every o > 0 we have with
(€D, and allv € J: The n-1 fast eigenvalues

i cleu,es)  (j < k), and p7, (eu,es) (5 > k)

continue to satisfy the inequalities in Lemma 3.1 and are uniformly bounded
away from 0, while the remaining n+1 slow eigenvalues

1, cleues) (5> k), and pf, (eues) (j <k)
are of order O(e).

Proof. The eigenvalues ,ufeyg(eu, €s), j=k+1,...,n are defined as

\j(eu) — es(2€2¢ + 1)
2

,u;.ic(eu, €s) =

2
(T T

The eigenvalues \;, j=Fk+1,...,n satisfy X;(0) > 0 and we conclude
Aj(eu) —es = Aj(0) + O(e) > 0 for e sufficiently small. We factor w
out of the squareroot and derive

_ Aj(eu) —es(2€2C+1)
2

Aj(eu) — es

4€2¢(2¢ + 1)a? — 4\j(eu)edsC
9 + .

+ 2
(Aj(eu) — es)

We expand the squareroot

_ Aj(eu) — 6;(26 C+1) + )\j(euQ) —€s (1 N O(€2|C|)>

and obtain

(il (eu,es) = X;(0) + O(e),
i (ew,es) = O(1c]).

The eigenvalues A;(0), j =1,...,k — 1 satisfy X;(0) < 0 and we conclude
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Aj(eu) —es = X;(0) + O(e) < 0 for € sufficiently small. In the same way as
above we prove for the eigenvalues '“;'%e,C(E“’ es), j=1,...,k —1 the results

it e, es) = O(€(cl),
e c(euses) = A;(0) + O(e).

The eigenvalues ,u,fe ¢ are defined as

Ae(eu) — es(2€%C + 1)
2

N \/()\k(eu) —es(2e2¢ + 1))2

uie,c(eu, €s) =

1 + EZC(EQC + 1) (a2 — (ES)2>

The eigenvalue \j, satisfies A\,(0) = 0 and we expand A\, (u) = %(u) around

0, Arlet) = A(0)+ VAx(0)eu+O(e2) with VA(0) = (52dir - 5k ) (0).
9 fi

8ui
in magnitude and we derive \;(eu) = 2Aeuy, + O(€?).

The parameterization of V. shows that (0)ug = 2Auy, is the leading term

€2Auy + O(€?) — es(2¢2¢ + 1)
B 2
L \/(eZAuk + O(€?) — es(2€2¢ + 1))2
4

+ €2¢(2¢ + 1) (a? — (es)?).

We factor out € and obtain

B €<2Auk — s+ 0(e)
B 2

+ \/(ZAuk - Z+ 0(6)) + C(EQC + 1) (a2 _ (68)2) )

The expression in the parathensis is bounded since || < . Thus the eigen-
values ,ufe ¢ satisty

uigdeu, es) = O(e).
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Remark 3.1. In Remark 1.3 we showed that our problem can be transformed
to the case A = —1, uf = 41, s = 0 and ¢ = —1. The above result for
uf’e,c[yi] specializes to

,lj,]:se7<[l/_] ((1+O j:\/ 1+ 0( ))2+C(62C+1)a2 >

The expression 1 4+ O(e) is positive for e small and we factor it out of the

squareroot
B ¢(e¢ +1)a?
=¢(1+0(e)) <1 + \/1 + 5007 )

The expression C((ljfo—ﬂ)(é is O([¢]), as (¢°¢ + 1), a*, (1 + O(e))? are non-

vanishing for ¢ — 0 and/or (| — 0

= (14 0(e)) (1 + 1+ 0(|<|)).
In the same manner we obtain

il ] = e(1+ 0(e) (= 1+ VI O(I]).

]

We will distinguish between fast and slow eigenvalues and let for such ¢ > 0

SEI(Q), N, UL(©)

denote those invariant spaces of A, ([v] that are associated with the eigenvalue
sets

{uy, g <k}, Aps, 7 2k} U{p;,5 <k}, {7 >k}
respectively.

Despite the fact that some of the eigenvalues coincide in various ways, all
eigenvalues ,u oclv] and their assomated eigenvectors R .clV] are analytic

functions in C € C* as long as v = v*. Consistent with the above definitions
k—1
SH() =P R, v, @ sl (3.18)
Jj=1 j=k+1
we define
S () =P R v, @ vl (3.19)
j=k
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With these definitions
St =57 SH  and U-=U"7oU"* (3.20)

are the stable and unstable spaces of A, [v] and A.¢[v~] respectively, as
long as ¢ > 0 and ¢ € CJ. We will construct the scaled Evans bundles
HF H- as sums of subbundles that are associated with the slow and fast
components of the n-dimensional invariant spaces S and U_.

In the Section 3.3 we consider the fast directions which correspond to the
spaces S*/ U"/. As the related eigenvalues are uniformly bounded away
from zero, consistent splitting persists for ¢ € D, as € tends to 0. It will be
easy to construct the corresponding fast subbundles of the Evans bundles.
In the Section 3.4 we consider the slow directions corresponding to the space
N?. The eigenvalues are of order O(e). However we will find an additional
slow-fast structure in the slow problem which will enable us to get around this
problem by geometric singular perturbation methods. As we are interested in
both cases in the spaces as an entity, we will consider the Grassmann version
of the problem, see Appendix A.

3.3 Fast subbundles H "/, H/

Theorem 3.1. For every o there exists €1 such that, for all € € [0, €], there
exist unique smooth mappings

SHI: D, — G (C), HP:D,—G" (C)
all analytic in ¢ € D, such that

1. For each € € [0,¢€1] and each ¢ € D,, the solution X of the system

X =e€(l—x%)g(x),

X' =T A y (X), (3.21)

assuming data X+ (0) = H/ (), converges at the right end to

X*(+00) = S5(¢).

2. The two bundles depend smoothly on € € [0, ¢1] and Hy ' (¢) = S5/ (¢).

Proof. The system (3.21) for e = 0 reads

X =0, X' =TF1Ay](X) (3.22)
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where Ay = diag (df (0), O). The X equation decouples from the y equation
as Ag is constant and independent of y. An equilibrium of

(X) = TF1A0[x] (X)

corresponds to an Ay invariant space with dimension k& — 1. This is the
number of eigenvalues with negative real part of Ay and Sg denotes the
constant stable subspace of Ay. This is consistent with the above definition
of S»/(¢) (3.18) for € = 0, as we showed in Lemma 3.3 that the related
eigenvalues are O(1) with negative real part. Thus

il =7 xSl cJxgi (O

is the critical manifold of system (3.22). The spectrally isolated point 57,
spec(Ag]ST) < spec(Ag|No UUY), is by virtue of Lemma A.1, Appendix A, a
repellor. Thus the critical manifold Car s normally hyperbolic and perturbs
by Fenichel theory ([F1],[F2]) smoothly to a unique repelling slow manifold
C:C’f for the system (3.22) with e sufficiently small. The curve C:C’f is a trace

of a unique solution (X, X;}) with
X (00) = §24(0).

The intersection of C:glf with x = 0 depends smoothly on € and analyti-

cally on ¢ € D,. By denoting this intersection point with ngif , we have
constructed the fast stable subbundle. The asserted properties are an imme-
diate consequence of our construction. O

Theorem 3.2. For every o there exists €; such that, for all € € [0, €], there
exist unique smooth mappings

Ut Dy — G (C), H:D,— G, (C)

all analytic in ¢ € D, such that
1. For each € € [0, €] and each ¢ € D,, the solution X~ of the system
X =e(1 = x*)ge(0),

- F"_kA€7C[X] (X), (3.23)

assuming data X~ (0) = H=/({) converges at the left end to



2. The two bundles depend smoothly on e € [0, €] and Hy ' (¢) = Uy (¢).
Proof. In the same way as for the fast stable subbundle we can show that
Cl=Jx Ul cJxg™,(C)
is a critical manifold for the system (3.23) for e =0
X' =0, X' =T""Ax](X). (3.24)

The constant and spectrally isolated point U({ ,

spec(Ao|Ud) > spec(Ag| Ny U SY), is now by Lemma A.1 an attractor. Thus
Co s normally hyperbolic and perturbs by Fenichel theory smoothly to an
unique attracting slow manifold C;C’f for e sufficiently small. The curve C;C’f

is a trace of a unique solution (X, X;C) with
Xz, (o0) = 07 ().

We get the fast unstable subbundle H_ f as the intersection point at y = 0
and note that it is smooth in € and analytlc in ¢ € D,. The stated properties
are again a consequence of the construction. O

3.4 Slow subbundles H* H *

The problem of the slow directions is that the eigenvalues tend to zero as €
tends to zero. This is the reason why the consistent splitting of D, breaks
down. We combine these directions to the neutral space

— S;jvs @ U:vs
to obtain the result

Lemma 3.4. Consider the system

X =e(1—x%)g(x),

Y = A [(Y) (3:25)

For e =0 the curve
Mo=J x Ny CJxG: (C) (3.26)

is a mormally hyperbolic critical manifold of the reduced system, where Ny
denotes the constant value of N¥(C) for e = 0.
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Proof. The layer problem, ¢ = 0, reads
X' =0, Y =T""Agx](Y) (3.27)

with Ay = diag (df (0), 0). The Y equation decouples from the x equation
as Ag is constant and independent of y. An equilibrium of the layer system
(3.27) corresponds to an n + l-dimensional, Ay invariant subspace. The
eigenvalue 0 has multiplicity n 4+ 1 and we denote with Ny the corresponding
subspace. This is consistent with the above definition of N¥(¢) for € = 0.
Thus we get the critical manifold

Mo=Jx Ny CJxG™ (C)

of system (3.27). The point N, satisfies spec(Ao|S]) < spec(Ag|Ny) <
spec(Ag|U{), and a slightly extended version of lemma A.1 implies that N
is a hyperbolic saddle. Thus M, is normally hyperbolic. O

The normally hyperbolic critical manifold M of the layer problem perturbs
by Fenichel theory [F'1, F2] to an unique invariant curve M. ¢ of the perturbed
system (3.25). The slow manifold M. consists of an orbit (x,Y’) together
with its a-limit {—1} x N and w-limit {+1} x N". We denote with MY C
C?" the subspace which corresponds to the point Y, (X_l(y)). Hence the
one-dimensional manifold J x G2, (C) is identical with the n+ 2-dimensional
manifold M, C J x C*", which we described in Proposition 3.1. Our goal
is to decompose the slow manifold M, ¢ into the manifolds connected to the
stable and unstable Evans bundles. We will restrict our attention to the slow
flow on M.,

= (1 - Xz)ge(X)u

v %A%M (Y) (3.28)

The slow eigenvalues of A satisfy

WX =0, G>k

il =0 !C!) j<k

i) = (14 0(0) (1£ VT O(2)),
i = (14 0() (= 1% VT+O(CD).

with Lemma 3.3 and Remark 3.1. Note that we had to divide the approxi-
mations by € # 0 as we consider the slow flow. We conclude that the slow
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problem has again a slow-fast structure. The manifold M, . is spanned by

the eigenvectors R [x], j=k,...,n and RI_.[x], j =1,...,k. The fast

divections are Ry . [xT], Ry c[x] and we define
S:_’Sf(C) = Rl;,e,g[x—i_]v Ue_75f(<—> = RI—{Z":E,C [X_] (329)

The slow directions are R, .[x], j=k+1,...,n, R]eC[ ,j=1,...,k—1
and the related eigenvalues Wiecr J = k+1,...,n, M],E,C’ j=1,...,k—1are
sensitive as € and/or ¢ tend to zero. We will have to distinguish two cases

1. ¢ € D,,, 01 > 0 sufficiently small.
2. (€ D,,/D,,0< o < po.

We consider the Grassmann versions of the slow flow on M, in order to
construct the slow subbundles H* and H .

Slow subbundle H*

Theorem 3.3. For every o there exists €, such that for all € € [0, €], there
exist unique smooth mappings

S&* Dy — G714 (C),  HI: D, — Gy, (C)

all analytic in ¢ € D,. Additionally for each € € [0,€] and each ( € D, the
solution Y+ of the system

X =e(1—x%)g(x),

Y/ — Fn_k—HAaC[X] (Y) (330)

assuming data Y (0) = H*(C), converges at the right end to
Y (400) = S5(Q).

Proof. We first consider the case ¢ € D,,, 01 > 0 sufficiently small. In this
regime we take p = \C | as our small perturbation parameter, since with o = 0
also the cigenvalue py [v7] = (1+0(e)) (= 1+ /14 O([¢])) is zero. Thus
the layer problem is the one for ¢ = [¢| = 0. S*/(0) is spanned by the
only vector whose related eigenvalue has nonzero realpart. Any n — k + 1-
dimensional subspace of eigenvectors of N, is invariant under the flow and
thus a rest point for the Y equation. As we consider the slow flow on M,
we get that

<Y € 6L (O € NF(0)} (3.31)
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is a manifold of equilibria for the system, but is not normally hyperbolic. In
order to apply the first theorem of Fenichel theory we need a subset of this
manifold which is normally hyperbolic, i.e. the linearization at any point of
the critical manifold of dimension m must have exactly m eigenvalues with
real part 0. However as we want to construct the stable subbundle we want
S+57(0) to be part of it anyway. If we consider

N = {xT} < {Y € 11 (O)SI(¢) € ¥ € NF(O)} (3.32)

and
CIE = {+1} x N7(0), (3.33)

we obtain that C;" is of dimension (n — k)k and indeed normally hyperbolic.
Specifically the critical manifold C;’(’)S is repelling inside {y = +1} and at-
tracting in the x direction towards {x = +1}. Thus CeO perturbs smoothly
to an invariant manifold C;“C’S. Additionally the stable manifold W? (C:Cs) of
C:C , restricted to the slow flow on M., possesses invariant foliations with
one-dimensional leaves, with each leaf based at a point of the manifold CJr 2

Any leaf whose base point is a rest point is itself invariant under the ﬂow
(see Appendix B ).

On the one hand the point SI#(() satisfies for ¢ # 0, € # 0 with Lemma 3.1
spec(A|ST#(()) < spec(A|UF*(¢)). Hence it is by virtue of Lemma A.1 a
repellor inside {x = 4+1}. On the other hand the point {+1} x S1*(() is at-
tracting in the x direction (in the slow flow). We conclude that {+1}x.S*(()
is a restpoint and the leaf which is based in {+1} x.S7*(() is indeed invariant.
Thus we find a unique orbit (y, Y:Z) with

Y (+00) = SF*(Q).

In particular we denote its intersection point with x = 0 by H* and note
that the bundle is smooth in € and analytic in ¢. (Although from the theo-
rem we only got that it perturbs smoothly in the radius ¢ = |(| we get still
analyticity in (.)

Next we consider the second case ¢ € D,,/D,,, 0 < 01 < p2. In this case €
is the small perturbation parameter and we consider the layer problem for
e = 0. For e = 0 we get that ﬂie,g[Vﬂ are the only eigenvalues which are
non-zero. As we consider the slow flow on M, we get that

T x{Y € 6L (O € NF(0)} (3.34)
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is a manifold of equilibria for the system. In order to find a normally hyper-
bolic subset we still want S7*/ to be part of any point on the critical manifold.
However the eigenvalue related to the vector spanning U}/ has positive re-
alpart and would not allow any point to be normally hyperbolic and thus
should be excluded. Thus we define with (©;>x R, [x*]) ® (@R}, [XT])
instead of Nj(C)

N = {x"} x{y egX,,(C )|5+’Sf(C) cY,
Y c( @Rj,e,c EB Teclx (3:35)
7>k <k
and
Cle = {+1} x NH(Q), (3.36)

The critical manifold C(J)T ’cs is normally hyperbolic and has dimension (n —
k)(k —1). Indeed Caf’cs is repelling inside {x = +1} and attracting in the x
direction towards {x = +1}. The critical manifold Caf U perturbs smoothly

to an invariant manifold C:C’S and in the same manner as above we construct
the slow stable Evans subbundle H*. O

Slow subbundle H_ *

Theorem 3.4. For every o there exists €1 such that for all € € [0, €], there
exist unique smooth mappings

U;# D, = GI'(C), H*: D, — G¥'(C)

all analytic in ¢ € D,. Additionally for each € € [0, €] and each ¢ € D,, the
solution Y~ of the system

X =e(1—x%)g(x),

Y = T*AL [y (Y) (3.37)

assuming data Y ~(0) = H*(¢) converge at the left end to

Proof. We will follow the program outlined in the construction of the slow
stable Evans subbundle H* we will just point out the differences.
In case 1 we define

N7 =} x {Y e G"O)|U(¢) Y € NZ(O)} (3.38)
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and consider the invariant manifold
C.l={-1} x N (0. (3.39)

For ¢ = 0 the critical manifold C_| o7 is normally hyperbolic. The critical
manifold C_¢’ is attracting inside {x = —1} and repelling in the x direction
towards {x = —1}. C_ ¢ perturbs smoothly to an invariant manifold C_
and the unstable manifold W*(C_ "), restricted to the slow flow on M.,
possesses invariant foliations with one-dimensional leaves. The leaf based at
the point {—1} x U*(() is invariant under the slow flow. We find a unique
orbit (X, Ye_() with the desired properties and denote the intersection point
with x = 0 with H_°. This bundle is smooth in € and analytic in (.

In case 2 both eigenvalues uigc[x_] are O(1) and we will have to exclude
Ry [x7] for the same reasons from the definition of N'~(¢). We define

N7 = {x"} x{Y e G"O)|u-*(¢) ¢ .
yc (@R, Do (@R )} (G40

>k J<k

and
C;C’S ={-1} x N ((). (3.41)

Again C” is a critical manifold for € = 0 which is normally hyperbolic. C;

perturbs smoothly to an invariant manifold CE_C’S and like in case 1 we are
able to construct the slow scaled unstable Evans subbundle H_ . O

Theorem 3.5. For every o there exists €, such that the bundles ST*, H**
of Theorem 3.3 and U=*, H=* of Theorem 3.4 depend smoothly on € € [0, €]
and
Hy*(¢) = Hy ™ () @ S5°(¢)
Hy*(¢) = Hy ™ () @ U§*(©)-
with Hy*(¢) € Ny and dim NJ/ = 2. Where HE* (¢) = HT*/(¢) € C*
wa a coordinate transformation of Ngf ~ C2
Proof. The equations for the slow flow on My ¢, see Proposition 3.1, are
u =1—1ug,
Pe = —2UkPk — Yk,
i = —a*(px,
yi = 07

(3.42)
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1=1,...,n,1# k. That means
i =1—ul (3.43)
and

;=0 (i # k) (3.44)
decouple from the rest of the system

Dk = —2UrDk — Yk

3.45
gk = —a’Cpy (3.45)

The slow manifold M ¢ is spanned by the constant vectors

(B R;o. 1) @ (P B, 1),

Jjzk J<k

which are independent of ¢ and v. See also the definition of p; and R;.
The solution space of system (3.44) is

(DR l) @ (D R.L)
i>k i<k
and the one for system (3.45)
Rio [1& Ryg []-

Y+ converges at the right end to S;**(¢) = D =i Rioc[vT]. We note that
the subspace
So” = Dyl [

of constant vectors is invariant under the flow (3.44) and Hy*(¢) can be
decomposed into

Hy " (0) = Hy ™ (O) @ 5

with H*(¢) e N/ = Rio 1@ Ry []. In the same way we show the
decomposition of

Hy*(¢) = Hy ' (Q) @ Ug®
with Ug*(¢) == @, R}, ] and Hy ™' (¢) € Ny O
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Remark 3.2. The profile ¢y with wave speed s = 0 is a solution of the viscous
Burgers equation. The viscous profile equation is

u =1’ (3.46)

The eigenvalue problem can be written as
kv = vy = 0" + 2ur/, (3.47)
which is equivalent to the first order system of ordinary differential equations

p' = —2up —v,

/ (3.48)
y' = —rp.
The augmented system for the profile ¢y of the Burgers equation is
v =1-1u?
p = —2up — v, (3.49)
y = —hp.

We conclude that system (3.49) is exactly the nontrivial part of the slow flow
on My. The travelling waves for the viscous Burgers equation are known
to be spectrally stable. Hence the stable and unstable Evans bundles for the
profile ¢y don’t intersect, which is also true for their suspensions in G2*(C).

Proof of Assertion 1 of Theorem 2.4. We can find a small parameter ¢; > 0
such that we get from the Theorems 3.1, 3.2, 3.3, 3.4 the existence of the
subbundles which span the stable Evans bundle

HY=H™ @ H* (3.50)
and the unstable Evans bundle
H =H '@ H " (3.51)

The Theorems 3.1 (Assertion 2), 3.2 (Assertion 2), 3.5 prove the analytic
convergence of the Evans bundles. O
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Chapter 4

Outer problem

We will prove the second Assertion of Theorem 2.4 which states that there
are no eigenvalue in the outer region. However an obstacle is that the es-
sential spectrum is approaching the entire imaginary axis as € tends to zero.
Nonetheless we are going to prove that the two Evans bundles do not in-
tersect for |¢| > g1 and € € [0, €], if 0y is chosen large enough and then ¢;
sufficiently small. The key ingredient in our argumentation is the following
result for non-autonomous linear systems whose coefficient matrices possess
a sufficiently slowly varying diagonalizer, which was formulated in the paper
[F'S] on “Spectral stability of small viscous profiles”.

Lemma 4.1. For every n € N there exists a constant ¢ > 0 with which the
following holds. Let A, R : J — GLg,(C) be smooth matriz functions such
that

R™YAR = diag(pif, ... b 1y i) (4.1)
with
%uj>0,§]%,uj_<0, j=1,...,n. (4.2)
With x : R — (—1,1) the solution of
X = (1=x*)g(x),x(0) =0 (4-3)
for some smooth g : J — (0,00), consider the equation
X'=T"A(x)(X) onG"(C) (4.4)

which is associated with the non-autonomous linear system & = A(x)¢ on C*.
With U(7),S(T) denoting the unstable resp. stable subspaces of A(T), T € J,
define X* : R — G*(C) as the two solutions of (4.4) with

X (—00) =U(-1), X" (+o0)=S5(+1). (4.5)
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If furthermore
d

(RO) ™ —R(7)| <¢, 7€, (4.6)
then these solutions satisfy also
X7 (+00) =U(+1), XT(—o0)=S(-1). (4.7)

Remark. The idea of the proof is that in the first step they construct a
positively invariant set A/ for the augmented system of the profile equa-
tion and the projectivized eigenvalue problem with w-limit {+1} x U(1).
This is possible due to the slowly varying diagonalizer. As the orbit O =
U_1ove1 ({r} x X~ (x7!(v)) enters this positive invariant manifold it stays
in there and we conclude U(+o00) = U(1), too. The entire proof can be found
in [FS]. O
Remark. In a finite dimensional space the maximum norm is equivalent to
any other norm and we will consider the maximum norm in our proofs. [J

Proof of Assertion 2 of Theorem 2.4. We will show that Lemma 4.1 is appli-
cable to

X =e€(l—x%)g.(x),

X' = T, o (x)(X) (48)

uniformly for small € > 0 and sufficiently large |¢|. This would allow us to
conclude that the Evans bundle don’t intersect.

The problem is in the correct form and we will prove condition (4.6) for

the matrix
rj[v] ri[v]
Reclv] = <<u;<[u1 ] tad : (4.9)
eyt WL e il o

.....

The inequality (4.6)

., d NG
(RO R0 < (o) | 5 el (4.10
holds especially if we can show
ER V]| < (4.11)
oy teclVl] < ce ,




and
-1
|(Reclv]) | <e (4.12)
with a uniform constant ¢ > 0 if |¢| > o1.
The coefficients of 2 R, ¢[v] are
0
5, i(eu(v))

and

0 [ HieclV] (9 rilv] |tV (0
i (mm@ = (o) 22 + S (e ).

Since r;[v] is an eigenvector associated to the Jacobian matrix of the smooth
function f we observe that

0 du

arj(eu(z/)) = (Vrj(eu)).(ea) = O(e). (4.13)
In order to prove a similar result for the other coefficient we will use €2¢ = pe®
with ¢ < |5

0
5”}%@([’/} =

0 [ Ajlew) — €s(20e" + 1)
-~ Ov 2

+ \/()\j(GU) — esfgew +1) + e (0e'® + 1) (a2 — <€S)2)>

_9 (Aﬁ(eu) — e5(20e + 1)>

+ + (Q€i<ﬂ)2 + QeiSO (CLZ — 4>\J(€U)€S)

The second factor is bounded as the discriminant has positive real-part which
is bounded away from zero. Whereas

O [ Aj(eu) —es(20e®+1)\ 10 1 deu
( ) = 56—)\j(6u) = §V/\j(6u).— = 0O(e)

v 2 v ov
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and we conclude 5
— it ] = Ole) (4.14)

Together with the result %rj(eu(u)) = O(e) and that

+
. = v
TJ(?“(V)) and “Jﬁc[ ]
oe*¥ + 1 oe*¥ + 1

are smooth functions, we obtain that the coefficients of a%Re,C [v] are O(e).
This proves (4.11).

To prove (4.12) we note that via a basis transformation modulo an order
one, i.e. a transformation which is bounded and has a bounded inverse, R is

~

similar to R := diag(}%l, ..., Ry), with

. 1 1
Rjeclv] = (qe,g[u] uj,e,g[ﬂ) (4.15)

e2(+1 e2(+1

and ) ) R
R '] = diag(R;", ..., RY) (4.16)
We derive
ceclv]
N 62C + 1 'U'EJ,E,C _1
R V] = — D /j_ﬁ“M (4.17)
HiecWl = HiecWl \ =52 1
Thus we have to show
+
)
— ”“’C[L <c¢ j=1,...,n (4.18)
:“j,e,g[V] - Nj,s,g[’/]

and

eC+1
/’Lj_,e,C[V] - N;;,g[y]

<c¢ j=1....n (4.19)

We will write the spectral parameter again as €2 = pe® with ¢ < 15| and
consider for any g, > 0 two cases:

LO0<o <0<, 0>0.

2. 02 0o
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Case 1: 0 < o1 < p <9, 01 >0.
For the eigenvalues ,ujf%, j=1,...,n, 7 # k we obtain upper bounds

Aj(eu) — es(20e™ + 1)
2

|Mi,<[VH =

+ \/()\j(eu) — <) + a?(gei‘P)2 + 0e'# (a? — \j(eu)es)

4
Ni(ew) — es -
< J(EQ) ‘ + |espe'?
——— N —
<m <72(02)

+

+ \/()\j(eul— ) + az(‘ge"‘f’)2 + o€ (a? — \j(eu)es)

N J/
v~

<y3(02)

= +72(02) +73(02) = v(02)

Whereas the difference of two eigenvalues is bounded away from 0 since the
discriminant has positive real part and \;(0) # 0

‘M};,CM - Nj_,e,g[VH =|=* 2\/(>\j(€ui_ es) + GQ(QGi“D)Z + o€t (a2 — )\j(eu)es)

> !)\j(eu) — es‘ = ‘)\j(()) —{—O(e)‘ > (> 0.

For ,u,f,e’g[y] we conclude from the approximations in Remark 3.1 that

|“ie,<[VH < ey(02)

and for the difference

e = i )] = iz\/ez(*““’“‘”%) + 0t (et + 1) (a2 — (e5)?)

4

> e > 0.

From these bounds we conclude that the (4.12) holds with an uniform con-
stant c.
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Case 2: 0 > 09.
In this case we have for the eigenvalues :“;%e,c: 17=1....n

Aj(eu) — es

|5 [V]] = — esge'”

i \/()\j(éu) — 63) + aQ(geW’)Q i Qei<p(a2 _ /\j(eu)es)

4
_ Ajleu) —es 5061
2
+ age, |1+ (A (eu) — 65)2 +4gei? (a? — \j(eu)es)

4a? (gei‘P) 2

~ (—es £ a)pe™® ~ +ge'.
Thus we conclude that (4.12) holds again with an uniform constant c.

The inequality (4.6) holds and with Lemma 4.1 this proves Assertion 2 of
Theorem 2.4. O
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Appendix A

Flows on Grassmann Manifolds

Certain properties of systems of linear autonomous or nonautonomous ordi-
nary differential equations can be concisely expressed as properties of flows
which these systems induce on certain Grassmann manifolds. Background
material on Grassmann manifolds can be found in many geometry books, see
e.g. |GrHal, however, we need only a few elementary notions.

In this section, we show in particular a simple normal form statement for
the local behaviour of the Grassmann version of a linear constant-coefficients
problem at a rest point that corresponds to a spectrally isolated invariant
subspace of the original system. The proof of this proposition may serve
those readers who feel unfamiliar with flows on Grassmann manifolds as a
warmup example for the analysis in Chapter 3.

To begin with, we recall that for m,d € N,m < d, the set G¢(C) of
m-dimensional linear subspaces of C? is a complex-analytic manifold of di-
mension m(d — m). With respect to a given basis {ej,...,es} of C?, the

mapping

K C(d—m)xm _ g;;ln

T — span(éﬁ”)

is a local chart of G¢ with ©(0) = X, = span{ey,...,e,}. We call a chart
related in this way to a basis of the underlying space C? a canonical chart
with respect to that basis. For any basis, different canonical charts resulting
from permuting the basis vectors cover the whole manifold G¢ and changes

between these charts are analytic mappings between appropriate domains in
(C(d—m)Xm'

Lemma A.1. (i) Fir a basis {ey, ... ,eq} of C? and let Xo = span{ey,. .., em}.
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Consider a constant coefficient system
¢ =A¢ onCY
and the associated system

X' =T"A(X) ongG?,

and let ¢ be a canonical chart for G with respect to the basis {ei, ...

If
A = diag(py, - - -, fta)-

then modulo ¢=', the flow of (A.2) near Xy obeys the linear system

thy = (Hmta — fio)tay on CU7™>m

(1) If additionally

R(spec(A| X)) > R(spec(A|Yy))

with Yo = span{emy1,...,eq}, then Xq is a hyperbolic attractor for (A.2)

and via @, any sphere in Cld=m)>xm = Cld-m

neighborhood of X in G2

™ defines a positively invariant

Proof of Lemma A.1. Represent any orbit X : R — G2 of (A.2) near
Xy also by some matrix-valued function = : R — C*™ with Z of the form

T ce 0
0 T
2= " with z; #0,7=1,...,m,
Y11 Yim / 70,
Yd—m)1 -+ Yd—m)m

the columns spanning X as a subspace of C? and thus satisfying (A.1). L e.,

!/

T Ce 0 121 Ce 0
0 - T _ 0 - J -
Y e Yim Hm+1Y11 -+ Hm+1Y1m
Yd-m)y1 -+ Yd-m)m Hd¥(d-m)1 -  HdY(d—m)m
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This yields
(tan) = @ (X) = (yav/xs)
with

(yab/xby - (xb,um—‘rayab - bebyab)/xlg
= (,um+a - Nb)(yab/xb)'

This proves assertion (i). Under the assumptions of (ii) all eigenvalues
(mab — 11q) have negative real part and (ii) follows. O
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Appendix B

Invariant manifold theory

This appendix contains some results from the geometric theory of dynamical
systems needed in this work. For a general introduction, we refer to [Ar],
(Cel, [Gu), [W], [F2], and [12].

B.1 Center manifolds and invariant foliations

Center manifold theory is a tool for analyzing the local dynamics of non-
hyperbolic equilibria of dynamical systems, providing a means for systemat-
ically reducing the dimension of problems near such equilibria. We will in
the following consider systems in the standard (block diagonal) form

,s = ASXS + fs(X57 Xe) Xu)
L= Axe + fu(Xs, Xe, Xy) (B.1)

/
X, = Auxy + (X5, Xe, Xu),

where x, € R™,x. € R, and x, € R™ for ng,n.,n, € N, f,, f., and £,
are O (||(xs, X¢, X, )||?) and C* (k € N) in all three arguments, and the prime
denotes differentiation with respect to some t € R.! Moreover, we require
the matrices A,, A., and A, to have only eigenvalues A, \., and A\, with
negative, zero and positive real parts, respectively.

For the linear part of (B.1) the following invariant subspaces can easily
be identified: an n,-dimensional stable manifold £° given by {x. = 0 = x,},
which is the (generalized) eigenspace corresponding to the eigenvalues \g; an
n,-dimensional unstable manifold £* given by {xs = 0 = x.}, which is the
(generalized) eigenspace corresponding to the eigenvalues \,; and finally an
n.-dimensional center manifold £¢ given by {x, = 0 = x,}, which is the

Here || - || denotes a suitably chosen norm.
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(generalized) eigenspace corresponding to the eigenvalues A.. Similarly, one
can define the invariant subspaces £ (the center-stable manifold given by
{x, = 0}) and & (the center-unstable manifold given by {xs = 0}). To
obtain the dynamics of the linear system in (B.1), one just has to combine
the dynamics of the subsystems corresponding to these invariant subspaces.

For the full nonlinear system a similar rationale holds; indeed, one can
show that there exist invariant submanifolds tangent to the invariant mani-
folds of the linear system, see [Ce| or [Gul:

Theorem B.1. Given system (B.1), there exists an ng(ne,n, )-dimensional
invariant Ck-manifold W* (W, W) tangent to £ (E¢,E*). Likewise, there
are (ng + n.)- and (n. + n,)-dimensional invariant C*-manifolds W and
W tangent to £° & E° and E¢ B EY, respectively.

For simplicity, let us now assume that n, = 0; then system (B.1) takes
the form

L= As s T fs 57 &e
; X (X5, X¢) (B.2)
c — Acxc + fc(X57 Xc)-
Since the center manifold W can be represented as a (local) graph
c Oy
W = {(xs,%xc)| x5 = p(xc) } ¢(0) =0= Ix (0), (B.3)
the dynamics restricted to W¢ is given by
x, = Ax. + f.(p(Xe), Xc), (B.4)

which implies the following result, see [Gu]:

Theorem B.2. If the origin of (B.4) is locally asymptotically stable (unsta-
ble), then the origin of (B.2) also is locally asymptotically stable (unstable).

Although in most cases ¢ cannot be computed exactly, it can often be
approximated arbitrarily closely: substituting x; = ¢(x.) in the second equa-
tion of (B.2), one obtains

/_aSD(XC) _
X = Tox Ko Tox, A tElp(x) X)) =

= Asp(xc) + fs(p(xe), %),

(B.5)

which motivates
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Theorem B.3. If a function o~ (x.) with o (0) = 0 = %f(’—jj(O) can be found
such that (B.5) holds up to terms of O (||x.||) for some N > 1 as ||x.| — 0,
then

plxe) = ¢ (xe) + O ([Ix|™) - (B.6)

A similar result can be derived for n, > 0, see again [Gu].

In a neighbourhood of the center-stable and center-unstable manifolds
W and W, one can describe the dynamics of (B.1) by the dynamics on
so-called invariant foliations. In general, a foliation F of an n-dimensional
manifold W consists of a family of m-dimensional connected submanifolds
(leaves or fibers) F(x), where m,n € N, m < n, and x € W. Any two leaves
of F are either identical or disjoint (i.e., FI(x) = F(y) or F(x) N F(y) =0
for x,y € W). Moreover, the foliation has to cover all of W, ie., W =
Uxew F(x). An invariant foliation is a foliation which is invariant under the
flow of (B.1), that is, any point yy, € F(Xg) is mapped to the same leaf by
the flow: y(t) € F(x(t)), where x(0) = xo and y(0) = yo.

Let 8 > 0 be such that R(\;) < —3, R(\,) > 5; then there exist real
constants a,y > 0 with a < # and a < v < ky < 3, where k is as above.

The following result on the existence of invariant foliations for (B.1) can be
found in [Ce]:

Theorem B.4. There exists a stable (unstable) foliation F* (F*) of R™ (with
n = ng+n.+ny) near W (W) which is invariant under the flow of (B.1)
and has the following properties:

1. Every leaf of F* (F") has a unique transversal intersection with YW
(we).

2. Every leaf F*(x) (F*“(x)) is a C*-manifold, which is, however, only
Holder continuous in its base point x € R™.

3. The distance of any two orbits starting in the same leaf of F° (F*) is
decaying (growing) exponentially fast with rate e~ (e7*).

Remark B.1. For n, = 0 (ns = 0), the foliation F* (F*) corresponding to
W (We) is in fact CF-smooth in its base points, see [T]. In that case the
decay (growth) rate for orbits which start in the same leaf is e=?* (¢/!). O

B.2 Fenichel theory

For the sake of completeness, we cite a few basic results from the pioneering
work by [F2] on geometric singular perturbation theory. The equations from
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which we set out here are of the form
x' =ef(x,y,¢)

yl - g(X7Y75)7 (B7)

where 0 < e < 1, x € R™ and y € R" for m,n € N, f and g are C* (k € N)
in all three arguments, and the prime denotes differentiation with respect to
t. System (B.7) can be reformulated with a change of time-scale as

x =f(x,y,¢)

ey = g(X, Yy, 5); <B8)

here the overdot denotes differentiation with respect to 7 = et. The time-
scale given by t is said to be fast, whereas that for 7 is slow. We thus call
(B.7) the fast system and (B.8) the slow system. Similarly, x is usually
referred to as the slow variable, whereas y is called the fast variable. Taking
the limit ¢ — 0 in both (B.7) and (B.8), one obtains two limiting systems,
the layer problem

x' =0
, (B.9)
y =g(x,y,0)
and the reduced problem
x = f 0
X (X7 y7 ) (B_l())
0 = g(x,y,0).

One can think of the condition g(x,y,0) = 0 as determining the manifold
S of equilibria of (B.9). A normally hyperbolic submanifold Sy of S consists
of a connected compact subset of S where g—?‘ So has no eigenvalues on the
imaginary axis. There one can solve for y = ¢y(x) to obtain for the dynamics
on this so-called critical manifold S,

x = f(x, po(x),0). (B.11)

The primary goal of Fenichel theory is to realize both the fast and the
slow aspects of (B.7) simultaneously. Generally speaking, the fast dynamics
is captured by (B.9), whereas the slow dynamics is characterized by (B.10).
Given the above, it is often possible to reduce the analysis of the original
problem to an analysis of these two lower-dimensional limiting problems.

The following two theorems give a precise description of the relation be-
tween the dynamics of (B.7) and the combined dynamics of (B.9) and (B.10).
First, for € > 0, Sy perturbs to a locally invariant manifold in the full prob-
lem, which we call the slow manifold S.:
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Theorem B.5. For f, g C* in (x,y,¢) and Sy a compact normally hyperbolic
subset of S given by Sy = {(x,¢o(x))| x € U} with U compact, there is an
g0 > 0 such that for ¢ € (0,e0] there exists a locally invariant n-dimensional
CF-manifold S. given as a graph S. = {(x,p(x,¢))| x € U}, where ¢ is C*
inx and £ and p(x,0) = @o(x).

The dynamics on S, thus can be described by
X = f(Xa QO(X7 €)a€)7 (B12)

which is a smooth perturbation of the reduced problem (B.10). Hence struc-
turally stable properties of (B.10) persist for sufficiently small values of ¢ for
the restriction of the full problem (B.7) to the slow manifold S..

For &y given, let ng (n,) denote the number of the corresponding negative
(positive) eigenvalues Ag (\,). Close to Sy there exist two invariant manifolds
for the layer problem (B.9), an (m+n,)-dimensional stable manifold W*(Sy)
and an (m + n,)-dimensional unstable manifold W"(Sy), which intersect in
Sp. Provided that £(\s) < —a < 0 and R(\,) > 3 > 0, one can characterize
the flow off S. in terms of its stable and unstable manifolds W?*(S.) and
WH(S,), respectively:

Theorem B.6. For e € (0,50] there exist a stable (m + ny)-dimensional C*-
manifold W*(S.) and an unstable (m+n,,)-dimensional C*-manifold W*(S.),
which are both locally invariant and C*-close to W*(Sy) and W*(S,), respec-
tiwely. The dynamics in W?*(S.) W*(S:)) is described by an invariant stable
(unstable) C*-foliation F* (F*) of W3(S.) (W?*(S.)) such that the distance
between orbits which start in the same leaf of F* (F*) is decaying (growing)
exponentially fast with rate e~ (€°). The leaves of F* (F*) are invariant
under the flow, i.e., each leaf F*(x,y) (F“(x,y)) is mapped to another leaf
Fs(x(t),y(t)) (F“(x(t),y(t))) by the flow in forward (backward) time t.

We refer to the literature for a thorough discussion including proofs.
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