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In this paper we review results on asymptotic stability of stationary states of
PDEs. After scaling, our normal form is u; = Pu + ef(u, ug,...) + F(z,1),
where the (vector-valued) function u(z,t) depends on the space variable z and
time t. The differential operator P is linear, F(x,t) is a smooth forcing, which
decays to zero for t — oo, and ef(u,...) is a nonlinear perturbation. We will
discuss conditions that ensure u — 0 for ¢ — oo when |e| is sufficiently small.
If this holds, we call the problem asymptotically stable.

While there are many approaches to show asymptotic stability, we mainly
concentrate on the resolvent technique. However, comparisons with the Lya-
punov technique will also be given. The emphasis on the resolvent technique
is motivated by the recent interest in pseudospectra.
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1. Introduction

A basic result in the stability theory of ODEs can be formulated as follows.
If yo € R™ is a fixed point of the ODE system
_ dy

Yt = a = ®(y), (L.1)

where ® : R — R"” is a C! vector field, then yy is asymptotically stable,’
if all eigenvalues of the Jacobian A = ®,(yo) have negative real parts. By
definition, asymptotic stability of yy means the following.

(1) For all > 0, there is € > 0 so that? |yo—y1| < € implies |yo—y(t;31)| <
w for all t > 0. Here y(¢;y1) is the solution of (1.1) withy = y; at t = 0.
(2) There exists g > 0 such that |yg — y(t;41)] — 0 as t — oo whenever

lyo — y1| < €o.

Without going into details here (they are given in Section 2), the result
can be made plausible. One introduces a new variable u(t) by

y(t;y) = yo +eult), |yvo—wl=c¢,

! in the sense of Lyapunov (Lyapunov 1956)
2 With (u,v) = >_;ujv; and lu|* = (u,u) we denote the Euclidean inner product and
norm. The corresponding matrix norm is |A| = max{|Au| : lu| = 1}.



STABILITY FOR PDES 205

for which one obtains

eur = P(yo +eu)
cAu+elf(u), |f(u)| < Clu.

Therefore,
up = Au+ef(u). (1.2)

By assumption, all eigenvalues of A have negative real parts, which implies
exponential decay of the solutions of the homogeneous equation u; = Au.
With proper arguments, the decay estimate can be extended to the nonlinear
system (1.2) if |¢| is sufficiently small, and asymptotic stability follows.

There are two kinds of difficulty in generalizing this basic stability result
from ODEs to PDEs, one regarding the linear problem corresponding to
ug = Au, the other the small nonlinearity. To be more specific:

(1) In the PDE case, the linear operator corresponding to the matrix A
might have a continuous spectrum and it might not be sufficient to
look only at eigenvalues. Instead of exponential decay one might obtain
only algebraic decay for solutions of the linear problem.

(2) In the PDE case, different norms enter the picture. For the linear
problem, one might obtain decay of solutions in one norm, but not in
another. Therefore, it is possible that a small nonlinear term f(u)
leads to asymptotic stability, whereas a term € f(u, u;) does not.

Despite these difficulties, we will take the ODE case as a guideline. It will
be convenient to generalize (1.2) to a system of the form

ut = Au+ef(t,u) + F(t) (1.3)
where f(t,0) = 0. For PDEs our corresponding normal form is
w = Pu+ef(x,t,u, Du,...,D"u) + F(z,t). (1.4)

Here z varies in a spatial domain 2 and D7« denotes the array of all spatial
derivatives of u = u(x,t) of order j.

The concept of asymptotic stability used in this paper is similar to Lya-
punov’s, but slightly more restrictive. For the ODE (1.3) our concept is
as follows. We first consider the linear problem, obtained for ¢ = 0, with
homogeneous initial condition

u=0 at t=0.

The forcing F(t) will drive the system away from u = 0, and we ask if u(t)
will approach zero as t — oo if lim;_,o, F(t) = 0 (or if F'(t) — 0 as t — oo at
a certain rate). If this is so, we call (1.3) linearly asymptotically stable. If the
same holds whenever |¢| is sufficiently small, then we call (1.3) nonlinearly
asymptotically stable (or simply stable).
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For the ODE case, we will show in Section 2 that linear and also nonlinear
asymptotic stability of (1.3) are both equivalent to the eigenvalue condition®

ReA <0 forall XAe€og(4). (1.5)

In contrast, this eigenvalue condition is sufficient, but not necessary for
asymptotic stability in the sense of Lyapunov of the zero solution of (1.3)
with F = 0. For example, for the equation u; = —u? the zero solution is
asymptotically stable in the sense of Lyapunov.

In short, the stability concept that we use here is slightly more restrictive
than Lyapunov’s, but also more robust. This makes it easier to generalize
to PDEs, which is the main interest of the paper. In all cases, our sufficient
conditions on asymptotic stability also provide estimates of the solution
u(zx,t) for 0 < t < T by F(z,t) for 0 < t < T, in suitable norms, and
the constant in the estimate will be independent of T and of |¢| < &.
Therefore, asymptotic stability in Lyapunov’s sense, where only the initial
data are perturbed, can always be shown under our assumptions. See also
Section 8.1.

(The introduction of the inhomogeneous term F(t) can also be motivated
by numerical considerations. When one interpolates the numerical values,
one obtains a function u which satisfies a perturbed differential equation.
The size of the perturbation is measured by F'(t).)

A more detailed outline of the paper follows. (Sections 2 to 5 are par-
tially based on Kreiss and Lui (1997).) In Section 2 we use the Lyapunov
technique and the resolvent technique (or Laplace-transform technique) to
show asymptotic stability in the ODE setting if (1.5) holds. The solution-
operator technique, which plays a major role for nonlinear wave equations,
will be illustrated briefly in Section 2.3, but we refer to Racke (1992) for a
comprehensive treatment.

In Sections 3 to 5 we assume that the linear operator P in (1.4) has
constant, coefficients and that the boundary conditions are periodic. Then,
for the linear problem u; = Pu+ F, one can use Fourier expansions in space.
The following two points will be emphasized.

(1) Assuming the Cauchy problem for us = Pu + F to be well posed, the
eigenvalues of the symbols P(iw) tell what kind of resolvent estimate
holds, i.e., how many derivatives one gains when estimating u by F.

(2) If one gains q derivatives in the resolvent estimate, then the nonlinearity
f in (1.4) may depend on all space derivatives of u of order < q.

3 With o(A) we denote the set of all eigenvalues of A.
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For parabolic problems, these results are satisfactory. However, simple
hyperbolic equations like

up = uy — u + euuy + F(x,t)

cannot be treated in this way, because one does not gain a derivative in the
resolvent estimate. As we will show in Section 5 on hyperbolic problems,
the Lyapunov technique can be applied to overcome the difficulty.

To give a problem where the resolvent technique is more adequate, con-
sider the parabolic equation

up = Pu = ugy + (a(z)u)y, 0<z<1, >0, (1.6)
with boundary conditions
u(0,t) = u(l,t) =0, >0, (1.7)
and initial condition
u(z,0) =up(z), 0<z<1.

The ODE operator
Pu = uzy + (a(z)u)y

has the adjoint P*u = wuy, — a(x)u,, which makes it easy to show by the
maximum principle that all eigenvalues of P are negative. (Here we use the
boundary conditions (1.7), for example.) Then, by our results in Section 6,
the resolvent technique applies and asymptotic stability follows, even for
fully nonlinear perturbations €f(x,t, u, uz, uzz). If one wanted to obtain
this result by the Lyapunov technique, one would have to construct an inner
product (-, -)y such that

(u7 Pu)?‘{ < —C(U,U)H, c>0.

However, it is not clear how to construct such an inner product, whose norm
also has to be strong enough to bound ug,.

It is natural to ask if one can combine the resolvent technique and the
Lyapunov technique, using the strengths of each. This is indeed possible
as demonstrated by Kreiss, Kreiss and Lorenz (19984, 1998b). One area
of applications is the study of mixed parabolic-hyperbolic systems. In the
present paper we do not pursue this, however.

Sections 7 to 11 deal with PDEs on unbounded spatial domains €. In
fact, we only consider the cases Q = R? and Q = H¢, a half-space. As will
be shown in Sections 7 and 9, the unboundedness of the domain does not
lead to difficulties as long as the linear operator P has a strictly negative
zero-order term. A more interesting situation occurs when the zero-order
term of P vanishes (or is semi-negative).

Using the resolvent technique, we will discuss this for parabolic problems
on all space in Section 8 and will derive a weak resolvent estimate. The form
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of the linear estimate dictates more specific assumptions on the nonlinearity.
The results apply to viscous conservation laws.
In Section 10 we consider the scalar parabolic model problem

u = Au+ arug, + -+ aqug, + G(z,t), x>0, (1.8)

on a half-space, again in the critical situation when the zero-order term
vanishes, and show a weak resolvent estimate. The derivation is elementary
but requires some rather technical analysis of ordinary BVPs on the half-line.
It will become clear that the underlying hyperbolic part in (1.8) is important.
In particular, the conditions for the weak resolvent estimate depend on the
sign of the characteristic speed a; in relation to the boundary z; = 0.

Finally, in Section 11 we sketch stability results for parabolic systems on
the real line, which are applicable to travelling waves.

The main emphasis in this paper is the derivation of stability results by
the resolvent technique. Trefethen’s work on pseudospectra (see Trefethen
(1997) and the references given there) was a major motivation for this em-
phasis. Once a stability problem is cast into the normal form (1.4), one
might want to answer the following questions.

(1) Applying Laplace transformation to the linear problem
ut = Pu+ F(z,t), wu(z,0)=0, (1.9)
one obtains the resolvent equation
(sI —P)i=F, Res>0. (1.10)

What kind of estimates of @ by F' can one obtain? How do the estimates
depend on s and how do they translate into estimates for physical
variables?

(2) Given certain estimates for the linear problem (1.9), what kind of non-
linear problems (1.4) can one treat for small |e|?

(3) How are the resolvent estimates for (1.10) related to properties of the
spectrum or the pseudospectrum of P?

(4) If P depends on parameters — like the Reynolds number — how do the
constants in the resolvent estimate scale as functions of the parameters
and how does this affect the size |¢| of the nonlinear terms for which
one retains stability?

In this paper we only address the first two questions, though the other two
are clearly of great interest. We remark that Romanov (1973) has considered
plane-parallel Couette flow and has obtained an upper bound —cv (with
¢ > 0) for the real parts of the spectral values of a corresponding linearized
operator P. Kreiss, Lundbladh and Henningson (1994b) have made attempts
to obtain a bound for the resolvent (sI — P)~! and to address the fourth
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question for these flows. For the ODE case, we will sketch some simple
related observations in Section 2.4.
2. Ordinary differential equations
Consider an initial value problem
up=Au+ef(t,u)+ F(t), t>0; u(0)=up. (2.1)
Here A € C™"*™ is a constant matrix, the functions
f:C*"%x[0,00) > C" F:[0,00) —>C"

are assumed to be C*, for simplicity, and ug € C™ is a given initial vector.
We will always assume that F'(¢) is a bounded function and set

[Floo = sup |F(¢)].
£>0

The function f(¢,u) is assumed to vanish at v = 0. More precisely, we
assume that

for all ¢; > 0 there exists C1 > 0 with | f(u,t)| < Cijul if |u| <e¢p. (2.2)
Our concept of asymptotic stability is as follows.
Definition 2.1 Problem (2.1) with € = 0 is called linearly asymptotically
stable if
lim F(t) =0 implies lim u(t) =0. (2.3)
t—o00 t—oo
Furthermore, (2.1) is called nonlinearly asymptotically stable if (2.3) holds
for all sufficiently small |e|.

If A has an eigenvalue A with ReA > 0 and A¢ = A¢,¢ # 0, then
u(t) = eM¢ solves uy = Au, but u(t) does not tend to zero as t — oo.
Therefore, the following condition is necessary for asymptotic stability of
(2.1).

Eigenvalue condition.
ReA <0 forall A eo(A). (2.4)
We will now show that (2.4) characterizes asymptotic stability.

Theorem 2.1 Under assumption (2.2) the eigenvalue condition (2.4) is ne-
cessary and sufficient for linear (and also for nonlinear) asymptotic stability
of (2.1).

For illustration, we will prove Theorem 2.1 in two different ways, namely
the Lyapunov technique (or energy estimate) and the resolvent technique.*

4 The assumption for F(t) is slightly different in the result proved by the resolvent tech-
nique: see Theorem 2.3.
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In the ODE case, both techniques lead to the same characterization of
asymptotically stable problems (Theorem 2.1). In the PDE case, the two
techniques have different strengths and weaknesses, however, as we will show
in the subsequent sections.

2.1. The Lyapunov technique

The linear problem
Let us first show linear asymptotic stability under assumption (2.4). The
easiest case occurs if A is normal, where we can use the following result.’

Lemma 2.1 Let A be normal and let
ReA< -6 <0 forall Aeag(A). (2.5)

Then we have
A+ AY < 261 (2.6)

Proof. There is a unitary matrix U such that
U*AU = A = diag();), Rel; < 6.
Therefore,
A+ A" =UN+ AU < 261
O

Now assume that A is normal and let uy = Au + F(t). Then we obtain

d
EIUIQ = (w,ue) + (u,u)
= (u(A+A%u) + (u,F) + (Fu)
< —26]ul® + 2u||F|
< —51u12+%|F|2.
This implies
1 t
WOF < ol + 5 [ IR
0
1
< o0t 12 . 2.
< e Tuol” 4 OrgggtlF(T)l, (2.7)
thus
1
[u(t)]? < |upl? + 6—2|F|3,o =c, t>0. (2.8)

S1If Hi,Hz € C™*" are Hermitian matrices, then we write H1 < H if and only if
w Hiu < u*Hyu for all uw € C*. Similarly, we write H; < Hy if and only if v*Hiu <
u*Hou for all u € C™,u # 0.
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Clearly, we may start the estimate at any {3 and obtain

1
2 o o—6(t—to) 2, 1 2
lu(t)|” <e lu(to)” + = tomgi"étlF(T)l ~ (2.9)

Now recall the assumption limy o, F/(t) = 0. If n > 0 is given, there exists
to(n) with

= sup |F(r)? <n’
6 to(n)<r<oo

Therefore, (2.9) and (2.8) imply
@ < 29* for t>ti(n),

and we have shown lim;_, u(t) = 0.

If A is not normal, the crucial inequality A + A* < —267 does not follow
from (2.5), in general. However, by changing the inner product, we can
basically still argue as before. The following notation will be used.

Notation
If H > 0 is a positive definite Hermitian matrix, then a scalar product and
norm are determined by

(u,v)g = w*Hv, |u|} =u*Hu, u,veC™ (2.10)
The corresponding matrix norm is
|Blg = max |Bulpg.
u]H=1
We note that the inequalities
1
—I<H<c, c¢>1, (2.11)
c
are equivalent to the norm estimates
1
- |ul? < |ul} < cJu* for all uw e C™, (2.12)
and therefore (2.11) implies
1
- |B|lg < |B| <c|Blg, BeC™". (2.13)

Lemma 2.1 has the following generalization to arbitrary matrices A €
Cnxn‘
Theorem 2.2 If
ReA< -6 < —-61 <0 forall Aeo(A4), (2.14)
then there exists a positive definite Hermitian matrix H with
HA+ A*H < -26:H < 0. (2.15)
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Proof. By Schur’s theorem there exists a unitary matrix U so that
U*AU = A+ R = diag(\j) + R, Re); < -6<0,
where R is strictly upper triangular. We set
D =diag(l,e,...,e" 1), >0,
and consider
D~ 'U*AUD = A+ D™ 'RD.
The entries in D™'RD are O(¢). Setting S = (UD)™! one obtains
SASTL 4+ (SAS™YH)* = A+A+0()
< =261

for sufficiently small e. Therefore, if one defines H = $*S, one obtains the
desired inequality

HA+ A*H = S*(A+A+0()S
< —26H
for sufficiently small € > 0. O
Using |-| g one can estimate the solutions u(t) of uy = Au+ F(t) as before,

d
dt

<U,Ut>H + <’U,t,U>H
<u7 (HA+A*H)U’> + <u7F>H + <F,’LL>H
—261[ul}y + 2lulm|Fla

Julf

IA

IA

1
—81lulfy + 5_1'F|%I-

Proceeding in the same way as above, we find that u(t) — 0 as t — .
Here the equivalence of the norms | - | and |- |y is used. The equivalence
is valid, of course, since we work in a finite dimensional setting. Let us
note, however, that the inclusion (2.11) leads to an equivalence constant;
see (2.12). This observation will be useful for PDEs, where we deal with
infinite families of matrices.

The nonlinear problem
Now consider the nonlinear problem (2.1). For simplicity, let A be normal
so that we can use the Euclidean norm for our estimates. In the general
case, the same arguments apply with | - |g.

Recall the estimate (2.8) for ¢ = 0, where ¢ > 0 without loss of generality.
By continuity, for any ¢ there exists 7, > 0 such that

lut))? <3 =:c? for 0<t<T.. (2.16)
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Using (2.2) we obtain
d

am\? < —26uf? + 2lelful| f (¢, w)| + 2}ul|F|

< —bluf + £IFP? + 20elCi[uf (2.17)

in 0 <t < T.. Henceforth, assume that |¢] is so small that
2le|lCh < g. (2.18)
Then we find
Sl < — Sl + 1P
thus
WO S ol + | [ eI R ar

2
2, < 2
wof? + 25 gmax, |F(7)

< 2c2. (2.19)

IA

Therefore, always assuming (2.18), we have shown that |u(t)|? < 32 in
0 <t < T, implies ]u(t)|2 < 20(2) in 0 <t < T.. A simple continuation and
contradiction argument yields that u(t) exists for all ¢ > 0 and

lu(t)] < 2¢2 forall t>0.

With the same arguments as before, we find

2
[u(®)|? < e 2o+ 5 sup |F(n),
to<T<00

and therefore (2.3) holds. This proves Theorem 2.1.

2.2. The resolvent technique

Consider again the ODE (2.1). To illustrate the resolvent technique, we will
prove the following result.

Theorem 2.3 Assume (2.2), (2.4) and let F' € Ly. Then lim; ,o u(t) =0
if |e] is sufficiently small.

It will be convenient to have homogeneous initial data, which can always
be achieved by applying the simple transformation®

u(t) = e tug + v(t).

5 For generalizations, it is important to note that we do not make use of the exponential
decay of et
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The function v(t) satisfies v(0) = 0 and
v = Av + s(f(t, e tug +v) — f(t, e_tuo)> + G(t)
with
G(t) = F(t) + e '(Aug + ug) + e f(t, e tug), Jim G(t) = 0.
If we set
$(€) = f(t,eTug +6v), 0<E<T,

we can write

1
fltetug +v) — f(t,etug) = (1) — $(0) = /0 #(€) e

_ ( /0 'l e~tug + €0) de) v
= g(t,v). (2.20)

Thus, for v we obtain a transformed equation
v = Av + Eg(ta v) +G(t), v(0) =0,

of similar form with homogeneous initial data.
For notational convenience, we will assume that the initial data in (2.1)
are already homogeneous.

Properties of the Laplace transform

Let us first recall some elementary properties of the Laplace transform. If
g(t) is a continuous function of ¢ > 0 with values in C", which satisfies a
growth restriction

lg(t)] < Ke™*, t>0,

then its Laplace transform is the analytic function
o0
a(s) = / e *tg(t)dt, Res>a.
0

The inverse transform reads

1 n+ioco
go(t) = / e”g(s)ds, n>a,

2 T n—ioco
where

1
go(t) =g(t) for t>0, go(0)= §g(0), go(t) =0 for t<O.
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Here the path of integration is I'y = {s = n +1¢, —00 < £ < oo}
Parseval’s relation reads

/ e " |g(t)|* dt = —/ gln+i6)Pd¢, n>a. (2.21)
0
If gc C! and
lg(t)] + 1g:(t)] < Ke**, ¢>0,
then
Gu(s) = 54(s) — g(0), Res>a,

as follows directly from the definition through integration by parts.

Estimates in the linear case
Now consider (2.1) with ¢ = 0,up = 0, and first assume that F(t) = 0
for t > T. Then F(s) and 4(s) are well defined for Res > 0. Laplace

transformation gives us
st(s) = At(s) + F(s), Res>0; (2.22)

thus
a(s) = (sI — A)"1F(s), Res>0. (2.23)

For any A € C™*™ the matrix-valued function

(sI — A7, seC\o(A),
is called the resolvent of A. We list some of its elementary properties.
Lemma 2.2

(a) For any A € C™*™ we have

1
(s — A7 < ——— if |s| > |A]
( o > 1A
(b) If ReA < 0 for all A € 0(A), then
R:= sup |(s] — A)7} (2.24)

Res>0
is finite. By definition, R is the resolvent constant of A.

(c) If A is normal and

max ReA =: -6 < 0,
A€o (A)

then R = %.
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Proof.
(a) Let |s| > |A] and let
sv=Av+b, buveC"
Then one obtains |s||v| < |A||v| + |bl; thus |v| < (|s| — |A])~L]b].
(b) Define @ ={se€ C : Res >0, |s| <|A|+ 1}. By compactness,
max (s —A)7Y =Ry
is finite. Together with (a) one obtains R < max{R;,1}.

(c) There is a unitary matrix U such that U*AU = A = diag(};) is diag-
onal. If

S:n—f_lf’ 7720, AJza,]-f_lﬂja a]S_(S,

then one obtains

(T = A7 = (I = A)7'P?
1

= max ———
i s =07
ax 1

= m
i =)+ (€-5)°
1

< 5

In the last estimate equality holds for s = i3; if Rea; = —6. This

proves the lemma. O
Assuming the eigenvalue condition (2.4), we obtain from (2.23)
|a(s)| < R |F(s)], Res>0,
Then Parseval’s relation (see (2.21) and set n = 0) implies that

/ T a2 dt < B? / TR dt. (2.25)
0 0

So far, we have assumed that F'(t) vanishes for large t. However, if F' € Ly
is arbitrary, we can approximate F by a sequence F,, with F},(¢t) = F(t) for
t <mnand F,(t) =0 for t > n+ 1. A simple limit argument shows that the
estimate (2.25) still holds.

Remark 2.1 Using the definition of the resolvent constant R and Par-
seval’s relation, it is not difficult to show that R is the best constant for
which (2.25) holds for all F' € Ls.

The estimate (2.25) is not strong enough to yield a nonlinear stability res-
ult, because one cannot bound point values u(t) in terms of the La-integral.
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An estimate of point values is generally necessary, however, to control non-
linearities f(¢,u). We can strengthen the estimate (2.25) as follows.

Theorem 2.4 Consider
u=Au+ F(t), t>0, u(0)=0,

and assume the eigenvalue condition (2.4). There is a constant Ky, depend-
ing only on A, so that

oo

[T (P + @) a < i [TiF@Ra @

Proof. As before, we first assume F(¢t) = 0 for large ¢. Since u(0) = 0,
Laplace transformation yields

ar(s) = si(s) = Au(s) + F(s);
thus

| (s)] < IAHﬂ(s)|+|~F(3)|
< (JAIR+ 1)|E(s)].

Using the same arguments as above, the desired estimate follows. O

Since values of F(t) for ¢t > T do not affect the solution u(t) for ¢t < T,
it is not difficult to show that the estimate (2.26) can be restricted to any
finite time interval, that is,

T T
| (o + (o) ae < 11y [ 1FoP at (2.27)
0 0

The left-hand side of (2.27) can now be used to bound u in maximum
norm. This follows easily from 4(0) = 0 and

d

E|u|2 = (u,ut)-!—(ut,u)

< 2fulfue] < Jul® + Jufl.

The resulting estimate is a simple example of a Sobolev inequality, which
we state next.

Lemma 2.3 Let u(t),a <t < b, denote a C'-function. Then we have
@ < (14— /b| |2dt+/b|u|2dt (2.28)
c{;l?%(b U < b—a) ). U ) " . .
If u(t*) = 0 for some a < ¢* < b, then

max |u(t)? < /ab(|u|2 + |ut|2) dt. (2.29)

a<t<b
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Applying (2.28), for b — oo, one obtains that

sup [u(t)|® < / (1l + fuef?) . (2.30)
to

t>tg

The right-hand side tends to zero for to — oo since [;°(|ul® + |u|?) dt is
finite by Theorem 2.4. Thus we have shown the claim of Theorem 2.3 for
e=0.

Nonlinear stability

Since our estimates are strong enough to control ¢ in maximum norm, it is

not difficult to extend the result to small |¢|. The arguments are as follows.
For any ¢ there exists T, > 0 with

T. oo
/0 (lul2 + !ut|2) dt < 4K1/0 IF2dt =: 2. (2.31)

By (2.29),

thus
|f(t,u®)] < Cilu(®)], 0<t<T,

and therefore

T: Te
[P sct [ e (2.32)
0 0

Application of (2.27), with F(t) replaced by F(t) + ¢ f(t,u(t)), yields

Te T
/ (|u|2+|ut]2) dt§2K1/ (|F|2 n ]5|2C’12|u|2) dt.
0 0

Assuming that |¢| is so small that
1
2K1|E|2012 S -?;,

we obtain
Te o) 3
/ (|u|2 + Iut|2) dt < 3K1/ |F|2dt = 2¢2. (2.33)
0 0 4

To summarize, from (2.31) we could conclude (2.33) under the above small-
ness assumption for |¢|. A simple continuation and contradiction argument
yields existence of u(t) for all ¢ > 0, and

*° 3
/0 <|u|2 + IutIZ) dt < Zcf < 00.

As before, lim;_,o u(t) = 0 follows.
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Outline of generalizations to PDEs

219

It is worthwhile to re-emphasize the main points of the above arguments

and to indicate generalizations. There are essentially three steps.

(1) An estimate for a linear problem u; = Pu + F(t) of the type

lully < K1l Fllv.

Such an estimate will generalize (2.26).
(2) A Sobolev inequality like

|ufoo < Kalully-

(2.34)

(2.35)

Such an estimate will generalize (2.29). In the PDE case, if the nonlin-
earity f depends also on uy, etc., then ||u|y has to be strong enough

to bound |uz|w, etc., too.

(3) An estimate of the nonlinear term of the following type. If |uloo < &

then
1f(t w(®)llv < Cillullu.

Such an estimate will generalize (2.32).

(2.36)

Now assume we have established (2.34), (2.35), (2.36). Then, in order to

bound the solution of the nonlinear problem

uy = Pu+ef(t,u) + F(t)

for small |e], we formally proceed as follows. We consider ¢ f (¢, u(t)) as part

of the forcing so that (2.34) yields
lully < Kx(IFllv + lel [1fllv)-

Assuming, tentatively, that
lullv < 2K1[|Fllv,
one obtains from (2.35)
lujoo < 2K1 Ka||Fllv =: k.
Then (2.36) implies
£ u)llv < Cillully
and (2.37) yields

lully < Ki(llFllv + le] Cr flully)-

If £ satisfies the restriction

1
|€|ch,g < g,

(2.37)

(2.38)
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then the previous estimate gives us the desired bound
3
lully < SELIF v,

which is consistent with the tentative assumption (2.38). As in the proof of
Theorem 2.4, these formal arguments can be made rigorous by restricting
the relevant estimates to finite intervals 0 < ¢ < T. Here it is assumed
that the norm |lu|j is strong enough to guarantee continuation of a local
solution.

2.3. The solution-operator technique

There are cases where it is best to argue directly with the solution operator
of the linear homogeneous equation. For illustration, we consider the ODE
initial value problem

1”:—;%Iu+af+F@L u(0) = o, (2.39)

with constants v > 0,p > 1, and a continuous forcing F'(t) which satisfies
an estimate

|F'(¢) 8> 0. (2.40)

<K
(t+1)8

We ask for conditions on § and p which imply that, for sufficiently small |¢|,
u(t) converges to zero for ¢ — oo as fast as the solution of the homogeneous
equation

u = —%1- u, u(0) = up. (2.41)

The solution of (2.41) is
un(t) = (t +1) "uo,
and the solution of (2.39) with e =0 is

£+1

i
1) P

t
u(t) = (E+1)Ty +/ (
0
= : uh(t) + J(t)
Using (2.40) we can bound the integral term as follows:

t
()] < K(t+1)7 / (€ +1)0de,
0

which shows that the solution u(t) decays like (t +1)77 if vy — 8 < —1.
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Now consider the nonlinear problem (2.39). Writing eu” as forcing, one
obtains

1
ww:wumwn§|w+w+m4@+mwmws

t
s|w+wa(muam)A@+mﬂma

0<g{<t

The integral is finite if ¥ — vp < —1. Thus, if one makes the assumptions
1
f>14++v and p>1+;,

then the function ¢(¢) remains bounded if || is sufficiently small and, there-
fore, [u(t)| < C(t+1)77.

For certain classes of PDEs the solution operator technique is very power-
ful. This is true, in particular, if an explicit solution for the linear part of
the equation is available, which yields accurate estimates of the solution op-
erator. We refer to the book by Racke (1992) for applications to nonlinear
wave equations and other systems of PDEs on all space. Earlier references
with similar ideas are Kawashima (1987), Klainerman and Ponce (1983),
Matsumura and Nishida (1979), Shatah (1982), and Strauss (1981).

2.4. Remarks on the size of perturbations

Remark 2.2 An important and interesting problem is to quantify the size
of the perturbation that one is allowed to apply to a stable system without
losing stability. This has been emphasized in the recent work of Trefethen
(1997). In general, the question is difficult, and any answer will depend on
the norms that are used. Some insight can be obtained as follows. Assuming
that u; = Au+ F(t) is linearly stable, we add a perturbation ¢ f(u) = ¢Bu,
which is also linear. (See Remark 2.3 below for nonlinear perturbations.)
Laplace transformation yields

sii = Al 4+ eBi+ F; (2.42)

thus
@ =e(sI — A 1Ba+ (s — A)'F.

Recall that R = supgg s> |(sI — A)7!| is the resolvent constant of A. If
1
leB|R < 3 (2.43)

say, then || < 2R||F|, and we obtain essentially the same estimate of u by
F as in the unperturbed case. Thus, if (2.43) holds, stability is retained.
On the other hand, if |eB|R > 1, then the system (2.42) may be singular,
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allowing for instability, and we conclude that (2.43) is a realistic condition
for retaining stability. This shows the importance of the resolvent constant.

How is the resolvent constant R related to the eigenvalues of A? Trefethen
defines the spectral abscissa of A by

a(A) = max Re.
A€o(A)

Then, if A is normal and a(A4) = —§ < 0, we have R = %, as noted in
Lemma 2.2(c). In this case, condition (2.43) reads

1
leB| < 55. (2.44)

If A is not normal, then R > % is possible, as emphasized by Trefethen
(1997). Clearly, if R > %, the requirement (2.43) is much more restrictive
than (2.44). For this reason it is important to obtain good estimates for the
resolvent constant R. The techniques for proving the Kreiss matrix theorem
(Kreiss and Lorenz 1989) can be applied, in principle, but the treatment of
concrete examples may be formidable. For the alternative approach of com-
puting the pseudospectrum of A numerically, we refer to Trefethen (1997).
(If 0.(A) = {2 € C: |[(2I — A)~!| > 1/e} denotes the e-pseudospectrum of
A, then R = 1/ey, where g9 {¢ > 0: 0.(A) lies in the left half-plane}.)

Remark 2.3 Consider the linear problem w; = Au + F(t),u(0) =
If F(0) = 0 (which can always be enforced by the transformation u
te 'F(0) + v), we obtain from (2.25) and uy = Au; + F; the estimate

[ o] [e¢]
/ (|u|2 + |ut|2) dt < R2/ (|F|2 + |Ft|2) dt. (2.45)
0 0

The left-hand side bounds sup, |u(t)|?, and we can use (2.45) instead of
(2.26) to show nonlinear stability. Then our arguments, given above, show
that the size of R is again crucial for determining the size of |e| which retains
stability for the nonlinear perturbed problem.

0.

3. Parabolic systems: periodic boundary conditions

Consider a parabolic equation
w = Pu+ef(z,t,u,Du,D%) + F(z,1), z€R%, t>0,  (31)

where P is a constant coefficient operator,

d
Pu=Au+)»_ A;Dju+ Bu. (3.2)
j=1
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Here

D]:i, A=D?+...4+ D3 (3-3)
al‘j

and Aj, B € C™" are constant matrices. The function u(z,t) takes values
in C™. For simplicity, f and F are assumed to be C* functions of their
arguments; the nonlinearity f may depend on x,t,u and

Du = (Dyu,. .., Dgu), D*u = (D;Dju)1<i j<d -

A main assumption is that F(z,t) and f(z,t,u, Du, D*u) are 2n-periodic
in each x;, and we seek a solution u(x,t) with the same spatial periodicity
property. In other words, the space variable z lives in the d-torus T¢ =
(R/(2rZ))".

We want to discuss asymptotic stability using the Laplace transform (or
resolvent) technique and will assume, without loss of generality, a homogen-
eous initial condition

u(z,0) =0, zeRe (3.4)
Setting
v = (u, Du, D%u),

we will assume that f(x,t,v) vanishes at v = 0. More precisely, with an
integer p specified below, we require the following.

Assumption 3.1 For all ¢; > 0 there exists C; > 0 with
ID2f(xz,t,0)] < Ci| if [v]<e, |8l <P,
IDEDYf(z,t,0)| < C1 if o[ <e, B+ <p, ¥I>1. (3.5)

We will show nonlinear asymptotic stability of (3.1) in the sense of the
following theorem.”

Theorem 3.1 Let Assumption 3.1 hold with p = d + 5, and let
o0
[ IFC Ol dt < oc (36)
0

be finite. If || is small enough, then max, |u(x,t)] — 0 as t — oo.

Remark 3.1 The value p = d + 5 is not optimal; that is, it suffices to
require Assumption 3.1 and (3.6) with a smaller value of p. For most ap-
plications this is uninteresting, since the assumptions hold for all p if they
hold for some small p. See also Remark 3.2 on page 228.

" We use the standard notation ||u||}» = 2 jal<p ID*u||? where |jul|* = [p. [u(z)|? dz,
D* =D ...Dg? and |a| = 37 ; ;.
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The linear problem
To begin with, consider the linear problem u; = Pu + F. Applying Fourier
expansion in space, we obtain

(W, t) = P(iw)i(w, t) + Fw,t), weZ (3.7)
Here
~ —(2 —d/2/ —iw-z s — Ly
W(w,t) = (27) 11‘de u(z,t)dz, w-z Zj:ijj,
and
d
P(iw) = —|w’I +1)_w;A; + B (3.8)
j=1

is the symbol of P. Denoting the Laplace transform of 4(w,t) by 4(w,s),
we obtain from (3.7)

st = P(iw)i + F. (3.9)

As we will show, good estimates of u in terms of F' can be obtained if the
matrices P(iw) satisfy the eigenvalue condition of the ODE case uniformly
in w. Accordingly, we make the following assumption, which we will discuss
at the end of the section.

Assumption 3.2 (Eigenvalue Assumption) There exists § > 0 such
that

ReA< -6 <0 forall A€ o(P(iw)), weZ

If Assumption 3.2 is satisfied, the matrices sI — P(iw) are nonsingular for
Res > 0, and one has the following uniform estimate for the resolvents of
P(iw).

Lemma 3.1 If Assumption 3.2 holds, then there is a constant K7 with

sI — P(iw))7Y < K for all Res >0, weZ% 3.10
lwl?2 41

Proof. First consider large |w|. We write

s — P(iw) = (s+|w|2)I—Q(w) (with |Q] < C(lw| +1))

(s + |wi2) (I —0 (ﬁ)) . (3.11)

Thus, there is C' > 0 such that (3.10) holds for |w| > C.
There are only finitely many w € Z¢ with |w| < C. For these w-vectors,
we apply the resolvent estimate of Lemma 2.2b. O

l
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Using (3.9) and (3.10) we can estimate 4 in terms of F,
<|“-’|2 + 1)iﬁ(%5)| < K1|F(w,s)|,

and Parseval’s relation yields the basic inequality
o0 o
| It 0l < Ko [ 1RGPt (3.12)
0 0

If we first apply D to the differential equation u; = Pu + F and sum the
resulting inequalities (3.12) over |a| < p, we find

o0 [e o]
|0l de< Ko [ RGO p=0120 (313
0 0
Using the differential equation u; = Pu + F', we can also estimate u; and its
space derivatives. For example,
Juel] < Clllullg2 + [1F1)

since P is of second order. Furthermore, since values of F(z,t) for t > T
do not affect the solution u(z,t) for ¢t < T, we can restrict the resulting
estimates to any finite time interval. Let us summarize these results.

Theorem 3.2 Let u; = Pu + F satisfy the Eigenvalue Assumption (As-
sumption 3.2). There is a constant K, independent of F' and T, with

/ (hlen + Nl ) de < K / CIFd =012 (319)
To estimate u (and some of its derivatives) in maximum norm, we will
make use of the following Sobolev inequality.
Theorem 3.3 Let v € HP(T?). If p > £ then v € C(T¢) and
[v]oo < Cpdllv|lse. (3.15)
The constant Cp, g does not depend on v.

By (2.29) we have, for any z,
2 T 2 2
< .
(A, lu(z, t)[” < /0 (IU(w,t)l + |ue(z, 1) ) dt

Taking the maximum over z € T¢ and using the above Sobolev inequality,
we find that

T d
2 .
g 0 < C [ (Il + Julfp)de it p>5. (316)
Again, we can apply the same estimate to derivatives D*u and obtain

T
d
a, (. 2 2 2 : w
o 1D 0% < C [l + )t i€ p> o]+ 5. (317)
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In terms of v = (u, Du, D?u), we have the following bound:
T
o . d
max |D ()% < C/O (HuH%{p + ”Ut”%-lp) dt if p > la|+2+3. (3.18)

(Clearly, estimates (3.17) and (3.18) are valid for any sufficiently regular
function u(z,t) with u = 0 at ¢ = 0; the PDE has not been used.)
After these preparations, let us prove Theorem 3.1.

The nonlinear problem
Consider (3.1) for any . There exists T, > 0 with

T: [e’s)
| (s + Jalls) at <ok [ Pat (319

(The consideration of (3.19) is motivated by the fact that (3.19) is valid for
e = 0 with 4K replaced by K; see Theorem 3.2.) We want to prove that
(3.19) holds for T, = oo if |¢] is sufficiently small. As before, we set

v = (u, Du, D%u)

and use the linear estimate of Theorem 3.2 with F'(z, t) replaced by F(z,t)+
ef(z,t,v(z,t)), to obtain

Te 0
| (s + el ) a
00 Te
< 2K [Pt 2K1R [ 15C ot ) et (3:20)
0 0

It remains to prove that we can bound the integral fOTE | £1|%» dt in terms of
the left-hand side of (3.20). Basically, this turns out to be possible because
the left-hand side of (3.20) dominates the maximum norm of sufficiently
many derivatives of v if p is large. As we will see, our choice p = d + 5
suffices.

The main technical difficulty is treated in the following theorem. In its
proof, the simple estimate

el < [Bloollv|

for the La-norm of the product of two functions is used. The definition of
in the theorem is motivated by (3.18).

Theorem 3.4 (estimate based on chain rule) Let v:T¢ — C™ and
f: C™ — C™ denote functions of class CP, where p = d + 5. Assume

|’U(£L‘)| <B, xETd,
and let Cp denote a bound for the derivatives of f(v) in the ball [v| < B,
IDYf(v)| < Cp if |v|<B, |[y|<p.
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We set

d
k= max{|D%|x : |a|+2+ = < p}.

2

(The maximum is taken over all multi-indices o with |a|+2+ g < p.) Then
the composite function f(v(x)),z € T¢, satisfies

| D*(f ov)|| < CCp (1 + &P71) ||v| | a» (3.21)
for 1 < |a| < p. The constant C is independent of v and f.

Proof. By the chain rule
*(fow) Z cods(v(z)) D% v ... D%y,

where o1, ..., 0y are multi-indices with

o1+ - +op=q,
¢o(v) is a derivative of f(v) of order < p, and ¢, are numerical coefficients.
Therefore,

| D*(fov)| < C’1CBZ | D% v ... D%ul|.

A factor D% v can be bounded in maximum norm by x if
d
p> ol +2+ 2

Suppose there are two factors, D?'v and D°?v, say, whose maximum norm
cannot be bounded by k. Then

d d
pS|01|+2+§ and p§|02|+2+§;

thus
2p <oyl + oo +4+d<p+d+4.

However, this contradicts our choice p = d + 5. Therefore, each product
D% ... D%y

contains at most one factor which cannot be estimated in maximum norm
by k. We conclude

| D ...D%v|| < C 1+ &2 |v|lgr, 1<k<p.

This proves the theorem. O
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Remark 3.2 In our bound of ||D%v...D%v|, we have only used the
simple inequality ||¢v| < |#|oo||??|| and Sobolev’s inequality. The condition
on p can be relaxed if one instead uses Hélder’s inequality and a Gagliardo—
Nirenberg inequality. See, for example, Hagstrom and Lorenz (1995) or
Racke (1992).

Note that the estimate (3.21) does not hold, in general, for « = 0, as
the example f = 1 shows. In our application we assume, however, that f
vanishes for v = 0. A corresponding result is formulated next.

Theorem 3.5 Let v:T¢ —» C™ and f : T? x C™ — C" denote functions
of class CP, where p = d + 5. We consider the composite function

f(z,v(z)), zeTd

Assuming that
lv(z)] < B, zeT¢

we require the following estimates for the derivatives of f in the ball |v| < B:

D8 f(z,v)] < Cglv| if |v|<B, |B|<p
IDED}f(z,v)| < Cp if w|<B, B+ <p 721

Setting

d
N::max{lDavloo : |a|+2+§ <p},

we have
1£CvDllan < CCB(1+ w77 llolla,
where C is independent of v and f.
Proof. For |a| < p, the derivative D f(z,v(x)) is a sum of terms
DEDY f(x,v(x))Dv ... D%v (3.22)
where
Bl+ 1 <p lorl+-- + okl <p.

If |y] > 1, the estimate of (3.22) proceeds as in the proof of the previous
theorem. If v = 0, the factor D7v ... D%y is empty, and we use the estimate

|D£f(a:,v)l < Cg|v| to obtain
IDSf1| < Callv].

The claim follows. O
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It is now easy to complete the proof of nonlinear asymptotic stability
stated in Theorem 3.1. The term [ || f||%, dt on the right-hand side of (3.20)
can be bounded as follows:

Te T Te
AIW%MSG/IM%&S@AIM%HM
0

Therefore, if

1
2K|8l202 S =,

w

then one obtains from (3.20)

T o0
| (s + ) ot <3 [C1PUmar 29)

Since (3.19) implies (3.23), we can conclude that (3.23) is valid for T; = oo.
Convergence maxz |u(z,t)] — 0 as t — oo (and even for v = (u, Du, D?u)
instead of u) follows from

e o]
| (e + Tuli) dt 0 a5 to = oc.
0

Discussion of the Figenvalue Assumption

Since P(iw) = —|w|*T + O(|w|) for large |w], it follows that the Eigenvalue
Assumption (Assumption 3.2) is always satisfied for large |w|. If the Eigen-
value Assumption is violated, there exists w € Z¢ and ¢ € C* with

P(iw)p =Ap, ReA>0, ¢#0.

If we set

1
A+1
then u; = Pu+ F, but u does not tend to zero as ¢ — oo. This shows that
the Eigenvalue Assumption is necessary for linear asymptotic stability.

A simple sufficient condition for the Eigenvalue Assumption is

Aj=A% j=1,...,d, B+B*<-26<0.

u(z,t) = (e —e™g, F(z,t)=e'g,

In this case, P(iw) + P*(iw) < B+ B* < —261, which implies Re A < —§ for
all eigenvalues ) of P(iw).

Obviously, P(iw) = B for w = 0. This shows that the Eigenvalue As-
sumption can only be satisfied if all eigenvalues of the zero-order term B
of P have negative real parts. There are cases of interest, however, where
B = 0 or B has a nontrivial null-space. Then it may still be true that
Rel < —6 < 0 for all A € o(P(iw)) if w € Z¢ and w # 0. Under such a
restricted eigenvalue assumption one can prove a restricted form of asymp-
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totic stability by taking a suitable projection. See, for example, Hagstrom
and Lorenz (1995) for applications.

4. General PDEs: periodic boundary conditions

In this section we consider PDEs of the form

ut = Pu+ef(x,t,u) + F(z,t), zeRY t>0, (4.1)
with initial condition
u(z,0) =0, zecR% (4.2)
Here P is a linear constant coefficient operator, that is,
P= > AD, A,eC™" (4.3)
lvlsm
v __ 131 Vd 8 i 4
D _Dl"'Dd’ DJ:a_:L'J, IV|—V1+“‘+Ud. (4)

As in the previous section, we will assume that F(x,t) and f(z,t,u) are
C® functions, which are 2m-periodic in each variable x;. We seek a solution
u(z,t) with the same spatial periodicity. We will also discuss (4.1) with
more general nonlinearities

f(z,t,u,Du,...,D"u),

where D’u denotes the array of all spatial derivatives of u of order j. As
before, it will be assumed that the nonlinear term f(z,t¢,v) vanishes for
v = ( with

v = (u,Du,...,D"u).
Our aim in this section is twofold.
(1) We want to explain the significance of the eigenvalue assumption
ReA< -6 <0 forall Xeo(P(iw)), weZd, (4.5)

for the general class of operators (4.3). In fact, as we will show, if the
Cauchy problem for u; = Pu is well posed in Lo, the eigenvalue as-
sumption (4.5) always implies a resolvent estimate leading to nonlinear
asymptotic stability of (4.1).

(2) The number r of derivatives of u, which are allowed in the nonlinearity
f, depends on the resolvent estimate in a simple way. On the Fourier—
Laplace side, one needs a bound

(jw]? + D]it(w, s)| < K1|F(w,s)] forall Res >0, weZ? (4.6)
with ¢ > r. If the Cauchy problem for u; = Pu is well posed, then
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(4.6) is equivalent to the eigenvalue condition
Red < —(lwlf+1)§ <0 forall X e o(P(iw)), weZ (4.7)

The simple eigenvalue condition (4.5) leads to (4.7) with ¢ = 0. If ¢ is
even and u; = Pu is a parabolic system of order ¢, then — by the definition
of parabolicity — condition (4.7) is always satisfied for large |w|. In other
words, for parabolic systems of order ¢, the conditions (4.5) and (4.7) are
equivalent and can be checked, in principle, by computing the eigenvalues
of finitely many matrices P(iw), w € Z4.

Well-posedness

Let us briefly review the concept of well-posedness in Lo and first consider
the linear problem u; = Pu under an initial condition u(z,0) = ug(z). We
make a Fourier expansion of the initial data,

up(x) = Y e Fig(w), (4.8)
weZd
and, tentatively, of the solution,
u(z,t) = Y e %iw,t), (4.9)
wezZd
for each ¢ > 0. Introducing the symbol of P,
P(k)= ) .. .kfA, reC, (4.10)
lvl<m

and observing that

P(e“?¢) = P(iw)p, ¢eC, (4.11)
we obtain formally
Gg(w, t) = Piw)i(w,t), (w,0) = dg(w); (4.12)
thus )
a(w, t) = P @lag(w). (4.13)

The formal process is justified for ¢ > 0 if the matrix exponentials in (4.13)
have a limited exponential growth rate, which is uniform for all w € Z<.
Well-posedness can be defined accordingly; for details, see Kreiss and Lorenz
(1989), for example.

Definition 4.1 The 27-periodic Cauchy problem for uy = Pu is well posed
(in L) if there are real constants K and a with

P < Ke® forall weZ?, t>0. (4.14)
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The Ls-inner product and norm are defined by
o) = [, w @@, ol = @, wve LT,
T

Then, if the 2m-periodic Cauchy problem is well posed and ug € C°, the
formula (4.9) gives us the solution u(z,t), which is C* and satisfies
lu(, Ol < Ke*Jlugll, ¢>0.

As usual, boundedness of the assignment uy — u(-,t) in Lo implies that we
can obtain a generalized solution for all initial data ug(z) in Ls.

Basic resolvent estimate
The following result says that the eigenvalue assumption (4.5) implies a
resolvent estimate, whenever the Cauchy problem is well posed.

Theorem 4.1 Assume that P = Z|V|<m A, DV satisfies the following two
conditions. -

(1) The 2m-periodic Cauchy problem for u; = Pu is well posed, that is,
there are constants a and K with

|ep(i“’)t| < Ke™ forall weZd t>0.
(2) There is 6 > 0 with
ReA< -6 <0 forall \eo(P(iw)), weZ
Then there is a constant K with
|(sI — P(iw))"}| < K forall Res>0, weZ% (4.15)

A main tool for the proof is the Kreiss matrix theorem, which we formulate
next. (See Kreiss and Lorenz (1989).)

Theorem 4.2 Let F denote any set of matrices A € C**™, where n is
fixed. Then the following conditions are equivalent.

(1) There is a constant K; with
et < K forall AeF, t>0. (4.16)

(2) For all A € F and all s € C with Res > 0 the matrix sI — A is
nonsingular, and there is a constant K5 with

2

(s — A)7Y| < % forall ACF, Res>0.  (4.17)
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(3) There are constants K3;, K33 and, for all A € F, there is a transform-
ation § = S(A) € C™" with |S| + |S™1| < K31 so that

AL by e e bin
0 A2 b3 - bon
SAS™ =] : : (4.18)
)\n—l bn—l,n
0 - .- 0 A,

is upper-triangular, the diagonal is ordered,
0>ReA; 2 --- > ReAy,
and the upper-diagonal elements satisfy
bjk] < K32|ReAs[, 1<j<k<n.
(4) There is a positive constant K, and, for each A € F, there is a Her-
mitian matrix H = H(A) € C"*" with

kl—I <SH<KJ, HA+AH<O, (4.19)
4

Proof of Theorem 4.1. There are constants a > 0, K > 0 with

eP@)-aDt < | for all we Z4, t>0.

By the Kreiss matrix theorem — applied to the family P(iw) — al, w € Z¢,
— there is a bounded transformation S = S(w) with

Al — bi2 b1n
O A2 — b23 e b2n
S(P(iw) —al)S™1 = : " :
: An-1 — @ bn—l,n

0 . . 0 An — @

and
|bjk’ < K32 [Re )\j — a| s ] < k.

Using the assumption Re A; < —6 < 0 < o, we obtain that
o
Re); — = |ReA;| {14+ —=——
ke —a] = Red| (1+50)
o
2(1+5)
"3

Aj
< 2(1+%)

AN

R__
°3
5

5
Re); + 5' . (4.20)
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Therefore,

8
[bjel < K3y [Red;+5|, j<k. (4.21)

Considering S(P(iw)+ ¢1)S~!, we obtain from the estimates (4.21) that the

Kreiss matrix theorem also applies to the family P(iw) + gI , w € Z%. Now
we use the second characterization in Theorem 4.2 and find

§ - Ky
—2)I1- PG < =2 .
((s 2)[ P(lw)) < Res’ Res >0
In particular, this implies the estimate
. -1l K,
— i < —= >
(sI P(1w)) < 5 Res >0,

and the theorem is proved. O
Asymptotic stability of (4.1)
Consider the linear problem
us = Pu+ F(z,t), u(z,0)=0,

and let the assumptions of Theorem 4.1 hold. Fourier expansion and Laplace
transformation lead to the family of linear algebraic equations

(sI — P(iw))i(w,s) = F(w,s), Res>0, weZ (4.22)
and (4.15) yields
|i(w, 8)| < K|F(w,s)|.

By Parseval’s relation this translates into the estimate

Alwﬁwﬁémlﬂﬂﬁwﬁ

Applying this basic inequality to D®u and using u; = Pu + F to estimate
time derivatives, one obtains

[o o] X0
[ (helte + Nl ) dt < Ko [ 1F I dt, p=mimtL....
0 0
(4.23)
(Recall that m is the order of P.) If p — m > g and the right-hand side
of (4.23) is finite, we obtain a bound for sup, |u(-,t)|>. With the same
arguments as in Section 3, this shows linear asymptotic stability.

Theorem 4.3 Let p denote the smallest integer with p — m > %, and
assume

| IEC Ol dt < o
0



STABILITY FOR PDEs 235

If P satisfies the conditions of Theorem 4.1, then |u(-,t)|oc — 0 as t — oo.

The extension to the nonlinear problem (4.1), where f = f(z,t,u) does
not depend on the derivatives of u, proceeds as before. Formally, we obtain
from (4.23)

T
2= [ (s + el )

o T
< 2Ky [Pt + 2leP [ de (@29
0 0
Here f = f(z,t,u(z,t)). We have (compare (3.17))
d
67 . 2 < 2 . —. .
OréltagcT|D u(, b)) < CL® if p>|aj+m+ 5 (4.25)

We estimate || f||g» by applying the chain rule and have to consider
1D ... D7ull, o1l + -+ + ow] < p.
(See the proofs of Theorems 3.4 and 3.5.) If there are two factors, D?'u and
D2y, say, which are not dominated in maximum norm by L, then
d d
p < |¢71|+m+5 and p < |02|+m+§;
thus
2p < |0'1|—|— |02|+2m+d§p+2m+d.

Therefore, if we choose p = 2m + d + 1, there can be at most one factor
D%y that cannot be dominated in maximum norm by L, and one obtains

IFCotsuls t)llae < Cllul, 8| g

By the same arguments as in Section 3 we have proved nonlinear asymptotic
stability.

Theorem 4.4 Let p=2m+d+ 1. If [J°||F||%, dt is finite and f(z,t,u)
satisfies Assumption 3.1 (with v replaced by u), then |u(:,t)|ec — 0ast — oo
for sufficiently small |e].

Resolvent estimate gaining derivatives
It is not difficult to generalize Theorem 4.1 as follows.

Theorem 4.5 Assume that the 27-periodic Cauchy problem for u; = Pu
is well posed and that the symbols P(iw) satisfy the following eigenvalue
condition:

ReAd < —(jw|?+1)6 <0 forall A€ o(P(iw)), weZ,
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where ¢ is a nonnegative integer. Then there is a constant K with

|(sI — P(iw))7Y < for all Res >0, weZ% (4.26)

lwl + 1

Proof. The proof, based on the Kreiss matrix theorem, proceeds in exactly
the same way as the proof of Theorem 4.1. Just note that, instead of (4.20),
we have here

! o
O < _ . _ q .
|Re A; a|_2(1+6) ’Re)\J+2(|wI +1)
[

For the linear problem u; = Pu + F, (4.26) translates into the estimates
x0 o0
[ hulde < [ iR (427)
0 0
and
o0 o0
| (e + Naalaresn) dt < Ko [ 1P It p2mog. 428)

The left-hand side of (4.28) bounds sup, |u(-,#)|%, if p+q—m > ‘—2i, and one
obtains linear asymptotic stability.

Theorem 4.6 Let P satisfy the assumptions of Theorem 4.5 and assume
fooo ||F||12, dt < oo, where p is the smallest integer with p+qg—m > %. Then
lim_, oo maxg |u(z,t)| = 0 if |e| is sufficiently small.

Nonlinear asymptotic stability when f depends on Du, etc.

Let us assume again that P satisfies the conditions of Theorem 4.5. Thus,
in the linear estimate we gain ¢ derivatives; see (4.27) and (4.28). Recall
that m is the order of P and m > ¢. (This follows from (4.26) for |w| — c0.)
Let the nonlinearity f depend on (z,t,v) where

v = (u,Du,...,D"u).
We want to explain why one obtains nonlinear stability if
r<gq,

but cannot allow r > g, in general. Here we assume, as before, that f(z,t,v)
vanishes for v = 0. More precisely, we require Assumption 3.1 for sufficiently
large p.

In order to control f(z,t,v), we choose p so large that the left-hand side
of (4.28) dominates |v|2,. Consequently, since v contains D"u, we let p be
so large that

d
prq-—m>rt . (4.29)
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(Further restrictions on p will appear below.) Then we have (see (4.28))

T
[ (lBirss + 1t Brreaer)

o] T
< 2K, [P dt + 2leP [ Iflde (430
0 0
with
f=flz,t,v(z,t)).
Denote the left-hand side of (4.30) by L?; thus

d
« 2 2

. < _ —.
Joax |D%v(-,t)|5, < CL* if p+q—m > |a|+r+2

We estimate || f||g» by applying the chain rule (see the proofs of Theor-
ems 3.4 and 3.5), which leads to the consideration of

|Dv...D%v|| with |oy|+ - -+ |ok| <p.
If there are two factors, D?1v and D??v, say, which cannot be estimated in

maximum norm by CL, then

d d
p+g—m< |01|-|—7"+§ and p+q—m§|02|+r+§;

thus
2p+2¢—2m < p+2r +d.

Therefore, we choose p so large that (4.29) holds and
p>2(r—gq)+d+2m.
Under these conditions on p we have
1f Gt v lar < Cllvllae,  C = C(L). (4.31)

Thus far, no restriction on the relation between r (the number of derivatives
of win f) and ¢ (the number of derivatives gained in the resolvent estimate)
has occured. Clearly, ||v||g» = ||ul|grp+-, and therefore,

T T
/HN%MSC/H%%H& (4.32)
0 0

by (4.31). If » < ¢ and |¢| is small enough, we obtain the desired bound

T >3]
| (s + Nl dt <38 [P (433)

from (4.30), and nonlinear stability follows. On the other hand, if r > g and
we substitute (4.32) on the right-hand side of (4.30), the new right-hand
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side contains higher derivatives of u than the left; then we cannot obtain a
bound for u.
Let us summarize our result of nonlinear asymptotic stability.

Theorem 4.7 Consider
ug = Pu+ef(z,t,v) + F(z,t), u(z,0)=0,
with
v = (u,Du,...,D"u).

Let P satisfy the conditions of Theorem 4.5 with ¢ > r. Furthermore, let
Assumption 3.1 hold for f and let [ || F||%;, dt < oo, where p = 2m+d+1.
Under these assumptions, lim_ |v(+, t)|eo = 0 if |¢] is sufficiently small.

Discussion
As noted above, the eigenvalue condition (4.26) is reasonable if u; = Pu
is a parabolic system of order ¢. In this case Theorem 4.7 states that the
nonlinearity may depend on all space derivatives of u of order < g.

Now consider the hyperbolic equation

ur = uy —u+ F(x,t).

We have P(iw) = iw—1, and the simple eigenvalue condition (4.5) is satisfied
with 6 = —1. However, the resolvent estimate (4.26) is only fulfilled with
q = 0, as the choice s = iw in (4.26) shows. Therefore, by Theorem 4.7,
we may add a nonlinear term e f(x,t,u), but dependency of f on u, is not
allowed.

In the next section we will treat hyperbolic problems in more generality
using the Lyapunov technique. It will become clear that certain nonlin-
earities e f(x,t, u, u;) still lead to asymptotic stability, though the resolvent
technique fails.

5. Hyperbolic problems: periodic boundary conditions

Consider a first-order system

d
Ut :Pu+6ZBj(u)Dju+F(x,t), zeRY t>0, (5.1)
j=1
with initial condition
u(z,0) = uo(z), z€RY, (5.2)
where P is a constant coefficient operator,
d

Py = Z A;D;u + Bu.
j=1
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Our main assumption is symmetry, that is,
Aj = A3, Bj(u) =Bj(u), j=1,....d, (5.3)
and negativity of the zero-order term,
B+ B* < —26I <0. (5.4)

Because of (5.3), system (5.1) is called symmetric hyperbolic. The functions
Bj(u), F(x,t), and ug(x) are assumed to be of class C*°, for simplicity, and
F(xz,t),uo(z), and u(z,t) are 2n-periodic in each z;. In addition, it will be
convenient here to assume that all quantities are real.

As remarked at the end of the previous section, (5.1) cannot be treated
by resolvent estimates, but, as we will see, by the Lyapunov technique.

The basic energy estimate
First consider (5.1) for e = 0. As in Section 2.1, we consider the ‘change in
energy’ of the solution:

d

d 2
ShGOIP = L)

= 2(“7 ut)

= 2|u, Y A;Dju | +2(u, Bu) +2(u, F).  (5.5)
J

Using the symmetry of A;, integration by parts, and the periodic boundary
conditions, one obtains

(u,A;Dju) = (Aju, Dju)

= —(4;Dju,u);
thus
(u, A;Dju) = 0.
Furthermore,
(u, Bu) = (B*u,u) = (u, B*u);
thus

(1, Bu) = 5 (u, (B + B*)u) < ~6ljull.

Equation (5.5) yields

IN

d
ri ~26]|ull? + 2{|u]| | F|

IA

1
—ollull? + 2P|,
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and we obtain the basic energy estimate
(B < e uol?® + ; ;[ erenEear

e *luoll? + ax || F(-,7)|. (5.6)

I

62 0< <t

This estimate is completely analogous to (2.7).
Clearly, from u; = Pu + F we find D% = PD%u + D*F, and summing
the resulting estimates over all a with |a| < p, we obtain

Ju Ol < e ol + 25 max 1P p=01... (57)

By the Sobolev inequality stated in Theorem 3.3, we can bound |u(-,%)|oc
by |lu(-, )| e if p > %. Therefore, arguing exactly as in the ODE case in
Section 2.1, we have proved the following result of linear asymptotic stability.

Theorem 5.1 Let P = Zj A;D;+ B satisfy the assumptions A; = A7 and
B+ B* < —261 < 0. Furthermore, assume lim;_,o ||F'(-,t)||g» = 0 where p
is the smallest integer with p > %. Then we have lim;_, |u(-, t)|ooc = 0.

For the linear problem, we could also have used the resolvent technique if
00 2 .
Jo " IF|I3;» dt were finite.

The nonlinear problem
For the solution of (5.1) we consider again the ‘change in energy’,

%Hull2 = 2(u, Pu) + 2(u, F) + 2¢ Z(u, Bj(u)Dju)

J
1
< —bllul® + 5|1F||2 + 2[e| Y |(w, B;j(w)Dju)|.  (5.8)
J
Using the symmetry of B;(u), integration by parts, and the periodic bound-
ary conditions, we obtain

(u, Bj(u)Dju) = (Bj(u)u, Dju)
—(Bj(u)Dju, u) — (Bj(u)(Dju)u, u);
thus
(1, By () Dju) = — 5 (B} (w)(Dju)u,w). (5.9)
Here
1B} (u(-,t))|oo < C1(1 + |ulco)
and one finds

(u, Bj(w)Dyu)| < C1(1+ [uloo) | Dyulso ul[2 (5.10)
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We can substitute this estimate into (5.8), but the resulting inequality does
not lead to a bound for ||u||, because |u| and |D;u|s cannot be bounded
in terms of ||ul.

To obtain an inequality that closes, we consider 5 ||ul|%, for sufficiently
large p. As we will see below, the choice p = d + 2, which we now make, is
sufficient. For |a| < p, we apply D® to the differential equation (5.1) and
obtain

D*uy = PD*u+ DF +¢ Y D*(B;Dju).
J
Therefore,
d a (84 1 (83
4 10%ul® < =8lID*ul*+ 3| F||2+2|€|Xj:I(D“u,Da(BijU))I~ (5.11)
By Leibnitz’s rule,
D¥(B;jDju) = . cap(D"B;)(D"Dju)
Bty=a

with numerical coefficients c,3. The most ‘dangerous’ term occurs for 3 =
0,7 = a. On the right-hand side of (5.11), this term contributes

(Do‘u, BjDaDju),

and, if || = p, then p + 1 derivatives are applied to u. However, using the
symmetry of B; and integration by parts, we can remove one derivative and
find, as in (5.10),

|(Du, B;D*Dyu)| < C1(1 + Juloo) Dyuleo | D%ul?.  (5.12)
Now let
|5|21>5+’7=a» thllS |’7|SP—1,
and consider
(D°u, (D°B;)(D"Dyu))| < | D°ull|(D’B)(D'Dyw)|.  (5.13)
Just as in the proof of Theorem 3.4, we apply the chain rule to write
DA(B;(u(z,t))) as a sum. Then one finds that (D?B;)(DYDju) is a sum of
terms
(DyB;)D%*u... D%y, 2<k<p+1,
where
loif 4+~ +lox <p+1 and |oj|<p, j=1,... .k

Here Dy, B; is a derivative of B;(u), and thus

(DiBs)(u(1)| < C1+ Juleo)- (5.14)
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It remains to bound
|D% w...D%ul.

By Sobolev’s inequality,
d
|D%u|o < Cllullge if p> o]+ 3
Suppose there exist two factors, D°'u and D??u, say, which cannot be
bounded in maximum norm by ||u||g». Then we would have
d d
pSIall+§ and pSIGz|+§,
and thus
2p < o1l + o2l +d<p+1+d,

in contradiction to our choice p = d+2. We conclude that each factor D% u,
with at most one exception, can be bounded in maximum norm by |lul|g».
This implies

1D ... D7ull < € (1+ lullf!) lulf, (5.15)

since 2 < k < p+ 1. To summarize, the inequalities (5.12), (5.13), (5.14),
and (5.15) yield

a « 1
(D%, D*(B;Dyu))| < C (1+ lullfy ) lule-
We substitute this bound into the right-hand side of (5.11) and sum over all
o with || < p to find

d 1
ulls < —éllullhs + 511 + 20elC (1+ 1l ) lulfs.  (516)

The constant C' is independent of ¢ and ¢; it depends on the size of B; and
its derivatives.

Using the differential inequality (5.16) and elementary ODE arguments,
one obtains the following result of nonlinear asymptotic stability.

Theorem 5.2 Consider (5.1) under the assumptions (5.3) and (5.4). If
limy_,o0 ||F(-,t)]|Jg» = O for p = d + 2, then lim¢_oo ||u(:,t)||g» = O for
sufficiently small |¢|. In particular, |u(-,t)|cc — 0 as t — o0.

Generalizations
It is straightforward to generalize Theorem 5.2 to the case

Bj = Bj(x,t,u)

as long as one has symmetry A; = A3, B;j=Bjj=1,... ,d. Also, without
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difficulty, a zero-order term e f(z,t,u) with f(z,¢,0) = 0 can be included in
(5.1); more precisely, Assumption 3.1 is required.

The arguments become much more involved if the symmetry assumption
is dropped. Let us explain the difficulty. We start with the linear case, and
assume that

uy = Pu with Pu=Y_A;Dju+ Bu,
J

is strongly hyperbolic; that is, for all w € R the eigenvalues of 3 ] wjA; are
real and semi-simple, and there is a transformation S = S(w) with

|S(w)| + |S™(w)| < const
so that

S| wd; ) s
J

is diagonal. If one assumes, in addition, the eigenvalue condition
ReA< —6<0 forall A€o(P(iw)), weZd, (5.17)
then one can use the characterization (4) in the Kreiss matrix theorem (The-
orem 4.2) and construct matrices H = H(w) with the following properties:
1
0< EI < H(w) = H*(w) < CI;
H(w)P(w) + P*(w)H(w) < —6H(w).
Using the matrices H(w), which form a so-called symmetrizer, one defines
a new inner product on Ly = Ly(T% C") by
(w0} = Y " (w)H(w)d(w)-
weZd

The H-inner product is equivalent to the Lo-inner product, and the operator
P becomes negative in the sense that

2(u, Pu)p < —6llul.

(This is the main point of the construction.) For solutions of the linear
equation u; = Pu + F', one then obtains without difficulty

d
gl < —ollulld, + 2zl Fll

and can derive a satisfactory energy estimate.
However, to treat a nonlinear equation

us = Pu+e ) Bj(u)Dju+ F(z,1),
i
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the construction is not fine enough, even if B;(u) = B;(u). The difficulty is
that the rule

(Dau, B]-D"‘Dju) = (BjDau, DaDju) (5.18)
is not valid if the Lo-inner product is replaced by the H-inner product,
and a rule like (5.18) — together with integration by parts — is needed to
remove a derivative from the ‘dangerous’ term D*D;u. For this reason it is
necessary, in general, to refine the construction of H(w) by terms of order
€ and to construct a symmetrizer adjusted to the solution of the nonlinear
problem. Details of the construction, which uses elementary properties of
pseudodifferential operators, are carried out in Kreiss, Kreiss and Lorenz
(1998b) and Kreiss, Ortiz and Reula (1998¢). It is assumed that either the
unperturbed system is strictly hyperbolic or that the eigenvalues of the full
symbol have constant multiplicities.

6. Parabolic problems in bounded domains

Model problem and basic estimate
Consider the parabolic equation

ug = Pu+ef(z,t,u,ug, tzg) + F(z,t), 0<z<1, t>0, (6.1)
where P is the second-order operator
Pu = uge + a(z)uz + b(z)u.
We require the initial and boundary conditions
u(z,0) =0, 0<z<1; u(0,t) =wu,(l,t)=0, t>0. (6.2)

The given scalar functions a(z),b(x), F(x,t) and f(z,t,u, uz, uzy) are as-
sumed to be of class C*°, for simplicity, and compatibility of the data with
the boundary conditions is assumed. The functions f, fi, fir, and fy; are
required to satisfy Assumption 3.1 with v = (u, ug, us,) for all sufficiently
large p.

For £ = 0, Laplace transformation leads to a family of ordinary BVPs for
@ = u(z, s), namely

51 = figg + a(x)ly + b(x)i + F(z,s), 0<z<1, (6.3)
(0, 8) = dig(1,5) = 0. (6.4)

A basic observation is that one can always obtain good estimates of @ by F,
gaining two derivatives, if Res > 0 and |s| is sufficiently large.

Lemma 6.1 There are constants C and K, depending only on |a|ec + |b|co,
so that the solution of (6.3), (6.4) satisfies

s 1l1% + [s]llde |1 + |1des|* < K||F|I? (6.5)
if Res >0 and |s| > C.
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Proof. Take the Lg-inner product of (6.3) with @(z, s) and use integration
by parts to obtain

s||a)|® + |iz||? = (@, adiz) + (4@, b) + (4, F) =: R. (6.6)
The absolute value of the right-hand side is bounded by
IRl < lalooll@l |l + [Blool|@ll? + ll@l|
< %”'&zHZ + Kal|al)® + all| F)l.

Taking the real part of (6.6), we find
_ 1. . - S
Resllall* + 5 llaz]|* < Killa]® + la]l| £1] (6.7)

Case 1: Res > |Ims|; thus |s| < v2Res.

IfK; < \/I_, we obtain from (6.7)

/3

|3| 24 ~ 2 I Is| 2 2.
“Na? < Nall|F|| < F
2\fll al|* + Il 1 < llalll &l fH all” + s .II 11
thus
sl + |slll @ |® < 8]IF 12 (6.8)

Case 2: 0 <Res < |Ims|, thus |s| < v/2|Ims].
First, from (6.7) and Re s > 0 we find

1, . 5 - ~
§lluac||2 < Killa@|? + ||all|| F |- (6.9)
Also, taking the imaginary part of (6.6), we have
sl < Ko (Jal? + 1) + a1,
and, together with (6.9), we obtain
s al” < & (a1 + 1l 1£1).
Recalling that |s| < v/2|Im s|, we obtain, as before,
|slPllall* < Kyl F? for |s| > C,
if C is sufficiently large. Together with (6.9), we have shown that
|s[?llall® + |slllaz||* < Ks|| F||I* for |s| > C. (6.10)

Since we have proved such an estimate already in Case 1 (see (6.8)), it is
clear that (6.10) is generally valid for Res > 0,|s| > C. Finally, using the
differential equation (6.3), we can estimate ||Gzz|| by Ks(|s|||@}l+|a=z|+ I FI),
and the lemma is proved. O
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A simple implication of Lemma 6.1 is the unique solvability of the BVP
s¢ = P¢ + g(x), #(0) = ¢(1) =0,
where
Pp = ¢ry + ady + bo,

provided that Res > 0,|s| > C. Here g(z) is any inhomogeneous term. In
particular, it follows that the eigenvalue problem

Pe=2p,  $(0) = ¢o(1) =0 (6.11)

does not have an eigenvalue A with Re A > 0,|A| > C.
To obtain asymptotic stability, we formulate the following eigenvalue con-
dition.

Assumption 6.1 The eigenvalue problem (6.11) has no eigenvalue A with
ReA > 0.

Remark 6.1 Lemma 6.1 excludes large eigenvalues A with nonnegative
real part but, depending on a(z) and b(x), eigenvalues A with Re A > 0 and
|[A| £ C can exist, of course. Since one only has to examine a compact -
region, Assumption 6.1 can be tested with standard numerical procedures.
Also, sufficient conditions for Assumption 6.1 are well known from the max-
imum principle. For example, if a(z) and b(z) are real and b(z) < 0 for all
z or b(z) — az(x) <0 for all z, then Assumption 6.1 holds.

Assumption 6.1 together with Lemma 6.1 gives us a strong resolvent es-
timate.

Theorem 6.1 Consider
P¢ = ¢puz + a(x)pz + b(z)p, 0<x <1
Then Assumption 6.1 holds if and only if there is a constant K such that
sii=Pa+F, @(0,s)=1(1,s), Res>0, (6.12)
implies
@l < K| F. (6.13)
Proof. First, assuming that the estimate (6.13) holds for all Re s > 0, there
can be no eigenvalue A with Re A > 0; that is, Assumption 6.1 holds.
Second, assume that the eigenvalue problem (6.11) has no eigenvalue A
with Re A > 0. Then, for every fixed s with Res > 0, the BVP (6.12) has
a unique solution, and the estimate (6.13) holds with K = K(s). Further-
more, if s varies in a compact region, the constants K(s) can be chosen

uniformly bounded, as one can prove by a contradiction argument and Ar-
cela’s theorem. Therefore, Lemma 6.1 completes the proof. O
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By Parseval’s relation (with Re s = 0), (6.13) translates into

/WMMwM@ﬂHSKH/wNﬂwMF&- (6.14)
0 0

Estimates for derivatives and linear stability

In the case of periodic boundary conditions, we could apply an estimate
like (6.14) directly to D*u since D®uy = PD%u + D*F. However, in the
present case, the boundary conditions u(0,¢) = u;(1,t) = 0 have been used
to derive (6.14), and D®u does not satisfy these boundary conditions, in
general. Instead, we differentiate with respect to t to obtain

Uy = Puy + Fi.

Let us assume that
u(z,0)=0, 0<z<1. (6.15)

We will show below that this is no restriction. Then we can apply (6.14) to
u; and find

o0 o0
|l at < [ iRt (6.16)

Further, if uy(x,0) = 0, then we can repeat the process and find

o0 [0 o}
0 0

Since

Utzz = Ugzzzr T (aua:)a:a: + (bu)zz + Fyz,

it is not difficult to show that (6.14) and (6.16) imply

oo o0
/0 (Il + s dt < Kz/o (IFI3: +1FRI%) &t (6.18)

The Sobolev inequality, which we stated in Theorem 3.3 for periodic func-
tions, remains valid without periodicity and, therefore, the estimate (3.17)
applies here. Consequently, the left-hand side of (6.18) dominates

sup (fu, )% + s )12 )-

Using the same arguments as in Section 3, we obtain limy_,o |u(-,t)|ec = 0
if the right hand side of (6.18) is finite.

It remains to show that the assumption (6.15) is not restrictive. To this
end, consider (6.1), (6.2) and make the change of variables

u(z,t) = te 'é(x) + v(z, t),



248 H.-O. KREISS AND J. LORENZ

where ¢(z) will be determined. At ¢ = 0 we have
F(z,0) = w(z,0) = ¢(x) + vz, 0).
Therefore, if we choose ¢(z) = F(x,0) then we obtain v:(z,0) = 0 for the

new variable.

Nonlinear stability
For illustration, let us assume first that the nonlinearity f in (6.1) has the
form f = f(u;). Proceeding as in Section 3, we consider (see (6.18))

T
I Qe+ ) (6.19)
< 28 [ (1 + VRIP) e+ 200 [ (171 + 00017)

Here
f=flug(z,t), (= F(ua(z, t))uz(z,?).

As noted above, the left-hand side of (6.19) dominates maxg<i<T |uz(:,t)|%
and, therefore, the nonlinearity is controlled in maximum norm. Further-

more,
T
/H%W&
0

is also bounded by the left-hand side of (6.19). Using the same arguments
as in Section 3, we find that lim; o |u(+,t)|co = O if the right-hand side of
(6.19) is finite and [¢]| is sufficiently small.

In the general case f = f(x,t,u,uz,uy;) we proceed similarly. After
proper initialization, we have the following generalization of (6.18), restric-
ted to a finite time interval:

T
2= [ (el + Tl + o + )
0

T
< Ko [ (P + 1Bl + I1Buls + | Feel )
0

The left-hand side bounds sup, |D%u|%, for a < 5. (Here D = 8/8x.) To
treat the nonlinear problem, we need to bound

T
Q0+ N+ Nl + 1 P)

in terms of L2. Applying the chain rule and expressing any t-derivative on u
by two z-derivatives (using the differential equation), one needs to consider

|D%wu...D%u|, o1+ -+or <8
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Since derivatives up to order 5 are controlled in maximum norm by L, one
finds that

ID% ... D7*u||? < Cllul%s.

The remaining arguments are as in Section 3.

Generalizations
It is not difficult to generalize the key result, Lemma 6.1, to the Laplace
transforms of parabolic systems

up = (A(x)uy), + B(z)u, + Clz)u + F(z,t) = Pu+ F(z,t)
under initial and boundary conditions
u(z,0) =0, 0<z<1; Rou(0,t)=Riu(l,t)=0, t>0.

Here A(z), B(z), and C(z) are smooth matrix functions, and parabolicity
requires
A(z) = A*(x) > al > 0.

We also assume that the boundary conditions Rott = R4 = 0 imply

1
(@, Az)| = 0.

(This boundary term appears when (4, (Ady),) is integrated by parts.) In
particular, one can use a Dirichlet or Neumann condition. Under these
assumptions, one obtains that a strong resolvent estimate

|||z < K||F)| for all Res >0
holds if and only if the eigenvalue problem
P¢ = Ao, Ro¢p = R19 =0,

has no eigenvalue A with Re A > 0. The arguments are the same as in the
proof of Theorem 6.1. Again, the eigenvalue condition can be tested numer-
ically since the existence of large eigenvalues A with Re A > 0 is excluded by
analytical arguments.

7. PDEs on all space with negative zero-order term

The purpose of this section is to extend the results of Sections 3, 4 and 5
from the case of periodic boundary conditions to problems on all space. The
extension is easy, because the constant coefficient operator P is assumed to
have a ‘negative’ zero-order term. This allows us to obtain a resolvent
estimate that is valid uniformly up to Res = 0. For hyperbolic problems,
the zero-order term leads to exponential decay. Equations without such a
zero-order term are treated in Section 8.



250 H.-O. KREISS AND J. LORENZ

7.1. Problems on all space with strong resolvent estimate
Consider a Cauchy problem
us = Pu+ef(z,t,u,Du,...,D"u) + F(z,t), zcR%Lt>0 (7.1)

with homogeneous initial condition

u(z,0) =0, zecR% (7.2)
As in Section 4, the operator P has constant coefficients
P= > AD", A,eC™" (7.3)
lv|<m

The functions F(z,t) and f(z,t,v) with
v = (u,Du,...,D"u)

are assumed to be of class C™, for simplicity. Furthermore, let f(z,t,0) = 0;
more precisely, we require Assumption 3.1 with a sufficiently large p. For
the function F(z,t) we assume®

|IDYF(-,t)|| < o0, forall a, t>0,
and

o0
/ |F(- )13 dt < 00
0

for a sufficiently large p.
We will always assume that the Cauchy problem u; = Pu,u(z,0) = ug(z),
is well posed in Lo, that is, there are constants K and o with

‘eﬁ(i“’)t‘ < Ke® forall weR? t>0.

(See, for example, Kreiss and Lorenz (1989) for a discussion of well-posedness
in Lg)

For £ = 0, Fourier transformation in z and Laplace transformation in ¢
yield the family of linear algebraic equations

sti(w, 8) = P(iw)i(w, s) + F(w, 5). (7.4)

Here the Fourier—Laplace transform of u is
m .
(w, s) = (27r)_d/2/ / e STy (g, t) dz dt.
0 R4

As in Section 4, an eigenvalue condition for the symbols p(iw) leads to a
strong resolvent estimate.

8 The La-inner product and norm are now defined by (u,v) = fgs v (2)v(v) dz, |Ju||® =
(u,u), t.e., the domain of integration is R? instead of T¢.
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Theorem 7.1 Assume that the Cauchy problem for u; = Pu is well posed
and that there are constants ¢ € {0,1,...} and § > 0 with

Re\ < —(|w|‘1 + 1)6 <0 forall A€ o(P(iw), weR
Then there is a constant K with

R K J
\(31 _ P(la))) ‘ < Dpy frell w€RY Res>0 (7.5)

Proof. The proof, based on the Kreiss matrix theorem, is the same as
the proof of Theorem 4.5. The essential argument is given in the proof of
Theorem 4.1. One only has to replace w € Z¢ by w € R%. O

Given that P satisfies the assumptions of Theorem 7.1, one obtains from
(7.4)

li(w, s) |F(w,s)| forall weR? Res>0. (7.6)

| <
w7 +1

Then Parseval’s relation (with Res = 0) yields

/oo lu(-, t)||}a dt < Ky /°° |F(-,t)||? dt.
0 0

We can apply this estimate to D%u and can also obtain bounds for u; and
D%uy using the differential equation u; = Pu + F. Therefore,

| (s + e B )
< Ko [ IFCOldt pxm-g (77)
0

(Here m is the order of P.) The Sobolev inequality, which we formulated
in Theorem 3.3 for periodic functions, is also valid for u € HP(R?). Con-
sequently, the left-hand side of (7.7) dominates

: d
sup | D*u(-,t)|%, if p+q—m>|a|+§.
¢

In exactly the same way as we have proved Theorem 4.7, we obtain the
following result.

Theorem 7.2 Consider the problem (7.1), (7.2) and assume that P sat-
isfies the conditions of Theorem 7.1 with ¢ > r. Furthermore, let Assump-
tion 3.1 hold for f and let f;° ||F||3;, dt < oo, where p = 2m +d+ 1. Under
these assumptions limy_,o0 [U(,t)|cc = 0 if |¢] is sufficiently small. (Here
v=(u,Du,...,D"u).)
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7.2. Hyperbolic problems on all space

Consider a first-order system

us = Pu + szd: B;(u)Dju+ F(z,t), z€R? t>0, (7.8)
j=1
with initial condition
u(z,0) = ug(z), zeR% (7.9)
Here P has constant coefficients,
d
Pu= Z A;Dju + Bu.
j=1
We assume symmetry,
Aj=Aj, Bj(u)=DBju), j=1,...,4d, (7.10)
and negativity of the zero-order term,
B+ B* < -26I < 0. (7.11)

The functions Bj(u), F(z,t), and ug(x) are assumed to be of class C*° and,
for convenience, all quantities are assumed to be real. Furthermore, let

lluollre < 00, ||F(,t)|lHp < oo forall p=20,1,... andall t>0.
(7.12)
Under these assumptions, one knows local (in time) existence of a C* solu-
tions u(x,t), and this solution satisfies

lu()llge <00, p=0,1,.... (7.13)

in its interval of existence. (See, for example, Kreiss and Lorenz (1989).)
To discuss stability, we first let ¢ = 0. Consider the ‘change in energy’,
1d

igt'”ullz = (u,w)

= Z(u, A;Dju) + (u, Bu) + (u, F).
J
Using the symmetry of A; and integration by parts, one finds that
(U,Aij’U,) = (Aju, Dju) = —(Aiju,u),

and therefore (u, A;D;ju) = 0. When one integrates by parts, boundary
terms appear. However, these terms are zero, since the solution u decays to
zero for |x| — oo. This follows from (7.13). For this reason, all arguments
used in the spatially periodic case in Section 5 can be used here in the same
way. Instead of Theorem 5.2 one obtains the following result.
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Theorem 7.3 Consider the symmetric hyperbolic system (7.1) with initial
condition (7.2) under the assumptions described above. Also, for p = d + 2
we assume [ || F||}» dt < co. Then we have lim;_,o0 |u(-, t)|oc = 0 if |¢] is
sufficiently small.

The generalizations outlined at the end of Section 5 can also be made in
the all-space case. The only difference is that one has to work with Fourier
integrals instead of Fourier sums. In particular, if H(w) denotes a bounded
symmetrizer satisfying

H(w)P(iw) + P*(iw)H (w) < —6H (w),
then the H-inner product becomes
(u,v)y = / @ (w)H (w)v(w) dw.
Rd
With respect to this inner product, the linear operator P is negative:
(u, Pu)y + (Pu,u)n < —6llullf.
Perturbed hyperbolic systems
=Pu+e Z Bj(z,t,u)Dju + F(z,t),
J
which are either strictly hyperbolic or whose full symbol

wjdj+¢eY w;B(j(z,tu), |w|l=1,
ZJ ZJ

has eigenvalues with constant mult1phc1tles, can again be treated by con-
structing a norm adjusted to the solution.

8. Parabolic problems on all space with weak resolvent
estimate

In this section we consider viscous conservation laws of the form
d d
ur = PuterPruter d Difj(w)+ Y DiFj(z,t), z€RY t>0, (81)
j=1 j=1
with homogeneous initial conditions
u(z,0) =0, zeR

Here, the operator P has constant coefficients, that is,

d
Pu=A+> A;Dju, Aj €eR™™ (8.2)
Jj=1
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The term ¢y Pyu describes linear perturbations with variable coefficients, so
that,

d
Piu =" D;(B;(x,t)u), (8.3)

and the nonlinear functions f;(u) vanish quadratically at u = 0. Note that
all terms on the right-hand side of (8.1) are derivative terms, that is, (8.1) has
conservation form. In particular, the constant coefficient operator P does
not have a negative zero-order term, and therefore the results of Section 7
do not apply here. The aim of the section is to show that the resolvent
technique can still be used, but one needs more specific assumptions about
the form of the perturbation terms. Let us list our assumptions for the terms
Bj(z,t), fj(u), and Fj(z,t) appearing in (8.1).

Assumption 8.1
(1) Fj(x,t),Bj(z,t), and f;(u) are of class C* and
fi(0) =0, Df;(0) =0;

@) /0 /Rd F(z,1)] dz dt < oo;

(3) /Ooo I1F(t)|4pdt <0, p=0,1,...;
@ | 1B a < oo

(5) sup |D*B(z,t)|] < oo for all a.

Our standard form (8.1) together with these assumptions and homogen-
eous initial conditions might seem very restrictive, but one can often enforce
the requirements by simple transformations. Let us illustrate this.

8.1. Transformation to standard form
Consider a system
d
us = Pu+ Z D; fi(u) (8.4)
j=1

of viscous conservation laws, where P has the form (8.2) and where the flux
functions f; : R®™ — R™ are of class C*™ and vanish quadratically at v = 0.
Clearly, u = 0 is a solution of (8.4), and we are interested in its asymptotic
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stability in the sense of Lyapunov; that is, we consider (8.4) with small
initial data

u(z,0) = elp(z), z€R%L (8.5)

Conditions on Uy(x) will be derived below. For simplicity, let us assume that
the flux functions f;j(u) are quadratic; that is, there are symmetric bilinear
functions @; : R® x R® — R" with

fi(w) = Qj(u, u).
(If Hjp € R™*™ is the Hessian of the kth component of f; at u = 0, then
(Qj(u,v))x = 2v'Hjpu.) If we write u(z,t) = ev(z,t), then (8.4), (8.5)
becomes

d
vy = Pv + EZDjfj(v), v(z,0) = Up(x). (8.6)
j=1

To derive estimates by Laplace transformation, it will be convenient to ini-
tialize first. To this end, we introduce a new variable w(z,t) by

v(z,t) = e Up(x) + w(z, t),
for which we obtain
w(z,0) = 0. (8.7)
Setting
o(z,t) = e Uy(x)
we find that the function w(x,t) satisfies

d
Wi =Pw+EZDjfj(z7+w)+P17—vt,
j=1

where
fj('l_) + w) = f](’lj) + fj(w) + 2Qj(17,w).

Thus we can write

d d
wy = Pw + EZDj(Bj(w,t)w) + 5ZDjfj(w) + G(z,t)
=1 i=1

with
d
G=Po—7 +82Djfj(’l—))
j=1
and matrices Bj(z,t) determined by

Bj(z,t)w = 2Q;(v(z, t), w).
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If we now assume that the initial function Uy(x) has the form
d
Us(z) =Y _ D;U;(x),
j=1

where Up; € C* and
D%Up; € LiN Ly for all a,

then our construction shows that the inhomogeneous term G(z,t) can be
written as

d
G(z,t) = > D;Fj(,t),
j=1

where F; € C* and D*F; € Ly N Ly for all a. Therefore, w(x,t) solves
equation (8.1). Also, it is not difficult to show that Assumption 8.1 is
satisfied.

8.2. FEstimates for the unperturbed problem

Consider the linear equation

d
u=Pu+) D;Fj(z,t), zeR% t>0, (8.8)
J=1
with initial condition
u(z,0) =0, zecR% (8.9)

Here P = A + 3, A;Dj, and the Fj(z,t) satisfy the relevant conditions of
Assumption 8.1. We also require the following.

Assumption 8.2 The system u; = ) j A;Dju is strongly hyperbolic; that
is, for all w € R? the eigenvalues of Zj w;A; are real and semi-simple, and
there is a transformation S = S(w) with

|S(w)| + |87 (w)| < const
so that

S wid; | 871 =: Aw)
J

is diagonal.
Fourier-Laplace transformation of (8.8) yields

siw, s) = P(iw)i(w,s) +1»_ w;Fj(w, ), (8.10)
J
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with
Pliw) = —|wl® +1)_w; 4,
J
The following technical lemma contains a crucial estimate of the resolvent
of P(iw).

Lemma 8.1 There is a constant Cy, independent of w € R% and n > 0,
with

/oo‘((nJrlé)I le) ’ d¢ < Cq|w| ™2 (8.11)

—0Q
Proof. Let s = n+i€,n > 0. Using the transformation § = S(w) of
Assumption 8.2, we have

S(sI — P)S™ = (s + |w|?) I —iA,
where A = diag(Ax), Ak € R. Therefore,
I—- P <C . 8.12
o127 < Z TR T (842
Clearly, for n > 0 and w # 0,

o0 d§ 00 d§ B L
[avmrreee s [ mre -

This proves the lemma. O

We use the abbreviation

M(F,T) = (/ Rd|F(a:t)|dxdt>2

for the square of the Li-norm of F' over space and the time interval 0 <t <
T. Recall that M(F,oco) is finite by Assumption 8.1. From the definition of
the Fourier-Laplace transform, we obtain directly

|F(w,s)]? < M(F,00) forall weR% Res>0. (8.13)
Therefore, using (8.10),

li(w, )2 < ](sf—ﬁ)—1]2|w|2)ﬁ(w,s))2

M(F,c0)wf? |(s] - 15)—1’2. (8.14)

IN

We now apply Parseval’s relation (see (2.21)) with = 0 to obtain
1 o0

/°°|a<w,t>|2dt = 2 [ awie)ae
0 2 J_

< CyM(F, ), weR% (8.15)
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In the last estimate we have used (8.14) and (8.11). The bound (8.15) will
give us the crucial estimate for the small-w projection of the solution.

Definition 8.1 Let v = u(x),z € R, denote an Lo-function with Fourier
transform @(w). Let i(w) = 4! (w) + 41 (w), where

Wl (w) = 4(w) for |w| <1, @' (w) =0 for |w|>1,

and let u/(x) and u!!(x) denote the corresponding inverse Fourier trans-
forms. We call 4! and u!! the small-w and the large-w projections of wu,
respectively.

A similar notation, u/'(z,t) and @/ (w, s), will be used for functions
u(z,t) and their Fourier-Laplace transforms. Note that the time variable ¢
and the dual variable s are irrelevant for the projections. Also, if u(z,t) is
a smooth function with derivatives in Lo, then differentiation and projec-
tion commute, because differentiation corresponds to multiplication on the
Fourier side, which clearly commutes with cut-off. In particular, one obtains

)(Dau1)~(w, s)l < [w|"’||ﬂ[(w,s)] < |11[(w,3)|. (8.16)

Theorem 8.1 Let u(z,t) solve (8.8), (8.9), and recall Assumptions 8.1
and 8.2. For any p = 0,1,..., there exists Cy, independent of F' and T', with

/OT(nun%,pH + nutni,,,_l) dt < G, (M(F, T) + /OT I F|%s dt) . (8.17)

Proof.

(1) We first estimate u/. By Parseval’s relation we have
WO = [ i do,
wl<1
Integrating this equation in time and observing (8.15), we find
o0
/ lul (-, )||?dt < CM(F,o0).
0

By (8.16) we obtain the same estimate for every derivative D%ul.
Therefore,

e ¢]
/ u}|3e dt < C,M(F,0), p=0,1,.... (8.18)
0

(2) The estimate of the large-w projection u!! proceeds like the estimates
in Sections 3 to 5. First note that (8.12) implies

(|w|2 + 1)

n -1
(s - Piw)) {sc, Wl =1, n>0
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Therefore,
| 1 e at < 6, [P a p=0 (829
0

(Note that we only gain one derivative, because F appears in differen-
tiated form as forcing.) Together with (8.18) we have derived

o0 oo
[ e at < 6, (wiE0) + [T IFEat) . p=0.1,....
0 0

(8.20)
To estimate time derivatives, we use the differential equation. Clearly,

D*w = PD*u+ Y _ D;D°F;
J

yields
luel3rp-s < C (Il + 1P ).

Together with (8.20), the estimate (8.17) follows for T = oo. Since
values of F(x,t) for t > T do not affect the solution u(z,t) for t < T,
it follows that (8.17) also holds for all finite 7. O

Remark 8.1 Suppose the inhomogeneous term in (8.8) is a general func-
tion

G € Li(R? x [0,0)),
that is, we do not assume the structure G = } . D;F;. Then we still have
|G(w,s)|> < M(G,0) <00, weR? Res>0.
Therefore, 4 = (sI — f’)‘lé and Lemma 8.1 yield

[ awopa = 5 [ awopa
< CM(G,o0)|w|™2. (8.21)

1 xX

In one and two space dimensions,

/ w72 dw = oo,
|w|<1

and consequently we cannnot obtain a bound of f;° [|u!||? d¢ from (8.21).
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However, if the number of space dimensions is d > 3, then

/ |lw| ™2 dw
lw]<1

/ |2 dt < CLM(G, o).
0

is finite, and (8.21) yields

For this reason, the structural assumptions on the forcing and the perturb-
ation terms in (8.1) can be relaxed for d > 3.

By (3.16), the left-hand side of (8.17) dominates maxo<i<T |u(-,t)|%, if
d

p—1> 5. With the same arguments as in Section 3, linear asymptotic
stability follows.

Theorem 8.2 Consider (8.8), (8.9) under Assumptions 8.1 and 8.2. Then
we have limy_,o |u(-,t)| = 0.

8.8. Stability for the perturbed problem

Consider (8.1) with initial condition u(x,0) = 0 and recall Assumptions 8.1
and 8.2. We want to show asymptotic stability, if 2 + 5% is small enough.
The basic idea is the same as in Section 3: We use the linear estimate of
Theorem 8.1 with F replaced by

F(z,t) + 1) Bj(z,thu(z,t) +e2 Y fi(ulz,1)), (8.22)
J J

that is, we treat the perturbation terms as forcings.
To be specific, let p = d + 3 and let Cp, be fixed with (8.17). For all €1, 2
there exists T = T'(e1,€2) so that

2 T 2
2= [ (s + ) dt
0
oo
< 4G, (M(F, o) +/ 1F|20 dt) — R (8.23)
0
By (3.17), we have
d
(e . 2 < 2 5 _ b
Oréltag)gle u(+ )5 < L* if p—1>|al+ 5
From (8.17) (with F replaced by (8.22)) we find

T
(1l + el ) (824)

T
< G (M(F+slBu+€2f(u),T) +/ |F + e1Bu + 2 f (u) || % dt).
0
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Here
M(F +e1Bu+ eaf (u),T) < 2M(F,T) 4+ 4eM (Bu, T) + 4ea M (f (u), T)
and
I|F + e1Bu + e2f ()3 < 2 F I3 + 4¢3 | Bull3s + 4€3] £ (w) v,

and it remains to show that the quantities

T T
M(Bu,T), M(f(u),T), /0 | Bul s, /0 1 ()20

can be estimated by KgL?, with a constant Kr depending only on the
(fixed) right-hand side of (8.23). Firstly,

T 2
([ [, B0l o1azat)
0 R4
T T
//]B|2dxdt/ |2 dt
0 R4 0

< CBL2,

M(Bu,T)

IA

IA

where we have used Assumption 8.1. Secondly, since f vanishes quadratic-
ally at w =0 and |u(z,t)| < L < R, we have |f(u)] < Cr|u|?. Therefore,

wigw.ry = ([ [ 15et o ar)

c% (/OT/Rd |u|2d:cdt)2

< CiL* < CRI2.

IN

Thirdly, by Leibnitz’s rule,

D*(Bju) = Y _ cap(D* P B;)(DPu);
B<a

thus

1Bullf» < Caliulli

if we observe Assumption 8.1. This implies

T
/ 1Bull%» dt < CpL2.
0
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Finally, a bound
T
/0 1 ()[4 dt < C(R)L?

is shown exactly as in Section 3. (See Theorems 3.4 and 3.5.) These argu-
ments prove that there is a constant Kg, independent of T and £; and &3,

such that
T
2= [ (lolfper + ualoes)
0

< 26, (M(F, o0) + / 1 F1|%» dt) + KRL? (2 +¢3). (8.25)
0

If we choose €2 + £2 so small that

Kg (5%%—53) <

)

[

then (8.25) implies

T 00
I (s + s ) e < 3, (8F00) + [~ 11 at)

The remaining arguments are as in Section 3.
Theorem 8.3 Consider (8.1) with initial condition u(z,0) = 0 and recall
Assumptions 8.1, 8.2. If €2 + €2 is small enough, then lim; o [u(:, )]0 = 0.
9. Half-space problems with strong resolvent estimate
Let H? denote the half-space

HE = {z = (z1,22,...,74) : = €RY 1z >0}
with boundary

B'Hdz{:ce'}-ld: z; = 0}.

As a model problem, we consider the scalar parabolic equation

d
u = Au+ Zaiju +bu+ G(zx,t)
j=1
= Pu+G(z,t), zeH: t>0, (9.1)
with initial condition
u(z,0) =0, =z €M, (9.2)

and Dirichlet boundary condition
u(z,t) =0, ze€dH? t>0. (9.3)
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In (9.1) the coefficients a1, ...,aq, and b are real constants, and G(z,t) is a
smooth function, which decays sufficiently fast for |z| — oo and for t — oc.
Also, it will be assumed that G(z,t) and the initial and boundary conditions
are compatible at (z,t) = (0,0). It is sufficient, but not necessary, that G
is of class C* and has compact support in H¢ x (0, c0).

As in the previous sections, we will derive estimates of u in terms of the
inhomogeneous term G. Then the form of the estimate will tell which type
of nonlinear perturbation can be added. As we will see, the stability of the
problem (9.1), (9.2), (9.3) depends crucially on the sign of b. If b > 0, the
problem is unstable. If b < 0, the case treated in this section, one can derive
a strong resolvent estimate. The case b = 0 is more intricate and is treated
in the next section.

We remark that the maximum principle can be applied to the scalar equa-
tion (9.1) and also to nonlinear perturbations of it. While this principle is
very useful for scalar problems, it does not apply to systems of equations in
a natural way. In contrast, the approach we present here can be generalized
to systems.

Proceeding formally, we Fourier transform in the tangential variables

z_ = (x9,...,2q)

and Laplace transform in ¢ to derive a family of ordinary BVPs on the
half-line 0 < z; < co. Using the notation

m .
w(r,w,s) = (27r)‘(d_1)/2/ / e Sty (py, 2, t) dz_ dt,
0 Ra-1

w= (wa,...,wq) eR*! Res>0,

we obtain
d ~
sii = D}ii — w|* @+ a1 Dyt +1»_ wjasii+ bii + G(z1,w, 5),
j=2
that is,
D34+ ay Dyt — ot = —G(x1,w, 5) (9.4)
with
d
o=s+|w?—-ip—b, p:ijaj. (9.5)
Jj=2

The boundary condition (9.3) transforms to
#4(0,w,s) =0, weR¥! Res>0. (9.6)

In Section 9.1 we present some elementary results on ordinary BVPs of the
type (9.4), (9.6).
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9.1. Auziliary results on BVPs on the half-line

To simplify notation, we write x instead of 1, a instead a;, u instead of 4,
and F(z) instead of —G(z1,w, s). Then the BVP (9.4), (9.6) reads

Ugg + aUzy — ou = F(z), 0<z <oo0; u(0)=0. (9.7)
Before discussing (9.7), we look at even simpler first-order equations.
Lemma 9.1 Let Re X < 0 and consider
ug =Au+ F(z), 0<z<o,

where? F € C N Ly. The general solution
w(z) = u(0) + /0 " MO p(e) de (9.8)
satisfies the estimate
Jull < Cx (lu(@)F + 1 F)=)

with a constant C) independent of u(0) and F.

Proof. For ui(z) = e*u(0) we have

2 _ 2 [ 2Rerr 4. _ |u(0)[?
Juall = (P [ eer o = fo

Let ua(z) denote the integral term in the general solution. Applying the
Cauchy—Schwartz inequality, we find

xT 2
(@) < ( / e%Rer—@e%Re*(z-f)\F(s>|ds)
0

1 ‘ Re A(z—¢&) 2
< .

Therefore,

1 oo oo
2 < Re)\(a:—ﬁ)F 2
el < gy e Om©R g

1
Re AP IF||.

The estimate of [|u||? follows from |Ju|? < 2|ju1||? + 2||uz||?. O

¥ The condition of continuity, F € C, can be dropped here and in the following if one
works with weak derivatives of u instead of classical derivatives.
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Lemma 9.2 Let Re A > 0 and consider
Ug = u+ F(z), 0<z< o0,

where F' € C'N Ly. There is a unique solution in Ls, namely

o0
u(z) = — / PO P(g) de. (9.9)
This solution satisfies
1 2 1 2
< < —_— .
el < =5 IFl, ()R < 52| F

Proof. 1If u is given by (9.9), then the estimate of ||u| follows as in the
proof of the previous lemma. Also, the bound for |u(0)| follows from the
Cauchy—Schwartz inequality.

The general solution has an additional term e*®c, but it is clear that (9.9)
is the only solution in Lo. O

In the discussion of (9.7), the roots A1 2 of the characteristic equation
Miar—0=0 (9.10)
will be important. We show the following elementary result.

Lemma 9.3 Let a € R and let Rec > 0,0 # 0. Then the roots of (9.10)
satisfy
ReX; <0 < ReXo.

Proof. Clearly, Ay +A2 = —a, A1A2 = —0. Suppose a root A; = i« is purely
imaginary. Then a # 0 since o # 0. However, Ay = —a — ia, thus

RelAds =a? = —Reo < 0.

This contradiction shows that no root can be purely imaginary.
Now let

M =21 +ia, A=z —ia, zj,a€R

Then
ReMAs =21z + a2 <0

implies z1z2 < 0. Our previous argument shows z; # 0, and the assertion
follows. O

Using the previous three lemmas, it is straightforward to obtain the fol-
lowing result for the BVP (9.7).

Theorem 9.1 Consider (9.7) with
a€R, Reo>0, oc#0, Fe(CnNLs.
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The problem has a unique solution u € C? with u,us, gz € Lo, and there
is a constant C, », independent of F', with

lellz2 < Caoll Fl- (9.11)

Proof. Using the variable v = u; + au, we can write (9.7) as a first-order

system,
(z)z:(—aa (1)> (Z)+(§) 9.12)

The eigenvalues Aj 2 of the system matrix, which we call A, are the roots
discussed in Lemma 9.3, and there is a transformation ¢ with

Q7 1AQ = A = diag(A1, \a).

o (2 %)

In the variables V = (V1, V2)T determined by

u\ _ Vi
(+)=2()
the system (9.12) becomes diagonal,

V, = AV +H(z), H=Q" (2,)

In fact,

We can now use Lemmas 9.1 and 9.2 to construct and estimate an Lo-
solution. Note that the boundary condition «(0) = 0 transforms to

A1V1(0) + A2V2(0) = 0. (9.13)
By Lemma, 9.2 the unique Ls-solution of V5, = AoV + Ho satisfies
IVall? + [V2(0)]> < G| Ha|)?,  Ch = Ci(Xe).
Using Lemma 9.1 and (9.13) to estimate Vj, we obtain
VIl < CollHl, C2 = C2(M12),
or, in the original (u, v)-variables,
lull® + [l < CslIFI%, Cs = Cs(M,0)-

Since v = uz; + au and since we can use the differential equation to estimate
Uzz, the inequality (9.11) follows. Clearly, by subtraction, (9.11) also yields
uniqueness. O

For later reference, let us note that the Sobolev inequality (2.30) implies

sup (@) +u (@) <2 [ (1u(@)P + o @) + uze() ) d,

>z To
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and, by (9.11), the right-hand side tends to zero for zy — oco. Therefore,
the solution u(x) constructed in Theorem 9.1 satisfies

lim (fu(@)] + fus(2)]) = 0. (9.14)

9.2. Resolvent estimate for b < 0

In this section we assume that the coefficient b in the parabolic equation
(9.1) is negative. Recall the family of BVPs (9.4), (9.6) derived by Fourier—
Laplace transformation, where the ODE (9.4) depends on the parameter

d
oc=s+|w?—ip—b, p=2wjaj.
Jj=2

If s=n+i&,n > 0, then the parameter o satisfies
ol = (+ 1w =8)" + (= p)* 2 (WP +18)° 20* >0 (9.15)
and
Reo > —b> 0. (9.16)
In particular, Theorem 9.1 applies to each BVP (9.4), (9.6), and one finds
l@(, w, )2 < CaollG(,w,s)|| forall we RS, Res>0. (9.17)

We now use the BVP (9.4), (9.6) — or, in other notation, the BVP (9.7) —
directly to sharpen the estimate and to make the dependency on |o| explicit.
This will then allow us to apply Parseval’s relation.

Theorem 9.2 Consider the BVP (9.7) with
a€R, Rec>0, o#0, FeCnlLy,

and let u denote the HZ2-solution constructed in Theorem 9.1. There is a
constant K, independent of a,c, and F with

2
luzell? + |olllue i + 1o [ju)l? < K <1 + %21) 17| (9.18)
Proof. Multiply (9.7) by @(z) and integrate over 0 < x < oo to obtain
(u, Ugz) — a(u, uz) — ollul|? = (u, F).
Integration by parts yields
~lusl? - alu, us) — ollull® = (u, F). (9.19)

(Note that the boundary terms are zero because of (9.14) and u(0) = 0.)
Taking the absolute value of the real part of (9.19) one finds that

luz® + Reollull® < flulll £l (9.20)
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and, therefore,
Jlz | < Nuall 1 F- (9.21)

Case 1: Reo > |Imo|, thus || < v/2Reo.
In this case, (9.20) yields

lollull < V2l FII,

and thus
lo[l|lull < V2||F||. (9.22)

Also, from (9.7),
lueall < lalllus|l + lofllull + || F|. (9.23)

Combining this with estimates (9.21) and (9.22), one obtains

2
a 2
me+www%meW5K(an)ww

Case 2: 0 < Reo < |Imo], thus |o| < v2[Ima]|.
Taking the absolute value of the imaginary part of (9.19), one finds that

A

1
EIUIHUH2 < Al F1l + lafllwljuz|

I F 1l + lalllul®|F12. (9.24)
In the last estimate (9.21) has been used. From (9.24) we obtain

IN

I+ lallfull 2 )2

A

1
EIUIIIUII <

1 2
< NIF[N+ glofllull +

a
I E

lo]

and, therefore,

a2
|wwsm60+—)ww

lo
Combining this with (9.21) and (9.23), the desired bound (9.18) follows. O

The derivation of a strong resolvent estimate is now straightforward. We
apply Theorem 9.2 to each BVP (9.4), (9.6) and recall

o] > |w|?* + [b] > [b] > 0.
Therefore,

K1|G(,w, 5)]?
2 Nz (w0, )1 + (W + Dley (- w, )1 + (Jwl? + 1)%|a(, w, $) 1
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By Parseval’s relation we obtain the following result. (Note that the factors
|w|? + 1 provide estimates for derivatives in the tangential directions.)

Theorem 9.3 Consider the half-space problem (9.1), (9.2), (9.3) with b <
0. There is a constant C, which is independent of G, such that

/0 (-, &) 2200y A < € /0 IGCOIZ, gy dt (9.25)

for all G € Ly(H? x [0, 00)).

Remark 9.1 In our derivation of (9.25) we have used more regularity for
G than G € Ly. However, by applying a simple approximation argument, it
is clear that the assumption G € Ly(H¢ x [0, 00)) suffices.

With the same arguments as in Section 6, one can extend the basic es-
timate (9.25) if G is sufficiently regular and sufficiently high compatibility
conditions are satisfied at (z,t) = (0,0). For example, we have

ug = Pus + Gy

and, if G(z,0) = 0, then u; = 0 at ¢ = 0. Therefore, (9.25) yields an estimate
of u; and its second space derivatives. Using the differential equation

Aug = ADu+ ...,

one obtains estimates for the fourth space derivatives of u, etc. As explained
in Section 6, one obtains nonlinear stability for a general perturbation term
ef(x,t,u, Du, D?u) added to (9.1).

10. Half-space problems with weak resolvent estimate

In this section we consider the parabolic initial-boundary value problem
(9.1), (9.2), (9.3) with b = 0. Let us recall the family of ordinary BVPs on
the half-line 0 < x7 < o0, derived by Fourier-Laplace transformation:

D%+ ay D1 — ot = —G(x1,w,s), 4(0,w,s) = 0. (10.1)
The differential equation depends on the parameter o,
d
o=s+|w|* —ip, p=ijaj, we R Res>0. (10.2)
=2

If one tries to extend the results of the previous section, where we had
assumed b < 0, to the case b = 0, one faces the difficulty that the crucial
estimate of Theorem 9.2 becomes useless for |o| =~ 0. In the previous section
we had |o| > |b] > 0, but if b = 0 then o becomes zero for s = 0,w = 0.
This problem is not just technical. In fact, to obtain linear stability, one
is forced to make more restrictive assumptions on the inhomogeneous term
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G(z,t) than smoothness and G € La(H? x (0,00)). As in Section 8, we will
assume

d
G(z,t) =Y D;Fj(z,t), ze€M t>0, (10.3)
j=1

where the Fj are C™ functions and Fj € Li(H¢ x (0, 00)).
Note that the Fourier-Laplace transform of (10.3) is

d
G(z1,w,s) = D1 Fi(z1,w,s) + iijFj(xl,w, s). (10.4)
j=2

Several technical estimates are given next.

10.1. Further auziliary results on BVPs on the half-line

In this section we use the notation
2 * 2 *
= [ @l = [ )

for the Lo-norm and the Li-norm. We start with estimates for solutions of
the first-order equation u, = Au + F(x).

Lemma 10.1 Let Re X < 0 and consider
uzy = Au+ F(z), 0<z< oo, (10.5)

where F' € C N L;. The general solution (9.8) satisfies the estimate

o (WOF + IFIE).

Proof. For the integral term wuz(x) in the general solution we have

lull* <

luz ()| < /0 RO F(¢)|dé < || Fllx
and, therefore,

2 e 2
Jual® = /0 lua(2)[? dz

S A A LG IE R
1

< 2

< ey P
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Lemma 10.2 Consider (10.5) with ReA > 0,F € C N L;. The unique
Lo-solution (9.9) satisfies

1
@I < 1Fs llull® < g 1P

Proof. The bound for |u(0)] is obvious, and the bound for ||u||? follows in
the same way as in the proof of the previous lemma. O

We will also need elementary estimates for the roots A; o of the charac-
teristic equation

Mirad—o=0 (10.6)
for small |o].
Lemma 10.3 Consider (10.6) for
aeR, a#0, Rec>0, |o|<é.

The roots are
2

o
M=-at0(o). =7 - 540(of).
If § = 6(a) > 0 is small enough, then
Reo ]Ima|2)
lal jaf®

Proof. We only show (10.7). Setting z = Reo,y = Imo, the formula for
A yields

Re Ag| > % ( (10.7)

2 2

x T¢—y
Redy = P + O([m|3 +yP).

Here z/a and y?/a® are not of opposite sign, and the claim follows. O
As motivated by (10.1) and (10.4), we now consider BVPs
Uggy + QU — OU = Q)(:L‘)’ 0<z <o U(O) =0,

under various assumptions on ®(z). Theorem 9.1 will guarantee existence
of a unique solution u € H2(0,00). The estimates in the following lemmas
hold for this particular solution.

Lemma 10.4 Consider the BVP
Uzg + QU —ou = Fr(z), 0<z<o0; u(0)=0,

where
a€R, Rec>0, o#0,
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and F € C!,F,F, € Ly. Then the H?-solution satisfies

2
luall? + lolul® < K (1 n “—) Tk (10.8)

o
with a constant K independent of a,0, and F.

Proof. Integration by parts yields

~[luzl® - alu, ug) = ollul® = —(ug, F). (10.9)
Taking the absolute value of the real part, one finds that
luz ]| + Reolfull® < [lug || F| (10.10)
and, consequently,
[ugll < [LF]- (10.11)

Case 1: Reo > |Imo|, thus |o| < V2Reo.
In this case, (10.10) and (10.11) yield

lollull? < V2llu || Fll < V2| F|I*.
Together with (10.11) the estimate (10.8) follows.

Case 2: 0 < Reo < |Imo|, thus |o| < v2[Ima].
Taking the absolute value of the imaginary part of (10.9) and using (10.11),
we find that

1

Telollal® < fuelIFI + ol
< IFIE + Soliu2 + Zpp?
: 1 o 11

Again, together with (10.11) the bound (10.8) follows. O

Lemma 10.5 Consider the BVP
Ugg +aUy —ou = F(z), 0<z<o00; u(0)=0,
where
a€R, a#0, Reoc>0, o #0,

and F' € CN Ly. There are positive constants § and K, which depend on a,
but are independent of o and F', such that

Reo |Imo|?

= (10.12)

1
sl + < & (142 ) IR

if o] < 6.
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Proof. Let v =u; + au; thus

()20 (7): 4=(0)

273

The eigenvalues {1, A2} of A have been discussed in Lemma 10.3, namely,

g

2
M==a+0(ol), de=Z-Z5+0(0]).

(10.13)

Also, by Lemma 9.3 we have either Re \; < 0 < Re A2 or Re A1 > 0 > Re As.

Our notation is set by (10.13).
We transform A to diagonal form,

QTAQ = diag(\1, \2),

using the transformation

@ = ()= (L) v ol
R T R

a

For the variables V = (V1, V)T defined by

U
(v)=ev
one obtains scalar equations
Vig = MWV1 + Hy, Vaz = A2V2 + He,

where
H=Q (). Il <CaPl.
Note that the boundary condition u(0) = 0 transforms to
MVA(0) + 22V5(0) = 0.

(10.14)

(10.15)

By (10.13), the coefficients are bounded away from zero and infinity.

Case 1: a <0, thus ReA; > 0 > Re Aq.
By Lemma 10.2 we have

1
< L 2
ViOI<IFl IVl < o 1P

Lemma 10.1, (10.16) and (10.15) yield

IValf? < [Fas

a
|Re Az|

(10.16)
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Finally, by Lemma 10.3,
1

|Re/\2|

<

REEN

and, therefore,
1
V1P < Ko (142 ) 1R

Because of (10.14) and v = u; + au the desired bound follows.

Case 2: a > 0, thus ReA; < 0 < Re\s.
By Lemma 10.2 we have

1
< ||F Vol2 < —— || F||2. 10.17
[V2(0)] < || F |1, IVl S Ren 1F|17 ( )

Lemma 10.1, (10.17) and (10.15) yield
IVill? < K[| FIi}
since |Re A1| = |a|. The remaining arguments are the same as in Case 1. O

Lemma 10.6 Let a > 0 and let § = 6(a) > 0 be determined as in
Lemma 10.5. Consider the BVP

Uzg + augy —ou = Fp(z), 0<z<oo; u(0)=0,
under the assumptions
Reo >0, 0<|o| <6 FeC'nL.
There is a constant K = K,,, independent of o and F, such that
luell? + llull? < K (| FI12 + | P

Proof. Define v(z) to be the solution of

v +av=F, wv(0)=0.
Using Lemma 9.1 we find that

lvzl® + llolf* < K[ F|I?,

and the estimate ||v||; < 1||F||; follows easily from

v(z) = /0 ’ e == F(£) d¢.

The difference w = u — v satisfies
Wez + Wy — ow = ov, w(0)=0.

By Lemma 10.5,

1
sl + P < & (14+3) loPlol?
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where
Reo |Imol?
T=—
a a
Ifo=x+14y (z,y €R), then

lo|? =2 +y* <z +y° < Cr.
Thus we find
lwell? + wl* < K|},
and, together with the estimates for v, the lemma, is proved. O

Lemma 10.7 Let a < 0 and let 6 = §(a) > 0 be determined as in
Lemma 10.5. Consider the BVP

Uge + aUy —ou = Fr(z), 0<z<oo; u(0)=0,
under the assumptions
Rec >0, 0<|o|<é FeC'NnL.
There is a constant K = K, independent of ¢ and F, such that

lual® + [lul* < K| FII* + IF13.

|Re A
Here Ay = Z + O(|o|?) is small.
Proof. Define v(z) to be the Ls-solution of
vpt+av=F, 0<z<oc;

thus

v(z) = — / ~ e @O F(g) de. (10.18)

z
Using Lemma 9.2 we find that
lvall* + loll* < K| F|I?,

and the estimates
1

O < IFI, o < o

1 #1]1
follow easily from (10.18).
The difference w = u — v satisfies
Wze + awgz —ow = ov, w(0) = —v(0).
We write w = wy + wo where w; and ws solve

Wigy + AWz — OWL = 0V, W (0) =0,
Wory + W, —owe = 0, 'U)Q(O) = —’U(O).
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The estimate of wy proceeds in the same way as the estimate of w in the
proof of the previous lemma; thus
2 2 2
lwizg|l® + flwi|[* < K[| F|]1.
Finally, we have wa(z) = —v(0)e*?® and, therefore,

”w ”2= |U(0)|2 < ”F”%
2[Re Az ~ 2[Rea|’

From these estimates the lemma follows. O

10.2. Weak resolvent estimate

Consider the initial-boundary value problem

d d
ur=A2u+Y a;Dju+y D;iFj(z,t), ze€H’ t>0,  (10.19)
j=1 j=1

u(z,0) =0, =ze€ HE, u(z,t) =0, ze€ OH®, t>0, (10.20)

with real constants a; and assume a; # 0.
For the one-dimensional hyperbolic problem

v =a1D1v+ F(xy,t), 0<z3 <00, t>0,

the cases a; > 0 and a; < 0 are quite different. If a; > 0, then v is an out-
going characteristic variable, no boundary condition can be given at z; = 0,
and one can easily estimate v by F. In contrast, if a; < 0, then v is an
in-going characteristic variable, one needs a boundary condition at z; = 0,
and estimates of v by F' are more restrictive. As we will see, the two cases
a1 > 0 and a1 < 0 also lead to different stability conditions for (10.19),
(10.20).

Fourier transformation in the tangential variables xs,...,z4 and Laplace
transformation in time leads to the following family of ordinary BVPs for
= u(zy,w,s):

d

D%ﬂ + a1 D16 — ot = —D1 Fy — iijFj =: ®(r1,w,s), 0<z; < oo,
=2

(10.21)

with boundary condition
4(0,w, s) = 0. (10.22)

Here
d

a:s+|w|2—i2wjaj, weRT!L Res>0. (10.23)

i=2
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The next lemma gives the essential estimate of 4 by F in the case a; > 0.
Its proof follows by collecting the relevant auxiliary results of Sections 9.1
and 10.1.

Lemma 10.8 Let a; > 0,Res > 0,w € R¥! and let § = 6(a1) > 0 be
determined as in Lemma 10.5. If |o| > 6, then
oC
/ (}Dlﬁ(xl,w, )2+ (Jw|? + V|i(z1, w, s)]2) dz;
0

< K/ a:l,wsldxl

= K|F(,w,9)* (10.24)
If 0 < |o| <6, then

/Ooo(wla(xl,w, )2 + (Jwl? + )iz, w, s)|2) dz,
o0 2
< K|F(,w,s)|?+ K (/0 |F (21, w, s)] da:l) . (10.25)

Proof. Write the right-hand side of (10.21) as ® = ®; + g,

o) =-D1F, ®=-i) w;F,

and decompose 4 = 1 + U accordingly. We treat four cases separately.

Case 1: |o| > 6; estimate of 4;.
Note that

1
w2+1<o|+1< <1+5) lo|.

By Lemma 10.4,
1D |* + (Jwl? + D)l|a|® < K| F1)12.
Case 2: |o| > §; estimate of y.
By Theorem 9.2,
d

1D12]|? + (lwl* + 1) 1a2]* < ﬁll@zll2 <Ky (10.26)
7=2

Here we have used that |0 > |w]|?.

Case 3: 0 < |o| < §; estimate of ;.
First note that |w|?> < |o| < 6. Therefore, by Lemma 10.6,

1D + (wl? + 1) a2 < K (102 + 1 F3)13). (10.27)
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Case 4: 0 < |o] < §; estimate of us.
By Lemma 10.5,

- - 1
IDsal? + (ol + 1) Nl < K (147 ) 1al? (10.25)
with
Reo _ |w|?
7> > L
ay a)

As before, ||®2]|?> < |w]?||F||>. Therefore, the right-hand side of (10.28) is
bounded by K| F|%.
Collecting these estimates, we have proved the lemma. O

It will be convenient to use the following cut-off function x(w, s),

(w, ) = 1 if |o| <6,
XDSI=0 0 if o] > 6,

where 0 = o(w, s) is defined by (10.23). Also, from the definition of the
Fourier—Laplace transform,

o0
By (1,0, 8)| < / / |Fy(a1, 0, )| dz_ dt,
0 Rd-1
and integration over 0 < x; < oo yields

IFC,w, )1 < CIF || Ly (2 (0,00))-

Therefore, the two estimates proved in Lemma 10.8 can be summarized by
the following inequality:

(e @]
| (1pitor,0.5) + (P + Dla(es,w.5)) da
0
< K|FG,w, )17 + Kx(@, $)IIFI7, (1 (0,00))- (10.29)

Here w € R%! and s € C with Re s > 0 are arbitrary, except that we require
(w,5) # (0,0).

(If w =0,s = 0, then 0 = 0. However, for ¢ = 0 the solution of the BVPs
treated in Lemma 10.4, etc., is not in L9, in general. In the application of
Parseval’s relation, the single exceptional point o = 0 causes no problem.)

To estimate u(z, t), instead of 4, we apply Parseval’s relation with n = 0.
First, Parseval’s relation yields

/O (s )11 3gay At (10.30)

Sy o0
= C/ / / (lDlﬂ(l'l,w,S)lZ—k(IW|2—{—1)|{],(;1;1’W’3)|2> dx; dwd{
—oo JRE-1 JO
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Integrating (10.29) over w € R4™! and s = if, —00 < £ < oo, we find that

o< o
[ IO sy dt < K [ IPC0IPat + KINPIR, sy (1031

with

- /R B /_ Z Y(w,i€) dwde. (10.32)

It is clear that J is finite since x(w,&) = 0 if |w| > ¢5 or [€] > cs.
Therefore, we have proved the following resolvent estimate.

Theorem 10.1 Consider the initial-boundary value problem (10.19) and
(10.20) with a; > 0 and

F € Ly(H® x (0,00)) N L1 (H? x (0, 00)).

Then we have

m\lu(-,t)llélmd)dtsc oo||F(-,t)||2dt+ Oo||F(-,t)\|1dt :
0 0 0

(10.33)
where C does not depend on F'.

In case a; < 0 we obtain the same result if the number of space dimensions
isd> 3.

Theorem 10.2 Consider the initial-boundary value problem (10.19) and
(10.20) with a; < 0. Under the same assumptions on F as in Theorem 10.1
the estimate (10.33) holds if d > 3.

Proof. If 6y < 0, Lemma 10.8 needs to be modified. Using the notation of
the proof of Lemma 10.8, we have, by Lemma 10.7,

Case 3a: 0 < |o| < §; estimate of 4 if a; < O:

ID1all* + (lwl* + Dl < KAl + 1],

|Re )\2|

All other estimates in the proof of Lemma 10.8 remain unchanged. There-
fore, in the estimate corresponding to (10.29) the factor x(w, s) has to be
replaced by

x(w, s)
|Re )\2|

and, consequently, instead of the integral J (see (10.32)) one has to consider

_x(w,i€)
7= i o TRexg (o] % (10.34)
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By Lemma 10.3,

1w (
!ReAzlzi(—leW), p= Z%aa

Since the integral
dé dw d—1
/w{<1/oo‘wlz+£2 (v eR™)

is finite for d—1 > 2, the integral J' is also finite, and the theorem is proved.
[}

As in Section 6, the basic estimates of Theorem 10.1 and 10.2 can be
extended. Assuming compatibility conditions are satisfied, one may assume
F;(x,0) = 0. Then wu; satisfies

uttzPut-f—ZDijt, u=0 at t=0,
J
and one obtains an estimate for u; and its first space derivatives, etc. The

perturbation terms for which one obtains nonlinear stability are described
in Section 8.3.

11. Eigenvalue and spectral conditions for parabolic
problems on the line

In Section 6 we have considered parabolic problems
ug = Pu+ef(z,t,u, uz, ugyg) + F(z,t)

in a finite interval 0 < x < 1 and have shown that the eigenvalue condition
for P is necessary and sufficient for nonlinear stability. Here the eigenvalue
condition for P requires that the problem

P¢=2rp,  Rp=0,

has no eigenvalue A with ReA > 0. (With R¢ = 0 we denote homogen-
eous boundary conditions; see Section 6.) Such a result is not restricted to
bounded intervals, but can be generalized to parabolic problems in bounded
domains in any number of space dimensions.

On the other hand, the result cannot be extended to unbounded domains
without further restrictions. For example, consider the problem on the half-
line,

Ut = Ugy + aUy + G(z,t), 0 <2z < o0,
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with initial and boundary conditions
u(z,0) =0, x>0 u(0,t) =0, t>0,
and a € R. It is easy to see that the corresponding eigenvalue problem

Gzz +ags = A, ¢(0) =0, ¢ € L2(0,00),

has no eigenvalue A with ReX > 0. (Use Lemma 9.3.) However, by The-
orem 10.1, we can only obtain a weak resolvent estimate, and need the extra
assumptions a > 0 and G(z,t) = Fy(z,1t).

We shall now discuss cases for parabolic problems on the real line —oc <
x < oo for which the eigenvalue condition for P does imply a strong resolvent
estimate. The results can be extended to multi-dimensions.

The main principle is to reduce the problem on the infinite line to a
problem on a finite interval —L < z < L by expressing the ‘tails’ of the
problem as boundary conditions at z = £L. (In numerical computations a
similar process is often used when one introduces an artificial boundary for
infinite domain problems; see, for example, Hagstrom and Keller (1986).)

To be more specific, consider a parabolic system

uy = Pu+ F(z,t), z€R, t>0,
with initial condition
u(z,0) =0, zeR
Here
Pu = (A(z)ug)s + B(z)uy + C(z)u (11.1)

with smooth matrix functions A(z), B(z), C(x) taking values in C™*" and
parabolicity of u; = Pu requires

Alx) = A" (z)>al >0, z€R

Also, we assume that the coefficients A(z), B(x),C(x) converge exponen-
tially fast to constant matrices Ay, By, Cy as ¢ — +o0o. For example,

|A(z) — Ay| < Ke™ ", >0,
with v > 0. The properties of the resulting constant coeflicient equations
= Pyu and u; = P_u

are very important. (We set Piu = Ajuyy + Byug + Cru, and P_ is
defined correspondingly.) The following lemma relates properties of the
symbols Py (iw), w € R, to decay and growth properties of the solutions of
the homogeneous equations

Piuy—su=0.
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Lemma 11.1 Let Ag, By, Cy € C**™ denote constant matrices with Ag =
Aj > al > 0, and let

150(&) =k?Ag+kBy+Cy, ke€C,
denote the symbol of
Pyu = Agugy + Boug + Cou.
The following two conditions are equivalent.
(1) There is a constant 6; > 0, such that
det(Py(iw) —A) =0 and weR (11.2)
implies Re A < —6; < 0.
(2) There are constants v > 0 and 62 > 0, such that
det(Py(k) —sI) =0 and Res> —6y (11.3)
implies [Re x| > v > 0.

Proof. First assume condition (1) and let Res > —6;/2. If & solves (11.3),
then (1) implies Rek # 0. Fix any ¢ > 0. If |s| < ¢ and Res > —6;/2 then,
by continuity, there exists v = v(c) > 0 with |Re | > v > 0 for all solutions
k of (11.3). For large s, |s| > ¢, the roots k of (11.3) satisfy to leading order

det(k?A — sI) = 0.
If oy, ..., 0, denote the eigenvalues of A, then o; > o and

s
~+, [ —. 114
ok 2 (11.4)
Therefore, if Res > —1 and |s| is large, then |Rex| > 1. This shows that
(1) implies (2).
Now assume condition (2) and let w and A\ satisfy (11.2). By (2) we have
Re A < —d2, and the lemma is proved. [J

Under the assumptions of the lemma, equation (11.3) for k, which is
sometimes called the dispersion relation, has 2n roots x; with

Rek; <—v, j=1,...,n and Rer; >7v, j=n+1,...,2n

This follows from (11.4) and continuous dependence of the roots on s. In
the language of dynamical systems, the homogeneous equation Pyu — su = 0
has an exponential dichotomy on R, which is uniform for Res > —és.

Now consider the variable coefficient operator P given by (11.1) and recall
A(z) — Ay as ¢ — to00, etc. We say that P satisfies the strong spectral
condition if both operators, Py and P_, satisfy the conditions of the previous
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lemma; that is, there exists ; > 0 such that, for all w € R,
A€ o(Py(iw)) Uo(P_(iw)) implies Rel < —6; < 0. (11.5)
Also, P satisfies the weak spectral condition if, for all w € R,
A€ 0(Py(iw)) Uo(P_(iw)) implies Re) < 0. (11.6)
To give a simple example, consider the scalar operator
Pu=uz; +au, +bu, a,beR,

with P(iw) = —w? + iaw + b. We see that P satisfies the strong spectral
condition if b < 0, but only the weak spectral condition if b = 0. Neither
condition holds for b > 0.

The following result can be proved.

Theorem 11.1 Assume that P has the form (11.1) and satisfies the strong
spectral condition. If the eigenvalue problem

Pé=2$, ¢ € La(R), (11.7)

has no eigenvalue A with Re\ > 0, then a strong resolvent estimate (as
in Section 6) holds. One obtains nonlinear stability with perturbations
ef(z,t,u, ug, uy;) as in Section 6.

The main part of the proof consists of reducing the infinite interval to
a finite one; Lemma 11.1 is one step in showing that such a reduction is
possible. For the finite-interval problem, the techniques of Section 6 apply.
We refer to Kreiss, Kreiss and Petersson (1994a) for details.

Theorem 11.1 can be used to discuss stability of travelling; see Kreiss et
al. (1994a) and the literature cited there. (There is a technical problem
resulting from a zero eigenvalue of P, which corresponds to shifting the
travelling wave. Using a projection as in Henry (1981) and Kreiss et al.
(19944), this problem can be overcome, however.)

In many interesting cases only the weak spectral condition (11.6) is sat-
isfied. Then, for scalar equations, one can often use exponentially weighted
norms as pioneered by Sattinger (1976). Instead of using these norms, one
can also make a change of the dependent variable u so that, in the new
variable, the strong spectral condition (11.5) is satisfied.

For systems of equations, however, this approach does not generally give
the desired results. Nevertheless, stability has recently been shown for rather
general travelling shock waves governed by systems of conservation laws
(Kreiss and Kreiss 1997). Essentially, the only requirements are the weak
spectral condition and the condition that (11.7) has no eigenvalue A with
ReA > 0 except A = 0. The inhomogeneous term and the nonlinear per-
turbation must satisfy the restrictions of Section 8.
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