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Abstract

These notes were prepared for the 2017 Participating School in Analysis of PDE:
Stability of Solitons and Periodic Waves held at KAIST in Daejeon, Korea during
August 21 - August 25, 2017. The goal here is to introduce participants to some of the
basic methodologies and techniques for obtaining spectral, linear and nonlinear stability
results for nonlinear wave solutions to special classes of PDEs, with explicit examples
being worked out whenever possible.
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1 Introduction

The purpose of this summer school is to introduce students and early career researchers
to various aspects of the stability theory for special classes of solutions in some important
nonlinear partial differential equations (PDEs). Many times, this theory mimics classical
finite-dimensional ODE theory, while making appropriate modifications accounting for the
fact that the state space for PDEs is inherently infinite dimensional. Consequently, we will
begin with a very brief review of finite-dimensional ODE stability theory.

To begin, consider a nonlinear ODE of the form

W=F(u), u=u(t)eR" (1)

where here F' : R® — R" is sufficiently smooth and u refers to the derivative of u with
respect to the dependent variable t. Basic results in ODE theory guarantee that for each
initial condition up € R™, there will exist a unique solution u(¢; ug) of (1) with uw(0;ug) = uo
that exists at least locally, i.e. for at least |t| < 1. The basic question in stability theory is
the following:

Question: If ug € R" is a fized point of F, so that F(ug) =0, and if |ug — ug| < 1, will
u(t;uy) remain near ug for all t > 02 If not, what happens?

Observe that by continuous dependence, we know that since |u; — ug| < 1 we will have
|u(t;u1) —ug| < 1 for at least a short amount of time. A natural and often used method to
determine if u(¢; u1) stays close to ug for all time t > 0 is to first approximate the dynamics
of (1) near uy by studying a suitable approximating system. This leads to the process of
linearization.

To this end, note that we may write, for so long as it exists,

ult: ur) = o + (1)

so that now wu(¢; u1) is considered as a perturbation of ug. From (1), the function v(¢) solves
the initial value problem (IVP)

U= F(up+v), v(0)=u; —up (2)
Noting that we can write

F(uo+v) = F(uy) + DF (ug)v + (F(ug +v) — F(ug) — DF(ugp)),
O(v?)

where here DF' is the n X n matrix valued derivative of F' at wug, it follows v satisfies an
IVP of the form
o = DF (up)u + O(o]?), v(0) = w1 — uo, (3)



where we have used here the fact that F'(ug) = 0 by construction. Using Duhamel’s formula
or, equivalently, variation of parameters, we can rewrite the above evolution equation for
the perturbation v as the implicit integral equation

t
oft) = PPty 0) 4 / ePFEE) 0 (o) [2)ds
0

where here ePF(®0)t is the n x n matrix exponential of the linear operator DF(ug). In

particular, for every v(0) € R” the vector ePF(0)t(0) is the unique solution to the linear
system
0 = Dy F(up)v, v(0)=u; — up. (4)

Since the O(|v|?) are small compared to the D, F(ug)v terms when v is small, we expect that
so long as |v(t)| remains small that solutions of (2) will be well approximated by solutions
of (4), the solutions of which are governed completely by the eigenvalues of the matrix
DF(ug). In particular, if A is an eigenvalue of DF'(ug) with eigenfunction w € R™ then the
function v(t) = eMw is a solution of (4). It follows that if all the eigenvalues of DF(ug)
have strictly negative real part, then all the solutions of (4) decay exponentially as t — oo,
while if there is any eigenvalue with positive real part then there exists some solution of
(4) that blows up as t — oo. Finally, if DF(up) has an eigenvalue on the imaginary axis
iR, then (4) has a solution that remains bounded for all ¢ € R, being oscillatory and not
decaying for large time.

A natural question, and one of the key problems in classical ODE stability theory, is
when the predictions from the linearized system (4) carry over to the nonlinear system
(3). In classical ODE theory, the simplest result in this direction is the Stable Manifold
Theorem. To motivate this result, suppose for a moment that all eigenvalues of DF'(ug) are
semisimple, i.e. their algebraic multiplicity agrees with their geometric multiplicity (so no
Jordan blocks). Then we can express

k
eLt — E e)\jt]:[j
=1

where the II; are the spectral projections onto the eigenspaces associated with the £ distinct
eigenvalues of DF'(up). It follows that if w = max; R();) then there exists a constant C' > 0
such that

’ 6Lt’ < Cevt

for all ¢ > 0. In particular if ®()\;) < —v for some constant v > 0 and all j then every
solution of (4) will satisfy |v(t)| < Ce|v(0)| for all ¢ > 0. The fact that this observation
carries over for the nonlinear equation (3), even when DF(ug) may admit Jordan blocks,
follows by the following fundamental result.

Theorem 1 (Stable Manifold Theorem). Suppose there ezists a constant v > 0 such that
every eigenvalue X € C of the matriz DF (ug) satisfies R(\) < —~. Then there exists



constants § > 0 and C > 1 such that if |vo| < & then the associated unique solution v(t) of
(3) exists for all t > 0 and satisfies the exponential decay estimate

[o(t)] < Ce™[v(0)]
for allt > 0. In particular, ug is an asymptotically stable solution of (1).

Remark 1. By essentially taking t — —t in the proof of the Stable Manifold Theorem, one
can show that if DF(ug) has an eigenvalue with strictly positive real part, then ug is an
unstable solution of (1): there exists an € > 0 such that for every 6 € (0,¢€) there exists
initial data v(0) with |v(0)] < § such that the associated solution v(t) satisfies |v(T)| > €
for some finite T > 0. This result is known as the Unstable Manifold Theorem

Remark 2. We note that if DF (ug) has an eigenvalue on the imaginary azis, one must work
harder in order to determine the stability of ug: it may be stable or unstable depending on
the particular nonlinearity. In this case, one usually either uses a center manifold reduction,
or tries the study the stability of ug through energy (i.e. Lyapunov) methods instead.

In these notes, we are interested in extending the above results to be suitable for PDE
applications. Some of the initial challenges include:

(1) In the PDE case, establishing that the PDE can be solved, even locally in time, for
initial data “near” the background wave ug is a much more delicate matter. One thing
that complicates this is evolutionary PDE’s of the form u; = F'(u), where here F' may
be a nonlinear differential operator with possibly non-constant coefficients, describe
the evolution of functions in infinite dimensional vector spaces. Consequently, there
are many non-equivalent topologies one may use to define what “close” means, and
identifying the appropriate topology in which to work is not always easy.

(2) The linearized operator DF'(ug) is now generally a differential operator with coeffi-
cients depending on the function wug. Describing the spectral properties of DF'(ug)
then takes significantly more care, since linear operators on infinite dimensional vector
spaces may fail to be invertible in more ways than losing injectivity, i.e. there maybe
more than eigenvalues we have to worry about. Such issues are discussed in Section
2 below. Furthermore, turning spectral properties into decay bounds on the linear
solution operator? e also becomes a much more delicate matter, and is discussed in
Section 3.3.

(3) In PDE’s modeling extended systems, i.e. defined on the infinite line R, the linearized
operator often does not have a spectral gap, i.e. the spectrum of DF(ug) includes
points on the imaginary axis. This is often due to the presence of continuous symme-
tries in the governing PDE, such as the PDE being translationally invariant, which
causes the linearized operator DF'(ug) to fail to be invertible: see Remark 6 in Section

2In fact, since differential operators are unbounded from spaces into themselves, it is not a-priori clear

how to even define e®*.



3.2.2. Dealing with this lack of spectral gap is an important matter, and something
that is fundamental to the stability analysis of PDE’s. We will discuss some methods
in this direction in Section 4.2 and Section 4.3 below.
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2 Spectral Theory: Survey of Results

In this section, we briefly discuss the relevant definitions from spectral theory. We will then
discuss the nature of the spectrum for classes of differential operators that arise naturally
in stability theory for nonlinear waves.

Consider an n*-order, scalar linear differential operator of the form

L=0"+an 1(2)0" " +an_2(x)0" 2 + ...+ a1(x)0, + ao(x) (5)

where here the functions a; are sufficiently smooth. In PDE applications, such operators
arise naturally as the linearizations of a PDE about a some nonlinear wave solution, where
the coefficient functions a; depend on the background wave. Since for this workshop we are
interested in the stability of solitary and periodic waves, we will briefly discuss the spectral
properties of operators of the form L in when the a; are either exponentially localized or
spatially periodic, corresponding to the cases when L is the linearization about a solitary
or periodic wave, respectively.
We begin with some basic definitions.

Definition 1. Suppose L acts on a compler Banach space X. The resolvent set of L on
X, denoted by p(L) is the set of all X € C where L — NI is invertible with bounded (i.e.
continuous) inverse. Here, I denotes the identity operator. Further, the spectrum of L on
X, denoted o(L) is defined as o(L) := C\ p(L). Finally, the A\ € o(L) is an eigenvalue of
L if Ker(L — XI) # {0}, i.e. if there exists a v € X \ {0} such that Lv = Av..



Remark 3. Note the choice of the Banach space X on which L acts is crucial in our
understanding of the the spectrum of L. As we will see below, the spectral properties of a
given operator can change dramatically if one changes the space X.

In many applications, it is useful to further decompose the spectrum of L. There are
several non-equivalent ways of doing this, all of which appear in the literature. For the
purpose of this lecture, we will use the following definition.

Definition 2. Given a linear operator L acting on a compler Banach space X as above,
the point spectrum of L, denoted o,(L) (on X ) is the set of all isolated eigenvalues of L (on
X ) with finite multiplicities. Further, the essential spectrum is oess(L) := (L) \ op(L).

As we will see, in stability theory the point and essential spectrum give drastically
different information concerning the dynamics near a given nonlinear wave. In what fol-
lows, we discuss spectral properties for classes of differential operators often occurring in
applications, as well as how the spectrum may be calculated.

2.1 BVP with Separated Boundary Conditions

First, let’s consider a differential operator of the form
L =02+ a1(2)0, + ap(x) (6)

where ag, a1 are some given smooth, real-valued functions and let 1" > 0 be finite. Consider
the spectral problem
Lv=MXv, ze€ (-T,T) (7)

equipped with homogeneous Dirichlet boundary conditions
v(=T)=v(T) =0. (8)

Precisely, we are considering L as a densely defined operator on L?(—T,T) with densely
defined domain D(L) := H}(T,T) N H?(—T,T). Our goal here is to characterize o(L).

Our first observation is that the operator L is self-adjoint with respect to the weighted
inner product

T
(fg) = /  F@a@(ais

where the weight function is p(z) := exp ( [y a1(z)dz). Consequently, o(L) C R.

Next, we search for eigenvalues of L, i.e. we search for A € C such that there exists a
non-trivial solution of (7) satisfying the B.C.’s at 7. To this end, let ¢4 be the unique
solutions of the IVP

Lv=Xv, ze€(-T,7T)
v(£T) =0
V(£T) =1



and note that for each A € C the function ¢_(-; \) satisfies the B.C. at x = —T', while the
function ¢4 (-; \) satisfies the B.C. at x = T'. Observe that if ¢+ are linearly dependent for
some X\ € C, then there exists a constant C > 0 such that

¢—(2;A) = Chy(x;A) Vz € [-T,T]

so that, in particular, the function ¢ provides a non-trivial solution of (7) satisfying both
boundary conditions at = +7, and hence X € o,(L). Note if we define the Wronskian?

3 S (1) (23 )
E()) := det( gzﬁ’i(w;)\) ¢ (a5 \) )

then the functions ¢4 (-; A) are linearly dependent precisely on the zero set of E. It can be
easily checked that F(\) is an entire function of A\, and that the multiplicity of A\ as a root
of E agrees with the algebraic multiplicity of A as an eigenvalue of L. By basic results in
complex analysis, it follows that the eigenvalues of L are isolated with no finite accumulation
point, and all eigenvalues necessarily have finite algebraic (and hence geometric) multiplicity.

Remark 4. Note that if L has constant coefficients a1,a9 € R then o,(L) can be found
through elementary ODE techniques. Indeed, for every A € C one can write the general
solution to the second-order ODE Lv = \v and determine for which X this solution satisfies
the appropriate boundary conditions.

Next, I claim that if A ¢ 0,(L) then A € p(L). To see this, note that if E(X) # 0 then
¢+ (-3 A) provides two linearly independent solutions of the 2nd order homogeneous ODE
Lv+ M = 0. Given any f € L?(—~T,T), one can now show that the unique solution v of

the equation
Lv—)Xv=f

that satisfies the B.C.’s (8) at +7" is given explicitly by
Y z (A T
e = 28 [ pg-(ande+ 255 [ 6. and:

T
- [ clznsee
-T
where G here is the Green’s function, given explicitly as

_ O+ @A) A)X (1.2 (2) + - (25 A) 94 (2 A X (2.1 (2)
EOV

G(z,z; \)

where X (4, denotes the characteristic function of the set (a,b). Since a simple application
of Holder’s inequality implies that

[v(z; M 22—y < CO)Nfll2 =71y

3Tt is easily checked that the determinant defining E()) is independent of . However, in applications
it is sometimes helpful to have the flexibility in choosing at what x € [-T,T] to do the evaluation. This
function E(A) can also be identified as the so-called “Evans function” for the given boundary value problem.




for all A € C with E(X) # 0, i.e. A & o,(L), it follows that (L — AI)~! is a bounded linear
operator on L?(—T,T), and hence that A\ € p(L), as claimed.

It is important to note that the fact that (L) = 0,(L) in the above example holds in
much more generality. Indeed, it holds for general n'"-order linear differential operators
defined bounded intervals [a,b] C R, when equipped with n separated boundary conditions
at x = a and x = b. It can even be seen to hold in higher dimensions through the use of
the Rellich-Kondrachov compactness theorem. The fact that o(L) C R does not generally
extend to such operators, but holds here due to the fact that the second-order operator L
is a Sturm-Liouville operator. Furthermore, using the fact that L is second order, we have
the following version of Sturm’s Oscillation Theorem that is often helpful in studying o, (L)
in such cases.

Theorem 2 (Sturm’s Oscillation Theorem for BVP’s with Separated Boundary Condi-
tions). Let L be a second-order, linear differential operator of the form (6), considered as
an operator on L*(a,b) with separated boundary conditions at * = a and x = b. Then op(L)
consists of infinitely many simple eigenvalues which can be numerated in strictly decreasing
order as
)\0>)\1>)\2>..., lim A\, = —cc.
n—oo

Further, an eigenfunction associated with \j has exactly j zeroes on (a,b), all of which are
stmple.
2.2 Exponentially Localized Coefficients

Next, we consider the case when the functions a; are exponentially localized in space, i.e.
there exists an r > 0 and constants ag,a; ...,a,—1 € R such that
mlggo 6T|m||a]~(x) —aj|=0

for all j = 0,1,2,...,n — 1. Here, we consider L as acting on the Lebesgue space L?(R)
with densely defined domain H™(R) (a Sobolev space). Such operators arise naturally when
linearizing a PDE defined on all of R about a wave that is asymptotically constant, such as
a solitary wave or a front. We first discuss the essential spectrum of L. The key result here
is known as the Weyl Essential Spectrum Theorem which, in this context, roughly states
that the essential spectrum of L is controlled entirely by the behavior of the operator at
spatial infinity. To make this precise, define the constant-coefficient asymptotic operator

Loo:=0" +a, 10" "+ ... 410, + ap
We then have the following key result.

Theorem 3 (Weyl Essential Spectrum Theorem). With L and Lo as above, we have

Uess(L) = Uess(Loo)~



The proof of this theorem relies on the fact that since the coefficient functions a;(x)
of L are exponentially localized, the operator L is a relatively compact perturbation of the
operator L.,. Since functional analysis tells us the essential spectrum of an operator is
invariant under relatively compact perturbations, the result follows.

Remark 5. In the case where the functions a; are exponentially localized to different limit-
g values af, aac at +00, such as what appears when linearizing a PDE about a front solu-
tion, the essential spectrum of L may then be a subset of C with non-zero two-dimensional
measure. Consequently, Weyl’s Fssential Spectrum Theorem becomes more complicated in
that scenario. Nevertheless, if we define asymptotic operators Lis at x = £oo, respec-
tively, one can show that the one-dimensional curves oess(L_o0) and oess(Lioo), known as
the “Fredholm boundaries” of L, form the boundary of the essential spectrum of L. Most im-
portantly for stability purposes, if the essential spectrum for both asymptotic operators Lo
lies in the left half plane, then the essential spectrum of L also lies in the left half plane.

Consequently, for stability purposes it is enough to just calculate the Fredholm boundaries.

It remains to determine how to calculate the essential spectrum for the constant coef-
ficient operator Lo, on L?(R). Thankfully, this is actually very simple! Indeed, define the
polynomial p(z) = 2" + a,_12"" 1 +...ag so that Lo, = p(d;): the polynomial p is called
the symbol of L. For a given A € C, we now try to solve the equation (L — A\I)v = w for
a given w € L?(R). Since this equation has constant coefficients, this is easily solved using
the Fourier transform. Indeed, denoting the Fourier transform of a function v € L?(R) as

1 .
F(v =0(¢) = — [ e ®%y(x)dx
)€ =€) == <= [ e u(a)
and noting that 8;"‘\1)(5) = (—i&)"™v(&) for all positive integers m, it follows that

L-Mo=w > G- Ni© =0 + v =7 (-2 @)
Clearly, since £ € R, if A € p(iR) one can find a w € L?(R) such that the function v defined
above is not in L?(R). Consequently, (L — AI)~! is not well defined on all of L?(R) for any
A € p(iR). Furthermore, if A ¢ p(iR) then the above defines a unique solution v € H"(R)
for each w € L?(R). Indeed, the Parseval inequality implies that for A ¢ p(iR) we have the

bound
o "Gy
H(L ) (w)HHn(R) < ;:O (Hp(l) Y LDO(R)> lwll£2(w),

which implies that A € p(L). Combining these insights with the Weyl Essential Spectrum
Theorem, it follows that for a differential operator L of the form (5), one has

Oess(L) = p(iR)

where p(z) is the symbol of the constant coefficient, asymptotic operator Loo.



While the essential spectrum in this case is rather easy to describe, the point spectrum
is in general not. There is an analytical tool known as the Evans function, which is a sort
of infinite dimensional characteristic polynomial for differential operators, that has proven
to be very useful in both numerical and theoretical investigations. We won’t develop the
Evans function here, although interested readers are encouraged to read [KP] for details.
Here, we observe that classical ODE theory give us the following result which applies at
least for 2nd order linear differential operators.

Theorem 4 (Sturm-Liouville Theory on R). Consider a linear differential operator
L= 8% + ay1(x)0; + ap(x)
acting on L*(R), where the coefficient functions ay,ag are exponentially constant, i.e.

lim ¢lai(z) — af| = lim e®lag(z) — aF| =0
tim oy (@) — ot = lim e ag(x) — ag |
for some r > 0 and constants af, a(f € R. Then o,(L) consists of a finite number, possibly
zero, of real simple eigenvalues which can be enumerated in strictly decreasing order

AN>SAN>...> N\ > max{aa,ag} = Max Oess(L).

Further, for each j = 0,1,...,N any eigenfunction v;(x) associated to the eigenvalue \;
has exactly j zeroes on R, all of which are simple.

The above is sometimes referred to as Sturm’s oscillation theorem, and is a fundamental
result that is used heavily in many classical stability results. We emphasize that this result is
sensitive to the boundary conditions, as we will see below in the study of periodic boundary
conditions.

2.3 Periodic Coefficients

Finally, we consider the case where the operator (5) has smooth periodic coefficients, i.e.
there exists a finite T' > 0 such that aj(z +T) = aj(x) for allz € Rand j =0,...n — 1.
Such an operator arises naturally when linearizing a PDE about an equilibrium solution
that is spatially T-periodic. Observe that while L here is defined on a bounded domain,
the fact that the boundary conditions are not separated implies different analysis is needed
from that of Section 2.1.

For such operators, there are (at least) two natural classes of boundary conditions one
can enforce on L.

1. One can consider L as a linear operator on

L2..(0,mT) :={f € LY (R) : f(x +mT) = f(z) Vo€ R}

per loc

for some integer m > 1 with densely defined domain Hp,.(0,mT). This is most natural
when considering the stability of a spatially periodic equilibrium solution of a PDE
to perturbations with the same periodic structure as the underlying solution.

10



2. One can consider L as a linear operator on L?(R) with densely defined domain H"(R).
This is most natural when considering the stability of a spatially periodic equilibrium
solution of a PDE to “localized” perturbations, i.e. perturbations that are integrable
on R.

It turns out that the nature of o(L) depends sensitively on which class of perturbations are
considered above. We consider these below separately.

2.3.1 Periodic Boundary Conditions

First, consider L as acting on Lger(o,mT ) for some integer m > 1. The eigenvalues of L

are found by seeking nontrivial solutions in L2,.(0,mT) of the ODE Lv = A\v, which can

per
be rewritten as a first order system of the form

Y = A(z; \)Y 9)

where here Y = (v,7,...,v" D)t and A(x;)) is an n x n matrix valued function with
A(x +T;\) = A(z; M) for all z € R. It follows that A\ € 0,(L) exactly when the ODE (9)
has a non-trivial mT-periodic solution. By Floquet theory, we know that any fundamental
matrix solution of (9) has the form

®(z; \) = P(x; \)ePN® (10)

where here P(x + T;\) = P(x;A) for all z € R and B(\) is a generically complex n x n
matrix. Defining the “monodromy operator”

M(X\) = ®(T; \)®(0; ) "' = P(T; A)eBATP0; A)~!
it follows that any solution Y (x; \) of (9) will satisfy
Y(z+mT)=MN"Y(x)

for all z € R. In particular, we see A € o,,(L) precisely when 1 € o(M(X)™) or, equivalently,
when

det (M(/\) - ezﬂ'i/m1>
vanishes for some j = 1,2,...m. In particular, if we define the function

D\, €) = det (M(/\) - eifTI>

then \ € 0,(L) exactly when D(\, 22) = 0 for some j = 1,2,...m.

The function D(), &) is called the “periodic Evans function” and can be shown to be
an entire function of A and analytic in £. From basic results in complex analysis, it follows
that the eigenvalues of L on L2 (0,mT) are isolated with no finite accumulation point, and
that all eigenvalues necessarily have finite algebraic (and hence geometric) multiplicities.

11



Finally, if A ¢ 0,(L) one can construct a Green’s function? for the operator L — A so
that, in particular, one can uniquely and continuously solve the nonhomogeneous equation

Lv— v=f
for every f € L2,.(0,mT). It follows then that o(L) = 0,(L), and hence that there is no

per
essential spectrum in this case. While determining the point spectrum of L is in general a
difficult task, when L is a second-order operator we are aided by the following version of

Sturm’s oscillation theorem.

Theorem 5 (Sturm’s Oscillation Theorem: Periodic Case). Consider a linear differential
operator of the form
L =02+ a1 (x)0; + ap(x)

where the coefficients a1, ag are smooth and T'-periodic. Considering L as acting on Lger(o, T),

it follows that o, (L) consists of infinitely many eigenvalues which can be enumerated in non-
increasing order

AN>A1 > >A3>.. ., lim A, = —0.
n—oo
Furthermore, for each j = 0,1,2,... let v; denote an eigenfunction for X\;j. Then vy has no

zeroes on [0,T), while for each j > 1 the eigenfunctions {ve,—_1,v2,} both have exactly 2n
simple zeroes on [0,T").

Observe that in the above theorem, the eigenvalues A; for j > 1 need not be simple.
This is in stark contrast to the other versions of Sturm’s theorem that we have seen, and
is a reflection of the complications induced by the the non-separated boundary conditions
present here.

2.3.2 Acting on Whole Line

Finally, consider the T-periodic coefficient differential operator (5) acting on L?(R). In this
case, it is relatively easy to see that o,(L) = ). Indeed, from the Floquet decomposition
(10) we know that a typical solution of the ODE Lv = Av will be of the form

v(w; A) = e N p(z; \)

for some T-periodic function p, where here p()) is an eigenvalue® of B()). In particular, we
observe that if R(u(\)) < 0, then while the solution v(-; \) decays to zero at an exponential
rate as x — +00, it necessarily blows up exponentially fast as x — —oo. Similarly, solutions
when R(u(A)) > 0 necessarialy blow up as © — 4o00. It follows that the equation Lv = Av
can never have a non-trivial solution of the above form that decays at both spatial infinities,
and hence for every A € C the equation Lv = Av will never have a solution of the above
form® in LP(R) for any finite 1 < p < oc.

“Fundamentally, this follows since for X ¢ o, (L) the operator L — A admits an ezponential dichotomy.

®In particular e*™7 is an eigenvalue of the monodromy operator M (A).

5More generally, simply notice from (10) that solutions can be at best bounded on R, corresponding to
A € C where B()) has a non-trivial center subspace.
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From above, it follows the solutions of Lv = Av can at best be bounded on R, happening
precisely when the matrix e#M7T | and hence the monodromy operator M()) has an eigen-
value on the unit circle. In fact, it can be shown that A € o(L) precisely when the spectral
problem Lv = Av has an L*°(R)-eigenfunction’ of the form

(@ A, €) = e w(; A, )
for some ¢ € [—n/T,n/T) and w € L2,(0,T). Since o,(L) = 0, it follows that this

per
characterizes precisely the essential spectrum of L acting on L?(R).

In particular, A € o(L) if and only if there exists a £ € [—n/T,n/T) such that there
exists a non-trivial T-periodic solution of the equation

Lew = Mo, where (Lew)(x) = ¥ L [eif'w(-)} ()

the T-periodic problem

wx+T)=w(x) VreR,

i.e. when there exists a £ € [—n/T,w/T) such that A is a T-periodic eigenvalue of the
operator

{ e 8T [eTy = \w

L¢ = e T ieT
Here, the parameter £ is referred to as the Bloch, or Floquet-Bloch, parameter and the
one-parameter family of operators {L¢}ec|—r/7,x/7), €ach acting on L?(0,T), are referred
to as the Bloch operators. Observe that Ly corresponds to considering the operator L with
T-periodic, i.e. co-periodic, boundary conditions. Since the Bloch operators L¢ act on
the space of T-periodic functions L2_.(0,T), we know from the previous section that their
spectrum consists entirely of isolated, discrete eigenvalues that depend continuously on the
Bloch parameter ¢. Thus, the L?(R)-spectrum of L consists entirely of L>°(R)-eigenvalues
and may be decomposed into countably many curves A(§) such that A(§) € orz_(o1)(Le)

per

for £ € [-n/T,n/T). In other words, we have the decomposition

UL?(R)(L) = U 9L2..(0,T) (Lf)a
g€[—n/T\m/T)

Note that, as in our previous discussion, the T-periodic eigenvalues of L¢ for a given & are
given precisely by the zero set of the periodic Evans function D(-; ). The periodic Evans
function has proven to be a very useful tool in both analytical and numerical studies of the
stability of periodic waves.

3 Linear Dynamics and Stability

In this section, we begin to study the connection between the spectrum of a linearization
about a wave and the local dynamics near the wave. To this end, consider a PDE of the
abstract form

uy = F(u) (11)
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posed on a Hilbert space X, and suppose there exists a dense, continuously embedded
subspace Y C X such that (11) is locally well posed on Y, i.e. for very ug € Y there
exists a time 7' = T'(up) > 0 such that there exists a unique solution u(t) € Y of (11) with
initial condition u(0) = ug for t € [0,T). Here, F : Y C X — X is a generically nonlinear
operator. If ¢ € Y is an equilibrium solution of (11), so that F'(¢) = 0, we note that if take
initial data u(0) = ¢+ vo with ||vo||y small and let u(t) = ¢+ v(t) be the associated unique
local solution, then so long as ||v(t)||y remains sufficiently small it is natural to expect the
dynamics of (11) near ¢ are well approximated by the linear evolution equation

vy = Lo (12)

where here L = DF(¢) denotes the linear differential operator obtained by linearizing” F
at ¢. Often, understanding the dynamics of the linear problem (12) is the key to controlling
the fully nonlinear dynamics generated by (11).

Definition 3. An equilibrium solution ¢ of (11) is said to be linearly stable provided that
v =0 is a stable solution of the linearized system (11), i.e. if for every e > 0 there exists
a 0 > 0 such that for every vg € Y with ||Jvo|ly < & the unique solution v(t) of (12) with
v(0) = vg satisfies ||v(t)||y < € for allt > 0.

As in the case of ODE theory, it is often the case that the dynamics of the linearized
system (12) are governed by the spectrum of the operator L. Consequently, our first goal is
to understand how solutions of (12) are influenced by the spectrum of the linear differential
operator L.

3.1 Dynamics Induced by the Spectrum

Suppose first that L has an eigenvalue Ay € C with eigenfunction vg. An easy calculation
shows that the function v(t) = e**vg solves the ODE (12) with initial data v(0) = vy and,
furthermore, we have the growth rate |v(t)| = e®(20)*|y|. This gives rise to an exponentially
growing or decaying solution of (12) depending on the sign of R(Ag). Note also that if the
algebraic and geometric multiplicities of Ag do not agree, indicating the existence of a
Jordan block, one expects additional polynomial growth. For example, suppose there exists
non-trivial vy, v1 such that

LUO = )\o’UQ, (L — )\O)'Ul = 9.

In this case, v(t) = e (tvy + v1) again solves (12). In particular, if R(\g) = 0, this
construction yields a solution that grows polynomially in time, giving instability. It follows
that a necessary condition for linear stability of v = 0 is that R(o(L)) < 0 and that all
Ao € o(L) with ®(A\g) = 0 are “semi-simple”, i.e. the algebraic and geometric multiplicities
of A\g are the same.

As may be expected, the dynamics associated to oess(L) is more subtle. To motivate
this, suppose for simplicity L = p(9,) for some polynomial p(z) = Z?:o ajz) with a; € R

"Precisely, F is the Gateaux derivative of F at &.
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and a, # 0, and suppose that L acts on L*(R) with densely defined domain H"(R). We
recall from Weyl’s Essential Spectrum Theorem that in this case

J(L) = Uess(L) = p(iR).

Mimicing the above arguments, we clearly see that for all £ € R that p(i§) € oess(L) and
that
v(t) = e€e Pt
formally solves the PDE (12). While it is clear that these functions do not lie in L?(R) for
any t > 0, we do see that if R(p(i£)) < 0 for all £ then all of these solutions exponentially
decay as t — oo, which should indicate some sort of stability. To make this intuition
rigorous, we must consider the effect of the essential spectrum on L? initial data, rather
than L>(R). This can be achieved via the Fourier transform: let vy € L?(R) and v(t) be
the solution of the IVP
vy = p(9z)v, v(0) = vo

considered as an evolution equation on L?(R). Taking the Fourier transform we find that

(& 1) = POy (g),

so that the Fourier transform of our solution grows or decays exponentially depending on
the sign of R(p(i£)). If we assume there exists a o > 0 such that R(p(i§)) < —o for all
£ € R then

[0(&,1)] < e o (&),

from which Plancherl’s theorem implies the solution v obeys the exponential decay estimate

lv(®)ll 2y < e voll z2(w)

for all ¢ > 0.

Conversely, unstable essential spectrum gives rise to growing solutions of (12). To see
this, suppose there exists a £* € R such that p(i£*) > 0 and R(p(i€)) < p(i€*) for all £ # £*.
In other words, p(i*) is real and is the most unstable part of the essential spectrum.
Suppose furthermore that R(p(i)) is locally quadratic near £ = £*, i.e. for | — &*| < 1 it
satisfies

p(i€) = p(i€*) +ia(€ — €*) = B(E =€) + O(I€ — &%) (13)
for some constants @ € R and 8 € C with R(3) > 0. From above, the function

v(z, t) e TPy (£)de

v L

solves (12) with initial data v(x,0) = vo(x). Using (13), a simple stationary phase argument
shows that for ¢ > 1 we have

v(x,t) s PUE) gil7 T (ztat) 2 /4pt \/(i)

III

1 11
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Figure 1: An illustrative picture showing the evolution of (12) when L has constant coeffi-
cients and has unstable essential spectrum.

Here, term I gives exponential growth, II gives a convecting, oscillatory wave packet with
localized Gaussian envelope and speed «, and I1] is just a polynomially decaying scalar
factor. See Figure 1 for an illustrative picture.

From the above considerations, is evident that a necessary condition that the equilib-
rium solution ¢ to be a linearly stable solution of (11) is that R(o(L)) < 0.

Definition 4. An equilibrium solution ¢ of (11) is said to be spectrally stable if its lin-
earization L = DF(¢) satisfies

o(L)yN{A e C:R(\) >0} =10.

Else, ¢ is said to be spectrally unstable.

Equipped with the techniques from the previous section, we are can now (finally!) do
some examples.
3.2 Examples
We now present a number of examples illustrating how one can use the above tools to
determine the spectral stability of a given equilibrium solution.
3.2.1 Reaction Diffusion on Bounded Domain

Consider the PDE
Up = Ugg +ud, t>0, € (0,7) (14)

equipped with homogeneous Dirichlet boundary conditions w(0,t) = wu(m,t) = 0 for all
t > 0. We consider the above as an evolution equation on L?(0,7). Clearly u = 0 is an
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equilibrium solution of (14), and here we are interested in the stability of this so-called
“trivial solution”. To this end, we consider the above PDE with the initial condition

u(z,0) =0+ vo(z)

where ||vo||g1(0,x) < 1 and vp(0) = vo(m) = 0, and note there exists a unique solution v(t)
of (14) defined locally in time and v(t) satisfies v(0,¢) = v(nw,t) = 0 for so long as v(¢) is
defined. Defining the operator L := 92 and the nonlinear operator N(v) = v3, we note v(t)
solves the evolution equation

vy = Lv + N(v) (15)

Here, we consider L as being densely defined on L?(0,7) with domain D(L) := H}(0,7) N
H?(0, ). Tt follows the linearization of (14) about u = 0 is

vy = Lo

considered on L?(0, 7) (with Dirichlet B.C.’s), and spectral stability is determined by finding
o(L).

By the above work, we know that o(L) = 0,(L). Since here L has constant coefficients,
we can easily use ODE theory to find that

op(L) = {)\n:—nQ:nzl,Q,?),...}

and that, for each n, A, has a one-dimensional eigenspace spanned by sin(nz). Since
R(o(L)) < —1, it follows that u = 0 is a spectrally stable solution of (14).

3.2.2 Stationary Pulse of Reaction Diffusion Equation
Consider the reaction diffusion equation

Up = Upy — U+ u> (16)
and note that equilibrium solution satisfy the ODE

Upy — U+ u =0 (17)

which, being a Hamiltonian ODE, can be solved via quadrature as

2 4 2

up_ g (v

2 4 2
where E € R is an integration constant. Elementary phase plane analysis shows that this
ODE admits positive solution that is homoclinic to u = 0 (occuring at E = 0). This
homoclinic orbit corresponds to a one-parameter family of smooth “pulse” like solutions of

the form {¢(- +7)},cg Where ¢(z) > 0 for all z and can be chosen to be even with ¢'(z) >0
for all x < 0. To investigate the stability of ¢, we note the linearized operator about ¢ is

L:=092—1+3¢%
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considered here as a densely defined operator on L?(R). By the Weyl essential spectrum
theorem, we easily find that oess(L) = 0ess(92 — 1) = (—o0,—1], which is stable. To
investigate the point spectrum of L, begin by observing that by differentiating the profile
ODE (17) (with uw = ¢) with respect to x gives L¢’ = 0 and, since ¢’ decays to 0 at
an exponential rate, ¢’ € L?(R). It follows that 0 € o,(L), and we will have that ¢ is a
spectrally stable solution of (16) if and only if A = 0 is the largest eigenvalue of L. However,
since ¢ necessarialy has a critical point at x = 0 it follows that ¢’ has exactly one root,
which, by the Sturm Oscillation Theorem, implies that 0 is the second largest eigenvalue
of L. In particular, there exists a A\g > 0 such that \g € o,(L). Consequently, the pulse
solution ¢ is a spectrally unstable solution of the scalar reaction diffusion equation (16).

3.2.3 Stationary Front in Reaction Diffusion Equation
Consider now the reaction diffusion equation
Up = Uy +u — U, (18)

Following the above example, it is clear (18) admits a one-parameter family of smooth
“front” like solutions {¢(- 4 7v)}yer that satisfy
lim ¢(x) =—-1, lim ¢(z) =1
T—r—00 Tr—00

and ¢'(z) > 0 for all # € R. Here, the linearized operator is L := 92 + 1 — 3¢, and the
Weyl essential spectrum theorem implies Gegs(L) = 0egs(02 —2) = (—00, —2], which is stable.
Furthermore, as above we have L¢’' = 0 and hence, since ¢’ € L?(R), it follows that 0 is an
eigenvalue of L. Since ¢ is strictly monotone on R, Sturm’s Oscillation Theorem implies
that 0 is the largest eigenvalue of L, and hence that ¢ is a spectrally stable solution of the
reaction diffusion equation (18).

In the coming sections, we will continue this investigation to show that the stationary
front ¢ of (18) is in fact nonlinearly stable in a very particular sense.

Remark 6. In both of the above examples, a crucial observation came from the fact that
L¢' = 0, hence that we could actually identify the kernel of L. While this can be verified
directly by differentiating the profile equation in each case, this fact actually follows from
the translation invariance of the PDE’s in each case. To see this, note that if we write the
PDE’s above as
uy = F(u)

the fact that the coefficients of F' are independent of x implies that F(¢(-+7)) = 0 for every
v € R. Differentiating with respect to v at v =0 gives

9

Oy
where here DF(¢) denotes the linearization of F about ¢. This observation extends to

equations that have additional symmetries as well, such as phase invariance ¢ — e®¢ and
Galilean boosts, and can be seen as a sort of a linearized Noether’s theorem.

|y F(6(- +7)) = DF(9)¢/ =0,
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3.2.4 The KAV Equation
For something a little different, consider the Korteweg-de Vries (KdV) equation
U + Upgg + Uty =0 (19)

The KdV equation admits a one-parameter family of solitary wave solutions of the form
u(z,t) = u(x — ct) with wave speed ¢ > 0 that are asymptotic (at an exponential rate) to
0 as ¢ — £oo. Indeed, such solutions are equilibrium solutions of the KdV equation in
traveling coordinates £ = x — ct, which reads

Ut — ClUy + Ugge + Uty = 0. (20)

By reducing the profile equation to quadrature form

2
Uy L 3 ¢y
Yo po(Zud - Su?).
2 <3“ 2“)

we see that such a solitary wave corresponds to the homoclinic orbit to u = 0 that exists
when E = 0. The linearization of (20) about ¢ is given by

Vp = —Vgaz + Uz — (V) =: L.
By the Weyl Essential Spectrum Theorem, we see that
Oess(L) = Oess (—8;?’ + c@x) = RRi.

Thus, the entire imaginary axis belongs to the essential spectrum of L. With more work,
one can show that A = 0 is the only eigenvalue of L so that the solitary wave ¢ is indeed
spectrally stable. However, due to the neutral nature of the stability (all spectrum lies
on the imaginary axis) it is not at all clear how one could hope to obtain linear (or even
nonlinear) stability from this information.

Notice, however, that if we consider perturbations of ¢ of the form e*w(x,t) with
w(-,t) € L*(R) and a € R then w would solve the linear equation

wy = e Le*w.

To such perturbations, spectral stability is determined by o(e™* Le®). Note that for all
w € L*(R) we have

e Le"v = (0 + a) (— (0, + a)> +c— ¢) v
and hence, by the Weyl Essential Spectrum Theorem, we have ogess(e™% Le®) = p,(Ri)
where
pa(z) = (z+a) (—(z+a)* +¢).
Setting z = ik with k € R we find that
R(pa(ik)) = —a® + ca + 3ak?

which is strictly negative for all £ € R provided a < 0 and 0 < |a| < +/c; see Figure 2.
Thus, in this case we can change the class of perturbations in order to ensure that at least
the essential spectrum is moved into the left half plane, opening the door to the possibility
of obtaining some sort of stability result.
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Figure 2: For the KdV equation, plots of gess(e™* Le®) when ¢ = 1 for (a) a = 0, (b)
a = —3%, and (c) a = —1. While the essential spectrum is stable for a € (—1,0), when

a < —1 one finds that the essential spectrum crosses back into the unstable right half plane.

3.3 Linear Stability

We now aim at establishing linear stability from spectral stability information. To begin,
we first consider a simpler case where we don’t have essential spectrum to worry about.
To this end, recall that u = 0 is a spectrally stable equilibrium solution of

(21)

Up = Ugy +u>, t>0, x€(0,7)
u(0,t) = u(m,t) =0 Vit > 0.

In fact, the linearization in this case is given by v; = Lv with L = 02 and, moreover,
the eigenvalues are given explicitly by /\%, n=1,2,3,... with corresponding eigenfunctions
vp(z) = sin(nx). Using the fact that {sin(n-)}%; forms an orthogonal basis of H{ (0, ) N
H?(0,7), it follows from linearity that given any vg € L?(0,7) the unique solution of the
evolution equation v; = Lv with v € H}(0,7) N H?(0,7) and v(z,0) = vo(z) is given by

oo

v(z,t) = Z ane ! sin(nx)

n=1

where a, = 2 Jo vo(z) sin(nx)da are the Fourier sine coefficients of vg. In particular, we
have from Parseval’s inequality that

HU('a t)HLQ(O,ﬂ') < e_t||U0||L2(O,7T)a

implying that u = 0 is a linearly stable solution of (21).
In the above example, notice we an write v(t) = T'(t)vy where the operator T'(t) is given
by

[e.9]

T(t) = Z % (sin(na), ) 12(0,m) et sin(nzx).

n=1
It is elementary to verify that T'(t) is a bounded linear operator on L?(0, ) for all ¢ > 0
and that, furthermore, it satisfies
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(1) T(0) = I, the identify operator.
(2) T(s)T(t) =T(s+1t)=T(t)T(s) for all s,¢ > 0.
(3) For all vg € L?(0,7), T(t)vg — v in L*(0,7) as t — 0.

Any set of bounded linear operators {7'(¢) }+>0 that satisfies (1)-(3) above is called a strongly
continuous, or CY, semigroup of operators. Notice from the functional properties (1)-(3) it
makes sense to denote

T(t) =€l t>o0.

Furthermore, in the above example we observed that the fact that R(o(L)) < —1 implied
that
HeLtvoHLQ(Om) < e voll L2 (0,m)

L

so that the decay rate on the linearized solution operator e’ is given exactly by the maxi-

mum real part of the spectrum of L.

Not surprisingly, everything said above becomes more difficult when the essential spec-
trum is present. For definiteness, let

L=0"4an 1(x)0" 1+ ... +a1(2)0, + ao(x)

be an n-order linear differential operator that is densely defined on L?(R) with the co-
efficients a; being smooth and exponentially localized functions. In this case, we have the

following lemmaZ.

Lemma 1. Suppose that the exponentially localized operator L above, acting on L*(R), is
well-posed, i.e. there exists an a > 0 such that R (0ess(L)) < a. Then L generates a C°
semigroup of operators {T(t)}4>0 on HF(R) for every k < n.

The above lemma guarantees that so long as L is well-posed, then for every vy € L?(R)
the unique solution to the linear evolution equation

vy = Lw

with v(0) = vg is given by v(t) = T(t)vo. As before, due to the fact that T'(t) satisfies
properties (1)-(3) above, we often denote T'(t) = e’*. Now, a natural question remains
regarding the connection between the maximum real part of the spectrum of L and the
decay of the linearized semigroup {eX*},;>¢. This is addressed in general by the Gearhart-
Priiss Theorem.

Theorem 6 (Gearhart-Priiss). Let X be a Hilbert space and assume L : X — X is a linear
operator with densely defined domain. Let II be a finite dimensional spectral projection®
associated with L. If there exists constants M,o > 0 such that

(L =AD" -1 f||y < M| fllx ¥feX (22)

8The forthcoming results come from [KP, Section 4.1].
9In particular, one could take IT to be the zero operator.
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on the set R(\) > —o, then there exists a constant C' > 0 such that the C° semigroup
associated with (I —II)L satisfies the decay estimate

||| = B — ]| < Cem £l

for every f € X.

Admittedly, it is often a very difficult task to verify the resolvent operator of L is
uniformly bounded on a half space (A) > —o. However, we emphasize that an obvious
necessary condition is R(o((I — II)L)) < —o so that, in particular, it is necessary that
L to be spectrally stable with a spectral gap away from Ri when acting on the invariant
subspace (I —II)X. Often times, in practice, II corresponds to projecting out some finite
dimensional eigenspace of L. Thankfully, however, there is a commonly occurring class of
operators where the resolvent bound always holds.

Lemma 2. Suppose the exponentially localized linear operator L above is 2nd-order, and
let 11 be a finite dimensional spectral projection for L. Then the uniform resolvent bound
(22) holds on R(\) > —o + € for every € > 0 provided that

R(o((I — L)) < —o.

In particular, in this case we are guaranteed that for every w € (—o,0) there exists a constant

C = C(w) > 0 such that
HeLt(I - H)fHHl(R) < Ce_WtHfHHl(R)

for every f € HY(R).

In other words, the above lemma guarantees us that if L is a second-order, exponentially
localized differential opeartor, then one can obtain decay bounds on the semigroup {eLt}tZO
directly from the spectral information on L. We will use this observation heavily in our
forthcoming examples. Note that this observation extends to a more general class of so-
called “sectorial” operators, where the linearized solution operator can be defined via the
holomorphic functional calculus as

1 At
Lt = C_dx

Tomi Jp ML

(&

where here T" is some curve in C going from a — ico to a + ioo for some o > max R(o(L))
that is always to the right of the spectrum of L. While there is some serious fun one can
have here trying to obtain properties of el* through the use of complex analytic techniques,
we leave this as an exercise for the interested reader.
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3.4 Linear Stability of Monotone Front

Consider again the reaction diffusion equation

U =Ugy +u—ud, z€R, t>0 (23)

and recall above we verified that (23) admits a stationary front solution ¢ that is strictly
monotone and satisfies

lim ¢(x)=-1, lim ¢(z)=1.

T——00 T——+00

Furthermore, recall that we have already established the following spectral properties of
L = 92 + 1 — 3¢?, considered here as an operator on L?(R) with densely defined domain
H?(R):

1. The essential spectrum is given explicitly by gess(L) = (—00, —2].
2. 0 € 0p(L) with eigenfunction ¢'.
3. There exists a v > 0 such that o,(R) \ {0} < —7.

Defining IT : L?(R) — ker(L) to be the spectral projection
H = <¢/7 .>L2

191172
and noting that o(IIL) < —~, it follows from the work in the previous section that L

generates a C” semigroup {e’*};>¢ and, furthermore, that for every w € (0,7) there exists
a constant C' = C(w) > 0 such that

(ZSI

[e" (1 — )w(0)] . < e [[v(0)]] 2

for all ¢t > 0.

Since we had to project out the kernel of L to establish the above linear decay result,
we can not conclude linear stability of ¢ from here. Indeed, it is a-priori possible that
initially nearby solution w(t) simply “drifts” along the center manifold associated with
Ker(L). Nevertheless, in this case we can show the following linear, asymptotic orbital
stability result:

() = ()]l 2 < Ce ! u(0)]] 2.

In particular, this motivates that v(t) will converge to some multiple, depending on v(0),
of ¢ as t — oo, i.e. for given initial data, to a fixed element of the “center subspace”. In
terms of the original solution u(x,t), this suggests that an initially nearby solution u(x,0)
will satisfy

u(z,t) = ¢(x) +v(x,t)

() + Voe@'(x) for t>>1
¢ (.CL‘ + ’Yoo)

Q

Q
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W and the last approximation follows by Taylor’s

theorem. This implies that one should expect that a solution that starts near the stationary
front ¢ will evolve into a slight spatial translate of ¢. In a later section, we will verify this
behavior at the nonlinear level.

if |v(0)]| g1 < 1, where here v, =

3.5 The Periodic Case

Recall that if L is a linear operator of the form (5) with T-periodic coefficients, considered
here as acting on L?(R), then

o(L) = 0ess(L) = U 0r12..(0,T) (Lﬁ)
§el—n/Tm/T)
where here L¢ := e %% Le® are the Bloch operators. A natural question arises in how

T-periodic spectral information about the Bloch operators L¢ influence the behavior of the
linearized semigroup e™. This is most easily seen through the introduction of the Bloch, or
Floquet-Bloch, transform.

To motivate this, notice that given any v € L?*(R) we can express v in terms of its
inverse Bloch representation as

/T
o(z) = / (¢, 2)de

—7/T

where here 9(¢,z) == ., e?mke/Ty (¢ 4 2km /T) are T-periodic functions of z, and o
denotes the Fourier transform of v. Indeed, the above formulas may be easily checked on
the Schwartz class by grouping frequencies that differ by 27/7 in the standard Fourier
transform representation of v:

pi(E+2mkT)z T PUS Y
=2 / O(¢ + KT)dE = b(€,)de.

keZ W/T —7/T
The Bloch transform

B:L*R) — L*([-7/T,n/T); 0,7))

per(

given by B(v)(g,x) = 0(§, x) is then well-defined, bijective and continuous. In fact, for a
given v € L*(R) one can show that B(Lv)(&,z) = Le[0(€, -)](z), and hence that the Bloch
operators L¢ may be viewed as operator-valued symbols under B, acting on Lper(O,T).
Similarly, from the identity B (el'v) = (eX¢'5(¢,)) (z), we find the Bloch solution formula
for the periodic-coefficient operator L:

w/T
(ev) (z) = / e (ekehu (¢, 1)) (z)de. (24)

—7t/T
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It follows that the Bloch transform B diagonalizes the periodic coefficient operators L in
the same way that the Fourier transform diagonalizes constant-coefficient operators.

Using the representation formula (24), bounds on the Bloch solution operators e
which are governed by the the T-periodic eigenvalues of the Bloch operators L¢, can be
converted to bounds on the linearized solution operator e’*. Indeed, using the classical
Parseval theorem we note that for all v € L*(R) that

Let
¢,

, n/T pT )
ol =2 [ [ 1B 07

so that the rescaled Bloch transform /278 is an isometry from L?(R) into the space
L*([-n/T,w/T); L2,.(0,T)). More generally, by interpolating with the triangle inequal-
ity, corresponding to (p,q) = (00,1) below, we obtain the generalized Hausdorff-Young
inequality

||UHLP(R) < Cpgq ||B(U)||Lq([—w/T,w/T);L{;er(o,T)

for g <2 <pand % + % = 1. This immediately gives us the result

Lt Let ~
e UHLP(R) < Cpyqlle™ ,U(g")HLg([—w/T,Tr/T);Lger(O,T)) (25)
which allows one to obtain estimates on the linearized semigroup e’* from estimates on the

Bloch semigroups et

4 Nonlinear Stability: Examples

In this section, we present a few examples where the above theories can be applied to yield
nonlinear stability of solutions of PDE’s. In the first example, we will see an example where
the linearized operator about the trivial solution admits a spectral gap, and will establish
that this trivial solution is in fact asymptotically stable. In the second example, we study
the case when the spectrum of the linearized operator is stable with a spectral gap, except
for the existence of a simple eigenvalue at the origin coming from the translation invariance
of the PDE. Finally, we will discuss complications that arise when considering the stability
of periodic patterns to localized (i.e. integrable on R) perturbations, and how the ideas
presented in these notes can be used to study the nonlinear stability of such patterns.

4.1 Reaction Diffusion on Bounded Domain

Consider the PDE
Up = Ugy +u’, t>0, x€(0,7) (26)

equipped with the homogeneous Dirichlet boundary conditions

u(0,t) = u(m,t) =0 Vt>0.
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We consider the above as an evolution equation on L?(0, 7). Clearly u = 0 is an equilibrium
solution of (26), and here we are interested in the stability of this so-called “trivial solution”.
To this end, we consider the above PDE with the initial condition

u(z,0) = 0+ vo(x)

where |lvo||g1(0,-) < 1 and vp(0) = vo(7) = 0, and note there exists a unique solution v(t)
of (26) defined locally in time and v(t) satisfies v(0,t) = v(m,t) = 0 for so long as v(t) is
defined. Defining the operator L := d2 and the nonlinear operator N(v) = v3, we note v(t)
solves the evolution equation

vy = Lv+ N(v) (27)
Here, we consider L as being densely defined on L?(0,7) with domain D(L) := H}(0,7) N
H?2(0,7). Recall from previous work that we have R(c(L)) < —1 and that the associated
linearized semigroup {eLt}tZO obeys the exponential decay bound

1% Fl oy < Ce I flrom ¥ € DIL)

valid for some constant C' > 0.
To establish the nonlinear stability of u = 0, we note that we can rewrite the nonlinear
perturbation equation (27) as the equivalent integral equation

v(t) = eMou(0) + /t eI N (v(s))ds,

which, as it is for ODE, is sometimes called “Duhamel’s formula”. Our goal is to prove that
u = 0 is nonlinearly stable in the following sense.

Theorem 7. For eachw € (—1,0), there exists a 6, C = C(w,d) > 0 such that if ug € D(L)
with

HUUHHl(OJr) <9
then the unique solution u(t) of (26) with w(0) = ug satisfies

lu®l 10,7y < Ce™ o]l 1 (0,m)-
for allt > 0.

Remark 7. This is purely a local stability result. Indeed, one can show that if ||uol| g1 (0,x)
is too large, then the solution u(t) of the IVBVP (26) blows up in finite time. Specifically,
one can show that if

s

S(t) = ! /07r u(z,t) sin(z)dz

denotes the first Fourier sine coefficient of the solution u(t), then S satisfies the differential

inequality
2

S'(t) > —S(t) + %S(t)?’
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which, thanks to Gronwall’s inequality, implies there exists a finite t, > 0 such that S(t) —
+o00 ast — . It follows that ||u(t)| g1 o,x) must blow up at least by time t.. Note it could
blow up before time ty if a higher order Fourier coefficient blows up first. Regardless, this
emphasizes the fact that stability is a purely local theory.

To prove this theorem, we start by noting that, thanks to the Sobolev embedding
L>(0,7) € H(0,7), the nonlinear term N (v) is well defined in H' and satisfies

IN @)l 1 (0,.m) < Mlutll 7 0,

for some constant M > 0 independent of u; indeed, recall that H*(0,7) is an algebra when
s > % Furthermore, by the local well posedness, given any R > 0 sufficiently small and
ug € H'(0,m) with [Juo||g1on < £ then there exists a T = T(ug) > 0 such that the
(26) with initial condition u(0) = ug has a unique solution u(t) € H'(0,7) defined for all
t € [0,T) such that

lu@ 107 <R VE€0,T).

By the exponential decay bound on et and the triangle inequality, we find from Duhamel’s
formula that

t
()| 20,0 < Ce™ w(0)] gro,m) + C/O e NN (u(s)) | 1.0,y s
t
< Ce[u(0) |11 0m) + CM / e~ u(8) |1y

The above integral inequality implies the desired decay bound. We will establish this using
two separate arguments: the first via a more classical ODE approach using Gronwall’s
inequality, and the second using a different approach that will be more suitable to our
forthcoming PDE applications.

For our first proof of the above claim, observe that since |[u(t)||g1(0,r) < R for all
t € [0,T) we have

t
u) 0. < Clu(0)mo.x + CMR2/O ellu(s)l (0,m)-
Gronwall’s inequality now immediately gives that
2
a1 o) < Cllu(0)l| g1 me”™ ™

for all ¢ € [0,7). Choosing R > 0 sufficiently small that w := 1 — CMR? > 0 and choosing
e € (0, %) such that Ce < £ it follows that if |w(0)|| 1 0,x) < € then

w07 < Cllu(O)]lgrome " Vtel[0,T)

and, further, that [|u(t)||g1(ox) < & for all t € [0,T). By extensibility, it follows that
T = +oo and the above bounds hold for all ¢ > 0, as claimed. We note that while the
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above “Gronwall” argument works very well in this case, it is not suitable for our intended
applications to problems on the whole line.

As an alternative for the above Gronwall based argument, for all ¢t € [0,T), define the
quantity

Z(t) := sup €”||lu(s)lp1(o.x)
0<s<t

and note the expected decay rate follows from showing that Z is uniformly bounded. Now,
for all t € [0,T) and s € [0,¢] we have

lu(s) 1o,y = € (e*lluls) i o.m) < e "Z(1)

so that, if we fix t € [0, T) we have for all ¢’ € [0,¢)

tl
w1 0.7 < Ce™" [[u(O) | a1 (0,m) + M/O e~ "mem 7 (s) ds

and hence

() 0. < CluO)| mom + CM (/Ot e‘2$ds> Z(t)?
< Clu(0) | i (om) + MZ(t)°
where here M = CM. Taking the supremium in ¢’ € [0,) it follows that
Z(t) < Cllu(0)ll o, + MZ(1)?,
for all t € [0, T). Now, note that if we define the polynomial
P(r) = Mr® =+ Cllu(0)]| 10.)

then the above inequality simply states that P(Z(t)) > 0 for allt € [0,7). When [|u(0) || g1(0,x)
is small, we find that P(r) has roots given by

1
r1 = Cllu(0) o, + O(u(0)lE o), 72 = 77 7 Ol om);

see Figure 3. Taking C' > 1 above and noting that 0 < Z(0) = [[u(0)|| 1 (0,x), it follows by
continuity of Z(t) as a function of ¢ that if ||u(0)[| g1 r) is sufficiently small then

Z(t) <71 < 2C[u(0) | g1(0,7)
for all t € [0, T") which, by definition, implies that
w1 (0.7 < 2C[w(0) ]| 1 0,mpe™

for all t € [0,7"). Again by extensibility, it follows that 7' = 400 and hence that the above
bounds hold for all ¢ > 0, as claimed.
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Figure 3: An illustration of the polynomial P(r) when [[u(0)| g1(ox) is sufficiently small.
Since P(Z(t)) > 0, it follows by continuity that Z(¢) must lie in one of the red regions for
so long as it is defined.

4.2 Reaction Diffusion: Stationary Front
Consider now the reaction diffusion equation

U =Ugy +u—ud, zER, t>0 (28)

Previously, we have seen that this equation admits a one-parameter family of stationary
front solutions of the form ¢(x + «), a € R, where ¢ is strictly monotone and satisfies

lim ¢(x)=-1, lim ¢(z)=1.

pra— -+
To investigate the nonlinear stability of ¢, we consider (28) with the initial data
w(0) =@ +vo, ol <1
and note, since (28) is locally well posed on the space
X={f:1-|fF e H\(R)},

there exists a unique local solution u(t) € H'(R) defined for ¢ € [0,7T) for some T > 0. A
simple calculation shows the linearization of (28) about ¢ is given by

Vp = Ugp + 0 — 30?0 =: Lv (29)

In this case, we have seen that 0 € o,(L) with eigenfunction ¢’, owing to the spatial-
translational invariance of the PDE (28), and that R(o(L) \ {0}) is uniformly bounded
away from the imaginary axis. Thus, the main difference between the current example
and the previous is the presence of an eigenvalue at the origin coming from a continuous
symmetry of the underlying equation. In this example, we will illustrate how to deal with
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this additional complication through the introduction of a “modulation function” that, in
some sense, will ensure the nonlinear perturbation always lies in the stable subspace of the
linearized operator L.

Recall, through a detailed study of o(L) and the resulting bounds on the linearized
semigroup {el'};>0, we have seen that by defining II : L2(R) — ker(L) to be the spectral

projection
Y

g3

the linearized semigroup {e*'};>o satisfies the decay estimate: for every w € (0,7) there
exists a constant C' = C(w) > 0 such that

(bl

[e" (1 =(0)]| ;2 S e [[o(0)]| 2

for all ¢ > 0. In particular, we demonstrated that this gives the following linear, asymptotic
orbital stability result:

lo(t) = T (0))]| > < Ce™ [v(0)]] 2.

Of particular importance, this leads us to suspect that v(¢) will converge to a multiple,
depending on v(0), of ¢ as t — oo, i.e. for given initial data, to a fixed element of the
“center subspace”. In terms of the original solution u(x,t), this suggests that an initially
nearby solution u(zx,0) will satisfy

u(z,t) R ¢ (r+ V) for t>1,

(',0(0)) .2
[
near the stationary front ¢ will evolve into a slight spatial translate of ¢.
To verify the above prediction at a nonlinear level, first notice in the “classical” notion
of asymptotic stability, one aims at showing u(t) — ¢ as ¢ — oo and hence we want to
control the distance from u(t) to ¢. This motivates introducing the perturbation variable

v(t) = u(t) — ¢

defined for ¢t € [0, 7). However, here we expect that u(t) — ¢(- + V) as t — oo for some
Yoo small. Consequently, in this case we want to control the distance from u(t) to the
1-dimensional manifold

where here v, = . This implies that one should expect that a solution that starts

M :={o(-+7): v €R} c HY(R). (30)

This motivates the introduction of the new perturbation variable

o(t) = u(t) — (- —~(t)), t€0,T)

where ~(t) is some function to be determined. The function ~(¢) is sometimes called a
“modulation function”. Note that regardless of how «(¢) is chosen above, for all t € [0,T)
we have

dist (u(t), M) := inf [u(t) = ¢+l < [lut) = ¢+l g
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and so we are free to choose v(t) above to fit our needs.

Motivated by above, we begin by determining a suitable foliation for a small “tubular”
neighborhood of the manifold M in H'(R), i.e. a local coordinate system defined in a
neighborhood of the orbit of ¢ that is suitable for our needs. This can be done in a
number of ways, and one will find many different such foliations in the literature. Since the
linearized semigroup et is exponentially stable when restricted to Ker(L)L, here we would
like to choose (t) such that v € Ker(L)* for all t € [0, 7).

Lemma 3. There exists a 6 > 0 and smooth functions (y,v) : H'(R) — R x H'(R) with
y(¢) =0, v(M) = 0 such that if u € H (R) with

dist(u, M) := irelﬂg |u — (- +2)|lgn <6,
then

u= (- +7(u) +v(u)
where v(u) € Ker(L)*.

Proof. Suppose, without loss of generality, |[u — ¢||z1 is small. For each such u, want to
show there exists a v € R with v(¢) = 0 such that

<¢/7u —¢(- + 7)>H1 = 0.

g(v,u)

Since ¢ is smooth with ¢(0,¢) = 0 and 0,(0,¢) = —||¢'||?> # 0, the result follows by the
gl L

implicit function theorem. O
Thus, if |[u — @[ g1 < g and
v(t) := u(t) — ¢(- + (1))
then by possibly choosing T' > 0 smaller above we can assume ~(t) is such that
v(t) € Ker(L)* Vtel0,T)

and, further, without loss of generality that v(0) = 0 (else, can consider the stability of a
translate of ¢.

Now, since u(t) solves (28) for all ¢t € [0,7"), it follows that the functions v(t) and ~y(¢)
satisfy

¢ (v+ (- +7(1) = 05 (v(t) + 6(- + (1)) + (v + (- +7(1)) — (v + & +7(1)))°

for all ¢ € [0,¢) which, using that ¢(-+(¢)) is a stationary solution of (28), can be rewritten
as

vr + &' (- + ()7 (t) = Lyyv + Ny (v) (31)
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where here
Ly =92+1-=30(+ (1)

denotes the linearization of (28) about the translate ¢(- + v(t)) and
N, (v) = =306 (- +7(t)) — o°

is a nonlinear functional. Now, we can not apply our semigroup theory and estimates to
(31) since the coefficients of the linear operator L. depend on the evolution variable .
To compensate for this, we simply observe that

Lywy = L+ [Lyw) — L]

and hence treat the operator L) — L as an additional nonlinearity. It follows that v(t)
and v(t) satisfy the equation

v+ ¢' (- + ()7 (t) = Lo+ [Ny (v) + (L) — L)v] (32)

R(v(t),)

Next, we decompose (32) according to the orthogonal decomposition H' = Ker(L) @
Ker(L). Applying the spectral projection II to (32) gives

T(ve) + T (&' (- + (1)@ (t)) = TILv + TIR(y(t), v).

Since II(v) = 0 for all ¢t € [0,T") we have II(v;) = 9 II(v) = 0. Furthermore, since II is a
spectral projection for L, the operators L and II commute and hence Ilo L = L oIl = 0.
We may thus rewrite the above equation as

(¢, ¢/ (- +7(1)) 7 (t) = (¢, R(y(t),))

From here, we an derive estimates on 7/ as follows. Note that

(¢, ¢'( +1(1)) = (¢, ¢') + <¢/,¢/(' +7(1) - ¢’>
z(t)

Since ||z(¢)|| < [|[@¢”|||v(t)], it follows that so long as ~(¢) is small, say for all ¢t € [0,T) with
T > 0 possibly smaller than before, the above says

YOI < CL+(1) [(¢, R(¥(2),v))]
for all ¢t € [0,7T) for some constant C' > 0. Similarly, noting that
IR(y(®), )l < C (Ioll* + [y ®)]I]])

it follows that, by possibly choosing 7' > 0 smaller yet again (so that ||v|| g1 is sufficiently
small for all ¢ € [0, 7)),

0] < C(lv@®lizn + v @lll@])

32



for all t € [0,T).
Next, we project (32) onto the stable subspace Ker(L)*. Applying (I —II) to (32) we
get
ve+ (L= (- +7(1)y'(t) = Lo + (I = IHR(¥(t), v)-

As above, we can rewrite the second term as
(I =10 [(¢" + (¢'(- + (1) = ¢)) 7' ()] = (I = T)=(t)7'(t)

so that
vy = Lv+ (I —1I) [R('y(t), v) — z(t)'y/(t)] .

Setting Rp(y(t),v) := R(v(t),v) — z(t)7'(¢), it follows that for all ¢ € (0,T") the functions
~(t) and v(t) satisfy the coupled system

7)) = O (lo®F + @lllv@®)]l)

v(t) = e"v(0) + /0 g (I —ID) Rp(v(s), v(s))ds. (33)

Now, we know that if w € (0,) then there exists a C' = C(w) > 0 such that
" f|| 1 < Ce I fllm V¥ f € Ker(L)™.
Fix such an w and fix @ € (w/2,w) and define for all ¢t € [0,7T") the functions

M,(t) :== Os<u;<)t eElo(s) || g, My (t) := Oiugt Iv(s)]-
<s< S8

Note that for all ¢ € [0,T") and s € [0, ] we have
lo(s) < e My(t),  |y(s)] < My (2).

Our goal is to show that M, and M, are uniformly bounded in time.
To this end, notice that if we fix ¢t € [0,7) and integrate (33)(i) from [0, '] for some
t' € 10, ¢] we have

A(t') — ~(0) = /O O (o(s)]2: + ()lo(s) 1) ds.

Since v(0) = 0 by choice, it follows that

v v
( / e_2wsds> M, ()2 + ( / e—w8> My(t)Mv(t)]
0 0

for some constant C' > 0. Noting that the scalar integrals above are uniformly bounded in
t’, taking the supremium over ¢’ € [0, ¢] implies there exists a constant C; > 0 such that

) <C

M, (1) < O (M()* + M, (1) M, (1))
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for all ¢ € [0,7T'). Similarly, for 0 < ¢ <t < T as above, from (33)(ii) we get

t/
()l < Ce™" J[o(0)]] 1 +C/O eI NI = IRE(Y(5),0()) | 1 ds.

Since (I —1II) is clearly a bounded linear operator on H', we have by the above work that

1T =R E(y(5), v() [l < C (o)1 F + [v()v(s)]1 1)
< C (e My (1) + e @ M, (t) M, (1))

Consequently,

% %
(@)l < Ce™ " [[0(0)| g +Ce™" [(/0 e(“%)sds) M, (t)* + (/0 e(”‘b)sds> M’Y(t)Mv(t)]

Recalling that @ € (w/2,w), we find

t/ t/
/ =2 gg < 1 / o3 g < 1 _ -
0 20 —w 0 w—w

It follows that
o)l < C (7 o)l + e Ma(6)? + == My (1) M, (1))
and hence that
o)l < € (¢ o(0)1 s + el My(t)? + My (1) M(1))

Noting that the exponentials on the right hand side above are uniformly bounded above in
t', we find by taking the supremum in ¢’ € [0,¢] that there exists a constant Cy > 0 such
that

My(t) < Co ([0(0) | + Mo(t)® + M (1) My (2)) -

Next, we claim that if [|[v(0)|| g1 and T' > 0 are such that

1
My(t) < — Vtelo,T
()_2C1 vt €[0,T)

then T' = 400 and, in particular, M, (¢) is well defined and uniformly bounded for all ¢ > 0.
To see this, note that by the above condition on 1" we have

M(1) < M, (1) + G, (1)

and hence that
M,(t) <201 M,(t)* VYt e [0,T).
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Inserting this into the bound for M,(t) gives
M, (t) < C (Jo(0) | g1 + My(8)* + My (8)*) ¥t € [0,T).
where C' > 0 is some constant. Now, define the polynomial
P(r) =141 = 21+ [o(0)

and note the above inequality states that P(M,(t)) > 0 for all ¢ € [0,7). One can easily
check that for ||v(0)||z: sufficiently small, P(r) has two consecutive positive roots ri, s
satisfying

0 <1 =Cllo) g1 +O([v(0)|[F) <

with P(r) > 0 for r € [0,71] U [r2,00) and P(r) < 0 for r € (r,73). Taking C > 1 above, it
follows that
My (0) = [[o(0)[[ 1 <71

so that, by continuity of M,(t) on t, we have
M, (t) < 71 < 200 (0)]| 1

for all t € [0,T"), provided that [|v(0)| g is sufficiently small. In particular, if we choose
||v(0)|| g1 sufficiently small that r; < ﬁ then the above argument can be continued to give
T = 4o00. We conclude that if ||v(0)||z1 is sufficiently small, then there exists a constant
C > 0 such that M,(t) < Cllv(0)||z: for all ¢ > 0 so that, in particular,

@)l < Cem* o(O)][ ¥t = 0.

This verifies that the perturbed solution u(t) converges as t — oo to the one-dimensional
manifold M. To show that it converges to a particular element of M, recall that for all
t > 0 we have

7' (#) = O (ol F + yOllo®)|a)
and that |y(¢)| < M, (t) < 2C1M,(t)%. By the above bound on M,(t) it follows that
Y(#) = O (e o(0) | F1 + e [[o(0)[[31) -
Fixing 0 < ¢; < t9 and integrating over [¢1, t2], it follows there exists a constant C' > 0 such

that

to B B
[y(t2) = ~(t1)| < C t (e v (0)[IF + e~ [lv(0)[I7:) dt
1

1 ~ 1 _-
¢ (e O + 3 O

< Ce™ [o(0)]13:

IN
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provided that ||v(0)]/ 51 is sufficiently small. It follows that the sequence {v(f)}:>0 is a
Cauchy sequence in R and hence there exists a 75 € R such that

Y(t) = Yoo as t — oo.
In particular, the above bound gives
V(1) = 7o0| < Ce™![0(0) 7

so that ~y(t) converges to 7~ at an exponential rate.
Putting everything together, we have shown that the perturbed solution u(t) converges
to (- + Y00) € M at an exponential rate as t — oo, as claimed.

4.3 Discussion of the Periodic Case

Finally, let’s briefly discuss how the previous techniques might be applied in the periodic
setting. To this end, consider a PDE of the form

ug = F(u) (34)

where we assume F' is a constant coefficient (in both x and ¢) nonlinear operator, and
suppose that (34) has a T-periodic equilibrium solution ¢(x). For this discussion, we are
interested in determining the stability of ¢ to so-called “localized” perturbations!?, i.e. to
perturbations in L?(R). The linearized operator, obtained by linearizing the right hand side
of (34) about ¢ is the operator

L:= DF(¢)

which will be a linear differential operator with T-periodic coefficients. From our previous
work, we know the spectrum of L can be decomposed as

oem@) = U on.omn(Le).
§€[—n/T'x/T)
where the Bloch operators Lg := e %% Le’®” are considered to act on L%er(O,T) for each

¢ €|-n/T,w/T). By Remark 6 in Section 3.2.3 above, it follows that ¢ satisfies the ODE
L¢ =0. (35)

Unlined the analysis in Section 3.2.2 and Section 3.2.3, this does not imply that A = 0 is
an eigenvalue!! of L since ¢, being T-periodic, clearly does not belong to L?(R). Rather,
(35) implies that A = 0 is an eigenvalue for the co-periodic Bloch operator Ly.

For the sake of simplicity, assume that A = 0 is a simple eigenvalue of Ly, and that
0 ¢ 0,(L¢) for any £ # 0. Then as & is varied near { = 0, there exists a curve of essential

0Note if one wishes to study the stability of ¢ to periodic perturbations, as discussed in Section 2.3.1,
then op(L) is purely discrete and stability may be studied in much the same way as in the above examples.
' And, recall that we already know that o, (L) = () anyways.
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0 Re(A)

Figure 4: An illustration of the spectrum about a stable periodic equilibrium solution of
(34) near the origin A = 0.

spectrum A(§) € op(L¢) near the origin which, by basic results in spectral perturbation
theory, is analytic in £ and satisfies

AE) = A(=¢)
for all |{] < 1. Tt follows that if ¢ is to be a stable equilibrium solution of (34), then A(§)
must admit a Taylor expansion for |£| < 1 of the form

M) = iat — B2+ O(€])

for some constants @ € R and 8 > 0. If we assume the non-degeneracy condition S # 0, it
follows that'?
R(op(Le)) < —06* YO0 < |¢] < 1. (36)

Considering now the linear stability of ¢, let ¢g > 0 be small and recall the Bloch solution
formula

(e"'v) (z) = / 7 (ehetu(€, ) (x)dé + / €T (ehetu(g, ) (x)dg,  (37)
1€l<eo eo<[¢|<F
where here we have separated the low- and high-Bloch number components of the integral.
If we assume that there exists a constant o > 0 such that
R(op(Le)) < —o forall e < [¢] < %,
it follows by the generalized Hausdorff-Young (25) inequality that

12Concerning modeling, such a condition may be expected to hold for stable waves in diffusive, either fully
or partially, systems. In energy conserving Hamiltonian systems (such as the KdV equation (19)), rather,
spectral stability is equivalent to (L) C Ri. In such a case, it is not yet known how to establish nonlinear
stability through the method of linearization, and one typically relies on different methods, such as the study
of an appropriate Lyapunov functional.

< Ce 0|l L2 (mn/Tm 20 = Ce™ T vl 2wy
L?(R)

/ e (eheti(c, ) ()de
co<lél<Z

37



so that the second term in (37) decays exponentially fast in time. On the other hand, the
first term in (37) satisfies

C < ||ea (e, 2)|
L2(R)
< Hefeg?t

L2([-=/T,w/T);L2(0,T)

H /5 ; " ("o (g, ) (x)dg

L 191l L2 (= j7,72/7); 2 (0,T)
3
< Clvll2(w)

Consequently, these calculations show the first term in (37) is only bounded in time, and
hence does not decay.

Remark 8. It is actually possible to sharpen the above estimate to yield a t—/* decay rate,

but this ends up being too slow to close any reasonable iteration scheme that might lead to
a nonlinear stability result.

So then, how might one go about establishing a nonlinear stability result in this case?
In a sense, we should follow the ideas in Section 4.2 and introduce an appropriate “modu-
lation” function to accommodate for the lack of decay. As expected, however, this is more
complicated in this case. To see why, observe that in Section 4.2 that a spatially uniform
translation of the front still satisfies the same boundary conditions as the front. In particu-
lar, the LP(R) norm between any two elements of the manifold M in (30) is finite. For our
T-periodic equilibrium solution of (34), however, periodicity implies that for any v # ZT
that

¢ — (- +Y)lrw) = +oo forall 1<p<oo

In other words, a spatially uniform translation of a periodic wave is not a small, or even
bounded, perturbation in LP(R) for any finite 1 < p < oc.

To proceed, let’s think about the expected dynamics about a “stable” periodic wave ¢.
Suppose ¢ is as in Figure 5(a), and note that we can decompose z-axis into periodic “cells”
corresponding to the periodicity of ¢. If we perturb ¢ by a small localized perturbation
as in Figure 5(a), it is natural to expect that it effect of this perturbation has a finite
speed of propagation. In particular, at any given time each periodic cell may react to
the initial perturbation differently. To further illustrate this point, it is known that there
exists “spectrally stable” periodic traveling wave solutions to the Kuramoto-Sivashinsky
(KS) equation

While we won’t go into the details of the analysis or proof, which can be found in [BJNRZ],
it is instructive to view the dynamics of such a stable solution: see Figure 5(b). In this
figure, start at ¢ = 0 with a stable periodic traveling wave solution of (38) and perturb it
by some small, localized “bump” around x = 130. The effect of the perturbation on the
solution tracked as time is increased: here, the green and blue curves denote the “peaks”
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Figure 5: (a)An illustration of a periodic wave ¢ that is perturbed by a small localized
perturbation. Here, the perturbation is in red, and the vertical dashed lines are there
to simply decompose ¢ into disjoint periodic “cells”. (b) The temporal evolution of a
slighty perturbed stable periodic traveling wave solution (in traveling coordinates, so the
background wave is stationary) of the KS equation (38). This picture was taken from the
work [BJNRZ].

and “troughs” of the solution as it evolves over time!?. What we observe is that the effect
of the perturbation has a finite speed of propagation, signaling some sort of “hyperbolicity”
in the system. Indeed, for a fixed time ¢ > 0 the solution is essentially unchanged outside of
the outermost dashed red lines, while between the innermost dashed red lines we essentially
see a copy of the original wave. However, upon careful inspection one will observe that the
periodic wave between the inner most dashed red curves is slightly out of phase with the
original wave: indeed, between the “left” two dashed red lines and the “right” two dashed
red lines, we can see that the solution is undergoing a spatially localized phase shift, and
that this phase shift remains small and spreads out over time. For details, see [BJNRZ].
If we are interested in proving the stability'* of the periodic wave depicted in Figure 5(b),
the above considerations motivate introducing a modulation function that would allow ¢
to change differently on each periodic cell, i.e. our modulation function should be spatially
dependent!

In summary, if ug is near ¢ in L?(R), the above discussion motivates decomposing the
associated solution u(t) with initial data ug as

u(z,t) = ¢p(x 4+ P(z,t)) + v(z, t)

where here v is our spatially dependent modulation function. The fact that ¢ depends
on z suggests that it will solve a system of PDE’s that are coupled to the evolution

13We are thus recording the evolution of the periodic structure of the wave, and not its shape or magnitude
between consecutive local max and min’s.

“Here, the sense of stability has to be defined appropriately. In this context, the notion of “nonlinear
space-modulated stability” has been shown to be powerful. See [JNRZ].
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equation for v. Compare this to the analysis in Section 4.2, where the evolution for the
nonlinear perturbation v couples to an ODE satisfied by the x-independent modulation
~(t). Consequently, establishing nonlinear stability of periodic patterns in this context is
considerably more complicated than other examples we have considered in these notes.
Thankfully, this is the subject of some of the presentations at this workshop, so I refer
students to the presentation notes prepared by your peers.
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