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Abstract

These are notes related to a 4-lecture minicourse given during June 10-11, 2012, at a workshop just
preceeding the STAM conference on Nonlinear Waves and Coherent Structures in Seattle, WA, USA. The
title of the workshop was “The stability of coherent structures and patterns,” and these four lectures
concern stability theory for linear PDEs. The two other parts of the workshop are “Using AUTO for
stability problems,” given by Bjorn Sandstede and David Lloyd, and “Nonlinear and orbital stability,”
given by Walter Strauss.

We will focus on one particular method for obtaining linear stability: proving decay of the associated
semigroup. Our strategy will be to state the most relevant theorems from semigroup and spectral theory,
indicate where in the literature the proofs can be found, and look at some related examples. We will
then see how to apply these theorems to reaction-diffusion equations. In particular, we will show that
for reaction-diffusion equations, linear stability can be determined simply by computing the spectrum

of the associated linearized operator.

1 Introduction

The purpose of this workshop is to understand some issues related to the stability theory for solutions
to PDE. Stability of a particular solution of interest (eg a travelling wave or another type of coherent
structure or pattern) means, roughly speaking, that if the system starts with an initial condition near that

particular solution, then the system will stay near it for all time.

Generally speaking we will focus on systems that can be written in the form
uy = Lu+ N(u),

where L is some linear differential operator and N is some nonlinear term. Examples include reaction
diffusion equations, such as uy = Au + N(u), or wave equations, such as uy — Au = f(u), where in the

latter case one can write
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The motivation for first focusing on the linear case, N = 0, is as follows. Suppose we begin with a general

nonlinear equation u; = F'(u) that has a particular stationary solution of interest, u(x,t) = wu.(x): ie



F(uy) = 0. Formally applying the Ansatz u = u, + v and expanding the function N in a Taylor series, we
obtain

v = (s +0); = F(uy +v) = F(uy) + DF(uy)v + O(w?) = DF(u,)v + O(v?).
When v is small, which corresponds to the original solution u being near the particular solution wu,, the
O(v?) terms are small when compared with the linear term DF(u,)v. Therefore, a reasonable approxima-

tion to the evolution of w; = F'(u) near the solution u, is
vy = DF (us)v =: L,

which is referred to as the linearization of the PDE at the solution wu,. If solutions to this linear equation
remain small (for small initial data), or even decay to zero, then we can hope that in many situations this
will imply the same is true (locally) for the full, nonlinear equation. (Although one should be a bit careful

— the linearization does not always yield useful information about the nonlinear PDE.)

Therefore, for these four lectures we will focus on linear equations of the form
uy = Lu, ue X, (1.1)

where L is some linear operator on the Banach space X. For the moment, assume that solutions to this
equation exist for all initial conditions wg € X. Note that “stability” will generally refer to stability
of the zero solution of equation (|1.1)). This is because we are viewing this linear equation as describing,
approximately, the evolution of a perturbation to a particular solution of interest. Thus, if that perturbation

stays near zero, then the particular solution is stable.

Definition 1.1. The solution u(t) =0 of is said to be stable if, given any € > 0, there exists a § =
d(€) > 0 such that, for all ug € X with ||ug||x <, the corresponding solution to satisfies ||u(t)||x < e
for all t > 0. If in addition there exists a 0* such that for all initial conditions with ||ugl|x < 0* the
corresponding solution satisfies limy_,o0 ||u(t)||x = 0, then the zero solution is said to be asymptotically
stable.

Our basic goal will be to construct solutions to equation using an object called the semigroup as-
sociated with the linear operator L. This is a family of operators, {e**};>¢, that is for each t > 0 a
bounded linear operator on the Banach space X. (Below it will be defined more precisely.) For any initial
condition ug, the solution to will be given by u(t) = eltug. This approach is useful because, once the
semigroup can be proven to exist, one immediately gets existence and uniqueness of solutions to the linear
PDE. Furthermore, in many cases the spectral properties of the operator L can be used to determine the

asymptotic behavior of solutions to the linear PDE.

We note that there are many cases where it is better to study the asymptotic behavior of solutions to (|1.1))
from a different point of view, for example using energy estimates. We do not have time to go into these
other methods in detail, although see the remarks in

1.1 Exercises
1.1.1 Standing wave of a reaction diffusion equation

This example comes from [San|, which can be found at http://www.dam.brown.edu/people/sandsted/

documents/evans-function-example.pdf. Consider the nonlinear equation u; = uyzy — u + w?, u € R,


http://www.dam.brown.edu/people/sandsted/documents/evans-function-example.pdf
http://www.dam.brown.edu/people/sandsted/documents/evans-function-example.pdf

r € R, which has an explicit standing pulse given by u.(z) = v/2sech(z). Show that, near this standing
pulse, the PDE can be written v; = Lv + N (v), where Lv = v,y + (6sech?(z) — 1)v and N (v) = 3u,v? +v°.
Thus, the linearization of the PDE at this pulse is v; = vy + (6sech?(z) — 1)v.

1.1.2 Traveling wave of the viscous Burgers equation

The viscous Burgers equation is given by u; = uz; — uugz, and it has an explicit family of traveling
waves given by u.(z,t) = ¢ — 2atanh(a(z — ct)) for a,c € R. In terms of the moving coordinate frame
(&,t) := (x — ct,t), this solution is stationary. Show that, with respect to these coordinates, the dynamics
near the traveling wave can be written v; = vee + cvg — (Uxv)e — Vg, so Lv = vee + cve — (usv)e and
N(v) = —wvvge. More information about the stability of the traveling wave in Burgers equation can be

found, for example, in [Zumli].

1.1.3 Sine-Gordon equation

Consider the sine-Gordon equation,

Ut — Ugy + sinu = 0.

Show that, for { = x — ct, |c] < 1,

w6 = s (o0 5

is a stationary solution in the moving frame (£, ), and that the Ansatz u = u, + v leads to

() (et 200 (0] 0 )
dt \w (1— 02)65 — cos(uy) 2cOguy w 2cvevy — sin(uy + v) + sin(uy) + cos(uy)v .

~~
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More information about the stability of this solution can be found, for example, in[DDvGV03], .[JM12].

1.1.4 KdV soliton
The Korteweg—deVries (KdV) equation is
Ut + Uggy + vty =0,

and it has a solution known as a soliton, or solitary wave, given by u.(¢) = 3csech?(y/c€/2), for & = x — ct.
Show that if u = u, 4+ v, then v; = Lv + N (v), where Lv = —vgge + cvg — (usv)e and N(v) = —vve. For

more information about the stability of this solution, see for example [BSS87].

1.1.5 2D Navier-Stokes

Consider the forced, two-dimensional incompressible Navier-Stokes equation on the torus, written in terms
of the vorticity of the fluid w:

wr =Aw—u-Vw+sinz, w € R, (x,y) € [-m, 7] X [7,7],



where w(x — m,y) = w(x + 7,y) and w(z,y — 7) = w(x,y + 7). The vector u represents the velocity
of the fluid, and, in the case fp w = 0 (which is preserved by the flow), the velocity can be written in
terms of the vorticity via the Biot-Savart law: u = (—9,A 'w, 9, A" w). Due to the forcing function
sinz, there exists the stationary solution wy(x,y) = sinz, which is sometimes referred to as shear, or
Kolmogorov, flow. Check that this is, in fact, a stationary solution, and show that the linearization around

it is vy = Av — 9y sinx(1 + A~1)w. For more information, see for example [MS61].

2 Review of linear stability in finite dimensions

Consider the finite-dimensional linear equation

uy = Au, u € R, A e R™", teR. (2.1)

We review how to explicitly construct the semigroup associated with (2.1]), and how it can be used to

determine stability. For more details see, for example, [Chi06]. Recall that, for a matrix A,

[A]l = sup [Av].
lv|=1

Definition 2.1. Given an n X n matrix A and t € R, we define the matriz exponential to be

et .= i (At)k. (2.2)

One can check that this sum is well defined by using the fact that ||A¥|| < ||A||* to show that the sum is

absolutely convergent (which implies the partial sums form a Cauchy sequence). In fact,
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One can use (2.2)) to check that

o ¢4t is for each t itself an n x n matrix

o eMugli—o = ug and %eAtuo = AeAtyy = e Auy.
o (ATB)t — oAtBL if and only if AB = BA.

o cAll+s) — Ateds for all s € R

The second property implies that e is the unique solution to (2.1)) with initial condition uy. The final

property is referred to as the group property for the following reason. The exponential function e is a

map from the group of real numbers with the operation of addition to the group of invertible n x n matrices
with the operation of multiplication. The exponential function preserves the group operations through the

Alt+s) — oAt As

relationship e . Below we will encounter a situation where a similar property holds, but only

for t,s > 0. It will then be called the semi-group property, as the inverse e will not necessarily be well



defined. For this reason, the family {eAt} is often referred to as the semi-group generated by the linear

operator A.

If A is diagonalizable, then A = SDS~! for some nonsingular matrix S, where D is a diagonal matrix
whose entries {\;}7_, are exactly the eigenvalues of A. One then has A% = (SDS™1)* = SD*S~1 and so
by (2.2) we have et = SePtS~1. By taking powers of the diagonal matrix D, one finds

eMt 0
00 Aot
Dit)k 0 e ... 0
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One can further characterize the matrix S in terms for the eigenvectors associated with A. If A is not
diagonalizable, a similar formula to the one above is possible, using the Jordan normal form of A, although
it is slightly more complicated. Using (2.3]) (or its generalization in the non-diagonalizable case), one can

prove the following result.

Proposition 2.2. The zero solution of is stable if and only if Rehr < 0 for all k and any eigenvalue
with zero real part has its geometric multiplicity equal to its algebraic multiplicity. The zero solution is

asymptotically stable if and only ReXi < 0 for all k.

Therefore, in finite dimensions, stability can be characterized by the eigenvalues of the matrix A, via the

semigroup e4t.

3 Linear stability in infinite dimensions

We’d like to understand to what extend the above finite-dimensional result is also true in infinite dimensions:
can we solve the equation u; = Lu with an object e’*uy and connect the asymptotic behavior of solutions
with the spectral properties of the operator L? To begin, we first review some notions from the spectral
theory for linear operators on a Banach space. Much of this material is taken from [ENQQ], where more

details can be found.

3.1 Spectral theory in infinite dimensions

Consider a linear operator L on a Banach space X. In general, one must be careful to specify the domain
of the operaror L, which will be denoted by D(L) C X. Thus, L : D(L) C X — X. Much of the theory
also requires that the operator be closed (if {ux} C D(L), up — w in X, and Lux — v in X, then u € D(L)
and Lu = v) and densely defined (D(L) is dense in X), which holds in most reasonable settings. We'll try

to avoid unnecessary technicalities associated with these issues.

A good example to keep in mind throughout this section is the Laplacian, L = A, posed on the Banach
space X = L?(R"™). One can check that with D(A) = H?(R") this operator is closed and densely defined.
For details, we refer to [Mik98]. Many of the results that apply to the Laplacian also apply to operators
of the form L = A + B, where B is sufficiently nice, as we’ll see in §4] below.



Definition 3.1. Given a linear operator L on a Banach space X, the spectrum of L, denoted by ¥(L), is
the set of all A € C such that the operator (A — L) does not have a bounded inverse defined on all of X.
The resolvent set is p(L) = C\ X(L). Equivalently, p(L) is the set of all X\ such that (\— L) : D(L) —» X

is bijective. On the resolvent set, we define the resolvent operator to be (A — L)™1.

Definition 3.2. A complex number X is called an eigenvalue of L if the operator (A — L) has a nontrivial
null space in X . In other words, there exists a u € X, u # 0, such that Lu = Au. Equivalently, (A — L) is

not injective.

In finite dimensions, the only one way for (A — L) to fail to have a bounded inverse on all of R™ is if A is an
eigenvalue. Hence, the spectrum of an matrix is exactly the set of its eigenvalues. In infinite dimensions,
however, there are more ways for (A — L) to fail to have a bounded inverse. For example, its range could
fail to be dense and/or fail to be closed. One can check (see [EN0OO, Lemma 1.9]) that the range not being
closed is equivalent to there existing a sequence of so-called approximate eigenvalues: (A — L)uy — 0 as

k — 0, where u, € D(L) for all k, |Jug|| = 1, but the sequence {ux} does not have a limit in X.

As an example, consider the Laplacian in one dimension: L = 92, X = L?(R). For a given ), we can try
to solve the equation (A — L)v = w for a given w € X via v = (A — L)"1w. Denoting the Fourier transform
by F(v) = 0, we find
v= (=L tw, k) = b, w(z) = F <1w(.)> ().
k2 + A ()24

Since k € R, for any A € (—00,0] one can find a w € L?(R) such that ||vz2 is not finite. Hence,
(A — L)~! is not well defined on all of L?(R) for any such \. In addition, one can prove using the above
formulation that for A ¢ (—oo, 0] the resolvent operator is well-defined and bounded on all of L?(R). Hence,
$(02) = (—00,0]. On the other hand, if we fix A € (—o00,0] and look for eigenvalues, we find u,, = Au.
This implies u(x; \) = eVAr = V7 which is not in L2 (R). One can check that for each such A there is

61‘2

a sequence uy of approximate eigenvalues. For example, one can use mollifiers of the form e™**" and set

w (23 N) = CrelVIMeeer®® where ¢, — 0 as k — oo and the constant Cj, is chosen so that |jug||x = 1.

Because there are multiple ways for the resolvent operator to fail to be bounded on all of X, it is useful to

define subsets of the spectrum in terms of the way(s) in which (A — L) fails to have a bounded inverse.

Definition 3.3. An operator is said to be Fredholm if its range is closed and both the dimension of its
null space and the co-dimension of its range are finite. The Fredholm index of such an operator is the

dimension of its null space minus the co-dimension of its range.

Definition 3.4. [San02] The point spectrum, Xy, is the set of all elements of the spectrum for which
(A= L) is Fredholm with index zero. The essential spectrum is defined to be X(L)ess = X(L) \ Xpe(L).

One needs to be slightly careful with this definition. In this formulation, the point spectrum is not
equivalent to the set of eigenvalues. The reason is that eigenvalues can be embedded in the essential
spectrum. This will be reflected below in example (Some texts, including [ENQQ], define the point

spectrum to be the set of all eigenvalues.)

Definition 3.5. [EN0O(] The approximate point spectrum is the set of all X\ such that (A — L) has a range

which is not closed in X. It will be denoted by Yqpp, and we note Xgpp C Less-



Dividing the spectrum into the point and essential spectrum is useful when computing the spectrum, and

the approximate point spectrum is where the Spectral Mapping Theorem (stated below) can fail.

Definition 3.6. The residual spectrum, denoted ¥,e5(L), is the set of all X for which the range of (A — L)

1s not dense in X.

The residual spectrum can sometimes be computed using the fact that it coincides with the set of all
eigenvalues of the Banach space adjoint of L [ENOQ, §IV.1 Prop 1.12].

3.1.1 Example: Standing wave of a reaction diffusion equation

This is a continuation of the example in We'll work in X = L?(R). The equation Au = Lu can be
written
Mt = Uy + (6sech?(z) — 1)u.

Since this is a second-order ODE, we know that for each value of A there are two independent solutions.
One can check that

ui(x;\) = eVt [1 + % — V14 Atanh(z) — Sech2(x)]
ug(w; \) = e VitAe [1 + % + /1 + Mtanh(z) — sechQ(x)}

are indeed two independent solutions of the above equation. (They can be found using hypergeometric
series.) In order to investigate the spectrum, we need to determine when the resolvent operator is well
defined. It turns out that, for this example, we can calculate it explicitly as follows. Suppose we are given
a function w and we seek a function u such that (A — L)u = w; hence, u = (A — L) 'w. We’ll use the

method of variation of parameters, which means that we assume the function » has the form
u(@; A) = v1(@; Nua (5 A) + vz (25 Muz(z; N),

and solve for the functions v; 2 in terms of w. To do this, we impose the condition that vju; + vhug = 0,
which is one equation, and insert the above form of u into the equation (A — L)u = w to obtain a second

equation. These two equations can be written

v\ 1 uh  —ug 0\ _ 9 uh  —up 0
vh upuy — uguy \ —uj  wy —w 2AVI+AB =) \—u] w —w)’

where to obtain the final equality we have used the above expressions for uj o to explicitly calculate the

Wronskian ujul — usuj. We can see immediately that there will be problems if A € {0,3} U (—o0, —1].

Continuing our calculation of v o (for A not in this bad set), we find

r_ 9 ;o 9
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To integrate these expressions, we note that u; is well-behaved at —oo while ugy is well-behaved at +oc.

ulw.

Hence, we define

9
u@mN = TGN

| ey, e = e [ wtuay



Inserting these formulas back into the expression for u, one finds that the solution can be written

9
W) = = e N )+ sl (55 ) H e )y

[ Gty
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Therefore, the action of the resolvent operator can be expressed through the integral kernel G(x,y;\).

One can now investigate for which values of A this operator is well-defined and bounded on all of L? and
prove that Yt (L) = {0,3} and Xess(L) = Xapp(L) = (—o0, —1]. More precisely, if A € (—oo, —1], then
the functions u1 2 are bounded and can be used to construct approximate eigenvalues as we did above for
the Laplacian. If A = 0 or A = 3, then the kernel of (A — L) is one-dimensional: —u;(x;\) = ua(x;0) =
sech(z)tanh(z) and wu(z;3) = ua(2;3) = sech?(x), which are the corresponding eigenfunctions. (In each
case, the second, linearly independent solution to A\u = u,, is a function that’s not in L2.) Let ¢ denote
the eigenfunction in either case. Since L? is a Hilbert space, we can set E = span{¢} and let E+ denote
its orthogonal complement, which is closed. Since L is self-adjoint, E+ is the range of (A — L) (see, for
example, [Brelll, §2.6 Cor 2.18]), and we see that the Fredholm index is zero. For all other values of A, the

explicit form of G can be used to show that the above resolvent operator is bounded on all of X.

3.1.2 Exercise: Traveling wave of the viscous Burgers equation

This is a continuation of the example in As in the previous example we will work in L2(R), and one
can find two independent solutions to the eigenvalue equation (L — A)v = 0, which are

vi(z;A) = sech(af)(va? + X — atanh(ag))e¥ >+

vo(z; ) = sech(a€)(—v a2 + X\ — atanh(ag))e VO TAE,
These solutions can be derived by noting that if V(z) = [* w(y)dy and V(z) = sech(af)u(z), then

tzz — (@® + N)u = 0. Use the method of variation of parameters to show that the kernel of the resolvent

operator is given by

v(§) = W:Q—Jr / sech(ag)cosh(ay)g(§, y)e VI H (y — x)w(y)dy

2)\\/a2
/G £y Nw(y)dy,

/Sech ag)cosh(ay)g(y, e v PV H(z — y)w(y)dy

where g(§,y) = (Va2 + XA + atanh(ay))(vVa? + X — atanh(af)).

One can see explicitly from the formulas for vy 5 that they are both L? functions as long as A € {\ € C :
[RevV A +a2| < a} = {\ € C: Rex < —ImA/(4a?)}. Therefore, the region in the complex plane strictly
to the left of the parabola ReA = —Im\/(4a?) is filled with eigenvalues. However, it is not true that this

entire region is contained in ¥,¢(L). In fact, we claim that

Spe =0,  Zapp = {Red = —ImA/(40”)},  Tess = {Red < —ImA/(40%)} U Sapp.



Prove this using the following facts. By [ENQQ, Propl.12, pg 243], the range of (A — L) is not dense in X
if and only if A is an eigenvalue of the adjoint operator, L*. In this case, L* = 852 — 2atanh(ag)0g, and one

can again explicitly compute the solutions to the equation (A — L)u = 0. They are
ui(6.)) = (osinh(ag) + v/a? + Acosh(ag)) eV
up(&,N) = (—asinh(ag) — MCOSh(a§)> o~V

3.2 Semigroup theory

We now turn our attention to the definition of the object e/* and how it can be used to investigate stability.
The majority of these results can be found in [EN0O]. Other frequently cited references on semigroup theory
are [Paz83|] and [CL99]. Also, [Mik98] has a nice introduction, specifically in the context of PDE.

Consider again the equation

uy = Lu, u € X, (3.1)
where L is some linear operator on the Banach space X. When L is unbounded, it’s not possible to define
the semigroup as in (2.2)) — it’s unlikely that the series will converge. However, in many cases one can still
construct a family of bounded operators, called a semigroup, that shares many of the properties of the

matrix exponential e/,

Definition 3.7. A family of bounded operators T(t), t > 0, on a Banach space X is called a strongly-
continuous semigroup if T(0) = I, T(t+ s) = T(t)T(s) for all t,s > 0, and if it is strongly continuous,
meaning that if t, — t, then for any uw € X we have limy_, | T(tx)u — T'(t)u||x = 0.

Remark 3.8. The term strongly continuous is used because this type of continuity is exactly continuity
with respect to what’s called the strong operator topology. It is weaker than requiring continuity with respect

to the uniform (or operator) topology, which would require

|T(tk) = T(t)| = sup [|T(tx) — T(t)ulx — 0.

lul x=1
In general, this uniform continuity is not satisfied.

Proposition 3.9. [EN00, Prop 5.5, §1.5] If T(t) is a strongly continuous semigroup then there exist
constants 1 € R and M(n) > 1such that | T(t)|| < Me™ for all t > 0.

This proof is relatively short, and a good way to get used to working with semigroups.

Proof. First, we claim that there exists a 6 > 0 and an M > 0 such that || 7(¢)|| < M for all 0 < ¢ < 4.
BWOC, if not then there exists a sequence t; — 0 such that || T(¢x)|| — oco. By the uniform boundedness
principle (supy, ||T'(tx)z|| < oo for all x implies that supy, || T'(t;)|| < co), this implies there must be some x
such that | T'(tx)z|| — co. But by the strong continuity of the semigroup, ||7'(tx)x| — O.

Next, fix this § and M (taking M > 1 if it isn’t already). For any ¢ > 0, write t = s 4 dn, for s € [0, J].

Then we have
IT()|| = T (s + on)|| = |T()T(8)... TG < NT(s)|[IT(S)|I* < M = MeroeM < M,

for n := (log M)/, and this holds for all ¢ > 0. n



Therefore, if we can associate a strongly continuous semigroup with solutions to equation (3.1)), solutions

can’t blow up in finite time. The constant n will be connected with stability.

Definition 3.10. The generator L of the strongly continuous semigroup T (t) on the Banach space X is

the operator defined by
Lu := lim M’
h—0 h

and the domain of L is all u € X for which the above limit exists.

One often uses the notation T'(t) = e’ for the semigroup with generator L. Note that this is just notation,
and it does not imply that the formula (2.2]), with A replaced by L, is well-defined. One can show (almost
directly from the above definition) that, in fact,

d
—elty = LeMu = e Lu,
dt

for all t > 0. Thus, if T'(t) is a semigroup with generator L, then e"*ug is the unique classical solution of the
linear equation (3.1)) with initial condition ug € D(L). Conversely, when solving such a PDE, one would

like to know under what conditions the operator L is the generator of a strongly continuous semigroup.

Proposition 3.11. [EN0J, Corollary 3.6 and Theorem 3.8, §I1.3] An operator L on a Banach space X
generates a strongly continuous semigroup satsifying ||T(t)|| < Me™ if and only if L is closed, densely

defined, and every A with ReX > 1 is in the resolvent set, with the estimate
IA=L)" < 55—

holding for all n € N. If M = 1, this last estimate can be replaced by ||[(A — L)7Y|| < 1/(|A —n|) - de if

M =1 then one need only check the estimate for n = 1.

These results can be summarized as follows. If one has a strongly continuous semigroup, then it must
satisfy a growth estimate of the form ||T'(t)|| < Me" and one can define an associated operator L, called
the generator. On the other hand, if one starts with a linear operator L satisfying certain conditions,
then there is an associated strongly continuous semigroup. One can prove that the generator uniquely

determines the semigroup and vice versa.

Remark 3.12. It is possible for unique classical (u(t) € D(L) for allt > 0) solutions to the linear equation
to exist without the operator L being the generator of a strongly continuous semigroup. However, in
that case there is a closely related operator that is a generator of a strongly continuous semigroup [ENOO,
Prop 6.6, §11.6]. In general, T(t)ug is a classical solution for t > 0 only if ug € D(L). However, if one

considers mild solutions, which are solutions of the form

t
u(t) = L/ u(s)ds + uo,
0
then the semigroup can be used to construct solutions for all ug € X.

We now focus on the constant 7 in Proposition [3.9] and how it is connected with stability.

10



Definition 3.13. The growth bound of a strongly continuous semigroup is the quantity

no(L) = inf{n : IM(n) < oo such that ||T(t)|| < M(n)e" ¥ t > 0}.

In finite dimensions, we saw that 79 was directly connected with the spectrum of L. In infinite dimensions,

the relationship is a bit more complex.
Definition 3.14. The spectral bound of a linear operator L is

s(L) = sup{ReX : A € 3(L)}.

One can prove that —oo < s(L) < ng(L) < oco. However, it is possible that s(L) < no(L), as the following
example, taken from [CLI9, Example 2.24], shows.

Consider the operator L = x0,. One can check that the solution to the equation u; = Lu with initial
condition ug is T(t)ug = ug(e’x). In fact, one can obtain an explicit estimate for the growth bound of this
semigroup on L?:

IT(uol32(1,00) = / fu(e'z) 2dar = ¢~ / o)y < e fugl2a(r

e
Since s(L) < no(L), this implies that ¥(L) C {Re(\) < —1/2}. This in turn implies {Re(\) > —1/2} C
p(L), and so for any such A, there is a C' > 0 for which ||[(A — L)_1f||L2(1,oo) < Cllfllp2(1,00) for all
f € L?(1,00).

We now claim that on the space X = H'(1,00), s(L) = —1/2 < 1/2 < no(L). One can check that T'(t) is
still a strongly continuous semigroup on this space and solve the eigenvalue equation Au = Lu explicitly
to find u(x; \) = Cx*. This is in H', and hence an eigenfunction, whenever ReA < —1/2. The resolvent

operator can also be computed explicitly. If (A — L)u = v, then

u(w) = (A~ 1) Nol(w) =~ [ YOy (g)dy. (3.2)

By the above argument in L2, we know that ||ul|;2 = ||(A — L) v|/z2 < C|jv|z2 < C||lv||g1. In addition, if
ReX > —1/2, a direct estimate on the above formula can be used to show that |lus||2, < Cl[v||3;,. Thus,
the resolvent operator is bounded on H! for all such A\, which implies s(L) = —1/2. To see the growth
bound is positive, fix ¢ > 0 and pick uy € H'(1,00) such that suppug C (e’,o0) and 0zuoll 201,00y = 1-
We then have -

7ol = 10Tl = ' [~ uh(w)Pdy = e

e
Hence, if 7 is such that ||T'(t)||zg1y < Me™ for all t > 0, we must have 7 > 1/2.
Therefore, in infinite dimensions, one must be careful about using only spectral information to determine
stability. Luckily, for a large class of operators, one can show that s(L) = n9(L). This is done using so-
called spectral mapping theorems. In preparation for stating this theorem, we first consider the following

proposition.

Proposition 3.15. [EN0GJ, §1V.2, Prop 2.2] For any fixed t > 0, define the spectral radius of the strongly
continuous semigroup T(t) at time t to be r(T(t)) = sup{|\| : A € X(T(t))}. One has
1
=3 log(r (T (to))) (3.3)
for each ty > 0. In particular, r(T(t)) = e™t.
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Proof. We only outline the proof here, and refer to [ENOQ] for details. The first step is to show that

.1 o1
o = inf ; log | T(®)| = Jim - log |I7(1)].

The first equality is perhaps believable from the definition of the growth bound, and the second equality
can be proven for a general class of subadditive (f(t + s) < f(t) + f(s)) functions that are bounded on
compact intervals; log || T°(¢)|| falls into this category. To prove the right hand side of the above equation is
in fact equal to the right hand side of , one can use the Hadamard formula for the spectral radius of
an operator:

1

r(T(t) = Hm [TV = lim ||T(nt)]|"" = lim ent 08 IT@DI = gtlimnoo 5 log [Tl — ot
~~~ n—00 n—00 n—00

Hadamard

Therefore, we can determine the growth bound of the semigroup, and hence stability, by determining its

spectral radius. Essentially, one would like to be able to show that
S(T()\ {0} = ™t = (M X e (L)} (3.4)

This would imply that, if Re(\) < —6 < 0 for all A € ¥(L), then €™t = r(T(t)) = e~ for all ¢, and so
1o = —0. Hence, we’d have asymptotic stability. The problem is that, as we saw in the above example, (3.4))
does not hold for a general strongly continuous semigroup. The problem has to do with the approximate

point spectrum.

Proposition 3.16. [ENQ0, §1V.3] For any strongly continuous semigroup e™* on a Banach space with
generator L, et ¢ S(elt). However, the reverse inclusion (without zero), () \ {0} c >t
does not necessarily hold on the approrimate point spectrum. In particular, it may be possible to find

[t € Lapp(e?) \ {0} such that p # e for all X € B(L).

Luckily, there are ways to prove that the spectral mapping theorem does hold on the entire spectrum for
certain (classes of) operators. We mention two ways to do this. First, recall that T'(¢) was defined to be
a strongly continuous semigroup based upon the type of continuity one had at ¢ = 0. It turns out there
is a small class of semigroups which have even nicer behavior in terms of smoothness. We do not have
time to go into details here, but we mention one particular class, analytic semigroups, which arises in
applications. Analytic semigroups are analytic in the parameter ¢, at least in some region of the complex
plane containing R™. They can be characterized by a resolvent bound and the location of the spectrum of
their generator, and the spectral mapping theorem can be proven to hold for this class. More precisely, we

have the following theorem.

Theorem 1. [ENOG, §1V.3, Cor 3.12] Let L be a closed and densely defined linear operator on a Banach
space X . Suppose further that there exists a § > 0 such that the sector

S jais = {A €Cilargh| < T+ 5} \ {0}
is contained in the resolvent set of L, and for all € € (0,0) there exists an M¢ > 1 such that

Me
Al

Then the semigroup associated with L satisfies the spectral mapping theorem .

H()\—L)AH < VA e 5'71'/24*5*6\{0}'
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Such an operator L is called sectorial, and it generates an analytic semigroup. In fact, the only operators
that generate analytic semigroups are sectorial ones. (There is, however, a slightly larger class of semi-
groups, effectively between analytic and strongly continuous semigroups, for which the spectral mapping
theorem also holds. See [EN00] for more details.)

If one is lucky enough to work with a PDE where the linear operator is sectorial, then determining the

spectrum of the operator is sufficient for proving linear stability.

Remark 3.17. One must a little bit careful when the growth bound is zero. For example, even if the
spectral mapping theorem holds, it is not necessarily true that Re(A\) < 0 for all X € (L) implies stability.
It is true that it implies €™ = r(T(t)) < 1 for all t, and so ny = 0. However, there could be a solution that
grows algebraically: sup|, =1 |T(t)uoll = C(t + 1) for some C. In this case, one can check that for each
€ > 0 there is an M. = O(1/¢) such that ||T(t)|| < Mce. Thus, no = inf{e > 0} = 0, despite the fact that

zero s not stable.

If the operator is not sectorial and X is in fact a Hilbert space, then the following result, often referred to

as the Gearhart or Gearhart-Priiss Theorem, may be useful.

Theorem 2. [CL99, Thm 2.10] Let L be the generator of a strongly continuous semigroup T(t) on a
Hilbert space H. The set ©(T(t)) \ {0} is the set of all complex numbers of the form e where either
A+ 2rwik/t € £(L) for some k € Z or the sequence {||(\ + 27ik/t — L)||}kez ts unbounded.

Because of the fact that the resolvent set is open and the function A — (A — L)~ is locally analytic, this
theorem implies that the growth bound of a strongly continuous semigroup on a Hilbert space is strictly
negative if and only if both {\ : ReA > 0} C p(L) and there exists a C' > 0 such that ||(ik — L)~!|| < C for
all k € R.

In the next section, we illustrate how the above ideas can be used to prove that the spectral mapping
theorem does hold for a large class of PDE — namely reaction-diffusion equations with sufficiently nice

coefficients.

3.3 Exercises
The purpose of these exercises is to fill in some of the details missing from the above example where

T(t)up = up(e'x) and the generator is L = xd,

Exercise 1 Show that the semigroup on L?(1, c0) is indeed strongly continuous using the following steps.

e Show that if lim;—o || T'(t)uo — uollr2(1,00) = O then limy, ¢ [ T'(tx)uo — T(#)uollp2(1,00) = O for all

sequences tp — t.

e Prove that lim; o [|T(t)¢ — ¢l 12(1,00) = 0 for ¢ € C*°(1,00) N L?(1,00). Hint: separate the interval
of integration into (1, R) and (R, o0), and use the fact that ¢(e'x) — ¢(z) = f;tw ¢ (y)dy.

e Use a density argument (smooth functions are dense in L?) to extend this result to all of L2

13



Exercise 2 Show, using (3.2), that if ReX > —1/2 then [u.||7, < C|jv[3:.

4 Spectral mapping theorem for reaction-diffusion equations

In this section we consider the class of equations
ug = 0%u + b(x)dpu + c(x)u =: Lu, (4.1)

where u € R, z € R, and b,c : R — R are smooth and bounded. We’ll show that the spectral mapping
theorem holds for the semigroup generated by L on the space L?(R), and hence stability can be proven
simply by determining the spectrum of L. We note that this result can be generalized slightly, for example
by extending to R", by weakening the regularity conditions on b and ¢, or by replacing the Laplacian by
V - (A(xz)Vu), where A is sufficiently smooth and this operator is uniformly elliptic.

The idea is to first show that the Laplacian is sectorial, and hence generates an analytic semigroup. We’ll
then appeal to a perturbation result, which implies that L must also generate an analytic semigroup.
Finally, we recall that spectral mapping theorem holds whenever the generator is sectorial, which is the

case for the generator of an analytic semigroup.

4.1 The Laplacian

Consider the operator §2. We've already seen above that $(02) = (—oc0,0], and this certainly lies in a

sector. Therefore, we just need to obtain the bound on the resolvent operator. By solving the equation

(A — 92)u = v using the method of variation of parameters, as in the examples in §3.1.1]and §3.1.2, above,
one finds that

u(z) = /G(x,y; No(y)dy,  G(z,y,\) = 2\15 (H(-’r —y)e Ve L (y w)e“my‘“”)) :

Therefore, the above integral is just a convolution: uw = G*v. In general, one has || f*g||zr < C||f|lLallg] L
when 1/p+1=1/¢+ 1/r. Taking p = r = 2 and ¢ = 1, we find |ul|2 < C|G||p1]|v] 2. If we take
0 <4 < /2, then for A € Sy /545 we'll have Rev/A > 0. Hence, if \ = rel?,

1 [® Revx 1 11 M
G </ e heVAlRlg, = = < =~ <
1Sl < 530 ) ARV = N cos(@/2) = A

4.2 Perturbation of the Laplacian

Definition 4.1. Let A: D(A) C X — X and B : D(B) C X — X be linear operators. B is said to be
relatively bounded with respect to A, or A-bounded, if D(A) C D(B) and there exists positive constants
a, B such that ||Bu|| < al|Au|| + B||u|| for all w € D(A). The A-bound of B is the infimum of all o such
that there exists a B so that a bound of this form holds.

Theorem 3. [ENO0, §II1.2, Thm 2.10] Let A with domain D(A) generate an analytic semigroup on a
Banach space X. There exists a constant oy > 0 such that A+ B with domain D(A) generates an analytic

semigroup for every A-bounded operator B with A-bound less than ay.
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In order to apply this to the operator L in (4.1)), first note that, since ¢(z) is bounded ||c(-)ul|z2 < Cllu||z2
for some C'. So the issue is to control the first derivative term by the operator 2. Recall that the Fourier

transform is an isometry in L2, and it sends 0%u(z) to (i€)¥a(¢). Therefore,

s = (fmorpan) "= fietoierae) < () (firiaerac)

1 €
< Q*GHUHB + 5’\3§UHL2,

Since b(z) is smooth and bounded, we can therefore make the 92-bound as small as we like. Thus, L

generates an analytic semigroup, and the spectral mapping theorem holds.

4.3 Exercise: pulses of scalar reaction-diffusion equations are always linearly unstable
Consider a scalar reaction diffusion equation

Ut = Ugy + f(u)7

and suppose that there exist a pulse-type solution, ie a function u(z) such that v/ (z) > 0 for all x < x,
ul,(z) <0 for all x > zp, and us(z) — 0 exponentially fast as |x| — 0. (As an example, consider §3.1.1

above.) Show that this solution is linearly unstable using the following steps.

e Show that the linearization is vy = vz + D f(us(x))v.
e Show that v/ (z) is an eigenfunction with eigenvalue zero.
e Apply Sturm-Liouville theory to the equation Au = Lu.

e Explain, using semigroup theory, why this implies that the pulse is linearly unstable.

Remark: this example was shown to me by Tasso Kaper.

5 Final remarks

Hopefully the above discussion has convinced you that semigroup theory is a useful tool in stability analysis.
Although one must be careful to determine if the spectral mapping theorem holds in any particular setting,
if it does apply then stability can be determined simply by computing the spectrum of the linear operator.

This leads to one very nontrivial question: how do you compute the spectrum of a linear operator?

We saw several examples above (the Laplacian, the pulse in and the traveling wave of Burgers equation
in where one could explicitly determine the spectrum. Although the techniques used there can be
extended in some ways, for example to constant coefficient operators or other simple second-order scalar
equations, in general it is very difficult to determine the spectrum of a linear operator. One tool that
people often use to do this is the Evans function. If you're interested in reading about this further, see, for
example, the review paper [San02]. However, it is possible that computing the spectrum is more difficult

than proving linear stability by another method, which does not necessarily involve semigroups.
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For example, one could use energy estimates. To illustrate this, consider again the equation u; = ug; on

i;/UZ(:c)dx - —/ui(x)dx,

to see that the L? norm of solutions is actually bounded. The above semigroup theory only tells us that

the real line. One can compute

the evolution in L? is not growing exponentially. In fact, energy estimates can be used further to show that
solutions in L? are actually decaying algebraically and to determine the exact algebraic rate at which they
decay. (One can also prove this, of course, using the explicit formula for solutions via the heat kernel.)
Therefore, in some situations one can obtain much more information about asymptotic behavior from

energy estimates than from semigroup theory.
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