15" Internet Seminar 2011/12

Operator Semigroups for Numerical Analysis

The 15" Internet Seminar on Evolution Equations is devoted to operator semigroup
methods for numerical analysis. Based on the Lax Equivalence Theorem we give an oper-
ator theoretic and functional analytic approach to the numerical treatment of evolution
equations.

The lectures are at a beginning graduate level and only assume basic familiarity with
functional analysis, ordinary and partial differential equations, and numerical analysis.

Organised by the European consortium “International School on Evolution Equations”,
the annual Internet Seminars introduce master-, Ph.D. students and postdocs to varying
subjects related to evolution equations. The course consists of three phases.

e In Phase 1 (October-February), a weekly lecture will be provided via the ISEM
website. Our aim is to give a thorough introduction to the field, at a speed suitable
for master’s or Ph.D. students. The weekly lecture will be accompanied by exercises,
and the participants are supposed to solve these problems.

e In Phase 2 (March-May), the participants will form small international groups to
work on diverse projects which complement the theory of Phase 1 and provide some
applications of it.

e Finally, Phase 3 (3-9 June 2012) consists of the final one-week workshop at the
Heinrich-Fabri Institut in Blaubeuren (Germany). There the teams will present
their projects and additional lectures will be delivered by leading experts.

ISEM team 2011/12:
Virtual lecturers: ANDRAS BATKAI (Budapest)
BALINT FARKAS (Budapest)

PETRA CsoMOs (Innsbruck)
ALEXANDER OSTERMANN (Innsbruck)

Website: https://isem-mathematik.uibk.ac.at

Further Information: isem@uibk.ac.at



Description of the course

The course concentrates on the numerical solution of initial value problems of the type

u'(t) = Au(t) + f(t), t>0,
u(0) = up € D(A),

where A is a linear operator with dense domain of definition D(A) in a Banach space X, and wg is the initial
value. A model example is the Laplace operator A = A with appropriate domain in the Hilbert space L%().
In this case the above partial differential equation describes heat conduction inside 2. One way of finding
a solution to this initial value problem is to imitate the way in which one solves linear ordinary differential
equations with constant coefficients: First define the exponential e/ in suitable way. Then the solution of the
homogeneous problem is given by this fundamental operator applied to the initial value ug, i.e., u(t) = e*4uq.
This is where operator semigroup theory enters the game: the fundamental operators 7'(t) := e*4 form a so-called
strongly continuous semigroup of bounded linear operators on the Banach space X. That is to say the functional
equation T'(t+s) = T(t)T(s) and T'(0) = I holds together with the continuity of the orbits t — T'(¢)ug. If such a
semigroup exists, we say that the initial value problem is well-posed. Once existence and uniqueness of solutions
are guaranteed, the following numerical aspects appear.

e In most cases the operator A is complicated and numerically impossible to work with, so one approximates
it via a sequence of (simple) operators A,, hoping that the corresponding solutions e*4m (expected to be
easily computable) converge to the solution of the original problem e in some sense. This procedure
is called space discretisation. This discretisation may indeed come from a spatial mesh (e.g., for a finite
difference method) or from some not so space-related discretisations, e.g., from Fourier-Galerkin methods.

e Equally hard is the computation of the exponential of an operator A. One idea is to approximate the
exponential function z — e* by functions r that are easier to handle. A typical example, known also from
basic calculus courses, is the backward Euler scheme r(z) = (1 — z)~!. In this case the approximation
means r(0) = r'(0) = €, i.e., the first two Taylor coefficients of r and of the exponential function coincide.
This leads to the following idea. If r(tA) is approximately the same as e*4 for small values of ¢ (up to an
error of magnitude t?), we may take the n*® power of it. To compensate for the growing error, we take
decreasing time steps as n grows and obtain

[T(LA)]n ~ [G%A]n _ etA

n

by the semigroup property. This procedure is called temporal discretisation.

e Due to numerical reasons, one is usually forced to combine the above two methods and add further spice
to the stew: operator splitting. This is usually done when the operator A has a complicated structure, but
decomposes into a finite number of parts that are easier to handle.

In semigroup theory the above methods culminate in the famous Lax Equivalence Theorem and Chernoft’s
Theorem, describing precisely the situation when these methods work. In this course we shall develop the basic
tools from operator semigroup theory needed for such an abstract treatment of discretisation procedures.

Topics to be covered include:
o initial value problems and operator semigroups,
o gpatial discretisations, Trotter—-Kato theorems, finite element and finite difference approximations,
= fractional powers, interpolation spaces, analytic semigroups,

> the Lax Equivalence Theorem and Chernoff’s Theorem, error estimates, order of convergence, stability
issues,

> temporal discretisations, rational approximations, Runge-Kutta methods, operator splitting procedures,

o applications to various differential equations, like inhomogeneous problems, non-autonomous equations,
semilinear equations, Schrodinger equations, delay differential equations, Volterra equations,

> exponential integrators.

Some of these topics will be elaborated on in Phase 2, where the students will have the possibility to work on
projects which are related to active research.



Lecture 1

What is the Topic of this Course?

The ultimate aim of these notes is quickly formulated: We would like to develop those functional
analytic tools that allows us to adopt methods for ordinary differential equations (ODESs) to solve
some classes of time-dependent partial differential equations (PDEs) numerically.

Let us illustrate this idea by recalling first the most trivial one of all ODEs. For a matrix A € R4*¢
consider the initial value problem

We know that the solution to such an ordinary differential equation is given by

u(t) = euy,

t4 is the exponential function of the matrix tA defined by the power series

0
thA™
tA _
¢ _Z n! "’

n=0

where e

which converges absolutely and uniformly on every compact interval of R. Here the numerical
challenge is, especially for large matrices, to calculate this exponential function in an effective and
accurate way.

The exponential function of a matrix plays an important role not only because it solves the linear
problem above, but it also occurs in more complicated problems where a nonlinearity is present,
like in the equation

0(t) = Av(t) + F(t,v(t)).

To solve such an equation by iterative methods the variation of constants formula plays an essential
role, stating that the solution v(t¢) of this nonlinear equation satisfies

o(t) = e (0) + [ e*AF(s, u(s)) ds.
/

Here again the exponential function of a matrix appears. Of course, here further numerical issues
arise, such as the calculation of integrals.

There is a multitude of theoretical methods for the calculation of such exponentials, each of
them leading to some possible numerical treatment of the problem. We mention those that will be
important for us in this course:

1. by means of the Jordan normal form,
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2. by means of the Cauchy’s integral formula, more precisely, by using the identity

1 et

El A

3. by using other formulae for the exponential function, say

e = lim (1 n 5)” ~ lim (1 _ 5)_".
n

n—oo n—oo n

Let us start by looking at the first of the suggestions on the above list. Theory tells us that we
“only” have to bring A to Jordan normal form, and then the exponential function can be simply
read off. The situation is even better if we can find a basis of orthogonal eigenvectors. Then we can
bring the matrix A to diagonal form by a similarity transformation S™'AS = D = diag(\1, ..., \q),
and hence the exponential becomes

et = Se!P S~ = Sdiag(e™™, ... eM)S7L,

Of course, other numerical difficulties are hidden in calculating the Jordan normal form or the
similarity transformation S. Still this very idea proves itself to be useful for partial differential
equations. Let us illustrate this idea on the next example.

1.1 The heat equation

Consider the one-dimensional heat equation, say, on the interval (0, )
Ow(t,z) = Ogpw(t,x), t>0

w(0,x) = wo(x),
with homogeneous Dirichlet boundary conditions

w(t,0) = w(t,7) =0.
We can rewrite this equation (without the initial condition) as a linear ordinary differential equation

u(t) = Au(t), t>0 (1.1)

in the infinite dimensional Hilbert space L2(0, 7). To do this define the operator

d2
(Ag)(z) := ¢" () = T—9(x)

with domain
D(A) := {g € L?(0,7) : g cont. differentiable on [0, 7],
g’ exists a.e., g € L2, ¢'(t) — ¢'(0) = (fg”(s) ds for t € [0, 7]

and ¢(0) = g(r) = o}.

Note that the definition of the domain has two ingredients: a condition that the differential operator
on the right-hand side of the equation has values in the underlying space (in this case L?), and
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boundary conditions. The initial value is a function f € L2(0,7), f = wo, and we look for a
continuous function u : [0,00) — L2(0,7) that is differentiable on (0,00) and satisfies equation
(1.1) with «(0) = f. Formally the solution of this problem is given by the exponential function
“et applied to the initial value f. Our aim is now to give a mathematical meaning to the expression
“u(t) = et fr.

First of all, we calculate the eigenvalues of this operator. These are —n? with corresponding

eigenvectors
2
fulx) = \/7sin(ms) for n € N,
s

Afp = —n2fn. (1.2)

Note that we have normalised the eigenvectors so that || f,||2 = 1. It is also easy to see that these
eigenfunctions are mutually orthogonal with respect to the L? scalar product, i.e.,

s fon) = / ful@) (@) da = {1’ form =m
0

0, otherwise.

that is,

The linear span lin{f, : n € N} of these functions is dense in L?(0,7), so altogether we obtain
a orthonormal basis of eigenvectors of A. As a consequence, every function f € L?(0,7) can be
written as a series

F =Y A fadfs (1.3)
n=1

where the convergence has to be understood in the L2 norm. We call (f, f,) the (generalised)
Fourier coefficients of f.

For f € lin{f,:ne N}, f = ny:l an [, the action of A is simple:
N N

Af =) anAfn = —n’anfn.

n=1

n=1

One expects that such a formula should hold true for functions for which the series on the right-hand
side converges in L2(0, 7).

Proposition 1.1. Consider the linear operator M on L2(0,7) with domain
D(M) = {f € L(0, ) : fjn4\<f, Fal? < o0}
=1
defined by i 2(f, fa) £
Then A= M, i.e., D(A) = D(M), and for f € D(A) we have Af = M f. In particular we have

Af = Z 20f, fu)fn  for all f € D(A) = D(M).
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Proof. Suppose f € D(A). Then we integrate by parts twice(!) and obtain

T

\/§<A ) = / (@) sin(na) dz = f(z) sin(n)

0

—n/f cos(nx) dx

T

o / (@) cos(nz) dz

0

T

T [ ) sinne) d = 0\ 345, 1),

0

= —nf(x) cos(nx)

where in the last step we used the boundary conditions f(0) = f(7) = 0. Since Af € L2, its Fourier
coefficients are square summable. Whence, f € D(M) follows. This shows D(A) C D(M). We also
see that

Af = Z 2(f, fu) fn holds for all f € D(A).

It only remains to show the other inclusion D(M) C D(A). To see that, it suffices to note that A
is surjective (this is “classical”) and M is injective, so A = M because M extends A (see Exercises
3 and 4.) O

Intuitively, the result above states that A has diagonal form with respect to the basis of eigen-
vectors, and is given by

A =diag(—1,-2% ..., —n?%...).
Thus, the exponential of this operator can be immediately defined as

A 3. —t —t4 —tn?
=diag(e ",e ", e L),

meaning that

A =37 fu) o

We have to show that this is a meaningful definition. As a first step, let us show that the formula
above gives rise to a continuous function.

Proposition 1.2. Let f € L2(0, 7). Then for every t > 0 the series
> 2
e = "e L, ) f
n=1

is convergent and defines a function u(t) = eAf which is continuous on [0,00) with values in
L2(0, 7).
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Proof. Since for every n € N and ¢ > 0 the inequality [e™"| < 1 holds, the sequence (e (f, f,))
is square summable, and the series

e F, fa) fn

WE

n=1

that defines u(t) = ' f converges in L?(0, ).

9y
We now prove the continuity at a given ¢t > 0. Let € > 0 be given, and choose ng € N so that

(e e]

Sl P <e

n=ng+1

If t = 0, then in the following we consider only h > 0, and if ¢ > 0 we additionally suppose |h| < t.
This way we can write

HetAf . e(t+h)AfH§ _ <etAf _ e(Hh)Af, etAf - e(t+h)Af>

0 no
_ Z‘ef(tJrh)nz . efth |2}<f, fn>‘2 < Z‘ef(t+h)n2 . eftn2 }2‘<f, fn>‘2 49
n=1 n=1

< Sle ™ 1P (F, )| + 2.
n=1

We can finish the proof by choosing |h| so small that the first finitely many terms contribute at
most €. O

Hence, this exponential function provides a candidate to be the solution of (1.1). Let us prove
that it is indeed the solution.

Proposition 1.3. For f € L2(0,7) we define u(t) := e f. Then u(t) € D(A) holds for all t > 0,
and u is differentiable on (0,00) with derivative Au(t). That is, u solves the initial value problem

u(t) = Au(t), t>0
u(0) = f.
Proof. The initial condition is fulfilled by (1.3). Note that for all ¢ > 0 and n € N we have

—tn? 2 7271,2 26_1
le”™" n <e 2 — for all n € N. (1.4)

From this estimate, using the characterisation in Proposition 1.1, we obtain that u(t) € D(M) =
D(A) for each t > 0. Define

v(t) := Ault),
wn(s) := € (f, fu) fi
and Un(8) = fnze_s”rz(f, fn) fn-

Then 1, = v, and both functions are continuous on [t/2, 3t/2] with values in L2. From inequality
(1.4) we obtain that the following two series

u(s) = Zun(s) and v(s) = Zan(s)
n=1 n=1

have summable numerical majorants for s € [t/2,3/2¢t]. This implies that u is differentiable and
that we can interchange summation and differentiation, whence u(t) = v(t) = Au(t) follows. O
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Let us put the above in an abstract, operator theoretic perspective.

Proposition 1.4. For t > 0 define T(t)f := e!4f. Then T(t) is a bounded linear operator on
L2(0,m) for each t > 0. The mapping T satisfies

T(t+s)=T#T(s) and T(0)= I, the identity operator on L.
For each f € L2(0,7) the function t — T(t)f is continuous on [0, 00).
Proof. As we saw in Proposition 1.2, the inequality
[e.e]
4118 = (4764 ) < 30 e, Z (F f)2 = 1115
n=1 n=1

holds. It is moreover clear that the mapping f +— ¢4 f is linear, and from the previous inequality
we obtain that it is bounded with operator norm

o) < 1.

The identity T'(t + s) = T'(t)T(s) follows from the properties of the exponential function and the
definition of e!4. The relation T(0) = I was discussed in Proposition 1.3, the continuity of the
mapping t — T'(t)f follows from Proposition 1.2. O

From the properties above we can coin a new definition.

Definition 1.5. Let X be a Banach space, and let the mapping T : [0,00) — £(X) have! the
properties:

a) For all ¢,s € [0,00)
T(t+s)=T(t)T(s)
T(0) = I, the identity operator on X.

b) For all z € X the mapping
t—Tt)x e X

is continuous.
Then T is called a strongly continuous one-parameter semigroup? of bounded linear operators
on the Banach space X. We abbreviate this long expression sometimes to strongly continuous

semigroup, or simply to semigroup.

The semigroup constructed in Proposition 1.4 is called the (Dirichlet) heat semigroup on [0, 7.
To sum up, we can state the following.

Conclusion 1.6. Initial value problems lead to semigroups.

"Here and later on, Z(X) denotes the set of bounded linear operators on X.
2By an alternative terminology one may call such an object a Co-semigroup.
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1.2 The shift semigroup

Now that we have the new mathematical notion of one-parameter semigroups we want to study
them in detail. This, as a matter of fact, is one of the aims of this course. Before doing so let us
consider another example.

Take
X =BUC(R) := {f :R — R : f is uniformly continuous and bounded},

which is a Banach space with the supremum norm
[flloc := sup | f(s)].
seR

The additive (semi)group structure of R naturally induces a semigroup on this Banach space by
setting
(S f)(s)=f(t+s), for feX,seR, t>0.

One readily sees that S(¢) is a bounded linear operator on X, in fact a linear isometry. The
semigroup property follows immediately from the definition. From the uniform continuity of f € X
we conclude that

t— S(t)f

is continuous, i.e., that S is a strongly continuous semigroup on X = BUC(R), called the left shift
semigroup.

Let us investigate whether this semigroup S solves some initial value problem such as (1.1). Again
the heuristics of exponential functions helps: Given €' for a matrix A € R%*?, we can “calculate”
the exponent by differentiating this exponential function at 0:

d
A= —et .
dte t=0

What happens in the case of the shift semigroup S7 The semigroup S is not even continuous for
the operator norm (why?). So let us look at differentiability of the orbit map t — S(t)f for some
given f € X, called strong differentiability. The limit

! . flh4) = f()

lim —(S(h)f — f) = lim ————=

lim —(S(h).f — f) = lim Y
must exist in the sup-norm of X. We immediately find a suitable candidate for the limit: Since the
limit must exist pointwise on R, it cannot be anything else than f’. Hence, the function f must
be at least differentiable so that the limit can exist. For f differentiable with f’ being uniformly
continuous we have

. s+h

—sup|3 [ (70) = 7)) dr| <

seR h
S

f(h+s) = f(s)

sup Y

seR

— f'(s)

for all h with |h| < 0, where § > 0 is sufficiently small, chosen for the arbitrarily given & > 0 from
the uniform continuity of f’. This shows that if f, f/ € X, then we have

fh+-) = F() f(h+s) = f(s)

li
1m h n

h—0

— f(s) = 0.

— f’()H = lim sup
00 h—0 sER
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Note that for the derivative of S(t)f at arbitrary ¢ € R we obtain by the same argument

d

L (8®F) = 50)f"

This means that for f, f* € X the orbit function u(t) = S(¢)f solves the differential equation

where (Af)(s) = f/(s) with domain
D(A):={f: f,f € BUC(R)}.
We can therefore formulate the parallel of Conclusion 1.6:

Conclusion 1.7. To a semigroup there exists a corresponding initial value problem.

1.3 What is the topic of this course?

At this point we hope to have motivated the study of strongly continuous semigroups from the
analytic or PDE point of view. To solve an initial value problem u(t) = Au(t), one has to define a

semigroup e*4.

The numerical analysis aspects are now the following;:

e The operator A is complicated, and numerically impossible to treat, so one approximates it via
a sequence of operators A, and hopes that the corresponding solutions (expected to be easily
calculated) el4m converge to the solution of the original problem e*4 (in a sense yet to be made
precise). This procedure is called space discretisation, and may indeed come from a spatial
mesh (e.g., for a finite element method) or from some not so space-related discretisation, like
for Fourier-Galerkin methods, an instance of which we have seen in Section 1.1.

e Equally hard is to determine the exponential function of a matrix (or operator) A (see the
list of suggestions on page 1). So a different idea is to approximate the exponential function
z +— €% by functions r that are easier to handle. A typical example, known also from basic
calculus courses, is that of the implicit Euler scheme r(z) = (1 — 2)~!. In this case the
approximation means r(0) = 1 and 7/(0) = 1, i.e., the first two Taylor coefficients of the two
functions coincide. Heuristically we obtain that r(tA) for a small ¢ is approximately the same
as e (up to an error of magnitude t?), we may take the n'" power and to compensate the
growing error we would obtain, we take the time step smaller and smaller as n grows. We
obtain ,

(T(LA))n ~ (eﬁA)n _ etA7

n

where the semigroup property was used. This procedure is called time discretisation.

e Due to numerical reasons one is usually forced to combine the two methods above, and
sometimes even by adding a further spice to the stew: operator splitting. This is usually done
when operator A has a complicated structure, but decomposes into a finite number of parts
that are easier to handle.
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e The theory presented above is the basis in extending known ODE methods to time dependent
partial differential equations and will allow us to use the variation of constants formula for
inhomogeneous or semilinear equations. Hence the convergence analysis of various iteration
methods will depend on this theory.

In semigroup theory the above methods culminate in the famous Lax-Chernoff Equivalence Theo-
rem that describes precisely the situation when these methods work. In this course we shall develop
the basic tools from operator semigroup theory needed for such an abstract treatment of discreti-
sation procedures.

Exercises

1. Prove that sin(nx), n € N, form a complete orthogonal system in L2(0,7), compute the L?
norms.

2. Analogously to what is presented in Section 1.1, study the heat equation with Neumann
boundary conditions:

Ou(t,r) = Oppu(t,x), t>0

u(0,z) = f(x),
Ozu(t,0) = Oyu(t,m) = 0.

3. Let X be a Banach space and A : X — X and Ay : X — X linear maps such that
e D(A;) C D(A2) and A; is a restriction of A
e A, is surjective and Aj is injective.

Show that A1 = As.

4. Consider the Hilbert space ¢? of square summable complex sequences.

a) Prove that
Coo = {(acn) el?:x,=0 except for finitely many n}

is a dense linear subspace of (2.

b) For m = (m,,) an arbitrarily fixed sequence of complex numbers, and z = (z,,) € cop define
(Mpx)n = (mpxy,), ie., componentwise multiplication.

Give such a necessary and sufficient condition on m that M, : coo — coo becomes a continuous
linear operator with respect to the ¢ norm.

c¢) Under this condition, prove that M,, extends continuously and linearly to ¢2, give a formula for
this linear operator, and compute its norm.

d) Give a necessary and sufficient condition on m so that M, has a continuous inverse.

e) Give a necessary and sufficient condition on m so that e/*m

1.1.

is defined analogously to Section
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5. Let p € [1,00) and consider the Banach space LP(R). Prove that the formula
(St)f)(s) = f(t+s) for felP,seR, t>0
defines a strongly continuous semigroup on LP. What happens for p = co?

6. Let F,(R) denote the linear space of all bounded R — R functions. Define
(St)f)(s) == f(t+s) for feFp(R),seR,t>0.

Prove that S is a semigroup, i.e., satisfies Definition 1.5.a). Prove that each of the following spaces
is a Banach space with the supremum norm || - || and invariant under S(¢) for all t > 0. Is S a
strongly continuous semigroup on these spaces?

a) Fp(R).
b) Cp(R) = the space bounded and continuous functions.
¢) Co(R) = the space bounded and continuous functions vanishing at infinity.

7. Determine the set of those f € BUC(R) for which ¢ — S(t) f is differentiable (S denotes the left
shift semigroup).

8. Let S be the left shift semigroup on BUC(R), and T" be the heat semigroup from Section 1.1.
Prove the following assertions:

a) t+ S(t) is nowhere continuous for the operator norm.
b) t— T(t) is not continuous for the operator norm at 0.
¢) t+— T(t) is continuous for the operator norm on (0, 00).

9. Explain why it is not possible to define the heat semigroup for negative time values.



Lecture 2

Fundamentals of One-Parameter Semigroups

Last week we motivated the study of strongly continuous semigroups by standard PDE examples.
In this lecture we begin with the thorough investigation of these mathematical objects, and recall
first a definition from Lecture 1. Here and later on, X denotes a Banach space, and -Z(X) stands
for the Banach space of bounded linear operators acting on X.

Definition 2.1. Let 7T": [0,00) — Z(X) be a mapping.
a) We say that T has the semigroup property if for all ¢,s € [0,00) the identities

T(t+s)=Tt)T(s)
and T(0) = I, the identity operator on X,

hold.
b) Suppose Y C X is a linear subspace and for all f € Y the mapping
t—Tt)feX

is continuous. Then T is called strongly continuous on Y. If Y = X we just say strongly
continuous.

¢) A strongly continuous mapping 7" possessing the semigroup property is called a strongly con-
tinuous one-parameter semigroup of bounded linear operators on the Banach space X.
Often we shall abbreviate this terminology to semigroup.

2.1 Basic properties

Let us observe some elementary consequences of the semigroup property and the strong continuity,
respectively. The first result reflects again the exponential function: Semigroups can grow at most
exponentially.

Proposition 2.2. a) Let T : [0,00) — Z(X) be a strongly continuous function. Then for allt > 0
we have
sup [|T(s)]| < oo,
s€[0,t]

that is to say, T is locally bounded.

b) Let T : [0,00) — Z(X) be a strongly continuous semigroup. Then there are M > 1 and w € R
such that
|T(t)|| < Me“*  holds for all t > 0.

11
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We call the semigroup T of type (M,w) if it satisfies the exponential estimate above with the
particular constants M and w. Note already here that the type of a semigroup may change if we
pass to an equivalent norm on X.

Proof. a) For f € X fixed, the mapping T'(+) f is continuous on [0, c0), hence bounded on compact
intervals [0, t], i.e.,

sup ||T'(s) f|| < oo.

s€[0,¢]
The uniform boundedness principle, see Supplement, Theorem 2.28, implies the assertion.

b) By part a) we have

M := sup ||T(s)]| < oc.
s€[0,1]

Take t > 0 arbitrary and write t = n +r with n € N and r € [0,1). From this representation we
obtain by using the semigroup property that

IT@) = 17T < MITQ)"| < M|ITQ)|"
< M(ITQ)] +1)" < M(ITQ)] + 1) = Me!

with w = log(||T(1)| + 1). 0

Hence, orbits of strongly continuous semigroups are exponentially bounded. The greatest lower
bound of these exponential bounds plays a special role in the theory, hence, we give it a name.

Definition 2.3. For a strongly continuous semigroup 7" its growth bound! is defined by
wo(T) :=inf{w € R : there is M = M, > 1 with ||T'(t)|| < Me** for all t > 0}.

Remark 2.4. 1. A strongly continuous semigroup 7' is of type (M,w) for all w > wy(T") and for
some M = M,,. In general, however, it is not of type (M,wo(T)) for any M. A simple example
is the following. Let X = C? and let the matrix semigroup given by

T(t) = <(1) i) .

Here wy = 0, but clearly T" is not bounded, i.e., not of type (M,0) for any M.

2. For a matrix A € R¥? we define T(t) = e*4. This semigroup 7T is of type (1, ||A||) as the trivial
norm estimate

HetAH < etlAll

shows. In contrast to this, in infinite dimensional situation it can happen that a semigroup is
not of type (1,w) for any w, even though wy(7") = —oo. This is an extremely important fact,
which causes major difficulties in stability questions of approximation schemes (see Exercise 4).

The definition of an operator semigroup above comprises of the algebraic semigroup property,
and the analytic property of strong continuity. We shall see next that these two properties combine
well, and we provide some means for verifying strong continuity.

Proposition 2.5. a) Let T : [0,00) — Z(X) be a locally bounded mapping with the semigroup
property, and let f € X. If the mapping T(-)f is right continuous at 0, i.e., T(h)f — f for
h (0, then it is continuous everywhere.

! Also called the first Lyapunov exponent.
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b) A mapping T with the semigroup property is strongly continuous on X if and only if it is locally
bounded and there is a dense subset D C X on which T is strongly continuous.

Proof. a) Fix f € X and ¢t > 0, and set M := supjg o [ T'(s)||. Then

Tt+h)f-=T()f
Tt+h)f-=T()f

T)(T(h)f—f), if 0<h,
Tt+h)(f-T(=h)f), if —t<h<O.

Summarizing, for |h| <t we obtain
1T +h)f =T fII < M| f =T(R)SI,

which converges to 0 for |h| — 0 by the assumption.

b) In view of Proposition 2.2 one implication is straightforward. So we turn to the other one,
and suppose that T is locally bounded and strongly continuous on a dense subspace D. Take an
arbitrary f € X and some € > 0. Set M := sup,co 17 [|7'(s)|| and note that M > 1. By denseness
there is g € D with ||f — g|| < 357, whence

I7(h)f = Il < IT(R)f = T(R)gll + [ T(h)g = gll + lg = FIl < 5 + Mg+ -— <

<
3M 3M —

follows if h is sufficiently small, chosen to /3 by the right continuity of T'(-)g. This shows that
the orbit map T'(+) f is right continuous at 0, and from part a) even continuity everywhere can be
concluded. O

2.2 The infinitesimal generator

One main message in Lecture 1 was that if we have a semigroup, then there is a differential
equation so that the semigroup provides the solutions. Looking for the equation, we now consider
the differentiability of orbit maps as in Section 1.2.

Lemma 2.6. Take a semigroup T and an element f € X. For the orbit map u : t — T(t)f, the
following properties are equivalent:

(i) w is differentiable on [0, 0),
(i) w is right differentiable at 0.

If u is differentiable, then

Proof. We only have to show that (ii) implies (i). Analogously to the proof of Proposition 2.5, one
has

Jim £ (u(t +h) = u(t) = lim & (7(t+h)f = T()) = T(t) Jim & (T(h)S = 1)

= T(0) Jim  (u(h) = u(0)) = T(t) i(0),

by the continuity of 7'(¢). Hence u is right differentiable on [0, c0).
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On the other hand, for —t < h < 0, we write
i (Tt +h)f =T(t)f) = T(t)u(0)
=T(t+h) (3 (f = T(=h)f) —a(0)) + T(t + h)a(0) — T(t)u(0).

As h 0, the first term on the right-hand side converges to zero by the first part and by the
boundedness of | T'(t+h)|| for h € [—t,t]. The other term converges to zero by the strong continuity
of T'. Hence u is also left differentiable, and its derivative is

for all ¢t > 0. O

Hence, the derivative %(0) of the orbit map u(t) = T'(t)f at ¢ = 0 determines the derivative at
each point ¢ € [0,00). We therefore give a name to the operator f — u(0).

Definition 2.7. The infinitesimal generator, or simply generator A of a semigroup 7' is defined
as follows. Its domain of definition is given by

D(A) :={f € X :T(-)f is differentiable in [0,00)},
and for f € D(A) we set

Af = 7O flico = Jim (TS - £).

As we hoped for, a semigroup yields solutions to some linear ODE in the Banach space X.

Proposition 2.8. The generator A of a strongly continuous semigroup T has the following prop-
erties.

a) A: D(A) C X — X is a linear operator.
b) If f € D(A), then T(t)f € D(A) and
LT(t)f =T()Af = AT(t)f for all t > 0.

¢) For a given f € D(A), the semigroup T provides the solutions to the initial value problem
u(t) = Au(t), t>0
u(0) = f
via u(t) :=T(t)f.
Proof. a) Linearity follows immediately from the definition because we take the limit of linear
objects as h \ 0.

b) Take f € D(A) and t > 0. We have to show that 7'(-)T'(¢)f is right differentiable at 0 with
derivative T'(t)Af. From the continuity of 7'(¢t) we obtain

_ T(hWf—f . T(WTH)f-TH)f
T(t)Af =1T(t) }111{‘1% o = }111{% 3 :

By the definition of A this further equals AT'(¢)f.

Part ¢) is just a reformulation of b). O
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We now investigate infinitesimal generators further.

Proposition 2.9. The generator A of a strongly continuous semigroup T has the following prop-
erties.

a) For allt >0 and f € X, one has

/T(s)f ds € D(A),
0

where the integral has to be understood as the Riemann integral of the continuous function
s T(s)f, see Supplement.

b) For allt >0, one has

T(t)f ~f=A [ T(s)fds if f€X,

o _

t

:/T(s)Afds if f € D(A).

0

Proof. a) For g := fo s)f ds we calculate the difference quotients

t t t t
le T(s)f ds— [ T(s)fds) =5 ([ T(h+s)fds— [ T(s)f
ey e

. t+h t . t+ h
:h</T(s)fds—/T(s)fds>:h(/ (s)fds—/T(s)fds).
h 0 t 0
Since the integrands here are continuous, we can take limits as h \, 0 and obtain
. T(h)g—g
lim ———= = - f
P — T f—f

This yields g € D(A) and Ag =T(t)f — f.

b) Take f € D(A), then by Proposition 2.8.b) the identity AT'(t)f = T'(t)Af holds, hence v(t) :=
AT (t)f defines a continuous function. For h > 0 define the continuous functions vy, (t) := F(T(t +
h)f —T(t)f). Then we have

Jontt) = o0l < 17| @@ 7 - £) - Af]|

From this and the definition of A we conclude (by using the local boundedness of T') that vy
converges to v uniformly on every compact interval. This yields

O/tvh(s) ds — O/tv(s) ds as h ™\, 0.
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We have calculated the limit of the left-hand side in part b): It equals

T@f—sz/T®f®,
0

which completes the proof. O

Before turning our attention to the main result of this section, let us recall what a closed operator
is. For a linear operator A defined on a linear subspace D(A) of a Banach space X, we define the
graph norm of A by

[flla = FIl+[AfI for f e D(A).

Then, indeed, || - || 4 is a norm on D(A). The operator A is called closed if D(A) is complete with
respect to this graph norm, i.e., if D(A) is a Banach space with this graph norm ||-|| 4. The following
proposition yields simple yet useful reformulations of the closedness of a linear operator, we leave
out the proof.

Proposition 2.10. Let A be a linear operator with domain D(A) in X. The following assertions
are equivalent.

(i) A is a closed operator.

(ii) For every sequence (x,) C D(A) with x, — = and Ax, — y in X for some x,y € X one has
x € D(A) and Ax =y.

If A is injective the properties above are further equivalent to the following:
(iii) The inverse A~! of A is a closed operator.
The main result of this section summarises the basic properties of the generator.

Theorem 2.11. The generator of a semigroup is a closed and densely defined linear operator that
determines the semigroup uniquely.

Proof. Let (f,) C D(A) be a Cauchy sequence in D(A) with respect to the graph norm. Since for
all f € D(A) the inequalities

IFF<Nflla and  [[Af] < [If]la

hold, we conclude that (f,) and (Af,) are Cauchy sequences in X with respect to the norm || - ||.
Hence, they converge to some f € X and g € X, respectively. For ¢t > 0 we have

t
T@h—n—/ﬂwmms
0

by Proposition 2.9. If we set u,(s) := T'(s)Af, and u(s) := T'(s)g, then u, — u uniformly on [0, t],
since T' is locally bounded. So we can pass to the limit in the identity above, and obtain

t

107 - 1 = [ T()gds

0
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From this we deduce that ¢ — T'(t)f is differentiable at 0 with derivative u(0) = g. This means
precisely f € D(A) and Af = g. To conclude, we note

1f = fulla = IIf = fall + |Af = Afull = 0 as n — oo,
i.e., f,, = f in graph norm. Therefore, A is a closed operator.

We now show that D(A) is dense in X. Let f € X be arbitrary and define

| =

v(t) == /T(S)f ds (t>0).
0

By Proposition 2.9 we obtain v(t) € D(A). Since s — T'(s)f is continuous, we have v(t) — T'(0)f =
f for ¢ 0.

Suppose S is a semigroup with the same generator A as 7. Let f € D(A) and ¢ > 0 be fixed, and
consider the function u : [0,t] — X given by u(s) := T'(t — s)S(s)f. Then w is differentiable and its
derivative is given by the product rule, see Supplement, Theorem 2.31,

Lu(s) = (LTt — 5)S(s)f + T(t — 5)-L(S(s)f) = —AT(t — 5)S(s) f + T(t — 5)AS(s) f.

By using that the semigroup and its generator commute on D(A), see Proposition 2.8.b), we obtain
that the right-hand term is 0, so © must be constant. This implies

St)f = u(t) = u(0) =T(t)f,

i.e., the bounded linear operators S(t) and 7'(t) coincide on the dense subspace D(A), hence they
must be equal everywhere. O

2.3 Two basic examples

Shift semigroups

Recall from Exercise 1.5 the shift semigroups on the spaces LP(R) with p € [1,00). For f € LP(R)
we define

(St)f)(s) = f(t+s) forseR,t>0.
Then S(t) is a linear isometry on LP(R), moreover, S has the semigroup property. We call S the
left shift semigroup on LP(R).
Proposition 2.12. For p € [1,00) the left shift semigroup S is strongly continuous on LP(R).

To identify the generator of S we first define

WH2(R) := {f € L’(R) : f is continuous,
there exists g € LP(R) with f(¢) — f(0) = [§g(s) ds for t € R}.
Note that WIP(R) is a linear subspace of LP(R) and for f € WP(R) the L function g as in the
definition exists uniquely. We call it the derivative of f, and use the notation f’ := g. In fact, the

function f is almost everywhere differentiable and it derivative equals g almost everywhere. We
define a norm on WHP(R) by

£ 1Ry = A1+ 17115
It is not hard to see that this turns W?(R) into a Banach space.
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Proposition 2.13. The generator A of the left shift semigroup S on LP(R) is given by
D(A)=W'"(R), Af=f
The proof is left as FExercise 5.

We now turn to more complicated shifts with boundary conditions. Consider the Banach space
LP(0,1). For t > 0 and f € LP(R) define

ft+s) ifsel0,1],t+s<1,
0 if se€[0,1], t+s > 1.

So(t)f(s) == {

It is easy to see that Sy(t) is a bounded linear operator and that Sy has the semigroup property.
For t > 1 we have Sy(t) = 0, hence So(t)” = 0 for t > 0 and n € N wit n > 1, i.e., So(t) is a
nilpotent operator. That is why Sy is called the nilpotent left shift on L?(0,1).

Proposition 2.14. The nilpotent left shift Sy is a strongly continuous semigroup on LP(0,1).

We want to identify the generator of Sp. For this purpose we define

W(l(’)];((), 1):={f €LP(0,1): f is continuous on [0, 1],
there exists g € LP(0,1) with f(t) — f(0) = [¢ g(s) ds for t € [0, 1],
and f(1) =0}.

Similarly to the above, every f € W(I(’)})’(O, 1) has a derivative f' € LP(0,1), and we can define a

norm on W(l(’)’)’(O, 1) by

1 R = ILAIG + 1115,
(0)
making it a Banach space.

Proposition 2.15. The generator A of the nilpotent left shift Sy on LP(0,1) is given by

D(A) =Wh(0,1), Af=f.

The proof of these results is left as Exercise 6.

The Gaussian semigroup

Consider again the heat equation, but now on the entire R:

Ow(t,z) =Oppw(t,z), t>0,z€R

w(0,2) =wp(x), z€R. (2.1)

Here wyq is a function on R providing the initial heat profile. We follow the rule of thumb of Lecture
1 and seek the solution to this problem as an orbit map of some semigroup. To find a candidate for
this semigroup we first make some formal computations by using the Fourier transform, which is
given for f € LY(R) by the Fourier integral

F(&) = Z()(©) = \/127 / e~ £(2) da.
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(We remark that with some extra work the next arguments can be made precise.) Recall that .#
maps differentiation to multiplication by the Fourier variable i, i.e., (0, f(x))(§) = i&F (f)(&).
If we take the Fourier transform of equation (2.1) with respect to = and interchange the actions of
Z and 0y, we obtain

Oyi(t, &) = —&w(t,§) t>0,£€R
{E(va) = @0(5)3 g € R.

This is an ODE for w, which is easy to solve:
B(t,€) = e @y ().

To get w back we take the inverse Fourier transform of this solution:

wlt,) = FH@0 ) = =) e @)

where we used that .# ! maps products to convolutions. At this point we only have to remember

that ) )
F e ) (2) = —e_%.
@) =
So if we set
1 2
gt(x) == e  (t>0),

VAt

then the candidate for the solution to (2.1) takes the form

w(t) =g xwy for t > 0.
Let us collect some properties of the function g;.

Remark 2.16. 1. Consider the standard Gaussian function
1 2

e 4.

Then g > 0, ||lg|li = 1 and g belongs to LP(R) for all p € [1, x0].

2. We have g;(z) = %g(%), hence g; > 0, ||g¢][1 = 1 and

li ds =0 for all fixed.
tl\n(l) gt(s)ds =0 for all r > 0 fixe

|| >r

The function
Glt,z,y) =g(r—y) (>0, z€R, yeR)

is called the heat or Gaussian kernel on R and gives rise to a semigroup, called the heat or
Gaussian semigroup.

Proposition 2.17. Let p € [1,00). For f € LP(R) and t > 0 define

TONE) = (s N = = [ 10 F ay= [ 1))
R R

and set T00)f = f.

Then T'(t) is a linear contraction on LP(R), and T is a strongly continuous semigroup.
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Proof. Let f € LP(R). By Young’s inequality and since g; € L'(RR), we obtain that the convolution
gt * f exists and
lge * fllp < llgelly - 1Fllp = 1 1lp-

In particular, g¢ * f belongs to LP(R). Since linearity of f + g; * f is obvious, we obtain that T'(¢)
is a linear contraction.

To prove the semigroup property, we employ the Fourier transform. To this end fix f € L*(R) N
LP(R). Then we can take the Fourier transform of g; * (g5 * f), and we obtain

F (g1 % (95 % [)) = V2T (g:) - F (95 % [) = (2m)-F (1) - F (95) - F ()
(we use here that .# maps convolution to product). Recall from the above that

€ therefore, F(gr)(€) - F(g2)(€) = e € = L2, (6).

F(91)(€) = = N

1
V2rm
This yields
F (g + (gs * f)) = \/%fj(gwrs)'g‘\(f) = F(gr+s * f),

hence g; * (gs * f) = givs * f. Therefore, T(t)T(s)f = T(t + s)f holds for f € L'(R) N LP(R). By
the continuity of the semigroup operators and by the denseness of this subspace in LP, we obtain
the equality everywhere.

From the properties of g; listed in Remark 2.16.2, it follows that g, * f — f in LP(R) if ¢ \, 0.
Hence the semigroup T is strongly continuous. O

2.4 Powers of generators

It is a crucial ingredient in the definition of the infinitesimal generator A of a strongly continuous
semigroup 7' that D(A) consists precisely of those elements f for which the orbit map wu(t) =
T(t)f is differentiable. One expects that if even Af belongs to D(A), then u is twice continuously
differentiable. This, indeed follows from Proposition 2.8.b):

u(t) = Au(t) = AT(t)f = T(t)Af,
hence @ is a differentiable function if Af € D(A). This motivates the next construction.
We set D(A%) = X and A% = I, and for n € N we define
D(A™) :={fe DA™ ) A" 'f e D(A)},
A"f = AA™Lf for f € D(A™)

by recursion. Then D(A') is just an alternative notation for D(A). These are all linear subspaces
of X, and by intersecting them we introduce

D(A®) := (] D(A™).
neN
These spaces line up in a hierarchy

X =D(A%) 2 D(A) 2 D(A%) D -+- D D(A") D --- D D(A™).

The space D(A™) consists of those elements for which the orbit map is n-times continuously differ-
entiable. Are there such (nonzero) vectors at all? Yes, there are, and actually quite many:
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Proposition 2.18. Let A be a generator of a semigroup. Then for n € N the spaces D(A™) and
D(A®) are dense in X.

Proof. Since D(A®) is contained in D(A™), it suffices to prove the assertions for the former only.
To do that we need some preparations. Let f € X be fixed. For a smooth function ¢ with compact
support, supp(¢) C (0, 00), define

o0

form [P&T) s

0

We first show that f, € D(A). For h > 0 we can write

h (o] o0
. m::i/)()(h+sfds ;/ﬁ $)f ds
0 0

I
S| =
AS)
~—~
V>

|
N~—
~—
S~—
&h
o,
[Va)
S| =

/@@T@f®
0
h

h
:/¢@—2—¢@T@f®_;/¢@T@f®.
. 0

If we let h N\, 0, then the second term converges to ¢(0)7(0)f = 0, while the first term has the

limit
oo

[¢@rer s

0
This yields f, € D(A) and Af, = f_,. We conclude f, € D(A*) by induction.

We turn to the actual proof and suppose in addition to the above that ¢ > 0 and that fo s)ds =
1. We set pp(s) = ne(ns) and f,, := f,,. For given € > 0 we choose a 6 > 0 such that ||T(s )f f|| <
¢ holds for all s € [0,6]. If n € N is sufficiently large, then supp ¢, C (0, ), hence we obtain

I£n ﬂkﬂ/@l f@—ﬂkﬁ/%l f@—f/% ) ds|

4V% ffdﬂ</% T(s)f — 7] s
0
)
< sup [T 7l [enls)ds <.
s€[0,d]
0
This shows that f,, — f in X. O
Since the generator A is closed its domain D(A) is a Banach space with the graph norm || - || 4.

Is any of the spaces D(A™) dense in this Banach space? To answer this question, we first introduce
the following general notion.
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Definition 2.19. A subspace D of the domain D(A) of a linear operator A : D(A) C X — X is
called a core for A if D is dense in D(A) for the graph norm, defined by

1L = WA+ TALI

We shall often use the following result stating that dense invariant subspaces are dense also in
the graph norm.

Proposition 2.20. Let A be the generator of a semigroup T, and let D be a linear subspace of
D(A) that is || - ||-dense in X and invariant under the semigroup operators T'(t). Then D is a core

for A.

Proof. For f € D(A) we prove that f belongs to the || - || 4-closure of D. First, we take a sequence
(fn) C D such that f,, — f in X. Since for each n the maps

s—=>T(s)fn€D and s AT(s)fn =T(s)Af, € X

are continuous, the map s — T'(s)f, € D is even continuous for the graph norm || - || 4. From this

it follows that the Riemann integral
t

O/T(s)fn ds

belongs to the ||| a-closure of D (use approximating Riemann sums!). Similarly, the ||- || 4-continuity
of s = T'(s)f for f € D(A) implies that

t
1
Ht/T(s)fds—fHA—)O as t \, 0 and
0
1 / 1 /
and Ht/T(s)fnds—t/T(s)fdsHA%O as n — oo and for each ¢ > 0.
0 0

This proves that for every € > 0 we can find ¢ > 0 and n € N such that

t
Hi/T(s)fn ds — fHA <e. 0
0

We now can easily answer the question from the above.

Proposition 2.21. Let A be a generator of a semigroup. Then each of the spaces D(A™) forn € N
and D(A) is a core for A.

Proof. All the spaces occurring in the assertion are invariant under 7'(¢), and by Proposition 2.18
they are dense in X. Hence the assertion follows from Proposition 2.20. O

2.5 Resolvent of generators

We saw in Lecture 1 that spectral analysis, more precisely, the determination of eigenvalues and
eigenfunctions of the Dirichlet Laplacian led to a construction of the semigroup generated by this
operator. We conclude this lecture by some basic spectral properties of semigroup generators. Let
us begin with the following fundamental spectral theoretic notions.
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Definition 2.22. Let A be a closed linear operator defined on a linear subspace D(A) of a Banach
space X.

a) The spectrum of A is the set

o(A):={AeC:Xx—A:D(A) = X is not bijective}.
b) The resolvent set of A is p(A) :=C\ o(A), ie.,
P(A):={AeC:Xx— A:D(A) - X is bijective}.

c) If A € p(A) then A\ — A is injective, hence has an algebraic inverse (A — A)~!. We call this
operator the resolvent of A at point A and denote it by

RO\ A) = (A — A)!

Note that if A € p(A), the operator A — A is both injective and surjective, i.e., its algebraic inverse
A=Al X = D(A)

is defined on the entire X. Since A is closed so are A — A and its inverse. As consequence of the
closed graph theorem, see Supplement, Theorem 2.32, we immediately obtain that (A — A)~!
bounded.

Proposition 2.23. For a closed linear operator A and for \ € p(A) we have
(A=A =R\ A) € Z2(X).
Let us recall also the next fundamental properties of spectrum and the resolvent.

Proposition 2.24. Let X be a Banach space and let A be a closed linear operator with domain
D(A) C X. Then the following assertions are true:

a) The resolvent set P(A) is open, hence its complement, the spectrum o(A) is closed.

b) The mapping
P(A) > A= R(\A) € Z(X)

1s complex differentiable. Moreover, for n € N we have

qr
dA\n

R\, A) = (=1)"nIR(\, A)" L.

Proof. Statement a) follows from the following Neumann series representation of the resolvent: For
e p(A) with [N — pf < m, we have

Z )\ ,LL kR ,u A)k+1
k=0

Assertion b) follows from the power series representation in a) and from the fact that a power series
is always a Taylor series. O
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To prove that the resolvent set of a generator A is non-empty, and to relate the resolvent of A to
the semigroup 7T, the first step is provided by the next lemma.

Lemma 2.25. Let T be a strongly continuous semigroup with generator A. Then for all A\ € C and
t > 0 the following identities hold:

t
e MT(t)f — f = / e MT(s)fds  if feX,
0

t
/e’\ST (A=XNfds if f € D(A).
0

Proof. Observe that S(t) = e"MT(t) is also a strongly continuous semigroup with generator B =
A — )\, see Exercise 3 b). Hence, we can apply Proposition 2.9.b). O

With the help of this lemma we obtain the next, important relations between the resolvent of the
generator and the semigroup.

Proposition 2.26. Let T' be a strongly continuous semigroup of type (M,w) with generator A.
Then the following assertions are true:

a) For all f € X and X\ € C with Re A\ > w we have
Af = /e_’\sT )fds = hm/ “MT(s)f ds.
0

b) For all f € X, A € C with ReA > w and n € N we have

nge __ 1 ! n—1_—A\s
RNA)f = (n_1>!/s e T(s)f ds.
0
¢) For all A € C with Re A > w we have
M
[R(A, A)" | < Rer—w)n’ (2.2)

Proof. From Lemma 2.25 and by taking limit as ¢ — oo we conclude that for Re A\ > w we have

/e MT(s)fds  if f e X,
0

/e’\ST (A= XN fds if fe D(A).
0

Since this expression gives a bounded operator, a) is proved. To show b), notice that

(_1)71—1 dn—l
(n—1)! d\n—1

RO\ A" f = R(NA)f i / n=le=2T(s) f ds.
0
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Finally, to see ¢) we make a norm estimate and obtain

[ e ML [ s o
A < n—1 Re)\sM ws < / n—1_(w—ReA)s
IROAY S < oty [t R are s < S [t ten g,
0
M
== . g

Let us summarise the above as follows.

Conclusion 2.27. If A is the generator of an operator semigroup 1, then it is closed, densely
defined, and a suitable right half plane belongs to its resolvent set, where the estimate (2.2) holds.
The resolvent operators are given by the Laplace transform of the semigroup.

2.6 Supplement
We collect here some standard results used in this lecture.

The strong operator topology

At this point, we do not want to give the definition of the strong operator topology, but just point
out what convergence and boundedness mean in this setting.

Let X,Y be Banach spaces and let (7,,) C Z(X,Y) be a sequence of bounded linear operators
between X and Y. We say that the sequence (7},) converges strongly to T € Z(X,Y), if

Tox — Tx holdsinY asn — oo for all z € X.

For the purposes of this course, this is the correct notion of convergence, being, as a matter of fact,
nothing else than pointwise convergence.

A subset ¥ C Z(X,Y) is called strongly bounded (or bounded poinwise) if for all x € X we
have
sup{||Tz| : T € X'} < oo.

Next, we list some classical functional analysis results concerning these two notions.

Theorem 2.28 (Uniform Boundedness Principle). Let X, Y be Banach spaces and suppose H C
Z(X,Y) is strongly bounded, i.e., for all x € X we have

sup{||Tz|| : T € X'} < 0.
Then # is uniformly bounded that is
sup{||T|| : T € X'} < o0.
This theorem has the following important consequence:

Theorem 2.29. Let X,Y be Banach spaces, and let (T,,) € L (X,Y) be a sequence such that
(Thz) CY converges for all x € X. Then

Tr:= lim T,x
n—oo

defines a bounded linear operator on X.
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Theorem 2.30. Let X,Y be Banach spaces, let T € £(X,Y) and let (T,,) C L (X,Y) be a norm
bounded sequence. Then the following assertions are equivalent:

(i) For every x € X we have T,z — Tx in X.
(i) There is a dense subspace D C X such that for all x € X we have T,z — Tx in X.

(iii) For every compact set K C X we have Tp,x — Tz in X uniformly for x € K.

By adapting the classical proof of the product rule of differentiation and by making use of the
theorem above one can easily prove next result.

Theorem 2.31 (Product rule). Let u : [a,b] — X be differentiable, and let F : [a,b] — L (X,Y)
be strongly continuous such that for every t € |a,b] the mapping

Fu:sw— F(s)u(t) €Y
is differentiable. Then s +— F(s)u(s) € Y is differentiable, and we have
G (Fu)(t) = GF () - u(t) + F(t) - gult),
where %F(t) -u(t) denotes the derivative of s — F(s)u(t) at s =t.
The last result we wish to recall from functional analysis is the closed graph theorem.

Theorem 2.32 (Closed Graph Theorem). Let X be a Banach space, and let A: X —'Y be a closed
and linear operator with dense domain D(A) in X. Then A is bounded if and only if D(A) = X.

The Riemann integral

Denote by C([a, b]; X ) the space of continuous X-valued functions on [a, b], which becomes a Banach
space with the supremum norm. For a continuous function u € C([a, b]; X') we define its Riemann
integral by approximation through Riemann sums. Let us briefly sketch the idea how to do this.
For P={a=1t; <ty <--- <ty =05} Cla,b] we set

6(P) = max{tjt1 —t;:j=0,...,n—1},

and call P a partition of [a,b] and 0(P) the mesh of P. We define the Riemann sum of u
corresponding to the partition P by

|
—

n

S(Pyu) == ) u(t)(tj+1 —tj),

<.
Il
o

where n is the number of elements in P. From the uniform continuity of u on the compact interval
[a,b] it follows that there exists xg € X such that S(P,u) converges to zg if §(P) — 0. More
precisely, for all € > 0 there is § > 0 such that
|S(P,u) —xo|| < e
whenever §(P) < 0. We call this xy € X the Riemann integral of f an denote it by
b
/ u(s) ds.
a

The Riemann integral enjoys all the usual properties known for scalar valued functions. Some of
them are collected in the next proposition.
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Proposition 2.33. a) There is a sequence of Riemann sums S(P,,u) with 6(P,) — 0 converging

to the Riemann integral of u.

b) The Riemann integral is a bounded linear operator on the space C([a,b]; X) with values in X .

b b
T/u(s) ds = /Tu(s) ds.

d) If u: [a,b] — X is continuous, then

c) If T € Z(X,Y), then

v(t) == /tu(s) ds
0

1s differentiable with derivative .

e) If u: [a,b] — X is continuously differentiable, then

b
u(b) —u(a) = /u'(s) ds

holds.

For the proof of these assertions one can take the standard route valid for scalar-valued functions.

Exercises

1. For A € Z(X) and t > 0 define

[e.9]

T(t):etA::Zt A .

n!
n=0

Prove that T is strongly continuous semigroup, which is even continuous for the operator norm on
[0,00) and consists of continuously invertible operators. Determine its generator.

2. Give an example of a Hilbert space and a bounded (i.e., of type (M,0)) strongly continuous
semigroup thereon which is not a contraction.

3. a) For a strongly continuous semigroup 7" and an invertible transformation R define S(t) :=
R™'T(t)R. Prove that S is a strongly continuous semigroup as well. Determine its growth bound
and its generator.

b) For a strongly continuous semigroup 7 and z € C define S(t) := e*T'(t). Prove that S is a
strongly continuous semigroup, determine its growth bound and its generator.

c¢) For a strongly continuous semigroup 7" and « > 0 define S(¢) := T'(at). Prove that S is a
strongly continuous semigroup, determine its growth bound and its generator.
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4. Give an example of strongly continuous semigroup 7" with wo(7) = —oo but with M, > 2 for
all exponents w € R.

5. Prove Proposition 2.13.
6. Prove Propositions 2.14 and 2.15.

7. Consider the closed subspace

Coy([0,1]) := {f € C([0,1]) : (1) = 0}

of the Banach space C([0, 1]) of continuous functions on [0, 1]. Define the nilpotent left shift semig-
roup thereon and determine its generator.

8. Determine the generator of the Gaussian semigroup on L?(R) from Section 2.3.

9. Let p € [1,00) and consider the Gaussian semigroup 7" on LP(R). Prove that for all ¢ > 0 and
r € [p,o0] the operator T'(¢) is bounded from L? to L"(R).



Lecture 3

Approximation of Semigroups — Part 1

The main topic of this lecture will be to establish approximation theorems for operator semigroups.
Consider the abstract initial value problem (Cauchy problem)

{u(t) = Au(t), t>0

u(0) =up € X, (ACP)

where we suppose that A generates the strongly continuous semigroup 7" on X. In many applica-
tions we are able to construct a sequence of approximating operators A, which generate strongly
continuous semigroups 7, and converge to A in some sense. The question is if this implies the
convergence of the semigroups 7;, to 17

These approximations usually involve some numerical methods: Either some approximation of
the operator A (for example finite differences, see Example 3.7 below), or an approximation of the
solution u of a stationary problem Au = f (for example finite element or spectral method, see
Example 3.6).

After working through the examples and the exercises, we will see that operator norm convergence
would be simply too much to expect, and to weaken this type of convergence, the pointwise one is
our next bet. Therefore, in this lecture we shall investigate the strong convergence of semigroups,
i.e., the property

T.t)f =T({t)f asn—oo forall feX (3.1)

uniformly for ¢ in compact intervals of [0, c0).

Remark 3.1. If the convergence stated above holds for the semigroups 7;,, T', then the uniform
boundedness principle, Theorem 2.28, immediately implies that ||T,,(¢)|| has to remain bounded as
n — oo for all t > 0. More is true: There exist constants M > 1, w € R such that

T ()| < Me*t holds for all n € N, ¢ > 0. (3.2)

We leave the proof as Exercise 1. This exponential inequality, called stability condition, provides a
necessary condition to have convergence of the semigroups as in (3.1).

3.1 Generator approximations

Usually, after discretising a differential operator, we end up with a matrix, hence not an operator
on the original space, but rather on C". So the next important point is that we not only have
approximating operators, but also approximating spaces. This motivates our general setup.

Assumption 3.2. Let X,,, X be Banach spaces and assume that there are bounded linear operators
P, X = X,, Jn: X;, = X with the following properties:

e There is a constant K > 0 with || P, ||, ||/»|| < K for all n € N,

29
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e P,J, =1I,, the identity operator on X,,, and
o J,P,f — fasn—ooforall feX.

An important remark on our notation. The symbol || - || refers here to the operator norm in
Z(X, X,) and Z(X,, X), respectively. We use the convention that if it is clear from the context,
we often do not distinguish in the notation between the norms on different spaces.

Example 3.3 (spectral method). Consider the spaces X = ¢? and X,, = C" with the Euclidian
norm and define for f = (f;) € £? the operator

P, : 0> = C", Puof:=(f1,-, fa),
and for y = (y1,...,yn) € C" the operator

Jn : (Cn — ‘627 Jn(y17y27"' 7yn) = (yla" . 7yn307"')'

Clearly, J, P, equals the projection onto the first n coordinates. For this example all the above
mentioned properties are satisfied, in particular, the last one because

o0

1 TnPuf = 2= 3" 1fsl* >0 asn — oo,
k=n-+1

This is essentially the same example as if we take X = L?(0,1), X,, = C", P, f := the first n Fourier
coefficients of f, and J,(y1,...,yn) := the finite trigonometric sum built from the coefficients
Yl, -, Yn (spectral method, see Appendix A.2).

Example 3.4 (finite difference). In this example we try to capture the standard discretisation of
continuous functions through grid points in an abstract way (finite difference method, see Appendix

A.1). Let
X :={fe€C([0,1]) : f(1) =0} = C)([0,1]) and X, =C",

both with the respective maximum norm, see also Exercise 7 in Lecture 1. We define

(Puf)i = f(E), k=0,...,n—1,
and

n—1
Tn(Yo, - yn-1) = > _ UrBni(x),
k=0

where for k € {0,...n — 1} and x € [0, 1] we have

n(z—3) ifze[ShE),
B x(x) = n(% x) ifre [Z, %)7
0 otherwise,

the hat functions. Then P,.J, = Ic~» and for n — oo the convergence J,P,f — f hold true, see
Exercise 2.
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Bn,O Bn,l Bn,k Bn,nfl
1 1 1 1
0 1 1 0O 1 2 1 0 k=1 k+1 1 0 n=2 1
n n n n n n

Figure 3.1: The hat functions

After setting the stage for the problems, let us turn our attention back to approximation problems
and introduce a general assumption on the convergence of the generators. When examining the
examples, we learn that the following setup is quite natural.

Assumption 3.5. Suppose that the operators A,,, A generate strongly continuous semigroups on
X, and X, respectively, and that there are constants M > 0, w € R such that the stability condition
(3.2) holds. Further suppose that there is a dense subset Y C D(A) such that for all g € Y there
is a sequence y,, € D(A,) satisfying

lyn — Pngllx, = 0 and ||Apyn — PrAgllx, =0 asn— co. (3.3)

Clearly, by Assumption 3.2, the convergence stated above is equivalent to
| JnAnyn — Agll = 0 asn — o

for all g € Y. We will freely make use of this equivalence later on, depending on which formulation
is more convenient in the given situation. In applications we typically (but not necessarily) have
P)Y Cc D(A,,) and y,, = P,g.

Example 3.6 (spectral method). Taking the setup of Example 3.3 and motivated by the heat
equation introduced in Section 1.1, we define the operator on f = (fx) € X as

Af == (=Ffi)een  with  D(A) ={(fi) € X : (K fx) € X}.
Further, for f € D(A), we define
An(Pnf) = PnAfa i'e'a An(ylayQa""yn) = (7y1774y25"'77n2yn)~

See also Appendix A for some details about the spectral method.
Analogously, motivated by the Schrédinger equation, we define the operator B by

Bf = (ik*fy) for f = (fr) € D(B):= D(A).
The approximating operators are then B, (y1,...,yn) := (iy1,i4ys, . . ., in’yy,).
Example 3.7 (finite difference). Continuing Example 3.4, define the generator
Af = f/ with D(A) = {f € C{(0,1)): £(1) = 0}.
For y = (0, ... Yn—1) € X, we define

(Any)k = n(ykJrl - yk) for k:=0,...n—2 and (Any)n—l = —NYn—1,
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being the standard first-order finite difference scheme. By using that y = P, f, we can write it in a
slightly different form:

(AP f)r = n(f(EEL) — f(£) fork=0,....,n—1.

Then, by the mean value theorem, we obtain

D - f(h
HJnAnPnf - AfHoo = Z 1 = Bn,k - f/ Z f/(gk)Bn,k - f/
k=0 n [e'e) k=0 o0
n—1
<\ =>_F(E)Buk + _max 1|f( ) = (&)
k=0 .
n—1
<|\f — f’(%)Bnyk +w(f', 1)—>0 as n — oo.
k=0 o

Here, w(f’, s) is the modulus of (uniform) continuity of the function f’ defined as usual by

w(f',s) == sup{|f'(z) — f'(y)|sup |z — y| < s}.

An important observation concerning this example is the following. If we assume a bit more
regularity and take f € C2([0,1]), then we obtain

k+1y _ r(k
(Anpnf - PnAf)k = M + fl(%) = f//(fk)%v

S|

by Taylor’s formula, and hence,

1!
APy f — PaAf]| < 1 oo
2n

This means that, in this example, we not only have convergence, but even first-order convergence
for twice differentiable functions.

The following Proposition 3.8 will guarantee that for all f € C2(]0,1]) which remain in C? under
the semigroup, this convergence carries over to the convergence of the semigroups. More precisely,
we have that

for all f e D(A*) = {f e C*([0,1]) : £(0) = f'(0) = £"(0) =0}
and for all t > 0 there is C' > 0 such that

| T.(t)Pof — P, T f| < CHfH02

Motivated by the previous example, we can formulate our first approximation result on semig-
roups.

Proposition 3.8. Suppose that Assumptions 3.2 and 3.5 hold, that P,)Y C D(A,), and that Y is
a Banach space invariant under the semigroup T satisfying

IT@)lly < Me".
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If there are constants C > 0 and p € N with the property that for all f € Y
1 lly

”AnPnf - PTLAfHXn <C P
n

)

then for all t > 0 there is C' > 0 such that
|Tn(t) Pof = PaT(t) f] x, < C’”ﬂ)y~

Moreover, this convergence is uniform in t on compact intervals.

In this case we say that we have convergence of order p. Also notice that, as discussed in
Proposition 2.20, the subspace Y will be a core for the generator A (being dense and invariant
under the semigroup), and hence (A — A)Y C X will be also a dense set for some/all A € p(A). In
many examples we will take Y := D(A") for some [ € N.

Proof. For simplicity, we first carry out the proof in the special case X,, = X and J, = P, =1. It
is clear that for f € Y, we have Af = A, f + (A — A,,)f. Application of the fundamental theorem
of calculus to the continuously differentiable function [0,¢] > s +— T, (t — s)T'(s) f implies that the
variation of constants formula

¢
T(0)f =Tu0)f + [Tt~ 9)(4 - A)T()f ds
0
holds. Therefore, we have

t
IT(t)f = Tu(t)f]] < /Me“’(t_s)l\(/l — An)T(s)f| ds
0

t
C C
w(t—s) = 2wt 4 2
< [ 3600 LT (s fly ds < Mt iy
0

From this the assertion follows. The general case can be considered by applying the fundamental
theorem of calculus to the modified function [0,¢] 3 s — T,,(t — s)P,T'(s)f to obtain the variation
of constants formula

t

PO = Tu(OPf + [ Tult = 5) (P = AP)T() s
0

From here, the argument is the same as above. O

3.2 Resolvent approximations

We will see that in many applications the situation is slightly more complicated than we had before.

Example 3.9 (spectral method). Going back to Example 3.6, we can see quickly that it is
difficult and unnatural to obtain similar estimates on the convergence of the generators. But we
can immediately infer the following.
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If g = (gn) € X, then there is f = (f,) € D(A) such that g = Af, f = A~'g. Hence,
[nPaf = £l = I PaAd g — ANl = [0, -0, (1 + 1) g, )|

1
5 | JnPrg — gl < WHQH-

< 1
(n+1)
Since, by definition, A, P, = P, A, this implies that
1

Jn AP, — A7 < ———,
[ Tn Ay, I< nt1)?

which means that it is natural to expect the convergence of the resolvent operators.!

Hence, in order to infer the convergence of the semigroups, we have to prove the analogue of
Proposition 3.8 but now with resolvent convergence.

Proposition 3.10. Assume that Assumptions 3.2 and 3.5 hold. If there are C > 0 and p € N such

that

_ _ C
HAnIPn - PnA 1” < ﬁ’

then for all t > 0 there is C' > 0 such that

T Pug — BT (0)g]x, < €'19042

for all g € D(A?). Furthermore, this convergence is uniform in t on compact intervals®.

A surprising and important observation here is that although we assume operator norm conver-
gence of the resolvents, we do not get back norm convergence of the approximating semigroups in
general. This observation will be illustrated in an example before the proof.

Remark 3.11. 1. It is clear that instead of the convergence of A, to A~! we can assume J,,(\ —
AP, — (A — A)~L for some A € p(A) N p(A,).

2. In concrete cases, as we shall also see in the examples below, these results are far from being
sharp. To obtain better results, we also need more structural properties of the approximation.

Example 3.12 (spectral method). We refer to Example 3.6 again, and define the semigroups
generated by A and B as

T)f =edf = (e fr,e M fo, ... ™lf, . )

and ' ' o
S(t)f:=eBf=(eltfy, e fy, .. e*lf ).
The approximating semigroups are T}, (t) = diag(e™t,e =%, ... ,e_”2t), that is,
InTn(t) Py, = J, P, T(t).
Similarly, we have S, (t) = diag(e', e, ..., e"’t). We conclude that
o0
2 2
1JnPaT () f = T(0)f]* = Z TSP < 2R N T R < e 2R £
k=n+1 k=n+1

'Recall that A~ = —R(0, A), the resolvent defined in Lecture 2.
*We use the notation ||g|| 42 := ||g|| + ||A%f]| for the graph norm of AZ.
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which shows that for ¢ > 0 we get a convergence in operator norm being quicker than any polyno-
mial.

For the other example, however, we observe that

1 PaS(t)f — S(t) f])? = Z e = 3 | fl

k=n+1 k=n+1

Let us introduce again f = (f,) € X for g = (g,) € D(B) such that f = Bg, g = B~'f. Then we
can repeat the argument:

(e 9]

12
190 PrS(t)g — S(t)gl* = Z ol = Y Il

k=n+1 k=n+1

1 1
S(n+14 Z 1 < oy P = gyl Bl

k=n-+1

This shows that in this case we can only recover the convergence order p = 2 for g € D(B). Thus,
we have to be careful even with this simple example.

Proof of Proposition 3.10. In order to simplify matters, we again concentrate first on the calcula-
tions in the case X,, = X, J, = P,, = I. Let us start by fixing some ¢y > 0. Then for all ¢ € [0, ¢]
we obtain that

(T (t) — T(H) A" f
= TL()(A™" = A7) f+ AT () — T(0)f + (471 — AOT(1)f . (34)

It is clear from the stability assumption that the first and the last term of this sum converge to 0
in the operator norm and at the desired rate, i.e.,

1T () (A = AN FI < Me™ A7 = A - |71
and
I(A™H = AT @) fl < Me™ A7 — A - |1 £]].

Hence, we have to concentrate on the middle term. Instead of this term, we consider first a more
symmetric one where the fundamental theorem of calculus comes to help. Indeed, let us first show

that
t

ANT@) = To(t) A h = /Tn(t —s) (AT =AY T(s)h ds (3.5)
0
holds for all h € X and ¢ > 0. To this end, observe that the function

0,t] 3 5 = Tp(t — s)A, ' T(s)A'h e X
is differentiable by Theorem 2.31, and its derivative is
% (Tn(t — 8) A, T(s) A7 h) = T (t — s) (fAnAng(s) + A,,:IT(S)A) A7h
=To(t—s) (A" = A4,1) T(s)h.

n
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Hence, the fundamental theorem of calculus yields formula (3.5).
Now we can see that for h € X the inequality

t
1451 (T () — To(8) AR < / M9 | A=1 — A7 IT(s)] ds
0

< toMZe0| AT — A |||

holds. Summarising the estimates from above, we conclude that for g € D(A?) we can introduce
f=Ag and h = Af to obtain that

IT0(t)g = T(t)gll < A" = AT [ Me™ (to M| A%g]| + 2[|Ag])),

which yields the desired estimate. O

3.3 The First Trotter—Kato Theorem

We turn our attention now to the general approximation theorems with the weakest possible as-
sumptions. We start by investigating convergence of generators. As we have seen before, convergence
of operators and convergence of the corresponding resolvents are connected.

Lemma 3.13. Suppose that Assumption 3.2 is satisfied and that Ay, A are closed operators on X,
and X, respectively, such that there is some A € p(A,) N P(A) for alln € N and there is a constant
M > 0 with the property

|R(\, An)|| < M for alln € N.

Then the following assertions are equivalent.

(i) There is a dense subset Y C D(A) such that (A — A)Y is dense in X, and for all f € Y there
is a sequence fn, € D(Ay) satisfying || fn, — Pofllx, — 0 for which

|Anfn — PhAfllx, =0 asn— oo. (3.6)

(ii) |R(\, An) Prf — PoR(NA)fllx, — 0 asn — oo forall f € X.

Proof. (i) = (ii): It is sufficient to show the convergence for the dense subspace (A — A)Y. So let
us take f € Y and g := (A — A)f. By assumption, we can choose a sequence f, € D(A,) so that
(fn — Puf) = 0 and (A, f, — P,Af) — 0, hence

gn = (A= A)gn
satisfies (g, — Png) — 0. Therefore, we obtain

[R(A, An) Prg — PaR(A, A)g|| < [|R(A, Ap)Pog — R(A, An)gnll + [[R(N, An)gn — PaR(A, A)g|
< HR()‘ﬂAn)H|’Png_gnH+an_fH_>0 as n — o0.

(ii) = (i): We set Y := D(A). For given f € D(A) let g := (A — A)f and f, := R(\, An)Prg. We
can see that

Anfn = AnR()‘v An)Png = )‘R()‘a An>Png - Png7
and PoAf = P,AR(N, A)g = AP R(\, A)g — Pag.

Hence, from the assumption it follows

(Anfn_PnAf)HO O
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Now we can show that, assuming stability and using ideas presented in the previous section,
this convergence of the generators is equivalent to the (strong) convergence of the approximating
semigroups. Though unnecessary, for the sake of completeness we formulate as appears in textbooks.

Theorem 3.14 (First Trotter—Kato Approximation Theorem). Suppose that Assumption 3.2 is
satisfied and that A,, A generate strongly continuous semigroups in X, and X, respectively, and
that there are M > 0, w € R such that the stability condition (3.2) holds. Then the following are
equivalent.

(i) There is a dense subspace Y C D(A) such that there is A > 0 with (A — A)Y being dense in
X. Furthermore, for all f € Y there is a sequence f, € D(A,,) satisfying

|fn— Pufll = 0 and ||Anfn — PLAf]| =0 asn — oc. (3.7)

(i1) ||R\, An)Ppf — PR\, A)f]| = 0 as n — oo for all f € X and some/all A > w.
(111) || Tn(t)Pnf — P, T(t)f|| = 0 as n — oo for all f € X uniformly for t in compact intervals.

Proof. In view of Lemma 3.13, only the equivalence of (ii) and (iii) has to be shown.

(iii) = (ii): From the integral representation of the resolvent we see that
IROVADPAS = PROA < [ IT(0F - Tu(o)f] .
0

The desired convergence follows then from the Lebesgue dominated convergence theorem.

(ii) = (iii): We repeat here the arguments from the proof of Proposition 3.10 in a careful way. Then
we can see how we can refine our arguments. From the uniform boundedness principle, Theorem
2.28 and from the stability condition it follows that it suffices to show strong convergence on a
dense subset. Fixing tp > 0 we obtain for all ¢ € [0, t] that

(Tn(t) - T(t))R(/\v A)f -
= Tn(t)<R(/\v A) - R<)‘7 An))f + R()‘a An)(Tn<t) - T(t))f + (R(Aa An) - R()‘v A))T(t)f .

-~

It is clear from the stability assumption that the first and the last term of this sum converge to 0,
that is,
ITa()(R(N, A) = RN, Ap)) fI| < Me“™|[R(X, A) — R(A, Ap) ]| = 0,

and
[(R(A, A) = R(A, Ap))T(0) fI| < [[(R(A, A) — R(A, Ap))T'(8) f|| — 0

as n — oo. Note that, since the set {T'(t)f : t € [0,t]} is compact, the second term converges
uniformly (i.e., independently of t) to zero, see Proposition 2.30.

Hence, we have to concentrate on the middle term. Here, repeating previous arguments from the
proof of Proposition 3.10, we obtain that for all h € X

[R(A, Ap)(T'(t) — To(t)) R(A, A)h]| < /Me“’(t_s) I (R(A, A) = R(A, An))T (s)h]| ds.
0

Observe again that the set {T'(¢)h : t € [0,%0]} is compact and hence the integrand converges
uniformly in s € [0, ¢g]. Thus, we obtain that the middle term also converges to zero in the desired
way. g
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3.4 Exercises

1. Prove the exponential estimate, the stability condition, from Remark 3.1.

2. Consider the operators J, and P, in Example 3.4 and show that for each f € X, J,P,f — f,
i.e., for each f € C)([0,1]) we have

as n — oo, uniformly in x € [0, 1].

3. Let X := L'(0,1), X,, = C", and define the operators

Ta(Uts -0 Un) = D Uk * X((h—1) /o /]
=1

k

n

(Puf)ei=n- / f(2)de,

k—1

n

and the norm
1 n
@)l =~ sl
k=1

for (yx) € X,,. Here x stands for the characteristic function of a set. Prove that this scheme satisfies
the conditions of Assumptions 3.2. Perform analogous calculations to Example 3.7.

4. Finish the proof of Proposition 3.10.

5. Solve the exercises in Appendix A.



Lecture 4

The Lax Equivalence Theorem

We continue here the study of approximation theorems for semigroups by changing the field of
space discretisations to time discretisations. Consider the initial value problem (abstract Cauchy

problem)
{u(t) = Au(t), t>0 (ACP)
U(O) =1Uup € X:

where we suppose that A generates the strongly continuous semigroup 7" on the Banach space X.
We saw in the previous Lecture 3 how to put spatial discretisations in an abstract setting. Generally,
however, it is not usual to approximate the solution of an abstract Cauchy problem by exponential
functions, but by some time discretisations, for example by using a finite difference scheme. They
are in the focus of our interest this week.

Definition 4.1. Let T be semigroup with generator A, and consider the abstract Cauchy problem
(ACP) on X. Consider further a strongly continuous function F' : [0,00) — .Z(X) with F(0) = I.

a) Suppose that there is D C D(A) a dense subspace in X such that

lim FWT(t)f —T(t+h)f

r\0 h =0

holds for all f € D locally uniformly in . Then we call F' a consistent finite difference
scheme (or finite difference method). To be more precise, we say that F' is consistent with
(ACP) on the subspace D.

b) A consistent finite difference scheme is called stable, if for all ¢y > 0 there is a constant M > 1
such that
[F(R)" | <M

holds for all h > 0 and n € N with hAn < tg.

c) A consistent finite difference scheme is called convergent, if for all ¢t > 0, hy — 0, np — o
with hgny € [0,t] and hxng — t we have

T(t)f = lim F(hg)™ f
k—o00
for all f e X.

We mention the following examples.

Example 4.2. The semigroup T, i.e., the function F'(h) = T'(h) is the best possible approximation.
Certainly, this example has all the properties from the definition above, but is irrelevant from the
numerical point of view.
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The next example is an extremely important one, motivated by Euler’s formula for the exponential
function.

Example 4.3 (Implicit Euler scheme). By Proposition 2.26.a) we know that there is w € R
such that every A > w belongs to the resolvent set p(A) of A. For h € (0, 1] we can define

F(h) = tR(3+,A) = (I —hA)™", and F(0)=1.

1
ho
(For b > L we may set F(h) = F(1), but this is not important, because we shall be interested in
small h values.) This numerical scheme is called implicit Euler scheme. We shall investigate its
properties later.

Example 4.4 (Crank—Nicolson scheme). We define the Crank—Nicolson scheme by

F(h)y=(I+5%4)(I—-%4)"" forhe(0,1] and F(0)=1.

Note that in our terminology the abstract Cauchy problem (ACP), and, in particular, information
about the operator A is already incorporated in the finite difference scheme F'. Hence, if we speak
for example of the implicit Euler scheme, we mean the implicit Euler scheme for that particular
problem, and not the implicit Euler scheme in general.

Consistency means in a way that the finite difference scheme is locally (i.e., for h small) a good
approximation, in other words that the local error ||F'(h)f — T (h)f|| is small. The condition above
is in applications hard to verify, since T' is a priori unknown. Motivated by the finite dimensional
ODE case, we relate the consistency condition to the derivative of F' at ¢t = 0.

Proposition 4.5. Let Y C D(A) be a Banach space that is dense in X and is continuously
embedded in the Banach space D(A). Suppose that it is invariant under the semigroup T so that
the restriction' is a strongly continuous semigroup again. Then a finite difference scheme F is
consistent with (ACP) on Y if and only if

nf —
Af = }L%FW = F’(O)f (4.1)
holds for all f €Y.

Proof. Suppose first that F' is consistent. Since Y C D(A), we have by definition

o T~

=Af f Y.
Jim, A f for fe

By specialising t = 0 in the definition of consistency we obtain

0 lim FWf=TMR)f . FW)f = f+ =T
N0 h i .

This yields the convergence in (4.1).

For the other direction, suppose that (4.1) holds. Then the function G : [0,1] — Z(Y, X) defined
by

&) F'(0) for h =0,
= F(h) I
— for h € (0,1]

'We restrict, of course, the semigroup operators: T'|y (t) = T(t)|y.
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is strongly continuous. First of all note that for & > 0 indeed G(h) € Z(Y, X), since Y is continu-
ously embedded in D(A) hence in X. On the other hand we have G(0) = A € Z(Y, X), again by
the continuous embedding Y C D(A). The strong continuity on (0, 1] is obvious, whereas at 0 it
follows from the assumption (4.1). In particular, we obtain from Proposition 2.2 that

HF(h) -1
h

< M for all h €[0,1] and for some M > 0.
Z(Y,X)

The same arguments yield

< M for all h € [0,1] and for some M > 0.

H T(h)—1
2(Y,X)

h

We now prove consistency on Y. Take ty > 0. By assumption, 7T is strongly continuous on the
Banach space Y, whence for f € Y fixed the set

C:={T(s)f : t€[0,t]} CY
is compact (being the continuous image of a closed interval). By using Proposition 2.30, we conclude

F(h) 1T
h

T(h)— I

A
n g — Ag

g — Ag and

uniformly for g € C' as h — 0. This implies the uniform convergence

F(h) = T(h)

- Tt)f—0

for t € [0,tp] as h — 0, i.e., consistency. O

4.1 The Lax Equivalence Theorem

It turned out quite early that for partial differential equations finite difference schemes do not
always converge. Famous examples are due to Richardson? or Courant, Friedrichs and Lewy?.
Using the notation and the notions above, we can formulate the following fundamental result.

Theorem 4.6 (Lax Equivalence Theorem?). For a consistent finite difference scheme, stability is
equivalent to convergence.

Proof. Suppose first that the consistent finite different scheme F' is convergent but not stable. Fix
to > 0 such that
sup{[|[F'(h)"|| : h >0, n € N, nh € [0,%y]} = oo,

and take a sequence hy, — 0 with nihy € [0, to] and || F'(hg)™ | — co. By passing to the subsequence
we may suppose that nihr — ¢ for some t € [0,tg]. Convergence and the uniform boundedness
principle, Theorem 2.28, now imply boundedness of ||F'(hg)" ||, hence a contradiction. So F' is
stable.

2L. F. Richardson, Weather Prediction by Numerical Process. Cambridge University Press, London 1922.

3R. Courant, K. Friedrichs, H. Lewy, “Uber die partiellen Differenzengleichungen der mathematischen Physik,”
Math. Annalen 100 (1928), 32-74.

4P, D. Lax and R. D. Richtmyer, “Survey of the stability of linear finite difference equations”, Comm. Pure Appl.
Math. 9 (1956), 267-293.
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Fix t > 0 and take sequences hy — 0, ny — oo with hgng € [0,¢] and hgng — t. Notice first of all
that, by the strong continuity of 7T°, it suffices to prove

F(hg)"™ f — T(nghg) f — 0.

Now, one can use the well-known algebraic identity on the difference of two n'" powers to obtain
the “telescopic sum”

nE—1

F(h)"™ f = T(nghi) f = F(he)™ f=T(he)™ f =Y F(he)™ I (F(hg) = T(hi)) T (hi) f. (4.2)

=0

From this point on, the proof is a standard epsilon-argument. Taking f € D and fixing € > 0, it
follows by the consistency assumption in Definition 4.1 a) that there is N € N so that

[E(hi)T(s)f — T(h)T(s) fI| < ehx

holds s € [0,¢] for all K > N and ¢t € [0,tp]. For k > N we can now estimate (4.2) as follows

ng—1 ne—1
IF (he)™ f = T(nihi) I < D NF (i)™ | - ehg < > M -ehy, < Mte.
j=0 j=0

This proves the convergence on the space D. The claim follows then from the stability condition
and the denseness of the set D in X. O

Applications of the Lax equivalence theorem are numerous. We list here some of them.

Corollary 4.7 (Implicit Euler Scheme). Assume that the operator A generates the strongly con-
tinuous semigroup T of type (M,0) where M > 1. Then for all f € X we have

T(t)f = lim (3R(},4))" f = lim (I—7A)"f.

Proof. Stability follows from the properties of the generator discussed in Lecture 2, especially from
equation (2.2). Let us introduce the function

F(t) = 1 for t =0,
" OliRE, 4 fort>o0.

t?

Then, from the identity AR(\, A) — I = AR(\, A) we see that for f € D(A)

F(h)f{ —7_ FR(3, A)Af.

In order to apply the Lax equivalence theorem 4.6, we need to check consistency, i.e., the convergence
of this expression to Af as h — 0 (use Proposition 4.5). The proof can be finished by applying the
following result, which we state separately because of its importance. O

Proposition 4.8. Let A be a closed, densely defined operator. Assume that there are M > 1 and
w € R such that for all A > w, we have A € p(A) and |AR(X, A)|| < M. Then

a) ARN,A)f — f forall f € X as A — oo, and
b) AR\, A)Af — Af for all f € D(A) as A — 0.
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Proof. Taking g € D(A), we see that AR(\, A)g = R(\, A)Ag + g. By assumption,
M
IR(A, A)Agll < —|[Agll,

and hence AR(\, A)g — g as A — oo. By the denseness of D(A) and the boundedness, the con-
vergence follows for all ¢ € X. The second statement is an immediate consequence of the first
one. 0

The operators AR(A, A), A > 0, are called Yosida approximants.

Remark 4.9. It can be proved that although the Crank—Nicolson scheme is consistent it is not
stable for every generator. The left shift semigroup on Co(R) or on L!(R) provides a notable
counterexample. We will come back to this problem in later lectures.

The following approximation formula is usually called Lie-Trotter product formula® in func-
tional analysis and has deep applications. We will come back to it in later lectures in more detail.

Corollary 4.10. Suppose that the operators A, B, and C are generators of strongly continuous
semigroups T', S, and U, respectively. Suppose further that

D(A)ND(B) = D(C) and for f € D(A)N D(B) we have Cf = Af + Bf,

and that there is M > 1, w € R such that

Then
Ut)f = lim (S(HT(L)" f

n—0o0

for all f € X, locally uniformly in t > 0.

Proof. We introduce F'(t) = S(t)T(t) and check the consistency. For f € D(A) N D(B) we conclude

that
FOf = _ g TOI=F | SOF 1
¢ - ¢ t
Clearly, we have for f € D(A) N D(B) by definition that
ST gy
QOIET

S(t)g—g forallge X

as t — 0. Since the set {T(t)tf_f : t € (0, 1]} U {0} is compact, we can apply Proposition 2.30 to
infer that

lim
N0

which proves the assertion. O

POIZT _ prvar=or,

"H. F. Trotter, “On the product of semi-groups of operators,” Proc. Amer. Math. Soc. 10 (1959), 545-551.
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4.2 Order of convergence

The quantitative version of the Lax equivalence theorem is quite immediate. Before stating it, we
need the following definitions.

Definition 4.11. Let A generate the semigroup 7" on X and let F' be a finite difference scheme.
Suppose that there is a dense subspace Y C X invariant under the semigroup which is a Banach
space and let p > 0.

a) The finite difference scheme F' is called consistent of order p > 0 on Y, if there is a subspace
Y € D(A) dense in X and invariant under the semigroup operators 7', so that there is a C' > 0
such that for all f € Y we have

I (h)f = T(h)f]| < CH*E| fly. (4.3)

b) The finite difference scheme F is called convergent of order p on Y, if for all ¢y > 0 there is
K > 0 such that for all g € Y we have

[1£(h)"g — T(nh)g|l < Ktoh”|lglly
for all n € N, h > 0 with nh € [0, to].

We will occasionally say that the finite difference scheme has consistency/convergence order p > 0
on the subspace Y. Let us stress that the order p may depend on the subspace Y. This will be
extremely important in applications later on.

Proposition 4.12. Suppose that there is a subspace Y C D(A) dense and invariant under the
semigroup operators T(t), which is a Banach space with its norm, satisfying

IT®)lly < Me.

Let F be a stable finite difference scheme which is consistent of order p > 0 on Y. Then the finite
difference scheme is convergent of order p on'Y .

Proof. The proof goes along the same lines as the one for the Lax equivalence theorem 4.6, the
only difference is that we have some bound for the local error ||F'(h) — T'(h)||. For simplicity, we
may take w > 0. Let ¢ty > 0 be fixed. For g € Y, n € N and h > 0 with nh € [0,¢y] we can write

|
—

1E(h)"g = T(nh)gll < [ (R (| [[(F (R) = T(h) T (k) g]|

7=0
n—1 n—1 )
< ST MCRH|T(jh)g, < S MO Mt |g]ly
j=0 j=0
< M?Ce“"tohP||g|ly = Ktoh?| g]ly- =

Remark 4.13. We will elaborate later on the choice of the subspace Y. For example, if X =
L2(0,7), you may think of some Sobolev space Y C X. It is a dense subset, but a Hilbert space
with its own norm. Actually, we will spend quite a lot of time later on with the following two topics:
Having a large scale of possible invariant subspaces Y at hand, and developing technical tools to
verify the consistency estimate (4.3) for various methods.
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It is possible to make the convergence of the implicit Euler scheme quantitative along these lines.
Going in this direction, we note first that domains of powers of the generator are good candidates
to be such subspaces Y.

Proposition 4.14. Let A generate the semigroup T of type (M,w), where M > 1 and w € R. For
n € N, define
Xn:=D(A"), |flln = lfII + A" f]],

the domain of A™ with its graph norm. Then X,, is a Banach space, the restriction T, (t) := T(t)|x,
defines a strongly continuous semigroup T,, of the same type (M,w) in X,,.

Proof. We leave the proof of the fact that this space is a Banach space as Exercise 1. By Proposition
2.18, X,, is invariant and dense in the space X. Notice that for f € X,,,

IT(h)f = flln = IT(R)f = fIl+ AT (R)f = O =T (h)f = fII+ T (R)A™f — A" f]| = 0
as h — 0 by the strong continuity of 7" in X. Finally,
1T flln = ITE)fI + 1A @ FI] < M| f| + T A" fI| < M ([ ] + A" ) = M| f]
shows that T, is of type (M,w). 0

The following can be considered as a very simple special case of a celebrated result by Brenner
and Thomée® on the convergence of rational approximation schemes.

Corollary 4.15. Let A generate the semigroup T of type (M,0) where M > 1. Consider the
implicit Euler scheme of Corollary 4.7. Then there is C > 0 such that for all f € D(A?)

|(1 = hA)™"f = T(nh) f|| < Ktohl|fll2,
holds for all n € N, h > 0 such that nh € [0, to].

Proof. Stability follows from (2.2), because A is a generator. We have to deal with consistency. We
prove consistency on D(A?). So take f € D(A?), and note that

F(h)=(I—hA)"" = tR(3+,A) = AR(3+,A) + 1 (4.4)

holds. Hence, by Proposition 2.9, and since f € D(A) we have

h
F(h)f —T(h)f = AR(+,A)f — A/T(s)f ds.
h0 h
=R(+, A)Af — | T(s)Afds= [ (£R(3,A4) —T(s)) Af ds.
A 0/ 0/ rAUR

In a similar manner as before, we analyse the integrand. Since g = Af € D(A) we obtain

h h
(FR(3,A) —T(s)) g= AR(+,A)g — A/T(s)g = R(3+,A)Ag — /T(s)Ag ds.
0 0

SP. Brenner and V. Thomée, “On rational approximations of semigroups,” SIAM J. Numer. Anal. 16 (1979),
683-694.
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By (2.2), the inequality
|R(7. A)Ag|| < hM | Ag]

follows. Since we are integrating a bounded function, we have
h
[ 149 as| < s ag] < ha| Agl.
0

Summarizing, for f € D(A?), the estimate
IE(h)f = T(h)f|| < h*(2M || A% f]))

holds. From Proposition 4.12 the assertion follows. O

4.3 Exercises

1. Let A be the generator of a semigroup, and consider the space X,, = D(A") with the graph
norm.

a) For n € Nand x € D(A™) define |||z|| := ||| + [|Az| + - - - + || A"x||. Prove that ||| - ||| and || - ||
are equivalent norms.

b) Prove that X,, is a Banach space.

2. Let X = /% and m = (m,,) be a sequence with Rem,, < 0. Consider the semigroup T generated
by the multiplication operator A = M,, and define the Crank—Nicolson method as

F(h)=(I+52A)(I-124)""
a) Show that it is stable.

b) Show that it is consistent.

3. Consider the heat equation of Section 1.1 and show that the implicit Euler scheme converges in
the operator norm, and has first order convergence.

4. Solve the exercises in the appendix.



Lecture C

Exercises

1. Let F : R — R be continuously differentiable with sup,cp |F’'(z)| < oo. Define the flow
®: R xR — R as the solution of the nonlinear ODE

{&mw—ﬂmm
y(0) = s,
ie., ®(t,s) :=y(t). Take X := Cp(R) and define
(T(1)F)(s) := F(2(t5))
fort >0, s e R.
a) Show that T is a contraction semigroup (i.e., of type (1,0)) and identify its generator.

b) What is the corresponding abstract Cauchy problem? Which partial differential equation can
we associate with it? Relate the semigroup 7" to the method of characteristics.

2. Let T be a semigroup on the Banach space X with generator A. Prove that for all f € D(A?)
we have the Taylor formula

t

T(t)f =f+tAf + /(t — 5)T(s)A? fds.

0
Find a general Taylor formula for f € D(A").
3. Let T be a contraction semigroup on the Banach space X with generator A. Prove that
IAFIZ < 4l A2F11- 11 £
holds for all f € D(A2).
4. Let T be a semigroup of type (M,0) on a Banach space X. For f € X define
£l = sup{IT ()] : £ > 0}.

Prove that the norms || - || and ||| - ||| are equivalent, and that T is contraction semigroup for the
new norm.

5. Let T be a semigroup on the Banach space X and let B € Z(X). Define
S(t) :=e'B.
Prove that the stability condition in the Lie-Trotter product formula, in Corollary 4.10, holds, i.e.
|@cscy

with appropriate constants M and w.

< Me*t forallt>0
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6. Let T be a semigroup with generator A. Prove that the Crank—Nicolson scheme is consistent
with the corresponding Cauchy problem on D(A).

7. Prove that the stability of a general finite difference scheme F' (from Definition 4.1) is equivalent
to each of the following conditions:

(i) There is tp > 0 and M > 0 such that

IE(h)"|| <M for all n € N, h > 0 with nh € [0, to].

(ii) For all tg > 0 there is M > 0 such that

IF(L)| <M forallte[0,to),neNandk=1,...,n.

8. Consider the Runge-Kutta methods based on

a) the Gaussian quadrature with one node

1/2 | 1/2
1

b) the Gaussian quadrature with two nodes
1/2 —/3/6 1/4 1/4—/3/6

1/2++/3/6 | 1/4+/3/6 1/4
| 1/2 1/2

c¢) the Radau ITA quadrature with two nodes
1/3 | 5/12 —1/12
1 | 3/4 1/4
| 3/4 1/4

Show the stablity of these methods when applied to
a) the heat equation presented in Section 1.1,

b) any abstract Cauchy problem
%u(t) = Au(t)
u(0) = ug
with diagonalisable operator A which has a discrete spectrum {); : i € N} with A\; <1 € R. Are
there any restrictions on the time step?



Lecture 5

Approximation of semigroups — Part 2

In Lectures 3 and 4 we learned about methods for approximating the solutions to the Cauchy

problem
u(t) = Au(t), t=0 (ACP)

provided that A is the gemerator of a semigroup T'. In this lecture we try to see the issue from a
different perspective: We do not suppose in advance that A is a generator, but approximate it via
operators A, which generate semigroups 1, on X. Then we hope that T, will converge to some
object, and it happens to be a semigroup, whose generator is A or at least coincides with A on a
large subspace.

In other words, our aim is to use approximation theorems to prove that a certain operator is
the generator of a strongly continuous semigroup of linear operators. This approximation idea for
showing well-posedness of (ACP) (i.e., existence of a semigroup generated by A) was already used
by Courant, Friedrichs and Lewy! (1928), and in innumerous publications ever since.

Recall that in the study of approximation methods for semigroups the convergence of resolvent
operators played an essential role. In Lecture 3 such issues were easily handled, again by the fact
that A was assumed to be a generator, in particular it had a resolvent. Now, this matter will more
complex and somewhat harder, so we begin with the investigation of convergence of resolvents, more
precisely, with the connection between the convergence of operators and convergence of resolvents.
Since the results are rather technical in nature, we suggest that on the first reading you should skip
the proofs and jump to Section 5.2.

5.1 Resolvent convergence

The next example shows that the limit of a convergent sequence of resolvents need not be the
resolvent of any operator.

Example 5.1. For a given Banach space X, consider the operators A,, := —nl. Then for A > 0 we
have that R(\, A,,) = )\J%nl converges to 0 in the operator norm as n — co. The limit is certainly

not a resolvent of any operator (if the Banach space is at least one-dimensional).

Under additional assumptions one can nevertheless ensure that the limit of resolvent operators is
again a resolvent of some operator. Before turning to such results, we need some further preparation.

Recall from Lecture 2, particularly from Proposition 2.10, that an operator A is closed if for each
sequence f, € D(A) such that f,, — f and Af, — g, we have g € D(A) and Af = g. Now, we call

'R. Courant, K. Friedrichs, H. Lewy, “Uber die partiellen Differenzengleichungen der mathematischen Physik,”
Math. Annalen 100 (1928), 32-74.
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an operator B closable if it has an extension? which is a closed operator. The next proposition
shows if B is closable, then it has a smallest closed extension, called the closure of B and denoted
byB.

Proposition 5.2. For an operator B with domain D(B) the following statements hold.
a) The assertions below are equivalent:

(i) Operator B is closable.
(ii) The closure of the graph of B

graph B := {(f,Bf): f€ D(B)} C X x X

(which is a closed subspace of X x X ) is the graph of an operator A, i.e., (f,q), (f,h) €
graph B implies g = h.

(iii) If f, € D(B) with f, — 0 and Bf, — g, then g = 0.
b) If B is closable, let A be the operator from a). Then A is the smallest closed extension of B.
c¢) Operator B is closable if and only if A — B is closable for A € R. We have A\ — B =\ — B.

d) If B has a continuous and injective left inverse C, then B is closable. Moreover, if B has dense
1

range, then C = B .
Proof. We prove d) only, the rest of the assertions is left to the reader as Exercise 1. Suppose
fn € D(B), fn — 0 and Bf, — g. Then f, = CBf,, so we obtain by continuity that C'g = 0. Since
C' is injective, g = 0, and by part a) B is closable.

Assume now that the range of B is dense and let us prove CBf = f for all f € D(B). Taking
f € D(B), there is a sequence f,, € D(B) with f,, — f and Bf, — Bf. From this we conclude

fn=CBf, — CBf,

i.e., f = CBf. This implies in particular that B is injective.

Next we show that ran(B) is closed. Suppose f, € D(B) with Bf, — g. Then f, = CBf, — Cg,
and we obtain Cg € D(B) and BCg = g since B is closed. It follows that g € ran B. To conclude
the proof we collect the properties of B: It has dense range by assumption, but as we have proved
its range is closed, so ran B = X. But B is also injective, hence B : D(B) — X is bijective, so by
Proposition 2.10, the operator B is continuously invertible, and of course we have C = B . O

The next proposition connects the convergence of operators to the convergence of their resolvents,
i.e., it is in the spirit of Lemma 3.13 from Lecture 3. Note, however, that in contrast to that lemma,
generally no equivalence between the two properties can be stated here.

Proposition 5.3. For everyn € N let A,, be a densely defined closed operator. Suppose that there
is X € Npen P(Ay) such that

IR\, Ap)|| < M for alln € N and for some M > 0.

Consider the following assertions:

*The operator A is an extension of B if D(B) C D(A) and A|p) = B.
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(i) There is a dense subspace D C X and a linear operator A : D — X such that (A — A)D s
dense in X . Furthermore, for all f € D there are f, € D(Ay) with

fm—=f and Anfn,— Af forn — oco.

(ii) The limit
RA)f = lim R(X Ap)f

exists for all f € X and defines a bounded linear operator with dense range.

Then (i) implies (ii). Under the additional assumption that R(X\) has a trivial kernel (ii) implies
(i). If (i) holds and ker R(\) = {0}, then A is closable, and R(\, A) = R()\).

Proof. Take f € D and set ¢ = (A — A)f. Then, by the assumptions, we find f, € D(A4,) with
fn— fand A, f, — Af for n — oco. Let

n ‘= (>\ - An)fna

then g, — g = (A — A)f as n — oo. We now show that the elements R(\, A,)g form a Cauchy
sequence in X. For n,m € N we have

RO\, An)g = RO\ An)g = BOSAn)(g = ga) + (RO A)gn = RO An)gan ) + RO\ An) (g = 9).
Since || R(\, Ay)|| < M for all n € N, the first and the last term converge to zero as n,m — oo. For
the middle term we have

RN Ap)gn — RN, A)gm = fo— fm — 0
as n, m — oo. Therefore, the limit

R(MN)g:= lim R(\ Ap)g

n—oo

exists for all g € (A — A)D. By Theorem 2.30 the limit exists for all g € (A — A)D = X, and we
have R(\) € Z(X), and (ii) is proved.

To prove (ii) = (i) suppose that R(X) is injective and let D := ran R()\), which is dense by
assumption. For f € D set g = R(\)"!f, and define f, = R(\, A,)g. Then we can write

(A - A) ( )g + AR()\ A n)g = AR(A, Am)g — (Am — M R(X, Am)g
= MR\ An)g = RO\ An)g),
which shows that (A4, f,) is a Cauchy in X. Therefore we can define the linear operator
Af := lim A,f, = lim A,R(\, A,)R(\)'f.
n—oo n—oo
For f € D we have f, — f with f,, defined above, so (i) is proved.

Suppose (i) is true, and that ker R(A\) = {0}. For f € D let f, — f with f, € D(A4,) and
Apnfn — Af. Then clearly we have

RA)N—-A)f = nh_%lo RN Ap) (M — Anfn) =

Since by assumption R()\) is injective, Proposition 5.2.c) implies that A is closable and R(\, A) =
R(N). 0
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We need to find extra conditions to be able to conclude that the operator obtained in (ii) of the
previous proposition is injective. The next statement is a first step in this direction.

Proposition 5.4. For eachn € N let A,, generate a semigroup of the same type (M,w) with w > 0.
Then the set

A= {/L cp>w, lim R(u, Ay) e:m'sts}
n—oo
is either empty or A = (w, 00).

Proof. We prove that set A is both open and relatively closed in (w, c0). Using that it is non-empty,
by connectedness of (w,00) we obtain the assertion.

First of all recall from Proposition 2.26 that

| R (1, An)¥| < holds for all k € N and p > w.

M
(1 —w)*
If 4 > w, then we have
R(i, Ap) = (1 — p)*R(p, Ap)*H!
k=0

with uniform and absolute convergence in operator norm for all g/ > 0 with |p/ — p] < §(p — w).
The convergence of this series is even uniform in n € N. For u € A and i/ as above, we prove that
i €A Let € >0 and f € X, then there is N € N such that

H i (1= 1) " R(p, An)’““H <e forallneNl.
k=N+1

Since by assumption R(u, A,,)f converges, so does R(u, A,,)* f. Hence there is ng € N such that

N N
HZ(# — W) R(u, A) =Y (0= 1) R(p, Am)HlH <e
k=0 =

whenever n, m > ng. Altogether we obtain
IR(1, An) f — R(1', Am) fI| < 3¢ for all n,m > ny.

This proves that R(u', A,)f converges, showing that A is open. Let p be an accumulation point of
A in (w,00). Then there is p/ € A with [u — p/| < £5=. Thus, by the arguments above, 1 belongs
to A, showing that A is closed. O

Now we can state the next fundamental result on convergence of resolvents of generators.

Proposition 5.5. Forn € N let A,, generate semigroups of type (M,w) with w > 0, such that for
some \ > w the limit

R\ f:= lim R\ Ap)f

n—oo

exists® for all f € X. If R(\) has dense range, then it is injective and equals the resolvent R(\, B)
of a densely defined operator B.

3In other words, R(\, A) = s — lim R(), A,,), meaning that the strong limit exists.
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Proof. By Proposition 5.4 we can define

R(p)f == lim R(u, Ap)f

n—oo

for all p > w and f € X. Clearly R(u) is then a bounded linear operator. Since for p, /' > w the
resolvent identity

R(p', Ap) = R(p, Ap) = (1 — ) R(p, An) R(1, Ap)
holds, by passing to the limit we obtain the equality

R(p) = R(p) = (p— p")R(w)R(p') = (n — ") R(1) R(p), (5.1)
or after rewriting
R(u') = R(w) (= 1) RG) + 1) = (0 = i) R(W) + ) R(p).

From this we can conclude the equalities ker R(p) = ker R(y/) and ran R(u) = ran R(p') for all
fhy ' > w.
By the definition of R(u) and since ||(p — w)R(p, An)|| < M we have

M
<
1RGN < =

for all p > w.

In particular R(x) — 0 in operator norm for p — oo and pR(p) is uniformly bounded for p > w.
From (5.1) it follows

pR()RN) f = ROA) [ — R(p) f + AR R(p) [
Hence
lim pR(p)RA)f = R(N)f.

=00

By assumption ran R(\) is dense, so we conclude by Theorem 2.30 the convergence
lim pR(p)g =g,
H—00

for all g € X. This also yields that R(u) is injective for all p > w.

To conclude the proof, we define B := A\ — R(\)~! with D(B) = ran R(\). Then B is a closed
and densely defined operator, with R(\, B) = R(\). O

We are now prepared for general approximation theorems, and begin with the commutative case.

5.2 Commuting approximations: Generation theorems

In many applications one encounters approximating operators that are bounded and commute. The
first result is a simple but rather important special case of a general approximation theorem, the
second Trotter—Kato theorem below.

Recall from Exercise 1 in Lecture 2 that the exponential function of a bounded linear operator
B € Z(X) defines a semigroup of type (1, || B]|) via

(e 9]

nBTL
Sty =B =S L2

|
0 n:
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Proposition 5.6. For n € N let A,, € Z(X) be bounded operators commuting with each other.
Suppose the following:

(i) There exist M > 1 and w € R such that

|e"|| < Me*' for allt >0, n € N.

(ii) There is a dense subset D C X such that

ILm Anf =: Af exists for all f € D.

(iii) The set (A — A)D is dense for some XA > w.

Then operator A is closable and A generates a strongly continuous semigroup T given by

T(t)f == lim e f

n—o0

forall f e X.

Proof. We first prove that the sequence (e*4n f) is convergent for all f € X. To this end, note that
for n,m € N we have A,, = A,, + (A, — A,). Using ideas already presented before, note that the

function
[0,] 2 s+ elt=5)AmgsAn ¢

is continuously differentiable for all f € X, and its derivative is given by
[0,8] 3 s =50 Am (4, — A,)esn f.

Using the fundamental theorem of calculus we can conclude that
¢ ¢
etAm f _ etAnf — /e(t_S)Am(Am —Ay)eMn fds = /e(t_s)AmeSA" (A, — Ap)fds,
0 0

where in the last step we used the commutativity assumption. As a consequence we obtain
le® 4 f — e fll < tMPe | A f — Anf -

This shows that for all f € D, the functions u,, : [0,00) — .Z(X) defined by u,(t) = e/ f form a
Cauchy sequence in each of the Banach spaces C([0, to]; X) for ¢9 > 0. Therefore we can define

T(t)f := lim etA"f,

n—o0

and the convergence is uniform on every interval [0, to] with ¢y > 0. From this convergence it follows
that the operator is linear with | T(t)f|| < Me“!||f| for all t > 0 and f € D. Hence T'(t) extends
to a bounded linear operator on X. The next properties are also consequences of the convergence
above:

1. We have T(0) = I and T'(t +s) = T(t)T(s) for all t,s > 0.

2. The function t — T'(t) f is continuous for all f € D.
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From Proposition 2.5.b) it follows that 7" is a strongly continuous semigroup on X.

Let us denote by B the generator of T. Our aim i to show that B = A. Since e!4" f converges
locally uniformly to T'(t) f, we conclude by the first Trotter—Kato theorem, Theorem 3.14 that

R(\B)f = lim R(\, Ap)f.

But Proposition 5.3 yields
RS = lim RO\, Ay)f,

where the range of R(\) is dense. By Proposition 5.5 the operator R()\) is injective and R(\) =
R(\, B), so again Proposition 5.3 implies R(\) = R(\, A). These yield R(\, B) = R(\, A), hence

A= B. O

The previous proposition provides some means for proving that a given operator A, or more
precisely its closure A, is a generator of some semigroup. Now suppose A is an operator for which
the implicit Euler scheme is defined (see Example 4.3). If A was a generator, then of course the

Euler scheme would be convergent. Let us look at if we can obtain the convergence without assuming
the generator property of A. We sketch one strategy how to do this. Fix ¢t > 0 and take

A= FAR(E, 4) = L(ER(}, A) — 1) € 2(X),

the Yosida approximants, where h = % Then Apf — Af for all f € D(A) as h N\, 0 (see
Proposition 4.8), and we immediately obtain the convergence of en to a semigroup T'. To show
the convergence of the implicit Euler method, it remains to estimate

o4 = (Rt ) o] = flrGmte0) s = (et ) |

To be able to do that we need the following general result, which is a straightforward generalisation
of a corresponding scalar statement.

Lemma 5.7. Let S € Z(X) be a power bounded operator, i.e., suppose ||S™| < M for all m € N
and some M > 0. Then

-

| < vaM|Sf - /] (52)
for everyn € N and f € X.

Proof. To prove that we only need some elementary calculus. Fix n € N and, by using the power
series representation of the exponential function, note that

oU(S=1) _ gn _ gn (enS —e"S") =" i TLk (Sk _ S"> . (5.3)
k=0 !
For k,n € Ny we have i
-1
D (S =8 if k>,
Sk —gm={i=n

(S"— Sy ifk < n.

™

By using ||S™]|| < M, we obtain

IS f = S" Il < In— k|- M -||Sf — fI.
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Substituteing this in (5.3) we obtain

>k

n — n —n n
le" =0 f — S| < e MSf = FI D rln =kl
k=0

By the Cauchy—Schwartz inequality we can estimate this further as

N

oS0 p — sm il < e mlisg = fIH{ o5 ) (D0 e -k
k=0 k=0

-n ny L ny L
=e "M|Sf — fli(e")2(ne")z = /nM|Sf — flI.
In the last line we used the identity

© Kk
Z%(n—k)2 =ne". 0
k=0

Before completing the “proof” of the convergence of the FEuler scheme, let us formulate a more
general product formula. The following important result is shown in the commuting case first, since
its proof relies on the second Trotter-Kato approximation theorem (at this point only available for
commuting approximations).

Proposition 5.8 (Commuting Chernoff Product Formula). Consider a function
F:]0,00) > Z(X)
with F(t)F(s) = F(s)F(t) for all t,s > 0 and F(0) = I. Suppose that for some w € R and M >0
|F@)"|| < Me*™  for alln €N, (5.4)
and that there exists D C X such that (A — A)D is dense for some A > 0 and

e F)f-f
Af = fim ==

exists for all f € D. Then the closure A of A generates a bounded strongly continuous semigroup
T which is given by
NERT £\
T(t)f = lim (F(3))"f

for all f € X. The convergence here is locally uniform in t.
Proof. By replacing F(t) with e “'F(t) and A with A —w we may suppose w = 0. For h > 0 define
F(h)—1

Ay = — € Z(X).
By assumption we have A, f — Af for all f € D as h \ 0. Furthermore, using that
tAn — R (FU)=I) _ o= f o h F(R),

we can estimate
o0

t"||F'(h)" =
HetAh” < e—% Z || ( ) H < Me—% Z
n=0

h"n!

n

hrnl

n=0
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This shows that the conditions of Proposition 5.6 are satisfied, meaning that A generates a strongly
continuous semigroup 71" given by
A
T(t)f = lim e #f = lim e"(F(%)_I)f,
n—oo n—o0
where the convergence is uniform for ¢ € (0, t], for every to > 0. By the assumption F(0) = I, we

obtain t
T@)f = lim "FG)=Dy

n—o0
uniformly on [0, ¢o].

On the other hand, by Lemma 5.7 we have for f € D

IE(E)f = fll = -4 S,

and hence M
| < VRMIF(L)f - £l = NG

as n — oo with locally uniform convergence in ¢. By assumption (5.4) we can apply Theorem 2.30
and conclude the proof (this last mentioned theorem does not explicitly yield the local uniform
convergence in ¢, to obtain that one needs a small twist, see Exercise 6). O

M — P

t
n

[Ae fll =0

Returning to the Euler scheme note that up to now we did not say a word about the stability,
which is certainly needed if we long for convergence.

Proposition 5.9. For an operator A the following assertions are equivalent:

(i) There exist constants M > 1 and w € R so that (w,00) C p(A) and

IR, A" < for all A\ > w and n € N. (5.5)

M
(A—w)m
(i1) There exist constants K > 1 and w’' > 0 so that (W', 00) C p(A) and

H(%R(%,A))kH < K" for all k € N and all h € (0, ) (5.6)

(in case ' = 0 the interval extends to o).

Proof. In both implications we use the substitution i = %. If (ii) is true, then we can write
[(AR(N, A)"|| < Kex.
and hence H(()\ — w’)R(/\,A))nH < Ke"wT (1 - %)n <K,

for all n € N and A > w’ meaning that (i) holds with w = w’ and M = K.
Suppose now that (i) holds. Then for all k¥ € N and A > max{0,w} we have

(AR, A))"|| < M < M5,

)\k
(A—w)*
So, in case w < 0, we can set ' := w, K := M and obtain (ii). Otherwise take w’ > w > 0 arbitrary.
Then for A > w’ we have

/
1 w 1
o k-

|(RO, 4) < M5 TF <0 S T

Hence, (ii) holds with the choice K = M e 5, O

E\‘g

>
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Operators satisfying (5.5) are called Hille-Yosida operators*. We see therefore that the stability
of the Euler scheme for A is equivalent to the fact that A is a Hille-Yosida operator.

Theorem 5.10 (Hille-Yosida). Suppose that A is densely defined Hille-Yosida operator. Then A
s the generator of a strongly continuous semigroup 1" given by the implicit Fuler method. More
precisely, for every tg > 0 and f € X we have

T(t)f = lim (2R(%,A)"f=lim (I-LtA)™"f

n—o0 t n—o0
with uniform convergence for t € [0, o).
Proof. Let w' > max{w,0}. As sketched above we apply Proposition 5.6 to the function
1 for h =0,
F(h):= 4 +R($,4) for h e (0,2),
W R(W', A) for h > L.

Stability follows from Proposition 5.9. Further, from the identity AR(\, A) — I = AR(\, A) we
conclude that

Fh)f—f

()h = +R(}, A)Af — Af for f € D(A).
Since for A > w we have (A — A)D(A) = X, all the conditions of Proposition 5.6 are satisfied, and
the proof is complete. O

5.3 General approximation theorems

We turn our attention to the general form of the approximation theorems presented in the previous
section and try to get rid of the commutation assumption.

Theorem 5.11 (Second Trotter-Kato Approximation Theorem). For n € N let A, generate the
semigroup T, and suppose that all T, have the same type (M,w). Then the following assertions
are equivalent:

(i) There is a densely defined linear operator A : D — X such that (A — A)D is dense for some
A > w. Moreover, for all f € D there is f, € D(A,) with

fm—=f and Anfn, — Af forn — oco.
(i) The limit
ROVS = lim RO\ Au)f

exists for all f € X and for some (and then for all) X\ > w. The operator R(\) has dense
range.

(iii) There is a semigroup T with generator B such that
T.t)f > T{t)f asn— oo

for all f € X locally uniformly in t.

4E. Hille, Functional Analysis and Semigroups, Amer. Math.Soc. Coll. Publ., vol. 31, Amer. Math. Soc., 1948.
and K. Yosida, On the differentiability and the representation of one-parameter semigroups of linear operators, J.
Math. Soc. Japan 1 (1948), 1521.
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Moreover, under these equivalent conditions, we have B = A, and R(\) = R(\, B) for all A > w.

Proof. By rescaling, i.e., by replacing T),(t) by e “!T},(t), we may suppose w = 0 (cf. Exercise C.3).
Proposition 5.3 yields the implication (i) = (ii), and since R(A) is injective by Proposition 5.5, we
obtain R(A) = R(A, A).

Suppose that in (ii) R(\) exists for some A > 0, then by Proposition 5.4 R(u) exists for all © > 0,
and by Proposition 5.5 R(u) are all injective. So Proposition 5.3 yields the implication (ii) = (i).
By Proposition 5.5 we have that R(\) = R(\, B) for a closed operator B, and we even obtain
R(p) = R(p, B) (why?). From this we infer

INTR(A)™| = []A"R(\, B)"| < M for all A > 0.

Hence by the Hille-Yosida theorem, Theorem 5.10 operator B generates a semigroup 7', and by the
first Trotter-Kato theorem, Theorem 3.14 we see R(A) = R(A, B). Hence (iii) is proved.

The implication (iii) = (i) follows from the first Trotter-Kato Theorem 3.14. 0

Now one can easily prove Chernoff’s theorem in the following general form. The proof is exactly
the same as for the commutative version, one only needs to apply the second Trotter—Kato theorem
from above.

Theorem 5.12 (Chernoff Product Formula). Let
F:]0,00) = Z(X)
be a function with F(0) = I such that for some w > 0 and M > 0 we have
IF@®)™| < Me*™  for allm € N, t > 0.

Suppose furthermore that there is D C X such that the limit

o FWf = f
A7 o= =

exists for all f € D, and that (\— A)D is dense for some X\ > w. Then the closure A of A generates
a strongly continuous semigroup T which is given by

T(t)f = lim (F(L)" f

n—0o0

for all f € X, and the convergence is uniform for t € [0,tg] for each ty > 0.

5.4 Exercises

1. Prove Proposition 5.2.

2. Prove the identity:

needed in Lemma 5.7.
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3. Prove that in Proposition 5.5 for A, > w one has R(\) = R(\, B) and R(u) = R(u, B) for the
same operator B.

4. Consider the Banach space X := ¢? and recall that for a sequence m C C the multiplication
operator corresponding to m is denoted by M;,. Now for n € N denote by 1¢; 5 ., the characteristic
sequence of the set {1,2,...,n}. For a given sequence m C C define m,, := m - 141,y and
A, = M,,, the corresponding multiplication operators. Check the various conditions of the second
Trotter-Kato theorem for this sequence of operators.

5. Let A be a generator of a semigroup 7" on the Banach space X, and let B € Z(X) be a
bounded linear operator. Prove by means of suitable approximations (and not using the Hille—
Yosida Theorem) that A + B with D(A + B) = D(A) is a generator of a semigroup.

6. Do the twist in the proof of Proposition 5.8. More precisely, prove that if F, F,, : [0,to] — Z(X)
are strongly continuous functions that are uniformly bounded, then the following assertions are
equivalent.

(i) Fn(t)xr — F(t)x uniformly on [0, o] as n — oo for each z € X.
(ii) Fy,(t)zr — F(t)z uniformly on [0,t] as n — oo for each x € D from a dense subspace D.

(iii) Fy(t)x — F(t)x uniformly on [0,%y] x K as n — oo for each compact set K C X.



Lecture 6

The Lumer—Phillips Theorem

In the previous lecture we saw the characterisation of generators of strongly continuous semigroups,
called Hille-Yosida theorem. Unfortunately, even in the case of relatively simple problems, it is
practically impossible to check all the properties listed: It is already difficult to estimate the operator
norm of the resolvent, let alone all powers of it. We also have to make sure that our operator is
closed, which also might be a painful task in particular situations.

In this lecture we study a class of operators, for which the above two difficulties may be remedied
in a satisfactory way.

6.1 Dissipative operators

Due to their importance, we now return to the study of contraction semigroups, i.e., semigroups
T where the semigroup operators are contractive, and look for a characterisation of their generator
that does not require explicit knowledge of the resolvent. The following is a key notion towards this
goal.

Definition 6.1. A linear operator A on a Banach space X is called dissipative if

1A =A)f = AllfIl (6.1)
for all A > 0 and f € D(A).

Note that it suffices to establish the validity of the inequality above only for unit vectors f € X,
IIf]l = 1. For f = 0 the inequality is trivial, for f # 0 one can normalise. Note also that we did
not require here the density of the domain or any other analytic properties of the operator. To
familiarise ourselves with dissipative operators we state some of their basic properties.

Proposition 6.2. For a dissipative operator A the following properties hold.

a) A — A is injective for all X\ > 0 and

_ 1
|~ 4] < + gl
for all g in the range ran(A — A) := (A — A)D(A).

b) X\ — A is surjective for some X > 0 if and only if it is surjective for each X > 0. In that case,
one has (0,00) C p(A).

c) A is closed if and only if the range ran(A — A) is closed for some (hence all) X > 0.

d) If ran(A) C D(A), e.g., if A is densely defined, then A is closable. Its closure A is again
dissipative and satisfies ran(A — A) = ran(\ — A) for all A > 0.

61
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Proof. a) is just a reformulation of estimate (6.1).

To show b) we assume that (Ao — A) is surjective for some Ay > 0. In combination with a), this
yields \g € p(A) and ||R(No, A)|| < %0 The series expansion for the resolvent

Z AO_ k‘R )\ A )k+l
k=0

yields (0,2Xo) C p(A). The dissipativity of A implies that

[R(A A)| <

> =

for 0 < A < 2\g. Proceeding in this way, we see that A — A is surjective for all A > 0, and therefore
(0,00) C p(A).

c¢) The operator A is closed if and only if A — A is closed for some (hence all) A > 0. This is again
equivalent to
(A= A)"t:ran(\A — A) — D(A)

being closed. By a) this operator is bounded. Hence, by the closed graph theorem, see Theorem
2.32, it is closed if and only if its domain, i.e., ran(A — A), is closed.

d) Take a sequence f, € D(A) satisfying f, — 0 and Af, — g. By Proposition 5.2.a) we have to
show that g = 0. The inequality (6.1) implies that

[AA = A) fr + (A = Aw|| = XA fn + v
for every w € D(A) and all A > 0. Passing to the limit as n — oo yields
=2 + (A — Aw| > Alw| and hence H—g w— waH > [|w]).

For A — oo we obtain that
| =g+ wl > [w]

and by choosing w from the domain D(A) arbitrarily close to g € ran(A), we see that
0= gl

Hence g = 0.

In order to verify that A is dissipative, take f € D(A). By definition of the closure of a linear
operator, there exists a sequence f, € D(A) satisfying f,, — f and Af,, — Af when n — oo. Since
A is dissipative and the norm is continuous, this implies that [[(A — A)f]| > || f]| for all A > 0.
Hence A is dissipative. Finally, observe that the range ran(\ — A) is dense in ran(\ — A). Since by
assertion c) ran(\ — A) is closed in X, we obtain the final assertion in d). O

From the resolvent estimate in the Hille-Yosida theorem, Theorem 5.10, it is evident that the
generator of a contraction semigroup satisfies the estimate (6.1), and hence is dissipative. On the
other hand, as we shall see in a moment, many operators can be shown directly to be dissipative
and densely defined. Therefore we reformulate Theorem 5.10 in such a way as to single out the
property that ensures that a densely defined, dissipative operator is a generator.

Theorem 6.3 (Lumer—Phillips). For a densely defined, dissipative operator A on a Banach space
X the following statements are equivalent:
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(i) The closure A of A generates a contraction semigroup.
(ii) The range ran(A — A) is dense in X for some (hence all) X > 0.

Proof. (i) = (ii) The Hille-Yosida theorem, Theorem 5.10, implies that ran(A — A) = X for all
A > 0. Since by Proposition 6.2.d) ran(\A — A) = ran(\ — A), we obtain (ii).

(ii) = (i) By the same argument, the denseness of the range ran(\ — A) implies that (A — A) is

surjective. Proposition 6.2.b) shows that (0,00) C p(A), and dissipativity of A implies the estimate

IR\ A < = for A > 0.

> =

This was required in Theorem 5.10 to assure that A generated a contraction semigroup. O

The above theorem gains its significance when viewed in the context of the abstract Cauchy
problem associated to an operator A.

Remark 6.4. Assume that the operator A is known to be closed, densely defined, and dissipative.
Then the Lumer—Phillips theorem, Theorem 6.3 yields the following fact:

In order to ensure that the (time dependent) initial value problem
u(t) = Au(t), u(0) = ug (ACP)
can be solved for all uy € D(A), it is sufficient to prove that the (stationary) resolvent equation
f-Af=g (RE)

has solutions for all g in some dense subset in the Banach space X. As an example recall the
treatment of the heat equation presented in Section 1.1. In many examples (RE) can be solved
explicitly while (ACP) cannot.

Let us investigate the question further how to decide whether an operator is dissipative. When
introducing dissipative operators, we had aimed for an easy (or at least more direct) way to cha-
racterising generators. Up to now, however, the only way to arrive at the norm inequality (6.1) was
by explicit computation of the resolvent and then deducing the norm estimate

[R(A, A < for A > 0.

> =

Fortunately, there is a simpler method that works particularly well in concrete function spaces
such as Co(€2) or LP(£2, u). Due to its importance and since this is the simplest case, we start with
the Hilbert space case.

Proposition 6.5. Let X be a Hilbert space. An operator A is dissipative if and only if for every
f € D(A) we have
Re(Af, f) <0. (6.2)

Note that in this theorem the important direction is that (6.2) implies dissipativity. Fortunately,
this is also easy to prove.
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Proof. Assume (6.2) is satisfied for f € D(A), || f|| = 1. Then we have

IAf = AfI =2 [(Af = Af, )]
> Re(\f — Af, ) > A

for all A > 0. This proves one of the implications.
To show the converse, we take f € D(A), ||f]| = 1, and assume that |[A\f — Af|| > X for all A > 0.
Consider the normalised elements
Af—Af

PN —Afl

Then for all A > 0 we have
A<M =Afll = (A = Af,gx) = ARe(f, gx) — Re(Af, g5).

By estimating one of the terms on right-hand side trivially we can conclude the following two
inequalities:

A < A — Re<Af7 g>\> and A < >\Re<f7 g)\> + ”Af”

are valid for each A > 0. These yield for A =n
1
Re{Af,gn) <0 and 1 ——[|Af]| < Re(f, gn).

Since the unit ball of a Hilbert space is weakly (sequentially) compact, we can take a weakly
convergent subsequence (gy, ) with weak limit g € H. Then we obtain

llgll <1, Re(Af,g) <0, and Re(f,g) > 1.
Combining these facts, it follows that g = f and that it satisfies (6.2). O

To introduce the general case we start with a Banach space X and its dual space X’. By the
Hahn-Banach theorem, see Theorem 6.16, for every f € X there exists ¢ € X’ such that

o(f) = (f.¢) = IFI” = llo|I?

holds. Hence, for every f € X the following set, called its duality set,

J(f) ={o € X" (f,0) = IfII* = I}, (6.3)
is nonempty. Such sets allow a new characterisation of dissipativity.

Proposition 6.6. An operator A is dissipative if and only if for every f € D(A) there exists
Jj(f) € J(f) such that

Re(Af, j(f)) < 0. (6.4)

If A is the generator of a strongly continuous contraction semigroup, then (6.4) holds for all f €

D(A) and arbitrary ¢ € J(f).
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Proof. Assume (6.4) is satisfied for f € D(A), ||f|| = 1, and some j(f) € J(f). Then (f,j(f)) =
17(f)II* =1 and

IAf = AFI = [N = AF 5D = Re(Af = Af,5(f)) = A

for all A > 0. This proves the important implication. The other implication is only included for the
sake of completeness, you may skip this part on the first reading.

To show the converse, we take f € D(A), ||f|| = 1, and assume that |[A\f — Af|| > A for all A > 0.
Choose ¢y € J(Af — Af) and consider the normalised elements

_ O
O = ol

Then, similarly to the proof of Proposition 6.5, the inequalities

AN = Af[l = (Af = Af,¥a) = ARe(f, ¥5) — Re(Af, ¢n)
< min {)‘ - R6<Af, ¢A>7 A]‘:{e<f7 ¢/\> + HAfH}

are valid for each A > 0. This yields for A =n
1
Re(Af,vn) <0 and 1— EHAJC” < Re(f,vn).

Let 1) be a weak™ accumulation point of (¢,), which exists by the Banach—Alaoglu theorem, see
Theorem 6.17. Then

[¥ <1, Re(Af,¢) <0, and Re(f,v) > 1.

Combining these facts, it follows that 1) belongs to J(f) and satisfies (6.4).

Finally, suppose that A generates a contraction semigroup 7" on X. Then, for every f € D(A) and
arbitrary ¢ € J(f), we have

Re(T'(h)f,¢) _ Re(f, ¢>>
h h

IT(R) I - gl HfHZ) <o.

Re(Af, ¢) = lim ( " h

<1 (
Jim, < lim sup

A\

This completes the proof. O

Remark 6.7. Note that the requirement in (6.4) can be relaxed in many applications to
Re(Af,j(f)) <w (6.5)

for some given w > 0. Operators with this property are called quasi-dissipative. Clearly, if A is
quasi-dissipative, then A — w is dissipative.

6.2 Examples

We continue here with a discussion of these new notions and results in concrete examples. We begin
with identifying the duality sets J(f) for some classical function spaces.
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Example 6.8. 1. Let Q be a locally compact Hausdorff space (for example an open or a closed
subset of RY). Consider

X :=Cy(Q) := {f : f is continuous and vansihes at inﬁnity}.

This is a Banach space with the supremum norm || - ||. For 0 # f € X, the set J(f) C X’
contains (multiples of) all point measures supported by those points sy € Q where |f| reaches
its maximum. More precisely,

{FGo) by : 50 € Q2 and |£(s0)| = | fllac | < I(f). (6.6)

2. Let (2,47, u) be a o-finite measure space, let p € [1,00) and X := LP(Q, .o/, u). Then X' =
LY(Q, o/, p), where % + % = 1. For 0 # f € X define

F(s) - If(s)P2- 27 if f(s
¢@%:{ﬂ)lﬂ)l I£I277 i f(s) #0, 67)

0 otherwise.

Then
peJ(f) CLIQ, o, p).

We note here without proof that for the reflexive LP spaces (i.e., for 1 < p < 00), as for every
Banach space with a strictly convex dual, the sets J(f) are singletons. Hence, for p € (1,00) one
has J(f) = {¢}, while for p = 1 every function ¢ € L*°(Q, o7, u) satisfying

[Dlloc <[[fllx and  @(s) [f(s)] = fs) I flln if f(s) #0

belongs to J(f), i.e., on the set {s € Q: f(s) = 0} we can give arbitrary values to ¢ as long as
they are smaller than ||f||;.

3. It is easy, but important, to determine J(f) in case of f € H, H a Hilbert space. After the
canonical identification of H with its dual H’, the duality set of f € H is

J(f) =A{r}-
Hence, a linear operator on H is dissipative if and only if
Re(Af, f) <0
for all f € D(A) in accordance with Proposition 6.5.

Let us list now some important operators where dissipativity can be tested. For simplicity, we
concentrate here only on the point how to test dissipativity.

Example 6.9. Consider the Laplace operator with Dirichlet boundary conditions from Section
1.1, i.e., we take X = L?(0,7) and consider the operator

42
(Af)(@) = f"(z) = 5 f(@)
with domain
D(A) = {f € L2(0,7) : f cont. differentiable on [0, 7],
f" exists a.e., f" e L2, f'(x) — f'(0) = [ f"(s)ds for z € [0, 7]
and £(0) = f(r) = o}.
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Clearly,

m m

(Af,f) = / £7(5)F(s) ds = — / ()T () ds = — |2 <0,

0 0
showing the dissipativity of A.
The previous example immediately gives rise to certain generalisations.

Example 6.10. Let A = M,, be a multiplication operator on ¢? with the sequence m = (my,).
Then A is dissipative if and only if Rem,, < 0 for all n € N.

Let us analyse now the second derivative in the space of continuous functions. We consider however
Neumann boundary conditions.

Example 6.11. Let us consider in X := C([0, 1]) the Laplace operator with Neumann boundary
conditions given by

Af=f", D(A):={feC*([0,1) : f(0)=f(1)=0}.

To show dissipativity, we use the description of J(f) from Example 6.8.1. Take f € D(A) and
so € [0, 1] such that |f(so)| = ||f]|. Then by (6.6) we have f(s0)ds, € J(f). Clearly, the real-valued
function

g(w) = Re (F(s0) f ()
takes its maximum at 2 = sg, meaning that if so € (0,1), then
Re( ", [(50)d0) = (Re fls0)f) " (s0) = 9" (s0) < 0.

If s = 0 or sp = 1, then the boundary condition f’(sp) = 0 implies ¢'(s9) = 0, and hence g”(sp) <0
also in these cases. Hence A is dissipative.

Example 6.12. Consider now the first derivative in various function spaces.
1. Let X = L?(R) and Af = f’ with
D(A) = CL{(R) := {f € C'(R) : the support of f is compact}.
Then
(Af.1) = / / ~{f.Af) = ~TAFT)

for f € D(A), showing that

(AL +(AL ) =0, e, (Af [f)€iR
This means that both A and —A are dissipative.

2. Turning our attention to the space of continuous functions, consider

X = C([0,1]) = {f € C([0,1]) : f(1) =0}
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and Af = f' with D(4) = {f € C([0,1])NX : f' € X}. Suppose [ takes its maximum at
s0 € [0,1]. Similarly to Example 6.11 define again the real-valued function

9(x) = Re (f(s0) ()

Then in case sg € (0, 1) it follows that

Re( ", 7(50)d0) = (Re f(50)) (50) = (s0) = 0.

Since by definition ¢’(1) = 0, we only have to check the case when sy = 0. But then clearly
d'(s0) < 0. Hence A is dissipative.

6.3 Perturbations

As an application, let us mention some basic perturbation results. The idea behind perturbation
theorems is always the same: We start with a generator A and assume that the operator B is “nice
enough”. Then A + B generates a semigroup. Let us clarify what “nice enough” could mean here.

As a warm-up, let us recall the results from Exercise 5.5.

Theorem 6.13. If A generates a semigroup T of type (M,w) and B € £ (X), then A+ B with
D(A+ B) = D(A) generates a semigroup S of type (M,w + || B||).

Proof. First we change to the operator to A — w and then use the renorming procedure presented
in Exercise C.4. Then we can assume without the loss of generality that A generates a semigroup
of type (1,0), i.e., a contraction semigroup.

As a next step, we show that the operator A + B has non-empty resolvent set. More precisely, if
A > 0, we can use the identity

A—A-B=(I-BR\A)N\-A), (6.8)

showing that if [|BR(\, A)|| < 1, then A € p(A + B) and

R(\ A+ B) = R(\ A) i (BR(\, A))". (6.9)
n=0

By assumption, A is a generator of a contraction semigroup, and hence A||R(X, A)|| < 1. Hence, if
A > ||B||, then A € p(A + B) and (6.9) holds.

We present here two strategies to continue.
a) Clearly, A+ B — || BJ| is dissipative, i.e.,

Re((A+ B)f,5(f)) = Re(Af, 5 (f)) + Re(Bf,5(f)) <O+ [[B - [[£]l - 7 (/)]

by the dissipativity of A and the boundedness of B. Since, A — (A+ B) is surjective for A > || B||,
we have by the Lumer—Phillips theorem, Theorem 6.3 that A+ B generates a semigroup of type
(L, |[BI))-

b) We may also use the results of Exercise C.5 and see that for A and B the conditions of Chernoff’s
theorem, Theorem 5.12 are satisfied. Hence, A + B generates a semigroup. See also Exercise
5.5. O
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Clearly, we can immediately extend the previous proof to some unbounded perturbations.

Theorem 6.14. Let A generate a contraction semigroup and let B be dissipative. Suppose D(A) C
D(B) and that there is a A > 0 with the property that BR(\, A) € Z(X) and

|IBR(X,A)|l < 1.
Then A+ B with domain D(A + B) = D(A) generates a contraction semigroup.

We close this lecture by the following example: Recall from Lecture 2 the Gaussian semigroup T’
on LP(R), where p € [1,00). For f € LP(R) we have

L [ pe " ay ite>o0
e ¢ i ,
vVt Y Y
R

(T f) (@) = (g: % [)(x) =

and T00)f := f.
The generator of 1" is the Laplace operator
Af=f". D(A)=W"(R).

The semigroup T' consists of contractions, or equivalently, A is dissipative (cf. Example 6.9). If
v € L*®(R), then the multiplication operator B = M, is bounded on LP(R). So by Theorem 6.13
the operator A + B with domain W?P?(R) generates a semigroup. However, we want to consider
not necessarily bounded multiplications operators, say we suppose v € LI(R) for some ¢ > 1. To
establish the estimate ||BR(A,A)|| < 1 we first need to make sure that the for f € LP(R) the
function v - R(\, A) f belongs to LP(R). To show that one may use Holder’s inequality:

[o- RO A) fllp < lollq - (1RO A) Fl (6.10)

where % = % + %, and here we have to suppose ¢ > p. This shows that we need to estimate the

operator norm of

R\ A) : LP(R) — L' (R).

To this end, recall from (the solution of) Exercise 2.9 that

1T fl < et 3G £, = ct % | £, forall £ > 0.

By using this estimation and by taking the Laplace transform of T'(¢)f (see Proposition 2.26.a))
we obtain the following estimate for the resolvent:

1RO Al < el £, / £ e N dt = o f,0(1— &) A% (6.11)
0

if 2—1(1 <1,ie.,ifg> % Now we are prepared for the following result:

Proposition 6.15. Consider the Laplace operator A with D(A) = W2P(R). Let ¢ > p and let
v € LYR) be a function with Rev < 0. Define B := M, the multiplication operator by v with
domain D(B) = LP(R) NL"(R) (where % =14 %) Then A + B with domain W?P(R) generates a
contraction semigroup.

Proof. We check the conditions of Theorem 6.14. The dissipativity of B follows from the assumption
on the range of v. The condition ||BR(A,A)|| < 1 for X large follows from inequalities (6.10) and
(6.11) and from the assumption that ¢ > p > % O
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6.4 Supplement

The Hahn—Banach Theorem

Let X be a Banach space. A linear functional ¢ : X — C is called bounded if there is a constant
such that

[N < M f] forall feX.

The set
X' = {(;5 : ¢ is a bounded linear functional on X}

of all bounded linear functionals is a linear space, and becomes a Banach space with the functional
norm

9] = sup [¢(a) = sup [{f.4)].

lIri<t llri<t

Here we used the convenient notation ¢(f) = (f, ¢). If ¢ € X’ then

[(f. ol < oIl - I£]

holds for all f € X. The space X' is called the dual space of X. That X’ is large enough for every
Banach space is highly non-trivial, and is actually the statement of the Hahn-Banach! theorem.
Note however that in specific examples the dual space can be determined.

Theorem 6.16 (Hahn-Banach). Let X be a Banach space, and let X' be its dual space. Then the
following assertions are true:

a) For f € X, f # 0 there is ¢ € X' with ¢(f) = ||f|| and ||¢|| = 1. Or, which is the same, for
every 0 # f € X there is ¢ € X' with ¢(f) = ||f||> = ||¢]*.

b) For f,g € X one has f = g if and only if (f,¢) = (g,¢) for all p € X'.

c) A subspaceY is dense in X if and only the zero functional is the only bounded linear functional
that vanishes on Y.

The Banach—Alaoglu Theorem
Let ¢,,¢ € X'. We call ¢, weak*-convergent to ¢ if for all f € X

(f,on — @) — 0 holds as n — oc.

The functional ¢ is called the weak*-limit of the sequence, and if exists, then it is obviously unique.
We call ¢ a weak*-accumulation point of the sequence (¢,,) if for all f € X and € > 0 there is a
subsequence (¢, ) with

[(fsén, — )| <e forall keN.

Obviously, if (¢,,) has a weak*-convergent subsequence ¢, then ¢ is an accumulation point of the
sequence. The converse implication is in general not true. The next rather weak formulation of a
central result from functional analysis suffices for our purposes.

'H. Hahn: Uber lineare Gleichungssysteme in linearen R&umen. Journal fiir die reine und angewandte Mathematik
157 (1927), 214-229. and S. Banach: Sur les fonctionelles linéaires. In: Studia Mathematica 1 (1929), 211-216.
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Theorem 6.17 (Banach-Alaoglu?). Let X be a Banach space and consider its dual space. Let
Bi={¢peX :|¢] <1} CX

be the unit ball in X'. Then every sequence (¢,) C B’ has a weak*-accumulation point in B'. If X
is reflexive or separable, then every sequence (¢,) C B’ has a weak®-convergent subsequence with
limit in B’.

6.5 Exercises

1. Let Q = (0,7) x (0,7) and define on L?(f2) the operator A as
Af =Af, D(A):={f e C*Q) : the support of f is compact} .
Show that A is dissipative and its closure generates a contraction semigroup.

2. Let X =C[-1,0)and 0 < 7y < 72 < ... < 7, = 1. Consider the operator Af := f" with

n
D(A) == {f € Cl[=1,0] = f'(0) = Zcz’f(—ﬂ')}7
i=1
where ¢; € C, i = 1,...,n. This operator plays an important role in the theory of delay differential

equations. Show that A is quasi-dissipative.

3. Give a necessary and sufficient condition on m :  — C such that the multiplication operator
M,, is dissipative (with maximal domain) in LP((2).

4. Suppose that A generates a contraction semigroup and B : D(B) — X satisfies D(A) C D(B)
and has the following property: There is a € [0, %) and b > 0 such that

|Bx|| < a||Az|| + bljz|| for all z € D(A).
Prove that for large A > 0 one has | BR(\, A)|| < 1.

5. Let X = Co(R) and Af = f” + f' with D(A) = {f € C3(R)N X : f”+ f' € X}. Show that it
generates a contraction semigroup.

L. Alaoglu, Weak topologies of normed linear spaces. Ann. Math. 41 (1940), 252-267.



Lecture 7

Complex Powers of Closed Operators

Having finished with the theoretical questions on well-posedness of evolution equations, we now
turn our attention on technical matters which will be extremely important in proving convergence
rates for various discretisation procedures. Note that in Lectures 3 and 4 the existence of Banach
space Y invariant under some given semigroup T" was of enormous importance. Our aim in this
lecture is to arm you with important examples for such spaces. As a warm up, let us first summarise
the results of Exercise 4.1.

Proposition 7.1. Let A be the generator of a semigroup of type (M,w) in the Banach space X,
and consider the space X,, = D(A™) with the graph norm which we denote by || - || an.

a) Forn € N and f € D(A") define || fllln == [[fI| + [AfIl + -+ A" fIl. Then ||| - [ln and || - || .a»

are equivalent norms.

b) The spaces X,, are Banach spaces and are invariant under the semigroup T. If we set T, (t) :=
T(t)|x,,, then T,, is a semigroup of type (M,w) on X,.

For applications these spaces are quite often too small and some intermediate spaces are needed.
The purpose of this lecture is to find some possible candidates for such invariant subspaces that fit
well in the scale of D(A™), n=1,2,....

To motivate this a bit further, let us consider the next example:
Example 7.2. Recall from Lecture 1 the multiplication operator M on ¢% by the sequence —n?2,
which corresponds to the Dirichlet Laplacian on [0, 7] after diagonalisation (more precisely after

applying the spectral theorem for selfadjoint operators)
D(M) = {(zn) € £*: (n*zyn) € *} and M(x,) = (—n’zy,).
For o« > 0 define

D((—M)*) = {(zy) € 7 : (n**zy,) € } and (—M)*(zy) = (n**zy).

(The minus sign here is only a matter of convention.) It is not hard to see that (—M)® is a closed

operator, hence D((—M)%) is a Banach space with the graph norm. Equally easy is to see that
(—M)¥ is indeed the k" power of (—M) for k € N, and that the semigroup 7 defined by

T(t)(2,) = (" ay,) € £2

leaves this space invariant (much more(!) is true). Hence the spaces D((—M)®) fulfill the require-
ments formulated above.

Thus we set out for the quest for fractional powers of closed operators. For the purposes of this
lecture we shall leave semigroups (almost completely) behind, and develop some beautiful operator
theoretic notions.

73
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7.1 Complex powers with negative real part

We want to define complex powers of operators A, i.e., we want to plug in A into the function
F(z) = x* where z € C is fixed. This means that we want to develop a functional calculus for
this particular function F' and for some reasonable class of operators. To be able to do that we
shall need the complex power functions defined on the complex plane. Let log : C\ (—o0,0] — C
be the principal branch of the logarithm, i.e., log(\) = log|A| + iarg(\), where we have fixed
the function arg with values in (—, 7). Since log is holomorphic, we can define the holomorphic
function A = \* = %) on C\ (—o0, 0] for any given z € C. Now the basic idea comes from
Cauchy’s integral theorem for this particular situation:

z __ >\Z
a 7?{)\—ad)\

where we integrate along a curve that passes around a € (—o0, 0] in the positive direction and avoids
the negative real axis. Therefore, by analogy, or motivated by multiplication operators (cf. Exercise
2) we have to give meaning to expressions like

f MR, A) dA.

Of course the curve that we are integrating over has to lie in the resolvent set of A and pass
around the spectrum of o(A) in the positive direction. Two difficulties arise here immediately: the
spectrum may be unbounded, hence the integration curve has to be unbounded (and anyway the
term “passing around” does not make sense any more), and convergence issues for the integral have
to be taken care of. This section includes a fair amount of technicalities, but the single idea has
been explained above. The next assumption tackles both mentioned difficulties as we shall shortly
see.

Assumption 7.3. Suppose for A : D(A) — X one has (—o0,0] C p(A) and

IR(A, A)|| < for all A <0 and some M > 0.

1+ ||

All operators' A occurring in this section will be assumed to have the property above. The next
is an important example for such operators, leading back for a moment to semigroups.

Example 7.4. If A generates a strongly continuous semigroup of type (M’,w) with w < 0, then,
as consequence of (2.2) in Proposition 2.26, we see that for A > 0

M M’

< .
A—w ~ A+1

1R A)|| <

Hence —A satisfies the above estimate in Assumption 7.3 for some M’.

The next fundamental result shows that although only (—o0,0] C p(A) was assumed, one gains
a sector around the negative real axis, where the resolvent can be estimated satisfactorily well.

'Some authors use the names sectorial operator or positive operator for objects having this property. We decided
not to give them a name.
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Proposition 7.5. Suppose A is as in Assumption 7.3. Then there is 6y € (5, ) and ro > 0 such
that the set
A:={z€eC:|arg(z)| € (o, ]} U{z € C: |z| <o} C p(A)

belongs to the resolvent set of A. Moreover, there is My > 0 so that for every A € A one has

(7.1)

Figure 7.1: The resolvent set of A and the set A

Proof. First of all note that for some 79 > 0 the closed ball B(0, () is contained in p(A), since p(A)
is open. So on this ball the resolvent is bounded. On the other hand, we have p € p(A) and

Z )\ ,U' k:R A A)k+1
k=0

whenever [u — A < ||[R(A\, 4)|| 71, ie., the open ball B(\, —$%) is contained in p(A). From this the
first assertion follows for y = 7 — arctan( ). If [arg A| € (6o, 7], then

k M* k M*
R < E R E m
1B, A - 0| en = (14 |Rep|)k+1 | T gl (14 |Rep|)k+1

M, Mo

< < . O
T 1+ |Rep| = 1+ |yl

Remark 7.6. The next two estimates will be crucial for proving convergence of some integrals and
for estimating them:

1. By the proposition above we have

My

1RO Al < 737

for all A € A, || > rg > 0,

and

|IR(AA)|| < My forall A€ A, A <.
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2. For A € C\ (—o00,0] we have

’)\z’ — |)\‘Rezeflmz»arg()\) < |/\|Reze7r|lmz\ — M2|)\|Rez

for every fixed z. In particular for Re z < 0, we have a decay as |\| = oo.

We shall often use these estimates without further mentioning. Next we turn our attention to
integration paths. To abbreviate a little we shall call a piecewise continuously differentiable path
admissible if it belongs to A and goes from ooe'? to coe ™ for some 6§ € (6o, 7). Important examples
for admissible curves are given by the following parametrisations:

Example 7.7. let 6 € (6, 7) and let y1(s) = se? 4+ a and let y2(s) = se™ 4+ a, s € [0,00). For
a > 0 sufficiently small the curve v = —v; + 72 is admissible.

Figure 7.2: An admissible curve

Here is the first result giving meaning to the expression we sought for.

Lemma 7.8. For v an admissible curve and z € C with Rez < 0 the complex path integral

1

— [ N*R()\, A X

5 [ NYROLA) dh e 2(X)
]

converges in operator norm locally uniformly in {z : Rez < 0}, and is independent of ~.
Proof. The integrand is holomorphic, and since

M‘)\|Rezeﬂ\ Im z|

MR\ A)| <
RO A < =2

(7.2)

holds, it follows that the integral is absolutely and locally uniformly convergent.

The independence of the integral from -~ follows from Cauchy’s integral theorem and from the
estimate above. O

The next result shows that our new definition for the power would be consistent with the usual
one.

Proposition 7.9. Forn € N and z = —n we have
1
A*=A"=— [ AT"R(\,A) dA.
27ri/ (A 4)

v
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Proof. We may assume that ~ is an admissible curve of the form given in Example 7.7. Let us
consider the part of v inside of B(0,r) that we close on the left by a circle arc around 0 of radius
r. Hence we obtain the closed curve ~,. The residue theorem applied to

[ee] oo
nR)\A :Z )\kn ) k+1:_z/\kan7k+1
k=0 k=0
yields
1
— [ AT"R(NA)AA=AT"
27Ti R( ) ) Y
Yr

since 7, is negatively oriented. If we let » — oo we obtain the assertion by the estimate in (7.2). O
Now we can create a definition out of what we have seen.
Definition 7.10. For z € C with Re z < 0 define the operator

Z o __ i 4
A7 = o= [ XR(\,A) dA. (7.3)
vy

We call A% the power of A.
As one might have expected we have the following algebraic property.

Proposition 7.11. For z,w € C with Re z, Rew < 0 we have
AFAY = A7,

Proof. Take two admissible curves v and 4 such that v lies to the left of 4. Then we have

1 1
AZ — z w o __ w
= 727Ti/)\ R(A\A)dN and A% = 727ri/'u R(p, A)d
v ¥

We calculate the product of the two powers

1
AZA'LU —
(27i)?

AU R AR A) A = / / AE(R(u, A) — R(MA)) dXdu

by the resolvent identity. We can continue by Fubini’s theorem

1 w 1
271'1 21/)\ dA dp _7/R/\A27

/ P R(p, A) dp — 0 = AT,

where we also used Cauchy’s integral theorem. |

Before turning to the full definition including positive fractional powers we study the properties
of A% as a function of z € {w : Rew < 0}.
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Proposition 7.12. The mapping
{w:Rew <0} 3z A% € L(X)
is holomorphic.

Proof. Since the integrand in (7.3) is holomorphic and since the integral is locally uniformly
convergent in {w : Rew < 0} (see Lemma 7.8), the assertion follows immediately. O

The next result provides important formulas in which the path integral is replaced by integration
on the real line. To ensure convergence at 0 we need to have a condition on the exponent.

Proposition 7.13. For z € C with —1 < Rez < 0 we have

A* = sin(r2) /szR(fs,A) ds = _sin(r /s ds. (7.4)
0 0

™

Proof. Choose the admissible curve v as in Example 7.7. Then

1
A= — [ M*R(\A) dA
27r1
/ sel? +a)? ¥4 a,A)e? ds + — / “R(se™ 4 a, A)e 9 ds
2mi
0 0
17 ‘ . I ‘ ,
/ 19(”1 (s 4+ ae")?*R(se'? +a, A) ds + o /6719(”1)(8 + %) R(se™ + a, A) ds.
i
0 0
If we let a — 0 and 6  m, then we obtain
1 o0 . oo . o0
— _./em(Z-l-l)SzR(_ / —im(z+1) ZR S,A) ds = Sln(ﬂ'Z) /SZR(—S,A) ds.
271 T
0 0 0

This passage to the limit is allowed, since we can estimate the integrand

SRe z

i0(z+1) —i6 R i0 Ml < K
0 (s 4 ac) (s + a, A)| < K5

which is integrable near s = 0 since Rez > —1 and is integrable near co since Re z < 0. Hence we
can apply Lebesgue’s dominated convergence theorem. O

A trivial consequence of this theorem is the identity

o0
sm s¢
7.5
/s+a ( )
0

for a € (—1,0). This is one of the scalar identities motivating the formulas behind fractional powers
of operators.
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Proposition 7.14. For a € C with Rea € (—1,0) we have

4% < M | sin(ma)|
~ sin(rRea)’

In particular, the mapping
(—1,0) > a— AY € Z(X)

is uniformly bounded.

Proof. We use the representation (7.4) from Proposition 7.13. For o € (—1,0) we have

o0 o0
HAal_HSIH T /S 57A)dsH §|Sin(7ra)|/SRcaMd$:M!Sin(7rC¥)|7
™ 1+s sin(r Re @)
0
by identity (7.5). For real a0 the assertion follows from this trivially. O

Corollary 7.15. If A is densely defined, then T(t) := A, t > 0 and T(0) = I defines a strongly
continuous semigroup.

Proof. The mapping T has the semigroup property by Proposition 7.11. Since T : [0,1] — £ (X)) is
bounded by Proposition 7.14, it suffices to check the strong continuity at 0 on the dense subspace
D(A) (see Proposition 2.5). For t € (0,1) and f € D(A) we have by Proposition 7.13 and by
identity (7.5) for a = 1 that

Alff sinfrﬂt) /S—t(R(fs, — R(-s,1)) ds _ sin(r /1S+8 —s, A)(I — A)f ds.
0 0

From this it follows

o o

—t
[ S IRCs = Ay as < = [ sz g
0

0

sin(mt)

AT f = fl <M
which converges to 0 as ¢ N\, 0. O

7.2 Complex powers

We expect that A% = (A7%)~! should hold, so A% should be injective. The first result tells that this
intuition—unlike many others concerning complex powers—is true.
Proposition 7.16. For z € C with Re z < 0 the operator A* is injective.
Proof. Let n € N be such that —n < Re z and take w := —n — z. Then we have
AFAY = AYAR = A7TW = A7,

By Proposition 7.9, the operator A~" is the n'® power of the inverse A~ of A so it is injective,
hence so are A% and A". i

The result above allows us to formulate the next definition.
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Definition 7.17. Let z € C. If Re z < 0, then the operator A* is defined in (7.3). If Re z > 0, then
we set
D(A?) :=ran(A™?) and A®:= (A7),

which exists by Proposition 7.16. If Re z = 0, then we define
D(A*) :={feX: A" 'fe D(A)} and A*f:=AA"'f.
In particular, we set A° = I. The operator A? is called the complex power of A.
First, we study algebraic properties of the complex powers AZ.
Proposition 7.18. a) For z € C with Rez < —n, n € N we have that

ran(A*) C D(A™) and A"A*f = A"t f forall f € X.
b) For z € C with Rez <0, f € D(A™), n € N we have
A*f e D(A™) and A*A"f = A"A*f.
¢) For z € C with 0 < Rez < n we have
DA*)={feX :A"fe DA™} and A*f=A"A*"f

Proof. a) We first prove the assertion for n = 1 and assume Re(z) < —1. Let v be an admissible
curve. Since

||)\ZAR(/\,A)|| — H)\Z()\R(/\,A) o I)H < (MO + ]_)|/\|Rezeﬂ'|Imz\7

and since A*AR(\, A) is bounded on compact parts of 7, we see that the integral A* converges in
the norm of Z (X, D(A)). Since A is closed we obtain
z 1 z+1 1 z
AA* = — [ ¥ R\ A)dA— — [ A dA.
27 271
¥ ¥

By closing v on the right by large circle arc of radius r > 0 and by letting » — 0o, we see that
integral on the right hand side is 0 by Cauchy’s integral theorem. Hence the assertion follows.

For general n € N we can argue inductively. Indeed, let n € N, n > 2, and let z € C be with
Rez < —n. Then Re(z + 1) < —(n — 1), hence ran(A4*t!) C D(A"1) and A" 1A*FLf = Ant=f
follows for f € X by the induction hypothesis. We already proved A*t! = AA*. From these the
assertion follows.

b) Since R(A, A) and A™ commute on D(A™), it follows that A* and A™ commute on D(A™). This
implies the assertion.

c) If Rez > 0, then D(A*) = ran(A~*). By Proposition 7.11 we have A™" = A ?A* ™. Hence
f eran(A™?) if and only if A*™"f € ran(A™") = D(A") and the asserted equality follows. Suppose
Re z = 0, and notice that the assertion is true for n = 1 by the definition of A*. Forn € N, n > 2

we have
AP — Al_nAZ_l.

This implies that A*~"f € D(A") if and only if A*~! € D(A). O

The next result is the extension of the “semigroup property” from Proposition 7.11.
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Proposition 7.19. For z,w € C with Re z < Rew the following assertions are true:
a) One has D(AY) C D(A?) and A*f = A*"YAY f for all f € D(AY)

b) For every f € D(AY) we have A*f € D(AY™?) and AV f = AV 2A*f.

c) If f € D(A?) and A*f € D(AY™?), then f € D(AY).

Proof. a) Let n € N satisfy n > Rew, and let f € D(AY), then by Proposition 7.18.c) we have
A¥=nf € D(A™). Proposition 7.11 yields A~ f = A*~ WA~ f ¢ D(A"™), so actually again by
Proposition 7.18.c) we conclude z € D(A?).

b) Let f € D(A™) and let n € N satisfy n > Rew and n > Rew — Re z. Then we can write
A—n—i—w—zAwf — A—n+w—zAz—wAwf —_ A_nAwf,
hence by Proposition 7.18.c) we obtain A* € D(A"~?) and AV ?A*f = A" f.

c) Take f € D(A?) such that A*f € D(A"*). Let n € N satisfy n > Rew and n > Rew — Re z.
Proposition 7.11 yields

AU}—QTLf — Aw—’I’L—ZAZ—nf — A’LU—TL—ZA—"AZf — A—TLAU)—Z—TLAZJ('.

By Proposition 7.18.c) the right-hand side belongs to D(A?"), so again this proposition gives
f € D(AY). The equality

Awf _ A2nAw—2nf _ AZnA—nAw—z—nAZf — Aw—zAZf

also follows. O

7.3 Domain embeddings
As mentioned in the introduction, our main interest in powers of operators lies in the excellent
properties of their domains. Hence, we turn to study various norms on D(A?) for Rez > 0.
Proposition 7.20. a) For z € C the operator A* is closed.
b) For Rez > 0 the graph norm of A* is equivalent to

[fl[az :=[[AZfIl for all f € D(A%).

¢) For z,w € C with 0 < Rez < Rew the embedding
D(AY) — D(A?)
18 continuous.

Proof. a) If Re(z) # 0, either A* or A™% is bounded, hence both of them are closed. If Re(z) = 0,
then A* = AA*~! where A*~! is bounded. By Exercise 1 the product is closed.

b) Since A® has bounded inverse A=*, we have || f|| < ||A™?| - ||A*f||. From this it follows that the
graph norm is equivalent to || - || 4=.

c¢) By Proposition 7.19.a) we have D(A") C D(A?) and
ATTYAYf = A% f for all f € D(AY),
hence [|A®|[ < [lA=7] - [[A™]]. 0
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To be able to relate the various norms || - || 4« more precisely, we need the next alternative formula
for complex powers.

Proposition 7.21 (Balakrishnan’s formula). For a € C with 0 < Rea < 1 we have

sin(ma

ACf = Sin(:a)A/sal(s+A)1f ds = )A/so‘l(s—i—A)lf ds for all f € D(A).
0 0

Proof. Since —1 < Rea — 1 < 0 we obtain from (7.4) in Proposition 7.13

sm

AL p = /sa s+ A)7Lf ds. (7.6)
0
Since s* (s + A)~1f € D(A) for every s > 0 and since

o0

/safl(s +A)7TAf ds

0

is a convergent improper integral, the closedness of A implies that the right-hand side in (7.6)
belongs to D(A) and that

AAa_lf_Sm(mA/sa_l(erA)_lfds—sm /s (s + A)"TAf ds.
™
0 0
By Proposition 7.19.a) we have A%f = AA“~1f hence the statement is proved. O

Remark 7.22. The above proof can be modified to yield the following more general statement:
For a, p € C with 0 < Rear < Re 5 < 1 we have

A — sntr(a a))/ 085+ A)1APf ds = M/ Bls+ A)APF (T.T)

for all f € D(AP)
We can make use of this representation to obtain finer relations between the || - || 4« norms.

Proposition 7.23. For o, € C with 0 < Rea < Re 8 < 1 there is Ky > 0 such that the following
assertions holds:

a) For all f € D(AP)

1A FI < Ko (theaRe | f|| - afe BT AT F|) - for all t > 0. (7.8)

b) For all f € D(AP)
1A% f|| < 2K | fIRe PR A7 p|1 - (Ref-Rea), (7.9)
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Proof. For f € D(AP) we have by Remark 7.22 that

t 00
A | < Ll ( / 5% A% (s + )7 - 111 ds + / 5P (s + )7 - 147 ] ds)
0 t

t o)
< '“M(/ |52 AP AGs + A) - | £]] ds + / 5225+ A4) 71 -1 A% ) ds)
0 t
t " 00 I
| sin(m(8—a))] B—1 Rea—Ref 8 Rea—Ref 8

< 2T U1

< =l (gt [ reastien (1 B Y as g 4 [ steetes 2L asals) )

0 t

< Lenta(Boall(Rea—Red+i(1 4 a1)|| AP - | ] + MeRee—ReR| 4% )

< KO(tReoszeﬂ+1||fH _i_tReafReBHA,BfH)'

This proves assertion a).

For f =0 the desired inequality (7.9) is trivial. For f # 0 set t = Hﬁ;‘{ l'in the inequality above to

conclude

|A®fI| < 20|| || FmRee| A% p |- (RePmRee), O

Remark 7.24. The proof above works whenever A%~ is bounded, for example also for 8 = 1. In
particular, we obtain for « € [0, 1]

1A f]| < K| FI [ Af|* for all f € D(A), (7.10)
the limiting cases @ = 0 and o = 1 being trivial.

With some more work one can prove the following general version of interpolation type inequalities,
which we mention here without proof.

Theorem 7.25 (Moment inequality). For a < <~y there is K > 0 such that
=8 B-a
4% F|| < KHAO‘fH:—a -[JAY fl[7== holds for all f € D(AY).

Corollary 7.26. Let « € (0,1] and let B be a closed operator such that D(B) O D(A®). Then the
following assertions are true:

a) There is a K > 0 such that

IBfI < K[A®fI - for all f € D(A?).

b) There is Ko > 0 such that

IBFf|| < Ko(s“||f|| + s* '||Af|]) holds for all s >0 and f € D(A®).

Proof. a) Since by Exercise 1 the operator BA™® is closed, and since it is by assumption everywhere
defined, it is bounded by the closed graph theorem, see Theorem 2.32. Boundedness of BA™ means
precisely the assertion.

b) The assertion follows from part a) and Proposition 7.23.a). O
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After having seen the fine structure of the embeddings of domains of complex powers, let us close
this lecture by returning to the motivating question. To which the last result gives one possible
answer.

Proposition 7.27. Let A generate a semigroup T of type (M,w) with w < 0 and consider the
powers (—A)? for Rez > 0. The domain D((—A)?) is invariant under the semigroup T. The
restriction of T to this subspace is a strongly continuous semigroup of bounded linear operators for
the norm || - ||~ ay=- The type of this semigroup is (M,w).

Proof. Since the bounded operator (—A)™* commutes with —R(—\,—A) = R()\, A), as a conse-
quence of the convergence of the implicit Euler scheme(see Theorem 5.10), we obtain that (—A4)*
commutes with the semigroup operators T'(¢). This implies that ran((—A)~%) = D((—A)?) is inva-
riant under the semigroup. Moreover, we have

AT < ITON - 11411,

so T'(t) € Z(D((—A)?)). The strong continuity follows from

(T (#) = Dfll—a- = (AT = DI = 1T (A f = (Al o

Exercises

1. Suppose A: D(A) — X is closed and B € .Z(X) is bounded.
a) Prove that the product AB with
D(AB) = {f € X : Bz € D(A)}.
is closed.
b) Give an example for A and B such that BA with D(BA) = D(A) is not closed.

2. Let m = (m,,) C C be a sequence. Give a sufficient and necessary condition on m so that the
multiplication operator M, fulfills Assumption 7.3. Determine in that case the powers of M,,.

3. Prove that for t € R and f € D(A™) we have A'f € D(A7) and A~ Al f = f.
4. Prove the identity (7.7) in Remark 7.22.

5. Suppose A is densely defined, and take z € C with Rez < 0. Prove that T'(t) := A*, ¢t > 0 and
T(0) = I defines a strongly continuous semigroup.

6. Assume we have proved assertion b) in Proposition 7.23. Deduce part a) from that.
7. Let o € (0,1). Prove that for all A > 0 sufficiently large we have

[AR(=X\, A)|| < 1.
Compare this to Exercise 6.5.

8. Prove what has been remaining from Proposition 7.1.



Lecture 8

Intermediate Spaces

In the present lecture we give some further examples of spaces lying in the original Banach space X
and being invariant under a given semigroup 71" semigroup. As a motivation let us first reconsider
the convergence of the finite difference scheme from Example 3.7.

Example 8.1. Let
X:={feC(0,1]): f(1) =0} = Cy([0,1]) and X, =C",
both with the respective maximum norm, and introduce the operators

(Puf)r = f(5), k=0,...,n—1,

n—1
and Jn(yOa"'aynfl) = Zkan,k(m)
k=0

Recall that the operator
Af = f with D(A):={feC([0,1]): f(1) =0, f(1) =0}

is the generator of the nilpotent left shift semigroup on X, and is to be approximated by an
appropriate sequence A,,. For y = (yo,...,Yn—1) € Xn, we define

(Any)k i =n(ygsr —yg) for k=0,...,n—2 and (A,Y)n-1:= —NYn—1,

being the standard first-order finite difference scheme. Suppose now that f € C»%([0,1]) for 0 <
a < 1, ie, we assume that f’ is a-Holder continuous, see also Example 8.16 below. By handling
the real and imaginary parts of f separately, we may assume that f is real and we see that

k+1y _ prk
(AnPuf = PaAfy] = |LE2 W) il i — i),

n
This means that there is a constant C' = C(f) > 0 so that

1A4.P.f — Poaf] < &
nO(

holds for all n € N. So the approximation has “order” « € (0, 1]. Summarising, though we relaxed
the smoothness condition on f, we still get a convergence estimate.

As this example shows, there is another possibility to find an appropriate intermediate space bet-
ween X and X than taking the fractional powers: Instead of D(A) let us consider the spaces where
the semigroup is not necessarily differentiable but only Holder continuous. The aim of this lecture
is to explore this possibility.

85
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8.1 Favard spaces

We start with the basic definitions.

Definition 8.2. Let T be a semigroup of type (M,w) with w < 0 and let « € (0, 1]. The space
Fo={feX: igg Ht%(T(t)f = )|l < oo}

with the norm | fllF, == ?UE) Htia(T(t)f - f)”
>

is called the Favard space of order « (of the semigroup T').

Although we usually do not record it in notation, the Favard space does depend on the semigroup.
In most cases it should be always clear from the context Which semigroup is actually meant.
However, we shall occasionally write Fy,(T") to avoid ambiguity.

Note also that the supremum condition in the definition of Fi, depends only on the behaviour of
the function ¢ — T'(t) f near zero.

It is easy to see that Fy, is a normed linear space. Moreover, from the definition it follows imme-
diately that for 0 < o < f <1 we have

D(A) CFs CF,CX.
Moreover, the corresponding norms can be compared:
Lemma 8.3. a) For o, € (0,1) with a < 3 the embeddings

D(A) = Fg— Fo — X

are continuous, where D(A) is equipped with the graph norm (in this case equivalent to f

IAF1)-
b) The Favard norm || - ||r, and the graph norm || - ||1 are equivalent on D(A).
The proof of this lemma is left as Exercise 3.

Proposition 8.4. Let T be a semigroup of type (M,w) with w < 0, and let « € (0,1]. Then F, is
a Banach space and it is invariant under the semigroup T. For all t > 0 we have T(t) € Z(Fy).

Proof. First we show that F, is complete. To this end, take a Cauchy sequence (x,,) C Fy, which
is a Cauchy sequence by Lemma 8.3 in X, hence it has a limit f € X. For ¢ > 0 fixed we have that

l&=@®f =Dl = Jim_ |7 @O Fn = f)| < lmsup] fallr,

which implies that
feF, and | flFr, <limsup| fnlF,-
m—r00

Since f, — fn = f — fn in X as m — oo, the argumentation above yields
If = fullpo < lmsup || frn = foll 7.
m—00

From this we can conclude that for every € > 0

If = follr, <
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holds if n € N sufficiently large. This shows that f,, — f in F,, meaning that F, is complete.

The space Fy, is clearly invariant under the semigroup, and we have the estimate
1T(s) fllF. = StglgHt%( OT(s)f = T(s))|| = SupIIT () (T = DI <ITGI- I flle

showing that T'(s) € Z(F,) and that | T(s)||r, < [|T(s)]- O

Remark 8.5. The restriction of the semigroup 7' to F, need not be strongly continuous on F,.
This small observation will play an important role later.

The next result is a characterisation of the Favard spaces of T' in terms of the generator A. More
precisely, it states that resolvent decay in in infinity is connected to Holder continuity of the
semigroup near zero.

Proposition 8.6. Suppose that A generates a semigroup T of type (M,w) with w < 0 and let
€ (0,1]. Then we have for the Favard space of T that

Fy = {f € X :sup [A“AR(\, A)f|| < oo},
A>0

and the Favard norm || - || g, is equivalent to

/1|7 := sup [[A*AR(A, A)f]].
A>0

Proof. That ||||||z, is a norm we leave as Exercise 5. Take f € F,. For A > 0 we have by Proposition
2.26 that
MNARN A)f = XTIRN A)f — Xof = \att /e s)f — f)ds
0
hence AR, A <37 [ s ds = £, [ ¢ rdr =T+ DI,
0 0

This yields

Sup IA*AR, A)fl < T(a+ D fl 7. (8.1)

>

Conversely, suppose that ||| |||, := supysq [[A*AR(\, A) f]| < oo. Fix t > 0 and recall from Propo-
sition 2.9 that T(¢)f — f = Afo s)fds holds. Let us decompose f as

f=ARWNA)f = ARN A)f = fx =g

where A > 0 is to be specified later. Since f) € D(A), we have

T@h*h=/f@Mh®=A/T@AMNMﬂM
0 0

implying that

IT() fx = fall < MMIJAR(A, A)f|| = N7 M A AR(X, A)f]. (8.2)
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For g\ we use the trivial estimate
IT()gx — gall < 2M||gall = 2M[|AR(X, A) f[| = 2MA™[|]A*AR(X, A) f]]. (8.3)
The estimates in (8.2) and (8.3) imply

[ (TS = I + [l (T@9r = 9

I&@@®f -] <|
<(t )1 CMA*AR(N, A)f||+2M(t/\) YAYARN, A f|l (8.4)

and, by (8.1) we obtain

|7 (T F = DI < MIFlllz X' 4+ 2M | £z (E2)
By choosing A\ = % we see that
(T f = DIl < 3MIIf I, ie, f€ Fa. (8.5)

The asserted equality is proved. The equivalence of the norms follows from the estimates in (8.1)
and (8.5). O

8.2 Holder spaces

The next class of intermediate spaces for a semigroup 7" is connected to the strong continuity of T’
on subspaces of Fy,.

Definition 8.7. Let T be a semigroup of type (M,w) with w < 0, and let o € (0,1). We define
Xo={rex: lim |5 (2(1) ] - Nl =0}

and the norm

1fllxa = Ifl 7. —buPHta 0. =Dl

which makes X, a normed linear space, called the abstract Holder space of order « (of the
semigroup T'). To stick to the more precise notation we shall sometime write X, (7).

It is clear from the definition that the Holder space X, is a subspace of the Favard space F,.

Proposition 8.8. Let T be a semigroup of type (M,w) with w < 0 and let « € (0,1). Then X, is
a Banach space and it is invariant under the semigroup T. For all t > 0 we have T'(t) € £ (Xa).

The proof of this result is left as Exercise 2. The next result compares the Favard and Holder spaces
of different order.

Proposition 8.9. For 0 < a < 8 <1 we have
D(A) = Xg = Fg— Xq— X

with continuous embeddings.
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Proof. For f =1 we have D(A) = X3, so the assertion follows by Lemma 8.3. We may assume
B < 1. The continuity of the embedding Xg < Fj is then trivial. Therefore, in view of Lemma 8.3
again, it suffices to prove that Iz — X, is continuous. For f € Fj3 we have

=@ f = I == IH@OF = D <721 r

This estimate yields f € X,, and the by Lemma 8.3 the continuity of the embedding follows,
too. O

Although T" may not be strongly continuous on F,, on the space X,, generally smaller than F,
strong continuity holds.

Proposition 8.10. Let T be a semigroup of type (M,w) with w < 0 and with generator A, and let
a € (0,1]. Then we have for the Holder space of T that

Xo={f€F: i | T(0)f = fllr, = 0},

i.e., the space X, is the space of strong continuity for the function t — T(t) in F,. Moreover, we
have

Xo = D(A)"™.

Proof. Let first a € (0,1] and take f € X,. For a given £ > 0 choose ¢ > 0 so that
HS%(T(S)f - f)H < ﬁ holds for 0 < s < 4.
Then, for 0 < s < d and t > 0, we have

|5=(T(s) = DT () = Df|| < 2M [|55(T(s) = Df|| < 2M 7 =<

Furthermore, there is ¢’ > 0 so that if 0 < ¢ < ¢’, then

0%
1T - I < 5

Hence, for s > § and 0 < t < §’, we have

0%
| (T (s) = DT() ~ Df|| < 2ME|TW)f = fI| < 2M e o = <.

To sum up, for ¢t < ¢ we have
IT(®)f = fllr. = sup|(T(s) = DT(E) ~ D] < =

Hence limy o | T'(¢) f — f||F, = 0, meaning that ¢ — T'(t)|x, is strongly continuous, and hence a
semigroup.

Suppose now that f € F,, is such that t — T'(t) f is strongly continuous. Using again the argument
that the convergence of the Riemann sums in the F,,-norm implies the convergence in the X norm,
it follows that

T

£ [7es)sas

0

lim

N0

Fo
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which implies that f € D(A)™.

Let now f € D(A)™. Suppose first @ # 1, and take ¢ > 0. Then there is g € D(A) so that
|lf — gllF, < 5 holds. Furthermore, we have

IT(t)g — gl < tM] Ag].
We conclude
(T f =D < ||#=(T®)g = 9)|| + ||7=(TEOF —g) = (f —g)|| <t M| Agll + || f — gllp, <

for t > 0 sufficiently small. This shows that f € X, in the case a # 1. Now, suppose o = 1. Then,
by Lemma 8.3.b), X; = D(A) is a Banach space if equipped with the Favard norm || - ||p. So
actually we have D(A)™ = X;.

We have therefore proved

Xo € {f € X s lm |T()f -, =0} € DA™ € X .

Here is a description, analogous to Proposition 8.6, of the Holder spaces of T" in terms the generator
of T.

Proposition 8.11. Suppose that A generates a semigroup of type (M,w) with w < 0 and let
a € (0,1). Then we have

Xo = {f €X: lim NAR( A)f] = o}.

Proof. Since [[AR(X, A)|| < M for all A > 0, for f € D(A) we clearly have limy_,o [[A*AR(N, A) f]| =
0. By Proposition 8.10 we obtain

Xo=DA)™ C{f€X: lim |X*AR(\, A)f|| =0},

lim

A—00

because the set on the right hand side is clearly closed in the Favard norm.

Suppose now f € X is such that limy_,o [[A*AR(X, A) f|| = 0. By (8.4) we have
[T = D < @) MIAYAR, A) fl| +2M (EN) " [AYAR(X, A) f]].

If we take A = % and let ¢ — 0, we obtain the assertion. O

8.3 Higher order intermediate spaces
In order that we can define higher order intermediate spaces, say, between D(A) and D(A)f for

k € N, we first recall the next result from Proposition 7.1.

Proposition 8.12. Let A be the generator of a semigroup of type (M,w) in the Banach space X,
and consider the space X,, = D(A™) with the graph norm which we denote by || - || an.

a) Forn €N and f € D(A") define || f||n := [[f] + [Afl + -+ A" fIl. Then ||| - [l and || - [lan
are equivalent norms.
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b) The spaces X,, are Banach spaces and are invariant under the semigroup T. If we set T, (t) :=
T(t)|x,, then T, is a semigroup of type (M,w) on X,.

By part a) we have that X, is continuously embedded in X}, for all k,n € Ny with n > k. With
the help of this proposition we can extend the scale of the spaces F, and X, for all a > 0.

Definition 8.13. Suppose that A generates a semigroup T of type (M,w) with w < 0 and let
a>0.Set Xg=X, Ty =T and write a = k + o/ with k € Ny and o/ € (0,1]. We define

F, = F,(Ty) = the Favard space of T}, of order o/
X, = Fu(Ty) = the Holder space of T}, of order «'.

Remark 8.14. 1. For a € N this new definition is consistent with the one in Proposition 8.12.
2. For a € (0,1) this definition gives back what we already had in the previous two sections.

3. If T is of type (M,w), then these spaces are defined via the rescaled semigroup given by
e_(w—i—l)tT(t).

The next result gives the relation between theses intermediate spaces.
Proposition 8.15. Let 0 < o < 8 and let T be a semigroup. Then the following assertion are true:
a) Xq is closed subspace of Fy,.
b) Fg is contained in X, and the embedding
Fg — X,
18 continuous.
c¢) The space Xg is dense in Xo for all 0 < a < f.

d) The spaces F,, and X, are invariant under the semigroup T. Let T,, be the semigroup T restricted
to the abstract Héolder space X. Then T, is a strongly semigroup on X,.

Proof. a) Write o = k + o/ with k € Ny and o’ € (0,1]. Then, if o/ # 1 the assertion follows from
Proposition 8.8 applied to T}, and o’.

b) Write « = k + o/, 8 =n+ 3 with k,n € Ny and o/, 5" € (0,1]. If k = n, then o/ < 3’ and the
assertion follows by Proposition 8.9. For f € F,, = F/(T}) we have f € Xg(T}) = Xp
w(TWf~f)
In the case n > k we have by Lemma 8.3 the continuous embeddings
Xy Xpp1 = X1(Th) = X (Th).
Also by Lemma 8.3 we obtain that F,, = F,/(T}) is continuously embedded in X}. This finishes the
proof of b).

¢) Write @ = k + o/ with k € Ny and o € (0,1]. It suffices to prove that X, = D(A") is dense in
X, if n > k+ 1. But for such n the space X,, = D(A") is dense in Xj,1 = D(A**1) by Proposition
2.18. Whereas X}y is densely and continuously embedded in X, = X/ (7)) by Propositions 8.10
and 8.9. This complete the proof.

Assertion d) follows immediately from the definition. i
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8.4 Basic examples

As we have seen, the spaces F,, and X, are related to Holder continuity of semigroup orbits. The
next example underlines this fact and, at least partly, the chosen terminology.

Example 8.16. Consider the first derivative, the generator of the left shift semigroup S in BUC(R).
We determine the Favard and the Hélder spaces for this semigroup. More precisely, we rescale T'(t) =
e tS(t) and then determine the corresponding intermediate spaces. First we suppose a € (0,1).
Recall that a function f: R — C is called a-Ho6lder continuous if

t) —
o O =F _
s,teR |t — S|O‘
s#t

and it is called little-a-Ho6lder continuous if

t —
i syp MO IO
AN\O s ter |t — s|@
0<|t—s|<h

For the abstract Favard and Holder spaces of the left shift we have then
F, =C{(R) := {f € Cp(R) : f is a-Holder continuous}

and X, = h%(R) = { f € Cp(R) : f is little-a-Holder continuous}.

The Favard norm is equivalent to

F(0) ~ F)]

I£leg@ = 1Flle + sup 20—

s

s#t
For o« = 1 we have

F, =Lip,(R) = {f € Cp(R) : f is Lipschitz continuous}

with equivalent norm

B |f(t) — f(s)]
1 llip, ) = 1 flloo + sup s
s#t
For general a > 0, we write a = k + o/ with k € Ny and o/ € (0,1]. Then we have
F,=CMR) = { f € Cu(R) : f is k-times differentiable with f*) € C¢’ (R)}
and, if « ¢ N
Xo =P (R) = { f € Cp(R) : fis k-times differentiable with f*) ¢ h*’ (R)}.

We leave the proof of these assertions as FExercise 4.
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To determine the Favard and the Holder spaces of the left shift on L!(R) is more complicated. So
we state the result for F; only, and that without proof.

Example 8.17. Consider the left shift semigroup in L!(R). Then for its Favard space we have
Fy =UBV (R):={f € LY(R) : f is a.e. equal to g : R — C of uniformly bounded variation }.

Recall that a function ¢ is of uniformly bounded variation if

00 R
V g=supV g < oo,
—o0 R>0—-R

where \/I_%Rg is the variation of g on [—R, R] given by

R n

\/Rgzsup{A 1|g(tj)—g(tj_1)|:neN, —R=ty<ti1 <--- <tn=R}.

_ j=
Now, such a function g has at most countable discontinuity points, at which the left and right limits
exist. If we modify the function g at these points so that it becomes left continuous, the variation
will still remain the same. Now for f € UBV{(R) there is a unique left continuous function g which
is of uniformly bounded variation and which coincides with f almost everywhere (more precisely,
[ is the Ll-equivalence class of g). We define \/*_ f := \V>_g. The Favard norm Fj is then
equivalent to

fe VI

8.5 Relation to fractional powers

Recall from Lecture 7 that if A generates a semigroup of type (M, w) with w < 0, then it is possible
to define the fraction (or complex powers) of —A. In this section we want to compare the domains
D((—A)%) to the abstract intermediate spaces introduce in the above. In the first to auxiliary
results we only suppose that —A satisfies the Assumption 7.3, i.e., that the complex powers can be
defined as described in Lecture 7.

Lemma 8.18. Suppose —A is as in Assumption 7.3 and let « € (0,1). Then we have
sup |[s*AR(s, A)f|| < K[[(=A)*f||

s€[0,00)
for all f € D((—A)?).
Proof. By Proposition 7.13 we have

sin(

(=A)™ =— ) /s_O‘R(s, A)ds = —
0

sin(

™ ™

70) [ ya
(ts)"“R(ts, A)ds
/

for all £ > 0. We can then write

. 1
(—A) " AR(t, A) = — Sm:m‘) / sTAR(ts, A) - tR(t, A)ds
0
= Sm:m‘) / s~ L(ts)R(ts, A) - AR(t, A)ds.
1
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Since for t > 0 we have |[tR(t, A)|| < M and ||AR(t, A)|| < M + 1, we obtain

[A*tAR(t, A)g| < K||g]|
If we plug in g = (—A)*f, we obtain the assertion. O
Lemma 8.19. Suppose that —A is as in Assumption 7.5. For o, € (0,1) with o < 8 we have

I(=A)*fl < K sup [ls”AR(s, A)f]|

s€[0,00

for all f € D(A). (By the way the right-hand side is finite for all f € D(A).)

Proof. Let f € D(A). Then we have ||s°AR(s, A)f|| < MSB SI|Af]l, so the expression on the right-
hand side is finite. Moreover, by Proposition 7.21 we have that

o0
sin(ma)

(-A)*f = —/sa—lR(s,A)Afds

T
0
and we can split the integration into two parts

1
(—A)°f = Sm(m)/salAR(s,A)fder

™
0

SlIl

/so‘ P=1sP AR(s, A) 7L fds.
1

Now the first term can be estimated as

1
inima)) / ARG, ) s < (1 2 || [ seta
0

SlIl

< KoIIfH < Ko(|AR(L, A)f|| + [ATTAR(L A) f) < K sup Is” AR(s, A) 1]
s€(0,00

For the second term we have

sin(m H/ a=F-1s8 AR(s, A) fdsH < 5111(7:1'04) /s“_ﬁ_lds sup ||s°AR(s, A)f||
s€[0,00)
1
< Ky sup |[s’AR(s, A)f||.
s€[0,00)
By putting the two estimates together we conclude the proof. O

Theorem 8.20. Let A be the generator of a semigroup T of type (M,w) with w < 0 and let
0<a<pB<l. Then

X,g - Fﬁ — D((—A)a) — Xa C F,

with continuous embeddings.
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Proof. Let v € (o, 8). By Proposition 8.6 the Favard norm on F, is equivalent to

1AWl = sup [[ATAR(A, A)f]].
A>0

Now by Lemma 8.19 we conclude that the normed space D(A) C X, with the norm ||| - |||z, is

continuously embedded in D((—A)®), hence so is its closure X, = D(A)™ (see also Proposition
8.10). Now, by Proposition 8.15 we have Fj < X, with continuous embedding, so altogether we
obtain the continuous embedding

Fy = D((=A)7)

Lemma 8.18 yields the continuous embedding

D((—A)*) = D(A)"™ = X,. O

8.6 Outlook

We mention here a few facts without proofs. Notice first of all that given a semigroup T of type
(M,w) with w < 0 we have by definition

F, = {f EX it (t) = LT f - f| € L°°((07oo))}.

Since w < 0, the fact that f belongs to F, does not say too much about the behaviour of T(¢)f
for large t, rather it tells quite a lot about small ¢ values. We may try to dig out more information

by giving more weight to small ¢ values. Therefore, we consider the measure 4 which is absolutely

continuous with respect to the Lebesgue measure on (0,00) with Radoanfkodym derivative %
This measure is even equivalent to the Lebesgue measure so the corresponding L.* spaces and the
L° norms will be the same. Hence, as a matter of fact, no new information has been obtained.
However, we may go over the LP-scale, where we get a more detailed picture. For p € [1, 00| let us
denote by 12(0,00) the LP space with respect to the measure & from above. For a € (0,1) and

t
p > 1 we define

(X, D(A),, = {f € Xt p(t) = EITM)] — f| € 120, 00)},

ap’
with the norm
11l x, D)0 = IS+ 1912 (0,00
These spaces are Banach spaces and they are invariant under the semigroup 7.

Moreover, it is possible to show—in analogy to Proposition 8.6—that

(X,D(4)) = {f € X : Ao 6(\) i= Y| AR(\, A) f|| € LP(0, oo)},

a7p
and that
1l x, 0400, = IDlLr(0,00)

defines an equivalent norm. Furthermore, one has the continuous embeddings

D(A) = (X,D(A)). = (X,D(A)). = (X,D(A)). = F,

a,p s a,00



Lecture 9

Analytic Semigroups

Recall the Gaussian semigroup from Lecture 2 defined for f € L2(R) by

_(@—y)?

TON@) = 0+ D) = —= [ 1T ay = [ F)G ),
R

R

and T)f = f.

Then T is a bounded strongly continuous semigroup on L2(R). In Exercise 2.8 you were asked to
determine its generator, which is

Af(s) = f"(s) with D(A)=H?(R).
First of all we make the following observation: One can show that for all f € L2(R) and ¢ > 0
T(t)f € {g € C*(R) : all derivatives of g belong to L?(R)} C D(A),

hence the mapping ¢ — T'(t) f is differentiable on (0, 00) for all f € L2(R). It is also not hard to see
that the mapping
(0,00) >t — tAT(t)

is bounded.

The second important fact to observe is the following. For f € L?(R) and z € C with Re z > 0 one
can define

(T()(@) = ¢417/ fweF dy,

Then
T:{2:Rez >0} = Z(L*R)) is a holomorphic function

and, following the arguments in Lecture 2, one easily proves that T'(z)T(w) = T'(z 4+ w) holds for
all z,w € C with Rez, Rew > 0.

This lecture is devoted to the study of the two properties above from an operator theoretic point
of view.

9.1 Analytic semigroups

Let us first define the main objects of our study.

Definition 9.1. For 6 € (0, 5] consider the sector
Yp:={z € C\ {0} : |arg(2)| < 0}.

Suppose T : Xy U {0} — £(X) is a function with the following properties:

97
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(i) T : Xy — Z(X) is holomorphic.
(ii) For all z,w € ¥y we have

T()T(w)=T(z+w), and T(0)=1.

(iii) For every 6" € (0,6) the equality
lim T'(z)f =f holds for all f € X.

z—0
zEEQ/

Then T is called an analytic semigroup of angle 6. Suppose moreover the following.

(iv) For all 0" € (0,6) we have

sup [|[T(2)| < oo.
2’629/

Then T is called a bounded analytic semigroup of angle 0. The generator of the restriction
T :[0,00) = £(X) is called the generator of the analytic semigroup 7.

Remark 9.2. Clearly, for an analytic semigroup 7" the mapping
T:(0,00) > Z(X), t—T() € Z(X)

is continuous in the operator norm, it is even differentiable. Among others, this continuity has
the following consequence: For A sufficiently large the resolvent of the generator is given by the

improper integral
[ee)

RO\ A) = / M7 (1) dt
0
convergent now in the operator norm, cf. Proposition 2.26.

Proposition 9.3. Let T' be an analytic semigroup of angle 6 € (0, 5] with generator A. Then the
following assertions are true:

a) For everyr >0 and 0" € (0,0) we have

sup{|[T(2)|| : z € Tp, |2 <7} < o0

b) For all @' € (0,0) there is w = wy >0 and M = My > 1 such that
HT(Z)H S MQWReZ fOT' all z c 29/,

c) For a € (—0,0) and t > 0 define T,(t) := T(e!*t). Then T, is a strongly continuous semigroup
with generator e*A.

Proof. a) and b) The proof is similar to that of Proposition 2.2 and exploits the uniform bounded-
ness principle.

c¢) That T, is a strongly continuous semigroup is trivial from the definition. Let v be the half-line
emanating from the origin with angle o to the positive semi-axis. By Proposition 2.26 we have for
w sufficiently large that

o0

R(p, Ay) = /exp(—ut)T(eio‘t)dt = e_ia/exp(—,ue_iaz)T(z)dz.
0 8!
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By using Cauchy’s theorem we can transform the path of integration to the positive semi-axis ¥
(work out the details), and we conclude

J
— e R(ue"", A) = R(u, ¢ A),

R(p, Ay) = e_ia/exp(—ue_io‘z)T(z)dz = e_io‘/exp(—,ue_iat)T(t)dt
0

if Re(ue™@) is sufficiently large. This proves A, = e/“A.

Next we present some fundamental examples.

Example 9.4. For A € Z(X) and z € C define

|
=0 n:

Then T is an analytic semigroup. In Exercise 1 you are asked to prove this.

Example 9.5. The Dirichlet heat semigroup on L?(0, 1), see Lecture 1, has a bounded analytic
semigroup extension' of angle 7.

More generally, we have the following.

Example 9.6. Let H be a Hilbert space and A a self-adjoint operator on H, i.e., A = A*. Then
the spectral theorem tells us that there is an L2-space and a unitary operator S : H — L? such
that

SAS™': 1?2 5 L% SAST'=M,,

where M, is a multiplication operator on L? by a real-valued function m (with maximal domain).
If A is negative, i.e.,

(Af, f) <0 forall f e D(A),

then o(A) C (—o0, 0] and m takes values in (—oo, 0]. It is easy to prove that
T(2) := S *MgmS

defines a bounded analytic semigroup 7" : Yz U {0} — Z(H) generated by A, see Exercise 2, cf. also
Exercise 7.2. Of course, we may only assume that A is bounded above by wl, then by replacing A
by A — w the same arguments work, and we obtain that A — w generates an analytic semigroup.

Example 9.7. The shift semigroup on L?(R) is not analytic. Or, more generally, if T is a strongly
continuous group which is not continuous for the operator norm at ¢ = 0, then 7' is not analytic.
Prove this statement in Exercise 3.

Proposition 9.8. The generator of a bounded analytic semigroup of angle 0 has the following
properties. The sector Xz + 6 belongs to the resolvent set p(A) of A, and for all 6 € (0,6) there is
M@/ Z 1 such that
My
IR(A, A)|| < ﬁ for all X € Xz +0.

We also say that a semigroup is analytic if it has an analytic semigroup extension to a sector.
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Proof. Let ¢’ € (0,0) and 0" € (¢/, 3(% +0')) be fixed, and set

M@H = Slip HT(Z)H
2€Xgn

For a € [—0",0"] and t > 0 define T, (t) := T(e'®t). By assumption T, is a bounded semigroup,
and by Proposition 9.3 its generator is A, := ¢®A. By Proposition 2.26 we have for all Re > 0

that
Mg//

Rep’
For A\ € ¥z ¢ with arg A > 0 we have (arg A < 0 goes similarly)

IR, Aa) | <

_ // _sg M@N MQ”
R, Dl =R i0 i0 . < . O
IR, A)]| = |[Re D S foe) S @ =7

In the next section we show the converse of this statement.

9.2 Sectorial operators

We make the following definition out of the properties listed in Proposition 9.8.

Definition 9.9. Let A be a linear operator on the Banach space X, and let § € (0, 5). Suppose
that the sector
DESREES {xeC\{0}:|argA| < T +6}

is contained in the resolvent set p(A), and that

sup AR\, A)|| < oo for every & € (0,0).
/\EZ%_H;/

Then the operator A is called sectorial of angle 4.

Example 9.10. Let H be a Hilbert space and let A be a negative self-adjoint operator on H. By the
spectral theorem we have an L2-space and a unitary operator S : H — L? such that SAS™! = M,,
where m takes values in (—o0,0]. For A € C with |arg A\| < 0, § € (§,7) we have

A 1

I= H X —m] Hoo ~ [Alsin(8)  sin(6)’

IAR(A, M)

i.e., My, (hence A) is sectorial of angle ¢ for all § € (0, ), see also Exercise 4.

The aim of this section is to show that the densely defined sectorial operators are precisely the
generators of bounded analytic semigroups. One implication is shown in Proposition 9.8, while the
other one will be proved by developing a simple functional calculus? for such operators, which—
similarly to the fractional powers in Lecture 7—is based on Cauchy’s integral formula.

27r1 )\fa

2For a thorough treatment see: M. Haase: The Functional Calculus for Sectorial Operators, vol. 169 of Operator
Theory: Advances and Applications, Birkhduser Basel, 2006., but note first the difference between the definitions of
sectorial operators here and in the mentioned monograph.
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where we integrate along a curve that passes around a in the positive direction. Therefore, we want
to give meaning to expressions like

/ M R(N, A)dA,
Y

where 7 is a suitable curve. First, we specify these curves. For given n € (0,6) and r > 0 consider
the curves given by the following parametrisations:

V() = se7IGHN s e [r, 00) (9.1)
Yr2(s) 1= 1€, |s| < 5+

Yor3(8) 1= selGT) | g e (—o0, —1].
We call then

T =~V + Yor2 T V3

an admissible curve. The next remark concerns estimates that show the convergence of the path

A
l
I
p(A) Lo Yris
vyl
o
\\T]_J
T
\ 1
0
~+
Vo
r

Figure 9.1: An admissible curve v, ,.

integral in the operator norm.

Remark 9.11. 1. If A is a sectorial operator of angle §, then for every ¢’ € (0,d) we have

for all A € E%Jﬂ;/ \ {0} and some appropriate My > 1.
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2. For every z € C with |argz| < § < § and A € C with |arg\| =5 +n and n € (W,é) we
have

larg(\) +arg(2)| < T +n+6<m—(6—n)+0< 3T —(6—n)
and |arg(X) + arg(z)| > § + larg 2|0 argQZH& —|argz| =% + 67';%2‘ >Z4+(6—n).

Hence for such A and z we have
‘e/\z‘ — eRe(/\z) — e|)\z\c0s(arg(/\)+arg(z)) < ecos(%+(5—n))|)\z| —e sin(é—n)\)\z|‘

Lemma 9.12. For a sectorial operator A of angle § and for an admissible curve ,, with n €

(%7 §) and r > 0 the integral

/ M R(\, A)dX
In,r

converges in operator norm, and its value is independent of r > 0 and 1.

Proof. For the convergence of the integral only 7, 1 and 7,3 need to be considered. By Remark
9.11 for A € C with |arg A\| = § + 7 we can estimate the integrand

z —sin(d— z M,
[ R(X, A)|| < e~ sin@=mIA ‘T/\T’ (9.2)

where the right-hand side converges exponentially fast to 0 for |A| — oo. This suffices for the
convergence of the integral.

The independence of the integral from r and n follows from Cauchy’s theorem if we close the angle
between two admissible curves by circle arcs around 0 of radius R and let R — oo. The path
integrals on these circle arcs converge to 0 by (9.2). a

The arguments above allow us to make the following definition.

Definition 9.13. Let A be a sectorial operator of angle §. For z € 35 and some admissible curve
v = Yy With n € (%,5) we define

1
T(z) = et = o M R(\, A)dA. (9.3)
gl

Clearly, this has to be the right definition. Let us check it.

Proposition 9.14. Let A be a sectorial operator of angle 6. For T(z) from Definition 9.13 the
following are true:

a) |T(2)| is uniformly bounded for z € Xy if 0 < & < 4.
b) The map z +— T(z) is holomorphic in ;.

c) T(z1+ 22) =T(21)T(22) for all z1,2z2 € Xs.
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Proof. a) Let ¢’ € (0,0). Given z € X5 we may choose the path of integration =, , with n 6 (6 +05)

and r € (0, E ‘] As in Lemma 9.12 we estimate the integrand: For A € C with |arg \[ = § + 7 and
|A| > 7 we have
He’\zR()\,A)H < e—)\zsin(é—n)]Kn’ (9.4)
and for [A\| = r and |arg \| < § + 7 we have
M, M, M,
[e** R(A, A)|| < e‘”'ﬁ <ellr 2 = o1 (9.5)
T r

For the integral in (9.3) these yield (considering the three pieces of the integration path separately)

00
M, 1 . M.

/e)‘ZR()\,A)d)\H < J/;efslﬂsm(é—n)ds_'_re rn
m

Yrin T

(o)
= My / 1e_tSin(‘s_”)dt + elM,,.
™ t

|zlr

IT(2 \—HZ

If specialise r = é, then we obtain

o

1
IT(2) /2 —tsin(d—n) 3¢ +eM, forall zec Xy.
1

b) Suppose K C Y5 is a compact set, and let &’ € (0, ) such that K C X5 and let 0 < r < inf,cx ﬁ
The estimates in the proof of part a) show that the integral defining T'(z) converges uniformly on
K. Since the integrand z — e R(\, A) € Z(X) is holomorphic, so is T'(z).

c) Let z,w € 35 and let v and 4 be two admissible curves as in part a) so that 4 lies to the right
of . We calculate the product

T(2)T(w) = (2;)2 / / "N R, A)R(\, A)dpdA
elwe )\z
Pt / / 1, A) — R(A, A)) dad

by the resolvent identity. Fubini’s theorem yields

T(2)T(w) = 211 / e*“”R(,u,A)(% / )\eizud)\)d,u—;m / MR\, A)( —

ol Y Y Y

3]
—
>’('D
| E
=
=
N—
o
>

Since 7 lies to the right of v, we have

pw Az
i./e d\=0 and i/ C an=e
2mi ) A — 2mi 1

¥ ¥
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Altogether we conclude

1

T(2)T(w) = 7

/e“ze‘“ﬂR(,u A)dp =T (z + w). O
5

Summarising, given a sectorial operator A, have seen how to construct an analytic semigroup. It
will be no surprise to identify its generator.

Proposition 9.15. Let A be a densely defined sectorial operator of angle §. Then T given by

T(z) :=e*4 = % /e)‘ZR()\,A)d/\
7r
b

as in Definition 9.13 is a bounded analytic semigroup of angle 6, whose generator is A.

Proof. We only have to prove property (iii) from Definition 9.1. Let us fix §’ € (0,6), and notice
that

holds for all z € ¥ and for an admissible curve v = ~,,. For f € D(A) we have R(\, A)Af =
AR(M\, A)f — f, and hence

Az
TG)f-f=5= /eAZ (RN, A) — %f)fd)\ = % / eTR()\,A)Afd)\
v

~

for all z € Xg. For 2 — 0 (2 € X5) we conclude

i (7(2)f ~ ) = 57 [ 3ROAAF,
z€Sy 5

where the passage to the limit is allowed by Lebesgue’s dominated convergence theorem. Indeed,
we can estimate the integrand by means of inequalities in (9.4) and (9.5):

H R\ ) AfH (1147

for all X that lies on the curve ~.

By Cauchy’s theorem we obtain

2i/ R\, A)AfdX =0,
Y

which can be seen if we close v on the right by circle arcs around 0 of radius R and let R — oo.
The integrals on these arcs converge to 0 since A is sectorial. Since we already know that 7'(z) is
uniformly bounded on Y4, see Proposition 9.14, we conclude by Theorem 2.30 that

lim T(2)f=f forall fe X.

z—0
2625/
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Therefore T is a bounded analytic semigroup.

Denote for the moment the generator of 7' by B. Since 1" is bounded, by Proposition 2.26 we have
o0
R(2,B)f = / e 2T (t) fdt for all f € X.
0

For a fixed s > 0 and an admissible curve v = +, 1 we can write by Fubini’s theorem

S S S
/ e 1T (t) fdt = / *21521 / eMR(N, A) fdrdt = 1. / / Q2L R(N, A) fdA
i 27
0 0 ¥y v 0
1 [es?2 1
_ %/7A_ RO\, A) fdA
v
1 e 1 [ R( )\, ) f i
= om ) A= PAAA =5 /
Y Y

For s — oo the first expression converges to 0 since Re(A — 2) < —1 for all A on the curve 5. For
the second term we have

1 [ RO A)F

Comi ) A2
gl

d\ = R(2,A)f forall f € X.

These yield A = B. a

Let us summarise what we have proved so far:

Corollary 9.16. For a densely defined linear operator A on a Banach space X the following are
equivalent:

(i) A is sectorial of angle §.

(ii) A generates a bounded holomorphic semigroup of angle §.

9.3 Further characterisations

Analytic semigroups have some fundamental properties needed in calculations and estimates. In
this section we investigate the most important properties and develop some other characterisations
of generators of analytic semigroups.

Proposition 9.17. A generator A generates a bounded analytic semigroup if and only if ran T'(t) C
D(A) for allt >0 and

suthAT ||
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Proof. Suppose first that A generates a bounded analytic semigroup of angle 6 and let 6’ € (0, 6).
Then by Cauchy’s integral formula we have

Tm—y/ﬂ@m

271 ) (2 —1t)?
gl

where v is a circle of radius r = tsin(6’) around ¢ > 0. From this we conclude

sup | T(z)| for allt >0,

2nr
AT || = T @) < —sup || T(2)| < —
AT = [P0 < 55 swp T < s s

and that was to be proved.

Conversely suppose that A is the generator of a semigroup T, ranT(t) C D(A) for t > 0 and
M := supy-o{||T(t)]], [[tAT(t)||} < oo. The basic idea is to define the analytic extension by the

Taylor series as
o0
(z—t)" d™
DT XA
n=0

The next step of the proof is now to verify that this definition does indeed make sense and yields
an analytic semigroup. By assumption AT (t) € Z(X) for t > 0, hence A"T(t) = A"T"(t/n) =
(AT (t/n))" € £(X) and we can write

(9.6)

[ = 1 = T < ()"

Writing up Taylor’s formula with remainder R, in the integral form we have

5)f = §: ! ST + Ralt,5)]

1 e
and R, (t,s)f = ] /(s - r)”WT(r)fdr.
t

By (9.6) we obtain that the series

o)f = Z "y

n! dn

is absolutely and uniformly convergent in .Z(X) for all z € C with |z —¢| < ¢+ =7 where ¢ € (0, 1),
and that Ry, (t,s) — 0 for all s > 0 with |s — ¢ < ¢- ;. These yield that T(t) = T(t) for all t > 0
and that T is analytic on the sector Xy with § = arcsin GLM and is uniformly bounded on the sectors
g with 0" € (0,6). O

Proposition 9.18. A densely defined linear operator A generates a bounded analytic semigroup if
and only if

Sr ={A€C:ReX >0} Cp(A

and sup [|AR(\ A)| < co.
ReA>0
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Proof. That a generator of a bounded analytic semigroup has the asserted properties follows from
Proposition 9.8. For the converse implication notice that the assumptions are almost as in the
definition of sectoriality, except we have here the sector Eg. To gain a larger sector one can argue
similarly to the proof of Proposition 7.5. O

Proposition 9.19. A linear operator A generates a bounded analytic semigroup if and only if
for some o € (0, %) both of the operators e7*A and €' “A generate bounded strongly continuous
SeMigroups.

Proof. One implication is already proved in Proposition 9.3.c). For the converse suppose e "' A4 and
el® A generate bounded strongly continuous semigroups. By Proposition 2.26 we have for A € C
with ReA > 0

. . M M
RN A)|| = ||R(e“N, e“A)| < : = if ImA <0
IR A= 1 REEA, A < Re(e®))  Re) - cos(a) — Im \ - sin(a) HmA=
. . M M
MNA) = TN e 1A < - = if Tm A .
IR Al = [ Rle ¢ = Re(e7@))  Re - cos(a) 4+ Im X - sin(«) i A =>0
So altogether we obtain
M M
RN A < =
IR Al = Re\ - cos(a)  cos?(a) - |\’
so by Proposition 9.18 the proof is complete. a

About generators of not necessarily bounded analytic semigroups we can say the following.

Proposition 9.20. For a densely defined linear operator A on the Banach space X the following
assertions are equivalent:

(i) The operator A generates an analytic semigroup (of some angle).
(ii) For some w > 0 the operator A — w generates a bounded analytic semigroup (of some angle).
(iii) There is r > 0 such that
{AeC:ReX >0, [\ >7} Cp(A)
and sup [[AR(A, A)|| < oo.

Re A>0
[A[>r

The proof of this assertion is left as Exercise 5.

9.4 Intermediate spaces

In this section we study the intermediate spaces—introduced in Lecture 7 and 8—for analytic
semigroups. The first result is yet another characterisation of the Favard and Hélder spaces.

Proposition 9.21. Let T be an analytic semigroup of type (M,w) with w < 0 and with generator
A. For o € (0,1] one has

Fo,={f€X :sup ||t1_aAT(t)f|| < oo}
>0
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with equivalent norm
11F. = sup [t~ AT (£) £]].
For o € (0,1) we have
Xo={feX: lim [t AT (t) f|| < o0}

Proof. Tt is easy to see that [ - [, is a norm. For every f € X and ¢ > 0 we have

t

t
HTYAT(t) f = t7*AT(t) / fds and tTt)(T(t)f — f) =t °T(t)A / T(s)fds,
0

0

t
hence t'"*AT(t)f =t *Tt)(T(t)f — f) —t *AT(t /
0

If f € F,, then we obtain for ¢ > 0 that

t
62 ATOF| < MECTE@S - f+ AT [ LITEF - lds )
0

t
1
< M| fllr. + 1 AT @) /Sa;allT(S)f — flids
0

t
< —|[AT(t)]| - <M .
< M|, + — = IAT@ - 1f]15, < M),

Therefore, one inclusion in the first assertion is proved together with the estimate [|f[r, <

Mi||f||F,. Suppose now that f € X is such that [f[r, < oo. Then we have for ¢ > 0 that
the integral on the left-hand side below converges, and we also obtain the equality

/ s)fds = A / s) fds.

From this can conclude

t t
s = 1= | [ areisas| = & [ tseares flas 99)
0 0
<= 1fln.

This completes the proof of the statement concerning F.
For f € X, we obtain by using (9.7) that t'=*AT(t)f — 0 as t \, 0. Whereas (9.8) implies the

converse implication. O

In Lecture 8 we related the domain of fractional powers to the abstract Holder and Fravard
spaces. As an immediate consequence we obtain the next fundamental result.
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Corollary 9.22. Let A generate a bounded analytic semigroup of type (M,w) with w < 0, and let
a > 0. Then the following assertions are true:

a) For each t >0 the operator T(t) maps X into D((—A)%).
b) For each t > 0 the operator (—A)*T(t) is bounded, and

|(—A)T(t)|| < Mat™®  holds for all t > 0.
¢) If a € (0,1] and f € D((—A)%), then
[~ AT (t) || < Mal|(=A)*f||  for all t > 0.

d) If a € (0,1] and f € D((—A)®), then

IT(t)f — fI| < Kat®||(—A®)f||  for all t > 0.

Proof. a) For each ¢ > 0 the operator T'(¢) even maps into D(A™) for all n € N, see proof of
Proposition 9.17.

b) The statement is trivially true for o« = 0, while for a = 1 it follows from Proposition 9.17. By
Remark 7.10 we have

I(=A)*fIl < KIIFI'=Af]* for all f € D(A),
whence we can conclude by Proposition 9.17
« l1—-a « Ma
I=A*T@)fI < KINT@ I NAT@ ™ < =5 F1l-

Suppose now « > 1. For a € N the assertion follows again from Proposition 9.17: For ¢ > 0 we have

| 1) = (AT < AT(L)|” < 2

t
n n — tn

Suppose o > 1. Then we can write « = n + o with n € N and o’ € (0, 1]. From the above we can
conclude

/
/ 2¢

I(=A)° TN = (= TE) (AT < = 22 Mo2 My _ Mo

s e = e

M, ,
LA < T = 2

for all t > 0.

¢) By Theorem 8.20 we have the continuous embedding D((—A)®) < F,. In view of Proposition
9.21 the asserted inequality is just a reformulation of this.

d) For a € (0,1) the statement is just the reformulation of the continuous embedding D ((—A4)%) <
Xq, which we proved in Theorem 8.20. Suppose o« = 1, and let f € D(A). Then we have

t

7)1 - £l = |4 [ T6) 15| < Ktlag). o

0
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Before stating to Proposition 9.21 analogous characterisation of (X, D(A)).p spaces, we need to
recall® the following result.

Proposition 9.23 (Hardy’s inequality). Let f : (0,00) — R be a positive Lebesgue measurable
function, let a > 0, and let p € [1,00). Then

7t-ap ( / Fep) s /Oot—apfa)pdt
0 0 0

Proposition 9.24. Let T be an analytic semigroup of type (M,w) with w < 0 and with generator
A. For o € (0,1] one has

(X.D(A)), , = {f € X it n(t) = [ AT (1) f]| € L2(0, 00)}

with equivalent norm

[l x.pa))a, = IFI + 10llL20,00)-

Proof. Suppose f € (X,D(A))ap holds. By (9.7) it suffices to estimate

[1eearle( [ ires - flas)" T
0 0

By Hardy’s inequality (see Proposition 9.23) and by Proposition 9.17 we have that

¢ o .
d ds\rd
/ leearp( [ s - sias)" S < ar [t / T - L)
0 0
1 7 @ dS o dS
<G | T 197 = p/s T(s)f - fP
0 0

Therefore Hf[l(X,D(A))a,p < MleH(X,D(A))a)p'

Conversely, suppose that f € X is such that n € L{(0,00). Then again by Hardy’s inequality we
obtain

19 xoue = | 5l TOF = AP < / | / AT(s)fas" Y = / ey / sar(s) 2|
0

< / P PNAT() TIPS = Ll :

3See, e.g., page 158 of D. J. H. Garling: Inequalities. A Journey into Linear Analysis, Cambridge University Press,
2007.
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Exercises

1. Work out the details of Example 9.4.
2. Show that T" defined in Example 9.6 is a bounded analytic semigroup.
3. Prove the assertions in Example 9.7.

4. Let X,Y be Banach spaces. Show that if A is a sectorial operator on X and S : X — Y is
continuously invertible then ST S™IT is a sectorial operator on Y.

5. Prove Proposition 9.20.

6. Suppose that A generates an analytic semigroup and that B € £(X). Prove that A+ B generates
an analytic semigroup.



Lecture 10

Operator Splitting

In many applications the combined effect of several physical (or chemical, etc.) phenomena is mod-
elled. In these cases one has to solve a partial differential equation where the local time derivative
of the modelled physical quantity equals the sum of several operators, describing how this quantity
behaves in space. The idea behind operator splitting procedures is that, instead of the sum, we
treat each spatial operator separately, i.e., we solve all the corresponding sub-problems. The solu-
tion of the original problem is then obtained from the solutions of the sub-problems. Since the sum
usually contains operators of different nature, each corresponding to one physical phenomenon, the
sub-problems may be easier to solve separately.

Consider the abstract Cauchy problem on the Banach space X of the form

{gtu(t): A+ Bu(t), t>0

u(0)— (10.1)

with densely defined, closed, and linear operators A and B. Throughout the lecture we suppose
that D := D(A) N D(B) is dense in X and ug € D.

As an example, we explain how the simplest operator splitting procedure works. The main idea
is to choose sub-problems which are easier to handle as the original problem. This can happen
if there are particularly well-suited (fast, accurate, reliable, etc.) numerical methods to solve the
sub-problems, or if the exact (analytical) solution of at least one of the sub-problems is known.

First, one solves the sub-problem corresponding to the operator A on the time interval [0, h] using
the original initial value ug. Then the second sub-problem, corresponding to the operator B, is
solved on the same time interval but using the solution of the previous step as initial value. In the
next step the sub-problems with A and B are solved on the next time interval [h, 2h], always taking
the previous solution as initial value. We repeat this procedure recursively. The corresponding
sub-problems can be formulated for ¢t € ((k — 1)h, kh] with k € N and ugp1 ,(0) = ug as follows:

Sua(t) = Aua(t) and gius(t) = Bug(t)
ua((k—1)h) = ugpip((k — 1)h) up((k —1)h) = ua(kh)
and we set ugp) ,(kh) = up(kh).

Operator splittings can be mathematically handled in the same way as finite difference schemes,
which were introduced in Definition 4.1, with the help of a strongly continuous function F' : [0, c0) —
Z(X). By applying operator splitting, one computes the numerical solution at time ¢ > 0 (more
precisely, a sequence of numerical solutions) to problem (10.1) of the form

uspLi(t) = (F())" uo
with h = % and n € N. Our aim is to establish splitting procedures being convergent in the sense

T T t\\
u(t) = T}L)HOIO Usplp(t) = nlin;o (F(n)) U

113
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for all (or at least for many) ug € D, for all ¢ > 0. As usual, we set nh = t.

There are several splitting procedures in the literature. We collect here the most important ones
which are often used in applications as well.

Definition 10.1. The split solution to problem (10.1) at time ¢ > 0 is defined by
uspln(t) = (F(h))" ug

for all ug € D and n € N with nh = t. For the different operator splitting procedures, the strongly
continuous function F : [0,00) — £ (X) is formally defined for all h > 0 as

Sequential splitting: Fleq(h) = eBelA
Marchuk—Strang splitting: Fys(h) = e%AehBe%A,
Lie splitting: Frie(h) = (I - hB) (I — hA) ™,

Peaceman-Rachford splitting:  Fpp(h) = (1 — %A)_l (I+4B)(1- %B)_1 (I+524).

Of course, due to the application of operator splitting, there appears a certain splitting error
in the split solution.

In this chapter we show the convergence of the operator splitting procedures defined above, and
we also derive some error bounds for their local error

Euo (hyu(t)) = E(h,u(t)) = ||[F(h)u(t) — u(t + h)|],

where the exact solution of problem (10.1) is u(t) = e!4+B)yq. Hence, the local error can be further
rewritten as

& (hyu(t)) = || F(h)u(t) — e TNEAEB o || = || F(R)u(t) — " AT B)u(t)]).

In order to obtain convergence and some error bounds, we have to investigate the difference F'(h)—
eMA+B)  For the sequential splitting? this means e/Be4 — e"(A+5) which in general differs from
zero (unless A, B € C).

For simplicity we start with A and B being matrices.

10.1 Matrix case

Consider the problem (10.1) with operators A, B € Z(C%), which corresponds to a linear system
of ordinary differential equations.
The exponential function of the matrices A, B can be formulated as power series, and the local

error is then defined as
& (hyu(t)) = || (F(h) — " AT u(t)].

We start with the investigation of the sequential splitting.

Proposition 10.2. Consider the operators A, B € £ (C%). If they commute, i.e. [A, B] := AB —
BA =0, then the local error of the sequential splitting vanishes.

1Sometimes is called as Lie-Trotter product formula, see Theorem 10.6.
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The proof is left as Exercise 2.
In the next step we will prove the convergence of the sequential splitting for general, non-
commuting operators.

Theorem 10.3. The sequential splitting is first-order convergent for A, B € £ (C%).

Proof. By the Lax equivalence theorem, Theorem 4.6, it is sufficient to show consistency and
stability from Definition 4.1, for ¢t < ¢y. To prove the consistency, we first consider the local error

Suealts 1) = [ E(BYu(h) — u(t + )| = [|"Betu(t) — HA+Bly(p)|
< HehBehA h(A+B H HU )H

The local error can be expressed by the power series of the corresponding exponential functions
(see also Exercise 1):

Gieq(t,h) < (I +hB+EB* 4. I +hA+ A% 1. .)
—(I+hA+B)+ A+ B?+..)| - [u®)]
= B(AB = BA) + ... || - [u®)]| < S [[[4, B]| - [u(®)]| + O(h®). (10.2)

From this estimate consistency follows, since %éa (h,u(t)) — 0 as h \, 0. We note that from the
considerations above, we also conclude that the sequential splitting is of first order.

To show stability, we have to ensure the existence of a constant M > 0 such that HFseq H <M
for all fixed t < ¢y and for all n € N. Since t < tg, the boundedness of A and B implies that

1 Frea(£)" ]| < | Freq (][ = [lenPen?||" < |
< (R IBIY™ . (onlAIY™ — GHIBIGHAN < glollBllgiollAll — glo(lAI+IBI) < pf, .

t t
en P fle= "

One can investigate the convergence of the Marchuk—Strang splitting analogously.
Proposition 10.4. The Marchuk-Strang splitting is of second order for A, B € £ (C%).

The proof is left as Exercise 3.

We see that in general the behaviour of the commutator of the operators A and B is of enormous
importance for these results and also for the investigation of higher order splitting formulae. Here
the Baker-Campbell-Hausdorff formula comes to help.?

Theorem 10.5 (Baker-Campbell-Hausdorff Formula). For A, B € Z(C%) and h € R we have
ohBohA — Jh(A+B)+D(A,B)

with ®(A,B) = 2[4, B + 2[A - B,[A, B]] - 4[B, [A, [A, B]| +

where [A, B| = AB— BA denotes the commutator of A and B (appearing in all terms of the infinite
sum above).

For a thorough investigation of operator splitting procedures in the context of matrices, we refer
to the monograph by Faragé and Havasi,? or to the above cited monograph by Hairer, Lubich and
Wanner.

Note that all the above considerations only make sense if h||A| and k|| B]| are small, otherwise the
large constants will make the convergence very slow. This means that we need other approaches
for unbounded operators, or even for matrices coming from discretisation of unbounded operators.
One possible approach is presented in the following section.

2E. Hairer, Ch. Lubich, and G. Wanner, Geometric Numerical Integration, Springer-Verlag, 2008, Chapter III. 4.

31. Farago, A. Havasi, Operator Splittings and their Applications, Mathematics Research Developments, Nova
Science Publishers, New York, 2009.
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10.2 Exponential splittings

In this section we suppose that the operators A and B are the generators of strongly continuous
semigroups on the Banach space X. For the sake of better understanding (since there will be more
operators and the corresponding semigroups), we will use the notation (etA)tZO for the semigroup
generated by the operator A, and similarly for the other operators. Therefore, the splittings schemes
have the same forms as in Definition 10.1. First we investigate the sequential and Marchuk—Strang
splittings.

Under the condition that the operator A+ B with the domain D := D(A)ND(B) is the generator
of a strongly continuous semigroup, the convergence of the sequential splitting was already shown
in Corollary 4.10. Since the proof is essentially the same if A+ B is not a generator, but its closure,
we only state the theorem here. Note that the assertion follows from Chernoff’s Theorem, Theorem
77, applied to the operator Fy.q defined above (see Exercise 4 as well).

Theorem 10.6 (Lie-Trotter Product Formula®). Suppose that the operators A and B are the
generators of strongly continuous semigroups. Suppose further that there exist constants M > 1
and w € R such that

[(enert)”

holds for all t > 0 and n € N. Consider the sum A+ B on D = D(A) N D(B), and assume that
D and ()\0 —(A+ B))D are dense in X for some Ao > w. Then C = A+ B generates a strongly
continuous semigroup given by the sequential splitting, i.e.,

. tp tA\"
etcuoz lim (enBenA> U
n—o0

< Me*! (10.3)

holds for all ug € X uniformly for t in compact intervals.

Although the theorem above ensures the convergence of the sequential splitting under rather
weak conditions, it does not tell us anything about the convergence rate. To obtain certain error
bounds, the sum A+ B with domain D = D(A) N D(B) needs to be a generator as well. This leads
to stronger conditions on the operators A and B.

We show the first-order convergence of the sequential splitting following the idea which was
presented by Jahnke and Lubich for the Marchuk-Strang splitting.® To this end, we need some
assumptions.

Assumption 10.7. Suppose that A generates a strongly continuous semigroup on the Banach
space X, and let B € Z(X). Suppose further that there exist a subspace Y such that

D(A) =Y — X

with dense and continuous embeddings. We also assume that D(A) is invariant under the operator

B, and that Y is invariant under the semigroup (e*);>q.

Note that this means in particular that there are constants K7 and K5 such that

Iflly < Ki||flla holds for all f € D(A), and
IfIl < K2||f|ly holds for all f €Y.

“H. F. Trotter,“On the product of semi-groups of operators,” Proc. Amer. Math. Soc. 10 (1959), 545-551.
5T. Jahnke and Ch. Lubich, “Error bounds for exponential operator splittings,” BIT 40 (2000), 735-744.
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We have already seen in the matrix case that the commutator of A and B plays an important role,
when seeking an error bound. It motivates us to define it properly also for A, B being generators,
and to bound it on an appropriate subspace. For B € .Z(X) the commutator

[A,B]f = ABf — BAf

is only defined on D(A). However, in some cases we may be able to extend this estimate for all
f €Y for the subspace Y satisfying Assumption 10.7.

Assumption 10.8. Suppose that A generates a strongly continuous semigroup on the Banach
space X, and that B € Z(X). Further suppose that there exists a constant ¢; > 0 such that

1A, BIfIl < el flly (10.4)

holds for all f € D(A) with Y being the appropriate subspace such as in Assumption 10.7.

Note that in this case the operator [A, B] extends continuously to the entire space Y.

Example 10.9. Suppose that A generates a strongly continuous semigroup on the Banach space
X, and let B € Z(X). Suppose further that there exist constants o € (0,1) and ¢; > 0 such that

I[A, BIfIl < exll(=A)* f]l

holds for all f € D(A). Then the subspace Y = D((—A)O‘) possesses all the properties listed in
Assumption 10.7, see Lecture 7.

Now we are able to state the first-order convergence of the sequential splitting.

Theorem 10.10. Consider operators A, B and a subspace Y satisfying Assumption 10.7. Under
Assumption 10.8 the sequential splitting is first-order convergent.

Proof. Let h € (0,tp]. By applying Proposition 4.12, it is sufficient to show the stability and the
first-order consistency. Since A is a generator and B is bounded, by Exercise 5.5 the sum A + B
with domain D(A) generates a semigroup. After applying the renorming procedure (see Exercise
C.4) and shifting the generators in the appropriate way, we may assume that A, B, and A + B
generate contraction semigroups, that is, for all ¢ > 0 we have

e <1, e[ <1, and [T <1. (10.5)

In particular, for ¢ < tg this proves the stability of Fi.,. Note that although the rescaling does not
effect the order of convergence, it may modify the constants appearing in the estimates and it may
have effect how small the time step A has to be chosen.

To show the first-order consistency (see Definition 4.11), we have to ensure the existence of a
constant M, depending on ¢; and ||B||, such that for all f € D(A) C Y we have

Gsea(hs ) = || Freq(h) f — " ATB) f|| < MB?| f|y. (10.6)

Taylor’s Formula from Exercise C.2 implies

h
"Bg=g+hBg+ /(h — 5)B2%e*Pgds
0



118 Lecture 10: Operator Splitting

for all g € X. In particular, for g = e" f we have

h
ehBehAf — oA f 4 hBeMAf + /(h — 5)B%e* Bl fds. (10.7)
0

On the other hand, note that the solution of the initial value problem %v(t) = (A + B)v(t),
v(0) = vg, can be expressed by the variation-of-constants formula as

h
v(h) = "y + /e(h_S)ABv(s)ds,
0

which implies

h
MA+B) p _ ohA g | /e(h—s)ABes(A-f—B)fds‘
0

Using the variation-of-constants formula for the term v(s) = Be*“+5) f once again, we obtain

S

h h
MATB) p — ohAy 4 /e(hs)ABeSAfds + /e(hS)AB(/e(ST)ABeT(A+B)fdr) ds. (10.8)
0 0 0

Subtracting (10.7) from (10.8), the local error can be written as

éaseq(h7 f) _ HehBehAf - eh(A-i-B)fH
h

< [[nBeras - / "4 BeoA s + | (Ry — Ro) | (10.9)
0
h
with Rif = /(h — 5)B2%esPel fds
0
h s
and Rof = / e(h_S)AB< / e(s=NABer(A+B) fdr)ds.
0 0

For a continuously differentiable function 1 : R — X, the fundamental theorem of calculus implies
that

h
and therefore
h h h s h h
hn(h) —/n(s)ds = hn(h) — /n(h)ds—/(/n'(r)dr)ds = / </77'(T)dr)ds. (10.10)
0 0 0 h 0 s

We note that this corresponds to the error of the a first-order quadrature rule (the right rectangular
rule). In particular, for
n(s) = e Bety,
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being continuously differentiable because D(A) is invariant under B, we have

h h
hn(h) — /n(s)ds = hBehf — /e(hs)ABeSAfds
0 0

being exactly the first term in (10.9) to be estimated. For this special choice of 1 we obtain
’I’]/(S) _ e(hfs)A(_A)BesAf + e(hfs)ABAesAf
= —e(h_s)A(AB - BA)eSAf = —e(h_S)A[A, B]eSAf,
and ' ()| < [l - |[4, Ble** £]| < exlle* Flly = el|e* ||, 1]y

A

where we used condition (10.4) for e*4f € Y. Formula (10.10) implies the estimate for the first
term in (10.9):

h

h h
hBeMAf — [ eh=94BesA rds|| < '(r)|| dr)d (10.11)
|ne /e e s O/(S/Hmur)s

0

h h
< [ ([l sivar)as < s w2ty < K& 820l
0 s

for some constant K’ > 0, where we used h < ¢ in the last step. For the second term in (10.9) we
have the rough estimate ||[(R1 — Rz) f|| < ||R1f]| + || Raf]| with

h
121 = | / B gas| < [ oBl -] o4 - 151ds
0
< 3HBHQ (7 (10.12)
h
and |Rof| = H/e(hs)AB /es r)ARer A+B)fdr>dsH
0 0

h s
< [l s ([ A 1B e - ) ds
0

0
h? 9
< S IBI=- £l (10.13)

Estimates (10.11), (10.12), and (10.13) imply the desired error bound for (10.9) with an appropriate
constant M depending on ¢; and || B]. 0

If operator A generates an analytic semigroup of type (0,w) with w < 0, even stronger estimates
hold, requiring bounds only on the norm of the initial value ug. Recall that in this case there is a
constant M > 0 so that the estimates

J4e 4] < 2, A+ BB | < 2L and henee |40 < 2 (10.14)

hold for all ¢ > 0, see Corollary 9.22.
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Theorem 10.11. Suppose that A generates an analytic semigroup of type (1,w) with w < 0 on
the Banach space X, and B € £ (X). Suppose further that Assumptions 10.7 and 10.8 hold with
Y = D((—=A)*) for some a € (0,1), i.e.,

1A, BIFI < el (=A)*fI holds for all f € D(A).
Then the global error of the sequential splitting is bounded by
[[tiseq,n(nh) — w(nh)|| < hMolog(n)||uol,

forallup € X andn >1,n €N, h >0, nh € [0,to]. In particular, the sequential splitting converges

log n

i the operator norm like

Proof. As before, we assume that all occurring semigroups are contraction semigroups. Applying
the telescopic identity, the global error can be written with the help of the local error as

|[tseq,n(nh) — u(nh)| = HFseq(h)nUQ _ enh(A+B)U0H

n—1
- H Z Fseq(h)n_j_1 (Fseq(h) - eh(A+B))ejh(A+B)UOH

<Z||Fseq I | (Faag () — eMATE))ih(A+E)y |
= HFSGO[( |n IH( seq(h)_eh(AJrB))uOH

+ Z ||Fseq |n j— 1“( (h) o eh(A—i—B))A—lH . HAejh(A+B)UOH

for all ug € D(A). Since || Fyeq(h)|| < 1, we obtain
| tseq,n(nh) — u(nh)|| < H( seq(h) — eh(AJrB))uoH

+ Z H seq h(A+B) ) _1H : "Aejh(A+B)U0“. (1015)

Since A 4+ B generates an analytic semigroup, we have

HAejh(A+B) H <

ElIS

for all j =1,...,n. For g € X we have A~lg € D(A) < D((—A)®), and hence
[ (Fueq(h) = ") A7 g|| < B2CI| AT gl aye < B2Clg]l-

Hence, for the second term in (10.15) we obtain

n—1
Z H seq A+B)) 1” HAe]h(A—l-B U H < ZhQC/]h < hC”log(n)
j=1
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Consider now the case j = 0, that is, the first term in (10.15). To this end, we have to estimate
the operator norm of the local error. By (10.9), we have

h
Suallsf) < 0By — [ - Beuqds | + (B ~ Ro)ul .
0
Note that by (10.12) and (10.13) the inequality
I(Ry = Ro)|| < || Ral| + | Rall < B2 BIJ*.

holds. We conclude by means of (10.11) that

h h h
HhBehAuo—/e(hS)ABeSAuodSH < / </“e<hr)A[A,Be uOHdr>
0 0

<

h
(/He(h_T)A[A, B](—A) (- A)O‘erAUOHd'r)ds

IN

h
/
h h
J ([ e By Ayt ar)as,
0 s

where by Assumption 10.8 we have [A, B](—A)™* € Z(X). By using Corollary 9.22, we obtain
that
h

h h
|nBe g - / e Betugds|| < (4, B(-4)~° / / (= Ay o[ drds
0

h h

1

< K// drds|uo|| < K'h2[uo|.

/I/AOC
0

S

Putting the pieces together we arrive at
[useq,n(nh) — u(nh)|| < K'h*=|luoll + hC" log(n)||uo|| < Mohlog(n)||uoll. O

The following two results of Jahnke and Lubich about the Marchuk—Strang splitting can be proved
by a slightly more detailed analysis, we postpone the proofs to the project phase.

Theorem 10.12. Suppose that A generates a semigroup of type (1,w) with w < 0 on the Banach
space X, and B € £ (X). Suppose further that Assumptions 10.7 and 10.8 hold with Y = D((—A)%)
for some a € (0,1), i.e.,

I[A, Blf|| < c|[(=A)“f||  holds for all f € D(A). (10.16)

Then the Marchuk—Strang splitting is first-order convergent on D((—A)®). If in addition there exist
constants co > 0 and 1 < 8 < 2 such that

I[A, [A, Bllgl| < e2|(—A)%y]| (10.17)

holds for all g € D(A?), then the Marchuk-Strang splitting is convergent of second order on
D((~A4)%).
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Theorem 10.13. Suppose that A generates an analytic semigroup on the Banach space X, and
B € Z(X). Suppose further that B leaves D(A) invariant and that conditions (10.17) and (10.16)
hold for all f,g € D(A?%) with ¢1,c2 >0, a < 1, and B = 1. Then the global error of the Marchuk—
Strang splitting is bounded by

lusss,n(nh) = u(nh)|| < h*Mo log(n)|uo

for all ug € X.

10.3 Example

Consider the m-dimensional Schrodinger equation on = (—m, 7)™

{6tw(t,x) = iAw(t,z) — iV (2)w(t,z), x€Q, t>0 (10.18)

w(0,z) = wo(z), x€Q
with periodic boundary conditions, some given initial function wg, and a C* potential V : R™ — C

being 27-periodic in every coordinate direction, and transform the equation to an abstract Cauchy
problem in L2((2).

Let
Cper(€2) := {f € C*(R™): f is 27-periodic in each coordinate direction},
and for f € C32.(Q2) we define

Hf”%{l(sz) = HfH%,Q(Q) + Halin%Q) tot Hamei%Q)
1F () = 1F 12y + 101 f 1220y + -+ 10m F T2y + D 10:0; flIF (-
irj=1

The completion of
{flo: feC()}

with respect to the norms || - [|g1(q) and || - [[2(q) is denoted by Hlljer(Q) and ngr(ﬂ), respectively.
Both are Banach spaces for the respective norms.

Now we split the operator C according to the different physical phenomena:

A=1A and B =— iv
with the corresponding domains
2
D(A) - Hper(Q)
and D(B) = L%(Q).

Of course, since V is a bounded function, the multiplication operator My is bounded on L2. By
using the Lumer—Phillips theorem, Theorem 6.3, one can show that iA generates a contraction
semigroup T on L?(Q) (and, since —iA does this, too, the semigroup operators are invertible, in
fact they are unitary). By assumption B leaves D(A) invariant.

In order to prove the first-order convergence of sequential splitting and the second-order conver-
gence of Marchuk—Strang splitting, we have to verify the assumptions of Theorems 10.10 and 10.12,
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respectively. It remains to bound the norm of the commutators [A, B] and [A, [A, B]] on appropriate
subspaces. To get an idea how to choose the subspaces, we formally compute the commutators:

[A,B]f = ABf — BAf = A(Vf) = V(Af) = (AV)f +2(VV) T - (V)
and

[A,[A, Bllg = A([A, Blg) — [A, B](Ag) = i(A(AV))g + 41(V(AV))T -(Vg) + 4i(AV)(Ag).

They contain first- and second-order derivatives of the functions f and g, and their norms can be
estimated as follows:

1A, Blfll2 < [AV oo - [1fll2 + 12(VV)lloo - [V fll2 < K([[fll2 + [V £ll2) < K[ f 12
and [|[4, [4, Bllgll2 < [{(AAV) oo - llgll2 + [4i(V(AV))lloo - [[Vgll2 + [[4(AV) oo - [|Ag]]2
< K'(llgll2 + IVgllz + 1 Agll2) < K'llgllne

for some constants K, K’ > 0. By using again multiplicators as in Section 1.1 one can compute the
fractional powers of —iA (see also Exercise 7.2), and obtain that with the choice Y = H}_ (9) and
a = % and g = 1, the assumptions in Theorems 10.10 and 10.12 are fulfilled. Thus we conclude
that the sequential splitting is of first order, and the Marchuk—Strang splitting is of second order

for this problem.

One can show even more (see Exercise 7): Theorems 10.10 and 10.12 apply also to the semi-
discretisation of the problem. By applying a certain operator splitting procedure, the numerical
solution of problem (10.18) needs the approximation of the semigroups generated by the operators
A and B. The multiplication is a pointwise calculation at every grid point. The semigroup generated
by operator A = iA can be approximated by applying some spectral method, see Appendix A. Using
the approximation results presented in Lecture 3, we can imagine how such a combined method
works. For more details, we refer to the project phase.

Now we illustrate the results above by presenting some figures showing the behaviour of the global
error of the Marchuk—Strang splitting as a function of the time step h. We suppose m = 1. In the
first case the smooth potential V' (x) = 1 — cos x was used with random initial data in Hll)er(—Tr, ),
indicated by red circles, and with random initial data in H%er(—ﬂ', 7), indicated by blue stars. In
the second case we used the non-smooth potential V() = x + 7. One can see that in the case of
the smooth potential the convergence is of higher order for the initial data being in H%er(—ﬂ',ﬂ')
than lying only in Hll)er(—Tr, 7). Thus, the numerical experiments are in line with the theoretical
results. We note that the numerical experiments suggest that the non-smoothness of the potential

does not allow a higher order convergence in general.

Remark 10.14. The commutator conditions stay the same for the corresponding parabolic problem
Jw(t,x) = Aw(t,z) — V(x)w(t, z),

such as the heat equation with special source term, the linearised reaction-diffucion equation, or
the imaginary-time Schrodinger equation. Thus, the considerations above apply to them as well.

Exercises

1. Compute the constant in the O(h3) term in the formula (10.2).
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Figure 10.1: Global error of Marchuk—Strang splitting as a function of the time step h.

2. Let X be a Banach space and let A, B € Z(X). Prove that the following assertions are equi-
valent:

(i) [A,B] =0.

(ii) For all + > 0 we have [e!4,e!B] = 0.
Show that under these equivalent conditions one has ef4etB = et(A+5),
3. Prove Proposition 10.4.
4. Prove Theorem 10.6.

5. Let A and B be the generators of strongly continuous semigroups. Show that if there exist
constants M > 1 and w € R such that

t t n
(o)

holds for all ¢ > 0 and n € N, then there exist constants M7, Ms > 1 and wy,ws € R such that

< Me*! (10.19)

t t n
H (eﬁAeHB) < Mjett
g tp A" wat
and enene2n < Mye*?

holds as well for all t > 0 and n € N.
6. Work out the details of the conditions appearing in (10.5).

7. Study the space discretisation of the Schrodinger equation (10.18) which you can find as an
example in the paper of Jahnke and Lubich. Implement the method together with the sequential
and Marchuk—Strang splittings, and solve the equation numerically.



Lecture 11

Operator Splitting with Discretisations

We continue the study of operator splitting procedures and present two more topics concerning
these.

In Lecture 10 we investigated the convergence of the splitting procedures in the case when the
sub-problems are solved ezactly. In concrete problems, however, the exact solutions are usually not
known. Therefore the use of certain approximation schemes is needed to solve the sub-problems.
When a partial differential equation is to be solved by applying operator splitting together with
approximation schemes, one usually follows the next steps:

1. The spatial differential operator is split into sub-operators of simpler form.

2. Each sub-operator is approximated by an appropriate space discretisation method (called semi-
discretisation). Then we obtain systems of ordinary differential equations corresponding to the
sub-operators.

3. Each solution of the semi-discretised system is obtained by using a time discretisation method.

In this lecture we investigate the cases where the solutions of the sub-problems are approximated
by using only a time discretisation method or only a space discretisation method. More general
cases, where all the steps 1, 2, and 3 are considered, will be investigated in the project phase of
this seminar.

As in Lecture 10, we consider the abstract Cauchy problem on the Banach space X of the form

{ dut) = (A+ But), t>0

4(0) (11.1)

Uo

with densely defined, closed linear operators A and B. Throughout the lecture we suppose that the
closure C of A+ B with domain D(A) N D(B) is a generator, and also that the initial value ug is
taken from D(A) N D(B).

Although we started our study of splitting procedures by giving the operators A and B explicitly
in the abstract Cauchy problem (11.1), in real-life applications the sum operator C' is given. The
natural question arises how to split the operator C' into the sub-operators A and B (cf. step 1
above). In practice, there are several ways to do this:

a) First we discretise the operator C' in space, and split the matrix appearing in the semi-discretised
problem (according to some of its structural properties).

b) The operator C' describes the combined effect of several different phenomena and is already
written as a sum of the corresponding sub-operators.

c) We split the operator according to the space directions (dimension splitting).!

1Sometimes also called as coordinate splitting.

125
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Procedure a) leads to the matrix case which was already presented in Section 10.1, and b) was
investigated in Section 10.2. First, we develop some abstract results that are applicable for the
dimension splitting. In contrast to the results presented in Section 10.2 (when operator B was
bounded), in this case we will have two unbounded operators.

11.1 Resolvent splittings

We turn our attention to the resolvent splittings which have already been introduced in Definition
10.1:

Lie splitting: Flie(h) = (I — hB)_1 (I — hA)_l,
Peaceman-Rachford splitting: Fpr(h) = (I — %B)_I(I +BA4)(1 - %A)_l(j +4B).

We note that for closed and linear operators A, B , there appear the corresponding resolvents in
Flie(h) and Fpr(h). We only have to assume that 3 and % belong to the resolvent sets of both
A and B for the Lie and the Peaceman—Rachford splittings, respectively. We are interested in,
however, the convergence of the splitting procedures. Since h has to be small then, we may suppose
without loss of generality that % (and therefore %) is large enough.

Observe that the terms in Lie and Peaceman—Rachford splittings correspond to the explicit and
implicit Euler methods with time steps h or % Thus, the resolvent splittings can be considered as
the application of operator splitting together with special time discretisation methods.

We prove next the first-order convergence of the Lie splitting following the idea presented by
Hansen and Ostermann.?

Theorem 11.1. Let A and B be linear operators, and suppose that there is a Ag > 0 such that
A€ p(A)Np(B) for all X > Ao (i.e., the Lie splitting is well-defined), and that there exist constants
M >1 and w € R such that

| (Frie(n))"|| < Meh (11.2)

holds for all k € N and h € |0, )\io] (i.e., the Lie splitting is stable). Suppose further that the
closure C of A+ B (with A+ B having the natural domain D(A) N D(B)) generates a strongly
continuous semigroup on the Banach space X of type (M,w), and that D(C?) C D(AB) N D(A)
and AB(\g — C)~2 € Z(X) hold. Then the Lie splitting is first-order convergent on D(C?). That
is to say, for all ty > 0 we have

e (n) = u(nh) | < A (|luoll + | Cuoll + [|C2uo])

for all ug € D(C?) and nh € [0,t0], n € N, h € [0, ho|, where the constant K may depend on to,
but not on n and h.

Proof. For better readability we denote the semigroup operators by ¢/C. By using the definition
of the split solution, upen(nh) = Fiic(h)"ug, and the telescopic identity, the error term can be
rewritten as

n—1
uLieJI(nh) — u(nh) = FLie(h)nuO — enhCUO = Z FLie(h)n_j_l (FLie(h) — ehc)ejhcuo. (11.3)
7=0

2E. Hansen and A. Ostermann, “Dimension splitting for evolution equations,” Numer. Math. 108 (2008), 557-570.
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Next we estimate the local error, i.e., the term Fyie(h) — ¢ in the expression above. To do that

we need to introduce some auxiliary functions, which will also come handy in later lectures.

For all h > 0 and j € N we define the bounded linear operators ¢;(hC) by

h
1 Tj ! h*T)C
0

for all f € X and pg(hC) = e"“. These operators are uniformly bounded for h € (0,%]. Indeed,
this is trivial for ¢o(jC'), whereas for j > 1 we have

h
1 (h—7)C 1 w(h—r
s < 55 [ Tl o < \f\l/ 0T
0
<1 pggemaxtowiny g / ri=1dr < L Afemax0eHo|| £l = const. - || ].
S WG =

Moreover, the operators ¢;(hC') satisfy the recurrence relation
i(hC)f = 1] + hCypj41(hC) f (11.5)

for all j =0,1,2,... and f € X, see Exercise 1. They also leave D(C) and D(C?) invariant. In the
rest of the proof, we shall use only the following two consequences of (11.5):

(I = o(hC)) f = =hCp1(hC)f and  (p1(hC) — @o(hC))f = hC(p2(hC) — @1 (hC)) f.

For f € D(C?) we shall derive a form for the local error Fii(h)f — e"“f that allows for the
appropriate estimates. So we take f € D(C?) C D(A)N D(B). For the sake of brevity we introduce
the following abbreviations for the resolvents:

Ri=R($,4) and  Rp=R(;,B),
then we have
Flic(h) = ;5 RpRa.

By using the identity I = AR(\, A) — AR(X, A) for all A € p(A), i.e. [ = FR4 — AR, in our case,
we express now the local error, i.e., the middle term in the telescopic sum (11.3) in the following

form:
(Flic(h) — ehc)f = (FLic(h) — ¢o(hC)) f
= FLie(h)f — (R — BRp)(+ Ra — ARA)po(hC) f
= Fiio(h)f — (;sRpRa — 1BRgRA — LRpAR, + BR5ARA)po(hC) f
= Frie(h) (I — ¢o(hC)) f + (1 BRpRA + + RpARs — BRAR4)po(hC) f.

Since f € D(C?) C D(A), we can write

(Frie(h) — ") f

(11.6)
= Frie(h) (I — ¢o(hC)) f + (hBFie(h) + hFiie(h)A — h* BF1ie(h) A) o (hC) f.
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Observe that for every f € D(C?) C D(A) we have the following relation:
(hBFiic(h) — h*BFie(h)A) f = hBFyie(h)(I — hA) f
= hB(I —hB) ™I —hA)~'(I — hA)f = hB(I — hB)"'f
— BRgf.
For f € D(C?) C D(B) we can rewrite this as:
(hBFiic(h) — h*BEe(h)A) f = BRp f
= RpBf = Rg(+Ra — ARA)Bf = $ RgRuBf — RpARsBf
= +RpRABf — RpRAABf = hFie(h)Bf — h*Fiie(h)ABf.
By inserting this last expression into (11.6), we obtain
(Fiie(h) = ") f = Frie(h)(I = o(hC)) f + hFvie(h) (A + B)go(hC)f — h*Frie(h) ABipo(hC) .
By using the identity (I - cpo(hC))f = —hC¢1(hC)f we obtain
(Flie(h) = ") f = =Fiie()hCo1 (hC) f + hFiie(h)Cipo(hC) f — h* Fiio(h) ABipo (hC) f
= FLic(h)hC (po(hC) — 1 (hC)) f — h* FLic(h) ABgo(hC) f.
On the other hand, we have (¢o(hC) — ¢1(hC)) f = hC(p1(hC) — @2(hC)) f, and therefore
(Frie(h) — ") f = FLie(R)h2C?(p1(hC) — p2(hC)) f — h2Fie(h) ABipo(hC) f
for all f € D(C?).
We now return to the error term. By using the equality above for f = e/"“ug, and that
@o(hC)f =" f = (Ao — C) %" (Ao — C)2f
holds for all f € D(C?), we obtain the following expression for the error term in (11.3):

FLie (h)n’u,o — e"hcuo

= Z Friel ( p1(hC) = 2(hC))C? = AB(Ag — C) 2" (Ao — 0)2) /Mg

= h? Z Frio( ( 01(hC) — p2(hC))e?"CC? — AB(\g — C)~2eUHDC () — 0)2) g

for all ug € D(CQ). Since the terms @1 (hC), p2(hC), and e are uniformly bounded for h € (0, to)
and since by assumption the operator AB(\g — C)~2 is bounded, we obtain the desired estimate:

n—1
[[FLie(h)"uo — €"*“uo|| < h* Y~ || Frie(h)" | ((le(hC)H + 2RO - [l - IC%uol
j=0
— j+1
HIAB(Oo = €)% [P - 10 = 200C + C?uo])
< hQnMemax{O,w}t (COHSt. . Memax{O,w}t . HCQUOH
eonst. - M OwX ([lug | 4 | Cuol| + | Cuo])))
< 02K (Juoll + [[Cuoll + 1C%uoll) = R (lluol| + [ Cuoll + | Cuol)

with a positive constant K depending on ty. This completes the proof. O
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Remark 11.2. The stability condition (11.2) in Theorem 11.1 is satisfied if
[(I-hA)7'| <1 and |[(I-hB)'||<1

hold for all & > 0. In this case, by the Lumer—Phillips theorem, Theorem 6.3 both A and B generate
contraction semigroups on X. As a consequence of the convergence result above the operator C
generates a contraction semigroup, too.

Following the idea of the proof above, the second-order convergence of the Peaceman—Rachford
splitting can also be shown (see the already mentioned paper of Hansen and Ostermann).

Theorem 11.3. Let A and B be linear operators, and suppose that there is a Ao > 0 such that
A € p(A) N p(B) for all X > Ao (i.e., the Peaceman—Rachford splitting is well-defined on D(B)),
and that there exist constants M > 1 and w € R such that

|(Fpr(h)"(1 = £B)7"|| < Mekeh (11.7)

holds for all k € N and h € [0, /\io] (i.e., the Peaceman—Rachford splitting is stable). Suppose further
that the closure C' of A+ B (with A+ B having the natural domain D(A) N D(B)) generates a
strongly continuous semigroup on the Banach space X, and that D(C?) C D(AB) N D(A) and
AB(\g — C)"%2 € Z(X) hold. Then the Peaceman—Rachford splitting is second-order convergent on
D(C®). That is, for all ty > 0 we have

3
luprn(t) — u(t)] < KK | CTugl|
j=0

for all ug € D(C?) and nh € [0,t0], n € N, h € [0, /\io], where the constant K depends on ty, but
not onn and t.

Remark 11.4. The stability condition in Theorem 11.3 is satisfied for example if A and B generate
contraction semigroups, and X = H is a Hilbert space. Indeed, in this case we have

(I —hA)7Y| <1 and ||[I—hB) | <1 forallh>0,
and one can prove that also
|I+24)(1-24)7"|<1 and |[I+2B)(I-4B)7"| <1

hold for all h > 0, see Exercise 4.

As an illustration we give an example of operators A, B, C' that satisfy the conditions of Theorem
11.1, hence, for which the Lie splitting is first-order convergent. More details and examples are left
to the project phase.

Example 11.5 (Dimension splitting). Consider the heat equation in two dimensions on =
(0,1) x (0,1) with homogeneous Dirichlet boundary condition:

8tw(t7 x,y) = aa: (CL(]I, y)accw(tvxa y)) + 8y (b(a:,y)ayw(t,x,y)), (l‘,y) € Q) t> 0
w(oax7y) - ’U}[)(.’L’,y), (.’L’,y) € (118)
w(t,z,y) =0, (z,y) €0, t>0
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with some given initial function wg and functions a,b € C?(2) being positive on Q. Problem (11.8)
can be formulated as an abstract Cauchy problem on the Banach space X = L2():

where the operator equals Cf = 0,(adyf) + 0,(bd, f) for all f € D(C) = H3(Q) N H{(N) and
generates an analytic semigroup on X . First of all, we note that by the Sobolev embedding theorem?
H?(Q) is continuously embedded in C(Q2) and H*(2) is continuously embedded in C?(€2). These
imply that the boundary conditions can be verified pointwise.

Now we split the operator according to the space directions, i.e., C' = A+ B with

Af = 0y(adpf) and  Bf = 9,(bd,f)

for all f € D(C). In this special case the domains can be chosen as:*

D(A) = {f € X : 0z f,0:f € X, and f(0,y) = f(1,y) = 0 for almost every y € (0, 1)}
and D(B) = {f € X :0yyf,0yf € X, and f(z,0) = f(z,1) = 0 for almost every x € (0, 1)}

Then operators A, B with the corresponding domains generate analytic semigroups as well.

We have to verify now the assumptions of Theorem 11.1. The operators A, B and A+ B generate
analytic contraction semigroups on X. To prove the domain condition, we have to show that for all
f € D(C?) we have Bf € D(A). For f € D(C?) C H*(Q) we have Bf € H%(Q) and f = Cf =0 on
the boundary 09 of Q. Then 0, (B f), 0z, (Bf) € X. Since f = 0 on the boundary, its first and second
weak tangential derivatives equal zero on 9€2. Then from the continuity of B f it follows that on the
horizontal lines of 9Q we have Bf = 0y(b0y f) = Cf — 02(a0, f) = (020)(0x f) + a0z f =0—0=0,
and on the vertical lines Bf = 0y(b0y, f) = (0yb)(9y f) + b0y, f = 0. This yields X 3 Bf = 0 on 09,
therefore, Bf € D(A).

The space Y := D(C?) equipped with the H*-norm becomes a Banach space, see Exercise 2. The
boundedness of operator AB(I — C)~2 follows now from the estimate

|AB(I — C) 2| < [|AB||2v.x) - ||(I - (11.9)

C)_QH.,Z(X,Y)'
Indeed, for f € Y = D(C?) we have

IAB [ = [|0x (ada (8, (b0y./))) f|| < const. - || £y
On the other hand for f € Y = D(C?) we have

I = CPFIl < (= 2C + CHFI < IFl + 2 CHl + [IC2FIl < comst. - (LFIl + IC£] + IC*£1I)
< const. - || f]|y-

Thus, we have (I —C)? € Z(Y, X) and (I — C)? is closed. By Proposition 2.10 (I — C)~?2 is closed,
too, and by the closed graph theorem it is bounded, i.e., (I — C)™2 € Z(X,Y). Then estimate
(11.9) yields the desired boundedness.

3See, e.g., Theorem 4.12 in R. A. Adams, J. J. F. Fournier, Sobolev Spaces, Elsevier, 2003.
4A. Ostermann, K. Schratz, “Stability of exponential operator splitting methods for non-contractive semigroups,”
preprint.
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11.2 Operator splitting with space discretisation

In this section we consider operator splittings applied together with a space discretisation method
(steps 1 and 2). That is, we assume that the semigroups generated by the sub-operators A, B are
approximated by some approximate semigroups.

Consider the abstract Cauchy problem (11.1) on the Banach space X for the sum of the generators
A and B. As we did in Assumption 3.2, we define approximate spaces and projection-like operators
between the approximate spaces and the original space X.

Assumption 11.6. Let X,,, X be Banach spaces and assume that there are bounded linear
operators P, : X — Xy, Jp : X;n — X with the following properties:

a) There is a constant K > 0 with || P,,]], ||/m] < K for all m € N,
b) PyJm = I, the identity operator on X,,, and
¢) JmPuf — fasm — oo for all f e X.

As already illustrated in Examples 3.3 and 3.4, the operators P, together with the spaces X,,
usually refer to a kind of space discretisation (cf. Appendix A), the spaces X,,, are usually finite
dimensional spaces, and the operators J,,, refer to the interpolation method how we associate specific
elements of the function space to the elements of the approximating spaces.

First we split the operator C = A 4+ B appearing in the original problem (11.1) into the sub-
operators A and B. In order to obtain the semi-discretised systems, the sub-operators A and B
have to be approximated by operators A,, and B,, for m € N fixed. Suppose that the operators A,,
and B, generate the strongly continuous semigroups 7;, and S, on the space X,,, respectively.
For the analysis of the convergence, we need to recall the following from Lecture 3.

Assumption 11.7. Suppose that for m € N the semigroups T}, and S, and their generators A,,,
B, satisfy the following conditions:

a) there exist constants M > 1 and w € R such that T, and S,, are all of type (M,w), and for all
h >0, k,m € N we have

(S ()T ()| < D", (11.10)
b) We have
Tim Ay Pof = Af  forall f € D(A)
and lim J,,BpnPnf = Bf for all f € D(B).

m—0o0

The semigroups Tp,, Sy, m € N, are called approximate semigroups, and their generators
Ap, B, m € N are called approximate generators if they possess the above properties.

Remark 11.8. From the assumption above and from the first Trotter—-Kato approximation theo-
rem, Theorem 3.14, it follows that
lim J, T (h)Pnf =T(h)f

m—ro0

and Hm Jy S (R) P f = S(h)f

m—ro0

for all f € X and locally uniformly in h, where T" and S are the semigroups generated by A and
B, respectively.
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From now on we consider the exponential splittings, that is, the sequential and Marchuk—Strang
splittings. We remark that, analogously to the case of exact solutions (i.e., splitting without ap-
proximation), the stability condition (11.10) implies the stability of the reversed order and the
Marchuk—Strang splittings (cf. Exercise 10.5). This means that the sequential and the Marchuk—
Strang splittings fulfill their stability condition (with space discretisation) if the stability condition
(11.10) holds. Therefore, it suffices to control only this condition in both cases.

Definition 11.9. For the case of spatial approximation, we define the split solutions of (11.1) as

Uspl,n,m (t) = Jm (Fspl,m(h))npmu07 (t = nh)

for m,n € N fixed and for ug € X. The operators Fyeqm, describing the splitting procedures
together with the space discretisation method, have the form (cf. Definition 10.1):

Sequential splitting: Fyeqm(h) = Sim(h) T, (R),
Marchuk-Strang splitting:  Fys,m(h) = Tin(h/2)Sm (k)T (h/2).

Definition 11.10. The numerical method for solving problem (11.1) described above is convergent
at a fixed time level ¢ > 0 if for all € > 0 there exists N € N such that for all n,m > N we have

”uspl,n,m(t) — U(t)” <e.

This is the usual well-known notion of the convergence of a sequence with two indices and we will
use the notation

i ugn(t) = u(t)

to express this.

In order to prove the convergence of operator splitting in this case, we state a modified version
of Chernoff’s theorem, Theorem 5.12, which is applicable for approximate semigroups as well.

Theorem 11.11 (Modified Chernoff Theorem). Consider a sequence of strongly continuous func-
tions Fy, : [0,00) = Z(X,n), m € N, satisfying

Fn(0) = I, (11.11)
for all m € N, and suppose that there exists constants M > 1, w € R such that
|(Fon ()] < Mkt (11.12)
holds for all t > 0 and m, k € N. Suppose further that the limit
lim I Ep (W) P f — I P f

m—ro0 h

exists uniformly in h € (0,to], and that

Gf = lim tim JmEm) P = JnPnf

11.13
hN\,0 m—co h ( )

exists for all f € Y C X, where Y and (Mg — G)Y are dense subspaces in X for \g > 0. Then the
closure C' = G of G generates a bounded strongly continuous semigroup U, which is given by

Ut)f = lim Jn, (En(h)" P f (11.14)

for all f € X uniformly for t in compact intervals (t = nh).
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Proof. For h > 0 we define

Fon(h)— 1,
Ghm = L € ZL(Xm)

for all fixed h € (0,t9] and m € N. Observe that for all f € Y we have

lim lim Jy,,GpomPmf = Gf.
o lim T GhnPnf = G

Then every semigroup (e!Grm);~q satisfies

0 k
<o hform 0 ek 3 e (F) ] < 2 (11.15)
=0

for some w’ € R and for every fixed h and m. This shows that the assumptions of the first Trotter—
Kato approximation theorem, Theorem 3.14, are fulfilled. Hence we can take the limit in m — oo
(which is uniform in h € (0,%]), and then take limit as h — 0 obtaining that the closure G of G
generates a strongly continuous semigroup U given by

. . . tG m _
}%%W}@OOHU(t)f Jme"“rm P f|| = 0 (11.16)

for all f € X and uniformly for ¢ in compact intervals. On the other hand, we have for ¢ = nh by
Lemma 5.7 that

e tm P f = s (Fon (1) Pan || = |[ e =0 By f = i (Fra(1)" P f |
1) Pof = JinPnf H (11.17)

n I F,
e T
Using that h = £ for some ¢ € [0,%o] and taking the limit, we obtain

h

. . n . . tM
fim T [ e P f = T (Fon(1)" P | = Jim, lmn =

|-

(11.18)
for all f € Y, and uniformly for ¢ in compact intervals. The combination of (11.16) and (11.18)
yields

lim lim [|U(t)f — Jin(Fn(h))" P f|

h\,0 m—ro0
< lim lim [U()f = e P ]| 4 i L[| Jone! S P = Jin (Fa(R))" P || = 0

(t = nh) for all f € Y, and uniformly for ¢ in compact intervals. By Theorem 2.30, the statement
follows for all f € X. O

In the rest of this lecture, we consider the convergence of the sequential splitting applied together
with a space discretisation method.

Lemma 11.12. Let J,,, Py, Ty, be operators introduced in Assumptions 11.6 and 11.7. Then
lim Jme<h)me - Jumf

m—00 h

holds for all f € D(A) uniformly in h € (0,to], and
lim | (T()f - 1) = AF.

=5(T(h)f - f)
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Proof. Let us investigate the following difference for all f € D(A):

H JnTia(h)Purf = JmPuf  T(h)
h

h h
}J:— fH _ }1LH /JmAme(s)meds - /AT(s)fds
0 0

< sup || JmAmTn(s) P f — AT (s)fll = sup ||JmTin(s) Am P f — T(s)Af|

s€[0,to] s€[0,to]

< sup || Ton(8) Pon(Jin A P f = Af) + (T Ton(8) P — T(5)) Af |
s€[0,t0]

< sup [l 1 Tn ()] - [Pl - | Jm A P f — Af[] + sup H(Jme(s)Pm - T(S))AfH
SG[O,to] SE[O,to}

By Assumption 11.7, the term ||J,;, Ay P f — Af|| tends to 0 as m tends to infinity. Since g := Af is
a fixed element in the Banach space X, ||JpTin(s)Prng—T(s)g|| tends to 0 uniformly in h as m — oo
because of Remark 11.8. Operators J,,, and P,, were assumed to be bounded. The semigroups 7},
are of type (M,w), independently of m. Therefore,

sup || Tin(s)|| < sup Me*® < Mm@ {0«Ho — congt. < oc.
s€[0,to] s€[0,to]

Hence, the difference above tends to 0 uniformly in A. The second limit as h ™\, 0 can be obtained
by using the definition of the generator:

Th)f —
}lli{%()}{f—Af for all f € D(A).
Thus, the statement is proved. O

The same result is true for the semigroup S generated by the operator B, that is,

. . JmSm(h>me - Jmpmf
lim lim
hN\,0 m—00 h

= Bf (11.19)

holds for all f € D(B), where the limit as m — oo is locally uniform in h.

Theorem 11.13. The sequential splitting is convergent at time level t > O if the stability condition
(11.10) holds for the approximate semigroups, and the approzimate generators satisfy Assumption
11.7.

Proof. According to the modified Chernoff theorem, Theorem 11.11, the sequential splitting is
convergent if the stability (11.12) and the consistency (11.13) hold for the operator

Fon(h) = Sy ()T (h). (11.20)

The stability condition (11.12) is fulfilled, since we assumed that (11.10) holds. In order to prove
the consistency criterion (11.13), we investigate the following limit:

lim lim I Sm (h) T (h) P f — Jm Prn f
h\,0 m—00 h

me Pm - um
= lim lim JmSm(h)PmJ (h) P = J /
h\,0 m—+00 h
+ lim lim i Sm(h) P f = Jumf‘
h\ 0 m—o0 h
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Remark 11.8 implies

lgn ImSm(h) Py f = S(h)f for all f € X and uniformly for h € [0, to]
d li h)f = for all X.
an h{% S(h)f=f forall fe

Notice further that the set {3 (JmTin(h)Puf — JmPuf) : h € (0,t]} is relatively compact for all
f € D(A), and that on compact sets the strong and the uniform convergence is equivalent due to
Theorem 2.30. Then Lemma 11.12 and (11.19) imply that

mFm Pm - um
tim tim T L) P = InPnf 4\ gy
h\,0 m—oc0 h

holds for all f € D(A) N D(B) (see also the proof of Corollary 4.10). This completes the proof. O
We state now the convergence of the Marchuk—Strang splitting, and leave the proof as Exercise 5.

Theorem 11.14. The Marchuk-Strang splitting is convergent at time level t > 0 if the stability
condition (11.10) holds for the approximate semigroups, and the approximate generators satisfy
Assumption 11.7.

Exercises

1. Prove the recurrence relation (11.5).

2. Let C be the operator from Example 11.5. Prove that the H*-norm makes D(C?) a Banach
space.

3. Consider the operators A, B and C' from Example 11.5 with a = b = 1. Show that they generate
analytic contraction semigroups.

4. Suppose A generates a contraction semigroup on the Hilbert space H. Prove that the Cayley
transform

G={I+A)I- A)*l
of A is a contraction.

5. Prove Theorem 11.14.



Lecture 12

Rational Approximations

In the previous lectures we have seen some examples for time discretisation methods, e.g., the
explicit and implicit Euler methods, the Crank—Nicolson scheme, and the Radau IT A method. We
now turn to study numerical approximation schemes F' : [0,00) — Z(X) (see Lecture 4) that are
defined by means of a rational function r:

F(h) = r(hA).

Such were the previously mentioned time discretisation methods. In general, we first need to give
meaning to the expression r(hA), and—in view of the Lax equivalence theorem, Theorem 4.6—
to study consistency and stability of these schemes. We start with the scalar case and make the
following definition. Let r : C — C be a rational function, i.e., r = g with P, polynomials and
@ # 0, and even if it is not stated we shall usually suppose that P and ) have no common zeros.

Definition 12.1. We call a rational function r a rational approximation of the exponential function
of order p, rational approximation of order p for short, if there are constants C,d > 0 such
that

Ir(z) —e*| < C|z|P™ for all z € C with |z] < 4.

12.1 The scalar case
Recall the test equation, already seen in Section 1.1 and Appendix B, with the unknown function
u: [0,00) = C:

{ Lu(t) = Mu(t), t>0 (12.1)

u(0) = uo,
where the parameter A € C and the initial value ug € C are given. Of course, the exact solution of

problem (12.1) equals u(t) = e uq.

1. Consistency

That r is a rational approximation of order p means by definition that F'(h) := r(h\) is a finite
difference scheme (method) consistent of order p on X = R with the Cauchy problem (12.1),
cf. Definition 4.11. By considering the power series expansion around z = 0 one sees immediately
that p-order consistency in this case is equivalent to the conditions

r(0) =1, 7(0) =1, ..., rP(0) = exp®(0).
This yields the next example.

137
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Example 12.2. Consider
2 s

z z
r(z) ::1+z+§+...---+g.
Trivially, r is a rational approximation of order p = s. All explicit s-stage Runge—Kutta

methods of order p = s possess this stability function, see also Example 12.3 below.

If we apply the time discretisation method F'(h) = r(hA) to obtain the numerical solution uy,,
after n steps with time step h we are led to the recursion

Uppn =r(hA\)upp—1, neN.
Next we show that Runge—Kutta methods are of this form.

Example 12.3 (Runge-Kutta methods). Recall the s-stage Runge-Kutta method from Ap-
pendix B given by the recursion (B.13), (B.14). For the special right-hand side of problem (12.1)
we then have:

Uh = Unpn-1+ DAY biks (12.2)
i=1

with k; = Upp—1+ hA Z aijkj (12.3)
j=1

with certain coefficients a;j, b; for 4,5 = 1, ..., s. We introduce the following vectors in R®:
k=(ki,..ko)', 1=(1,..,1)", b= (b,....b)",
and the matrix A = (a;j)i j=1,..,s € R*°. Then formulae (12.2) and (12.3) can be written as
Uhy = Uhp—1 + bk
and k=(1-2A)"1up, 1 (12.4)
with z = hA € C. This implies for all n € N that
Uy = U1+ 20" (I —2A) " 1up g = (1+ 2" (1 — 2A) 1) uy 01, (12.5)

that is, we obtain uy,,, = 7(2)upn—1 with 7(z) = 1+ 2b" (I — zA)~'1 which is a rational function
of z € C. To work out the details of the computations above is left as Exercise 1.

Example 12.4. All the time discretisation methods introduced previously are Runge-Kutta me-
thods. Therefore, the corresponding rational function can be obtained by the derivation in Example
12.3.

explicit Euler method: r(z)=1+z
. .. 1
implicit Euler method: r(z) = I
-z
, 1+ 3
Crank-Nicolson scheme: r(z) = 12
T2
1422442
Radau II A method: r(z) = o 102
138,432 1z
5T 102 106
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Now let us return to general rational functions

rz) = PG

Q(2)’

with & = deg(P) and I = deg(Q), where we suppose that P and @ have no common zeros. If
k,l € Ny are fixed, the maximal order of approximation to the exponential function is p = k + [,
see Exercise 5. Such rational approximations r are called rational Padé approximations. One
can collect the corresponding functions r in the Padé tableau, see Table 12.1 for examples.

I\K 0 1 2
0 1 142 1+2+%
1 1 1
2
. 1 1+ 32 1+ 22+ 2%
1—2 —%z —%z
2
) 1 1+1iz 1+3z+%5
2 2 2
1—2+% 1— 32+ 3% 1— 32+ 3%
; 1 1+ 1z 1422442
2 3 2 3 2 3
l-zt5—% l-gz+3y—i% 1-82+5%7 1%

Table 12.1: Padé tableau.

2. Stability issues

As discussed in Lecture 4, stability is fundamental if one longs for convergence of the method for
all initial values. More precisely, since uj ., = (T(h)\))nuo is expected to be the approximation of
the exact solution u(t) = e"*ug at time t = nh, the recursion Upp = 1(hX)up n—1 needs to be stable.
This motivates the next definition. The set

S=8(r)={zeC:|r(z)| <1}

is called the stability region of the corresponding rational approximation. Also note that, if one
starts, say with some Runge-Kutta method as in Example 12.3, and derives a formula for the
recursion, the appearing rational function r determines the stability of the method. Hence the
rational function is also called stability function.

Example 12.5. Consider the following time discretisation methods, their stability functions, and
stability regions.

1. For the explicit Euler method we have r1(z) = 1 + z, which implies
S(ir1)={z€C:|1+2 <1}
the closed disc of radius 1, centred at the point —1.
2. The implicit Euler method has stability function rs(z) = 1712, hence,
S(rg) ={z€C: |1 -2z >1},

which is the exterior of the circle with radius 1 and centre 1.
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3. The stability function of the Crank—Nicolson scheme is r3(z) = ?_é, therefore,
2
S(rg) ={z € C:Rez <0},
i.e., the left half-plane.
The respective stability regions are shown in Figure 12.1.
S(r1) S5(r2) S(rs)

Figure 12.1: Stability regions: explicit Euler, implicit Euler, Crank—Nicolson methods.

From the examples above one can see that the stability of the recursion is not obvious. There
is a restrictive condition on z = hA. To achieve a stable recursion uy, = 7(2)upn—1, n € N, the
complex number z = hA has to lie in the stability region S of the method. Since A € C is a given
parameter in problem (12.6), this yields a condition on the step size h. Thus, if Re A < 0, the explicit
Fuler method is not unconditionally stable in contrast to the the implicit Euler or Crank—Nicolson
schemes (cf. Section B.1).

The rational approximations with stability region containing the entire left half-plane are called
A-stable!. If the stability region contains a sector

d,={z€C:|arg(—2)| <a} = -3,,

for some o € [0, 5], we speak about A(«)-stability. (For a = 0 we set &y = (—00,0) and Xg =
(0,00).) Notice that A-stability is the same as A(F)-stability. For example, the implicit Euler or
Crank-Nicolson schemes are A-stable.

Figure 12.2: The sector X, and its reflection.

!The terminology is due to G. Dahlquist. According to Hairer, Ngrsett and Wanner he said: ‘T didn’t like all these

» o« ” o«

“strong”, “perfect”, “absolute”, “generalized”, “super”, “hyper”, “complete” and so on in mathematical definitions, I

”

wanted something neutral; and having been impressed by David Young’s “property A”, I chose the term “A-stable”.
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Without proof we state an important stability property of Padé approximations first conjectured
by Ehle?, and then proved by Wanner, Hairer, and Ngrsett.3

Theorem 12.6. A rational Padé approximation r = 5 18 A-stable if and only if

deg(Q) — 2 < deg(P) < deg(Q).

That is, only those Padé approximations are A-stable whose stability functions appear in the
main diagonal or in the first or the second lower sub-diagonal of the Padé tableau.

Remark 12.7. Let r = g be an A-stable rational Padé approximation. If r is diagonal, i.e.,
deg(P) = deg(Q), then r(oo) = 1, otherwise r(c0) = 0.
3. Convergence

The first motivating result shows that A(«)-stable rational approximations converge in the scalar
case. However, this result will be fundamental later, when we pass to rational approximation of
analytic semigroups.

Proposition 12.8. Let o € (0, 5], and let v be an A(c)-stable rational approxzimation of order
p € N. Then for all 6 € (0,a) and g9 > 0 there exist constants C,c > 0 such that

[r(z)" — e"| < Cn|z[PT e holds for all =z € Ty with |z| < hg, and for all n € N.

In particular, we have for all A € X, a constant K > 0 such that

P
[r(hA)"™ — €| < Kn|h[PTle e = Ke™ ' (t =nh)
np

for allh >0 and n € N, i.e., the method is convergent of order p.

Proof. First of all, let us fix C' > 0 so that
Ir(z) —e*| < C'|z|PTL for all 2z € X, with |z| < hy.
This is possible by the assumption about the approximation order. Note that

le?| = efte® < e~ 17180 holds for all z € Zy.

We next claim that for some ¢’ > 0 the inequality
[r(2)] < eIl holds for all z € Ty with |z| < hg.

We argue by contradiction and assume the contrary, i.e., that for all n € N there is z, € &y with
|zn| < hg such that

lzn|

I7(zn)] >e€ n .

By passing to a subsequence we may assume that (z,) C Xy N B(0, h) is convergent to a limit
z € Xy N B(0,ho). Then we obtain |r(z)| > 1 and the A(«a)-stability yields |r(z)] = 1. By the

2B. L. Ehle, “A-stable methods and Padé approximations to the exponential,” SITAM J. Math. Anal. 4 (1973),
671-680.

3@. Wanner, E. Hairer and S. P. Ngrsett, “Order stars and stability theorems,” BIT Num. Math. 18 (1978),
475-489.
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maximum principle for the modulus of holomorphic functions (applied to » on —&,) we obtain
that z = 0. Thus we conclude

lzn|

e < ()] < () = €] + [e0] < Oz 1 4 el e0),

Therefore
i(ebn\(Cos(@)*%) _ 1) < Cl‘zn|pe\zn|cos(9) 0

as n — oo. This yields, however, a contradiction.

We obtain therefore the existence of a ¢ > 0 asserted above, and we set ¢ := min{c/, cos(6)}. By
the standard telescopic identity we conclude

n—1 ) n—1
|7,(Z)n o enz’ < |,r,(z) o ez| Z’T‘(z)|]|e(n7j71)z‘ < ’T(Z) _ ez‘ Zefcj\z\efc(n7j71)|z|
=0 =0
< C/‘Z|p+1e—c(n—1)\z\ < Clec|z‘p+1e—nc\z\ _ C‘Z|p+1e—nc|z|

for all z € Xy with |2| < ho. O

12.2 Rational functions of operators

Let A be a linear operator on a Banach space X with nonempty resolvent set. Given a rational

function r = % we would like to define 7(A). First of all, we recall the case when r = P is a

polynomial. Suppose P(z) = z*. In this case, as we have already seen, we set D(A%) = X and
AY =1, and for k € N we define

D(AF) .= {f e D(A*1): A* 1 f e D(A)},
AFf = AARTF for f e D(AF)

by recursion. Then A is a closed operator for every k € Ny, cf. Exercise 4.1. For a general polynomial

P40
P(z) =ag+ a1z +a2+ ...+ ap2”

with a # 0 we set D(P(A)) := D(A*) and
P(A) == apl + a1 A+ a2 A% + ... + a A,
which is again a closed operator, see Exercise 3.
Of course, we can write
Piz)=ap(z—2z1)" (2 — 22)"% - (2 — zp)™"
where z; € C are pairwise different. Thus we have the identity
P(A) =ap(A—2z1)™(A—2z)™ - (A= z,)"m.
If P # 0 and the zeros of P all lie in p(A) then (A — z;) are in particular all injective, and we obtain

PA) = i(A —z) M (A= zy) T = (_1)kR(z1, A)™M Rz, A € L(X).

ag ag
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It is easy to see that ran(P(A)~!) = D(Adeg(P)),

Next we define
Ra={r= g : P,Q are polynomials with @ having all zeros in p(A)}

and for r € R4, r # 0 we set

with
D(r(A)) ={f € X : Q(A)~'f € D(P(A))}.

Then r(A) is a closed operator by Exercise 7.1, and we have

D(Adea(P)=des(Q))  if deg(P) > deg(Q)

X otherwise.

D(r(4)) = {

Note that r(A) is well-defined, i.e., if r = % = % with @1, Q2 having zeros in p(A) then

Pi(A)Q1(A) ! = P(A)Qa(A) .

Finally, let us recall the partial fraction decomposition of a rational function. If r is a rational
function with poles z; of order v; € N, then there is a unique polynomial I and coefficients ¢;; € C

such that
v Vi Ci'
'I"(Z) = PO(Z) —|— ZZ m

i=1 j=1

This provides yet another evaluation of r(A) for r € R 4:

r(A) = PRy(A) + ) i:(—l)jcin(zi, A

i=1 j=1
We can now at last define r(hA).

Definition 12.9. A finite difference scheme F' such that F(h) = r(hA) holds for h € [0, hg] with
some hg > 0 is called a rational approximation scheme.

We now have a simple functional calculus for » € R4. For the study of its various algebraic
and analytic properties we refer to the Appendix A.6 of the monograph? by M. Haase. However
to obtain the convergence of the rational approximation method obtained from r € R4 further
structural properties of r and A are needed. This will be the subject of forthcoming lectures. In
the present one we shall give some illustration of results that can be expected, in a situation that
is quite near to the scalar case.

4M. Haase: The Functional Calculus for Sectorial Operators, vol. 169 of Operator Theory: Advances and Appli-
cations, Birkhauser Basel, 2006.
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12.3 Multiplication operators

In this section we consider multiplication operators and start by briefly recalling some results
from Exercises 1.4, 7.2 and Examples 7.2, 9.6. Let (m,) C C be a sequence, and consider the
multiplication operator A = M, with maximal domain

D(My,) = {(zx) € 62 : (myax) € £*}.

The norm of M, is
([ My || = sup |my|,
keN

provided the latter expression is finite. Our standing assumption will be that
{my :n € N} C s
holds for some § € [0, §). Or in other words:
Assumption 12.10. Let A = M,, be a multiplication operator with spectrum
(M) = {mn :n €N} C Ty
for some ¢ € [0, 5).
Under this condition A = M,, generates an analytic contraction semigroup 7' given by
T(t) = e = Mym.
For 8 > 0 the fractional power (—A)% of —A = —M,, is given by
(—A)P = M(_pys  with maximal domain  D(M_,ys) = {(zn) € 2 (—my)Pay) e 62}.

Consider now the abstract Cauchy problem
(12.6)

on the Banach space X = ¢? with ug € D(A). We use some rational approximation schemes to
obtain the numerical solution wuy, , at time ¢, i.e., after n steps with time step h = %

The first illustrating result states the stability of some suitable schemes and explains why A-stability
may be relevant in the general situation of rational approximation schemes.

Proposition 12.11 (Stability theorem). Suppose A = M, is as above, and let r be an A(J)-
stable rational approrimation. Then the estimate

[(r(hd))"[l <1
holds for all h >0 and n € N.

Proof. Note that for z € X5 and h > 0 we have zh € Zs. Then by the preparatory remarks we have

1(r(h))"|| < s [ (r(hm)) " || < sup [r(z)] < 1. o

ZEZ§
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We can extend the convergence result from the scalar case as follows. Our inspiration is the paper
by M.-N. Le Roux®.

Theorem 12.12 (Convergence theorem 1.). Suppose A = M,, is as above. Let r be the stability
function of an A(a)-stable rational approzimation of order p with |r(co)| <1 and a € (0, 5]. Then
there is a constant K > 0 such that

K

HT(hA)n—etAH SKTZZTLP (t:nh)

holds for alln € N, t > 0, i.e., one has the convergence of the rational approrimation method in
the operator norm.

Proof. We have to estimate

||r(hA)” - etAH = sup|r(hmk)" - etmk| = sup|r(hmk)" — |,
N N

Since |r(co)| < 1 we can choose hg > 0 so large that
sup{z € &s: |z| > ho} =119 < 1.
Suppose first |hmy| < hg. Then by Proposition 12.8 we obtain that

/
‘r(hmk)" _ etmk| < Cnlhmk|p+1efnhc|mk\ _ Q‘tmk‘pﬂeftqmu < Q
- nP P

for some constants C’, ¢ > 0. On the other hand, if |hmy| > hg, then
[r(hmg)| < ro < 1.

Therefore with some appropriate constant C” > 0 we have

C//
[r(hmp)|" <rj < —.

S p
We also have
"
|enhmk‘ _ enhRemk < efnhcos(oz)|mk.\ _ efnho cos(a) ~ 07
— — pr .
Hence in case |hmy| > ho we obtain
C/// + C//
n __ . tmyg ~ T~
(i — e < X
This and the estimate in the first case finish the proof. O

The drawback of this result is that it tells nothing about the diagonal Padé approximations,
e.g., about the Crank—Nicolson scheme. For “smooth” initial data ug, however, we can recover
convergence without the assumption |r(co)| < 1, hence the next result applies also to the missing
case of diagonal Padé approximations.

®M.-N. Le Roux, “Semidiscretization in time for parabolic problems,” Math. Comp. 147 (1979), 919-931.
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Theorem 12.13 (Convergence theorem IL.). Suppose A = M,, is as above. Let r be the stability
function of an A(«a)-stable rational approzimation of order p with o € (6, 5]. Then for all B € (0, p]
there is a constant K > 0 such that

[unn = w(®)]| = [[r(hA)"ug — ug|| < KRP[[(=A) uol| (¢ = nh)
holds for alln € N, t >0 and ug € D((—A)?).
Proof. We first estimate the term

skuIN) ‘r(hmk)"(—mk)fﬁ — etm"’(—mk)fﬁ‘.
€
mp#0

As before we choose hg > 0 with
sup{z €s:lz| > ho} =:ryp < 1.
If 0 < |hmyg| < hgy, we obtain by Proposition 12.8 that
| (him)™ (—my) =P — €™ (—my,) 7P| < CnhP|hiny, [P Bemnhelmsl

_cw Cc'nPC'hp

_ p+1 —tclmy| < _
np—B8 [t e — npp-B8 tp—8"

On the other hand, suppose |hmy| > hg. Then by the A(«a)-stability we obtain

. m _ 2 2hP
|7"(hmk>(*mk) P F(—my) '8’ < W < hT
0

Therefore, for all k € N with my, # 0 we obtain

sup [r(hmg)"(=mg) = — e (=) 0| < C"hP.
€
mp, 70

‘We now can write

Ir(hA) o — e ugl3 = D |r(hm)"uo(k) — e™*ug (k)|
keN
mp, #0

< sup [r(hmi)" — g (-4 ol < 2% (AP wol
c€
mp #0

The assertion is proved. O

Remark 12.14. 1. Of course, it was only for the sake of convenience that we stated the result
above on X = (2 for suitable multiplication operators A = M,,. Essentially the same proofs
work for the general setting: Let (2, 47, u) be a o-finite measure space (Q a nonempty set, &7
a o-algebra, u a measure), and consider the Banach space X = L2(Q, o/, u) = L2(Q). Suppose
m : 2 — C is a measurable function such that the essential range of m is contained in the sector
X, for some « € [0, 5). Here the essential range is defined by

esstan(m) := {z € C: m™'(B(z,¢)) has positive y-measure for all € > 0}.



12.3. Multiplication operators 147

The spectrum of M, is precisely essran(m), hence X_, C p(A). The multiplication operator
A = M,, with maximal domain

D(My,) = {f € LX(Q) :mf € L2(Q)}
generates an analytic semigroup 1" given by
T(t) = Mgtm.
For 8 > 0 the fractional power (—A)? of —A = M_,, is given by
(—A4)° = M_,,ys with maximal domain  D(M_,y5) = {f € L*(Q) : (-m)° f € L*()}.
Now the analogues of the results from above can be stated and proved with just a bit more work.

2. By part 1. and the spectral theorem for self-adjoint operators, we see that the results in this
section remain valid for non-positive self-adjoint operators A on arbitrary Hilbert spaces.

Exercises

1. Consider an s-stage Runge—Kutta method applied for the problem (12.6) and defined by formulea
(12.2) and (12.3)

a) Derive the formulae (12.2), (12.3).
b) Derive the recursion (12.5).
c¢) Show that the stability function
r(z) = (1+2b"(I - zA)™'1)

from formula (12.5) is a rational function. That is, r(z) = gg% with

P(z) =det(I — zA + z1b ") and Q(z) =det(I — zA).

d) Show that if the Runge-Kutta method is of order p, its stability function has the form
2

z 2P 1
7’(2)=1+Z+§+---.+E+O(z ).

2. Prove directly that the Crank—Nicolson approximation is A-stable, cf. Example 12.5.
3. Work out the details of Section 12.2.

4. Prove the existence of a partial fraction decomposition for a rational function. Hint: use complex
analysis.

5. Let r(z) = % with & = deg(P) and | = deg(Q), where we suppose that P and @ have
no common zeros. Show that if k,1 € Ny are fixed, the maximal order of approximation to the
exponential function is p = k + [.

6. Convince yourself about the details of Remark 12.14.



Lecture 13

Rational Approximation and Analytic Semigroups

As we have seen in the previous lecture, rational approximations behave in a nice way for selfadjoint
generators. This is due to the fact that

1. we have a well-established stability and convergence theory in the scalar case, and

2. since selfadjoint operators can be considered multiplication operators, we were able to extend
the scalar estimates in a uniform way depending only on geometric conditions on the spectrum.

Notice that though we could define rational functions of operators using various formulae in Section
12.2, we could not make direct use of these formulae but needed a more refined and intimate relation
between the function of an operator and the original scalar function itself. Such a relation is usually
called a functional calculus.

Recall from Lecture 9 the notion of sectorial operators: Let A be a linear operator on the Banach
space X, and let § € (0, §). Suppose that the sector

Tays = {xeC\{0}:|arg\| <5 +d}
is contained in the resolvent set p(A), and that

sup  [|AR(A, A)|| < oo for every &' € (0,9).

)\EE?}_H;/

Then the operator A is called sectorial of angle §. For a sectorial operator A we defined

T(z) =e*4 = % /eAzR()\,A)d)\, (z € Xs) (13.1)
v

with a suitable curve «y. This definition yields a strongly continuous, analytic semigroup in case A
is densely defined. We also saw that densely defined sectorial operators are precisely the generators
of analytic semigroups.

This lecture is devoted to the study of rational approximation schemes for this class of semigroups.
To prove convergence of such schemes (in the spirit of Lecture 12, Section 12.3) we first need to
develop a functional calculus, which is a bit more general than the one above for the exponential
function.

13.1 The basic functional calculus

Let A be a sectorial operator of angle § € (0, %) and let 6 € (5 — 0, 5). We consider the sector

"o:={z€C\{0}:|arg(—2)| <8} = -y =C\ Z,_y,

149
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and define

HF (Ky) = {F : Ly — C: F is holomorphic

and there are ¢ > 0 and C' > 0 with |F(z)] < % for all z € Zg}.

We would like to plug the operator A into functions F' € Hi°(Xy), and as we saw a couple of times
before, the operator F'(A) will be defined by means of line integrals. First we specify the integration
paths. For ¢’ € (§ — 6,0) consider the curves given by the following parametrisations

vi(s) == s ZH) and A2 (s) = seEFY) for s € [0, 00).

Then we consider the curve g := —fy(?, + 'yg,. By an admissible curve we shall mean a curve of
this type, see Figure 13.1. These ingredients are fixed for remaining of this lecture.

Definition 13.1. Let A be a sectorial operator of angle § > 0, and let 6 € (§ — delta, 5]. For

2
F e H(Zy) we set

F(A) = BA(F) = % FO)R(, A)dA
v

where v = 75 with ¢’ € (§ — 6,6) is an admissible curve.

Figure 13.1: An admissible curve ~y.

Some remarks are in order.

Remarks 13.2. 1. The integral is absolutely convergent because of the assumed decay of F €
HF(Zp) near 0 and oo and because of the sectoriality of A. Hence F(A) € Z(X).

2. It is easy to see that the value of the integral defining F'(A) is independent of the particular
choice of ¢’ (use Cauchy’s theorem, cf. e.g. Lemma 9.12).

3. The set H3°(Xp) is an algebra with the pointwise operations.
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Proposition 13.3. The following assertions are true:

a) The mapping
Dy H(Zy) — Z(X)

is linear and multiplicative (i.e., an algebra homomorphism).

b) For F € H(Zy) if a closed operator B commutes with the resolvent of A, then it commutes
with F(A).

¢) Forall F € HP(Zp), u € C\y = S, _g and for G(z) := (u—2) " F(2) we have that G € HF (L)
and

G(A) = R(u, A)F(A).

Proof. a) Linearity follows immediately from the definition. Multiplicativity can be proved based
on the resolvent identity, and similarly as in Lecture 7 for the power law of fractional powers, or in
Lecture 9 for the semigroup property.

b) The proof is left as an exercise.

¢) Let p € C\ Xy and let y be an admissible curve. Then

R(u AF(A) = 5 [ POIRGARO A = 5 [ FO) = X)7 (RO A) = R, A)dn
Y Y
_ 2% FO)(i— A" R(\, A)dA — 2% /F(A)(u ~ LR, A)dA = G(A) 40,
Y Y
where the second term is 0 by Cauchy’s theorem. O

The missing details of the proof above are left as Exercise 1.

The above functional calculus does not include the function F(z) = 1:2 corresponding to the

implicit Euler scheme or the exponential function exp. To be able to cover these functions we set

E(Zg) == HF (L) + lin{1} +lin{ (1 — 2)"'}.
Lemma 13.4. a) The sum defining the linear space £(Xy) is a direct sum.
b) The linear space £(Lg) is an algebra.
¢) If F € E(Zy) then the function G, defined by G(z) := F(L), is an element of £(Zy), too.
Proof. a) Let F € £(Xp). Then the limits

¢:= lim F(z) and d:= lim F(z)
ZEZG ZEZQ

exist, and we have

1
1—2z

=G(z)+dl —(d—c¢)

’

Fz) = (Fe) — 1+ (d— )

—Z

)+d1—(d—c)1_z

where G € H3°(Xp). This yields the assertion.
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b) We only have to prove that for F' € H°(Xp) and G(z) = 1 one has FG, G* € £(Xy). This
statement about F'G is trivial, since even FG € HE°(Jy) is true by definition. As for G? we have

1 1 z
GQ(Z):(l—z)QZ 1—z+(1—z)2’

where the second function belongs to H°(Zy). So G? € £(Xy).

c) We leave the proof as exercise. O

Part a) of the lemma above implies that we can extend the functional calculus to £(Xy) as follows:
For F' € £(Xy) we introduce the abbreviations

F(0):= lim F(z) and F(oo):= lim F(z).

z—0 zZ—»00
zeze ZEZO

Then

with G € H5°(Zp). Then we set
F(A) := ®4(F) := P4(G)+ (F(0) — F(0))R(1,A) + F(o0)I.

Before proving algebraic properties of this extended mapping, i.e., that it is a functional calculus,
we show that this new definition is at least consistent with the one developed in Lecture 9 for the
exponential function.

Proposition 13.5. a) Let F' : Xy — C be a holomorphic function that extends holomorphically to
0 and that, for some C' > 0 and € > 0, satisfies

|F(z)] < for all z € Xy.

1+ |z[¢

1
2/ yax,
/

where v = 5 o s a suitable curve as depicted in Figure 13.2 (see Eq. 9.1) lying in the domain
where F' is holomorphic.

Then F € £(Xp) and we have

b) For pe€ C\Zy and F(z) = (u — 2)*, k € N we have

(I)A(F) = R(N7A)k

Proof. a) We can write

with G € H§°(Xp). Indeed, since G(0) = 0 and G is holomorphic at 0 we have |G(z)| < C|z| near
0. Besides that the estimate near co remains valid, so we see F' € £(Xy).
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Figure 13.2: The curve vy ,.

Next notice that the convergence of the integral above is only an issue at oo and is assured by the
decay of F. First consider the term
G(A )dA.
2mi /

Since G € H®(Zy) we can let a — 0 and the value of the integral remains unchanged. So we can
conclude

/G )\—hm/G R(X, A)dX = P4 (G).
2 b—0 271
Vs b

We now prove

1 1

R(u, A)F — R\, A)dA.
(04 = 55 | RO A)
v

This identity will finish the proofs of both part a) and part b). Consider the curve 4 = —Vm,at|ul-

By Cauchy’s theorem
R(M\ A)
———=dA =0,
/ (n = A)¥

as can be seen by the usual trick of closing the curve 4 by increasing circle arcs on the right.
Therefore we obtain

¥

1 [ RAA) L[ RO, 1
27Ti’y (M—/\)k’d)‘ 27‘(17/(/1 A)E /(
k—1
:2%1 mdA:‘(_l) (i TR(p, A) = —(=1)"(=1)* 'R, A)
Y+

= R(Ma A)k
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by Cauchy’s formula for the derivative. O

Proposition 13.6. The following assertions are true:

a) The mapping
Dy 5(19) — .iﬂ(X)

1s a unital algebra homomorphism.
b) If a closed operator B commutes with the resolvent of A, then it also commutes with F'(A).
c¢) For F(z) = z(1 — 2)~! we have
F(A)=AR(1,A) = R(1,A) — I
Proof. a) Linearity is immediate just as well the fact that ® 4 preserves the unit. We only have to
prove multiplicativity on products F'- G, F(1—2)~1, (1 —2)71(1 —2)~L. The first case is contained
in Proposition 13.3.a), while the second one is in Proposition 13.3.c). It remains to show that for

G(z) = (1 — 2)~2 one has
G(A) = R(1, A)>.

This is proved in Proposition 13.5.
b) The statement follows directly from the definition and from Proposition 13.3.b).

c¢) The proof is left as exercise. O

We close this section by the following useful formula, whose proof we nevertheless leave as Exercise
2.

Proposition 13.7. Let F' : Xy — C be a holomorphic function that is holomorphic at 0 and at oc.
Then F € £(XZp) and we have

27
5

BA(F) = F(o0) + — / FOOR(N, A)d,

where 7y the positively oriented boundary of B(0,b) \ (Zg_(;/ UB(0,a)) for b > 0 sufficiently large
and a > 0 sufficiently small.

13.2 Examples

Exponential function

If A is a sectorial operator of angle § > 0, then so is hA for every h > 0: Indeed, we have that

M
IR = 1B (. A < 57
For every 0 € (§ — 4, 5) we have exp € £(Xy), hence we can evaluate

®p4(exp) = .

By Proposition 13.5 this is just the same as the exponential function of hA from Lecture 9, i.e., we
have

27

1
hd = — / "M R(N, A)d,
¥
where v is a curve as in Proposition 13.5, see Figure 13.2.
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Rational functions

Suppose 7 is an A(«)-stable rational function. Then r belongs to £(Xy) for every 6 € (0,a]. If A
is sectorial operator of angle 0 € (§ — «, 5), then so is hA for h > 0, and we can evaluate ®4(r)
by the functional calculus and ask whether this would be the same as r(hA) defined in Lecture 12,
Section 12.2. That these indeed coincide can be proved based on the partial fraction decomposition
and Proposition 13.5. In particular we have

r(A) = r(00) + — / (r(A) — r(00)) R(N, A)dA, (13.2)

27
5

where 7 is a curve as in Proposition 13.5, see Figure 13.2.

Fractional powers

For 8 > 0 and k € N with k£ > 8 consider the function

(=2)°
(1-2)

Fpr(2) :=

Then Fgj, € H(Xp), so we can define
(—A)? = (I = A)*Fy(4)
with the natural domain
D((-A)°) = {f € X : Fgx(A)f € D(A")}.

The next result shows, among others, that the preceding definition is meaningful.
Proposition 13.8. a) The definition of (—A)? does not depend on the choice of k € N.
b) For h >0 we have (—hA)? = hB(—A)B,
¢) Forn € N we have that (—A)P is the usual B power of —A.
d) If 0 € p(A), then this new definition coincides with the one in Lecture 7, i.e., for § > 0 we have

(1= ) Fpal) = (5 [(NPROAN)

2mi
v

where v is admissible curve as in Lecture 7.

The proof of this proposition is left as Exercise 5.

13.3 Convergence of rational approximation schemes

Based on the functional calculus ® 4 developed we study rational approximation schemes for analytic
semigroups. We first investigate convergence results, analogous to the ones in Lecture 12.
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Theorem 13.9 (Convergence theorem 1.). Let A be a sectorial operator of angle 6 > 0 and let
r be an A(«)-stable rational approzimation of the exponential function of order p with |r(co)| <1
and o € (5 — 6, 5]. Then there is a constant K > 0 such that

hr K
hA)™ — et Ko =— t=nh
Jrthay — et < k2 Ky
holds for allm € N, t > 0, i.e., one has the convergence of the rational approrimation scheme in

the operator norm.

Proof. Fix ¢’ € (§ — a,6), the admissible curve v = 7y, and let ' = 5 — §'. We set

which is of course a function belonging to £(X,). We have to estimate || F,,(hA)||. Since F,(0) = 0,

we have ; ; ;
_Fn = Un _Fn y
T, (00)1— = Gnl(2) (00)7—

Fo(z) = Fo(2) + Fa(oo)
with G, (2) € HF(Xy). Thus
F,(hA) = Gp(hA) — F,(00)AR(1, A).

Since F},(00) = r(00)™ and since |r(c0)| < 1 we obtain

!

K
| Fr(c0)AR(1, A)|| < o for all n € N. (13.3)

We turn to estimating Gy, (hA). Since G,, € Hi°(X,), we have

1
5 / Gn(NR(A, hA)dA.
vy

Gn(hA) =

We shall split the path of integration into two parts: 71 is the part of v that lies outside of B(0, hg),
while 7 is the part inside of this ball. Since |r(co)| < 1 we can choose hg > 1 so large that

sup{|r(z)|: z € &y and |z| > ho} =: g < 1.
For some constant C' > 0 we have

for all z € Ly with |z| > hy.

r(z) —r(o0)| < &

[El

This and the telescopic formula yield the estimate

. Cnrp !
Ir(2)" —r(00)"| < |r(z IZ\T‘ )" e (o0) < |Z(|’ ,
from which we obtain
-1
Cnry

| (2) — Fp(00)] = €] + |r(2)" — r(o0)™| < e eos(@lzl 4.

2|
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On the other hand we can write

H;ﬂ/(}n()\)R(/\,A)d)\H - H;ﬂi/(Fn()\) — Fo(00)) R\, A) + 1;”(00)
2

Y2
s n—1
< M/<e—ncos(a)s + CnTO + ‘Fn(oo)‘)s—lds
™ S S
ho

"

M 1 M M
' = + ?C’m“g_l + ?C'rg <

Si
s np

— forallneN. (13.4)
np

We next estimate the integral on ;. Recall from Proposition 12.8 that there are constants C,c > 0
so that

|T(Z)n _ enz| < Cn|2’p+1e—nc|z\
holds for all 2z € Xy with |z| < hg, and for all n € N. Whence we conclude

|G (2)] < CnlzPle™ U 4 C')2] - | Fy(00)).
This in turn yields
ho

H% / Gn(A)R(A,A)d)\H < 20Mn / sPe5eds + 20" ho| Fp (00)|
1
71

0
00

/tpetds + 2C" ho| Fy,(00))|
0

pl2CM K"
= ey + 20 halr(co)" < —

2CMn
- CP+1nP+1

for all n € N. (13.5)

By putting everything, i.e., the estimates in (13.3), (13.4) and (13.5), together we conclude the
proof. O

An analogue of the next result we already saw in Lecture 12: Convergence for smooth initial data.

Theorem 13.10 (Convergence theorem II.). Let A be a sectorial operator of angle 6 > 0 and
let r be an A(«)-stable rational approximation of the exponential function of order p with |r(oco)| < 1
and o € (5 — 6, 5]. For all B € (0,p] there is a constant K > 0 such that

[r(hA)"f = ™A f]l < KRZ||(=A)°f |
holds for all f € D((—A)®), h >0 and n € N.
Proof. We set
Fo(z) = (—2)7" (r(z)™ —e").

Since F;, € HF (X, ), we have
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for some admissible curve . Recall from Proposition 12.8 that we have

|7,(2)n - enz‘ < Cn’Z‘erlefncM

for all z € &, with |z| < 1, and for all n € N. By this and by splitting v into two parts v1 and 72,
inside and outside of the ball B(0,1), we can estimate ||F},(hA)| as follows:

1
[1En(hA)] < 27T/!Fn(/\)! RO RA) - (A

= ;/!Fn(A)HHR(Q,AW : !dAH1/yFn(A)\-}LHR(g,A)H-\dA\

CM o eni AL, 21 |\
AP Bpe—ena 1Al / gldAl
o [ e MRS [

IN

71

1
20M sPPne=msds + 4]\4/5_('8‘”'1)&9
27

<
- 27

0
< 2CM P Ppe="sds + —— 4M s~ (B4,
- 27 2T

0

o0

< 2CM sPBe—sds —|— / —(B+tl)gs =
- 27

0 1

Let k € N be fixed with £ > 3, and consider the function
Gu(z) = (r(2)" —e™)(1 — 2) ™% = F,(2)(—2) (1 — )7,
Then we have
Gn(hA) = (r(hA)" — "N R(1, hA)k = F,(hA)(—hA)PR(1, hA)F.
by Proposition 13.3.c). So for f € D((—A)?) we can conclude

[(r(RA)" f — ™) £l < || Fu(RA)(—RA) £ < KRP||(—=A)P f]]. O

13.4 Stability of rational approximation schemes

Finally, let us investigate the stability of of rational approximations. The question is delicate, and
we restrict our treatment here to a special case! first.

Theorem 13.11. Suppose that A generates an analytic semigroup, i.e., it satisfies the resolvent
condition

1RO, A)) < o

|)\| over the sector |arg \| < Z+0.

!Ch. Lubich, O. Nevanlinna, “On resolvent conditions and stability estimates,” BIT 31 (1991), 293-313.
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Let m — 0 < a < 3, and let the rational approximation r be A(c)-stable, i.e., suppose that
|r(2)] <1 holds for |argz — 7| < a,
and satisfies |r(oco)| < 1. Then there is K > 1 so that for h >0 and n > 1 we have
|r(RA)"|| < K.

Proof. The proof is a delicate analysis of the curve integral representation of r(hA)™. To do that, for
n € N consider the curve which is the union of 1 : |arg z| = §+6, [2| > 1/n, and g : |arg z| < 549,
|z| = 1/n see Figure 13.3. By the identity in (13.2) we have the representation
1
r(hA)" — r(co)" = (r(N)"™ —r(c0)™) R(A\, hA)d. (13.6)

~ 27

Figure 13.3: The curve .

To estimate the right-hand side, we split the integration path into four parts and use the following
inequalities. Note first that since r is an approximation of the exponential function, we always have
p > 0 such that there is C, ¢ > 0 with

r(2)| < [1+ Cz| < o™

for |z| < p and Rez < 0. From now on we suppose n > +. Further, by the condition |r(c0)| < 1,
there is co > 0 and 0 < 79 < 1 such that for all Re z < —cg with |arg z — 7| < a we have |r(z)| < ro.
Note the following:

a) If |z| = 1/n, then
[r(2)"] < (1+ CJz))" < €€,
b) If —psin(§) < Rez < —1sin(d), then

Ir(2)| < e .
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c) If —cog <Rez < —psin(d), then
Ir(z)] < 1.

d) If Rez < —co, then

r(2)] < ro,

The contribution of this last term to the path integral (13.6) is

o0 n—1 n—1
/ ()" — r(00)"] - [|R(A A - [dA] < 2 / Onry — Mg, - 20Mnry G 5),
S S (&)
Re )\%—c2 C2/Sin(5)

which is uniformly bounded in n € N.

The integrals over the parts defined in a) and c) are clearly bounded. We only have to check the
boundedness on part b). But this follows from

e—Cnlz| ooe—Cs
/M ]dz]ﬁZM/ ds < K’
R 1

E s

—psin(§)<Re zg—% sin(d)

and
np
n M n 1 n "
(o) " 2| < 20[r(0)]" [ S = [r(o0)|"2M log(np) < K.
z S
g 1
—psin(§)<Re zg—% sin(d)
This completes the proof. O

One can extend? the previous result and get rid of the condition |r(cc)| < 1. For the sake of
completeness we state the result but omit the proof.

Theorem 13.12. Suppose that A generates an analytic semigroup, i.e., it satisfies the resolvent
condition

IR(A, A)|| < ’I)j over the sector |arg A\| < § + 0.
Let m — 0 < a < 5, and let the rational approximation r be A(c)-stable, i.e., suppose that
|r(2)| <1 holds for |argz — | < a.
Then there is M > 1 so that for h > 0 and n > 1 we have

|r(RA)"™| < M.

2M. Crouzeix , S. Larsson , S. Piskarev , V. Thomée, “The stability of rational approximations of analytic semi-
groups,” BIT 33 (1993), 74-84.
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Exercises

1. Work out the details of the proof of Proposition 13.3.
2. Prove Proposition 13.7.

Prove Proposition 13.6.b) and c).

Lol

Prove Lemma 13.4.c).

5. Prove Proposition 13.8.



Lecture 14

Outlook

In this last lecture we present some further important topics which could have been part of our
lectures. Unfortunately, we did not have the time to include them but it will be possible to study
these topics among other important subjects in the project phase of the seminar.

14.1 Rational approximations revisited

We saw in Lectures 12 and 13 how functional calculi can help investigate stability and convergence
of rational approximation schemes. The Dunford—Riesz calculus from Lecture 13 works for sectorial
operators, i.e., for analytic semigroups, and suitable holomorphic functions. We briefly indicate
now how to obtain convergence and stability results for general strongly continuous semigroups by
means of a functional calculus.

Let A generate a semigroup on the Banach space X. Of course, by rescaling we may suppose that
A generates a bounded semigroup T'. In this case all operators hA for h > 0 do so. We would like
to define F'(hA) for a suitably large class of holomorphic functions that contain at least A-stable
rational approximations.

The basic idea is to represent a holomorphic function F' as the Laplace transform of a bounded
Borel measure p on [0, 00), i.e.,

F(z) = /ezsdu(s) (Rez <0).
0

Then we can define
o

F(A) = [ T(:)ducs),
0
where the integral has to be understood pointwise and in the Bochner sense. Let us consider two
simple examples. First, let u = d; the point-mass at some ¢ > 0. Then, of course, we have for the
Laplace transform that F(z) = e'*, and hence F(A) = T'(t). Second, let u be the measure which
is absolutely continuous with respect to the Lebesgue measure on [0,00) with Radon-Nikodym
derivative s — e~ (A € C with Re A > 0). Then we have

/ezsdu(s) = /ezse_ksds =(\—2)""
0 0

For F(A) we obtain

F(A) = / T(s)du(s) = / T(s)e ds = R(\, A) = (A — A)~,
0 0

163
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by the familiar formula from Proposition 2.26. These examples at least indicate that we may be
on the right track. One can prove that in general F(A) is a bounded linear operator and the
mapping F' — F(A) € Z(X) is an algebra homomorphism (the Laplace transforms of bounded
Borel measures form an algebra with pointwise operations). This functional calculus is called the
Hille—Phillips calculus.

The idea to use the Hille—Phillips calculus for the study of rational approximations is due to Hersh
and Kato.! They also formulated a conjecture that was subsequently(!) answered in the affirmative
by Brenner and Thomée:?

Theorem 14.1 (Brenner—Thomée, Stability theorem). Let r be an A-stable rational approxi-
mation of the exponential function (at least of order 1). Then there exist constants K > 0, w' >0
such that for every strongly continuous semigroup T of type (M,w) with w > 0 and with generator
A one has

Ir(hA)"|| < KM+y/ne“t  (t = nh).

With some extra technicalities one may further refine this result. We remark, however, that in
its generality the stability result of Brenner and Thomée, i.e., the O(n'/?) term, is sharp. As for
convergence the next one is a basic result; see also Corollary 4.15.

Theorem 14.2 (Brenner—Thomée, Convergence theorem). Let r be an A-stable rational
approximation of the exponential function of order p. Then there exist constants K > 0, w’ > 0
such that for every strongly continuous semigroup T of type (M,w) with w > 0 and with generator
A one has for each f € D(APTY) that

Ir(hAY"f — |l < KMUwe | AP f| (¢ = nh).

The proof of these beautiful results, as have been said, rely on the Hille-Phillips calculus or on
some variants of it, and on delicate estimates from harmonic analysis. Expect more in the project
phase of this seminar!

14.2 Non-autonomous problems

In many applications it is quite natural to consider differential equations with time dependent
coefficients, i.e., a non-autonomous evolution equation of the form

Lu(t)=A(t)ut), t>seR (14.1)
u(s) = f € X, '

where X is a Banach space and A(t) is a family of (usually unbounded) linear operators on X.

As in the autonomous case, the operator family solving a non-autonomous Cauchy problem enjoys

certain algebraic properties.

A family U = (U(t, s))t>s of linear, bounded operators on a Banach space X is called an (expo-

nentially bounded) evolution family if

(i) Ut,")U(r,s) =U(t,s), U(t,t)=1 holdforalls<r<teR,

'R. Hersh, T. Kato, “High-accuracy stable difference schemes for well-posed initial-value problems,” SIAM Journal
on Numerical Analysis 16 (1979), no. 4, 670-682.

2P. Brenner, V. Thomée, “On rational approximation of semigroups,” SIAM Journal on Numerical Analysis 16
(1979), no. 4, 683—-694.
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(ii) the mapping (¢,s) — U(t, s) is strongly continuous,
(iit) [|U(t, )| < Me®(t=*) for some M > 1,w € R and all s <t € R,

In general, and in contrast to the behaviour of semigroups, the algebraic properties of an evo-
lution family do not imply any differentiability on a dense subspace. So we have to add some
differentiability assumptions in order to solve a non-autonomous Cauchy problem by an evolution
family.

Definition 14.3. An evolution family U = (U(t, s))t>s is called the evolution family solving
(14.1) if for every s € R the regularity subspace

Yy:={g€ X :[s,00) 2t Ult,s)g solves (14.1)}
is dense in X.

The well-posedness of (14.1) can be characterised by the existence of a solving evolution family.
Hence, application of a suitable numerical method means the approximation of the evolution family
U.

To motivate the following, let us consider the scalar case X = R. Then assuming that the function
t— A(t) € R is smooth enough, the evolution family can be written explicitly as

Ult,s) = els Alr)dr (14.2)

It is well-known that this formula holds in general only if the operators A(¢) commute, hence, we
cannot use it in this form. We may make, however, the following heuristic arguments. Suppose that
A(r) generates a semigroup for all r > s and that the function » — A(r) is smooth in some sense.
Then choosing a small stepsize h > 0, the function [s,s + k] 3 r — A(r) may be assumed to be
constant, for example A(r) ~ A(s) or A(r) = A(s + %) Hence, we arrive at the approximations

Uls+ ) m O or Ulsths) o6,

respectively. These correspond to the left Riemann sum or the midpoint rule approximation of the
integral in (14.2), leading to the simplest possible approximation schemes of a series of methods.
Their basic idea is to express the solution wu(t) in the form

u(t) = exp((t)) f,

where Q(t) is an infinite sum yielded by the formal iteration®

() :/tA(T) dT—;/t [/TA(U) do, A(r)] dr
0 0 0

T a

_|_le/ [/ [/A(,u) d,U,,A(O')} dO’,A(T)} dr (14.3)
0 0 0

+1120/t[0/TA(a)da, [O/TA(,u)d,u,A(T)”dT—k-'-

3See the survey by R. Schnaubelt, “Semigroups for nonautonomous Cauchy problems”, in K. -J. Engel, R. Nagel,
One-Parameter Semigroups for Linear Evolution Equations, Springer-Verlag, 2000.

4W. Magnus, “On the exponential solution of differential equations for a linear operator”, Comm. Pure and Appl.
Math. 7 (1954), 639-673.
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(with s = 0), where [U, V] = UV — VU denotes the commutator of the operators U and V. Methods
based on this formal expression are called Magnus methods and can be described in the following
way: We cut off the infinite series somewhere and approximate the remaining integrals by suitable
quadrature rules. Although this method is extensively studied in the finite dimensional case, in
Banach spaces only a few papers can be found treating special cases.’

We give an idea on a possible approach to prove these formulae. It is possible to transform a
non-autonomous Cauchy problem to an autonomous one in a bigger, more complicated space (i.e.,
introducing an additional differential equation on the time evolution) in the following way. To every
evolution family we can associate semigroups on X-valued function spaces. These semigroups, which
determine the behaviour of the evolution family completely, are called evolution semigroups.
Consider the Banach space

BUC(R, X) = {F :R — X : F is bounded and uniformly continuous},

normed by
|1F[| == juHIgHF(t)H, F e BUC(R, X),
€

or any closed subspace of it that is invariant under the right translation semigroup % defined by
(Z(t)F)(s):=F(s—t) for F € BUC(R,X) and s € R, t > 0.

In the following 2" will denote such a closed subspace. We shall typically take 2" = Cy(R, X), the
space of continuous functions vanishing at infinity.
It is easy to check that the following definition yields a strongly continuous semigroup.

Definition 14.4. For an evolution family U = (U(t, s)):>s we define the corresponding evolution
semigroup 7 on the space 2~ by

(T ()F)(s) :==U(s,s —t)F(s—1t)
for F e 2, s € R andt>0. We denote its infinitesimal generator by ¢.

With the above notation, the evolution semigroup operators can be written as
THF =U(-,-—t)%Z(t)F.

We can recover the evolution family from the evolution semigroup by choosing a function F € 2~
with F(s) = f. Then we obtain

Ut,s)x = (Z(s —t)T (t — s)F)(s) (14.4)

for every s € R and t > s.
The generator of the right translation semigroup is essentially the differentiation — % with domain

D(-4) = 2= [FeCRX): F.F e 7},

For a family A(t) of unbounded operators on X we consider the corresponding multiplication
operator A(-) on the space £ with domain

D(A(-) :=={F € 2 : F(s) € D(A(s)) Vs € R, and [s — A(s)F(s)] € 2},

®M. Hochbruck, Ch. Lubich, “On Magnus integrators for time-dependent Schridinger equations”, STAM Journal
on Numerical Analysis 41 (2003), 945-963.
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and defined by
(A(-)F)(s) := A(s)F(s) for all s € R.

The main power of evolution semigroups is that one can transform existing semigroup theoretic
results to the non-autonomous case and prove the convergence of various approximation schemes.
As an illustration, we present a simple convergence result.® You will see more on this in the project
phase.

Theorem 14.5. Suppose that problem (14.1) is well-posed, D(A(t)) := D C X and that A(t)
generates a strongly continuous semigroup for each t € R. If the function t — A(t)f is uniformly
continuous for all F' € D, then

n—1
U(t,s)f = lim []eFACT*Zr.
p=0

n—o0

Here and later on, for bounded linear operators Ly € .Z(X),

n—1
H Ly:=Lp 1Ly 2 Lo
k=0

denotes the “time-ordered product”.
Proof. We only give the idea here. In the space BUC(R, X) consider the function
F(h) = & (h)e"0),

Then, for suitable F' € BUC(R, X), we get

ar _ hAC) 7 _ _
F(h)F - F (Q(h)e F-F RMhF-F
R\0 h h\0

lim = lim . + . ) =A()F - F'.
Further, it is easy to check by induction that
t ! t t
(@ (L)en AN () = T (en ")) () F ().

p=n

Hence, applying Theorem 4.6, we get that the evolution semigroup can be represented as

pt

1
— 1 FACEN (.~
T(t)F = nh_)rrologl(e VE(-—1).

The proof can be finished now by applying (14.4). O

SA. Bétkai, P. Csomés, B. Farkas, G. Nickel, “Operator splitting for nonautonomous evolution equations”, J.
Funct. Anal. 260 (2011), 2163-2190.
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14.3 Geometric properties of semilinear problems

The geometric theory of evolution equations is concerned with qualitative properties of particular
solutions (e.g., equilibria, periodic orbits, bifurcations) and their stability properties. In this section
we investigate whether numerical methods are able to capture the geometric properties of the exact
flow. For simplicity, we restrict our attention to the implicit Euler method. Similar results, however,
also hold for a large class of implicit Runge-Kutta methods (among others).

As an example, we consider the semilinear problem

Lu(t) = Au(t) + F(u(?)) (14.5)
u(0) = ug '
on a Hilbert space X, together with its implicit Euler discretisation
Upt1 = Up + hAUR+1 + BF (Uup41) (14.6)

for n € N, nh = t. We make the following standard assumptions.

Assumption 14.6. a) The operator A is the generator of a bounded analytic semigroup on X,
i.e., a densely defined closed linear operator on X whose resolvent is bounded by

[N =AY < MA! for A € ¥z, with some § <m/2.

In addition, we assume that A itself is invertible with ||A~!|| < M. For a suitable o € [0, 1) let
V = D((—A)%) be the domain of (—A)* equipped with the norm

[vfla = [ (=A)%].

b) The nonlinearity F': V' — X is assumed to be locally Lipschitz bounded, i.e., for every R > 0,
there exists L = L(R) < oo such that

[1F(v2) = F(v1)|| < Lllvz = vifla for [Joilla <R (i =1,2).

Reaction-diffusion equations and the incompressible Navier-Stokes equations can be cast in this
abstract framework.

Equilibria
The simplest geometric object of (14.5) is an equilibrium point, i.e., a point u, satisfying
Auy + F(uy) = 0.

It is obvious that w, is also an equilibrium point of the numerical scheme (14.6). We first linearise
F at us to obtain
F(u) = Bu+ G(u)

with
B—iF(u) and iG(u)—()
Codu T du V7
From a perturbation argument analogous to Theorem 6.14 we know that the operator A=A+B

generates an analytic semigroup of type (M, —v), that is,

] < Me. (14.7)
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We assume that the equilibrium point u, is asymptotically stable, i.e. v > 0, and that there exist
positive constants R and M such that for any solution of (14.5) with initial value ||u(0) — u.|| < R
it holds that

lu(t) — uel| < Me ™, t>0.

Our aim is to show that w, is an asymptotically stable fixed point of the map (14.6). For this, we
subtract N
Us = Us + hAU, + hG(usy)

from the numerical method B
Uny1 = Up + hAU, 1 + hG(Un 1)

to get the recursion
Uni1 — Uy = (I = RA) ™ (un — uy) + (I — hA) Y G (unt1) — G(uy)).

Solving this recursion, we get

Up — Uy = (I — hA) ™ (ug — us) + hzn:(l — RA) I (G () — Gluy)). (14.8)
j=1

Our estimate below requires the following stability bounds for the sectorial operator A. For any
i < v there exists a maximal step size hgy such that the following bounds hold for h € (0, hg] and
all j e N
(I — nA)™I|| < MeHh
e—Hih

(jh)*

Let &, = ||uy, — uy||. Taking norms in (14.8) and inserting these bounds, we obtain

A= — hA) || < M

Me—u(n+1 ])h 5
en < Me 7", —i—hz (1= )h )aaj

Solving the Gronwall type inequality, we get the following theorem.

Theorem 14.7. Let u, be an asymptotically stable equilibrium point of (14.5) with v given by
(14.7), and let p < v. Under the above assumptions there exist positive constants hg, R, and M
such that the following holds: For h € (0, ho] and |jug — u.|| < R, the implicit Euler discretisation
(14.6) fulfills the bound

|t — uy|| < Me™HMh for all n € Np.

Periodic orbits

Our next aim is to study the approximation of an asymptotically stable periodic orbit of (14.5)
by an invariant closed curve of (14.6). Here, we follow closely an article by Lubich and Ostermann
who studied this question for implicit Runge-Kutta methods.” Let

S(t,u(r)) =ult+7) forallt >0

"Ch. Lubich, A. Ostermann, “Runge-Kutta time discretization of reaction-diffusion and Navier-Stokes equations:
Nonsmooth-data error estimates and applications to long-time behaviour,” Applied Numerical Math. 22 (1996),
279-292.
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denote the nonlinear semigroup on V' of (14.5) and let
Sh(tn) = Upt1 foralln e N

its numerical discretisation, defined by (14.6). We assume that problem (14.5) has an asymptotically
stable periodic orbit I' = {u.(t) : 0 <t < t,} with period ¢, i.e.,

S (tp, ux(t)) = u(?) forallt>0

and the Fréchet derivative of S along the periodic orbit has A = 1 as a simple eigenvalue while the
remaining part of the spectrum is bounded in modulus by a number less than 1. Then the following
theorem holds.

Theorem 14.8. Consider problem (14.5) under the above assumptions. Then, for sufficiently small
time step h, the implicit Euler discretisation (14.6) has an invariant closed curve 'y, in V', i.e.,
Sn(Ty) = Ty, which is uniformly asymptotically stable.

If the periodic solution lies in L1([0, tp], V') over a period, then the Hausdorff distance with respect
to the norm of V' between I'y, and I' is bounded by

distg(T'p, I') < Ch. (14.9)

For more details and for the proof we refer to the project phase of the seminar.

14.4 Exponential integrators

Exponential integrators are numerical methods applied to solve semilinear evolution equations of

the form
{ Lu(t) = Au(t) + G(t, u(t))

4(0) = 1, (14.10)

Instead of discretising the differential equation directly, exponential integrators approximate the
mild solution given by the variation-of-constants formula

t
u(t) = etAuo + /e(t_T)AG(T,’LL(T)) dr.
0

The simplest numerical method is obtained by replacing the nonlinearity G under the integral by
its known value at ¢ = 0. For the approximation u; of u(h) this yields

h
up = ey + /e(h_T)AG(O, ug) dr = Mg + ho1(hA)G(0, up)
0

with function ¢ already defined in (11.4). This numerical scheme is called exponential Euler
method. When integrating the equation from t, to t,+1 = t, + h, the method has the form

Up+1 = ehnAun + hn@l (hnA)G(tn’ un) = up + hn@l(hnA)(Aun + G(tnv un))

Here, h, > 0 is the time step and u,4; is the numerical approximation to the exact solution
at time t,41. The second representation is preferable from a numerical point of view since its
implementation requires only one evaluation of a matrix function.
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In a similar way, by introducing stages and/or using more sophisticated interpolation methods,
exponential Runge-Kutta and exponential multistep methods can be derived. We will come back
to these numerical schemes in the project part of the seminar. Here, we will only illustrate how this
approach is used for linear problems. We closely follow the presentation given in the recent survey
article by Hochbruck and Ostermann.®

Consider the linear inhomogeneous evolution equation

{ du(t) = Au(t) + F(t)

2(0) = uo (14.11)

where A generates a strongly continuous semigroup and the inhomogeneity F' is sufficiently smooth.
The solution of (14.11) at time

tnt1 =t + hn, to =0, n € Ny

is given by the variation-of-constants formula

hn,
U(tnsr) = e Multy) + [ P AR, + 1) dr. (14.12)
0

In order to obtain a numerical scheme, we approximate the function F' by an interpolation poly-
nomial with prescribed nodes ¢y, ..., cs. The resulting integrals can be computed analytically. This
yields the exponential quadrature rule

S
Unt1 = "N + by Y bi(hn A)F (ty + cihn), (14.13)
i=1
where the weights b; are linear combinations of the entire functions ¢;, j € N defined in (11.4).

Example 14.9. For s = 1, the interpolation polynomial is the constant polynomial F'(¢,, + ¢1hy)
and we get the numerical scheme

Unt1 = Up + hnp1(hpA)(Au, + F(ty, + c1hy))-

The choice ¢y = 0 yields the exponential Euler quadrature rule, while ¢; = % corresponds to the
exponential midpoint rule.

Example 14.10. For s = 2, the interpolation polynomial has the form
F(tn, + cahy) — F(ty, + c1hy)

tn T)= I tn hn 7 hn ’
p( ) ( “ ) (02 - Cl)hn ( “l )
and we obtain the Weigh S
b (Z) ‘ (2) 2(2)
! 62_61901 CQ—Cl(p
bQ(z) = (’Z) 2(’2)
03—01801 Cg—Cl(’D '

The choice ¢; = 0 and ¢y = 1 yields the exponential trapezoidal rule.

8M. Hochbruck, A. Ostermann, “Exponential integrators,” Acta Numerica 19 (2010), 209-286.
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A more general class of quadrature methods is obtained by only requiring that the weights b;(hy, A)
are uniformly bounded in h,, > 0. In order to analyse these schemes, we expand the right-hand side
of equation (14.12) into a Taylor series with remainder in integral form

hn
U(tnr) = e Au(ty) + [ P mDAR®R, + 7)dr

= e/ Au(ty) + hnz k(hn AV RET =D ()

<’ln A / F<p> (tn + €)dedr.
0

This is compared to the Taylor series of the numerical solution (14.13):

Upg1 = e Ap + b Zb (hnA)F(ty, + cihy)

i=1
hnA - — hk i k
=" Ay + hy > bi(hn A) Z‘ZF()( )
=1 k=0
cihn

_ -1
+ Zb (hnA) /( ’Z”_I)), F@(t, + 7)dr.
=1 0 ’

Obviously the error e,, = u,, — u(t,) satisfies

En+1 = hnA €En — 5n+1 (1414)

with Sl = Zhn% haA) FUD (8,) + 67,

7=1

c7
where Yj(hnA) = @;(hnA) Zb (hp, A Y
=1

hn T o1
and 5y = [et / _5)1) F (1, + )dédr

0

cihn h o1
— hn, Zb (hnA) /((p:lT))!F(P)(thrT)dT.

We are now ready to state our convergence result.

Theorem 14.11. Let A generate a strongly continuous semigroup and let F®) ¢ LY(0,tg). For
the numerical solution of problem (14.11) consider the exponential quadrature rule (14.13) with
uniformly bounded weights b;(h,A) for hy, > 0. If the method satisfies the order conditions

Y;(hnA) =0 forallj=1,...,p, (14.15)
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then it is convergent of order p. More precisely, the error bound
ne1 bt
lun — u(ta)| < CY MG / IF®) (r)|| dr
Jj=0 t;

holds uniformly on t, € [0,t], with a constant C that depends on to but is independent of the
chosen time step sequence h;.

Proof. Solution of the error recursion (14.14) yields the estimate

n—1
leall <3 [le® =t - ||atP].
j=0

The desired bound follows from the stability bound and the assumption on the weights. O

The End ... of Phase 1



Appendix A

Basic Space Discretisation Methods

Partial differential equations (PDEs) appear in all fields in which mathematical models are applied
to describe the time evolution of certain space-dependent quantities. Since these PDEs might be of
complicated form, it is often difficult or even impossible to solve them analytically. Therefore, one
has to apply numerical schemes to obtain an approximation to the exact solution. In the present
Appendix we deal with space discretisation methods, i.e., with numerical procedures approximating
the spatial differential operator appearing in the PDE.

Let us consider the following linear PDE in a general form with the differential operator L, and
the unknown function w : [0, 00) x Q — R for ¢ € [0,00) and z € Q C R%:

Ofw(t,x) = Lw(t,x), t>0,x€Q

w(0,2) = wo(x), x €, (A1)

subject to appropriate boundary conditions. Here € denotes an open set, and « € N is the order of
the time derivative. We are merely interested in the cases o = 1, when 0w appears on the left-hand
side of equation (A.1), or a = 2 with dyw. We note that for o = 0, the case f(x) = Lw(x) with a
given function f : Q0 — R is also possible.

Example A.1. a) Heat equation
Oyw(t, x) = Oggw(t, x)
in one dimension with « = 1, z € (0, 7), and Lw(¢, z) := Oyw(t, x). Together with the boundary

condition w(t,0) = w(t, ) = 0, this problem was already investigated in Section 1.1.

b) Transport equation
Ow(t, z) = dyw(t, )
in one dimension with « = 1, z € (0, 1), and Lw(t, z) := d,w(t, x). Together with the boundary

condition w(t,1) = 0, this problem was already investigated in Section 1.2.

c) Wave equation
Opw(t,x) = Opgw(t, x)
in one dimension with o = 2, z € (0,1), and Lw(t, x) := Ozpw(t, ) with w(¢,0) = dyw(¢,0) = 0.

We will come back to this example later on during the lectures.

The main idea behind the simplest discretisation type! of PDEs is the following. First we discretise
the operator L on the right-hand side with respect to the space variable x. By this we obtain an
ordinary differential equation which is then solved by using time discretisation methods.

In what follows we discuss two ways of approximating the operator L and briefly introduce the
two main classes of space discretisation methods: finite differences and Galerkin methods.

1t is called the method of lines.

1000
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A.1 Finite difference methods

Here we discuss finite difference methods in the one-dimensional case for the heat and transport
equation, that is, for d = 1 and Q = (a,b). In order to discretise problems like (A.1) in 1D, we
divide the interval (a,b) into N pieces of sub-intervals with length Az = b*T“. Then the points
z; =a+jax, j=0,...,N, are called grid points.

Now, we would like to approximate the exact solution at time level ¢ > 0 and at the points z;,
ie., w(t,z;) = w(t,a+ jax) by the values w;(t) for j = 0,..., N. To this end we use Taylor’s formula
with respect to the second variable:

w(t,zjr1) = w(t,z; + Ax)
=w(t,z;) + ax - pw(t, z;) + 5(az)? - Oppw(t, ) + -+,
or w(t,zj_1) =w(t,z; — Ax)
=w(t,zj) — ax - pw(t, x;) + 5(az)? - Oppw(t, ;) + -

The first- and second-order partial derivatives of w with respect to the space variable x, appearing
in the expression of Lw, can now be written as:

w(t, xj41) —w(t, ;)

Opw(t,xj) = = +0((az)?), or
Opw(t, z;) = w(t, ;) —A;:(t’xj_l) + O((AZE)2), and
Ozzw(t, zj) = wt, zj1) = 20, ;) + wit 2j-1) + O((ax)?),

(az)?

where |%| < const. for small values of Ax. Neglecting the higher-order terms motivates us to

define the following approximation formulae to the spatial derivatives:

wya(t) —wy(0)

Ol ag) = (A.2)
or awlt, ;) ~ %;%—1(“
. _ 2 i .
and Dpat(t, ;) ~ wj41(t) (IAU;()Z) + w;_1(t)

for j =1,..., N—1. In general, one can derive the approximating formula for any derivative by using
the Taylor series expansion of the function w(t, x;), and taking into account that z; = x4 + kax
for any k with x4 € [a, b].

Example A.2. For Example A.1.a), the spatially discretised? problem takes the form:

wir1(t) — 2w, (t) +w;_1(¢ .
%wj(t): 5+1(t) (A;()Q) J (), forj=1,...N—1.

The cases j = 0 and j = N are given by the boundary condition w(0,t) = 0 as wy(t) = wy(t) =0
for all ¢ > 0. The ordinary differential equations above can be formulated as a system of ordinary

2Tt is sometimes called semi-discretisation.
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differential equations %W(t) = MW (t) with the matrix

2 1 0 0 0
1 2 1 0 0

A[:(Aiy oo e RIN-Dx(N-1) (A.3)
0 0 - 1 -2 1
0 0 - 0 1 -2

and the vector W (t) = (w1(t),...,wn—1(t)) € RVN~1. We note that matrix M is of special form, it
is a tridiagonal matriz, i.e., M = ﬁtridiag(l, —2,1) that has non-zero elements only in its main
diagonal and sub-diagonals. Linear systems of this type are much easier to treat numerically.

Example A.3. Example A.1.b) can be spatially discretised as follows:

d w; (t) _ wj+1(t) B wj(t)

= forj=1,..,N
AL ) or g ) 9

dt

with wo(t) = 0 for all ¢ > 0. Introducing the vector W (t) = (wi(t),...,wn(t)) € RV and the
matrix M = ﬁtridiag(—l, 1,0) € RV*N we have the system of ordinary differential equations
LW(t) =MW (t).

A.2 Galerkin methods

In contrast to finite difference methods, which approximate the exact solution at certain grid points,
Galerkin methods use a linear combination of some basis functions. This time let us formulate the
problem on the abstract Hilbert space H which is equipped with the inner product (-, -). Then for
some operator A : D(A) C H — H and a given f € H we consider the following problem:

f=Au in H. (A.4)

For instance, let Au = u” on H = L2?(0,7), see Section 1.1. Taking finite dimensional subspaces
H,, C H, dim H,, = m, with a corresponding basis {¢", ..., o} C Hp,, each element u,, € Hp,
can be written as the linear combination of the basis functions, i.e.,

m
Um = Z Ck@ZL
k=1

with coefficients ¢ € C, k = 1, ..., m. The main idea behind the Galerkin methods is that the exact
solution u € H is approximated by a sequence (u,) C H,, for m — oco. For notational simplicity
we shall drop the superscript from ¢y and write ¢; only.

Take the inner product of both sides of problem (A.4) with ¢; for j =1,...,m

(f,p5) = (Au,@j), j=1,...,m

We define the Galerkin methods by replacing u by wu,, = > -, k) in the equation above. Using
the linearity of A, we obtain

<f7 ij <Azck¢kv<¢0j> ch A‘pka@] ] = 17 ooy T

k=1 k=1
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The definitions of the vectors

<fa 301> C1
D .= : and C:=| :

<fa <Pm> Cm,
and the matrix

(Ap1,01) ... (Apm,p1)

(Ap1,02) ... (Apm,p2)

Ap = . .

(Ap1,0m) .. (Apm,om)

enable us to formulate the problem as a system of linear equations
AnC =o.

The idea and “procedure” of the Galerkin methods is the following.
1. Choose a subspace H,, C D(A) C H with dim H,, = m, and a basis {¢1, ..., om} C Hp.

2. Solve the system A,,C = ®. Its solution is C' = (c1, ..., ).

3. The approximation u,, to u is then constructed as u,, = ZZL:l CLPk-
Under appropriate assumptions one can prove that u,, — u as m — oo in the H-norm.

We remark that in some special cases the Galerkin method can be formulated as a variational
problem called Ritz method, see Exercise 2.

The question arises how to choose the basis functions ¢;, j = 1,...,m. There are two basic
possibilities: (i) eigenfunctions of A, (ii) functions being zero outside a small interval where they
piecewise coincide with low order polynomials. The corresponding methods are called spectral
method and finite element method, respectively.

Example A.4. Consider the one-dimensional Poisson equation on L?(0,7) with a given function
f and homogeneous boundary condition:

Low(x) = f(z), e (0,m)

w(0) = w(w) =0. (4.5)

Here we have A = d and D(A) = H2(0,7) NH}(0, 7). In order to solve this equation by using the
Galerkin method, we choose a finite dimensional subspace H,, C D(A) and the appropriate basis
functions ¢j;, j = 1,...,m. As before, we define the approximation w,, € H,, as:
m
W () = chapk(m)
k=1
with coefficients ¢, k = 1, ...,m, to be determined from the system

m

ck{Apk, pj) = (f, ;)
=1

e / (Ag) (@) ;(z)dz = / F(@)p5()dz

d2 50] dx = / f ‘Pj

=
O\:‘ o
&\
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Integrating the left-hand side by parts, we obtain

> o | ge@ei@[ ) - [ Ea@ie .
k=1 =
and hence,
Z—ck/%cpk(x)%goj(x)dx: /f(x)goj(m)dx for j =1,...m, (A.6)

where we used the “boundary condition” of the basis functions (they vanish at 0 and at ).

In what follows we determine the approximate solution w,(z) of problem (A.5) by applying
two different sets of basis functions which correspond to spectral and finite element methods,
respectively.

a) Spectral method (cf. Example 3.3): Since A = % with D(A) = H2(0,7) N H{(0,1), we can
choose the finite dimensional subspace as lin{sin(jx) : j = 1,...,m} (cf. Exercise 1.1). Then
equation (A.6) results in

™

i /7Td sin k:x)d sin(jz)d :i /kcos(k:x)j cos(jx)dx

=1 k=1 4
= Z—ckjk/cos(k:a:) cos(jx)dx = /f(x) sin(jz)dz.
k=1 0 0

Due to the orthogonality of basis functions, the Kronecker delta d;; appears on the left-hand

side:
m

Z ck]k:6jk /f sin(jz)d
k=1
which leads to the values
= 2]f( )sin(je)dz for all j = 1
¢ = r z)sin(jx)dx forall j=1,....m

0

The approximation wy,(x) to w(z) is then

s

% Z ki /f(s) sin(ks)ds.

0

In this case, the matrix A,, has entries (A,,);x = —jk5d;x only in its main diagonal which
contains then the square numbers 1, ..., m? multiplied by -5

b) Finite element method: Another possible choice for basis functions are the functions

0, forx < (j—1)ax

i—(3—1) for (j —l)azr <z < jazx
()= ) AT
pj(x) == T

(J+1)——, forjar<az<(j+1)ax

AT
0, for (j+1)ax <z,
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which are sometimes called “hat functions”, see Example 3.4. Here Az = ;= for some m € N.
Their first derivative exists piecewise and can be calculated easily:

0, forzx<(j—1)ax

1
. v for (j — )az <z < jaz
T (@) = fC
——, forjaz<z<(j+1)a
~p forjar<uz (j+1)ax

0, for (j+1)az < z.
Equation (A.6) yields
™

m —1 2 -1
Z Ck 0/ aser(@) g pi(r)de = az <_Cj—1 (az)2 € (ax)? AR (Ax)2>

k=1

1

= B(Cj_l —2¢j +¢jq1) = /f(x)goj(m)dx for j=1,...,m,
0

with the basis functions ¢; defined above. The matrix A,, has now the tridiagonal form A,, =
~tridiag(1, —2,1).

Note that the basis functions ¢;, j = 1,...,m, do not belong to H2(0, 7), hence the matrix A,
has to be defined by using (A.6), i.e., the weak formulation is necessary here.

Exercises

1. Consider the heat equation in two dimensions for (z,y) € Q = (0,7) x (0,7) and t > 0:
atw(tv €T, y) = 815511}(25, T, y) + ayyw(ta €T, y)

with the boundary condition
w(t,z,y) =0 on 09,

where 0f2 denotes the boundary of 2. Derive the form of the corresponding matrix obtained when
applying finite differences to discretise the operator L = 0y, + 0y (cf. matrix M in (A.3)).

2. Let H be a real Hilbert space with inner product (-,-), and A : D(A) C H — H be a linear
densely defined operator possessing the following properties:

a) A is symmetric on D(A), that is, (Au,v) = (u, Av) for all u,v € D(A), and

b) A is strongly elliptic, that is, there exists a constant ¢ > 0 such that (Au,u) > c|ul|? for all
u € D(A).

For all v € D(A) and a given element f € H define the functional F : D(A) — R by
F(v) := (Av,v) = 2(f,v).

Show that if Au = f for u € D(A) then the functional F' is minimal, i.e. F(u) < F(v) for all
v € D(A), v #u.

3. Derive the form of matrix A,, in Examples A.4.a) and b).



Appendix B

Basic Time Discretisation Methods

A standard numerical approach for solving partial differential equations is the method of lines.
There the problem is first discretised with respect to the space variable(s), leading to a system
of ordinary differential equations. These ODEs are then solved using time discretisation methods.
Basic space discretisations have already been introduced in Appendix A. Here we collect some
facts about time discretisations. Our basic reference is the textbook Solving ordinary differential
equations I: Nonstiff problems, by E. Hairer, S.P. Ngrsett, and G. Wanner.!

Throughout the lectures ¢ will denote the time variable. Let f : [to,tmax] X R™ — R™ be a
continuous function, ¢y € R”. We consider the following initial value problem on the time interval

[th 7fmax} :

y(to) = yo, (B.1)

{ y'(t) = f(t,y())

where y : [to, tmax] — R™ is the unknown function to be determined.

In order to solve problem (B.1) numerically, we divide the time interval [to, tmax] into N pieces:
to <t1 <tg <-- <IN =tmax

with variable time steps h,, = t,,41 —tn, n =0, ..., N — 1. Such a sub-divison of the time interval
is often called a time grid. In the case of an equidistant grid with hg = hy = --- = hy_1 =: h, the
lenght h = w is usually referred to as constant time step. The numerical scheme consists
in approximating the exact solution y(¢,) at time levels t,, for n = 0, ..., N. This approximation is
called a numerical solution to problem (B.1) and is denoted by y,,. We note that for an equidistant
time grid, the time levels are computed as t,, = to + nh (especially, t,, = nh with ty = 0).

B.1 Euler’s method

The simplest time discretisation method was introduced by L. Euler? in 1768. His idea was to replace
the derivative ' by an approximation to the tangent, i.e., quotient by the difference quotient. Since
we have (4 h) (0
. ylt+h)—ylt
t,y) =y = lim —————=
ft,y) =y = lim :

by the initial value problem (B.1), we obtain Euler’s method as

Yn+1 — Y
f(tmyn) =2t n’
75n+1 —tn

'E. Hairer, S.P. Ngrsett, G. Wanner, Solving ordinary differential equations I: Nonstiff problems. Springer Verlag,
2008.
2L. Euler, Institutionum Calculi Integralis. Volumen Primum, Opera Omnia XI, 1768.
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usually written as

In order to demonstrate a drawback of Euler’s method for problems we have in mind, and to
motivate a modification, let us consider the problem (1.1)(1.2) appearing in Lecture 1:

{ y'(t) = —K*y(t), (B.3)

y(to) = vo,

for n € N with ¢y = 0 and yo = 1. Note that the exact solution y(t) = ekt ig positive for all ¢t and
bounded by 1. After the first step with equidistant step size h, application of Euler’s method (B.2)
yields

y1 = yo + h(=k?yo) = (1 — hk?)yo = 1 — hk>.

Note that the choice h > 1%2 leads to y; < 0. The second step yields
y2 = y1 + h(—E*y1) = (1 — hk?) + h(—k*) (1 — hk?) = (1 — hk?)? > 0.
It is easy to see that the numerical solution has the following form after n steps:
yn = (1= hk*)".

For h > k—lz the value of y, changes sign at each step, i.e., (y,) is an alternating sequence for
n € N. Moreover, in contrast to the boundedness of the exact solution y(t), the sequence (|yn|) is
unbounded for this particular choice of h. These phenomena suggest us (i) to choose the time step
carefully, or (ii) to modify Euler’s method.

Note that we have the freedom to choose the time level appearing in the argument of the function
f. Taking t,4; instead of ¢, (i.e., we use the tangent at t,11), we obtain the implicit Euler
method:

Ynt1 = Yn + hnf (tns1, Yni1)- (B.4)
For the implicit Euler method, the numerical solution of problem (B.3) after one step reads

1 1

2 2
=y + — (14 — — — Cun = )
y1 = yo + h(—k"y1) (1 +hE%)y1 = yo N=1oae T T

The second step yields

1 1

=y th(=Fy) = (+hn =y = e = = e

Hence, the numerical solution after n steps,

1
In T A1 hk)n

results in positive values for all choices of the step size h. Moreoverm it is bounded by 1.

The method is called implicit, because we have to solve a nonlinear system of equations to compute
Yn+1- The question arises whether one can determine y,,4+1 from (B.4). It is, however, garanteed by
the implicit function theorem. We note that explicit and implicit Euler methods are often called
forward and backward Euler methods, respectively.
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B.2 Runge’s method

In order to derive the method introduced by C. Runge® in 1905, let us consider the problem (B.1)
again, and integrate it between ¢, and ;11 = t,, + hy:

tn+hn tn+hn
() dt = / £(ty(®) at
" " tn+hn
Yt + ) = y(ta) + / £ (t.y(0)) dt. (B.5)

The question is now how to approximate the above integral. The first two possibilities

tn+hn
f(tv y(t)) dt = hnf(tm yn) + O(hi)

tn

or = hnf(tn—i-la yn—i—l) + O(hi)

yield the explicit and implicit Euler methods, respectively. Instead of using only the left or right
grid point, the function f can also be evaluated at the midpoint ¢,, + %":

tn+hn
F(ty(®) dt = haf(tn + 2 y(t, + B)) + O(R3),

tn

hn

which is already of order 2. To approximate the unknown term y(t, + %

), we use Taylor’s formula:

Yy (tn + hjn) = y(tn) + %f(tm yn) + O(hi) (B'G)

We note that this corresponds to an explicit Euler step. Runge’s method for computing y,41 is
then defined by

Yn+1 = Yn + hnf(tn + th’ Yn + h?”f(tnayn))' (B.7)

B.3 Runge-Kutta methods

Following the idea of the derivation of Runge’s method, one can generalise it by applying certain
quadrature rules, being common in numerical integration, to approximate the integral appearing in
formula (B.5). As already seen, application of left or right Riemann sums lead to explicit or implict
Euler method, respectively. The midpoint rule combined with (B.6) yields Runge’s method. For
the trapezoidal rule we obtain the Crank—Nicolson method

Yn+1 = Yn + th(f(tm Yn) + f(tnt1, yn+1)) (B.8)

being of great importance in practice.

3C. Runge, “Uber die numerische Auflsung totaler Differentialgleichungen”, Gottinger Nachr. (1905), 252-257.



1010 Appendix B: Basic Time Discretisation Methods

In case of general quadrature rules, for s € N we define ¢y, ..., ¢; distinct real numbers between
0 and 1. Then we define the corresponding collocation polynomial u of degree s whose derivative
coincides with the function f at the collocation points t,, + c;h, for i = 1,..., s, that is,

W (tn + cjhy) = f(tn + cjhp, u(ty, + cjhn)), for j=1,...,s (B.9)

The numerical solution y,, 41 of problem (B.1) at time level ¢, 11 = t, + hy, is then defined as
Yn+1 1= u(tn + hn) (B.lO)

In order to compute u(t, + hy), let us denote k; := u'(t, + cjhy,) for j = 1,...,s. Note that the
Lagrange interpolation polynomials

s
T —Cm
L =
i(7) U G — o
=1
i#Em

satisfy l;(c;) = 0;;, where 0;; denotes the Kronecker delta. Therefore, > 7 | kili(¢;) = kj;, which
further equals to «'(¢, + ¢jh,). By the Lagrange interpolation form, we obtain

U (ty, + Thy) Zkl (B.11)

Due to relation (B.10), the numerical solution y,11 can be computed by integrating between 0 and
1 both sides of equation (B.11) above:

1 S

1
/u (tn + Thy) dT—/ZkZlZ
0

0
s 1

i (utn + Thn) Zkz/lz

7 (ultn + hn) Zklbz

Then we obtain

u(tn + hn) = u(tn) + hn Y bik;.

Since u(t,) = yn by construction, the numerical solution defined by (B.10) has the form

Yntl = Yn + hn Z bik;. (B.12)
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In order to determine the values of k; = f(u(tn +cihp, u(ty, —i—cihn)), 1=1,...,s, we have to compute
u(ty, + ¢ihy). To this end, let us integrate (B.11) again, but this time between 0 and ¢;:

/u’(tn + Thy) dr = /Z kjl;(T) dr
0 o J=1
e (ultn 4 h)) 125 = ok [ 1) dr
j=1
=iQgj

i (ultn + cihn) = ultn)) =Y kjai;.
1=j

Hence, we obtain

S
u(ty + cihpn) = u(ty) + hy Z aijkj, fori=1,..,s.
j=1

This means, application of quadrature rules to approximate the integral in formula (B.5) leads
to collocation methods defined by

S
Yn41 = Yn + hy Z biki (B.13>
i=1
S
with ki = f(tn + il + b > aijkj), fori=1,..s (B.14)
j=1
1 c;
where b; = /li(r) dr and a;; = /lj(v') dr, fori,j=1,..s
0 0
ST —c
and li(r) = ™ are the Lagrange interpolation polynomials.
- G —Cm
z’z;Zﬁz

We note here that for special choice of coefficients ¢;, i = 1, ..., s, the order of collocation methods
can even equal 2s.

One obtain a possible generalisation to collocation methods by choosing the coefficients a;;, b;, ¢;
arbitrary, instead of assigning them the special values above. For a fixed s € N and some coefficients
a;j, bi, ¢ for i, j =1,..., s, time discretisation methods of the form (B.13), (B.14) are called s-stage
Runge-Kutta methods. We note that if a;; = 0 for ¢ < j we have explicit, otherwise we have
implicit Runge-Kutta methods. Notice that all collocation methods are implicit Runge-Kutta
methods.

It is common to collect the coefficients a;j, b;, ¢; of a Runge-Kutta method in the Butcher tableau
proposed by J. C. Butcher® in 1964:

1J. C. Butcher, “On Runge-Kutta processes of high order”, J. Austral. Math. Soc. IV (1964), 179-194.
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C1 ail ai2 CIEa a1s
C2 aai a2 e a2s
Cs | Gs1 As2 *++  dss

bl b2 e bs

Example B.1. Examples for s-stage Runge-Kutta methods.

1. Explicit Euler method (s = 1):

PHF:

2. Implicit Euler method (s = 1):

3. Runge-Kutta method based on Gaussian quadrature with one node (s = 1):

1/2 | 1/2
1

4. Runge’s method (s = 2):

5. Crank-Nicolson method (s = 2):

o] o 0
1]1/2 1/2
[ 1/2 1/2

6. Runge-Kutta method based on Radau II A quadrature with two nodes (s = 2):

1/3 | 5/12 -1/12
1 | 3/4 1/4
| 3/4  1/4
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B.4 Exercises

1. Prove first- and second-order consistency of the explicit Euler method and the explicit method
of Runge, respectively.

2. Construct Euler’s number e with the help of Euler’s method.
Hint: Consider the differential equation y' = y with the initial condition y(0) = 1.

3. Derive the Runge—Kutta methods based on Gaussian and Radau IT A rules. Hint: For Gauf,
the nodes are ¢ = % fors=1and ci12 = % + ? for s = 2. For Radau II A, the nodes are ¢c; = 1
fors=1 andclzé, co =1 for s =2.

4. Analyse the Runge—Kutta methods based on Gaussian and Radau II A rules for the problem

y' = —k?y. Are there any conditions for the step size?

5. Derive the Butcher Tableau for the Crank—Nicolson scheme (B.8).



