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List of Notation (to be expanded)

A~! — (algebraic) inverse of an operator
A* — adjoint of an operator
|z|| — norm of an element x
(x,y) — inner product on an inner product space

L(X,Y) — The space of bounded linear operators A : X — Y
L(X) - The space of bounded linear operators A : X — X
R(A) — range of an operator
N (A) - kernel (or null-space) of an operator
G(A) — The graph of an operator

LP(a,b) — the Lebesgue space of functions f : (a,b) — C
LP(a,b; X) — the Lebesgue space of functions f : (a,b) — X
C(la, b)) — space of continuous functions f : [a,b] — C
C([a, b]; X) — space of continuous functions f : [a,b] — X
C'(92; X) — space of continuous functions f : 2 C R" — X
Cy(§2; X)) — continuous functions f : Q@ C R™ — X with || f||oc 1= supgcq| fllx < o0
o(A) - spectrum of an operator
p(A) — the resolvent set of an operator

F f — Fourier transform of a function f
F~tg — Inverse Fourier transform of a function g
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1. Closed Operators

In this chapter we focus on an important class of unbounded linear operators A : D(A) C
X — Y, namely closed operators. We begin by studying the characteristic and fundamental
properties of this class, and study the spectrum of unbounded operators on Banach spaces.

Later on the course these results are applied in the study of linear ordinary and partial
differential equations. Such equations can often be written in an abstract form

Af=g

where A is a closed operator on a suitable function space. The questions of existence,
uniqueness and other properties of the solution f can then be studied using the properties
of the operator A.

1.1 Closed Linear Operators

Closed linear operators A : D(A) C X — Y form a strictly larger class than bounded
operators between two Banach spaces X and Y.

Definition 1.1.1. An operator A : D(A) C X — Y between two Banach spaces X and Y
is closed if it has the following property:

If (z,), C D(A) is a sequence such that x,, — z and Az,, — y as n — oo for
some z € X and y € Y, then we have x € D(A) and Az = y.

An operator A : D(A) C X — Y is closed if and only if the so-called graph of A defined
as

GA) ={(x,y) e X xY |zeD(A)and y = Az }

is a closed subspace of X x Y. (Here the norm on X x Y is defined as ||(z,y)|xxy =
2]l x + lylly)-

Exercise 1.1.1. Show that the above claim holds. o

Exercise 1.1.2. Assume that the operator A : D(A) C X — Y has an algebraic inverse
A1 DA™Y C Y — X with D(A™!) = R(A). Show that A is closed if and only if A~ is
closed. o

Often the closedness of an operator A : D(A) C X — Y can be shown indirectly, by
showing that it has a bounded inverse.
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Lemma 1.1.2. Let X and Y be Banach spaces. If A : D(A) C X — Y has a bounded inverse
A=l € L(Y, X), then A is a closed operator.

Exercise 1.1.3. Prove Lemma 1.1.2. o

Theorem 1.1.3 (Closed Graph Theorem). Let X and Y be Banach spaces and let A :
D(A) C X — Y be a closed operator. If D(A) is a closed subset of X, then A is a bounded
operator, i.e., there exists M > 0 such that

|Az|ly < M|z x, Vo € D(A).

One of the important consequences of the Closed Graph Theorem is that closed and
bijective operators between two Banach spaces are “boundedly invertible”.

Theorem 1.1.4. Let X and Y be Banach spaces and let A : D(A) C X — Y be a closed
operator. If A is bijective (injective and surjective), then A has a bounded inverse A~' €
LY, X).

Exercise 1.1.4. Prove that Theorem 1.1.4 follows from the Closed Graph Theorem. o

Example 1.1.5. Consider an interval [a, b] C R and let X = C[a, b] with norm ||-||.. We can
define a first order differential operator on X by

(AN =),  feCabl={f€Clab]|f €Cla,b]}.

If we restrict the domain of the operator in such a way that it f € D(A) satisfy a boundary
condition f(a) =0, i.e.,

feD(A):={f€Clab]| f'€Clab], f(a) =0},

then A has a bounded inverse A~! € £(X). Indeed, we can find a formula for A~! by letting
g € X be arbitrary and looking for an element f € D(A) such that Af = g. Taking into
account the boundary condition, this operator equation is equivalent to the boundary value
problem

f©) =9,  ¢€lab]
0.

The differential equation on the first line has the general solution f(§) = ¢y + ff g(s)ds
where ¢y € C is a constant, and the the boundary condition f(a) = 0 implies ¢, = 0.
Because of this, the equation Af = g has a unique solution which clearly satisfies f € D(A).
Thus A has an algebraic inverse and R(A) = X. Finally, to show that A~! f is bounded, we
can let g € X be arbitrary and estimate

147l = oy (A7) < s [ To(o)ds = [[To(o)ds < (0= gl

The fact that A~! € £(X) implies that A : D(A) € X — X is a closed operator.
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Also the operator A; : D(A;) C X — X defined as A;f = f’ with the larger domain
D(A;) = C'[a,b] is a closed operator on X. This can be seen directly using the definition.
Indeed, if (f,,)nen C Ca, b] is such that || f,, — fllec — 0 and ||} — glloc = ||A1fn — gllx — 0
as n — oo, then the sequences of functions (f,), and (f}), are uniformly convergent, and it
follows that f € C'[a,b] and A, f = f’ = g. Thus A, is a closed operator. Note that A; is an
extension of A, since D(A) C D(A,) and A, f = Af for all f € D(A). o

1.2 Spectral Theory for Closed Operators

The spectrum of a linear operator A : D(A) C X — X is an important concept in functional
analysis. In the following we define the parts of the spectrum o(A) and the resolvent set
p(A) =C\ o(A) are defined for unbounded operators A : D(4) C X — X.

Definition 1.2.1. Let X be a Banach space and let A: D(A) C X — X.
The resolvent set p(A) of A is defined as

p(A) = { X € C | The operator A — A has a bounded inverse (A — A)~' € £(X) }.

The set 0(A) = C\ p(A) is called the spectrum of A, and can be divided into the disjoint

parts — the point spectrum o,(A), the continuous spectrum o.(A), and the residual spectrum
0.(A) — defined as

o,(A) = { X € C | The operator A — A is not injective, i.e., N(A — A) # {0} }

0.(A) ={ A e C|\— Ainjective, but R(A — A) = X but R(A — 4) # X }

0.(A) = { A€ C| \— Ainjective, but R(\ — A) # X }.

In the definitions of o.(A) and o,(A) the notation R(A — A) denotes the closure of the
subspace R(A— A) in X. The points A € 0,(A) are called eigenvalues of A, and by definition
there exists an eigenvector x € D(A) such that = # 0 satisfying Az = Az. This corresponds
exactly to the case of matrices, whose spectra consist entirely of eigenvalues, i.e., 0(A) =
o,(A) for all matrices A € C**" or A € R"*".

It should be noted that while ¢(A), 0,(A) and p(A) always defined in the same way,
the division of the other parts of the spectrum o(A) may be done in a different way in
different references. Especially it is imporant to be careful with the definition of the residual
spectrum o,.(A)!

Exercise 1.2.1. Show that C = p(A) Uo,(A) Uo.(A)Uo,(A) and the sets 0,(A), 0.(A), and
o-(A) are mutually disjoint (i.e., their pairwise intersections are empty sets). o

Definition 1.2.2. Let X be a Banach space and let A : D(A) C X — X. The resolvent
operator of A is defined as (A — A)~! for A € p(A)

For a scalar A € C, the notation “\ — A” is a short-hand expression for “A\I — A”, i.e.,
(A= A)x = \x — Ax for z € D(A).
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Many of the familiar properties of the spectrum and the resolvent of a bounded operator
continue to hold for closed operators. In particular, p(A) is always an open subset of C, and
therefore o(A) = C\ p(A) is closed. However, there are differences as well: If the operator
is bounded, i.e., A € £(X), then both ¢(A) and p(A) are non-empty subsets of C, and o(A)
is contained in a circle centered at 0 € C with radius ||A||. If A is unbounded, either one of
o(A) or p(A) can in general be empty sets.

Exercise 1.2.2. Show that if A: D(A) C X — X and )\ € p(A), then R((A — A)~') C D(A)
and AN — A)~'z = (A — A)~' Az for all z € D(A). Thus (A — A)~! commutes with A. o

Exercise 1.2.3. Let X be a Banach space and A : D(A) C X — X. Show that the resolvent
operator satisfies the resolvent identity

A=A = (u=A" === (=)  ApepA).
Deduce that (A — A)~! and (u — A)~! commute for all \, u € p(A). o

Exercise 1.2.4. Show that if A € p(A) and p € C is such that |\ — u|||(A — A)7!|| < 1, then
u € p(A) and the resolvent operator (1 — A)~! is given by the Neumann series

o)

(n— A" =D "(A=pr(A— A

n=0

Deduce that p(A) is an open subset of C and that p — (A — A)~! € £(X) is continuous on
p(A). o

Exercise 1.2.5. Let X = C,(R?) := {f € C*(R) | ||f|lec < oo} and consider the operator
A:D(A) C X — X defined as

(Af)(@,y) = (x+iy) f(z,y),  (z,y) €R?
D(A) ={fe€C(R?) | sup |(z+iy)f(z,y)| <oo}.

(z,y)ER?
Show that o(A) = C (and thus p(A) = ©). o

Exercise 1.2.6. Let X = L*(R?) and consider the operator A : D(A) C X — X defined as

(Af)(z,y) = (@ +iy)f(z,y),  (z,y) € R,
D(A)={f:R*—C| /R2|(:E+iy)f(x,y)|2dxdy < 0 }.

Show that 0(A) = C (and thus p(A) = ©). o

Theorem 1.2.3. Let X be a Banach space assume A : D(A) C X — X is such that p(A) # @.
The mapping A — (A — A)~! € L(X) is an analytic function on p(A) and for all n € N
d'll

T A= (=D)"(A— A peN.
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Here the property that a function f : @ € C — X for a Banach space X and €2 C C open
is said to be locally analytic if for every point \q € (2 there exists an neighbourhood of A,
such that the function has a derivative f'()\) defined by

[ZOZI) _ pio| 0. a5 x- 2ol
A— Ao

The term “locally” analytic takes into account that the resolvent p(A) takes into account
that the resolvent p(A) does not need to be a connected subset of C, and therefore also
the derivative of a locally analytic function can be different in the different “connected
components” of the domain.

Exercise 1.2.7. Prove Theorem 1.2.3. o

1.3 Adjoints of Closed Operators on Hilbert Spaces

On Hilbert spaces we can define the concept of an adjoint also for unbounded operators.
Throughout this section X is a Hilbert space.

Definition 1.3.1. Let A: D(A) C X — Y with Hilbert spaces X and Y and assume D(A)
is dense in X. The adjoint of A is an operator A* : D(A*) C Y — X defined so that
y € D(A*) if and only if there exists z € X satisfying

(Az,y)y = (x,2)x Vo € D(A).

In this case we define A*y = 2.

The assumption that D(A) is dense in X is required in order for A* to be well-defined
as an operator A* : D(A) C Y — X (otherwise there may be several z € Z which satisfy
A*y = z). We say that such operators A : D(A) C X — Y are densely defined.

Exercise 1.3.1. Show that the adjoint A* of A: D(A) C X — Y is a closed operator. o

Lemma 1.3.2. Assume X and Y are Hilbert spaces and A : D(A) C X — Y is densely
defined. The adjoint operator has the following fundamental properties.

() If Be L(X,Y), then (A+ B)* = A*+ B*, which means that D((A+ B)*) = D(A*) and
(A+B)'y=A"y+ By  VYyeD(A).

(b) If A has a bounded inverse A~!' € L(Y,X), then also A* : D(A*) C Y — X has a
bounded inverse and (A*)~! = (A71)* € L(X,Y).

Exercise 1.3.2. Prove Lemma 1.3.2. o



6 Chapter 1. Closed Operators

Definition 1.3.3. Let X be a Hilbert space. The operator A : D(A) C X — X is symmetric
if

(Az,y)x = (z,Ay)x  Vr,y € D(A).

It is self-adjoint if D(A*) = D(A) and A*z = Az for all z € D(A).

In a more compact form, the self-adjointess of A : D(A) C X — X be expressed as a
condition that A* = A.

Exercise 1.3.3. Describe the relation between A* and A for a symmetric operator. Show
that every self-adjoint operator is symmetric. Is the converse true? o

Self-adjoint operators have the following very special spectral properties.

Theorem 1.3.4. Let A : D(A) C X — X with a Hilbert space X. If A is self-adjoint, then
o(A) is not empty and o(A) C R. Moreover, the norm of the resolvent operator satisfies

1
—1
[(A=A4)" < m7 A ¢ R. (1.1)

Exercise 1.3.4. Let A : D(A) C X — X be symmetric. Show that for every A € C and
x € D(A) we have

1A = A)z|* = [|(Re A = A)z|* + (Im A)*[|x[|*.

Deduce that ||[(A — A)z|| > |[Im A|||z|| for all A € C and = € D(A). o

Exercise 1.3.5. Let A : D(A) C X — X be self-adjoint. Show that

(@) X ¢ o,(A) for all A ¢ R. This part is also true under the weaker assumption that A is
Ssymmetric.
Hint: Use Exercise 1.3.4.

(b) N ¢ o,.(A) forall A ¢ R.
Hint: Show the equivalent property R(A — A)t = {0} if A ¢ R. Here you can employ
self-adjointness and part (a).

() A ¢ 0.(A) for all A\ ¢ R. This part is also true under the weaker assumption that A is
closed and symmetric.
Hint: Begin by showing that if A ¢ R, then R(\ — A) is necessarily a closed subset of X
because of the estimate ||(A — A)z|| > |Im A|||z||. Here you in particular need the fact that
A is a closed operator. Combined with part (b), the closedness of R(A — A) implies the
claim.

(d) Prove that (1.1) is satisfied. Hint: Use the inequality in Exercise 1.3.4.
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Theorem 1.3.5. Assume X is a Hilbert space and A : D(A) C X — X is a closed and
symmetric operator. If both R(i — A) and R(—i — A) are dense in X, then A is self-adjoint.

Exercise 1.3.6. Prove Theorem 1.3.5. Hint: This proof is not long, but it’s not at all easy
to figure out where to start! You should find this proof in the literature, and use that as a
reference (repeat the proof with details here). Since A is symmetric, it’s self-adjointness can be
proved by showing that D(A*) C D(A). What is typically done is that the proof is begun by
justifying that for any y € D(A*) it is possible (based on one of the assumptions and part (c)
of Exercise 1.3.5) to find x € D(A) such that (i — A)x = (i — A*)y. After this, the symmetry,
the other assumption, and part (a) of Exercise 1.3.5 it is possible to finally conclude that

= x € D(A). If you find another proof, or if you are able to find some kind of an intuitive
justification for how this proof is begun, let me know! I'm interested to see it! o

Lemma 1.3.6. If A : D(A) C X — X is symmetric and p(A) "R # &, then A is self-adjoint.

Exercise 1.3.7. Prove Lemma 1.3.6. Hint: Use Theorem 1.3.5 for an operator B = 1(A— )
with D(B) = D(A) for suitable choices of \g € R and ¢ > 0. Begin by showing that B is
symmetric whenever A is symmetric. o

Lemma 1.3.7. Let X be a Hilbert space. If A : D(A) C X — X satisfies
(Az,z) € R, Vz € D(A),
then A is symmetric.

Exercise 1.3.8. Prove Lemma 1.3.7. Hint: Study the condition (Azx,z) € R in the case where
r = y + oz with arbitrary fixed elements y,z € D(A) and for two different suitable choices
of scalars a € C, for example o« = 1 and o = i, to show that Re(Az,y) = Re(z, Ay) and
Im(Az,y) = Im(z, Ay). Some of you already proved this as part of the second preliminary
exercise problems. o

In the following two examples we show two cases where the self-adjointness can be
shown in a “direct” manner by showing that D(A*) C D(A). These examples are in no way
meant to be easy, but their purpose is only to illustrate that these types of arguments are
also sometimes possible.

Example 1.3.8. In this example we consider a multiplication operator. To this end, let g €
C((—o00,00),R) be a fixed function, and define the multiplication operator M, : D(M,) C
X — X on X = L?(—o0,00;C) so that for every f € D(M,) = {f € X | g(-)f(-) €
L*(—o0, 00; C) } we define

(Mg f)(€) = g(£)f(§),  for almost every £ € R,

We will show that the fact that the values ¢(¢) are real for every ¢ € R implies that M,
is a self-adjoint operator. Before considering the main properties, we should note that the
domain D(M,) is dense in X, since it includes the subspace C§°(R; C) of smooth functions
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with compact support, which is dense in X, and thus A/, does have a well-defined adjoint.
We will begin by showing that A is symmetric using Lemma 1.3.7. If f € D(1/,), then

(M f, fx = /R (M, f)() F€)de = /R 9(€) 1) FE)de = /R 9(©)|f(6)de € R,

since we assumed ¢(¢) € R for all { € R, and thus A/, is symmetric by Lemma 1.3.7. It
remains to show that D(M;) C D(M,). To this end, let h € D(M;) be arbitrary. Then by
definition we have that for all f € D(M,) we must have

0= (Myf.h)x — (f, MRy = /R 9() F(E)RE)dE /R FEODLR)E)de
- /R F(6) [(E)h(E) — (Mzh)(©)]de.

Since this holds for any f € D(M,), our aim is to make suitable choices of f to show that
in fact (M;h)(§) = g(§)h(€) for (almost) all £ € R. Since M;h € X, this will immediately
imply that g(-)h(-) = M;h € L*(R;C), which shows that in fact h € D(M,), and thus the
proof will be complete. For any N > 0 we can choose

Fu(E) = g(&)h(&) — (Msh)(€), for (almost) all £ € [N, N]
M0 if [£] > N.

Since fy (&) = 01if |{| > N, it is easy to see that fy € D(M,) for any N > 0. Now the above
identity implies that

0= (Myfx )x — (fv, M2h)x = / I () [9(E)h(E) — (M h)(€)] de

= [ 19©m© - (mO P
This implies that g(£)h(§) — (M;h)(§) = 0 for almost every § € [~N, N]. However, since
this holds for arbitrary N > 0, we have that g(§)h(§) = (M;h)(§) for almost all § € R. As
argued above, this shows that in fact » € D(),) and the proof is complete. o

Example 1.3.9. In this example we consider a second order differential operator A : D(A) C
X — X on X = L*(0,1) defined as

(Af)(E) = BI"(S),
fe€D(A):={feX|Ff [ absolutely continuous and f(0) = f(1) =0},

where § > 0 is a constant. The property that f is “absolutely continuous” is discussed in
greater detail in the next chapter, but for now it is sufficient to think of it as a stronger form
of continuity, which guarantess that f has a derivative f’ € L?(0, 1) which is defined “in the
L?-sense”.

In this example we will show that A is self-adjoint, i.e., A* = A. We begin by showing
that A is symmetric. To this end, let f € D(A). We then have f(0) = f(1) = 0, and using
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integration by parts we can see that

(AF e =8 [ 7T = 5 (F )T - FOF0) 5 [ o7
-5 [ Ir©ra er

Thus A is symmetric by Lemma 1.3.7. It remains to show that D(A*) C D(A). To this
end, let ¢ € D(A*) be arbitrary. Then for any f € D(A) we have (Af,g) = (f,h) where
h = A*g € L?*(0,1). If we choose f = ¢, := 2sin(n7w-) € D(A), then Af = A¢, = ¢! =
—n?r? - 2sin(nnw-) = —n’r2¢, and

1

§(n) = (g, ) = 2 / g(€)sin(nme)de,  h(n) = (h.d,) = 2 / h(€) sin(nm€)dé

are the coefficients of the Fourier sine series of g and h, respectively. The identity (Af, g) =
(f,n) implies —n27%§(n) = h(n). Since h € L2(0,1), the theory of Fourier series implies
(h(n))pen € (*(C). Thus also (n2§(n))meny € (*(C). Long story short, the Fourier theory
implies that g and ¢’ are absolutely continuous and ¢” € L?(0,1). To show that ¢g(0) =
g(1) = 0, it suffices to note that since g was shown to be continuously differentiable, its
Fourier sine series

9(&) =D 4(n)n(€)

converges uniformly on [0, 1] (and in particular pointwise), and thus ¢,,(0) = ¢, (1) = 0 for
all n € N implies g(0) = g(1) = 0 as well.

In this example, we could have also used Lemma 1.3.6 to show that the symmetric
operator A is also self-adjoint by showing that 0 € p(A). In fact, the formula for the inverse
A~ can be derived in a similar way as in Example 1.1.5 by noting that the equation Af = g
is equivalent to the boundary value problem

BI&) =98,  £€l0,1]
f(0)=f(1)=0.

These kinds of boundary value problems will be studied in greater detail in the next chapter.
o



2. Analysis of Linear Differential
Equations

One of our main interests on this course is to use functional analysis and operator theory
to study differential operators and associated linear (partial) differential equations. In this
section we learn how differential equations can be formulated as abstract linear equations
with a differential operator A : D(A) C X — X, and how the properties of A can be used
to study the solvability and properties of the original equations.

Perhaps the simplest examples of linear differential equations (with only a single vari-
able ¢ € [a, b]) are the “boundary value problems”

f &) =9, VS (ab) (2.1a)

fla) =0 (2.1b)
and

f(&) =9, Ve (a,b) (2.2a)

f(b)=0 (2.2b)

which are both first order ordinary differential equations. In the literature (and on this
course) the derivative is sometimes alternatively denoted by f(¢), 4 (¢), or fe(£).

Y dé‘
A particular case of a second order differential equation is

—(Bf)(€) =9(&),  VEE(ab) (2.32)
f(a) = f(b) =0. (2.3b)

Here 5 : (a,b) — R is a function, and if the derivatives 5'(¢) and f”({) are well-defined
(which is not always the case!), we have (5f') () = 8'(£) f'(€) + B(£) f"(§). In the equations
that we consider we assume that the values of 3(-) are uniformly positive, i.e., there exists
a constant 3, > 0 such that 3(§) > fy > 0 for all £ € [a,b]. On the other hand, partial
differential equations involve differentiation with respect to two or more variables. On this
course study partial differential equations of the form

2 2
—510—]2[(51,52) - 528—];(51752) = g(&1,&2), (&,8) € QC R? (2.4a)

O&i 0&;
f(fl,fg) = O, for (fl, 52) € 15)9] (24b)

with constants 31, 3, > 0 Here Q C R? is the spatial domain of the equation, and f : Q C
R? — R (or sometimes the values of f can be complex). The additional equation (2.4b)

10
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is the boundary condition of the equation, and 952 denotes the boundary of the set 2. This
type of a boundary condition is a Dirichlet boundary condition. One particularly important
special case of (2.4) is the Poisson equation, where 5, = ; = —1, and which is typically
written in the form

-Af =y, on ()
f=0, on 0f),

. . 2 2
where the Laplace operator is defined as A = 5% + 53_55'

Even linear partial differential equations form a complex area of mathematics. We focus
here on Elliptic equations®, and even there we focus on a special class of equations with at
most two variables, and in the case of ) C R? (i.e., for (2.4)) we assume f3; and [, are
constants. While studying this chapter you should also study additional material on elliptic
equations (for example from the books by Evans, Brezis, or Renardy & Rogers). Specific
things you should learn are the following.

* Elliptic equations can in general have coefficients §; and 5, which depend on the
spatial variables. How are these expressed in the general form?

* Elliptic equations can also have terms with differentiation with respect to both vari-
ables in the same term.

* Most results require the spatial domain Q C R? to be “sufficiently nice”. You can
find out what kind of things are typically used. Throughout this course we assume in
particular that Q C R? is open, bounded, convex, it has a smooth boundary, and (2 is
located “on one side of its boundary 0€2”. One particular type of domain satisfying all
the requirements is a disk Q = { (£1, &) € R? | £&$+&5 < R*} for some R > 0. Figure 2.1
lists a few different types of domains to illustrate the different types of assumptions on
2 and 09.

Figure 2.1: Different types of domains 2 on R2. The disk has smooth boundary, while the
rectangle does not (though it is “piecewise smooth”). In the third picture a single segment
has been removed from the disk, and the resulting 2 is not “on one side of 9)”. The fourth
domain has corners, so the boundary 02 is not smooth, and 2 is also not convex.

Exercise 2.0.1. Write down the general form of the elliptic partial differential equation on
Q) C R? in the case where the coefficients are allowed to depend on the variables (£;, &) € Q.
Also write down the condition under which the equation is called elliptic. Hint: You can
find these in the literature. Most general form is for equations on n-dimensional spaces (i.e.,
with f : R" — R), and now you are interested in the case where n = 2. o

1Other typical classes of PDEs are parabolic equations and hyperbolic equations, both of which include time
t as one variable.
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2.1 Well-Posedness of Differential Equations

The main questions related to differential equations are of the following form:

(i) Under what assumptions (on g and §(-) in (2.3) or f;, 52 in (2.4)) do the equations
have solutions f?

(ii) Are these solutions unique?

(iii) What are the properties of the solutions, for example, are they continuously differen-
tiable?

In particular, a differential equation is called well-posed (in the sense of Hadamard) if

for any ¢ (in a suitable class of functions) the differential equation has a
unique solution f, and for another g which is “close” to g the corresponding solu-
tion f is “close” to f.
Well-posedness can therefore be summarised as requiring

* existence of solution,
e uniqueness of the solution, and
* continuous dependence of the solution on g.

These questions can be studied by writing the above differential equations as abstract
linear equations on a suitable function space X.

Definition 2.1.1. Let X be a linear space, A : D(A) C X — X, and g € X. An abstract
linear equation has the form

Af =g, feD(A). (2.5)

For the equations (2.1)-(2.3) the operator A represents the differentiation of the function
f of the left-hand side of the equations. The choice of X is done partly based on the
properties of g, and the desired properties of the solution f. For example, if the considered
functions g are continuous on [a, b], one may choose X = C([a, b]) with the norm ||g||x =
maxeciqp)|9(£)|. In this case also the solutions f € X will be continuous functions. The
domain D(A) contains the differentiability requirements on f such that Af € X, and the
boundary conditions (2.1b), (2.2b), (2.3b), and (2.4b) are included in D(A) as well.

Exercise 2.1.1. Formulate the differential equation (2.3) as abstract linear equation on
X = C([a,b]) in the case where 3 € C'([a,b]) (i.e., 8(-) is continuously differentiable).
Justify your answer. Hint: This involves defining the operator A and finding an appropriate
domain D(A) in such a way that Af € X whenever f € D(A). o

Exercise 2.1.2. Show thatif A : D(A) C X — X has a bounded inverse, then the abstract
linear equation (2.5) is well-posed. In particular show that the continuous dependence of
f on g is satisfied in the sense that there exists a constant M > 0 such that if Af = g, then
1f = fllx < Mllg — gllx (thus ||f — f|x converges to zero if ||g — §||x goes to zero, which
is indeed “continuity”). In what sense does the “continuous dependence” of f from ¢ hold?
What are the more precise correspondences between the different parts of well-posedness
and the invertibility properties (i.e., injectivity, surjectivity, and boundedness of the inverse)
of A? Justify your answer. Hint: If A has an inverse, then you can easily solve f from the
equation (2.5). o
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Exercise 2.1.3. Show that the differential equation

F(€) =9, V€€ (ab)
fla) = f(b) =0

(similar to (2.2) but with two boundary conditions) is not well-posed (when considering for
example continuous functions g € C|[a, b]). Also show that if the boundary condition (2.2b)
is removed completely, the resulting differential equation is not well-posed either. Hint:
The differential equation f'(£) = g(&) has an explicit solution, which you can find easily. In
the first part you can note that the solution does not exist for arbitrary functions g (only under
additional conditions). o

Very often the choice X = C([a,b]) (or more X = C(2) in the case of (2.4)) is too
restrictive, and it is better to instead consider the above differential equations for functions
g that are not necessarily continuous, but instead satisfy? g € L?*(€2). In this case it is natural
to choose X = L?(2). In order to answer the question of “when do we have Af € X for
some f € X”, we need to take a longer detour into how derivatives are defined for functions
on Lebesgue spaces. In the next section we will see that the correct choice for the domain
D(A) in this case is an appropriate Sobolev space.

2.2 Distributional Derivatives and Sobolev Spaces

In this section we will define what we mean by a “derivative” of a function which is not
differentiable in the classical sense. In particular, we will define the concept of a weak
derivative (or a distributional derivative), which is defined using integration by parts in a
suitable way. The only downside of this approach is that the weak derivative of a function
is not necessarily a “function” at all in a typical sense. Perhaps the most classical example
of this that the weak derivative of the Heaviside step function H € L?*(—1, 1) defined by

Jo —1<e<o0
H@_{l e

is the “Dirac delta” dy(¢), which has the property that f;f(f)é(f)dé’ = f(0)ifa <0 < b.
However, 6(¢) is not a function (since its values for £ € [—1, 1] cannot be defined) but instead
it is a generalised function or a distribution. Using weak derivatives, it indeed turns out that
every function will have well-defined (partial) derivatives of all orders in the larger class of
distributions. In addition, for any function f € C'(Q) the weak derivatives with respect to
all variables ¢; coincide with é%. Using the concepts of distributional derivatives, we can

define Sobolev spaces as spaces of functions f € L?*(Q)) whose distributional derivatives of
sufficiently high orders are also functions in L?(Q2) (in addition to being distributions).

Distributional derivatives and Sobolev spaces would deserve a chapter or two by them-
selves, but here we will focus on covering the minimal required properties of these concept
that we will use in defining studying differential equations of the form (2.3) and (2.4).
For additional properties of these mathematical objects and for concrete examples on dis-
tributional derivatives you should study, for example Chapter 5 of Evans, Chapters 5-6 of
Renardy & Rogers, and Chapters 8-9 of Brezis.

2More generally, g € LP(Q) can be studied, but on this course we mostly restrict our attention to p = 2.
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Definition 2.2.1. Let 2 C R"™ be open and bounded. The set of smooth functions ¢ €
C*(2) whose support supp ¢ := {£ € Q| ¢(&) # 0} satisfies supp ¢ C 2 and is compact
(as a subset of R™) is denoted C:°(2). The functions ¢ € C°(Q) are called test functions.

Note that since 2 is assumed to be an open set in R" and since the support of a function
is by definition a closed set, the condition supp ¢ C (2 causes the function ¢ € C°(Q2) to
have identically zero values near the boundary of the set €. It’s also worth noting that
since (2 is assumed to be a bounded set, the compactness of supp ¢ as a subset of R” follows
automatically from the condition supp ¢ C €2 and the fact that supp ¢ is closed by definition.
Nevertheless, we state this requirement explicitly, since in the more general case where ()
may be unbounded, the compactness requirement is an important part of the definition of
test functions.

In the following we use a “multi-index notation” D*f for the partial derivatives of a
function f : R" — R. More precisely, for a n-tuple « := (o, ..., a,) where a; € NU {0} we
define |a| = a; + a3 + - - - + a,, and denote

olel f
T Oug - 9nE,

Daf (517"'7€n)
(i.e., a; € N signifies how many times the function f is differentiated with respect to ¢; in

D*f, and o; = 0 means that D f does not contain differentiation with respect to ;). For
brevity we also denote f(&y,...,&,) by f(§) with £ = (&,...,&,) € R™.

Exercise 2.2.1. Write the expressions on the left-hand sides of the differential equations (2.3)
and (2.4) using the multi-index notation, for example using D** f with k,1 € NU {0}. (In
the one-dimensional case you can simply denote D f in place of D! f.) o

Definition 2.2.2. Let (2 C R" be open and bounded and let o = (a, . .., a;,). The function
f € L*(Q) is said to have an o*-weak derivative if there exists g € L?(f2) such that

| r©wroxeds = (-0 [ g, voecr@).
Q Q
If such g € L?*() exists, we denote D*f = g.

In addition to the notation D f, we will also continue to use the other notations for

derivatives, for example f'(¢), f*)(¢), and %(5), which will also be interpreted as weak

derivatives whenever the function f is not differentiable in the classical sense. We also note
that in a more general version of Definition 2.2.2, f and ¢ could be allowed to be in L{ .(€2).
The definition of the weak derivative is motivated by integration by parts. Indeed, if

f e () and if % exists and is continuous for some 1 < j < n, then ¢ € C°(Q2) implies

that ¢ (¢) = 0 forall j € NU {0} and for ¢ near the boundary 0f2. The usual integration
by parts therefore implies that for every ¢ € C:°(Q2) we have

/Q f(é)%(é)déz— /Q g—gj@)d)(s)ds
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Repeating this procedure with respect to the different variables also shows that if f € C'(2)
is such that the defivative D* f exists in the classical sense, then we indeed have

/Q F(E)(D6)(€)de = (—1) /Q (D°F)(E)$(O)de, Yo € Q).

Weak derivatives have the same typical properties as the classical derivatives, for example
the operation is linear, differentiation of products is done in the same way, see for example
Section 5.2.3 in Evans.

The Sobolev spaces H*(2) are defined in the following?>.

Definition 2.2.3. Let 2 C R" be open and bounded set. For £ € N U {0} we define the
Sobolev space of order k as

H*(Q) ={f e L*Q)| D*f € L*(Q) whenever |a| <k }.

The norm on H*(() is defined so that

IFlF = D I1D°fllZe,  f € HHQ).

0<|a|<k

Note that the norm also includes the term || D f||3, with o = (0, ..., 0) (corresponding to
|| = 0), which is exactly || D f||3. = || f||3.. Because of this we always have || || ;2 < || f|| z+.
We also have by definition that H°(Q) = L?(2).

Theorem 2.2.4. The space H*(2) with the norm ||-|| g« is a Hilbert space.

The proof of the above result can be found for example in the books by Evans or Renardy
& Rogers.

Exercise 2.2.2. Write down the expression for the inner product (f, g) y» corresponding to
the norm ||-|| . o

Note that the space of test functions C>°(2) is a subspace of H*(2) for every k € NU{0}.
The space C°(Q) is dense in L?(f2), but it is not dense in H*(Q2) for any k > 1. This is
actually of a sign of the property that an arbitrary function f € L?(Q) does not need to
have any meaningful “values” at the boundary 9d€2. Even in the one-dimensional case, for
example the function f(£) = sin(n/€) plotted in Figure 2.2, which satisfies f € L?(0,1),
but clearly does not have any sensible value at £ = 0. The following theorem regarding
the trace operator shows on the contrary all functions f € H'(Q2) on the other hand have a
well-defined behaviour on the boundary.

3In this section we have restricted our attention in several ways. For example, we always assume (2 is
bounded, while considering unbounded domains, most notably 2 = R", would be possible as well. Moreover,
we only define weak derivatives and Sobolev spaces for functions on f € L?(2), even though analogous
definitions are possible for f € LP(Q2) for all 1 < p < co. For 1 < p < oo with p # 2 the Sobolev spaces are
Banach spaces and they are typically denoted by W1?(().
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Figure 2.2: Plot of the function f(§) = sin(7 /).

Theorem 2.2.5 (Trace Theorem). Assume €2 C R"™ is open and bounded and has smooth
boundary 0f). There exists a bounded linear operator T' € L(H'(Q2), L?(99)) such that

Tf = floa, fordl fe HYQ)NCQ). (2.6)

Then Tf € L*(09) is called the trace of f € H'(Q) on 09.

Here flsq : 02 — C denotes the restriction of the function f € C(Q2) to 99, i.e. f|on (&) =
f(&) for all £ € 0. In the condition (2.6) the considered functions f are assumed to be
continuous also on the boundary of 2 due to the assumption f € C(Q). For other functions
f € H'(Q)wehave Tf € L*(09Q), and therefore the values of the trace T'f do not need to be
defined at each point ¢ € 0f), but nevertheless the trace T'f can be interpreted to describe
the behaviour of f on the boundary 02 in a “generalised sense”. The theorem in particular

means that there exists a constant C' > 0 (depending only on (2) such that

|Tfllz200) < Cllfllm19)- 2.7

for any f € H'(Q).

Traces are very important in our study of partial differential equations, because we
can use them to describe the boundary conditions. In particular, the Dirichlet boundary
conditions (2.3b) and (2.4b) can be compactly written as “I'f = 0” for the solutions f of
the differential equations. Because the functions f € H'(Q) satisfying T'f = 0, we make the
following definition.

Definition 2.2.6. Assume ) C R" is open and bounded and has smooth boundary 0. We
define

Hy(Q)={feH'(Q)|Tf=0}

As mentioned before, the space C°(Q) of test functions is not dense in H'(f2). In fact,
the space H; () (which is a smaller space than H'(2)) is the closure of C2°(Q) with respect
to the norm ||-||z:. This is the way the space is H}(2) usually defined (it is simpler, since it
does not require the concept of the trace). Note that H}(2) is a closed subspace of H'(12),
since it is the kernel of the bounded operator T' € L(H'(Q), L*(09)).

Finally, in addition to derivatives, it is useful for us to define the idea or “integral func-
tions”, or primitives, of functions in L?(Q2). We will do this only in the case Q2 = (a,b) C R,
where the proofs are quite simple.
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Lemma 2.2.7. Let 2 = (a,b) C R. If f € L*(2) and ¢, € C, then the function g : [a,b] — C
defined by

3
g(€) = co + / f(tydt

is (uniformly) continuous on [a,b], g € H'(Q), and Dg = f.

The above lemma in particular implies that with the above notation we have

3
9(6) = co + / (Dg)(t)dt, €€ [a,b).

The function ¢(-) is indeed uniformly continuous (since it is continuous on a closed in-
terval), but it has an even better continuity property, called absolute continuity. Absolute
continuity has alternative equivalent definitions, but this definition is the most intuitive for
our purposes.

Definition 2.2.8. A function f € L?(a,b) is defined to be absolutely continuous if there
exists g € L?(a, b) such that

3
£(6) = f(a) + / g(ydt, Ve € [a,b].

In the one-dimensional case 2 = (a,b), the space H'(Q) is in fact exactly the set of
absolutely continuous functions (the fact that every absolutely continuous function is in
H'(Q) can be proved using the same argument that is also used to prove Lemma 2.2.7).

2.3 Abstract Formulations of Elliptic Differential
Equations

Using the above definitions of weak derivatives and Sobolev space, we are finally a posi-
tion to formulate the differential equations (2.3) and (2.4), and the associated differential
operators on the space X = L?(Q).

Exercise 2.3.1. Assume g € L*(a,b) and 3 € C|a,b]. Formulate the boundary value prob-
lem (2.3) as an abstract linear equation of the form Af = g on the space X = L?(Q) with
2 = (a,b) C R. Hint: The operator A and its domain are similar to those in Example 1.3.9
but require some modifications due to the fact that 3(-) is now a function. You can define the
domain D(A) using the Sobolev spaces H'(2) and the trace operator (or directly the space
H(Q)). o

Exercise 2.3.2. Let Q) C R? be bounded and open with smooth boundary. Assume g € L?({2)
and /3, 52 > 0. Formulate the boundary value problem (2.4) as an abstract linear equation
of the form Af = g on the space X = L?(Q). Hint: This can be done similarly as in
the previous exercise, and D(A) can be defined using the Sobolev spaces H*(()) and the trace
operator (or directly the space H}(Q2)). If you would like more hints, you can first read the
next couple of pages as well. o
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We can also rewrite the differential equations (2.3) and (2.4) in a common “general
form”. This can be done conveniently by using the weak derivatives to define the gradient
Vf : Q — C" and divergence V - g in the usual way. In particular, for 2 C R™ and for
f € H(Q) and g € H'(Q;C") (.e. g = [g1,---,9,)7 : Q@ — C" with g, € H'(Q) for all
ke {1,...,n}) we define

daf
déy g1
d dgn
Vf= and V-g=V-|: :d_‘z_l+...+%‘
af g 1 n
dén n

In particular, for the domains Q = (a,b) C R and 2 C R? we then have
(V&) = f(), for £€€Q=(a,b)CR
L(6,%)

V)&, &)=
(V)& &) [%(51752)

Using the divergence and gradient the differential equations (2.3) and (2.4) can be written
in the forms

] , for (51,52) € QC R

-V - (BVf) =g, equation (2.3)

pr 0 _ .
-V ([O 521 Vf) =g, equation (2.4).

Exercise 2.3.3. Expand the derivatives on the left-hand sides of the above equations (us-
ing the definitions of the divergence and gradient) to verify that the equations indeed
match (2.3) and (2.4). o

Exercise 2.3.4. Show that if Q C R" and f € H'(Q2), then

115 = 112 + 1V £l 22 oemy
(in particular ||V f|| p2.cny < || fl1)- o

We originally assumed that in the partial differential equation (2.4) the coefficients
b1, P2 > 0 were constants, but motivated by the above expressions we can consider a larger
class of second order partial differential equations also in the case of 2 C R?, and at the
same time consider similar equations on higher-dimensional spatial domains (2 C R" with
n > 1. Indeed, the above forms for (2.3) and (2.4) show that the common “general form”
is the following.

Definition 2.3.1. Assume 2 C R” with n € N is open and bounded with smooth boundary
o9 For 3 € C(;R™™) and g : Q — C, consider the (partial) differential equation

—[V-(BVf)] () =g(&), VeEeq, (2.82)
f(§) =0, VE € 090. (2.8b)

The equation (2.8) is called elliptic (partial) differential equation if §(£) € R"*" is positive
definite for every £ € Q.



2.3. Abstract Formulations of Elliptic Differential Equations 19

The concept of “elliptic partial differential equations” is even more general than stated
in Definition 2.3.1. In particular, elliptic equations include differential equations of higher
order, and the left-hand side of (2.8a) can in general include additional terms. Equations
of this type are used, for example, in describing the distribution of electric potentials, and
steady states of temperature distributions. Finally, different types of boundary conditions
are possible as well, and our case is in particular called the Dirichlet problem due to the
Dirichlet-type boundary condition (2.8b).

Since we assume that the function 3 : Q — R™*" is continuous on the bounded and
closed set Q, the ellipticity also implies that 3 in fact also satisfies a stronger condition
called uniform ellipticity. In particular, there exists a constant 3, > 0 such that

vTB(E)v > Bollv]? >0, Vv eR™ e (2.9)

This means that the matrix 3(£) — ByI € R™*" is positive semidefinite for every ¢ € Q. This
also agrees with our original assumption for the equation (2.3), where we assumed that
S € C([a,b];R) is such that for some 3, > 0 we have 5(§) > 5y > 0 for all £ € [a, b] (which
is precisely condition (2.9) in the case n = 1).

Exercise 2.3.5. If 8 € C'(Q; R"™"), then (2.8a) can be written in the form

S BaOD)E) = 9(©)

0<]al<2

(where o are multi-indices) for suitable functions Ba € C(;R). Prove this result in the
special case where n = 2. Hint: Write

s = [ 0]

with functions f; € C*(; R) and expand the left-hand side of (2.8a) using the product rule.
o

If g € L?(Q), then the well-posedness and properties of solutions of the elliptic equa-
tion (2.8) can be studied by formulating the equation as an abstract linear equation on
X = L*Q). In particular, if 3 € C*(2;R"*"), then Exercise 2.3.5 shows that the correct
condition on f such that the left-hand side belongs to X = L?*(Q) seems to be* f € H?*(Q).
Because of this, under these assumptions the equation (2.8) can be written in the abstract
form Af = gon X = L*(Q) in terms of the operator A : D(A) C X — X defined by

Af=-V-(BVf),  feDA) (2.10)
and the suitable choice of the domain D(A) (including the boundary condition (2.8b)) is

feDA) :={fecH* Q)| f(&) = 0 for (almost) all £ € 90}
— HX(Q) N HL(Q).
Note that since H*(Q2) C H?(Q2), the intersection H?(Q) N H}(Q) consists of precisely those

functions f € H?(Q) which have the boundary trace T f = 0. The operator A in (2.10) is
likewise called an elliptic differential operator if 3() is positive definite for each ¢ € ().

4This choice is intuitive, and it is in fact exactly correct if the geometry properties of 2 and its boundary
0N are sufficiently “nice” (in particular if 9<2 is smooth, or alternatively if ) is convex and bounded). In this
case V- (BVf) € L?(Q) if and only if f € H?(0).



20 Chapter 2. Analysis of Linear Differential Equations

Exercise 2.3.6. Show that the elliptic differential operator A in (2.10) with domain D(A) =
H?(Q) N H}(Q) is symmetric. Hint: You can use Lemma 1.3.7. In verifying the condition on
(Af, f), you can use the multidimensional integration by parts formula

/ W)V o) )i = [ ul©)o(e) - v(E)de / (V) (€) - w(€)de
Q o0 Q

foruw e H'(Q) and v € H*(Q; R"), where v(-) is the unit outward normal of Q at ¢ € 9. The
computation is similar as the integration by parts argument in the next section. o

2.3.1 Different Types of Solutions

In this section we define in which different types of functions can be considered to be
“solutions” of the elliptic differential equation (2.8). Throughout the section and the rest
of this chapter (if not otherwise mentioned) we assume 2 C R™ with n € N to be open
and bounded with smooth boundary 0f). The strongest (and the most conservative) form
of solutions are classical solutions, where the differential equation (2.8a) holds pointwise.

Definition 2.3.2. Assume 3 € C'(Q;R™*") and g € C,(Q) (continuous and bounded). A
function

fecQ)nc @)

is a classical solution of (2.8) if (2.8a) holds pointwise for all £ € Q2 and f(£) = 0 for all
£ € 09.

In the case where g € L?(0) it is appropriate to consider the following concept of strong
solutions. Note that in the definition the boundary condition f|sq = 0 is satisfied in the
sense of boundary traces.

Definition 2.3.3. Assume 3 € C'(Q; R™") and g € L?(Q). A function
fe B Q)N Hy(Q)
is a strong solution of (2.8) if

—V-(BVf) =g (2.11)

(equality in the sense of L*(2)-functions).

Finally, we can define weak solutions of the elliptic equation (2.8). This concept is based
on the observation that we can relax the sense in which the equality “—V - (6V f) = ¢” holds
even further. Indeed, we can first note that f € H?(Q) N H}(Q) is a strong solution of the
elliptic equation if and only if°

(V- (B )z = (h,g)re,  forall he HYQ). (2.12)

>This is due to the fact that H}(Q2) is dense in L?(Q2). This property, on the other hand, follows from the
fact that C.() is dense in L?(Q2) and C.(Q2) C H{(Q) C L*(Q).
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We can rewrite the inner product (h, V-(8V f)) 2 on the left-hand side of the equation using
the multi-dimensional integration by parts formula

/QU(Q(V'U)(&)%: U(ﬁ)v(f)'V(S)df—[)(VU)(f) -v(&)d¢

o0N

which is valid for v € H'(Q) and v € H'(Q; C") on Q C R™. More precisely, we have

- (B ) e = — / WV (B (€)de

Q

[ hOBOTHE - we)ie + [ (V) - AETIIEE

- / (VR)(€), BE) (V1) (€))ende
=: B[h, f].

The integral over the boundary 0f2 is zero due to the property that h|sno = 0 in the sense
of traces. The last integral expression defines a sesquilinear form® B[h, f]. Because of the
above computation and (2.12), a function f € H?(2) N H}(Q) is a strong solution of (2.8)
if and only if Blh, f] = (h,g)z2 for all h € H;(2). However, we should note that the
integral expression which determines B[h, f] is well-defined also for any f € H'(Q) and
h € H}(Q). In this way, we can consider the equation (2.8) also for functions which are
not assumed to have well-defined or square integrable second order derivatives, i.e., f ¢
H?(2). Functions satisfying the differential equation in this generalised sense are called
weak solutions of (2.8). Note that the requirement f € H;(f2) again guarantees that the
boundary condition (2.8b) is satisfied in the sense of boundary traces. In the definition we
on purpose also drop the assumption of the smoothness of the boundary 0f2.

Definition 2.3.4. Assume 2 C R" with n € N is open and bounded, 5 € C(Q; R"*"), and
g € L*(Q). A function f € H}(Q) is a weak solution of (2.8) if

Blh, f] = (h,g)r>  Vh € H} (), (2.13)

where B[, ] : Hi(Q) x H}(Q2) — C is defined by
Blh, f] = / (VR)©), BEVH)(E)ende,  foh € HQ). 2.14)

In the next section we will use the fundamental properties of the sesquilinear form B[, -]
to establish the existence of a unique weak solution of the elliptic equation. The following
exercises begin the verification of these properties.

Exercise 2.3.7. Assume 3 € C(Q;R"*"). Show that the sesquilinear form B[-,-] : H}(2) x
Hj(Q2) — C defined in (2.14) is bounded, i.e., there exists M > 0 such that

|Blh, f1I < M{[Al[ a2 [ f]] -

6Meaning B[Clhl + CQhQ, 'ﬂ = ClB[hl, f] + CQB[hQ, f] and B[h, lel + CQfQ] = aB[h, fl} + FQBVL, fg] The
form is bilinear if we consider real-valued functions and constants, in which case the complex conjugates are
not needed.
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Hint: Since f3 is continuous on €, it is also bounded in the sense that max||3(£)||cnxn < oc.
You can use Cauchy—Schwarz inequalities for the inner product on C™ and for the integral, and
also employ the estimate in Exercise 2.3.4. o

Exercise 2.3.8. Assume 3 € C(Q;R"™") and assume the differential equation (2.8) is el-
liptic. Show that the sesquilinear form B[-,-| : H}(Q2) x H}(Q) — C in (2.14) satisfies
Blh, f] = BJ[f, h]. Show that there exists ¢, > 0 such that

Blf, f1= &V Iz, feHy(Q). (2.15)

Hint: These properties follow fairly easily from the basic assumptions and ellipticity. o

2.4 Existence of Weak Solutions

In this section we show that under suitable (and very reasonable) assumptions the elliptic
equation has a unique weak solution f € H}() for every g € L?(Q2). Our first main result,
the Lax—Milgram Theorem, introduces a general condition on a sesquilinear form B[-, -] such
that the abstract equation (2.13) has a solution f € H}(Q2). After this, we show that under
suitable conditions the particular form in (2.14) associated to the elliptic equation satisfies
these conditions.

Theorem 2.4.1. Let X be a (real or complex) Hilbert space. Assume the sesquilinear form

BJ[-,:] : X x X — Cis bounded and coercive in the sense that there exist constants ¢y, co > 0
such that
| B[z, y]| < a1zl x|lyllx, z,y € X (boundedness)
and
Bz, x] > cllz||% reX (coercivity).

Then for any ¢ € X* := L(X,C) (the dual space of X) there exists a unique y, € X such
that

Blz,y,] = p(x), Vo e X. (2.16)

Moreover, there exists M > 0 (independent of ) such that ||y,||x < M||¢| x-.
One thing to observe is that the conclusion of the Lax-Milgram Theorem is almost iden-
tical to the familiar Riesz Representation Theorem, namely (2.16) means that

“every linear functional ¢ € X* has the form p(x) = Blz,y| for all = € X for
some unique element y € X.”

Indeed, the Lax-Milgram Theorem is a generalisation of the Riesz Representation Theorem
due to the fact that bounded and coercive forms B[, | are a strictly more general concept
than inner products. However, if a bounded and coercive form has the additional property
that it is symmetric in the sense that B|x, y| = Bly, z| for every x,y € X, then the mapping
(x,y) — Blz,y| in fact does define a new inner product on the space X, and the Lax-
Milgram Theorem follows fairly directly from the Riesz Representation Theorem. On this
course we will prove Theorem 2.4.1 only in this situation by showing that B, -] is indeed an
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inner product on X. The proof of the more general version can be found in the literature,
and the Riesz Representation Theorem plays a key role in the proof also in the case of non-
symmetric forms. The proof of Theorem 2.4.1 in the case B[z, y] = Bly, z] is covered in the
homework problems.

In exercise 2.3.7 we already saw that B[-,-] : Hj(Q) x H}(Q) — C defined in (2.14)
is bounded, and by Exercise 2.3.8 B[, -] is also symmetric and non-negative, meaning that
B[f,f] > 0 and for all f € H;(f2). The estimate in Exercise 2.3.8 is not yet as strong as
coercivity required in the Lax—Milgram Theorem, but (2.15) can be combined with the very
useful Poincaré’s Inequality to show the coercivity. We can proceed this way because we
consider a special class of elliptic equations with derivatives of order 2 and no “lower order
terms”. In a more general situation the coercivity of B[, -] in (2.14) is established by the
so-called Garding’s Inequality.

Theorem 2.4.2 (Poincare’s Inequality). Let 2 C R™ be open and bounded. Then there exists
¢ > 0 such that

Ifllze < ellVlle  Vf € Hy().
In particular, ||f|lm < V2 + 1|V [z for all f € Hy(Q).

Proof. Since 2 C R" is bounded, there exists d > 0 such that if £ = (&;,...,&,)T € Q, then
1&] < d. If f e CX(Q), then we note that

A HOP = 2L OT@ + O3 ) - 2Re [g—g@m]
and thus
]a%rf(@\z g\g—ga(\f@\.

Using integration by parts (and the fact that supp f is compact in {2) we get that
112 = [ 1-17€)Pde =

o o
<2 [ |50 1r01de < 2a |
< 24|V fl2@cm I £l 22,

which implies the claim for ¢ = 2d. The second estimate follows directly from || f||3,,

RLGNPNE .| 9F
& mlrora <2 [lal-| 2ol e

/]2
L2

1£1122 + [V FII2. < (¢ + D[V F]2, (Exercise 2.3.4). O
Exercise 2.4.1. Let 2 C R" be open and bounded. Show that the B[-,-] : H}(Q2) x H}(Q2) —
Cin (2.14) is coercive, i.e., there exists ¢y > 0 such that

B[faf] ZCOHf”?{la f6H5<Q)
Hint: Combine the estimate in Exercise 2.3.8 and Poincareé’s Inequality. o

Exercise 2.4.2. Show that the form in (2.14) is not coercive on X = H'(Q). Hint: It is very
easy to find a nonzero function f € H'(Q) such that B[f, f] = 0. o
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With the help of the Lax-Milgram Theorem and the properties of B[-, ] proved in the
previous exercises we can prove the following theorem on the existence of weak solutions
for the elliptic partial differential equation.

Theorem 2.4.3. Let Q2 C R be open and bounded and assume 3 € C(€; R""). Then for
every g € L*(Q) the elliptic differential equation (2.8) has a unique weak solution f € H}(Q).
Moreover, there exists a constant M > 0 such that the solutions satisfy

[f 1l < Mgl 2

Exercise 2.4.3. Prove Theorem 2.4.3. Hint: Apply the Lax—Milgram Theorem on the Hilbert
space X = H}(Q2). The boundedness and coercivity of Bl-,-] on X follow from the above
exercises. What you simply need to prove is that for every g € L*(S)) the mapping h +— (h, g) >
belongs to the dual space X* and the corresponding functional ¢ satisfies ||¢||x+ < ||g|lzz- ¢

In the proof of Theorem 2.4.3 we showed that if X = H](Q), then every g € L*(Q)
defines a functional » € X*. However, the space (Hj({2))* is strictly larger than L*(Q)”. In
particular, the point evaluation at &, € ) defined by

w(f) = (&)

is a bounded linear functional on H} (). The Lax-Milgram Theorem gives us the existence
of f also for ¢ € X*, and indeed in the literature the “weak solutions” of (2.8) are usually
defined as functions f € H}(Q) satisfying

Blh, f]=¢(h),  heH;(Q)
for a fixed p € (Hj(2))*. The dual space (H;(£2))* has a special name and notation as well.

Definition 2.4.4. For  C R" the Sobolev space of order —1 is defined as H(Q2) =
(Ho ()"

Sobolev spaces of negative orders have several uses in analysis of partial differential
equations, and the spaces H*({) can be defined similarly.

2.5 Regularity of Solutions — From Weak to Strong
Solutions

In the previous section we saw that under very mild assumptions the elliptic equation has
a unique weak solution f € HJ () for every g € L*(2). In this section we are interested in
the question of when this unique weak solution turns out to be a strong solution as well.
The definitions imply that a weak solution f € HJ(f) is also a strong solution if we in
addition have f € H?(2). This property (existence and square integrability of additional
derivatives) is called regularity of the solution. For example in the case where (&) = I, the
form

—Af=g

’In the sense that the functionals which have the form ¢, = (-, g)z> for some g € L*(Q) are a proper
subspace of (H{(Q2))*.
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of the elliptic differential equation (which in this case is the Poisson problem) would seem to
give a strong indication that if g € L*(Q2), we could expect the solution f to be in the space
H?(Q). However, this is in general not true, and especially spatial domains 2 C R" with
corners can cause the weak solution (which does exist whenever (2 is open and bounded)
not to have the additional square integrable second derivatives and thus f ¢ H?(Q) (see for
example Renardy & Rogers, Example 8.52 for a counter-example).

The results in this section on global regularity show that if the domain (2 has a smooth
boundary® and 3 € C*(Q; R"*"), then every weak solution of the elliptic equation is also a
strong solution. The proof of this result is quite long and technical, and its details do not
really fit into the main theme of the course. Because of this, we simply state this result.

Theorem 2.5.1 (Global Regularity). Assume 2 C R"™ is open and bounded with smooth
boundary 09 and assume 3 € C'(€2; R™") is such that () is positive definite for all £ € Q.
If g € L*(Q) and if f € H () is the unique weak solution of the elliptic equation (2.8), then
f € H*(Q) and there exists M > 0 (independent of g € L*(2)) such that

Ifla> < Mgl 2.

Theorem 2.5.1 allows us to finally prove that under the stated additional assumptions
the elliptic equation has a unique strong solution.

Theorem 2.5.2. Let Q2 C R" be open and bounded with smooth boundary oS and 3 €
CL(Q; R™™). For every g € L*() the elliptic equation

-V - (BVf) =g in Q
f=0 on OS2

has a unique strong solution f € H?*(2) N H (), and there exists M > 0 (independent of g)
such that

[f 1l < Mgl 2

Exercise 2.5.1. Prove Theorem 2.5.2. Hint: Use Theorem 2.5.1 to show that the mild solu-
tion of the elliptic equation is also a strong solution. o

The existence of strong solutions of the elliptic equation gives us valuable information
about the elliptic differential operator

Af ==V - (8V), (2.17)
as shown in the following Exercise.

Exercise 2.5.2. Let the assumptions of Theorem 2.5.1 be satisfied. Show that the elliptic
differential operator A : D(A) C X — X in (2.17) on X = L*(Q) with domain D(A) =
H?*(Q) N H}(Q) is boundedly invertible. Conclude that A is also self-adjoint. Finally, show
that the inverse A~! has the property

A7l e L(LX(Q), H2(Q)).

8The literature offers much sharper results, for example a “C?-boundary” more than enough, but for
simplicity we only consider smooth boundaries on this course.
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Hint: The symmetry of A was already shown in Exercise 2.3.6. You can use the Theo-
rem 2.5.2 to show that 0 € p(A), and then use results in Section 1.3. The claims regarding the
inverse A~! follow quite directly from Theorem 2.5.2. o

The property A~! € L(L?*(Q), H*(2)) shown in Exercise 2.5.2 is a strictly stronger prop-
erty than A~! € £(X), since the norm on H?((2) is “stronger” than the norm on X = L*(Q).
This boundedness property of the inverse plays an important role in our investigation of the
spectrum of the operator A in the next chapter.



3. Spectral Properties of Elliptic
Differential Operators

In this section we focus on the study of the spectral properties of the elliptic differential
operator A : D(A) C X — X defined by

Af = -V - (BVY), f € D(A) (3.1a)
with domain
D(A) = H*(2) N Hy () (3.1b)

on the space X = L?*(Q). Throughout the section (unless otherwise stated) we assume
that Q C R” is open and bounded with smooth boundary 99, 8 € C*(Q; R"*") and there
exists By > 0 such that the matrix 3(¢) — 3y is positive semidefinite for every ¢ € Q. We
already saw in Exercise 2.3.6 that A is a symmetric operator even with weaker assumptions
on (), and in Exercise 2.5.2 we also saw that under the above assumptions A is a self-
adjoint operator. In this chapter we will see that we can say a lot about the spectrum of the
operator A even without any other assumptions on n, 2 or 4. Indeed, we will learn that
under the above assumptions the whole spectrum of A consists of eigenvalues, each with
at most finite number of independent eigenfunctions, and the eigenvalues do not have any
accumulation points. All of these properties are based on the fact that the operator A has
compact resolvents. As we saw in the homework problems, the operator A with this property
has a spectral representation (or eigenfunction expansion)

Af = Z Ak (s Or) x O,
k=1

D(A) = { f € X | YINPI b x < 00}

where )\, € R are the eigenvalues of A and ¢, € H?(Q2) N H}(Q)) are the corresponding
orthonormal eigenfunctions. This representation can be used in the analysis of the elliptic
differential equation and also in the numerical approximation of the solution f = A~!g of
the elliptic equation. Moreover, the eigenfunctions ¢, describe the characteristic features
of the elliptic equation and because of this they are often of independent interest. For
example in time-dependent evolution equations the eigenvalues can often correspond to
some natural frequencies of a vibrating system, and the corresponding eigenfunctions are
the system’s (normal) modes. On the other hand, the eigenvalues of the elliptic operator
in the Schrodinger equation describe the natural energy levels of a quantum mechanical
system.

27
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Since the eigenvalue A € R and the corresponding eigenfunction ¢ € D(A) satisfy
A¢ = A\, the function ¢ € H?(Q)NH}(Q) is the (strong) solution of the differential equation

— [V (BV9)] (&) = X(¢), Ve, (3.2a)
$(§) =0, V¢ € 09 (3.2b)

This is called the eigenvalue problem corresponding to the elliptic equation. It is easy to see
that A\ € R is an eigenvalue of A if and only if the equation (3.2) has a nonzero solution ¢,
and in this case ¢ is an eigenfunction of A corresponding to the eigenvalue .

Before moving on to more challenging parts of the spectral analysis, we can prove a few
basic properties of the spectrum of the elliptic operator. We first note that besides being
symmetric and self-adjoint, the operator A is also positive, meaning that (Af, f) > 0 for
all f € D(A) with f # 0. In fact, this follows from the integration by parts argument in
Section 2.3.1, and Exercise 2.4.1, which together imply that

(Af, f)x = Blf, f1 > ol fIlzn > 0
for some constant ¢y > 0 and for all f € D(A) with f # 0.

Exercise 3.0.1. In this problem we show that o(A) C (0, oc0). This property is a consequence
of the following parts (recall that we have already shown 0 € p(A) in Exercise 2.5.2).
(a) Show thato,(A) C (0,00). Hint: This is easy to do using the property that A is a positive
operator.
(b) Show that 0,.(A) NR = @. Hint: This property holds for all self-adjoint operators. Use
self-adjointness to show that if R(A — A) is not dense for some \ € R, then necessarily
A€ g,(A).
(c) Show thatif A < 0, then ||(A — A)f|| > |\|||f]| for all f € D(A). Hint: This is analogous
to Exercise 1.3.4.

(d) Use part (c) to show that A ¢ o.(A) for all A < 0. Hint: This can be completed similarly
as part (d) of Exercise 1.3.5. If you cannot figure out the complete proof, you could justify
in detail why the same arguments should be applicable.

3.1 Embedding Theorems for Sobolev Spaces

The compactness of the resolvents of the elliptic operator A are based on fundamental
properties of Sobolev spaces. For convenience, we begin by recalling the definition of a
compact operator.

Definition 3.1.1. Let X and Y be normed linear spaces. An operator K € L(X,Y) is
compact if for every bounded sequence (z,),en C X the sequence (Kz,),ey C Y has a
convergent subsequence.®

In brief form the condition for K € £(X,Y) to be compact can be characterised as the property that
“the image of the unit ball of X under K is precompact in Y.

In the following we define the concept of embeddings of spaces (suom. upotus).
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Definition 3.1.2. Let X be a normed linear space. A subspace Y (with norm ||-||y) is said
to be continuously embedded in X if the identity map J : Y — X defined by Jr =z € X
for all x € Y satisfies J € L(Y, X). Equivalently, Y is continuously embedded in X if there
exists M > 0 such that

The subspace Y of X is said to be compactly embedded in X if the identity map J € L(Y, X)
is a compact operator.

Embeddings take place especially in situations where the subspace Y of X is defined
using a norm ||-||y as Y = {z € X | ||z|]ly < oo}. Here it is essential that the norm ||-||y
is “stronger” than the natural norm ||-||x on X in the sense that condition (3.3) is satisfied
for some constant M > 0, but a corresponding inequality in the reverse direction does not
hold!.

Exercise 3.1.1. Assume {2 C R" is open and bounded. Hint: The required estimates are very
straightforward, so do not make your answers too long!

(a) Show that C'(Q?) is continuously embedded in L?(2) whenever 1 < p < co. Hint: Use
the definition directly. Consider the case p = oo separately.

(b) Show that H*(Q) is continuously embedded in H?(2) whenever k, j € NU{0} are such
that £k > j > 0.

(c) Show that LP({2) is continuously embedded in L9(2) whenever 1 < ¢ < p < oo. Hint:
Use Holder’s inequality with suitable exponents for the product | f(£)|? = 1-|f(§)|? (this is
a standard technique in analysis of Lebesgue spaces). Consider the case p = oo separately.

o

For our purposes the most important use of embeddings between spaces lies in showing
compactness of operators. In particular, we will later use the following lemma in showing
that the elliptic operator A has compact resolvents.

Lemma 3.1.3. Let X and Y be normed linear spaces and assume Y is compactly embedded
in X. If an operator B € L(X) in addition satisfies B € L(X,Y), then B is compact (as an
operator B : X — X).

In the above lemma the property B € L£(X,Y) means that R(B) C Y and there exists
M, > 0 such that ||Bz||y < M||z||x forall z € X.

Exercise 3.1.2.

(a) Prove Lemma 3.1.3. Hint: Since the identity mapping J : Y — X is compact, you can
express the operator B : X — X as a composition of a bounded operator and a compact
operator, and use the general properties of compact operators to complete the proof.

10therwise the norms ||-||x and ||-||y would be equivalent, and the situation would be trivial from the
point of view of the embeddings.



30 Chapter 3. Spectral Properties of Elliptic Ditferential Operators

(b) Prove that if Y is compactly embedded in X and X is continuously embedded in Z,
then Y is compactly embedded in Z. Also prove that if Y is continuously embedded
in X and X is compactly embedded in Z, then Y is compactly embedded in Z. Hint:
Write the identity map J : Y — Z as a composition of a continuous and compact operator.
Both of the properties can be proved quite conveniently at the same time.

<

In order to show that the elliptic operator A has compact resolvents, we need results on
embeddings between Sobolev spaces. For more general versions, you can see the books by
Brezis (Section 9.3) and Evans (Section 5.6).

Theorem 3.1.4 (Rellich-Kondrachov). Assume Q2 C R" is open and bounded with smooth
boundary 0X). Then the following hold.

o Ifn <2, then H' () is compactly embedded in C(Q).
* If n =2, then H'(Q) is compactly embedded in L1(Q) for all ¢ > 2.
* Ifn > 2, then H'(Q2) is compactly embedded in LI(Q2) for all 1 < q < 2&.

—~ o~

We omit the full proof of the Rellich-Kondrachov theorem for now (we will come back
to it at the end of the course). It can be proved using using direct arguments (see Evans or
Brezis) or the Fourier transform (see Rogers—Renardy).

Corollary 3.1.5. Assume €2 C R" is open and bounded with smooth boundary 0f2. Then
H'(Q) is compactly embedded in L*(52).

Exercise 3.1.3.

(a) Prove Corollary 3.1.5. Hint: Go through the different cases for n € N in the Rellich—
Kondrachov Theorem. In the case n = 1 you will also need earlier exercises.

(b) Prove that if O C R" is open and bounded with smooth boundary 92, then H?(2) is
compactly embedded in L?(Q2). Hint: Use earlier exercises.

<

We will only prove the Rellich-Kondrachov Theorem in the special case where n = 1
and Q = (a,b) C R, and it is covered in the homework problems. In this case the proof
is a fairly direct consequence of the Arzela—Ascoli Theorem presented below (the proof of
Theorem 3.1.7 can be found for example in Renardy—Rogers, or Rudin — “Real and Complex
Analysis”). For stating this result, we need the concept of “equicontinuity” of a sequence,
which means that the parameters ¢ > 0 and 6 > 0 in the definition of continuity can be
chosen to be independent of n € N (and ¢, € ().

Definition 3.1.6. Let {2 C R". A sequence (f,).en C C(9) is called equicontinuous if for
any ¢ > 0 there exists § > 0 such that for all &y, £ € Q and for all n € N we have

|fu(0) — fa(€)| < e  whenever  ||& —&|| < 6.

Note that in particular, every function f, in an equicontinuous sequence is uniformly
continuous.
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Theorem 3.1.7 (Arzela-Ascoli Theorem). Assume 2 C R”" is open and bounded. Let

(fu)nen C C(2) be a bounded and equicontinuous sequence. Then there exists a subsequence

(fn,)ken wWhich converges in C(£2).

3.2 Spectral Representation of A

Using the results in the previous subsection we can prove the following theorem character-
ising the spectral properties of the elliptic operator A. In particular, the result establishes
the eigenfunction expansion (or spectral representation) for the operator A.

Theorem 3.2.1. Assume 2 C R"™ is open and bounded with smooth boundary 0f), § €
C'(; R™") and there exists (3 > 0 such that the matrix 3(£) — Byl is positive semidefinite
for every ¢ € Q. The elliptic operator A = —V - (BV f) on X = L?(Q) with domain D(A) =
H?(Q) N H} () has compact resolvents. In particular, there exist {\;, }ren C (0, 00) satisfying
0 <A <)\ <--- and an orthonormal basis {¢y }ren of X such that

Af = Z Ak (s Or) x O, (3.4a)
k=1
DA) ={feX | IMPISf du)x|* <o} (3.4b)
k=1

In addition A, has the following properties.
@) o(A) = 0,(A) = { M\ }ren C (0,00) (in particular, 0.(A) = @ and 0,.(A) = @).
(b) The set {\}ren of eigenvalues has no finite accumulation points.

(c) The multiplicity of each eigenvalue A is finite, i.e., for any k € N there exist at most
finite number of n € N such that \,, = A;.

Part (a) of Theorem 3.2.1 is a direct consequence of the spectral representation of A
and part (b) of the theorem. Indeed, the eigenfunction expansion implies that there exists
an operator S € L(¢*, X) with S™! € £(X, ¢?) such that the operator D : D(D) C ¢*(C) —
¢*(C) defined so that D(D) = S~}(D(A)) and D = S7!AS is an infinite diagonal matrix
D = diag(A1, A2, . . .). In this situation we say that A is boundedly similar to the operator D,
or diagonalisable. A bit similarly as in the case of matrices, the bounded similarity transform
preserves spectral properties. Using the conclusions of the first homework problems and the
fact that the parts of spectra of D and A coincide, we have that

* 0yp(A) = 0p(D) = { M }ren.

* 0.(A) =o0.(D) = {acc. points of {\;}ren} = @ by part (b).

* 0.(A)=0,(D) =2.
The rest of the parts of Theorem 3.2.1 are proved in the next exercise problem.
Exercise 3.2.1. Prove that under the assumptions of Theorem 3.2.1 the operator A has
compact resolvents. In addition, prove parts (b) and (c) of the theorem.

Hint: In order to prove the first part, simply use the results presented in this and the
previous chapter to show that the operator A~! is compact (as an operator A= : X — X).
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Parts (b) and (c) follow from the basic spectral properties of compact operators (note that the
eigenvalues of the operator A=' € L(X) are \]' € (0,00) for k € N). o

Exercise 3.2.2. In the case where 2 = (0,¢) C R and § > 0 is constant, use Theorem 3.2.1
express the elliptic operator A in the form

ANE) =3 Men(©) / £ Bt

00 ¢ 2
D) = {fe X | / oyt < oo}

with correct expressions for \,, and ¢,,. Write your formulas in the simplest possible forms.
Hint: )\, and ¢, are eigenvalues and eigenfunctions of A, which were computed in the home-
work problems. You need to scale the eigenfunctions in such a way that ||¢,|| = 1 (you can
use Matlab/Mathematica/WolframAlpha for computing the associated trigonometric integrals
if you like). o

The eigenfunction expansion of A can also be used in solving the elliptic equation
-V-(BVf) =g, on (3.5a)
f=0, on Of. (3.5b)

Indeed, as we saw in the homework problems on Week 2, the inverse of the operator A
in (3.4) is given by

=1
A=Y —(h, , heX.

Thus the knowledge of the eigenvalues { \; } ncn and the orthonormal eigenfunctions { ¢y }ren
also gives us the strong solution f € H?(Q2)N H}() of the elliptic equation (3.5) in the form
£6) = (A19)(6) = Y 50w o€ (3.6)
k=1
for any function g € L*(Q). In particular, the scalar values \; ' (g, #x) > are the coordinates
of the solution f in the orthonormal basis {¢; }xen of L?(9).

The importance of the solution (3.6) of the elliptic equation (3.5) may often be purely
theoretical (of course this value is not to be taken lightly!), since the formula involves
summation over an infinite number of terms and the requirement of full knowledge of the
eigenvalues )\, and eigenfunctions ¢, is typically very unrealistic, unless the considered case
is in some way simple geometrically. For example, it is possible to compute the eigenvalues
and eigenfunctions in the case where 5(£) = oI« (in which case the operator reduces to
a scalar multiple of the Laplacian A = —fyA), and the domain has a particular geometry,
such as one of the following:

en=1land Q= (a,b) CR

e () has rectangular shape (a rectangle in the case n = 2, and a “rectangular cuboid” if
n > 3)

e () is adisk (n = 2) or a sphere (n > 3).

In other cases, the eigenvalues and eigenfunctions can be solved using computational meth-
ods.
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3.3 Approximation of The Solutions of Af =g

In this section we briefly discuss two methods for approximating the solution f of the ab-
stract linear equation Af = g, or more precisely the solution of the elliptic differential
equation.

3.3.1 Approximation Using Eigenfunctions

The property that A has compact resolvents opens up a possibility of approximating the
solution ¢ = A~'f of the elliptic problem using truncations of the infinite series (3.6).
This leads to so-called modal approximation (the term arises from the eigenfunctions ¢
being “modes” of the partial differential equation). This kind of an approximation obviously
requires that at least a finite number of eigenvalues )\, and eigenfunctions ¢, are known.

Modal approximation is based on the fundamental property of compact operators, which
states that if (and only if!) K € £(X) is compact, then there exists a sequence of operators
(Kn)nen C L(X) each with dim(R(Ky)) < oo such that

| Ky — Kllzx)y = 0 as N — oo.

The operators Ky with the property dim(R(Ky)) < oo are said to have finite rank, and
correspond to matrices (i.e. operators on finite-dimensional spaces).

Theorem 3.3.1. Assume 2 C R"™ is open and bounded with smooth boundary 0f), § €
C'(; R™") and there exists (3, > 0 such that the matrix B(£) — Byl is positive semidefinite
for every € € Q. If {\i}ren and {¢y }ren are as in Theorem 3.2.1, then for every g € L*(Q)
and N € N we have that the function

fn(§) = )\ik<g,¢k>L2¢k(§)a £
k=1
satisfies
I = Fllze < 5o—llglze, (3.7)
N+1

where f is the strong solution of the elliptic equation (3.5). In particular, || fx — f|lzz — 0 as
N — oc.

The last conclusion of the theorem follows immediately from the estimate (3.7), since
we assumed that 0 < A\ < Xy < --- and A\, — oo as k — oo.
Exercise 3.3.1. In this problem we will prove Theorem 3.3.1 in parts.

(a) For an N € N, construct an operator Ky € £(X) such that the function fy defined in
Theorem 3.3.1 satisfies fy = Kyg, and show that Ky has finite rank.

(b) Show that ||Ky — A" zx) = 0as N — oo, and in particular [|[Ky — A7 ||zx) < A
(c) Based on (a) and (b), prove Theorem 3.3.1.

Hint: The proofs of the parts are quite simple and straightforward. In the required norm
estimates you can use the property that {¢;} is an orthonormal basis of X. o

-1
N+1*
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Exercise 3.3.2. Consider the differential equation

3f7(6) =9(8),  £€€(0,2)
f(0)=f(2)=0.

In the case of two functions g € L?(0,2):

Construct an approximate solution f € L2(0, 2) for the of the above differential equation
such that ||f — f||;2 < 0.01 where f denotes the exact solution of the equation. Plot these
approximate solutions f.

Hint: Use Theorem 3.3.1 and Exercise 3.2.2. You can again use Matlab or WolframAlpha
in computing the required integrals (these are quite doable by hand as well, but practicing
integration is not the point of this exercise). o

3.3.2 The Galerkin Method*

As we saw above, the modal approximation requires knowledge of the eigenfunctions of the
operator A : D(A) C X — X. In this section we give an overview of the so-called Galerkin
method which is much more flexible in the sense that it only requires a set of basis elements
{4 }¥_, C X which can be used to approximate functions in the space X. Especially in the
case of partial differential equations where X is a function space, the elements {1}, can
be chosen to be for example piecewise linear functions, polynomials, or locally supported
“hat functions”. Instead of being a specific method, the Galerkin method is much more
of a “general approach” to finding the best approximation of the solutions of Af = g in the
finite-dimensional space Vy = span{ty}i_,, and the different choices of basis elements lead
to a variety of different concrete approximation schemes. For example, the Finite Element
Method corresponds to the choice of {v;}4_, as “hat functions”, and different families of
polynomials (Legendre, Chebyshey, ...) lead to “spectral-Galerkin” methods.

The more precise idea in the Galerkin method is that the weak form of the elliptic
equation

Blh, f] = (h,g) 1>, VheV

(with V = HJ(Q) in our case) is relaxed to the form

Blh, fx] = (h, 9) 12, Vh € Vy (3.8)
where Vy C V is a finite-dimensional subspace of the Hilbert space V' such that Vy =
span{ty, ...,y }. At the same time, we seek a solution fx from the same finite-dimensional

space, i.e., fy € Vy. This way, the equation (3.8) is a finite-dimensional linear equa-
tion, which can be easily reformulated as a matrix equation. Indeed, since fy € Vy =
span{ty, ...,y } by assumption, fy has the form

N

v = Za_k%, (ar)ie, € CV (3.9)

k=1
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(the complex conjugates @y, are taken for the sake of notational convenience in the following
formulas). If we choose h = ¢; for j = 1,..., N in (3.8), then we see that

Blh, fx] = (h,g)r2,  VheEVy
< Bl Inl= W92, Vel N}

N
= Zakajawk <wj7g>L27 VJE{L,N}
=1

ay
< [B[¢j7w1]7"'7B[wj7¢N]] :<77Z)jug>L27 VjE{l,...,N}.
an
If we denote a = [ay, ... ,ax]|T € CV, then the last form is equivalent to the matrix equation

Ana = gy, where Ay = (B[¢;,vn]) € CVY, gy = (¥, 9)12) 1, € CV.

Due to (3.9) the vector a € C" determines the solution fy of the finite-dimensional prob-
lem (3.8).

The following result demonstrates how functional analysis is used to derive a general er-
ror estimate for the approximation error || f — fy|| in terms of the general error which results
from approximation of elements in VV with those in the finite-dimensional space V. In the
result, the existence and uniqueness of the solution of the finite-dimensional problem (3.8)
follow from the Lax-Milgram Theorem. Note that due to the above computations, this also
shows that under the assumptions the matrix equation Aya = gy has a unique solution for
all gy, i.e., the matrix Ay is non-singular.

Theorem 3.3.2. Let 2 C R" be open and bounded and assume 3 € C(Q;R"*"). Further
assume that the {{}¥_, C H}(Q) are linearly independent. Then for every g € L?(2) there
exists a unique fy € Viy = span{ty, ..., ¥y} such that (3.8) holds.

Moreover, if ¢y, c; > 0 are such that

|Blh1, ho| < erl|ha ||| holla, hi, ho € Hy(S)
Blh, h] > col|h|| 3 h € Hy ()

and f € H}(Q) is the unique weak solution of the elliptic equation in Theorem 2.4.3, then
|5 = fllin < = inf [l = £
N Hl > c hlenVN Hl.

The estimate for the error ||f — fn|/z: shows that the solution fy of (3.8) is the best
approximation of the true solution f in the space Vi up to the constant c; /cy. This part of the
theorem is known as Céa’s Lemma.

Proof of Theorem 3.3.2. Since the form B[, -] is bounded and coercive on H}((2), it is also
bounded and coercive on V) (with the same norm ||-||;1). Because of this, the Lax-Milgram
Theorem shows that the equation (3.8) has a unique solution fy € Vy.

To derive the estimate for the norm ||fx — f||z:, we first note that since f is a weak
solution of the elliptic problem and fy satisfies (3.8), for every h € Vy C H}(Q2) we have

B[fvh] = <h7g>L2 = B[fNahL
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which implies B[f — fn, h| = 0 for all h € Vy. Now the boundedness and coercivity of B[, -]
imply that for an arbitrary h € Vy we have

S VN

If — fN”H1< B[f v f = fnl = ([f fn, f=hl+ B[f — fn,h — fN])

Co

Bl ~ fyf ~h] < Hf = Inllenllf = bl

This implies ||f — fnxllm < 2||f — k|, and taking an infimum over all h € Vy completes

— ¢

the proof. ]

In the case where the form B[, -] satisfies B[f, g] = Blg, f] for all f, g € H;(Q), the error
estimate in Theorem 3.3.2 can be improved in the following way (note that in boundedness
and coercivity we always have ¢; > ¢).

Lemma 3.3.3. Let the assumptions of Theorem 3.3.2 be satisfied. If in addition B|[f,g] =
Blg, f] for all f,g € H}(Q), then

I = Flan </ inf 10 = Sl

Proof. In the homework problems for Week 4 we proved that if B[f,g] = Blg, f] for all
f,g € H}(Q), then the mapping (f, g) — B|f, g] defines an inner product on H}(?) and

coll iz < [Rll5 < erllBllE,

where ||h||p := /Blh, h]. Similarly as in the proof of Theorem 3.3.2, the property B[f —
fn,h] =0 for all h € Vy implies that for every fixed h € Vy we have

If = Il =Blf = fn. f = fnl = Blf = fn. f = h] < If = fnllsllf = hlls.

Thus || f — fn|lz < ||f — h||s. Using this estimate and the equivalence of the norms ||-|| 3 and
||-|| z» shows that

If = fulln < —If — flls < —IIf — hlls < Z—;Ilf—hllm-

7 7

Taking an infimum over h € Vyy leads to the estimate in the claim. O



4. The Fourier Transform

In this section we take a look at the Fourier transform of functions defined on the full
n-dimensional space R". The Fourier transform is an important tool in the analysis of
differential operators due to the fact that differentiation of a function f : R — C can be
alternatively represented as a multiplication operation of the Fourier transform F [ of f.

4.1 The Fourier Transform on L*(R")

We begin by defining the Fourier transform of a function f € L'(R").

Definition 4.1.1. The Fourier transform of a function f € L'(R") is a function Ff : R* —
C defined as

1 —iz- n
FNE) = Gy [, Q% zeR (4

(where z-¢ denotes the inner product on R”, i.e., z-¢ = 27 €). The inverse Fourier transform
of a function g € L'(R") is a function F'g : R” — C defined as

F90) = o [ o), €ER

The Fourier transform is clearly a linear, i.e., F(afi + 8f2) = aFfi + BFf, for all
fi, fo € L*(R") and «, 3 € C.

Exercise 4.1.1. Show that the Fourier transform F f is a well-defined and continuous func-
tion for any f € L'(R"), and that

1
[Fflloe < 5=zl Nz

(2m)"/2
Finally, show that (Ff)(z) — 0 as ||z|] — oo (which concludes that Ff € Co(R™) := {g €
C(R™) | |g(=)| = 0 as ||z = o0 }).

Hint: Your first task is to show that the value (Ff)(z) is well-defined for all = € R™.
Showing continuity is a bit more challenging: For a z € R™ you can take a sequence (z)ren C
R"™ such that z, — z as k — oo and use the Lebesgue’s Dominated Convergence Theorem in
analysing the difference |(F f)(zx) — (F f)(z)|. In the final part you can apply the “Riemann—
Lebesgue Lemma”. o

As its name suggest, the purpose of the “inverse Fourier transform” is to reverse the
effect of the Fourier transform. However, we cannot immediately prove a property that

37
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these two transforms are inverses. Indeed, for a function f € L!'(R") the transformed
function (F f) does not necessarily belong to L'(R") (in the previous example we saw that
(Ff) € Cy(R™)), and because of this we cannot directly apply the inverse transform to (F f).

Moreover, in order to investigate the elliptic operator, we would like the Fourier trans-
form to be defined for functions in the space L*(R™). Since we are considering functions
on the full Euclidean space R", the space L?(R") is not a subset of L'(R"), and in par-
ticular the integral in (4.1) is not well-defined as a Lebesgue integral for every function
[ € L*(R™). However, by first considering the Fourier transform for functions in the inter-
section L'(R") N L?*(R™) (which is dense in L?(R")) we will see that the transform F can
be extended to the space L?(R") in such a way that F f is given by the formula (4.1) for all
f e LYR") N LA(R").

Theorem 4.1.2. For every f € L'(R") N L*(R") we have F f € L*(R") and

| Ffllzz = | fllzz- (4.2)

The Fourier transform has a unique extension (also denoted by F) to an unitary operator
F € L(L*(R™)), meaning that F is bijective and

<~Ff>fg>L2:<fag>L27 f?geLz(Rn)

The property that F is unitary means that F is bijective and isometric in the sense
that (4.2) holds for all f € L*(R"). The property that Fourier transform preserves the L?-
norm is known as the Plancherel’s Theorem. Another important thing to note is that the
Fourier transform determines F f as an L2-function, which means that the value (F f)(z) is
defined for almost all = € R". However, in Exercise 4.1.1 we saw that for any f € L'(R") the
function Ff is a continuous function with well-defined values (Ff)(z) for all = € R™. This
difference is precisely due to the extension of the Fourier transform from L'(R") N L*(R")
to L*(R"™).

Proof of Theorem 4.1.2. The identity (4.2) means that

[(FNEPa= [ 1r©Pd, v e @) N R
We do not present a proof of this property of the Fourier transform here, a complete proof
can be found for example in Evans 2010 (Section 4.3.1) or Rudin 1987 (Theorem 9.13).
The space L'(R™) N L*(R") is dense in L?*(R"). By (4.2) the mapping F : L'(R") N
L*(R™) — L*(R") is bounded, and thus F has an extension to a bounded operator F €
L(L?(R™)). This extension is a very standard construction in linear operator theory, but since
its proof was omitted on the Introduction to Functional Analysis, we sketch it briefly here:
For a function f € L*(R") we define F f by taking a sequence (fj)ren C L'(R™) N L*(R")
such that || fy — f|lz2 — 0 as k£ — oo. By (4.2) we have

IF e = Flillee = IF (s = f)lle = e = fillie = 0 ask,j — oo

Thus (F fi)ren C L%*(R™) is Cauchy, and there exists h € L*(R") such that ||F fy — hl[z2 — 0
as k — oo. If we define Ff = h, we can show that F is indeed a linear operator and the
value F f does not depend on the sequence (fi)ren C L'(R™) N L*(R™).
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The property (4.2) (together with the fact that L'(R™) N L?(R") is dense in L*(R")) also
imply that || F f||z2 = || f]|z2 holds for all f € L*(R"™). Thus for all f € L?(R") we have

(F*Ff e = (FLF Pz = 1Ffl = 1172 = (f fre,

and since F*F is self-adjoint, we have that /*F = [. This means that the Fourier transform
F is an isometry on L*(R").

Finally, to show that F is unitary, we need to further show that F is bijective. Injectivity
of F follows directly from (4.2), and this same identity implies that the range of F €
L(L*(R™)) is closed (exactly as in Exercise 1.3.5(c)). Because of this, we only need to
show that R(F) is dense in L*(R"). Since R(F)*+ = N(F*), we can equivalently show that
N(F*) = {0}. To compute F*, let f,g € L*(R™) N L?(R") be arbitrary. Fubini’s theorem
implies that

T = [ (o [ o) atias
— [ 10 (s [ e eat6az e = (7.7 ghe

where F~1g is the inverse Fourier transform of g. Thus F*g = F !g for all ¢ € L'(R") N
L*(R™) (note that at this point the notation F ! is still formal, we have not yet showed that
F~!in Definition 4.1.1 is an inverse of 7). We can now note that by definition (F~'g)(z) =
(Fg)(—=) for all ¢ € L'(R") N L*(R") and for all z € R™. Since this minus sign does not
change the L?-norm of the function, the identity (4.2) implies that for all ¢ € L'(R") N
L?*(R") we also have

1F*gllze = IF " gllz2 = [ Fgllzz = llgllze-

Since L'(R™) N L*(R") is dense in L*(R™), we in particular have that F* is injective. Thus
R(F)*+ = N(F*) = {0} and F has dense range. This completes the proof that F is unitary.

The property (Ff,Fg)r> = (f,g)2 for f,g € L*(R") follows by considering the iden-
tity (4.2) for functions f = h +ig with h,g € L*(R"). O

The proof of Theorem 4.1.2 shows that the notation “F~'¢” for the inverse Fourier
transform is justified. Indeed, the inverse of the operator F € L(L*(R")) is the unique
extension of the inverse Fourier transform acting on L!'(R") N L*(R™). Since (F~'f)(z) =
(Ff)(—z) for all f € L'(R") and z € R", this extension of 7! from L'(R") N L*(R") to
L?*(R") can be constructed analogously to the corresponding extension of F.

In our study of differential operators, one of the most important properties of the Fourier
transform is that it can be used to express the differentiation of a function in an extremely
simple way. We are now considering functions on the unbounded domain §2 = R". A useful
result regarding Sobolev spaces is that C>°(R") is dense in H*(R") for all k¥ € N (in this
case the support supp f of f € C°(R") is compact as a subset of R", i.e., it is a closed and
bounded set).
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Theorem 4.1.3. Let f € H*(R") for some k € N and let a = (o, . .., a,) be a multi-index
with |a| < k. Then

[F(D)] (2) = (i2)(Ff)(2), for almost every z € R, (4.3)

where we denote (iz)* = (iz1)* (i22)** - - - (i2,)*" for z = (z1,...,2,) € R" (and “/” is the
complex unit).

Exercise 4.1.2. Show that the formula (4.3) holds for all f € C°(R™).

Hint: You can first derive a formula for [F (0, f)|(z) using integration by parts and then
apply it repeatedly to prove (4.3). o

Proof of Theorem 4.1.3. Let f € H*(R") be arbitrary and let || < k. Since C>°(R") is dense
in H*(R"), we can choose a sequence (f;) ey C C2°(R") such that || f; — f|| g+ — 0as j — oo.
If we define g; = D*f; € L*(R), then Exercise 4.1.2 shows that (Fg;)(z) = (i2)*(Ff;)(2)
almost everywhere. Plancherel’s theorem also implies

Jl—o0

1Fg; — Fallee = 1F(g; — )2 = llg; — qille2 = 1D f; — D* fill2 < || f5 — fill g "= 0.

Thus (Fg;)jen C L*(R™) is a Cauchy sequence, and since L*(R") is Hilbert, there exists
h € L*(R") such that || Fg; — h||z2 — 0 as j — oo. Moreover, since F € £(L*(R")) and since
lg; — D*fl|z2 — 0 as j — oo, we have that

F(D"J) = lim Fg; = h.

Thus the proof is complete once we show that h(z) = (iz)*(Ff)(z) for almost all z € R"
(this will also imply that z — (i2)*(F f)(z) € L*(R")).

Denote m,(z) = (iz)®. We first note that for any » € R” the value m,(z) = (iz)® = il*lz®
is real if || is even, and imaginary if |a| is odd. Because of this, it is always possible
to choose v € C with v # 0 such that |y + m.(2)| > |y| > 0 for all = € R™ (simply
by choosing v to be imaginary if |a| is even, and real if |«| is odd). We will show that
Ff = (v+my) ' (h+~Ff). This will establish the desired property due to the following
equivalences

_ _ h(z) +(FN)(E)
.7-"f—7+ma(h+’y}"f) s (Ffiz) = T (i2) a.e.

& (i)Y Ff)(z) =h(z) ae.

Using the above convergence properties, ||(7 4+ mq) oo = SUPsern|Y + ma(2)|7F < |77,
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and Fg; = m.F f;, we have that

Y A me
h F 2 = ||Ff—FFf;
(2D = W -y

<|Ff=Ffille +

IFf - Ffi— (h+~7F )l

7+ Ma

(Ffi = Ff) +maFf; — Rl

Y+ Mg
1
<||Ff—=Ffillez + mHV(}_fj — Ff)+moFf; —hl
1
<2 Ff = Ffillez + m”maffj — Rz
1
=2||f = fille2 + m||]:gj —hllg2 =0

as j — oo. This implies that Ff = (v + ma)(h + +Ff) in the sense of L?-functions, and
as argued above, we have that h(z) = m,(2)(F f)(2) for almost all z € R”, and particular
maoF f € L*(R™). This completes the proof. O]

Theorem 4.1.4. Let k € N. The Sobolev space H*(R") can be expressed in the form

HYR") = {f € L*R") | z = V1 + |l2[*(Ff)(2) € L*(R™) }.

Exercise 4.1.3. Prove Theorem 4.1.4.

Hint: Prove the inclusions “C” and “O” separately. The argument in the first inclusion is a
fairly straightforward estimate. In the second part your aim is to show that the weak derivatives
D f exist and are in L*(R"), i.e., (f,D%p);> = (—1)°l{g, ¢) ;> for some g € L*(R") and for
all 9 € C*(R™). You can do this using Theorem 4.1.2 and the function m,, in the proof of
Theorem 4.1.3. In the proofs you will benefit from the following inequalities' (which you do
not need to prove!) for ay,...,a, > 0 and for a multi-index o with |«o| < k:

(a1 +as+ - +a,) <nFah +as+ - +adb)
(anar + aoag + -+ - + aa,)!
|a||a‘

k k
attay® - --apt < <n"(ay +ag+ -+ ay)

o
Another way of expressing the conclusion of Theorem 4.1.4 is using weighted L>-spaces.

Definition 4.1.5. Let w : R” — (0, c0) be a continuous function such that inf¢cgn w(€) > 0.
The weighted Lebesgue space L2 (R™) is defined as

Li(RY) ={f e L*R") | Rnlf(&)\zw(f)df < oo}
with norm

i1z = ([ 1s@ruea)

I The first inequality follows from an application of the Hélder inequality, and the second one is an inequal-
ity between the “weighted geometric mean” and the “weighted arithmetic mean” of the values a1, ..., a,.
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With the aid of the weighted L?-space the conclusion of Theorem 4.1.4 can be written
in the form

HYR") ={f € I*R") | Ff € L% (R")},  where wy(z):=1+|[z]*.

In fact, the Fourier transform defines an isomorphism (a bounded and boundedly invert-
ible mapping) between H*(R") and L2 (R"). Moreover, the estimates in the solution for
Exercise 4.1.3 show that the mapping

foo | Ffl, € HERY)

defines a norm which is equivalent to the usual norm on H*(R"), defined by |/ f||%, =
D a<kID* 125

The fact that Sobolev spaces can be characterised in terms of the Fourier transforms
of the functions belonging to weighted L?-spaces also opens up the possibility to define
Sobolev spaces H*(R™) of any order s > 0 simply by generalising the weight wy(z) = 1 +
|2||?* with k& € N to w,(z) = 1+ ||z||**. This way, the condition F f € L2 (R") corresponds to
f having differentiability properties of “intermediate order” in the sense thatif k < s < k+1,
then f is “smoother” than functions in H*(R"), but not quite as smooth as functions in
Hk+1 (Rn)

Definition 4.1.6. Let s > 0. The Sobolev space of order s is defined as
HR") ={fel*R") | FfeL (R")},  where w,(z):=1+z|*.
The norm on H*(R") is defined as

/1

e = [ F £z, -

Due to Theorem 4.1.4 the space H*(R") coincides with the “classical” Sobolev space
H*(R™) in Definition 2.2.3 whenever s = k € N, and the norms on H*(R") and H*(R")
are equivalent. Sobolev spaces of non-integer orders are important in the study of frac-
tional partial differential equations, and especially the spaces of orders s = k + 1/2 appear
frequently also in the analysis of partial differential equations, including elliptic equations.

Exercise 4.1.4. Show that for every 0 < s < r the space H"(R") is continuously embedded
in H°(R™). Hint: You mainly only need an estimate between w,(z) and ws(z) for all z € R".
Here it is useful to consider the cases ||z|| < 1 and ||z|| > 1 separately. o

4.2 The Elliptic Operator and Fourier Multipliers

Theorem 4.1.3 can be used in studying the differential operators and the associated partial
differential equations with constant coefficients (which do not depend on the variable ¢ €
R™) and which are defined on the full space (2 = R”. In this section we study the class of
differential operators A : D(A) C R® — R" of the form

Af ==V -(BVf)+7'Vf +35f, [ eD(A) = H (R (4.4)
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with g € R"*" v € R", and 0 € R. In the case where 3 € R"*" is a positive definite matrix,
v =0, and § > 0, the operator is elliptic?.

The exercise below show that the operator A can be expressed using the Fourier trans-
form as

Af = F Y maFf), f € H*R"Y), (4.5)
where m4 : R® — C is defined as m(z) = 278z +ivTz+ § € C.

Exercise 4.2.1. Here we use the Fourier transform for vector-valued f € L*(R"; C™), which
are defined using the same formula as in the case m = 1. This clearly leads to Ff =

(ffl, R ,ffm)T for f = (fl; e ,fm)T.
(a) Derive a formula for F(V f) for f € H'(R"™).
(b) Derive a formula for 7(V - f) for f € H'(R™;C").

(¢) Show that for 3 € R™", v € R", and § € R the operator Af = —V-(BVf)+~IVf+5f
for f € D(A) = H?(R") has the representation (4.5) with m4(z) = 273z + iy’ 2 + 6.

Hint: Use the formulas for derivatives D* f in parts (a) and (b). Part (c) follows from the
preceding parts, but remember to justify why you can apply the formulas in (a) and (b) (you
especially need that SV f € H'(R"; C")). o

The representation (4.5) shows that the application of the elliptic operator A alters the
Fourier transform of a function f by multiplying F f pointwise with the function m(-). The
class of such operators are called Fourier multipliers.

Definition 4.2.1. An operator 7' : D(T) C L*(R") — L*(R") is a Fourier multiplier if there
exists a measurable function m; : R” — C such that

F(Tf)=mzFf,  feDT) (4.6)
and D(T) = { f € L*(R") | mpFf € L*(R") }. The function my is the symbol of T.
The multiplication in (4.6) is defined in the pointwise sense so that
(F(TH(2) = mg(2)(Ff)(z), for almost all z € R".

In the case of the differential operator (4.4) the function z +— ma(z) = 2782z +iyTz + 4 is
continuous, which in particular implies that m 4 is measurable.

Lemma 4.2.2. If § € R" is positive definite, v € R", and § € R, then the operator A :
D(A) c L*(R") — L*(R") in (4.4) is a Fourier multiplier with the symbol m, defined by
ma(z) = 278z + ivTz + § for z € R™

Proof. We only prove one part of the claim (for which the argument is probably the most
difficult to come up with!), namely that { f € L*(R") | maFf € L*(R")} C D(A). To this

2This terminology is slightly different than in Chapters 2 and 3, since we add the term “5f” with § > 0.
The motivation for this addition comes from the fact that we study the operator on the full space } = R" —
in the absence of boundary conditions the operator in Chapters 2 and 3 (which corresponds to the case § = 0)
is not boundedly invertible.
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end, assume that f € L*(R") satisfies msFf € L*(R"). By Theorem 4.1.4 the function
satisfies f € D(A) = H*(R") if Ff € L2, (R") where ws(z) = 1 + ||z||*. In order to use the
property mF f € L*(R") in proving this, we intuitively need to estimate w,(z) from above
by |m4(z)|* (times a constant).

Since 8 € R™*" is positive definite, there exists 3, > 0 such that 278z > f||z||? for all
z € R". Before estimating |m(z)|, we note that for any ¢ > 0 and for all a,b > 0 we have

2ab = 2(vza) (-2 ) < (vEa) + (- O L L
ab = a) | — a — | =ea”+ — a — 4+ —

Ve) NG £ -2 2
Using this (extremely convenient!) inequality with a = ||z||, b = ||7]|, and ¢ = [, we can

estimate
Ima(2)] = |2"Bz 4+ iv" 2+ 6] > |27 Bz — |y 2 + 8] > Bollzl* = (vl |zl + |6])

50 2 1 2 50 2 1 2
> 2= - — — 0] = —= - — — 4.
> Bolll” = G = g5 I =161 = F=I” = 5 I = 1
Thus if ||z]| is so large that %Hz”2 > 2(%”7”2 +14]) and ||z|| > 1, then
50 2 1 2 50 2 BU HZHQ
ma(e)| = S = 5l = 161 2 PP = e V)

1+ ||z
R Ry Rpy—
> i wo(z) = Wi 2(2).

AV R

Thus if we define R = max{1,2+/(2/32)||7||> + (1/50)|]}, we have that

5 > if |z > R
() = 14 ¢ < § Ol el =
I+R if|z] < R.

Using this estimate we can conclude that

() Pus()iz = [

IzI<R

\(ff)(Z)lzwz(Z)der/ (Ff)(2)Pwa(2)dz

IR

4 zZ 2 z E zZ 2m z 2 z
=(1+R )/HZ”SR\(JTJ”)( )odz + Q/HZZR\(JTJ”)( ) lma(z)"d

< (1+RY Rn|(Ff)(Z)|2dZ+;—§ [ ENEIPmal) P

Rn

< 0Q.

Thus Ff € L2 (R"), and f € H*(R") = D(A) by Theorem 4.1.4.

Exercise 4.2.2. Consider the operator A : D(A) C L*(R") — L*(R") in (4.4).

(a) Complete the proof of Lemma 4.2.2. Hint: The identity (4.6) follows fairly directly from
Exercise 4.2.1, but you need to complete the proof of the representation of the domain
D(A) (by proving the second inclusion). This part involves an estimate of |m4(z)| from
above by ws(z) (times a constant), and this estimate is much easier than the one presented
above.
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(b) Explain what can go wrong if 5 € R"*" is not positive definite or non-singular, for
example if n =2 and g = [} ]].

<&

Exercise 4.2.3 (Have some fun!). Let f € H®(R3). Find a way to define the derivative D°f,
where a = (7, e',v/2). Check that D*f € L*(R?). o

The application of the Fourier transform can be used to turn a partial differential equa-
tion on R” to an algebraic equation involving the Fourier transforms of the solution and the
known functions. Indeed, applying the Fourier transform on both sides of Af = ¢ and using
Lemma 4.2.2 implies that for all z € R"

FANIz) = (Fg)(z) = malz)(Ff)(z) = (Fg)(2).

If the parameters 3 € R™ ", v € R" and J € R are such that ma(z) = 278z +iy"z + 6
satisfies m(z) # 0 for all z € R™ then this algebraic equation has a solution

Fhm =T g

ma(z)

However, the real challenge is to compute the solution f of the original differential equa-
tion. Finding f is theoretically possible using the inverse Fourier transform, but it is very
typical that the resulting integrals cannot be computed analytically.

Exercise 4.2.4. Assume [ € R" is positive definite, v € R", and § € R, are such that
ma(z) = 27 Bz+iyT 246 satisfies my(z) # O forall z € R™. Let Af = —V-(BVf)+1IVf+df
with domain D(A) = H?(R"). For g € L*(R"™), consider the abstract linear equation Af = g.

(a) Show that if Af = ¢ has a solution f € D(A), then the solution is unique. Hint:
Consider two solutions.

(b) Show that the equation Af = g has a solution f € D(A) if and only if g € L*(R") is
such that

Z F9)z) € L*(R™).
ma(z)

Show that for such g € L?(R") the solution f of Af = g has the form f = T'g where T
is a Fourier multiplier. Hint: From the expression F f = m ' Fg and Theorem 4.1.4 you
immediately get an “easy” condition that f € D(A) if and only if m'Fg € L?_(R"). To
show that this is further equivalent to the condition in the claim, you can use the estimate
between w(z) and m 4(z) and the estimates for the integrals in the proof of Lemma 4.2.2.

(c) Show that if there exists ¢ > 0 such that |ma(z)] > ¢ > 0 for all z € R", then Af = ¢
has a unique solution for any g € L*(R") and | f||z2 < 2| g| ;2. Hint: In the first part
you can simply verify that the condition of (b) holds for any g € L?(R"), and the second
part follows from the fundamental properties of Fourier transforms.
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As part (c) of the above exercise you also proved that a Fourier multiplier is a bounded
operator if its symbol is a bounded function in the sense that sup,cg.|mr(z)] < oo, and
in this case ||T'f||z2 < |mr|ll/fllz2 for all f € D(T). The boundedness of mr is also a
necessary condition for 7" to be bounded.

The measurable function mq defines a multiplication operator (see Example 1.3.8) My :
D(Mr) C L*(R") — L*(R") such that for all g € D(M7) := {g € L*(R") | mrg € L*(R") }
we have

(Mrg)(2) = mr(2)g(2), for almost every z € R".

It follows quite directly from Definition 4.2.1 that the Fourier multiplier 7" : D(T) C
L*(R") — L*(R™) is in fact boundedly similar to the multiplication operator My defined
by the symbol mr in the sense that there exists S € £L(L?(R")) with S~ € £(L*(R")) such
that D(Mr) = S(D(T)) = {Sf | f € D(T)} and Tf = S~ 'M7Sf for all f € D(T). In
fact, it follows from (4.6) that S = F € L(L*(R")). By Lemma 4.2.2 this is in particular
true for the differential operator A with a positive definite 5 € R"*". The significance of
the similarity transformation comes from the fact that the spectral properties of a Fourier
multiplier 7" are completely determined by the multiplication operator M, as shown in the
following lemma.

Lemma 4.2.3. Let X and Y be Banach spaces. If A: D(A) C X — X and B : D(B) C
Y — Y are boundedly similar so that there exists S € L(X,Y) with S™' € L(Y, X) such
that D(B) = S(D(A)) = {Sf | f € D(A) } and Az = S~'BSz for all x € D(A), then the
following hold.

(@) 0,(A) =0,(B).
(b) 0.(A) = 0o.(B).
(©) 0,(A) =0.(B).
(d) p(A) = p(B).
Proof. Part (a): A € C satisfies A\ € 0(A) if and only if
dr € D(A),z #0: A=Az =0
— Jr € D(A),z#0: S 'Y A-B)Sz=0
L 3y eD(B),y£0: (A—Bly=0,

which is equivalent to A € 0,,(B).
Parts (b)-(d): For any A € C we have that

RA-—A)={ze X |dzreD(A):
={zeX|JreD(A):
={S1'2e€X|3yeDB): z=(A-B)y}
= S (R(\ — B)).

Since S~! is boundedly invertible, for any A € C \ 0,(A) we have
e RA—A)=Xifandonlyif R(A— B) =Y (e, p(A) = p(B)).
* R(A—A) # X ifand only if R(A — B) #Y (i.e., 0,(A) = 0,(B)).
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Finally, part (c) follows from parts (a), (b), and (d). O

The spectra of multiplication operators on R" are understood very well. The following
theorem summarises these properties. The proof of this result is presented in full, since at
this point our main interest is in using the properties of multiplication operators to analyse
the differential operator A.

Theorem 4.2.4. Let M), : D(M) C L*(R") — L*(R") be a multiplication operator such that
(Mpf)(€) = h(&)f(E) for almost all £ € R™ where h € C(R";C). Then o,.(M;) = @, and

o(My) = h(RY) = (€ C | ER : p=h(9) }.

Moreover, for any A € o(Mj,) = h(R") we have
A€ o,(My,) ifandonlyif {£€R"|A=h(§)} CR" has nonzero measure.

The statement of Theorem 4.2.4 shows that A € C is in the continuous spectrum of M,
if either A € h(R") but the set {{ € R" | A = h(&) }has measure zero in R”, or A ¢ h(R")
but it is an accumulation point of A(R™) C C.

Proof of Theorem 4.2.4. We will first show that o(M;) C h(R"). Let A ¢ h(R") be arbitrary.
Since C \ h(R") is an open set, there exists ¢ > 0 such that [\ — h(£)| > ¢ > 0 for all £ € R".
Thus if f € D(M,,) and if (A\—M,,)f = 0, then (A—h(§))f (&) = (Af — M, [f)(§) = 0 for almost
all ¢ € R", and necessarily f = 0 (in the sense of L2-functions). Thus A\ — M, is injective.
Moreover, if ¢ € L?*(R") and we can define a measurable function f : R" — C such that
f(&) = g(&)/(A — h(€)) for almost every £ € R™. Our aim is to show that f € D(M},) and
(A= M) f = g. We have

@ EETRP
[ iropde = [ ende< 5 [ la(e)Pde = Slali <
and
g = [ [POIOF ) [ O MO ~ (O
[ seras = [ |3 @~ [ BRI de
= [ o228 ae <o [ (lotor+ w2850 ae

2
<201+ Pl < oo

Thus f € L*(R™) and hf € L*(R"), and therefore f € D(Mj,) by definition. Moreover,

9(§)
A —h(§)
shows that (A — M,,)f = g (equality in L?*(R")). Thus A — M, is surjective, and the above
estimates also show that || f||;2 < 1||g||12, which shows that (A — M),)~* € £(L*(R")). Since
A ¢ h(R") was arbitrary, we have that o(M,,) C h(R").

To describe the point spectrum o,(M/;,) we note that for an arbitrary A € C and f €
D(M},) we have

A=M)f=0 &  (A-h)fE)=0 ae {ecR™

(0= M) () = (A — h(©)) —g(¢),  foralmostall € € R"
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If the set {{ € R* | A = h(§)} C R is either empty or has zero measure in R", this
condition implies that f(£) = 0 almost everywhere on R" and thus f = 0. In these cases we
have A\ ¢ 0,(M;). On the other hand, if {{ € R* | A = h(£) } C R™ has nonzero measure
in R", we can choose a nonzero function f € D(M;) which has nonzero values f(£) # 0
only inside {¢ € R™ | A = h(§) } € R™. In which case we have (A — M,,)f = 0 and thus
A € 0,(My,). This concludes that A € 0,(M,,) if and only if theset { £ e R* | A = h({) } C R
has positive measure.

Assume now that {£ € R" | A = h(§)} C R” is either empty or has zero measure.
Then as shown above, A — M, is injective. We will first show that R(A — M) is dense in
L*(R™), which will show that o,(M;) = @. The property R(A — Mj,) = L*(R") is equivalent
to R(A — My,)* = {0}. If g € R(\ — M,)* is arbitrary, then

(A=Mp)f,9)12=0  VfeD(My)
= [ A=A =0 vf e D)

= O =h(§))g(€)ds =0 Vf e D(M,)

Rn

= (A=-h())g) =0 ae E(eR”

(here we have used the fact that D(M,,) is dense in L?(R") in the last implication). But by
assumption we had that A — h(¢) # 0 for almost every ¢ € R", and thus necessarily g = 0
(as an L*-function). Since g € R(\ — M,,)* was arbitrary, we have that R(\ — M) is dense
in L*(R"™).

In the final part we will show that h(R") C o(Mj;), which due to the closedness of the

spectrum also imply that A(R") C o(M},). To this end, let A € A(R™). Our aim is to construct
a sequence (fi)ren € D(My,) such that || fx||2 = 1 for all £ € N and

(A= M) fel| = 0, as k — oo.

This will in particular show that the operator A — M,, cannot have a bounded inverse, and
thus necessarily A € ¢(M,,). Since we assumed A € h(R"™), there exists { € R™ such that
A = h(&). We will choose f; to be functions which are only nonzero very close to & (where
the continuous function £ — A — h(¢) has small values). Since h(-) is continuous, for any
k € N we can choose a radius rj such that |A — h(§)| < 1/k forall £ € B(&, ) :={& € R™|
1€ — &| < 71 }. We can define piecewise constant functions f;, € L*(R") by

£(6) = {Ck £ € B(&o,1r)

0 otherwise,

—1/2
where the constant ¢, > 0 is given by ¢, = < f‘ fl<r 1d§> . We then have || fi||,2 = 1 as
required, and

2 2 2 1 2 ¢ _ i _ 1
IO = Ml = [ A= BOPIE) e < 5 /mm‘fk(f)' € =15 /lfm lde =730

as k — oo. Thus A — M;, does not have a bounded inverse, and consequently A € o(M},). O
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The next exercise combines the results presented in this section to describe the spectrum
of the differential operator A in terms of the parameters g € R", v € R”, and § € R.

Exercise 4.2.5. Assume [ € R"*" is positive definite, v € R", and € R, and consider the
operator Af = —V - (8Vf) + 4"V f + 6 f with domain D(A) = H*(R").

(a) Characterise the spectrum of A in terms of the function m 4.

(b) Provide a complete description of the spectrum of A in the case n = 1. In particular,
you should answer the following questions:

— What type of spectrum does A have? (point spectrum, continuous spectrum, resid-
ual spectrum, no spectrum at all?)

— What is the shape of the spectrum o(A) in the complex plane, and how does this
shape depend on the parameters (3, -, and §?

Hint: Your first task is to combine the above theorems to show that you can characterise the
spectrum of A in terms of the function m4. Note that the equation \ = h(§) is a quadratic
polynomial, and this will allow you to analyse the set { £ € R" | A = h(§) } in Theorem 4.2.4.
Finally, in describing the shape of the spectrum o(A), it is useful to write A\ = a + ib with
a,b € R in the equation A = h(§). o

The answer to the above exercise shows that in this section the spectrum of the also
the elliptic operator Af = —V - (6Vf) + ¢ f is very different from the case in Section 3.2,
where we saw that if () is open, bounded and has smooth boundary, then its spectrum only
contains eigenvalues! The reason for this difference is that in this section we consider the
differential operators on the full space 2 = R", which is an unbounded domain.

4.3 Embedding Theorems for Sobolev Spaces

In this final section of the chapter we use the Fourier transform to prove some results on
embeddings of Sobolev spaces. In order to study functions in the Sobolev spaces H*({2)
with a domain 2 C R", we first need to know how these the function f can be extended
to a function on the full space R" (since the Fourier transform is only defined on functions
on R™). Any function f : 2 C R" — C can be trivially extended to the full space R" by
defining f(¢) = 0 for all ¢ € R™ \ €, but this will in general destroy weak differentiability
of the function near the boundary 052 of ). In the study of functions in Sobolev spaces we
would especially like the extensions to be done in such a way that the extended functions
have the same differentiability properties as the original ones. More precisely, we require
that the extension of f belongs to H*(R") if f € H*(Q).

Definition 4.3.1. Let £ € N. A domain 2 C R" is said to have the k-extension property if
there exists

E € L(H*(Q), H*(R™))
such that for every f € H*(Q2) we have (Ef)(£) = f(£) for almost all £ € ().

The behaviour of the extension of the function near the boundary 0f2 plays a key role in
preserving the differentiability, and because of this the existence of the extension operator £
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in Definition 4.3.1 requires some assumptions on J€2. On this course we focus on bounded
domains 2 C R™ with bounded and smooth boundary, and such €2 possess the k-extension
property for every & € N. Similar results do also hold under much weaker conditions on
the boundary 0f2, but some assumptions are always necessary.

Theorem 4.3.2. Let k € N. If Q C R" is bounded and has smooth and bounded boundary
09, then Q has the k-extension property. The extension operator E € L(H*(Q), H*(R"))
can be chosen in such a way that supp Ef C V for some compact set V. C R" and for all
f € H&(Q).

Proof. See Theorem 6.88 in Renardy & Rogers, 1993. O

With the aid of the extension property, we can use the Fourier transform to analyse
properties of functions defined on domains 2 C R™. Our first result shows that for orders
k > n/2 the functions f € H*(Q) are continuous and bounded functions.

Theorem 4.3.3 (Sobolev Embedding Theorem). Let n € N and k > n/2. The space H*(R")
is continuously embedded in

Cy(R™) = { f € C(R") | 3M > 0: |f(£)| < M Ve € R"}.

Moreover, if 0 C R™ has the k-extension property, then H*(() is continuously embedded in

Cy(Q).
The norm on Cy(R") is || f||c = supecgn|f(§)], and Cy(R™) is a Banach space.

Exercise 4.3.1. Prove Theorem 4.3.3.

Hint: Begin with the case H*(R"). A completely analogous argument as in Exercise 4.1.1
shows that if Ff € L'(R"), then f is continuous and || f||s < (27)~2||F f||z1 (you do not
need to prove this again). To complete the estimate required for the embedding you can write
Ff = w/*Ff w;'"? with wp(z) = 1+ ||2|* and use the Holder inequality for the norm
|F f|l:. You can directly (= without proving it) use the knowledge that

/ dz - if ¢
— < 00, n.
g 11 |[2]]0 K

The second claim can be proved using the extension operator E € L(H*(Q), H*(R")) and the
first part. o

In particular Theorem 4.3.3 tells us that if & > n/2, then the functions in H*(R") are
continuous and bounded. This condition on the order of the Sobolev space is in fact nec-
essary, and especially for k¥ = n/2 the functions f € H*(R") do not need to be continuous
(see Problem 6.48 of Renardy & Rogers, 1993).

We complete this section by proving a version of the Rellich-Kondrachov Theorem.

Theorem 4.3.4. Assume ) C R" is bounded and has bounded and smooth boundary 0f).
Then H'(Q) is compactly embedded in L*(Q).

A more general version of the theorem shows that H*(Q) is compactly embedded in
H*1(Q) for every k € N. Moreover, the assumptions on the domain 2 can also be weak-
ened. The proof again utilises the Fourier transform through extension of the functions
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f defined on ) to functions Ef defined on the full space. We divide the proof of Theo-
rem 4.3.4 into parts, some of which are completed as exercise problems. In the first exercise
we study a way of “smoothing out” a function by truncating its Fourier transform using a
suitable Fourier multiplier.

Exercise 4.3.2. For R > 0 define a Fourier multiplier T, € L£(L*(R")) with the symbol
XB(o,r) : R" — [0, 1] defined by

R E E Y
R U E B

(the characteristic function of the ball B(0, R) C R"). Show that the operator Ty has the
following properties:

(@) Trf € C=(R") for every f € L*(R") (that is, the operator T makes the function f
infinitely smooth).
Hint: Note first that by definition the function F(Tgf) has compact support (it is zero
outside a bounded set). You can then use Theorems 4.1.4 and 4.3.3 to show that all
derivatives of T f are continuous.

(b) Show that for every R > 0 and f € H'(R") we have

1
ITef = Fllz < 2 Al

(This means that for a large R > 0 the function 7»f can be used to approximate the
function f € H'(R") very accurately in the L?>-norm.

Hint: Write the norm on the left-hand side in terms of the Fourier transforms F(Trf)

and F f and recall that || f|m = [[Ffl1z, = | w) Ff|| 12, where wy(z) = 1+ ||z|% In

your estimates you can write 1 = wy (z)"/?w, (2)~"/2.

(c) Show that for every R > 0 there exist constants M}, M2 > 0 (which may depend on
R > 0) such that for all f € H'(R") we have

ITrflec < Mellfllm and  [[VTRfllo < Mg[lf[l-

Hint: If g € L*(R") is such that Fg € L'(R"™), then an analogous argument as in
Exercise 4.1.1 shows that ||g||le < (27)7"2||Fgl|11. You can easily show that F(Trf) €
LYR"™) and F(VTgrf) € L'(R") (see Exercise 4.2.1). In the estimating the L'-norms
you can again write 1 = w}/ *(2)wy Y ?(2). You do not need to find explicit values for
ML, M2 > 0.

<

In the proof of Theorem 4.3.4 we will also use the following lemma on equicontinuity of
sequences of continuously differentiable functions. Note that the conditions of the lemma
are more restrictive compared to those in the case n = 1, which we studied in the Homework
problems for Week 5. Indeed, in the homework problems the sequence (g;.)reny € H'(a,b)
was shown to be equicontinuous whenever sup;cy||gx | 1 < oc.
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Lemma 4.3.5. Let Q) C R" be an open and convex set. If (gi)ren C C*(Q) is such that
SUPLen|lVgkllco < 00, then (gi)ren is equicontinuous.

Proof. Let (gi)ren C CH(Q) be such that sup,cy||Vgilleo < M < oo for some constant M > 0.
Let k € N and &, &, € Q be arbitrary. Since Q is convex, the line segment between &, € R”
and &, € R™ belongs to Q2

Define a function hy, : [0,1] — C by hy(t) = gr(& + t(& — &)). Due to the chain rule of
differentiation® we have that

hie(t) = (&1 — &) V(& + t(& — &)

and thus h € C'([0,1]). The fundamental theorem of calculus implies that

96(60) — 9u(60)] = [hi(0) — hi(1)] = | / ()] < / (61— €0)TVgul6o + (61 — &0))dt

1 1
< / 161 = &l Var(&o + (&1 — &o))lldt < |1 — §0||||V9k||oo/ Ldt
0 0
< M|[& — &l

Thus if ¢ > 0, choosing § = ¢/M > 0 we have that |g, (&) — gx(&1)| < € whenever ||&, —
]| < 4. Since 0 > 0 can be chosen to be independent of £ € N, the sequence (g )ren is
equicontinuous. [

Proof of Theorem 4.3.4. Our aim is to show that the identity map J : H*(Q) — L*(Q) is
compact. To this end, let (f)ren C H'(S2) be a bounded sequence, i.e., supyenll fellm <
M < oo for some constant M > 0. We will show that (fi)ren has a subsequence which
converges in L*(Q2). Since  has the 1-extension property, there exists an extension operator
E € L(HY(Q),H(R")), and E can be chosen in such a way that supp f C V for some
compact set V' C R" (obviously 2 C V) and for all f € H'(Q).

In the next stage of the proof we approximate Ef, € H'(R™) with “smoothed out”
functions defined in Exercise 4.3.2. To this end, for R > 0 we define the Fourier multiplier
Tr € L(L*(R™)) with symbol xp(,r)(z), and consider the sequence (TrE fy)ren. We have
from Exercise 4.3.2 that (TrE fi)reny C C°(R™) (by part (a)),

M| E]

1 1
1ESx = TrEfill2 < GIEfillm < HIEM fillz < —0 as R—oo, (47)

(by part (b)), and finally part (c) implies

ITRE filloe < MRIIE fullir < MpM| E| < o0,
IVTRE filloo < MR Efillm < MEM|E| < co.

Thus if we take any bounded, open and convex set U C R" such that V' C U (for example
a ball B(0,r) with a sufficiently large radius » > 0), we can consider the restrictions of the

3The same formula also holds for weak derivatives, but unfortunately we do not have the time to prove
this. Moreover, in this proof it would actually not be enough to assume g, € H'((2) since we really need that
the derivatives of g, are continuous.
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funcgons TrEf, to the set U. For a fixed R > 0 we have from above that (TrE fi)ren C
C>(U), suprenllTrE filloo < 00, and supyen|| VIRE filloo < 00. Thus (TrE fi)ken C C(U)
is a bounded sequence, and by Lemma 4.3.5 it is also equicontinuous. The Arzela-Ascoli
Theorem in Theorem 3.1.7 therefore implies that (TrE fi)ren has a subsequence which

converges in C'(U), i.e.,
HTREfk] — gRHoo — O, as j — 0

for some g € C(U). Butsince ©2 C U and since (2 is bounded, we have that also g% € L*(Q)
and

|TRE fr, — ™72 = / ITRE fi; (&) — ¢"(&)|Pdé < || TRE fir, — "% / 1d¢ — 0
Q Q

as j — oc. Thus the subsequence (TR E f}, ) e convergences also in L*(12).

Because by (4.7) any sequence (E fy,);en can be approximated with (TrE fy, ) jen Where
R > 0 is sufficiently large, the convergence of the subsequence (TrEf},) en is already
getting close to what we are trying to prove. However, the problem is that the choice of this
subsequence depends on the value of R > 0. In order to complete the proof, we need to
find a subsequence of (TrE fi)reny Which converges in L*(Q) for all values of R > 0. This
can be achieved using a so-called “diagonal argument”. We begin by choosing a sequence
(R;)ien C Rsuchthat0 < Ry < Ry < --- such that Ry — oo as I — oo (one suitable concrete
sequence would simply be R; = [ for all | € N).

Step 1: The arguments above show that there exists a subsequence (fi,;)jen Of (fi)ren such
that || T, E fr,, — ¢'||.2 — 0 as j — oo for some ¢' € L*(Q).

Step 2: Since also (Tg,E f,;)jen C C(U) is bounded and equicontinuous (because it is a
subsequence of (T, F fi)ren), the above arguments show that there exists a subsequence
(fray)jen Of (fry,)jen such that ||Tg, E fy,, — g*||12 — 0 as j — oo for some g* € L*(Q).

Step 3: Since also (Tg,E fi,;)jen C C(U) is bounded and equicontinuous (because it is
a subsequence of (T, E fi)ren), there exists a subsequence ( f,;)jen Of (fi,,)jen such that
| T, E fry, — 9°l 22 — 0 as j — oo for some g* € L*(Q2).

This process can be continued indefinitely to obtain an infinite number of sequences of
the form (f},,)jen such that T E fy,, — g'in L*(Q) as j — oo for every fixed | € N. We will
now consider a “diagonal” sequence with indices [ = j, i.e., the sequence (fy,;)jen. Due to
the above construction, this is a subsequence of (f;)ren. Moreover, we can now show that
(Tr,E fr,;)jen converges for every | € N. To this end, let I € N be arbitrary. By construction,
for every j > [ the elements f,  are also members of the sequence (f},);en. But since
TrEfr, — ¢'in L*(Q) as j — oo, and since a subsequence of a convergent sequence
converges to the same limit, we also have Ty, Ef;,,, — ¢' in L*(Q) as j — .

In the final part of the proof we will show that the estimate (4.7) together with the
convergence of (T, Efy;;)jen for every | € N imply that the sequence (fy,,);jen converges in
L?(Q2). This is completed in the following exercise.

Exercise 4.3.3. Complete the proof of Theorem 4.3.4 by showing that (f,,);cn converges
in L*(Q).

Hint: You can do this by showing that (f,,);en is a Cauchy sequence. In doing so, you need
to show that by choosing | € N to be sufficiently large, you can use (4.7) to approximate any
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element fi . with Ty E f,,, with arbitrary accuracy in the norm on L*(2). Here you of course
need the property that E f,,,. and f, agree on Q). As shown above, the sequence (Tg,E fi;);en
converges in L?(Q) for any fixed | € N. o

]
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