Abstract for the lecture on March 8 2017

Contents from Torsten Carleman’s book Sur les equations integrales singulier a
noyaux réell et symétrique will be exposed. The major results deal with spectral
resolutions of unbounded self-adjoint operators on complex Hilbert spaces. I will
describe some applications to specific problems such as PDE-equations and Stieltjes’
moment problem.



An example

Following page 174-185 in Carleman’s cited book we announce a result about prop-
agation of sound which amounts to find a function v = u(z,y, z,t) where ¢ is a
positive time variable and (x,y, z) are points in R? which stay outside a bounded
domain Q whose boundary S is of class C'. Put U = R3\ Q and consider the
family F of C?- functions f(z,y, z) in U such that f and the Laplacian A(f) both
belong to L?(U) and the normal derivative

of

e
along S. Now one seeks a function u(z,y, z,t) defined in U x R™ satisfying the
wave equation

0

0%u

o — 2
and the following three conditions

ou
(1) 5, P) =0 p=(2.y,2)€S5&t>0
(2) u(p,0) = folp) p€U
ou

(3) 5 0 =fp) peU

Apart from existence and uniqueness of a solution to this boundary value problem
for every pair fo, f1 one may also ask if the motion tends to zero as t — +oo inside
every bounded part of U. In other words if

m u ou
* . ou 75' du B
®) t£+oo |8x(p’t)| |5y(p’t) |9y(p,t)\—0

when p stays in a bounded subset of U.

The proof of these results rely upon a study of the Laplace operator A acting on
the space F. Here A is only densely defined on the Hilbert space L*(U) and in
addition unbounded. So one must employ the general theory created in Carleman’s

work from 1923. A crucial step towards the existence of a solution to the boundary
value problem is that when f € F then the Dirichlet integral

// (0202 + 0 f JOy? + 0% f 02°) dadydz < 400
U

Using this Carleman proved that —A is a densely defined self-adjoint operator on F
whose spectrum is confined to RT. The requested solution to the boundary value
problem for a given pair fy, f1 is given by

u(p) =

/OOO cosfxlt)dx/[]e(p,q,x)(fo)(q)czq+/00o Sm:/g“ /U O(p, ¢, M) (f1)(q) dg

where ©(p, g, \) is the spectral function attached to the self-adjoint operator —A.

Finally the proof of (*) employs spherical functions in R3 which reduces the proof
of the absolute continuity of the spectral function © to a result concerned with a
certain second order ODE on the real line which is presented on page 184-185 in
Carleman’s cited book.



Introduction.
Hyperbolic PDE-equations.

Introduction. We shall study boundary value problems for linear symmetric hy-
perbolic systems. The proof of our main result in Theorem 0.1 teaches the use-
fulness of regarding densely defined unbounded linear operators on Hilbert spaces.
The proof of Theorem 0.1 involves quite technical steps. For the reader’s conve-
nience we therefore include a self-contained proof in the restricted case for systems
in two variables and a single scalar function. Here the Hilbert space methods are
transparent, and at the same time the methods which are used in this restricted
situation are crucial, i.e. the general case is verbatim the same except for various
technical steps. Let us first recall some background about hyperbolic equations.

A classic result due to Hadamard gives a vanishing principle for well-posed boundary
value problems. With coordinates (z,s) = (x1,...,%,,s) in R we consider a
differential operator of the form

p—1

Q(z,5,00,05) = 0 + > _ Py(,5,0;) - 0"

v=0
where {P,(z, s,0,) are differential operators which are independent of 9, and co-
efficients in C°°(R™*!) which in general are complex-valued. The Cauchy problem
is well posed in Hadamard’s sense if there to every f(z) € C*°(R") exists a unique
C*°-function g(z, s) in the half-space {s > 0} such that Q(g)(z,s) =0 when s > 0
and on s = 0 one has

H((x,0)=0:0<v<p-1 : (g (x0)=f(x)

Under the hypothesis that Cauchy’s problem is well-posed one has:

Hadamard’s Theorem. If K is a compact subset in R"1 there exists a compact
set K in the x-space such that thre unique solution f whose Cauchy data on s =0
vanishes on k must vanish on K.

This result follows easily from Baire’s category theorem. The reader may consult
[D-S: Volume 2: page 1649-1652] for details.

Conditions for a PDE-operator to be hyperbolic is an extensive subject. The reader
may consult the text-book by Petrowsky for examples of hyperbolic, elliptic and
parabolic equations.

An ill-posed equation. Let n = 1 and consider the 2 X 2-matrices

= (5 ) oten=(3 1)

One seeks pairs of functions (f1(z, s), fo(x, s) which satisfy the first order system:

Oh_ . 0%, 0% _0h
ds ox 2 " 9s  ox

For any function C*°-function h of a single variable we see that
filz,s) =h(e® —s) :fa=0

solves the system above and here fi(x,0) = h(x). Consider the singleton set {0,1}
in R2. Then f(A) = 1 for all h-functions such that h(0) = 0. Fix a test-function
¢(t) on the real t-line where ¢(0) = 1 while ¢(¢) = 0 if |[¢| > 1/2. For every positive
integer N we take h(t) = ¢(Nt). If the Cauchy problem is well posed we get the
unique solution with f; = h(s — e®) and now

fi(,0) = p(e™N?)
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Since the support of ¢ is contained in [—1/2,1/2] we see that fi(x,0) # 0 entails
that
Nz
e <1/2 = < —N-log2
Since N can be arbitrary large this violates Hadamard’s vanishing principle and
hence the Cauchy problem for this system is not well-posed.
The wave operator.

With two real variables we consider the PDE-operator
0? 0?
" 0al 0a3
To each pair of functions g(z1), h(x1) one seeks f(x1,xs2) such that P(f) = 0 and
Cauchy’s boundary value conditions:

(i) f@1,0) = glan) 5 22 (01,0) = hian)

This boundary value problem corresponds to a first order system where one seeks
a pair f1(z1,x2) and fo(x1,z2) such that

(ii) oh _ _oh 0f _0f
or,  Oxa 2 Ox;  Oxs
with boundary values
(iii) fi(@1,0) =g(z1) : fa(21,0) = g'(z1) + h(21)
Exercise. Show that if f solves (i) then the boundary value system is solved by
the pair
. of | of
fi=f fo= 8x1+8:z:2

Show also that if fq, fo solves the system then f = f; solves the original equation.
Next, consider the matrices

(@Y oY

Then the system can be written in matrix form as

9 (h 9 (h S
— =A— +B
Oxq (f2> 0z2 (f2 f2
This clarifies that the orginal equation is a first order symmetric system to be

dsecribed in § xx,

Higher order systems. Consider systems with n+ 1 many variables z1,...,x,, s
where the variable s is distinguished. In a first order scalar system one seeks a
function f(x,s) such that

J

= of
Z a;(z,s) g + b(x, )
Jj=1

satisfying the boundary condition

f(xv 0) = g($)
where the g function is given in the n-dimensional z-space. In a vector-valued
system of order m > 2 the a-functions are replaced by m X m-matrices and b by

some m X m-matrix. Here one seeks a vector-valued function f = (f1,..., fim) such
that
o (N j=n o [N bil
* — | ... | = A; | . B
(*) e 2 Ailes) 5 + B(x.s)
fm Jj=1 fm fm
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The boundary conditions are expressed by an m-tuple of functions {g,(x)} such
that f,(z,0) = g,(x) hold for each v. The A-matrices and the B-matrix are in
general complex valued. A famous example is:

Maxwell’s equations of electrodynamics. Let n = m = 3 where {4,} are
constant 3 x 3-matrices

0 0 O 0 0 =1 0 —i 0
A1 = 0 0 —1 : A2 = 0 0 0 : Ag = 1 0 0
0 ¢+ 0 - 0 0 0 0 O

Moreover B = 0 and one seeks a vector-valued function f1, fo, f3 which satisfies (*)
and boundary value conditions f,(x,0) = g, (x)

The symmetric case.

The system (*) is symmetric if the matrices {A,(z,s)} are Hermitian for each
1 < v < n. No special condition is imposed on B, i.e. it can be an arbitrary
complex m X m-matrix. Notice that the A-matrices in Maxwell’s equations are
hermitian. The following result is due to Friedrichs:

0.1 Theorem. Assume that the A-maitrices are hermitian and that the matriz

elements of Ai,..., A, and B are bounded functions in R"T'. Then Cauchy’s
boundary value problem has a unique C®solution f = (f1,..., fm) for every m
tuple g = (g1, ..., 9m) of C*°-functions in the n-dimensional x-space.

Remark. The example after Hadamard’s result above shows that this boundedness
is needed in order that the Cauchy problem is well-posed.

0.2 On the uniqueness. Let us illustrate why the condition that the A-matrices
are hermitian gives a certain vanishing principle. Let £ be a bounded open set
in the n-dimensional z-space and —s, < s < s, is some open s-interval. Let
{A;(x,s)} be Hermitian m x m-matrices whose elements as well as their first order
partial derivatives are bounded C'*°-functions in Q X (—sx, s,). Similarly, assume
that B(x, s) is an m X m-matrix whose elements are bounded C°°—-functions in (2.
Let f = (f1,..., fm) be a vector-valued solution to the system (*) where

(0.2.1) f(,00)=0 :2€Q

and assume there is a compact subset K of Q and f = 0 in (Q\ K) X (=S84, 84).
Then (0.2.1) entails that f = 0 in X (=S, s«). To prove this we introduce the
function

J(s) = / (@, 9) da

where |f|?> =Y f, - f,. Taking the derivative with respect to s we get

Jm

dJ _
(i) =2-Re E 6s(fz/)fud
ds j—l/ !

Since f satisfies (*) we have

S [0t fo= Y A0 + (B

j=1

Since f,(x,s) vanish when 2 € Q \ K Stokes theorem gives

(i) 0= [ 0,0A ) de 1<i<n

Rules for differentiation identifies for each j the integrand with

AL (F), )4 (A0, (1), F) + (A5 (), B, (1))

Oz
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Since A; is hermitian we have

(iii) Re (A; (0, (f), f) = Re (A;(f), 0, (f))
Hence (ii) and (iii) give

1 0A;
e [ (450, s = =5 [(GE0). s

Introduce the matrix-valued function

— 0A;
div(A) = -7
=X
From the above we get the equation
dJ 1
(iv) T = e [ 5@, )+ (B de

By assumption the elements of the matrices {A,} and of B as well as {g?j }. are

bounded C*°-functions. Hence (iv) and the Cauchy-Schwarz inequality gives a
constant C such that the absolute value in the right hand side in (iv) is estimated
above by

C’~/\f(x,s)|2dx D —se<s<s”
It follows that
|d—J\<C J(s) :0<s<s”
ds' — o

At the same time (i) means that J(0) = 0. Hence Picard’s uniquneness theorem to
be exposed in § XX implies that if J(s) =0 when —s, < s < sy, i.e.

(0.3.1) J(x,8) =0 :(z,8) € {|Jz| <r} x]0,s"]

/ |f(z,8)]?dz =0
Q

and {f,} are continuous functions they vanish identically in  x (—s., s«) as re-
quested.

So we have

0.3 A semi-global uniqueness result. Let {4;(z,s)} be Hermitian matrices
defined in the whole of R"*! whose elements are bounded C*°-functions. Similarly
B(z,s) is defined in the whole of R"*!.

0.3.1 Proposition. There ezists a positive number p which only depends on the
matrices above such that if R > 0 and a vector valued C-function f(x, s) is defined
in the ball {|x|? + s? < R?} where it is a solution to (*) and satisfies

f(z,00)=0 :|z|<R
Then it follows that
f(z,s)=0 :2?+s><p-R?
Proof. Choose a test-function t(x) in R™ such that ¢y = 1 when |z] < 1 and

vanishes when |z| > 3/2 while the values stay in [0, 1]. Set

(i) p max sup [14; (@, )|
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where the supremum is taken over all (z, s) in R"*! and we have taken the Hibert-
Schmidt norms of the A-matrices. With € > 0 we set ¢(x) = ¢(e- x) and construct
the following m x m-matrices

Ha,s) = 3—(‘)( )- Ay(a,s)

—

Aj(z,5) = o(x) - Aj(x, ¢($

NI
w H H
=

B(x,s) = ¢(x) - B(x, d(x)s)
Put
F(z,s) = f(z,¢(x)s)
Since 0 < ¢(z) < 1 hold for all x it follows that F is defined in {|z|? + s? < R?}
and the construction of ¢ gives

(ii) F(x,8) = f(z,8) x| <e!

Rules for differentiation show that F satisfies the system
(E — H(z,s))0 Z (F)+ B(z,s)F : 2®+ s> < R

where E is the identity operator.

A choice of e. The partial derivatives of the test-function v are bounded by some
constant C' and we set

. 1
2 -Cu
It follows that
0¢ 1
|8:U |8x]| - 2nu
By (i) this entails that
(iii) sup ||H (x, s]| < %

(z:5)

Next, the support of ¢ is contained in the ball {|z| < 5% so the vanishing in (xx)
entails that F'(z,s) = 0 when

gor = <|z|] <R
By the condition (xx) R > R, entails that

5o =3nCu=R./2< R/2
€

So R > R, implies that

) Fua,s)=0 : % <ol < VRE =2

Now (iv) implies that the hermitian matrix E — H(z, s) is invertible and by (iii) F'
satisfies system as in (0.2). The vanishing in (v) therefore implies that F.(z,s) =0
hold when 2?2 + s* < R2.

FINISH



§ 1: Symmetric hyperbolic systems.

The main result in this section appears in Theorem 1.xx. Before it can be announced
we need several preliminaries. We will study periodic functions. Let n be a positive
integer and consider the (n + 1)-dimensional torus 7"*! with variables (x,s) =
(1,...,2n,s). Denote by C°(T™*!) the space of complex-valued C*°-functions
which are 27-periodic in all the variables. Passing to the L2-norm the closure of
these functions give the complex Hilbert space L?(T™*!) whose vectors are complex-
valued functions f(z,s) which are square integrable on the (n + 1)-dimensional
2m-periodic torus. Next, to each multi-index o = (a, . .., @,41) one associates the
differential operator
0% =901 9o - gon

If k is a positive integer an inner product is defined on C°°(T"*+1) by

(11) =3 / 8°(f) - 9°(g) dads

|| <k

Passing to the closure we obtain a Hibert space denoted by H*) whose elements
are L?-functions g(x,s) such that the distribution derivatives 9%(g) are square
integrable when |a| < k. From § XX we recall:

The Fourier-Sobolev Lemma. If k > zz every g € H® is a periodic function
of class C' at least on T,

More generally, if m > 2 we consider vector-valued functions f = (f1,..., fm) and
get the Hilbert space H®*) [m] whose vectors are m-~tuples of functions in H (%) With
f=(1,...,fm)and g = (g1,...,9m) the inner product is defined as in (1,1):

(1.2) o= Y. 3 [ 0°(5) - 9Ta) dads

v=1 |a|<k
With m > 1 we consider a matrix-valued functions {4;(z,s)...A,(z,s)} where
each A;(z,s) is an m x m-matrix whose elements are periodic complex-valued C*°-
functions on T"*1. Let B(x, s) be another matrix-valued functions whose elements
also are periodic and of class C'*°. Set

j=n
(1.3) P(z,s,03,05) = Ep, - 05 — Z Aj(x,5) - 0p; + Bz, s)
j=1

This differential operator acts on vector-valued functions f. Identifying the space
of vector-valued and periodic C°°-functions with a subspace of H*)[m] one has the
linear map
P: f— P(f)
from C°°[m] into H®[m]. Keeping k and m fixed we denote this linear map by
Ty. Tt means that Tj is densely defined linear operator on H®)[m] whose domain
of definition D(Ty) = C’[Oom] We have also the densely defined linear operator T}
where
D(Tv) = {f € HP[m]: P(f) € H"[m]}

By the general result in § XX the graph of 7} taken in the product H*)[m]x H*)[m]
is closed. Next, since Ty is densely defined there exists the adjoint operator 7j;. By

definition D(T}) consists of vectors g € H*)[m] for which there exists a constant
C(g) such that

(To(f), 9 < C)Ifll : f € D(To)

and for such g-vectors we get a unique vector Tj(g) such that



1.4 The case when {4} are hermitian. An mxm-matrix A(z, s) = {a, . (z,s)}
whose elements are periodic C*°-functions is hermitian if

ap(x,s) = ayu(x,s)
hold for all pairs 1 < v, u < m.

1.5 Proposition. If Ay,..., A, are hermitian it follows that D(T) = D(T1) and
there exists a bounded and self-adjoint linear operator B on H*) [m] such that

(*) Ts +Th =B

Before we enter the proof we need some constructions. Repeated use of Stokes
Theorem gives the equality below for every pair of functions f, g in C*°(T™*!) and
every multi-index a:

(vl [ o) g duds = [ 0°(s)-9°Cg) dods
More generally, let Q = Q(z, s, 0,,0s) be a differential operator. With @ given as

Q=Y talws) 0"

where q, € C°°(T™"1) one gets the differential operator

Q" =) (-1)*0%0qa(,s)

where 0% o g, (z, s) is the product taken in the ring of differential operators with
{qa(x, )} regarded as zero-order differential operators. Stokes theorem gives

(1.6) [t gasis= [ 10 (g)dads
Let us write out
Q" = Zra(x,s) -0°
We take the complex conjugates of the r-functions and put
Q =) Falw,s)- 0"

Using the hermitian inner product on L?(T"*1) we can express (1.6) by the equation

(1.7) (Q(f),9) = {f,Q*(9))

1.8 The I'-operator. Let us introduce the differential operator
L= (-ll.o>
lo| <k

If m > 2 we denote by I',,, the operator given by the diagonal mx-matrix where
whose diagonal elements are I'. Stokes theorem entails that if f and ¢ is a pair of
vector-valued functions in C°°(T"*!) then

(1.9) . ) = / T',(f) - gdeds

1.10 Exercise. Both sides in (1.9 ) are defined under the relaxed condition that
g € H®[m] while f € C*[m]. Show by continuity that (1.9) remains valid for
such pairs.

Next, in the algebra of m x m-matrices whose elements are differential operators
we consider the product I', - P.
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Exercise. Show that when P is as in (1.3) where {A4;} are hermitian then there
exists an m X m-matrix () whose elements are differential operators of order < 2k
such that the following hold in the algebra above:

(1.11) I'moP+P*ol,,=Q

Now (xx) and (xx) give the equation

(To(F)rg) ) = / Q(f) - gdads - / P70 T,(f) - g dads

Apply (xx) to the pair of vector-valued functions I';,(f) and g and the differential
operator P*. Notice that the complex conjugate of the adjoint (P*)* is equal to
P and from this the reader can check form the above that the last term in (xx) is
equal to

- / Lon(f) - Plg) dads
Applying (xx) this entails that the following hold for each pair f, g in C°°(T"+1).

To(f).9) 0 = — (. Tole)) ) + / Q(f) - gduds

Exercise. Since the differential operator @) has degree < 2k the reader should
verify the existence a bounded linear operator By on the Hilbert space H®)[m]
such that

/ Q(f) - gdads = (Bu(f), 9w

hold when f is a vector-valued C-function and g € H®)[m]. In particular we can
take a pair f,g in C'°° and notice that

(f,9) = (To(f): 9) ) + (To(9), f)xy

is symmtric in f and ¢g. Form this the reader can conclude that the bounded
operator By is self-adjoint.
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Proof of Proposition 1.5

Assume first that g € D(Tp) which gives
(To(f); 9wy = {15 (9)) )

Here g € H®) and regarding g as a distribution we get the vector-valued distribu-
tion P(g). Now xx hold for all vector-valued periodic C*°-functions f. From the
above the trinsgle inequality and Cauchy-Schwarz gives

[ P(Ng) | < (llglle + 11Br(@)]]k) - [1F1]x

Since this inequslity hold for all f in the dense subspace C*°[m] it follows that
the distribution P(f)g belongs to H*)[m] so by the construction of T} one has
g € D(T1). Hence one has the inclusion

() D(T:) € DT;)
Conveersley, if g € D(T1) the absolute value in the right hand side of (xx) is
majorized by

T2 (@)l + 11Bre(a)llx) - [ [k

The construction of T entails that g € D(T] and hence equality holds in (i) Finally
it is clear that this equality and (xxx) gives the operator equation

TJ =-T +BZ

Since we already proved that By is self-adjoint the proof of Proposition 1.5 is fin-
ished.

§ 2. A study of T

In § 1 we constructed the densely defined and closed operator Ty on H*)[m)].
Consider some f € C*°[m] and a real number A\. Now

T + A7 = 5By =

T ()~ 5B g+ W21y A (T ()= 5 BE ), Do+ AU T ()= 3 BE (Db
Since f is C we have T1(f) = To(f) and since B; is self-adjoint it follows that
the sum of the last two terms above becomes
() A (ATE) ~ SBE s + (. TolF) — 3B )aw)
The operator equation in Proposition 1.5 gives

To(f) + T5(f) = By,

which proves that (i) is zero. Hence we have proved the equality

(1) B+ A = 3By = IIT() — 3BE(HIR + XIS,

Since ||T1(f) — 2B;(f)ll(x) = 0 the triangle inequality gives the inequality below
for every real number A

(2.2) NTL() + A Fllwy = A 1wy = % ABe(Hllwy = f € Cpee[m]

Above the real number A\ can be both positive or negative and the inequality is of
interest when |A| exceeds the operator norm of %. We have for example

A
(23) LA + A Fllw = 2l AT = 18]
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2.4 The operator ﬁ. Recall that T} is closed and extends Ty in the sense that
its graph contains that of Tp. Taking the closure of I'(Tj) we get the densely

defined and closed operator Ty whose graph is contained in I'(Ty). When f are
C°-functions we have To(f) = To(f) = Ti(f) so (2.3) holds with T replaced by
Ty. Since C*[m] is dense in H*)[m] the inequality below holds for every g € D(Tp):

(2.4) 1To(g) + - gllay = 5 - lllgllay = M= 1IBEl

Since T is closed it follows that the range of Tp (9)+A-E is closed when |\ > ||B;]|.

2.5 Density of the range. From now on [A] > [|B;|]- Recall from the general
material in § XX that the adjoint of To is equal to T§. If the range of TO( )+ A E

is not dense there exists 0 # g € H*®)[m] such that
(To(F)+ A frg)uy =0 : feC™m]
Here 1/“\0( f) = P(f) for C*°-functions and (x) gives
KPS, Dl < A1 9) v
It follows that g € D(Tj) so (i) in gives
This hold for all f € C*°[m] and since A is real we get hence
T5(9) +A-9=0
Now the operator equation in Proposition XX gives
Ti(9) = A- g+ Bi(g)

At this stage we assume that k is so large that the Sobolev inequslity entails that
H®)[m] consists of vector-valued functions of class C* at least which in addition
are peridic on the whole torus 7!, Now (xx) means that

P(g) =X g+ Bi(g)
From this we shall prove that g = 0 if the real number A is sufficiently large. To
attin this we consider the function

GGs) = [ lata o) do

It follows that i
— =2-Re 0s(9)(z, 8) - g(x, s) dz
ds Tn

Then conclude...

2.6 Conclusive results. If k > xzxx we have proved that there exists a positive
constant py such that if |A| > p; then the densely defined operator A - E — 1/“\0 is
surjective and at the same time one has the inequality XX. This means that there
exists the resolvent operator R(\;Tp) for such real . Keeping k fixed we get the
closed spectrum of ﬁ which by the general result in § xx is a closed subset of
C. Since ﬁ is an unbounded operator one cannot expect that the spectrum is
compact. Moreover in contrast to the more favourable cases for elliptic equations
the resolvent operators are in general not compact.
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§ 1.Differential inequalities.

Let M(s) be a non-negative real-valued continuous function on a closed interval
[0,s*]. To each 0 < s < s* we set

M As)— M
di,(s) = limsup (s + As) ()
As—0 As
where As are positive during the limit.

1.1 Proposition. If there exists a real number B such that di,(s) < B - M(s)
holds in [0, s*) then
M(s) < M(0)-eB* :0<s<s*

The proof of this result is left as an exercise to the reader. The hint is to consider
the function N(s) = M(s)e™ 5 and show that d}(s) < 0 for all s. Notice that B
is an arbitrary real number, i.e. it may also be < 0.

More generally, let k(s) be some non-decreasing continuous function with £(0) = 0.
suppose that

di(s) < B-M(s)+k(s) :0<s<s"
Now the reader may verify that

(1.1.1) M(s) < M(0) - P + /S k(t) dt
0

Next, consider a product set O = [0, 7] x [0, s*] where 0 < 2 < 7 and consider
functions g(x, s) which are periodic in z, i.e.

g(O,S):g(ﬂ,S) 0<s<s"

A Cl-function g is periodic C'-function when g and the partial derivatives 0,(g)
and 9,(g) are periodic in x.

1.2 Theorem. Let g be a C'-function which satisfies the PDE-equation
(*) 05(9)(w,8) =a-0:(9) +b-g
in O where a and b are x-periodic real-valued continuous functions. Set

Mg (s) = max |g(x,s)| : B =max |b(z,s)]

Then one has the inequality
My(s) < My(0) - €
Proof. Consider some 0 < s < s* and let € > 0. Put
m*(s) ={x: g(z,s) = My(s)}
The continuity of g entials that the function M (s) is continuous and the sets m*(s)

are compact. If z* € m*(s) the periodicity of the C''-function x — g(z, s) entails
that 9, (z*,s) = 0 and (*) gives

0s(g)(z,s) = b(z, s)g(x,s) :xze€m*(s)
Next, let € > 0. We find an open neighborhood U of m*(s) such that
|0:(g9)(z,8)| <e :xzeU
Now there exists § > 0 such that
lg(z,8)]| < M(s) =26 :xze(0,m]\U

Continuity gives some p > 0 such that if 0 < As < p then the inequalities below
hold:

(i) g(z,s+As)| <M(s)—d :xel0,n]\U : M(s+As)>M(s)—9
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(ii) M(s+As) < M(s)+e :|0:(9)(z,s+As)| <2 :xzem™(s)

If 0 < As < p we see that (i) gives x € m*(s + As) C U and for such z-values
Rolle’s mean-value theorem and the PDe-equation give

My(z, s+ As) — g(z,s) = As - 0s(g(x, s + 60 - As) =
(iii) As - [a(z, s+ As) - 0,(g) (@ + 0 - As) + b(z, s + As) - g(z, s+ 6 - As)]

Let A be the maximum norm of |a(x, s)| taken over OJ. Since |g(z,s)| < M(s) the
triangle inequality and (iii) give

M(s+ As) < M(s)+ As[-A-2e+ B - M(s+0-As)]
Since the function s — M(s) is continuous it follows that
M As)— M
lim sup (s + &s) (5)
As—0 As
Above € can be arbitrary small and hence

dt(s) < B-M(s)

Then Proposition 1.1 gives (*) in the theorem.

< A-2e+ BM(s)

1.3 Higher order derivatives. Supose that g is a C2-function satisfying the PDE-
equation (*) where a and b have a continuous partial z-derivative. Set h = 9,(g).
Since the differential operators 0, and 95 commute we obtain

(1.3.1) Bs(h) = Du(a-h) + (b~ g) = a- dgh + (9u(a) + b)h + Dy (b)g

L2-inequalities. Let g(z,s) be a C'-function satisfying (*) in Theorem 1.2. Set

J,(s) = / " Pas)de

Diffeernation with respect to s and (*) give

%:2/ (ads(g) - 0g+b-g)dx
dS 0

By periodicity [, 8;(ag?)dz = 0 which entials that the right hand side becomes

/ (=0x(a) +b) - g° dax
0
So if K is the maximum norm of —d;(a) + b over O it follows that

%(s) < K- J(s)

Hence Theorem xx gives

/92($,8)d.’£§€K$~/ ¢*(x,0)dr :0<s<s*
0 0

Integration with respect to s entails that

// gz(x,s)ddeS/ eKSdS-/ g*(z,0) dx
| 0 0

This, the L2-integral of x — g(x,0) majorizes both the area integral and each slice
integral when 0 < s < s*.

Higher order derivatives. Same procedure gives majorisations of these integrals
when higher order z-derivatives are inserted. Simialrly we regard PDE-equations
when g is replaced by h = 95(g) and so on.
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§ 2. A boundary value equation

Let a(z,s) and b(z, s) be real-valued C*°-functions on [0 which are periodic in z.
Consider the PDE-operator

P=0,—a-0,—0b

Given a periodic C'-function f(x) on [0, 7] we seek a C'-function g(z, s) in O which
satisfies P(g) = 0 and the initial condition

9(z,0) = f(z)
From § xx we see that g is unique if it exists. There remains to prove existence.
2.1 Theorem. For every positive integer p and each periodic f € CP[0, | there
exists a unique periodic g € CP(0) where P(g) =0 and g(x,0) = f(x).

The proof requires several steps and employs Hilbert space methods. To each non-
negtive integer k we get the complex Hilbert space H*) from § xx, i.e. we complete
the space of complex-valued C*-functions on [0 which are periodic with respect to
x. Sobolev’s inequality shows that if & > 2 then every function in #*) is continuous
and more generally one has the inclusion

HE® cok2O) k>3
Moreover, the first order PDE-operator P maps H**1) into H*). From now on we
only consider k-integers which are > 2. On the periodic a-interval [0, 7] we get the
Hilbert spaces H*[0, 7]. The result in § xx shows that if f(z) € H*[0, 7] is such that
there exists some F(z,s) € H*) such that P(F) =0 and F(x,0) = f(z) then F is

unique and there exists a constant C' which only depends upon the C°*°-functions
a and b such that

(i) Ek < C- [ £]lx

where we have taken norms in #*) #*[0, 7). Moreover C' can be chosen such that
the function f*(x) = F(z, s*) satisfies

1[Ik < C - [ flln&etagii
Let Dy (P) be the set of all f(z) € H*[0, 7] for which F(z,s) above exists.
2.2 Density Lemma. If Dy(P) is dense in H*[0, 7] then it is equal to H*[0, ).

Proof. Let f be in H*[0, 7] and by density we find a sequence {f,,} in Dy (P) where
[|fn — fllx = 0. By (i) we have

Hence {F,} is a Cauchy sequence in the Hilbert space H*) and converges to a
limit F'. Since each P(F,) = 0 it follows that P(F) = 0 and it is clear that the
continuous boundary value function F(x,0) = f(x) which gives f € Dy(P).

2.3 The operators Sy. To each f € Dy(P) we get F(x, ) in H*[0, 7] and set
Sk(f) = F(x, )
So the domain of definition of Sy is Dy(P) and (ii) gives a constant M}, such that
ISk(NII < My - || fllx : f € Dr(P)

2.4 Proposition. For each k there exists some a(k) > 0 such that the range of
the operator E — - Sy, contains all periodic C*-functions on [0, .

We prove Propostion 2.4 in § XXX. Let us now show that it gives the density of
Dk (P). Namely, if Dy (P) fails to be dense there exists a non-zero fo € Dy (P) which
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is L to Dg(P) and normalised so that ||fo||x = 1. In Proposition 2.4 we choose
0 < o < a(k) so small that

. 1
(1) a<m

Since periodic C*°-functions are dense in H*[0, 7] it follows from Proposition 2.4
that there exists a sequence {h, } in Dg(P) such that

(ii) li_>m [|hn, —a - Si(hyn) — follk = 0 =

(lll) <fo7 f0> =1=Ilim <f0, hn — Q- Sk(hn» = —«-lim <f0, Sk(hn)>
Next, the triangle inequality and (ii) give

(iv) |l <14 [[(Sk(hn)ll <14+1/2 - [[hn]] = [[halle < 2

Finally, by the Cauchy-Schwarz inequality the absolute value in the right hand side
of (iii) is majorized by

a-M,-2<1
which contradicts (iii). Hence the orthogonal complement of Dy (P) is zero which
proves the requested density and by the above we get the following conclusive result:

2.5 Theorem. If k > 2 and f(z) € H*[0,7] there exists a unique F(x,s) € H*)
such that F(z,0) = f(z).
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§ 3. A class of inhomogeneous PDE-equations.
Before Theorem 3.1 is announced we introduce some notations. Put
O={0<z<m}x{0<s< 27}
We shall consider doubly periodic functions g(z, s) on 0J, i.e.

g(m,5) = g(0,5) : g(x,0) = g(z,2m)
If k > 0 we denote by C*(0J) the space of k-times doubly-periodic continuously
differentiable functions. If g € C*(0) we set

oitv
lollte) = 3 [ |5mrges o) dads
7,V
with the double sum extended pairs j+v < k. This gives the complex Hilbert space
H*) after a completion of C*(0J) with respect to the norm above. Recall from § xx
that every function g € H(® is automatically continuous and doubly periodic on
the closed square. More generally, if & > 3 each g € H*) has continuous and doubly
periodic derivatives up to order k — 2. Next, consider a first order PDE-operator

P =0; —a(x,s)0y — b(x,s)
where a and b are real-valued doubly periodic C*°-functions. It is clear that P
maps HE) into HETD for every k > 2. Keeping k£ > 2 fixed we set
Du(P)={g e HW : P(g) e H"}
Since C°°(0) is dense in H*) this yields for each k > 2 a densely defined operator
(i) P: Dy(P) — H®
In H*) x H*) we get the graph

Iy ={(g.P(9): g € D(P)}
Since P is a differential operator the general result in § xx entails that 'y is a
closed subspace so the densely defined operator in (i) has a closed graph. Thus.
for each k£ > 2 we have a densely defined linear operator and closed operator on
H*) denoted by Ti. So its domain of definition D(Ty) = Dy. Next, we consider
the graph

e ={(g,P(g9): g € C=(0)}
This is a subspace of 'y and the closure 7, yields the graph of another densely
defined linear operator denoted by 7). We remark that the inclusion

D(Ty) € D(Tk)
in general is strict. Let E be the identity operator. With these notations one has

3.1 Theorem. For each integer k > 2 there exists a positive real number p(k) such
that Ty, — X\ - E is surjective on H*) for every X\ > p(k) and its kernel is zero.

3.2 Remark. The result is remarkable since T} is only densely defined while
Theorem 3.1 asserts that

Ty — \-E: Dy, — HW®
is bijective. Hence the closed and densely defined operator T} has a non-empty
resolvent set so by the general results in §§ x there exists resolvent operators Ry (\)
defined outside the closed specrum o(T}) where the composed operators

(AN E—-Ty)oRy(\) =F
for all A outside o(T}). The determination of these spectra is unclear and most

likely one needs extensive numerical studies to grasp these closed sets which in
addition depend upon k.
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Next,R recall from § xx that the closed and densely defined operator Tj has an
adjoint 7}'. A crucial step in the proof of Theorem 3.1 is the following:

3.3 Proposition. One has the equality D(T}) = Dy, and there exists a bounded
self-adjoint operator By, on H*) such that

Ty = —Tk + By
Proof of Proposition 3.3

Keeping k > 2 fixed we set H = H*). For each pair g, f in H their inner product
is defined by

oitv f Toitrg g
Z / oxI 5‘5” z,) " 0xidsv (2, 5) duds
where the sum is taken when j + v < k. Introduce the differential operator

D= 3 (prod o

J+v<k
Partial integration gives
() ()= [ - T@dods = [ T(7)-gdeds : fgeC
Now we consider the operator P = Js — a - 0, — b and get
(i) (P(1).0) = [ P)-Tla)dods

Partial integration identifies (ii) with

(iii) / fe( (a) —a-0, —b)oT(g) dxds
1.1 Exercise. In (iii) appears the composed differential operator
0s —Op(a) —a-0, —b)oT

Show that in the ring of differential operators with C'°°-coefficients this differential
operator can be written in the form

Lo (ds —a- 0y —b)+Q(x,s,0x,05)

where @ is a differential of order < 2k with coefficients in C*°(0J). Conclude from
the above that

(11.1) (Pf.g) = —(f,Pg) + /D f - Q(g) dads

1.2 Exercise. With @) as above we have a bilinear form which sends a pair f, g in

C>(0O) to
(1.2.1) /D f-Q(g) dxds

Use partial integration and the Cauchy-Schwarz inequelity to show that there exists
a conatant C' which depends on @ only such that the absolute value of (1.2.1) is
majorized by Cq-||f||x-||g||x- Conclude that there exists a bounded linear operator
By, on H such that

(1.2.2) (f, Bi(g /f Q(g) dads

1.3 Proof that Bj is self-adjoint From the above we have



19

Keeping f in C°°(0) we notice that (f, Bi(g)) is defined for every g € H. From
this the reader can check that (1.3.1) remains valid when g belongs to D(7) which
means that

Moreover, when both f and g belong to C°°(0) we can reverse their positions in
(*) which gives

(1.3.3) (Pg, ) = (g, Pf) + (9, Bx([))
Since a and b are real-valued it is clear that

(1.3.4) (Pg, f) =—(f,Pg)

It follows that

Since this hold for all pairs of C°°-functions and By is a bounded linear operator
on H the density of C°°(0J) entails that By is a bounded self-adjoint operator on
H.

1.4 The equality D(T}) = Dj. The density of C°°(0) in H entails that a function
g € H belongs to D(T}) if and only if there exists a constant C such that

(1.4.1) (Phal <C-Ifll = fec™(D)
Since By, is a bounded operator, (1.3.2) gives the inclusion
(1.3.3) Dy C D(Ty)

To prove the opposite inclusion we use that the I'-operator is elliptic. If g € D(T})
we have from (i) in § 1.1:

(Pf.g) = (/. T{g) = / I(f) Ti(g)deds - f € C%(0)
Similarly
(/. Bu()) = / I(f) - Bilg) duds

Treating Ty (g) as a distribution the equation (1.3.2) entails that the elliptic operator
I’ annihilates Ty (g) — Tx(g) + Bx(g). Since both T} (g) and By (g) belong to #H this
implies by the general result in § xx that Tg(g) belongs to H which proves the
requested equality (1.4) and at the same time the operator equation

(1.4.2) Ty = —Tk(g) + By

1.5 An inequality. Let f € C*°(0) and A is a positive real number. Then

1) — 5 Beh) ~ A FII? =

1) — 3 BR(DIP + 22 72 = ATR() = 5 Ba(F), )+ (£ Tolf) — 5 Be(h)

The last term is A times

(i) (Te(f), £+ (f Te(f)) = {f, Bef)

where we used that Bj is symmetric. Now Ty = 7Tj holds on C*°(0) and the
definition of adjoint operators give

(i) (Te(f): ) = (£, T%)

Then (1.4.2 ) implies that (i) is zero and hence we have proved

) ITh(F) — 5 Ba(H) = A+ 77 = 22 I+ 1T(F) — BRI = 2|1
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From (iii) and the triangle inequality for norms we obtain

. 1

(iv) 16 (f) = A= flF 2 A NI =SB

Now By, has a finite operator norm and if A > || Bg|| we see that
A

v) 1T~ 211 5 -]

Finally, since C*°(0) is dense in D(T}) it is clear that (v) gives

(15.1) 1) ~A-fll = 5 WAl 7 e DT

§ 2. Proof of Theorem 3.1

Suppose we have found some A* > 1 -||B|| such that T} — X has a dense range in H
for every A > A*. If this is so we fix A > \* and take some g € H. The hypothesis
gives a sequence {f,, € D(T}) such that

In particular {||T%(fn) — A- fn} is a Cauchy sequence in H and (1.5.x ) implies that
{fn} is a Cacuhy sequence in the Hilbert space H and hence converges to a limit
f«. Since the operator T}, is closed we conclude that f, € D(T) and we get the
equality

T(f) ~A-fo=g
Finally, since the graph of T is contained in 77 we have the requested equation

P(f) =M=y

Thus finishes the proof of Theorem 1.6 provided we have established the existence
of A\, above

2.1 Density of the range. By the construction of adjoint operators the range of
Ty, — A - E fails to be dense if and ony if T}7 — X has a non-zero kernel. So assume
that

(i) T(f)=A-f=0
for some f € D(T}) which is not identically zero. Notice that T}, sends real-vadlued

functions into real-valued functions. So above we can assume that f is real-valued
and also assume that f is normalised so that

/ f?(z,s)drds = 1

O

By (**) the equation (xx) gives

(i) Te(f)+X-f=B(f)=0

Let us then consider the function
V(s) :/ f2(x,8)dx
0
Recall from § xx that the H-function f is of class C'. Now
Ly [T, of
(iii) §~V(s)—/0 f~88dx
By (ii) we have

of _
Js

a2 b p=B() A
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Hence the right hand side in (iii) becomes

A V(s) / " fas) B(f)(@, ) de + + / " a(e,s) - flas)-

By partial integration the last term is equal to

1 (" 9
—5/0 0z (a)(x,s) - f*(x,s)dx

Set 1
M=s- (e |0z (a)(, 5)|
Then we get the inequality

3 V) S OE=X) V) + [ Jle5) Bl e s) da

0
Set .
B(5) = [ 1) 1B, 5)| do
0

Since the L2-norm of f is one the Cauchy-Schwarz inequality gives

/ﬂ D(s)ds < \//D |B(f)(x, 5)|* dwds < [[B(f)]]

—T

where the last equality follows since the squared integral of B(f) is majorized by
its squared norm in H. When A > M it follows from (xx) that

1
A=M)-V(s)+ 5 V'(s) < ®(s)
Next, since f is double periodic we have V(—n) = V() so after an integration (xx)
gives

(- [V = [ e < B

By (xx) we have [” V(s)ds = 1 which gives a contradiction if A\ > M + || B(f)]|.
Remark. Set
r = min |[B()|

with the minimum taken over funtions f € D(T}) whose L?—integral is normalised
by (xx). The proof has shown that the kernel of Tjj — A is zero for all A > M + 7.
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A special solution.
Let f(x) be a periodic C*°-function on [0, 7]. Put
0
Q=al(x,s)- p + b(z, s)
Let n(s) be a C*°-function of s and m a postive integer If A > 0 is a real number.

we set

j=m

(i) gx(x,s) =n(s) - f+n(s

(Q—=N(f) :0<s<m

We choose 1 to be a real-valued C’°°—funct10n such that n(s) = 0 when s < 1/4
and -1 if s > 1/2. Hence gx(z,s) = 0 in (i) when 0 < s < 1/4 and we extend the
function to [-7 < s < 7 where gx(z,—s) = ga(x,s) if 0 < s < 7. So now g, is
m-periodic with respect to s and vanishes when |s| < 1/4.

Exercise. If 1/2 < s < 7 we have n(s) = 1. Use (i) to show that

(P4 M) = 22— (@~ no) = B (g nymr

hold when 1/2 < s < 7. At the same time gx(s) = 0 when 0 < s < 1/4. So
(P + M)(g) is a function whose derivatives with respect to s vasnish up to order
m at s = 0 and s = 7 and is therefore doubly periodic of class C"™ in 0. Now
Theorem 2.2 applies. For a given k > 2 we choose a sufficently large m and find
h(zx,s) so that

Ph)+A-h=(P+MN(g\)(x,s)
where h is s-periodic, i.e.

h(z,0) = h(x, )

Notice also that gy(z,0) = 0 while g)(z,7) = f(z). Set

g () = h — gx
Then P(g.) + X g« =0 and

g« (,0) — g*(az,w) = f(z)

Above we started with the C°-function. Given k > 2 we can take m sufficiently
large during the constructions above so that g, belongs to H(k)(lj).



