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Abstract

In this thesis we investigate the Fredholm conditions and the index theory of symmetrizable
hyperbolic systems 0;u = Lu with nonlocal boundary conditions stated on a finite time subset
Mip,1) = X x [0,1] of a globally hyperbolic manifold M = ¥ x R with boundary components
Yo = X x {0} and ¥; = ¥ x {1}. For two pseudodifferential projections Py o, P— 1 and two
zero order pseudodifferential matrices Ag, A1 we consider dyu = Lu together with the conditions
Py 0 Agu(0) = go and P_ 1 Aju(l) = g1 for functions go € Im(Py) and g1 € Im(P-7). We
derive the general Fredholm conditions for the problem and show that for the cases where the
conjugation of P_y =: 1 — P, o by the solution operator ®; to dyu = Lu is equal to P_; (up
to a compact error), the Fredholm conditions can be reduced to the ellipticity of a matrix of
G-operators, as long as some assumptions about the group G and the operator L are made. We
also apply the results from the abstract Fredholm theory we achieved to the case of the wave
equation 9?u = —Awu with a time dependent Laplacian A subject to the boundary conditions
Agu(0) + Bo(0u)(0) = go € L*(Xg), and Aju(l) + By (dpu)(1) = g1 € L*(X1) (with zero order
operators By,; and first order operators Ay /1). The Fredholm conditions for this application of
the abstract theory are expressed explicitly as conditions on the operators Aj/; and By and
some special cases are considered, where the index formulas of the problem are given by the
Fedosov index formula or some simple trace formula.

Keywords: Fredholm Theory, Index Theory, Fourier Integral Operators, Hyperbolic Systems

Zusammenfassung

In dieser Arbeit untersuchen wir die Fredholm-Bedingungen und die Indextheorie von sym-
metrisierbaren hyperbolischen Systemen J,u = Lu mit nichtlokalen Randbedingungen. Das
Problem wird auf der Teilmenge My, = X x [0,1] einer global hyperbolischen Raumzeit
M = ¥ xR mit Randkomponenten ¥y = ¥ x {0} und ¥; = ¥ x {1} betrachtet. Fiir zwei pseudo-
differentielle Projektionen P, ¢, P— ; und zwei pseudodifferentielle Matrizen Ay, A; der Ordnung
0 betrachten wir die Gleichung d;u = Lu zusammen mit den Bedingungen P, ¢ Aou(0) = go und
P_1A1u(l) = ¢p fiir Funktionen gp € Im(Py o) und g1 € Im(P- ;). Wir leiten die allgemeinen
Fredholmbedingungen fiir das Problem her und zeigen, dass fiir den Fall, bei dem die Konju-
gation von P_y =: 1 — P} o mit dem Loésungsoperator ®; zu dyu = Lu bis auf eine kompakte
Storung mit P_ ; iibereinstimmt, die Fredholmbedingungen auf die Elliptizitdt einer Matrix von
G-Operatoren reduziert werden kann, zumindest solange die Gruppe G und der Operator L
gewissen Forderungen geniigt. Die Ergebnisse der abstrakten Fredholmtheorie wenden wir auf
die Wellengleichung 0?u = —Aw mit einem zeitabhiigingen Laplace-Operator A an, wobei die
Wellengleichung zusammen mit den Randbedingungen Agu(0) + Bo(dyu)(0) = go € L*(Xo), und
Aru(1) 4 Bi(du)(1) = g1 € L*(1) betrachtet wird. Hierbei sind By;; Operatoren der Ordnung
0 und Ag,; Operatoren erster Ordnung. Die Fredholmbedingungen fiir diese Anwendung werden
explizit als Bedingungen an die Operatoren Ag/; und By, formuliert, und es werden Spezialfélle
betrachtet, bei denen der Index des Problems mithilfe der Indexformel von Fedosov oder iiber
einfache Spurformeln berechnet werden kann.

Schlagworte: Fredholm Theorie, Indextheorie, Fourier Integral Operatoren, Hyperbolische
Systeme
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0 Introduction

One of the most significant results in modern analysis is the Atiyah-Singer Index Theo-
rem formulated and proved 1963 by Michael Atiyah and Isadore Singer. It states that
any elliptic pseudodifferential operator P on a closed manifold M is a Fredholm oper-
ator and that its Fredholm index can be computed in terms of the principal symbol of
P and topological invariants of the manifold M. Fredholm operators form an important
subclass of the class of all linear operators acting between sections of two vector bundles
E and F over M: As function spaces like the Sobolev space H*(M) are infinite dimen-
sional, a generic operator P : H*(M) — H"(M) might have infinite dimensional kernel
or cokernel. Now Fredholm operators are those operators P with dim(Ker(P)) < oo and
dim(coker(P)) < oo, and therefore Fredholm operators can be seen as operators of almost
(= up to finite dimensional errors) invertible type. For example, the solution space of the
equation Au = f for a given function f is infinite dimensional on R", while on a closed
connected manifold M every solution of the equation Au = f, with f € L?(M) may be
written as u = ¢+ uy with a constant ¢ and a special solution of the inhomogenous equa-
tion, making the solution space finite dimensional. While the original Atiyah-Singer Index
Theorem was stated only for compact manifolds without boundary, in 1975 there followed
another version, the Atiyah-Patodi-Singer(APS) Index Theorem, stating the conditions,
under which elliptic operators on compact manifolds with boundary are of Fredholm type.
Atiyah, Patodi and Singer (see [12]) were considering operators, which take the form

D = o(3; + A(t)) (0.1)

in a neigborhood of the boundary of M, where A(t) is an elliptic (i.e. with invertible
principal symbol) first order operator and where ¢ is some bundle isomorphism. More
concretely, they considered compact Riemannian manifolds M, g with boundary ¥ = 0M,
where the metric g is cylindrical near the boundary. The Atiyah-Patodi-Singer Index The-
orem says that any operator like (0.1) with an elliptic A(t) will be of Fredholm type, as
long as the APS-boundary condition

Pou(0) =0 (0.2)

is imposed on the boundary. The P, in (0.2) is the projection onto the space spanned by
the eigenfunctions associated to positive eigenvalues of Ay = A(0). Furthermore, Atiyah,
Patodi and Singer gave a formula for the index of D under the conditions (0.2) which is
given by

h +n(0)

ind(Dy2) = /M ap(x)dx — 5

(0.3)

where ag is an expression arising from the asymptotic expansion of Tr(exp(—tD*D)) —
Tr(exp(—tDD*)), h is the dimension of the kernel of A(0) and the n-invariant n(0) is some
expression measuring the formal difference between the number of positive and negative
eigenvalues of A(0). Another example for a compact manifold with boundary would be

11



the subset of a globally hyperbolic manifold M = ¥ x R with compact Cauchy hyper-
surfaces ¥; that arises when one considers two special times t; and ts, i.e. the manifold
N = ¥ X [t1,t2]. The problem with such a setting is that the natural type of operators
on such a globally hyperbolic manifold are of hyperbolic nature i.e. not elliptic operators.
Bér and Strohmaier succesfully formulated a hyperbolic version of the results of the APS
Index Theorem in [10]: As a model for a first order hyperbolic operator on a globally
hyperbolic spacetime M they considered the Dirac operator D defined by a Lorentzian
metric g and the Fredholm conditions were similar to the Fredholm conditions from the
1975 APS papers: They also used eigenspace projections to formulate the boundary
conditions, but while the APS condition (0.2) made only use of the positive eigenvalue
projection, Bdr and Strohmaier divided the conditions into two parts, making use of both
positive and negative eigenvalue projections: Denoting by P, the projections onto the
positive /negative eigenvalue eigenspaces of the operator A(t) they imposed

(i) Po(t)u(ty) = 0, (i) P_(t2)u(ts) = 0. (0.4)

The result Bdr and Strohmaier obtained in this setting was that the hyperbolic Dirac
operator D was Fredholm under (0.4) with an index formula similar to (0.3), involving h
and n terms at both times ¢; and t5. The results of their paper An Index Theorem for
Lorentzian Manifolds with Compact Spacelike Cauchy Boundary provide an index theo-
rem for a hyperbolic (and not elliptic) operator with the nonlocal boundary conditions
(0.4). The interesting thing about boundary value problems with boundary data like (0.4)
is that their Fredholm theory involves the use of G-operators rather than only pseudod-
ifferential operators. G-operators form a larger class of operators, and the operators of
pseudodifferential type may be considered as a subalgebra of the algebra of G-operators.
They appear in problems with boundary conditions like (0.4), because the boundary data
are given at two different components of the boundary and because the solution operator
¥, (evaluated at time 1) of the equation dyu = Lu matching these two components of the
boundary may be seen as the quantization of some group G associated to the equation
Owu = Lu. A.B. Antonevich already worked with nonlocal boundary value problems in
1985, when he stated the problem

(+) Ofu = dqu, (++) u(0) = go, (++ +) a(2)0pu(r) + b(z)(Qu)(r) =g (0.5)

as a boundary value problem on the manifold S* x [0, 7] in his work A two point problem
for the equation of a vibrating string and functional equations connected with it ([13])
(with given functions a, b, gy and g; on S'). However, the problem from (0.5) is still quite
special since it is formulated only on the one dimensional closed manifold S' and since
the operator R = a(z)0, + b(x)0d; from ((0.5), (iii)) is only a differential operator. But
recently Anton Savin and Andrei Boltachev made a generalization of problems like (0.5)
in ([I1]). They worked with problems like (0.5) but the wave equation ((0.5),(+)) was
stated on a general closed manifold and they considered more general operators A(x)
and B(z) of pseudodifferential type. Savin and Boltachev found out that the Fredholm
property of problems like (0.5) on a more general closed manifold may be reduced to the
Fredholm property of operators of the form
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CO(r) + DB(—7) (0.6)

where C' and D are of pseudodifferential type (depending on A, B and the Laplacian A),
®(t) is a time dependent Fourier integral operator associated to the equation 9?u = —Auw,
which can also be seen as the quantization of a canonical transformation on 7*M. Com-
positions of pseudodifferential operators and Fourier integral operators like in (0.6) are
called G-operators if the Fourier integral operators involved can be associated to some
group G, for example a group of canonical transformations. While in the case of a pseu-
dodifferential operator F' the Fredholm property of F' is equivalent to ellipticity, i.e. the
invertibility of the principal symbol o,(F'), which is a simple algebraic condition, Fred-
holm conditions for operators like (0.6) are usually more complicated, especially if one
considers even more general operators like

F=Y A0, (0.7)

geG

for pseudodifferential operators Ay, and Fourier integral operators ®, associated to some
group G (note that in (0.6) there is practically only one ®,, since the ®(—7) is the inverse
of ®(7), see ([11], Proposition 3.1). If one wants the Fredholm property of operators
like in (0.7) to be equivalent to the invertibility of a certain symbol (i.e. ellipticity) one
usually needs to impose some conditions on the group G, like, for example, amenability.
In this work, we want to give Fredholm conditions for hyperbolic equations on a globally
hyperbolic manifold M with nonlocal boundary conditions, which are formulated in a
very general way containing the works of Savin-Boltachev and Bdr-Strohmaier as special
examples. We will consider problems of the form

(%) Ou = Lu, (%) Py oAou(0) = go € Im(Pyry), (x*xx) P_141u(l) =g, € Im(P_(ﬁl) |
0.8

where A/, are matrices of zero order pseudodifferential operators, P, and P_; are
certain projection operators and the equation 0;u = Lu is a vector valued system of equa-
tions with a first order pseudodifferential matrix L defining a symmetrizable hyperbolic
system (see [7], p.76-78). We seek solutions u € L*(M) of (0.8) and want to find those
conditions depending on Py o, P_;, Ay and Ay, such that for given gy and g; the solution
space of (0.8) is finite dimensional and that only finitely many linear conditions on g
and g, are needed to guarantee solvability, i.e. we are searching for the Fredholm condi-
tions of (0.8). Note that the projection operators we are considering in this work do not
have to be eigenspace projections but can be more general and note that second order
problems like (0.5) can be brought into the form (0.8) with the help of an order reduction.

Let us now briefly summarize the structure of this thesis: In the first four chapters we
explain the theory, which is necessary to understand all the objects from (0.8) and to
develop a suitable Fredholm theory. In the first chapter we recall some important facts
and theorems about the algebra of pseudodifferential operators. Since we are using the
solution operator ®; of ((0.8), (%)) for the development of the Fredholm theory of (0.8)
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and since this solution operator may be expressed via Fourier integral operators, the sec-
ond chapter deals with Fourier integral operators and symplectic geometry, which is the
geometrical background to understand Fourier integral operators. We also explain the
algebra of G-operators and the use of the so called trajectory symbol, which is a symbol
one can define for any G-operator D, similar to the pseudodifferential symbol o of a pseu-
dodifferential operator A. After we have defined all the algebras of operators needed for
investigating (0.8), we will explain Fredholm theory in the Chapter 3. This third chap-
ter is divided into two parts: In the first part, we explain the general Fredholm theory
for arbitrary operators between Banach spaces, recall some well known index theorems
like the Atiyah-Singer Index Theorem or the Fedosov Index Formula and we explain the
Fredholm theory of G-operators. In the second part of Chapter 3 we devote ourselve to
the study of special systems of operators: We are considering the Fredholm theory of
triangular matrices of operators and in particular the Fredholm theory of 2 x 2 matrices,
where the first entry is of Fredholm type. Operators of this type will become very relevant
in the last section of this work. In the fourth chapter we discuss some theory of systems
of hyperbolic type: We define the notion of a globally hyperbolic manifold and present
some types of hyperbolic systems, where the symmetrizable systems are presented as the
most general ones with an invertible solution operator. In particular we consider systems
which are diagonalizable with constant multiplicites up to lower order errors and we show
that any strictly hyperbolic system belongs to this class. More concretely, any strictly
hyperbolic system 0,u = Lu may be transformed into the almost (= up to errors of order
zero) diagonal system

O = Dv + Sv, S € OPS° (0.9)

where D is a diagonal matrix of first order operators with multiplicities of one. For sys-
tems of the form (0.9) with a diagonal first order operator D with diagonal entries id;,
such that the d; have real principal symbol, there is a very convenient way to express the
corresponding solution operator ®; with the help of G-operators. We will also explain this
solution method, which was developed by Kumano-go in ([I], Chapter 10, p.313-323) in
Chapter 4. At the end of Chapter 4 we will have explained all things which are necessary
for some calculus to work with (0.8). However, because projections play a central role in
(0.8), we decided to create a chapter which deals exclusively with projection operators. We
state and prove some important theorems about general projections, which will be used
later in order to formulate necessary (but not sufficient) conditions for the Fredholmness
of (0.8). Furthermore, we explain the notion of ellipticity of operators acting between the
images of two projections P, and P,. Then in the sixth chapter we collect some useful facts
about compact or norm small perturbations of operators, which are helpful for some of the
theorems stated in the main chapters of this work. The two main chapters, where the new
results concerning the Fredholm theory of (0.8) are presented, are the chapters Chapter 7
and Chapter 8. At the beginning of Chapter 7 we reduce the problem (0.8) to the operator

— P—‘r,OAO . 2 -1
D= < @flP_,lAl@l ) L (ZO) — Im(PJﬁo) X Im(q)l P,J(I)l) (010>

(with the Cauchy hypersurface ¥y = 3 x {0}) which has to be regarded as an operator
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acting between projection spaces. Using some theorems from the section about projec-
tions, we find that the conditions

codim(Ker(Py o) + Ker(®7'P_ @) < oo, codim(Im(A}) +Im(®]Ald; ")) < 0o (0.11)

are necessary for the Fredholm property of (0.8) and we formulate the general conditions
equivalent to the Fredholm property by using the notion of Fredholm operators acting
between projection spaces. Because ellipticity of operators acting between (possibly dif-
ferent) projection spaces is more complicated than ellipticity of operators A : H — H for
some Hilbert space H, we make some assumptions about the projections Py, and P_
which are compatible with the first condition in (0.11) and reduce the operator D to a
simpler operator D2 : L*(X) — L?(3g). Denoting by ®; the time evolution operator of
((0.8), (%)), we prove the theorem

Theorem 7.3: Let PLy=1—-P_y, P,1=1—PFP_; and P_; = <I>1P,70<I>f1 + K with a
compact operator K. The operator D in (0.10) is Fredholm iff

Dz i= Py g Ao+ P_o® ' A1®y 1 L2(X) — L (%) (0.12)

1s Fredholm.

We show that under certain assumptions on L relying on assumptions made by Kumano-
go in ([I]) the operator D;» can be expressed with G-operators like (0.7) where G is a
group generated by a finite number of canonical transformations on 7%,. More precisely,
it ®;, are the G-operators solving the equations ®,, = id;®;; where id; € OPS' are the
diagonal entries of the D in (0.9), the explicit dependence of D2 on the operators @,
can be determined up to a compact error. We state that the Fredholm property of Dy2 is
equivalent to ellipticity as long as the group G acts topologically freely and is amenable,
whereby ellipticity means invertibilitiy of the trajectorial symbol, see ([8], p.147). Further-
more we show that the Fredholm property is invariant under lower order perturbations
of the L in ((0.8), (%)), which means that it only depends on the principal part of the
equation. We also consider special cases of the operator in (0.12), where parametrices can
be explicitely written down and where the index of the problem may be expressed through
the indices of Ay and A; (under the assumption of the Fredholm property of Ay, and
some additional assumptions). The last chapter is devoted to the study of second order
problems with boundary conditions over the entire boundary, i.e problems in a similar
manner like (0.5). More concretely, the problems of interest treated in Chapter 8 are
problems of the form

(i) 0fu = Pu, (ii) Agu(0)+Bo(du)(0) = go € L*(Xo), (iii) Aju(1)+Bi1(du)(1) = g1 € L(Q(Eog
0.13

with first order pseudodifferential operators Ay, A1, zero order operators By, B; and an
elliptic differential operator P. We are seeking for solutions u € H'(M) of (0.13) and are
again asking for the combinations of Ag/; and By, such that (0.13) is Fredholm. At the
beginning of the last section we show that the Fredholm property indeed only depends
on the principal part of P. Since the principal part of a second order elliptic differential
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operator P can be choosen to coincide with the principal part of A by choosing the met-
ric tensor g; on ¥, in a suitable way, ((0.13), (¢)) can be replaced by the wave equation
0?u = —Au. After an order reduction of (0.13) and a diagonalization (see(0.9)), (0.13)
can be associated to an operator D;2 encoding the Fredholm property of a problem like
(0.8). The operator Dr2 corresponding to (0.13) is given by

A()A_l + 1By AoA_l — 1By
Dp2 = ( (AlAfl + iBl)ag‘ba;loal (AlAfl _ iB1)a2 : Lz(zﬂ) x LQ(EO) - L2(20) x LZ(ZO)*

(0.14)

Note that by as and oy we denote the time s = 1 Hamiltonian flow along +¢;(&, &), A*1/2
is the conjugation of an operator A by the Fourier integral operator corresponding to
the flows a;/, and A is the order reducing operator A = /A — 1. One of the important
theorems we achieved in the last chapter is

Theorem 8.2: If the entry AoA~' + iBy is a Fredholm operator, the operator D2 is
Fredholm iff the operator

—1

F = (A AT =iB1)" = (A AT 4B )" ((AoA ™ +iBo)P (AgA™ =i Bp))™r **2 @1, (0.15)
1s Fredholm. In this case, the index of Dr2 is given by
ind(Dy2) = ind(AgA™" +iBy) + ind(F). (0.16)

After stating this quite general Fredholm condition, we investigate cases arising from
choosing Ag/; and By, in a special way. We show that for some choices for the boundary
conditions in (0.13) the problem is never Fredholm, but always semifredholm with a
existent left parametrix, which means that at least the solution space of (0.13) is finite
dimensional in these cases. Moreover, we show that the Fredholm conditions achieved by
Savin-Boltachev are a special case of the Fredholm conditions from Theorem 8.2. The
techniques in this first part of the last section are based on the use of order reduction. In
the last part of this work we show that the problem (0.13) can alternatively be treated
without performing an order reduction. It turns out that the Fredholm conditions one
obtains without using the method of order reduction have a more complicated form than
those from Theorem 8.2 which means that the methods developed in Chapter 7 are indeed
beneficial. At last we show that there are cases where the index of the operator in (0.16)
can be calculated by using the Fedosov Index Formula or some simple trace formula.
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1 Pseudodifferential Operators

In this section we want to introduce one of the most important calculi in modern analysis,
namely the calculus of pseudodifferential operators. Remember that although differentia-
tion and integration are introduced as inverse operations in beginner s courses on analysis,
it somehow feels as they do not belong to the same class of operators: For example, the
inverse of any invertible n x n matrix A is again a matrix and belongs to the same class of
objects like A. However, in introductory courses differentiation is usually not presented as
an integral type operator, which inverts another integral. The basic idea of pseudodiffer-
ential operators is to introduduce a generalization of the order of a differential operator,
which is usually a natural number, such that the order can have any real values. With
this generalization both differential and integral operators may be written in the form of
an integral, when applied to a suitable class of functions. We will state some of the well
known facts about pseudodifferential operators without a proof, more details can be read
for example in ([1], Chapter 1 - Chapter 3).

Let us first recall the definition of the Schwartz space. Afterwards we want to use prop-
erties of functions belonging to the Schwartz space to develop an intuition how to define
a generalization of differential operators.

1.1 Basic Definitions

Definition 1.1: Recall that the Schwartz space S(R™) is the space of functions f on R™,
such that

SUP,cpn |77 0% f ()] < 00 (1.1)

for all indices o, 5 € Ny.

Lemma 1.1: For the Schwartz space S(R™) the following facts are true:

e The compactly supported smooth functions are contained in the Schwartz space, C°(R™) C
S(R™).

e S(R™) C LP(R™), 1 <p < 0.

e For the Fourier transform F of a function f defined by

F()E) = \/ﬂ / e " f(x) (1.2)

we have
(i) F(931)(€) = (=D F(£)(©), (1.3)
(1) O¢F(f)(&) = F(xf)(&)- (1.4)
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We want to use (1.3)-(1.4) to see how one may generalize differential operators. Recall
that the Fourier transform is invertible with

FHa)@) = o [, e ale)de (15)

Then, for any differential operator

P=>" a.(2)0 (1.6)

one may write

(PH@) = (3 aa(@)d3f)@) = D aale)FH({¥EF(f))(2) (1.7)

laf<m laf<m

= - eile—y)¢ ( Z i‘)‘|(2;)naa(l’)£a) f(y)dyd€> (18)

|| <m

as long as f is a Schwartz function. We realize, that the action of the differential operator
may be rewritten as

(PH@) = [ (. 6)f(y)dyd (1.9)

with p(z, &) = Z a z'a‘f /(2m)". This function p is called the symbol of the differential
al<m

operator P. ol

Now, for every differential operator P of order m, the corresponding symbol p(z, &) will

be a function of order m in £. The crucial idea is to define operators like (1.9), but with

a symbol p of an arbitrary order. The standard class of pseudodifferential operators is

given by the following definition:

Definition 1.2: Consider a function p of the two variables x and & satisfying

070 p(x,€)] < Cap(1 + €))7, (1.10)

for some constants C, 3 depending on the multi-indices o and 3. For such a function we
write p € S)%s. We can define an operator P on the Schwartz space associated to p via

1
(2m)"

p is called the symbol of the operator P, m the order of P and we may write p = o(P),
or equivalently, P = op(p). Moreover, if the order of P is m, we write P € OPS™.

(P) = s [ (e, €)uly)dyde. (1.11)

Remarks 1.1:
e Quite obviously, if p(z, §) € SJs then 07 9gp(x, ) € SZ{”“M’B. Furthermore, for p €
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and ¢ € SZS’ pq € Sglli—g?p,ﬁ},maxé,g'

e The definition given by (1.10) depends on the parameters p and §. In this work we
will focus on the special case of operators with p = 1 and § = 0, thus operators P with
a symbol o(P) € ST;,. For this subclass of operators we say that an operator P is of
classical type, if there exist functions p,,_;(z, ) which are homogenous of degree m — j

in £ for |£| > C with some constant C' > 0, such that
N
(J(P)(.Cl?,f) - me—j<$7€) € STO_N_l (112)
=0

(note that (1.12) means that asymptotically we could write o(P)(x,£) =Y pm—;(,§)).
=0

e It is often the case that in the literature pseudodifferential operators are defined via

(Pf)(x) =

(27)" / LT (@, y, ) f (y)dyde. (1.13)

In this alternative definition the symbol p = o(P) has two position variables z and y. Al-
though it might not seem intuitive on the first glance, such a definition does not produce
a larger class of operators, which can be read in ([I], Chapter 2). Every pseudodifferen-
tial operator defined like in (1.11) has also different representations as an operator with
symbols with two position variables and for every double symbol p = p(z,y,£) one can
find p = p(z, ) such that the operator defined via (1.13) is equal to the operator with
symbol p defined via (1.11).

e As already mentioned in the foregoing remark, there are different representations for a
given pseudodifferential operator P. One useful representation is the Weyl representation:
Given any pseudodifferential operator P represented like in (1.13) or (1.11), there exists
a Weyl symbol py, such that

(Pf)(x) =

/ L pw (m ; y7£) f(y)dyde. (1.14)

(2m)"

1.2 Useful Properties and Theorems

Let us come back to the reason why we defined pseudodifferential operators: As already
explained, differential operators may be written as integral operators when using pseudos,
therefore one has to deal with only one type of operators. For any class of operators it
is always practical to know, whether they form an algebra, i.e. if one can define addition
and multiplication. Fortunality this is the case for pseudos.

Theorem 1.1: Let P € OPS™ and Q € OPS" be classical operators (which we al-

ways assume from now on), for some m,n € R. Then (P + Q) € OPS™>{mn} 4pq
PQ € OPS™™. Moreover,
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Ia\

o(P+Q)=0(P)+0(Q), o(PQ) =Z

[0}

9;0(P)Jgo(Q). (1.15)

|Oé|'

As we work with classical symbols, we have the possibility to define a leading or principal
part for any operator P. It will turn out later that this is the essentially important part
concerning Fredholm and index theory.

Definition 1.3: If P is a pseudodifferential operator with asymptotic expansion
= Pm-j(@,€) (1.16)
§=0

forits symbol o(P), the operator P, defined by P,, = op(pm) is the princpial part of P. py,
itself is called the principal symbol of P. We may also write o,(P) for the principal symbol.

Remarks 1.2:

e The principal symbol o, is multiplicative, 0,(PQ) = 0,(P)0,(Q) (to see this, just con-
sider the & = 0 term in the expansion (1.15)). It is only additive as long as the operators
P and @ have the same order.

e Let P be a pseudodifferential operator of order zero and g an analytic function, such that
the operator g(P) is well defined. Then the principal symbol fulfills o,,(f(P)) = f(0,(P)).
To see this, we think of g(P) as a power series in P. Any power of P in this series has
order zero, therefore g(P) is a series of order zero operators. In this case the additivity
and multiplicativity may be used on the power series to arrive at o,(f(P)) = f(o,(P)).
e The multiplicativity of the principal symbol still holds if one considers matrices with
pseudodifferential operators as entries, i.e. operators P : S(R")! — S(R")*,

We want to remind the reader about the Schwartz kernel theorem of an operator. This
reminder shall have the purpose to help us calculating the adjoint P* of some pseudo P.

Theorem 1.2: Any continous operator A : S(R™") — S(R") has a representation
(AN@) = [ k@.p)fw)dy (1.17)

with some distributional kernel k € D'(R™ x R™).
Proposition 1.1: Any pseudodifferential operator P : S(R") — S(R™) is continuous.
Theorem 1.2 and Proposition 1.1 tell us that pseudos have a representation with an

integral kernel k. Looking at the equivalent definitions (1.11) or (1.13) one may guess
that £ is given either by

Ka.y) = [ (@, eds or k(wy) = [y, de. (118)

Both integrals do not exists in the classical sense as a function, as long as the order of P

20



is greater or equal to —n. However, it turns out that in the distributional sense, defined
by the action

(kyu) 1= [ € Dep(a,y, €)ule, y)dyduds (1.19)

on an arbitrary function u € S(R” x R™) the kernel k is well defined and it is indeed the
Schwartz kernel of P. If we want to compute the adjoint of a pseudo P, we can make use
of the Schwartz kernel to get the following result:

Proposition 1.2: Let P be a pseudodifferential operator of order m whith a double
symbol representation

(PH@) = [ e Dep(a, 5,€) f(y)dyde. (1.20)

Then the adjoint operator P is also pseudodifferential of order m, with symbol
o(P")(z,y,&) = p(y,z,€). Moreover, if P is given by its Weyl representation (1.14), P is
self adjoint as long as the Weyl symbol py is real.

Proof: Let us first show that for any bounded linear operator A : S(R") — S(R™) with a

Schwartz kernel k = k(z, %) the adjoint operator A" has Schwartz kernel k(z,y) = k(y, ©).
In order to see this, let us first write down (Au, v) explicitly for u,v € S(R"):

(/R k(x,y)u(y)dy, v) / /n z,y)u(y)dyv(z)dx (1.21)
= /n/ (z,y)u(y)v(z)dydz. (1.22)

Lets see what happens, if we try k(y, ) as the adjoint kernel:

(w, [ Kooy = [ ulw) ([ kz<y,><>dy)dx (129

/ / dydﬁ—/n/n Yo(y)dyda. (1.24)

To see that (1.22) and (1.24) are equal, just exchange y and x and then switch integration.
This means that the kernel of AT has to be k(y,x). As already mentioned in (1.18), for a
pseudodifferential operator P the integral kernel is

k(x,y) = /Rn (2, y, €)dE. (1.25)

Complex conjugation and switching = and y both produce a minus sign in the exponent
of the exponential factor, which keeps the term exp(i(x — y)¢) unchanged. Therefore we
get another pseudodifferential operator P! with kernel

k(z,y) = /e"(x’y)ﬁp(y, x, £)dE. (1.26)
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But this corresponds to the fact that the symbol of P is given by o(P") = p(y, z,&). If
the symbol of P has the special form of the Weyl representation (1.14), it is invariant
under exchange of the two coordinates x and y. If p = py is furthermore a real symbol
it is also invariant under complex conjugation, meaning that the adjoint operator in this
case coincides with the original P. q.e.d.

Up to this point we only considered pseudodifferetial operators acting on the Schwartz
space S(R™). This was due to the properties of the Fourier transform on the Schwartz
space, which allowed us to write differential operators in a pseudodifferential form. Be-
cause the compactly supported functions are contained in the Schwartz space, we can
also define pseudodifferential operators acting on smooth functions on compact mani-
folds. This is done via the representation in charts.

Definition 1.4: For a compact manifold M of dimension m we say that P : C*(M) —
C°(M) is a pseudodifferential operator, if its representation in local coordinates is a pseu-
dodifferential operator on R™. One may use a partition of unity to define the action of P
globally.

Remark 1.3: Of course one could also consider operators P operating between sec-
tions of a rank j bundle £ and a rank £ bundle F' over M. In this case P is considered
to be pseudodifferential, if the local representation of every component of P considered
as a matrix operator is pseudodifferential. Note that for a pseudodifferential operator P
on a compact manifold M, the symbol o(P) may be seen as a function on the cotangent
bundle T* M.

Until now the function space where we let the pseudos act on was always some sub-
set of smooth functions. Other interesting spaces are of course any of the Sobolev spaces
H*(M). As we know, classical differential operators of order m decrease the regularity
of function in a Sobolev space by the value of its order. For pseudos we have the same
result, but it holds for every real order m.

Lemma 1.2: An arbitrary pseudodifferential operator P of any real order m may be

regarded as an operator P : H*(M) — H* ™ (M). For any s € R P is a continous opera-
tor.

Lemma 1.2 is very helpful if one wants to see that operators of negative order are com-
pact. Let us recall the embedding theorem of Rellich:

Theorem 1.3: (Rellich) For every r > s, H"(M) is compactly embedded in H*(M)
on a compact manifold M.

Proposition 1.3: On a compact manifold M, every pseudodifferential operator P of
negative order m acting on some Sobolev space H*(M) is a compact operator.

Proof: From Lemma 1.2 we know, that P : H*(M) — H*™(M). As long as m < 0,
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s —m > s. But then it follows from the Rellich embedding theorem that the image of P
is a subset of a compact set in H*(M). This means that the image is relatively compact
and therefore P is a compact operator. q.e.d.

Remark 1.4: Note that if one considers pseudodifferential operators on R" defined by
symbols of the class (1.10), negative order operators are not neccesarily compact. Even
operators of order m = —oo, which means that the operator has every real order m € R,
might be noncompact on R", as we will see later.

1.3 Shubin Type Operators

The property of negative order operators to be always compact makes the construction of
so called parametrices for elliptic operators much easier, as we will see later in the chap-
ter about Fredholm operators. A parametrix may be seen as an almost inverse for some
pseudodifferential operator and it exists for the class of elliptic operators, which we will
define in a moment. If only the operators of order —oo are compact, such parametrices are
harder to construct. But there exist other classes of pseudos, defined by symbols, which
differ from the definition in (1.10) and define operators on R™ having similar properties
like the usual pseudos on compact manifolds. Before we define the notion of ellipticity
and make some concluding remarks and examples on the topics of this section, let us
introduce the class of Shubin-type operators:

Definition 1.5: For functions f € S(R™), we may alternatively define pseudodiffer-
ential operators via (1.11) but with symbols p satisfying

10207 p(x,€)] < Cap(1 + || + ¢y 1ol=1A. (1.27)

Operators of this type are called Shubin-type operators. For a symbol like (1.27) we will
write p € Sgy,.

Shubin-type operators behave very well, as long as their order fulfills certain conditions.
First, we can also define an asymptotic expansion like (1.12) for Shubin operators, with
the difference, that homogeneity is demanded for the whole variable z := (z, £). Moreover,
the formula for the composition (1.15) of operators and Proposition 1.2 are still true. But
there are some facts, which are really more useful than in the usual pseudo case. Let us
list some of the good features of Shubin operators.

Proposition 1.4: (see [2], Chapter IV) For the algebra Asp of Shubin type operators
the following facts hold:

(a) Shubin operators P € OPSY,, of order zero may be extended to L*(R™). On L*(R")

operators of negative order are always compact.
(b) If the order m of a Shubin operator P is less than —2n, it is of trace class.
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(¢) Any Shubin operator P with order m < —n is a Hilbert-Schmidt operator.

Remark 1.5: Just as we did for the case of usual pseudos we want to restrict only
to operators with symbols of the form Sg, = Sgj, ; 5. In the case of standard pseudos we
see from Remarks 1 for p = 1 and 0 = 0 that derivatives with respect to the position
variable x do not change the order. In contrast to that, for operators of Shubin type
both derivatives 0, and 0 decrease the order of the symbol. This means that in the
composition formula (1.15) for two pseudos P and () two consecutive terms in the sum
differ by two orders if we are working with Shubin operators, while the order difference is
one for usual pseudos. Using this fact we can give a corollary which shows the advantages
of Shubin type operators concerning the composition and commutators of two operators:

Corollary 1.1: Given two scalar pseudodifferential operators P and Q) of order m and
n, the following statement for their commutators is true:

[P,Q],[Q, P] € OPS™™ ! as long as P and Q are standard pseudos and [P, Q),[Q, P] €
OPSZ™2 if the operators are of Shubin type.

Proof: Writing [P, Q] = PQ — QP, we have

gl
o([P,Q) = o(PQ) = 0(QP) = o(P)o(Q) + ) ;0 (P)O0(Q) (1.28)
jled
~0(Qo(P) = 3 120 (Q)% o (P) (1.20)
iled
=2 7 (020(P)050(Q) — 070 (Q) 05 (P)). (1.30)

All the remaining terms in (1.30) are of one order lower in the usual pseudo case and two
orders lower in the Shubin case. q.e.d.

1.4 Ellipticity and Examples

At the end of this chapter, we want to give the definition of elliptic operators. This class
of operators will get more relevant in the chapter Fredholm operators.

Definition 1.6: A pseudodifferential operator P is called elliptic, if there exists a M € R,
such that the principal symbol o,(P) is invertible for all (z,§) with |{| > M.

Remark 1.6: In the case of Shubin operators, ellipticity is defined in the sense of Def-

inition 1.6, but with the requirement that the principal symbol has to be invertible for
|(z,8)] = M.
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Let us close the discussion about pseudodifferential operators with a few examples.

Example 1.1: Let (M, g) be a compact Riemannian manifold and P = —divograd, := A
be the Laplace-Beltrami operator. Then P is a second order differential operator with
principal part A, = —g* Oy, 0z;. The principal symbol can be calculated by simply ex-
changing 8,, by —i&, 0,(A) = g"&&; = |€]2. Therefore the Laplace-Beltrami operator
is an elliptic operator.

Example 1.2: Consider A = v/A+1 € OPS'. The principal symbol of this operator
is 0,(A) = \/o,(A+1) = \/o,(A) = |£|. So, this operator is elliptic just as the Lapla-
cian A. If we treat the Laplacian A as an unbounded operator A : D(A) = H*(M) C
L*(M) — L*(M) it is essentially self adjoint and therefore has real spectrum. Moreover,
it is known, that A is a positive operator. This means that spec(A) C [0,00). The
operator A + 1 then has a spectrum spec(A + 1) C [1,00) meaning that zero is not an
eigenvalue. This and the self adjointness result in the fact that A is an invertible operator.

Example 1.3: A classical example of an elliptic operator of Shubin type is the Schrodinger
operator P = |z|> — A. The principal symbol is given by o,(P) = |z|? + |¢[*.

Example 1.4: As a standard example of a non elliptic operator, there is the wave

operator 00 = 92 — A. The equation 0,(0J) = 0 has the solutions & = +|¢,| and this does
not fulfill the requirements of Definition 1.6.
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2 Symplectic Geometry, Fourier Integral Operators and
(GG-Operators

2.1 Symplectic Geometry

After introducing pseudodifferential operators, which are already quite general, we still
need even larger and more general classes of operators in order to describe the solution
theory of hyperbolic systems. These extensions of the algebra of pseudodifferential op-
erators are Fourier Integral Operators, or even more general, G-operators. In order to
understand these classes it is useful to introduce symplectic geometry, which is crucially
connected to the definition of a Fourier integral operator. It will turn out that espe-
cially concerning the solution theory of hyperbolic equations, there is a strong connection
to symplectic geometry. We will recall some basic definitions and properties concerning
symplectic manifolds in the first part of this section and we will explain Fourier integral
operators and G-operators in the second part. For more details on symplectic geometry,
see for example ([4], Chapter 3) or ([15]).

2.1.1 Symplectic Manifolds and Symplectomorphisms

Definition 2.1: Given any even dimensional manifold M of dimension dim(M)= 2n,
we call M symplectic, if there exists a closed 2-form w on M which defines pointwise a
non-degenerate bilinear form on T,M. w itself is called a symplectic form.

Examples:

e For M = R?", one can choose the constant matrix

=) 2.)

as a symplectic form. It is closed, because its components are constant. The matrix J is
skew symmetric, and therefore defines a two form, which acts skew symmetriallyc on two
vector fields. As the determinant of J is 1, it is invertible and therefore non-degenerate.
e If M is a manifold with arbitrary dimension n, the cotangential bundle 7% M has always
the even dimension 2n. The Theorem of Darboux states that in some local coordinates
(which are called the canonical coordinates), any symplectic form on T*M will have the
representation

It is clear, that this two form is closed. Note, that it is also exact in local coordinates,

w = do, with a = Y, &dx;. « is often called the canonical one form of the cotangent
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bundle T*M .

As with any usual manifold, one can study diffeomorphisms on a symplectic manifold
M. In the case where (M, g) is a Riemannian manifold, an interesting subclass of the
diffeomorphism group is the group of isometries. These are the diffeomorphisms, which
preserve lengths and angles with respect to the Riemannian metric g, meaning

(v,w)g, = (DF(v), DF(w)) (2.3)

9F(p)

for any diffeomorphism F': M — M. One may see the symplectic form w on a symplectic
manifold (M, w) analogous to the Riemannian metric, in the sense, that it defines how
angles between vectors on the manifold are measured. The corresponding class of diffeo-
morphisms, which are compatible with w, would be all diffeomorphisms F : M — M,
such that

wy(v,w) = wpp)(DF(v), DF(w)) (2.4)

Such diffeomorphisms are called symplectomorphisms. Given any vector field X on M,
one can induce a diffeomorphism by considering the time ¢t = 1 flow ®,—; along that
vector field. In that sense, one may ask how the property of being a symplectomorphism
generated by a flow along a vector field X reflects in the vector field X itself. One of the
crucial tools of symplectic geometry is the notion of a Lie-derivative: Given any tensor 7'
and a vector field X on M one defines the Lie-derivative of T" along X to be the tensor

LxT = i (®;T) (2.5)
dt =0

where @, is the time t flow along X. Now, being a symplectomorphism means for a map
F : M — M that the symplectic form is conserved along X, if X is the vector field, which
generates F'. In other words, we want the Lie-derivative of w along X to be zero. For any
two form o, there is a nice identity, which tells us, how to compute its Lie-derivative:

Lemma 2.1:(Magic formula of Cartan) Let o be any 2-form on the manifold M
and X a vector field. Then the Lie-derivative Lxo is the 2-form given by

Lxo(:;:) = (do)(X, ) +d(o(X,)). (2.6)

Formula (2.6) gives a way to characterize vector fields, which generate symplectomor-
phisms: Assume that a given vector field X has a flow ®;, which is a symplectomorphism.
Then by (2.6) we have

(dw)(X, -, ) + d(w(X,-)) = 0. (2.7)

Using Definition 2.1, we know that dw = 0 and therefore d(w(X,-)) = 0. But this means,
that inserting the vector field X into the symplectic form w yields a closed one form.
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Therefore we have shown

Proposition 2.1: Any diffeomorphism F : M — M generated by the flow of a vec-
tor field X is a symplectomorphism, iff the one-form w(X,-) is closed.

Because every exact one-form 1 = da is automatically closed, one could investigate those
vector fields X, such that w(X, -) is exact as a special case of Proposition 2.1. Since the ex-
act one forms are precisely the gradients of scalar functions, this requieres w(X,-) = df.
The differential df of a function is commonly used in order to express the directional
derivative with respect to some vector field Y. We can use this fact to connect the special
case of exact one-forms in Proposition 2.1 to the directional derivative of a function with
the help of the following definition:

Definition 2.2: Let f : M — C be a function on the manifold M. A vector field
Hy is called a Hamiltonian field to f, if one can express the directional derivative of f in
direction Y as

df(Y) = w(H;,Y). (2.8)

We derive the special case in Proposition 2.1 directly from Definition 2.2 and formulate
it in another proposition:

Proposition 2.2: If Hy is a Hamiltonian vector field to the function f : M — C,
the flow ®, along Hy defines a symplectomorphism for any t. The corresponding closed
one form w(Hy,-) is an exact form. We call the symplectomorphism ®, a Hamiltonian
flow and may also write oy for all flows which are of this type.

2.1.2 Properties of Hamiltonian Vector Fields and Poisson Brackets

Remark 2.1: Note that, given any function f : M — C, there is a unique vector field
Hy satisfying (2.8). In canonical coordinates (x,€) of a cotangential bundle M = T*N,
where the symplectic form can be expressed like in (2.2), Hy is given by

B of &  of 0
Hy=Y" (a - %%) : (2.9)

We want to adress that not only the symplectic form w is conserved along the flow
of a Hamiltonian vector field Hy, but also a quite large class of functions. This is an
important fact, as we will be interested in the transport of certain symbols along the flow
of Hamiltonian vector fields later. Let us give an overview about conserved quantities
along Hamiltonian flows:
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Proposition 2.3: Let f : M — C be a function on a symplectic manifold (M,w).
Then the following quantities are conserved along the flow of the Hamiltonian vector field
Hf.'

(1) The symplectic form w,
(7i) The function f itself which generates the flow and
(731) Any function g, which is an analytic function in f, i.e.

g="> apf". (2.10)
k

Proof: (i): Was already mentioned in Proposition 2.2.

(¢7): By definition, the derivative of f along Hy is df(Hy) = w(Hy, Hy). But this is zero,
because w is a two form. Therefore f is conserved along the flow of H.

(¢44): We first show df*(Hy) = 0. We have df*(H;) = w(H ., Hy). Let us calculate H

Hpe =3 (0, (F5)0s, = 00, (f)0e) = > (k"' 0¢, fOu, — kfF 00, f0)  (211)

J J

= kf* 1Y (O, £, — Ou, FOe,) = kf* ' Hy. (2.12)

Inserting this into df*(H) leads to df*(H;) = w(kf*'H;, H;) = kf*'w(H;, H;) = 0.
Now, because w and the Hamiltonian field are linear any linear combination of the f*
is also conserved. But this actually means that any analytic function like in (2.10) is
conserved. q.e.d.

Of course, not every function g on the cotangent bundle of a manifold is an analytic
function of another function f. However, we can still consider its derivative dg(Hy) even
if it is not zero. It turns out, that this directional derivative defines another very useful
structure in symplectic geometry.

Definition 2.3: Given two functions f : M — C and g : M — C we define the Poisson
bracket {f, g} of f and g as

{f,9} = w(Hy, Hy) = df (Hy). (2.13)

Lemma 2.2: The Poisson bracket defined in Definition 2.3 has the following proper-
ties:

(1) It is anticommutative, {f,g} = —{g, f},

(12) Bilinearity, i.e. {f,g} is linear in both f and g,

(i74) It fulfills the Leibniz rule {fg,h} = {f,h}g+ f{g,h},

(iv) Jacobi identity: There is {f,{g,h}} +{g, {h, f}} +{h,{f,9}} =0 and
(v) Hypgy = [Hy, Hy| with the Lie-bracket [X,Y] =X oY —Y o X.
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The reader may check the properties described in Lemma 2.2 either in local coordinates
(2.9) or by the abstract definitions. We want to just make use of these facts to derive
useful information from the Poisson bracket:

Remarks 2.2:

e From the definition (2.13) and the anticommutativity (¢) in Lemma 2.2, we see df (H,) =
—dg(Hy). Therefore, if the Poisson bracket {f, g} vanishes, f is constant along H, and ¢
is constant along H.

e Aslong as f and g Poisson commute, {f, g} = 0, the corresponding Hamiltonian vector
fields H; and H, also commute by (v). This means that the flows ®p,; and @y, ; com-
mute locally, see for example [1§].

2.1.3 Canonical Transformations and Compositions of Symplectomorphisms

We have now learned about two types of symplectomorphisms, the general ones and the
symplectomorphisms generated by a Hamiltonian flow. Before comparing these two types,
we want to define another type of transformation, which will be the most interesting in
the chapters to come. Let us from now on assume that the symplectic manifold we are
working on is always the cotangent bundle of some manifold, so we write T*M instead of
M from now on.

Definition 2.4: A symplectomorphism « : T*M\{0} — T*M\{0} is called canonic or
a canonical transformation, if it is positivley one-homogenous in the fibre variable, which
means that if (z,£) is mapped to oz, &) = (y,n), (x, A) is mapped to (y,A\n), A > 0.

There are several easy examples how to generate canonical transformations. One pos-
sibility is to generate it with the help of a one-homogenous function f: If a function
f : T*(M) — R is one-homogenous in the fibre, f(z,A) = Af(x,€) then so are the
O¢, components of the Hamiltonian field H;. This part of the vector field describes the
movement inside the fibre, and it turns out that the corresponding flow is also compatible
with the homogeneity:

Proposition 2.4: Let f : T*M — R be a function, which is positively one-homogenous
in the fibre variable . Then the flow along its Hamiltonian vector field Hy is a canonical
transformation.

Another classical example are the lifted diffeomorphisms. Given any diffeomorphism
g : M — M the inverse transpose of the differential Dy, the so called co-differential, is a

(pointwise) linear map on the fibres of 7*M. This produces a canonical transformation via

Proposition 2.5: If g : M — M 1is a diffeomorphism on the base manifold M, the
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lifted map
a(z,€) = (g(z). (Dg);" (€)) (2.14)

is a canonical transformation.
Proof: The homogeneity follows directly from the linearity of the co-differential (Dg)~7.

Remembering the fact that in Darboux coordinates w has the form (2.2), we can write in
local coordinates

w((vmavﬁ)v (Zm,Zg)) = <UI7Z£> - <U57ZZ>7 (2'15)

for any tangential vectors (v, v¢) and (z,, 2¢) in the tangent space of 7M. Now, the map
Do, which has to preserve the values of (2.15) can be induced by «,

Da(vy,ve) = (Dg(vs), (Dg) ™" (ve)). (2.16)
We then calculate

w(Da(vy, ve), Doz, 2z¢)) = w((Dy(va), (Dg) ™" (ve)), (Dg(22), (Dg) ™" (%)) (2.17)
= (Dg(vz), (Dg)™" (2¢)) — {(Dg)™" (ve), Dg(20)) = (va, 2¢) — (ve, 2), (2.18)

where we used, that the transpose is equal to the adjoint in the coordinates. The last
equality means, that the symplectic form is invariant. g.e.d.

After presenting the relevant types of symplectic transformations, we want to state, how
these types are connected to each other and whether they form a group.

Proposition 2.6: For two arbitrary symplectomorphisms Cy,Cy on the symplectic man-
ifold T* M their compositions Cy o Cy and Cy o Cy are again symplectic.

Proof: Let Cy and Cy be symplectic. Furthermore, let v and z be vectors in T,,(T%M).
We have to check, that

w(D(Cy o Gy)(p)(v), D(Cy o Ca)(p)(2)) = w(v, 2). (2.19)

First, there is the chain rule. We may write D(C} o Cy)(p) = (DC1)(Ca(p)) - (DCs)(p).
Therefore we have

w(D(Cy 0 Ga)(p)(v), D(Cy 0 Cr)(p)(2)) (2.20)
= w((DCY)(Ca(p)) - (DC)(p)(v), (DCL)(Ca(p)) - (DC2)(p)(2))- (2.21)
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If we write DCy(p)(v) = 0 and DCsy(p)(z) = Z, the object of interest is equal to

w((DC)(Ca(p) (@), (DC)(Ca(p))(2))- (2.22)

But then, we know that C; is symplectic, from which we see that the expression in (2.22)
is equal to w(?, 2) = w(v, z) and the last equality is true due to the fact, that Cy is also
assumed to be symplectic. qg.e.d.

Proposition 2.7: If Cy and Cy are canonical, so are their compositions C o Cy and
Cg o 01.

Proof: Canonical transformations C; and C5 are symplectic by definition. By Proposition
2.6, their compositions are also symplectic. It remains to prove that the compositions
are one-homogenous in the fibre. Set Cy(z, &) = (y,n) and (C} 0 Cs)(z, ) = (2, 8), which
implies Cy(y,n) = (2, 8). Now consider (Cy o Cy)(z, X):

(C1 o Co)(x, ) = Ci(Ca(z, X)) = Ci((y, An)) = (2, A\B). (2.23)

But this means, that the composition is one homogenous. q.e.d.

Concerning compositions of symplectomorphisms, we want to give one last statement,
without proving it:

Proposition 2.8: The composition of the flows Py, and Py, of two Hamiltonian
vector fields Hy and H, is again a flow of a Hamiltonian vector field (possibly time de-
pendent).

At last, before talking about the necessary objects concerning Fourier integral opera-

tors, let us show, how general symplectic flows and Hamiltonian flows are connected to
each other:

2.1.4 Local Triviality

Proposition 2.9: Let ®x; be the flow of some vector field X. If the flow is symplectic,
then for each point p € T*M there exists a neighborhood V', such that ®x; = ®p,, with
the Hamiltonian vector field Hy of some function f.

Proof: The proof directly follows from the Poincaré lemma: If ®x, is symplectic, w(X,-)
is closed by Proposition 2.1. The Poincare lemma states that locally every closed form is

also exact. But then, locally w(X,-) is exact, which means that X = Hy. qg.e.d.

Corollary 2.1: If the first de Rham cohomology H'(M) is trivial, every symplectic flow
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Oy, is Hamiltonian.

Proof: A trivial first de Rham cohomology H'(M) means that every closed form on
M is also exact. Note that the de Rham cohomology H*(M) is isomorphic to that of the
cotangent bundle H*(T*M) for any k: We can identify the base manifold M with the
zero section My = {(x,0),z € M,0 € T*M?}, which is a subset of the cotangent bundle.
The cotangent bundle can then be deformed into the zero section M, with the help of
the homotopy Fi(z,&) = (z, (1 —t)§),t € [0,1]. Therefore T*M is homotopy equivalent
to M and this means that it has the same de Rham cohomology like M (this holds ac-
tually for every vector bundle E over M). But then H(T*M) is trivial and therefore
every closed form on T*M is exact, which leads to the fact that every symplectic flow is
Hamiltonian. g.e.d.

2.1.5 Lagrangian Submanifolds

Until now we have only defined and explained the purely geometrical structures appearing
in symplectic geometry. Of course, we want to find connections between these geometrical
structures and the corresponding analytical objects like operators on some function space,
for example L?(M). In order to make a nice transition to the analytical part of symplectic
geometry, we define another geometric object, which we will connect afterwards to the
corresponding analytical operator:

Definition 2.5: A submanifold S of any symplectic manifold N is called a Lagrangian
submanifold, if dim(S)= dim(N)/2 and wg = 0.

Remark 2.3: There are no submanifolds S with greater dimension than dim(V)/2,
such that the restriction of w to S vanishes. Any submanifold of arbitrary dimension
where the symplectic form vanishes are called isotropic submanifolds. In this sense a
Lagrangian submanifold is a maximal isotropic submanifold.

Proposition 2.10: For any canonical transformation C' on the contangent bundle
T*M\{0}, one may consider the twisted graph of C,

A={(z,8),(y,—n), (z,§) = C(y,n)} (2.24)

Then A is a Lagrangian submanifold of (T*M\{0}) x (T*M\{0}) with respect to the in-
duced symplectic form we :=w & w on (T*M\{0}) x (T*M\{0}).

Proof: First, for any symplectic form w on (T*M\{0}) x (T*M\{0}), two vectors, on
which w acts on are of the form

(8, 6¢), (8y, 6n), (9, 6€), (dy, o) ). (2.25)

If we choose w = w», this results in
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wy((6, 6€), (8y., 6n), (9z,68), (Y, 0n)) (2.26)
= w((0x, 6¢), (0z, 6€)) + w((Sy, on), (5y, 0n)). (2.27)

Remember that any canonical transformation C' is a diffeomorphism, thus it has an in-
vertible differential DC. We therefore have (6z,0¢) = ((DC)(dy,0n)) and (6z,0¢) =
((DC)(dy,0n)) as long as the points are taken out of the graph of C'. Then we can write
(2.26) as

w((6z,6), (0x,0€)) + w((dy, 6n), 5y, on)) = w((DC)(8y, 6n), (DC)(dy, on))  (2.28)
+w((Sy, o), (5, o)) (2.29)
= w((8y, on), (8y,0n)) + w((8y, on), (3y, on)), (2.30)

where we used that C' is a symplectomorphism by assumption. Note that (2.30) will be
the result for the usual graph of C'. Since A is a twisted graph, we get an additional
minus sign in the first term of (2.30) when restricting ws to T'A, which means that in
fact w is vanishing on T'A. Therefore A is isotropic. It has maximal dimension dim(A) =
dim(7T*M), because it is the graph of a transformation. g.e.d.

From Proposition 2.10 we see that canonical transformations always define Lagrangian
submanifolds. Not every Lagrangian submanifold S is given by a canonical transforma-
tion, but it is alwas possible to express S locally by a generating function ¢, as long as S
is conic. This function ¢ builds the bridge between symplectic geometry and the analysis
of Fourier integral operators.

2.2 Fourier Integral Operators
2.2.1 Motivation and Definition

In the last chapter, we learned that any pseudodifferential operator A may be expressed as

(Au)(@) = [ e %a(, y, E)uly)dyde, (2.31)

with the symbol a of A. In this definition one can directly see that any pseudodifferential
operator is fully defined by the values of its symbol a. The function exp(i(z —y)¢) always
stays the same, for all pseudodifferential operators. However, it is possible to define op-
erators, which are even more general than pseudodifferential operators by changing this
factor: Instead of A defined as above, we want to work with operators like

(Apu)(x) == /eid)(z’y’g)a(x,y,{)u(y)dydg. (2.32)
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As a motivating example, let us consider the classical wave equation together with given
initial values:

(i) (0F + A)u=0, (i) u(0) = go, (iii) (Oru)(0) = g1. (2.33)

If we seek for solutions in the Schwartz space S(R"™) we may use the Fourier transform
to generate a solution in terms of the initial values gy and g;. More precisely, by tak-
ing the Fourier transform of ((2.33), (7)) only with respect to the position variables, we get

fa(€,t) = —gl*a(s), (2.34)

if A is the standard Laplacian A = — 37, 8§j. Interpreting £ as a parameter, this is just
an ordinary differential equation with the general solution

a(€,t) = Celélt 4 pe~ilslt, (2.35)

We can also transform the initial conditions, which results in 4(0) = go and 9,4(0) = ¢i.
These transformed initial conditions give rise to conditions on the coefficients C' and D,
namely

—ig
€l

After solving this system for C' and D, the unique solution to the Cauchy problem (2.32)
is given by F~1(a(&,t)) with

(1) C+D =gy, (2)(C—D)= (2.36)

_ Dol€l =91 iee , Go 91 —igie

HED =" 21¢]

(2.37)

If we plug (2.37) into the inverse Fourier transform and rearrange the resulting terms, we
can write the original solution as

1 . .
u(z,t) = 53 (/ el(&(w—y)ﬂﬁlt)go(y)dydf + /el(é(x—y)—lflt)go(y)dyd§> (2.38)
s
1 i(&(r— 1 : W(&(x—y)— 1
<_ / Pl y’*‘g't)mgl(y)dydfﬂ / (ilE(@—y) |»:|t>|£|g1(y)dydg>, (2.39)

The representation (2.38) —(2.39) is expressed via four integrals of the desired form (2.32)
with ¢(z,y,£) = {(z —y) £ [£]t and ap = 1 and a_; = 1/|£|. This motivates the following
definition for a Fourier integral operator

Definition 2.5: For any function ¢(x,y,£) = ¢o(x,§) — y, where ¢g is a one homoge-

nous function in the fibre variable £, and some a € S™ we define a corresponding Fourier
integral operator Ay via
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(Apu)(z) = /ew(f"y’g)a(x,y,f’)u(y)dydf. (2.40)

We call ¢ the phase and a the amplitude of the Fourier integral operator Ay.

Remark 2.4: In the foregoing example of the wave equation there were operators
o(z,y,t, &) involved which also depend on time. As there is no integration in t in Defi-
nition 2.5 we may regard such operators as parameter dependent operators of the form
(2.40). We will see in the chapter about hyperbolic systems that any scalar hyperbolic
equation is solved by a time dependent Fourier integral operator.

2.2.2 Compositions and Examples

While the operators of pseudoddifferential type form an algebra, the case of Fourier in-
tegral operators is much more difficult. For two Fourier integral operators Ay, and By,
with possibly different phase functions and amplitudes, it is neither clear whether the sum
nor the product is again of Fourier integral type. The approach of finding a way how to
check, whether two Fourier integral operators may be composed with each other, is purely
geometrical: One can associate a Lagrangian submanifold of (T*M\{0}) x (T*M\{0})
to each Fourier integral operator and then it remains to check, whether these Lagrangian
submanifolds behave well with respect to each other. The theorem which clarifies this
correspondence is given by

Theorem 2.1: (see [3], Theorem 21.2.16) Let S C (T*M\{0}) x (T*M\{0}) be a conic
Lagrangian submanifold. Then, locally near a point ((zo,%0), (Yo,m0)) € (T*M\{0}) x
(T*M\{0}) the submanifold S can be represented via a phase function ¢(x,y,§) which is
homogenous of degree 1 in & and non-degenerate such that

S = {((w,0,0), (9, ~0,0)) : Ot = O}, (2.41)

Theorem 2.1 is extremely important, as it shows a direct (local) correspondence between
Lagrangian submanifolds and Fourier integral operators: Any Fourier integral operator
A, with a phase function ¢ can be associated with the submanifold S in (2.41) defined
by ¢ and vice versa, any Lagrangian submanifold S generates (locally) a Fourier integral
operator. We want to give an example in order to see how the class of pseudodifferential
operators corresponds to a subclass of Lagrangian submanifolds:

Example 2.2: Let A, be a Fourier integral operator with ¢(z,y,¢) = (x — y)§. Then
Ay is a pseudodifferential operator and one may write Ay := A. If we want to build
the Lagrangian submanifold in (2.41) and denote it by S := Ay, first of all there is
0:p =0 & z =y. Then Ay is the submanifold
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Ay ={(2,8),(4,€) - 2 =y} = {(,6), (z, )} € (T"M\{0}) x (T"M\{0}). ~ (2.42)

Therefore all pseudodifferential operators are Fourier integral operators, which are asso-
ciated to the graph of the identity map. Of course, the identity is a special example of
a canonical transformation. We want to give another example of the representation of a
canonical transformation as a Fourier integral operator.

Example 2.3: Assume that g : M — M is any given diffeomorphism on the base mani-
fold M. A natural way to represent this diffeomorphism on the function space L?(M) is

(Ag,u)(@) = u(g™'(z)). (2.43)

We want to show that Ay, can be written as a Fourier integral operator and we want to de-
termine the associated Lagrangian submanifold Ay, . Using u(g~'(x)) = F~H(F(u(g~'(z))))
there is

1

ulg™ @) = (5-) [ ey dyde. (2.44)

This is a Fourier integral operator with phase ¢,(z,y, &) = (97 (z) — y)¢ and amplitude
a = 1. By (2.41) A4, becomes

Ng, = {(2. 0.9 (2)€). (y,€) 1 y = g7 (2)} = {(9(y), (Dg); " (&), (4, €)}- (2.45)

The last equality shows that the map u(z) — u(g~!(z)) is associated to the lift of g,
which we have already seen in Proposition 2.5.

We want to give a theorem, which tells us under which conditions on the correspond-
ing Lagrangian submanifolds Ay, and A4, two operators A4, and By, can be composed
to another Fourier integral operator Cy,. We will only state the theorem without proving
it. For more details, see ([4], Theorem 2.4.1).

Theorem 2.2: Let Ay, and By, be two Fourier integral operators on a compact manifold
M. If Ay, and Ay, denote the corresponding Lagrangian submanifolds, consider the con-
ditions

(C) n# 0, if (2,6,y,m) € g, or (y,7,2,€) € Ag, (2.46)

(Co) §#0or (#0if (2,8,y,m) € Ay, and (y,m,2,() € Ay, (2.47)

(C3) Ay, X Ay, intersects T (M)\{0} x (diag(T*(M)\{0})) x T*(M)\{0} transver(sally.)
2.48

As long as all the conditions (Cy)—(Cs) hold, the composition Ay, 0 Ay, is well defined and
up to a smoothing error equal to a Fourier integral operator Cy,. Moreover, if Ay, = Ac,
is the graph of a canonical transformation Cy and Ay, = Ac, belongs to a canonical trans-
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formation Csy, the composition Ay, o By, is associated to Ac,oc,-

Remark 2.5: Theorem 2.2 tells us that Fourier integral operators associated to canonical
transformations may be seen as (up to smoothing errors) representations of the group of
canonical transformations. This fact will be used later to more extent.

Kumano-go has established many theorems about the composition between pseudodif-
ferential and Fourier operators in his book about pseudodifferential operators and he has
given formulas for the asymptotic expansion of the amplitude and phase of the composed
operators (see [I], Chapter 10). In this work, we will deal a lot with G-operators, which
may be seen as abstract compositions of operators of pseudodifferential type and Fourier
integral operators. Therefore we do not really need the composition formulas of Kumano-
go. However, there is one special case of such a composition, which is important if one
wants to see and use that the G-operators actually form an algebra. This is the also quite
well known theorem of Egorov:

Theorem 2.3: (Egorov) Assume that P is a given pseudodifferential operator of order
m and that Ag is an invertible Fourier integral operator. Then the conjugation AgPAg"
is (up to a lower order error) again an order m pseudodifferential operator. If the La-
grangian submanifold Ay associated to Ay is the graph of a canonical transformation C,
the symbol of the conjugated operator AyPAz" := P s

o(PY7)(@,€) = o(P)(C ! (,€)). (2.49)

Remark 2.6: The theorem of Egorov is still true for Shubin type operators on R",
as long as Ay is a Fourier integral operator defined by a phase and amplitude of Shubin

type.

2.3 G-Operators
2.3.1 The Algebra of G-Operators
The theorem of Egorov creates the idea of considering operators of the form PAy with a

pseudo P and an invertible Fourier integral operator A,: If we try to compose an operator
PAy4 with another operator () By, we can write the product as

PAsQBy = PAsQA; AyBy = PQY ™ AyB, (2.50)

using Theorem 2.3 for the definition of Q™ ((2.50) holds modulo operators of lower
order, which can be neglected concerning Fredholm theory).Now, if one furthermore as-
sumes that A, and B, are the representations ® of some group elements of a group G,
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Ay =, By = ®,,, then we can compose them and get PA,QB,, = PQCACI)WW. This
motivates us to consider classes of operators, which are abstract compositions of pseudos
and Fourier integral operators:

Definition 2.6: Let A be the algebra of pseudodifferential operators. If G is some group
with a representation ® : G — L(H*(M)), such that the algebra A is invariant under
conjugation by the representation, A = @;1./4(1)9, for all g € G, we can define operators of
the form Dy = >>, Aq®,. Operators of this type form an algebra, which we call the algebra
of G-type operators.

Corollary 2.2: Denote by A xe G the set of G-operators on a manifold M, where ®, is a
representation as a Fourier integral operator for every g and g is associated to a canonical
transformation C,. Then the following properties hold:

(i) ByA, = ACT @, (2.51)

(i) (Ag, By)O = Ayl By . (2.52)

(i) A% = @1 A,D,. (2.53)

(iv) If the representation ® is unitary, (A,®,) = A?‘I)gfl. (2.54)
(v) (cpg—lAch)g)T = (IJg_lALCI)g for any unitary &. (2.55)

proof: (i) : ®gA; = P AP 1Dy = Agflfbg.
.. —1 _ _ _ Ol SCt
(i) : (Ag1Bgz)Cg3 = &g (Ag1lBgz)(I)g31 = ((I)g:sAglq)gg,l)(q)gngzq)g;) = Ay Bg,” .
(7i7) : Let us start with Afg = (IDgAQCI)gl. If we multiply both sides with ®, from the

1
right and @, from the left, this is equivalent to A, = @;11459 ®,. Because @ is a repre-

sentation, this is just the conjugation with the representation of the inverse element ¢g—*.

-1

As the symbol of this conjugation of Afg has to be equal to that of A, itself, conjugation
with @;1 must evaluate symbols on the flow Cy.

(1v) : Assume that ® is unitary. Then we have

(Ag@y) =T AT = D TAl = @ 1Al @1 = AT (2.56)

where we used the result from ¢) for the inverse conjugation.
(V) 0 (B AP, = DTATD T = D TATD, . q.e.d.

2.3.2 Trajectory Symbol and its Invertibility

Of course the set of all G-operators forms an extension of the set of pseudodifferential
operators. The Fredholm property of a pseudodifferential operator, which is one of the
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main objects of this thesis and will be discussed in the next chapter, reflects in the invert-
ibility of its symbol. This lets us guess that there must also be some useful definition of a
symbol of a G-operator, such that the Fredholm property is equivalent to invertibility of
that symbol. We want to define that so called "trajectory" symbol now and recall some
facts about it, and we will state the equivalence to the Fredholm property in the next
chapter.

Definition 2.7: Consider a G-operator of the form D = ZquDg. Furthermore, let

us assume that the pseudodifferential coefficients A, are zerogorder operators acting on
L*(M) whith some manifold M and that the representation ® is unitary modulo compact
errors, i.e. <I>; = q)g_l + K, with compact K, for all group elements g € G. The trajectory
symbol of D 1is the operator valued symbol

o(D) =Y o(A,)7,: ’(G) = I*(G) (2.57)

g
defined by the actions

(0(Ag)(w,6).f)(h) = o (Ag)(h(x,€)) f(h), (7yf)(h) = f(g'h), (2.58)

for any function f € I*(G).

Remark 2.7: Similar to the notion of a principal symbol of pseudodifferential opera-
tors, one may define a principal symbol of a G-operator by simply replacing o(A4,) in

(2.57) by 0,(A,).
Lemma 2.3: The trajectory symbol defined in Definition 2.7 fulfills:

a):
b) :

c
d

The trajectrory symbol is linear,
o(®,h) =11,
: The principal symbol is multiplicative: o,(D1Dsy) = 0,(D1)o,(Ds)

oyt _
pop(Ag? ) = Tgap(Ag)Tg h

N N N N
~ — . .

~—

proof: (a): Follows directly from the definition.
(b): Since @ is a representation, there is o(®, ') = o(®y-1) = 7,-1. As the action of 7,
is given by (7,-1f)(h) = f(gh), it is clearly the inverse operator to 7,.

(¢): We only need to show the statement for D; = A,®, and Dy = B;®;, the correspond-

ing statement for sums follows from the linearity (a). On the one hand, we have
- o7t
0p(D1D3) = 0p(AgPy B3 P3) = 0 (Ag Py B3P, 0, P;) = 0p(AgBy" Pg5) (2.59)

o-1 o-1
= Up(Angg )Tgé = Up(Ag)Up(ng )Tgé' (2.60)

Note that we have used in (2.60), that the principal symbol of pseudodifferential operators
itself is multiplicative. Let us calculate the action of (2.60):
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(0p(D1 D) F)(h) = (0(Ag)op(BS* Yo f)(h) = 0p(Ag)an(BS? ) F((93)'h)  (2.61)
o1

= a,(Ag)op(B;* )(h(x,€)) f((99)"'h) (2.62)
p(Ag)(h(,€))oy(By) (g~ h(x, €)) f((99) "' D). (2.63)

On the other hand,
0p(D1)op(D2) = 0,(Ag®Py)0,(B;P5) = 0,p(Ag)T40,(B3)75. (2.64)

If we let this act on some function f € [*(G) the result is

(0p(Ag) g0y (Bg)75.f ) (h) = (0,(Ag)705(B3)) f (5" 1) (2.65)
= 0y(Ag)7y(0y(Bg) (h(w, ) f (5" 1)) (2.66)

= 0p(Ag) (h(x, €))op(By) (9~ h(x,€)) f(§ g h) (2.67)
= 0p(Ag) (h(x, )y (By) (g~ b, ) f((99) " h). (2.68)

We see that both actions (2.63) and (2.68) coincide, meaning that the operators are the
same.

(d) :

%(Afg_ ) = Up(q)gAg(Dg;l) = Up(q)g)ap(Ag)Up(q)g_l) = Tgap(Ag)Tg_ly (2.69)
where we made use of both (b) and (c). q.e.d.

Remark 2.8: Note that the multiplicativity of the principal symbol o, also extends
to matrices with G-operators as entries, just as in the case of pseudodifferential operators.

For pseudodifferential operators the invertibility of the principal symbol is just equiv-
alent to o,(A) being non zero for the scalar case, or det(o,(A)) # 0 in the case of a
system of operators. In the case of G-operators invertibility is harder to check even in
the scalar case, as we have to invert an operator-valued symbol, taking values on [*(G).
The invertibility conditions as described in the work of Antonevich and Lebedev, see ([5],
Theorem 4.6.5), make use of ergodic measures. We want to explain this concept and then
state the conditions for the invertibility..

Definition 2.8: Let (X, y1y) be a space with a probability measure p, and g : X — X a
diffeomorphism on X. If pn,(g~ (Q)AQ) = 0 (where AAB denotes the symmetric differ-
ence of A and B) implies 11,(2) = 0 or puy(Q) =1 for every measurable subset Q@ C X, i,
1s called an ergodic measure with respect to the diffeomorphism g.

The invertibility conditions, which will be generated by the problems in the later chap-
ters can in some cases be reduced to the invertibility of a single operator of the type
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g

»(D) = a+ br,. For such operators, the invertibility conditions are

Theorem 2.4: Let D = A®, + B®d,, be a two-term G-operator, where A, B are zero
order operators and ® is an (modulo compact) unitary representation of a group G. The
principal symbol o,(D) = a + br, is invertible iff one of the following conditions is true:

() a(e.&) £ 0 V(&) € S°(M) and [ Inlal)dpy > [ by (270)

(#%) b(z,€) £ 0 ¥(z,€) € §*(M) and /MM) In(|b|)dp, > /S*(M) n(lal)dy, — (2.71)

for all ergodic measures i, with respect to g.

Remark 2.9: The integrals in (2.70) and (2.71) are called the geometric means of a and
b. From Theorem 2.4 we can directly deduce that any G-operator symbol 0,(D) = axar,
can never be invertible, because the geometric means of the two symbols would be the
same, no matter which ergodic measure is used for the calculation. However, such opera-
tors often have a left inverse, as we will see later.
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3 Fredholm Operators

The main goal of this work lies in the derivation of the conditions, under which a certain
hyperbolic system induces Fredholm operators. This chapter shall serve the purpose to
state the general facts and theorems about abstract Fredholm theory and Fredholm theory
involving pseudodifferential or G—type operators. In particular the Fredholm theory
of matrices of operators will be considered. A good summary concerning the abstract
Fredholm theory can be found in ([3], Chapter 19.1).

3.1 The General Fredholm Theory

3.1.1 Definitions and General Properties

Definition 3.1: Let A : X — Y be a bounded operator between two Banach spaces X
and Y. A is called a Fredholm operator, as long as the numbers a; := dim(ker(A)) and
as = dim(Y/Im(A)) := dim(coker(A)) are both finite. In this case we set

ind(A) :=a; —ay (3.1)

and call this number the index of A.

Let us first state a few well known facts about Fredholm operators. On finite dimen-
sional spaces, surely every linear operator A is a Fredholm operator. The interesting
operators arise when one considers infinite dimensional spaces X and Y. In this case,
Definition 3.1 means, that the operator A is injective and surjective up to finite dimen-
sional errors. As full injectivity and surjectivity would reflect in the existence of a left-
and right inverse, Fredholm operators can be seen as operators wich have left and right
inverses up to finite dimensional errors:

Theorem 3.1: An operator A : X — Y s Fredholm, iff there exist operators Fa
and Far:Y — X such that

FA,LA:1X+KA,L7 AFA7R:1y+KA7R (32)

with finite dimensional operators Ky and Kag. We call Fyp/r a left /right parametriz

to A.
Another important fact about Fredholm operators is the closedness of their range:

Theorem 3.2: Given any Fredholm operator A : X — Y between to Banach spaces
X and 'Y the range Im(A) is closed.

A natural and intuitive choice for the error terms K4 and K4 g would be the pro-
jections onto the kernel of A (K4 1) and onto some complement of the image of A (K4 r).

43



The finite dimensionality condition for a; and as in Definition 3.1 guarantees that these
projections are finite dimensional. Note that on Hilbert spaces X, Y the orthogonal com-
plement of the image of A is isomorphic to the quotient Y/Im(A) and that the projections
can be always chosen as orthogonal projections. While Theorem 3.1 is an intuitive fact,
there is also a non intuitive but very remarkable statement about the error terms in (3.2):

Lemma 3.1 (Atkinson-Nikolskii): Consider any operator A : X — Y. Then it
suffices to find Fa 1 and Fa r such that the error terms K4 1, and K4 r from Theorem 5.1
are compact operators, and A is already a Fredholm operator.

We want to remind that compact operators in general need not to be operators with
finite dimensional range. Lemma 3.1 tells us that if one wants to test whether an op-
erator A has a left and right inverse up to finite dimensional errors (3.2), i.e. if A is of
Fredholm type, it actually suffices to check whether A is invertible up to compact errors.
Before stating some other useful theorems, we want to make a few remarks, which are
easy to see from the facts already mentioned:

Remarks:

e If A: X — Y is an (bounded) operator between two Hilbert spaces, the cokernel
coker(A) is isomorphic to the kernel of the adjoint AT. Given an inner product (-, -)y on
the target space Y the cokernel is isomorphic to the orthogonal complement of Im(A).
This means, that given any element g € coker(A), we have

(Af,9)y =0, Vfe X. (3.3)

But this means

and thus ATg = 0, meaning that ¢ lies in the kernel of AT.

e We can see from the first remark that for any Fredholm operator A acting between
Hilbert spaces, its adjoint A is also a Fredholm operator: There is dim(ker(Af)) =
dim(coker(A)) and dim(coker(A'")) = dim(ker((A")")) = dim(ker(A)) and therefore ind( AY)
= - ind(A).

e It is also possible to define the notion of a Fredholm operator for unbounded (densely de-
fined) operators: If A : D(X) C X — Y is an unbounded operator between Banach spaces
X and Y, in addition to dim(Ker(A)) < oo and dim(coker(A)) < oo we requiere that A
is a closed operator. For example, the Laplacian A : H*(M) C L*(M) — L*(M), A :=
div o grad is an unbounded Fredholm operator, as long as the manifold M is compact.
Note that on compact manifolds the kernel of A consists only of the constant functions
on M and is therefore one dimensional. Because it is essentially self adjoint, it has index
zZero.

e We can use Lemma 3.1 and the fact, that pseudodifferential operators of negative or-
der are compact on a compact manifold M, to construct a parametrix for any elliptic
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pseudodifferential operator A : H*(M) — H* ™ (M) of order m. We remember that the
elliptic operators are operators with invertible principal symbol (outside £ = 0). Then we
define F to be the pseudodifferential operator of order —m, with symbol o (F) = o,(A)~*.
Then by construction (and using the multiplicativity of the principal symbol) the principal
symbol of FA and AF is 1, thus 1 — FFA and 1 — AF are both operators of negative order,
and therefore compact. The resulting conclusion is that any elliptic pseudodifferential
operator on a compact manifold is a Fredholm operator. (Note that F' is both a left and
right parametrix to A. In the case of pseudodifferential operators A : H*(M) — H*~™ (M)
we therefore do not need to distinguish between left and right parametrices and we may
sometimes simply write A? for a parametrix to A.)

How do Fredholm operators behave under perturbation by other operators? It is a fact
from functional analysis that the set of invertible operators is an open set, which means,
that for any invertible A : X — Y one can always find a normsmall (with respect to the
operator norm) nonvanishing K such that A+ K is still invertible. A similar result holds
for the set of Fredholm operators:

Theorem 3.3: Let A : X — Y be a Fredholm operator. Then, if K : X — Y is
compact or if it has an operator norm ||K|| which is sufficiently small, A + K is still
Fredholm (which means that the set of Fredholm operators is open) with the same index.
Moreover, the index is constant on connected components of the set of all Fredholm oper-
ators.

Theorem 3.3 is extremely important, because it tells us that compact or norm small
errors may always be neglected if one is interested in the Fredholm theory of an operator.
This means that concerning Fredholm theory, we can work with equivalence classes [A].
of an operator A where all equivalent operators to A are those, that differ from A by a
compact error. Also, operators which have a sufficiently small distance from A may be
treated as equivalent operators. Before going into the details of index theory, we want to
present a few further simple facts, which are proven easily with the given definitions:

Proposition 3.1: Let A : X — Y be a Fredholm operator. Then the following facts
hold:

a) If Far/r is a left/right parametriz to A, so is Farr + K, for any compact opera-
tor K.

b) If Fa,1/r is a left/right parametriz to A, it is also a left/right parametriz to the operator
A+ K for any compact K.

c¢) The difference of two left/right parametrices Far,/r, and Far,/r, is always compact.

Proof: a): For any left parametrix Fu of A, Fa A = 1+ K4 with compact Ky,
and

(Far+K)A=FapA+ KA=1+ Ky + KA (3.5)

for any compact operator K. Now, the space (X, X) of compact operators is an (two
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sided) ideal of the space L£(X,X) of bounded linear operators, and a subspace. This
means that if we set K 1= K a,1, + KA this is again a compact operator, which means that
Fy 1 + K is a left parametrix. The proof for a right parametrix is analogous.

b): Similar to a) we calculate

Far(A+K)=Fy A+ FarK=1+Ka,+Fa K =1+K,K =K+ Fs.K. (3.6)

c): First, we see that the difference F 1, — Fa 1, applied to A is always compact:

(F’AJJ1 —FA’L2)A = FA7L1A—FA7L2A = (1+KA,L1) — (1+KA,L2) = KA,L1 _KA,LQ- (37)

=K. (3.8)

Applying a multiplication by any right parametrix from the right, this becomes

(Faz, — Far,)AFar=KFar < (Fap, — Far,)(1+Kag) = KFag (3.9)
= (FA,Ll — FA,Ll) = KFA’R — (FA,Ll — FA,L1>KA,R = f( (310)
with a compact operator K. g.e.d.

It turns out that it is often useful to work with products of Fredholm operators. As,
for example, a lot of properties of matrices can be understood better after one diagonal-
izes them, i.e. considering T-'AT instead of A, it is also true that a lot of properties
of Fredholm operators can be seen by using products of operators. In fact, products of
Fredholm operators are Fredholm again, and for the index of the product we have

Proposition 3.2: As long as two operators A : X — Y, B 'Y — Z are Fredholm,
their product BA is also Fredholm. Moreover,

ind(BA) = ind(A) + ind(B). (3.11)

There are several things, which directly follow from Proposition 3.2. We want to give
an overview of this things in a corollary:

Corollary 3.1: Assume that A : X — Y s any Fredholm operator. Then the following
statements are true:

a) If Fy is a left and right parametriz to A its index is ind(F4) = —ind(A).

b) Let B be an invertible operator. Then B~*A and AB™! have both the same index as
A.

c) Assuming that A : H*(M) — H*™(M) is an elliptic pseudodifferential operator of
order m, then its index is independent of s. Moreover, the index only depends on the
principal part of A.
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Proof: a): On the one hand, ind(F4A) = ind (1 + K4) = ind (1)= 0, because 1 is
an invertible operator and has therefore trivial kernel and cokernel. On the other hand,
using Proposition 3.2, ind(FaA)= ind(F4) + ind(A), which means ind(F4) = - ind(A).
Note that Fj is itself a Fredholm operator, because A is its left and right parametrix.
b): Any invertible operator is injective and surjective, thus such a B has trivial kernel ond
cokernel, and therefore ind(B) = ind(B~')=0. b) then follows from the product formula
(3.11).

c) Instead of A, let us consider the operator Ay := A*"™AA™* : L*(M) — L*(M) with
A = A+ 1. Because A is an invertible operator, we get ind(Ag) = ind(A) with b). Let
us first show that the index is independent of lower order terms. For that consider some
perturbation A + §A, A € OPS™ ! of the operator A. We can compute

ind(A + 6A4) = ind(A*™(A + §A)A™) = ind(A* " AA™* + AS(SA)AT).  (3.12)

By the composition rule for pseudodifferential operators we have that A*~™(§A)A~*
e OPss™tm=1=s — OPS™!. As long as the considered manifold is compact, this is a
compact operator, which can be neglected. Therefore

ind(A + 6A) = ind(A*™AA™) = ind(A), (3.13)

meaning that the index only depends on the principal part of the operator. Now, from
Corollary 1.1 we know A*"™AAN™* = A>"™(A~*A + A) with A € OPS™ *~!. Therefore

ASTMANTS = ASTTATA 4 ASMA = ATMA + B, (3.14)

where B = A>"™A is of order —1. This means that the principal part of Ay is independent
of the parameter s. As already shown one can deduce that both the Fredholm property
and the index must also be independent of s, and the same holds for the operator A.
q.e.d.

3.1.2 Index Formulas

Now we have seen some important facts about general Fredholm operators and how they
and their parametrices behave under perturbation. The next logical question would be,
if there is any practical way to calculate the index of a Fredholm operator. One can
get an intuitive idea for an index formula, if one considers (3.2) again and assumes that
the parametrices Iy, and F4 p are chosen good enough, such that K, and K4 i are
indeed the projections onto the kernel and cokernel of the operator. Because projections
have eigenvalues \; € {1,0} it follows that dim(ker(A)) = Tr(K4 ) and dim(coker(A))
= Tr(K 4 r) or equivalently
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ind(A) = Te(Fa A — 1) — Te(AF4p — 1). (3.15)

If we remember that any traceclass operator is automatically compact, we can already
guess that (3.15) might be a formula for the index of A as long as the involved operators
are trace class. It turns out that there is an even more general theorem involving powers
of the operators in (3.15):

Theorem 3.4: Let A : X — Y be a Fredholm operator. If there exists some N > 0
with the property that (FapA — 1) and (AFar — 1) are both trace class, the index of
A is given by

ind(A) = Tr((Far A — 1)) = Tr((AFa g — 1)™). (3.16)

Remark 3.2: As already discussed, if we consider an elliptic operator A : H*(M) —
H*=™(M) of order m, we can choose any Fy with 0,(F4) = 0,(A)~! and it will be a left
and right parametrix for A as long as M is a compact manifold. The differences FqA — 1
and AF4 — 1 are then of order —1. If we consider M = R" instead of a compact manifold
and if A is an operator of Shubin type, the F4 will be still a parametrix. Moreover, we
can use the fact that for N > 2n (F4A — 1)Y and (AF4 — 1)V are of order less than
—2n and therefore trace class, as long as A is a Shubin operator. This means that in the
Shubin case we can explicitly find a parametrix F)4 and a number N, such that the index
formula (3.16) is computable.

The index formula (3.16) in Theorem 3.4 holds for general operators on Banach spaces, as
long as the operators, of which the trace is taken of, are trace class. For the special case
of pseudodifferential operators, there is the famous Atiya-Singer Index formula which ex-
presses the index by the Chern character of a certain bundle associated to the operator A:

Theorem 3.5:( Atiyah-Singer) Any elliptic pseudodifferential operator A acting be-
tween two vector bundles E and F over the closed manifold M is a Fredholm operator.
Its index is given by

/ ., ch(A)Td(M). (3.17)

Remark 3.3: We want to clarify the objects used in (3.17), so that we can use them
better later. Both the Chern character ch(A) and the Todd class Td(M ) are characteristic
classes, which are determinants or traces of analytic functions of Q/(27i) with the cur-
vature form  of some vector bundle. If one considers the (complexified) tangent bundle
TcM, the Todd class is calculated via inserting the curvature form €2 into the function

f(z) = (3.18)
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and taking the determinant of the result. Any analytic function f(2) of the curvature
form is interpreted as a matrix with two forms as entries and the determinant is calculated
by taking sums of wedge products of the components. Note that as the manifold M is
assumed to be of finite dimension, the power series f(2) converges, because any term
with order greater than n vanishes. Moreover, the Todd class has an expansion

TATM)=1+>_T (3.19)

with 4k-forms 7. For any bundle F with curvature form Q2 the Chern character is given
by

ch(E) = Tr(e/?™), (3.20)

In the case of the elliptic operator A, one first associates a virtual bundle to A, which
is a tuple of two vector bundles together with an isomorphism between the components,
and then calculates the Chern character of that virtual bundle: Consider the pullbacks
7 E and 7" F, where 7 is the natural projection from the tangent bundle T'M to the base
manifold M. As we assume the operator A to be elliptic, the principal symbol 0,(A) is an
isomorphism between these two pullbacks. If O and dr are two connections on E and F,
we define the 0,(A) dependent connection 9, (ayp := Og + 0,(A)"'00,(A). Then ch(A)
is the Chern character of the virtual bundle (7*E, 7*F, 0,(A)),

ch(A) = Tr(e*4) — Tr(er) (3.21)

where (24 is the curvature form associated to 0, 4). As one can already guess, the
Atiyah-Singer index formula (3.17) is formulated in an abstract way, and there are more
practical representations of (3.17), which are better computable. Fedosov has expressed
(3.17) directly via the principal symbol of the operator A which is a much more practical
representation:

Theorem 3.6: (Fedosov, see ([16])) Let A be a pseudodifferential operator which

acts on the vector valued functions on the closed manifold M, i.e the vector bundle E is
trivial. Then, as long A is elliptic, it has the index

nd(4) = Ye; [ [Tr((0(A) " dor, (A)) Y TA(M oy (3.22)

where the coefficients c; are given by

1\ (j— 1!
= =) . 3.23
“ <2m') (2j — 1) (3:23)
By S*M we denote the cosphere bundle of M, which has the dimension 2n-1 and |-]op
denotes the top degree form of order 2n-1.
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The index formula of Fedosov is indeed very useful: As it is directly expressed via differ-
ential forms in 0,(A), there are a few things which can be seen easily just by using simple
facts about the nature of differential forms. We can directly derive a corollary for scalar
operators from (3.22):

Corollary 3.2: Assume that M is a closed manifold of dimension greater than 1. If A is
a scalar elliptic operator acting on scalar functions in H*(M), then the index of A is zero.

Proof: 1If we assume A to be a scalar operator, o,(A) *do,(A) is a one-form. Since
any power greater than 1 of a one-form vanishes, only the term with j = 1 in (3.22)
survives. Moreover, if the manifold M has dimension greater than one, the dimension
of the cosphere bundle S*(M), 2n — 1, is also greater than 1 and therefore the one-form
o,(A)"tdo,(A) has to be paired with one of the Todd-class forms 7 in such a way, that
the product is a 2n — 1 form in order to get a nonvanishing integral. However, because
Td(M) consists of 4k forms over the base manifold M, it only has differentials dz; in
the coordinates of the base manifold. Since o,(A) " do,(A) is a one form, it has at most
differentials in the fibre variable £ of order 1. But then the whole integrand in (3.22) has
at most order one differentials in the fibre variable . For dim(M) > 3 the fibres in S*(M)
are at least two dimensional, which means that the integration over the fibres in (3.22)
will make the integrand vanish. If we consider dim(M) = 2, the Todd class is trivial. In
this case, (3.22) simplifies to

ind(A4) = — / oy Ay (4) (3.24)

2w Js

and this is also zero, because dim(S*(M)) = 3, which is greater than the order of the
differential 1-form o, (A)~*do,(A). q.e.d.

Remark 3.4: Note that there are manifolds, where the whole Todd class is trivial,
Td(M) = 1. (For example all manifolds with dimension dim(M)< 3 have trivial Todd
class). If M has dimension 1, we can express the index of a scalar operator with the help
of winding numbers:

dm(M) =1 = na(4) = oy 7)) (3.25)
— 21m /M op(A) (2, € = 1)do,(A) — 217m /M o, (A) "Lz, € = —1)do,(A). (3.26)

Assuming that M is a closed curve in the complex plane parametrized by + : [0,7] — C
the two expressions in (3.26) are just the winding numbers of g, o v along the zero point
for 6 =1and £ = —1.

Remark 3.5: We want to remind the reader that the Fedosov index formula (3.22)

is also true on R™ when using Shubin type operators. Since R" is a flat manifold, Q2 = 0,
its Todd class is trivial, and therefore the Fedosov index formula on R™ becomes
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ind(4)=C, [ Te((o(A)~do, (A))2n1). (3.27)

3.1.3 Fredholm Theory of GG-Operators

Before coming to the part of this chapter, where we will investigate the properties of
systems of operators, we want to state a few facts about the Fredholm theory involving
G-operators. The Fredholm property of G-operators is in general much more complicated,
as inverting the trajectory symbol is more complicated than inverting a usual pseudodif-
ferential symbol. Moreover, the invertibility of the symbol of a G-operator is not always
equivalent to its Fredholm property. For such a statement one needs a few assumptions
on the group G itself. In that manner, we want to introduce the definition of amenability
in order to have a symbolic calculus, where the invertibility is equivalent to Fredholm
property of the corresponding operators:

Definition 3.2: Let G be a discrete group. G is called amenable, if there exists a finitely
additive measure j on G, satisfying

(i) w(G) =1, (i) u(gH) = p(H), VH C G. (3.28)

Examples:

e If GG is any abelian group, it is amenable. In particular Z is amenable.
e Any group containing the free group over two generators as a subgroup is not amenable.

Later in the main chapters of this work, we will consider discrete groups, which are
generated by a finite set of Hamiltonian flows. We will see that we have to impose condi-
tions on the flows, such that the generated group does not contain free subgroups. Now,
consider a group G with an action on some manifold M. We want to state conditions
guaranteeing that the invertitibility of trajectory symbols is equivalent to the Fredholm
property of G-operators (for further details, see ([8]):

Theorem 3.7: Consider a group G with an action on the manifold M. If the action is
topologically free, and if G is amenable, any G-operator D = > A, ®, : L*(M) — L*(M)

g

with order zero pseudodifferential coefficients A, and a (modulo compact) unitary repre-

sentation ® is Fredholm, iff its trajectory symbol o,(D) =Y _ 0,(Ay)7, : *(G) = I*(G) is
g

invertible for every (z,§) € S*M.

A natural example for a group G with an action on the manifold M is the group of
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diffeomorphisms on M. Any diffeomorphism g € G can be lifted to a canonical trans-
formation on the cotangent bundle 7% M as follows: Define the transformation a on the
cotangent bundle via

oz, €) = (g(x), Dg~" (x)8), (3.29)

with D¢~ being the inverse transpose of the differential of g. For any diffeomorphism g,
a is automatically a canonical transformation. We can choose the representation ®, to be
a Fourier integral operator, which is associated to this canonical transformation a. For
the resulting G-operators, which may be seen as G-operators associated to shifts, there
is a generalization of the Fedosov index formula. We can formulate it in the following way:

Theorem 3.8: (see [14], Theorem 1.5) Let G' be a group of diffeomorphisms on M and
assume that these diffeomorphisms act topologically freely and isometrically on the mani-
fold M. If G is in addition amenable, the index of a G-operator D : H¥(M) — H* "™ (M)
with invertible principal trajectorial symbol is

ind(D ch/ Tr.[(0,(D) ' do,(D))* ' Td(M)]iep (3.30)

(MxR/G)

where S*(M x R/G) is the cosphere bundle of the orbifold (M x R)/G with the action
g-(x,t) = (g9(x),t+1),(z,t) € M xR, g € G. By D we denote the external product of
the natural extension of D to the cylinder M x R with the index 1 operator A = 0; + t,
see ([T4)]) for details.

Sometimes it is possible to express the index of a G-operator through the indices of
usual pseudodifferential operators. This is for example the case, if one considers two term
operators with scalar coefficients:

Lemma 3.2: Let Ay and Ay be two scalar pseudodifferential operators and ®, a Fourier
integral operator associated to some group element g of a group G. The index of the two
term operator

F = Ay + As®, : H* (M) — H*~™(M) (3.31)

is given by ind(F') = ind(Apaz), as long as F' is of Fredholm type. By Apae we denote the
pseudodifferential operator in (3.31) with the greater geometric mean (see Theorem 2.4,

Remark 2.9).

Proof: The statement follows directly from Theorem 2.4: If F' is Fredholm, either A,
or Ay is Fredholm (this can be seen using (2.70) — (2.71): The principal symbols of either
A; or As need to be invertible, which means that they are Fredholm). In the case where
A; is Fredholm (and the geometric mean of A; is greater than the geometric mean of As),
consider A; + sA;®,, s € [0,1]. This is a homotopy of Fredholm operators and by Theo-
rem 3.3 F and A; must have the same index. In the case that A, is Fredholm, one may
consider the homotopy sA; +A,®, and use that A,®, has the same index as As. qg.e.d.
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Remark 3.6: With S*(M xR/G) in (3.30) we denote the cosphere bundle of the quotient
(M x R)/G. Note that this quotient is in general not a manifold. The action defined
in Theorem 3.8 acts freely and properly, which guarantees that the quotient has indeed
the structure of a manifold. The formula (3.30) looks just the same as the usual Fedosov
formula, but we should mention that Fedosov has proven his formula only for bundles
with finite rank. In the G-operator case o,(D) is an operator on [*(G) for every point in
the quotient space (M x R)/G. Then we can define the vector bundle € over (M x R)/G
with infinite rank and fibres [*(G). So (3.30) is somehow an infinite dimensional version
of the classical Fedosov index theorem.

The operators of interest in this work are usually not of scalar type. Like in the case
of matrices, systems of operators have nice properties when they have a special form, like

being triangular. We want to deal only with systems of operators in the second part of
this chapter and derive some useful theorems about them.

3.2 The Fredholm Theory for Systems of Operators
3.2.1 Triangular Matrix Systems

First, we want to consider matrices of operators which are arbitraryly large. Afterwards
we will investigate the special case of 2 x 2 matrices, which are of particular interest.

Theorem 3.9: Consider a matriz A of operators, such that any component A;; is an
operator between Hilbert spaces. If the matriz A is diagonal,

A 0 - 0 0
0 A, --- 0 0

A = _ L (3.32)
o o --- 0 A,

then it is Fredholm, iff all the diagonal entries Ay are Fredholm. The index of A is given by

ind(A) =) ind(Ay). (3.33)

Proof:

'=": Consider the matrix in (3.32) and assume that one of the nonzero entries Ay is not
a Fredholm operator. Then either the kernel or the cokernel of A, is infinite dimensional.
If the kernel is infinite dimensional, there is a sequence of infinitely many linear indepen-
dent elements e¥ which are in the kernel of A;. But then the vectors vé-“ with components
vf = (0,0,...,€7,0,...,0) are in the kernel of A for every j, meaning that A itself has
infinite dimensional kernel and thus can not be Fredholm. If A; has infinite dimensional
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cokernel, the adjoint AZ has infinite dimensional kernel. The same argument as for the
case of an infinite dimensional kernel of A; shows that A" must have infinite dimensional
kernel in this case. But this again means that A has infinite dimensional cokernel. Again,
A can not be a Fredholm operator.

"«<": If all the diagonal entries A, are Fredholm, they have parametrices A} with Ay A} =
1+ Ky g and AY Ay = 1+ K} 1. Defining

AP0 -~ 0 0
0 A2 ... 0 0

AP = : L (3.34)
0 0 --- 0 A

we have AAP = diag(1 + Ky r) and AP A = diag(1 + K}, 1). This is equivalent to the fact
that A has a left and right parametrix, thus it is Fredholm. It remains to prove, that
the index formula (3.33) is true. For that, we can make use of the general trace formula
(3.16): Choose A? as the parametrices for Ay in such a way, that the corresponding error
terms (1 — AR Ay) and (1 — AR AY) are of trace class. Then (1 — APA) and (1 — AAP) are
of trace class with the compact errors Ky ;, and K}, g on the diagonal (see equation (3.2)).
Taking the trace only involves the traces of the diagonal components, therefore the off
diagonal components do not matter. After both traces Tr(1 — AP.A) and Tr(1 — AAP) are
taken, the corresponding terms can be rearranged to get (3.33). (q.e.d.)

Remark 3.7: Note that the "<=" direction of the proof of Theorem 3.7 can also be
proven in the case of a triangular matrix A: For that one takes a similar ansatz for the
parametrix AP, where the diagonal entries are chosen also to be AY. If A is lower trian-
gular, this will also hold for AP. The off diagonal components of AP can be constructed
by using the components A% and the lower diagonal components of A.

The result presented in Theorem 3.8 allows us to express the index of "trigonalizable"
operators in terms of their diagonal components. We state in a corollary what we exactly

mean by that:

Corollary 3.3: Let a matriz of operators A be of Fredholm type. Furthermore, assume
that there exists a Fredholm operator T' with a parametriz TP, such that

TPAT = D + S, (3.35)

with a compact operator S and a diagonal matriz D. Then the formula

ind(A) = ind(Dy) (3.36)

is true, where the Dy are the diagonal entries of D.
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Proof: By the product formula for Fredholm operators, the index of A is equal to the
index of TP AT, since T and its parametrix TP have indices with an opposite sign. This
means, ind(A) = ind(D + S) = ind(D), because S is assumed to be compact. By The-
orem 3.9, the index can be expressed via the sum of the indices of the diagonal entries.
g.e.d.

3.2.2 2 x 2 Systems

The foregoing theorems were stated for general matrices of operators. As we will con-
sider the second order scalar wave equation later, 2 x 2 systems representing the order
reduction of such equations are of special interest. There are very useful decompositions
for matrices of arbitrary operators, which have the size 2 x 2. We want to present this
decompositions to conclude this chapter:

Theorem 3.10: Let A be the 2 X 2 matriz

A= ( ‘é 2) (3.37)

of operators a,b,c,d. As long as the first entry a is a Fredholm operator, the matriz A
has the decomposition

1 0 a 0 1 aPb
AI(cap 1)(0 d—capb><0 1)+K’ (3.38)

with a compact matriz K and a parametriz a? of a.

Proof: If we assume a? to be a left- and right parametrix to a, then aa? = 1 + Kpg
and aPa = 1 + K, with compact operators Kz and K. Let us compute the product of
the three matrices in (3.38):

10 a 0 1 aPb a 0 1 a”b
(cap 1)(0 d—capb><0 1>_<ca7’a d—ca%)(() 1) (3.39)

B a (1+Kg)b \ a b+ Kgb

N\ e(1+Kp) c(+Kp)a?b+d—ca’b |\ c+cKp ca’b+ cKpaPb + d — calb
(3.40)

a b
(2 2)en o
with the compact matrix
(0 Kgb

K= < CKL cKLapb ) (342)
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and this is equivalent to the statement of the theorem. g.e.d.

Corollary 3.5: If the a in the foregoing theorem is not only Fredholm but even invertible,
we have the decomposition (3.38) with K = 0.

Proof: For an invertible a, we chose a? = a~! and the errors K; and Ky are both
zero, therefore K from (3.42) is also zero. g.e.d.

The decomposition (3.38) can be used to express the index of a 2 x 2 system of op-
erators through the indices of the entries a, b, c and d. If we make use of Theorem 3.9, we

come to the result

Proposition 3.4: Let A be an operator of the form (3.37), with Fredholm a. Then
the index of A is

ind(A) = ind(a) + ind(d — ca®b). (3.43)

Proof: First we observe that the first and third matrix in (3.47) is invertible, with inverses

—1 —1
10 10 1 aPb 1 —aPb
<cap1> :<—cap1>’ (O 1) :<O 1)' (3.44)

The invertibility of these operators means that their index is zero. But then the index of
A simplifies to

w0 (400 ) k) e
()33 ) e
()

since the index of the both invertible matrices in (3.46) is zero. Now, this last matrix is
diagonal. We can therefore apply Theorem 3.9 and get the desired result. q.e.d.
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4 Solution Theory of Hyperbolic Systems

In the Chapters 1-3 we developed the mathematical tools neccessary to describe hyper-
bolic systems and their solution theory. We will now apply the important results from the
first chapters and show that solution operators to hyperbolic systems of a certain type
may be written out in terms of Fourier integrals and G-operators.

4.1 Globally Hyperbolic Manifolds

Equations of hyperbolic type are usually stated on globally hyperbolic manifolds. There-
fore, before we can explain what we understand under hyperbolic systems, we first give a
definition of global hyperbolicity:

Definition 4.1: Let (M, g) be a Lorentzian manifold, i.e. g, defines a pointwise iso-
morphism between T,M and Ty M, which has a representation as a symmetric invertible
matriz with Lorentz signature (—, 4, +...,+) in local coordinates. A curvey: 1 CR — M
is called timelike, if ||7(s)|2 == g(7,7) < 0. We call a subset ¥ C M a Cauchy hypersur-
face, as long as every inextendible timelike geodesic in M intersects Y exactly once. M is
a globally hyperbolic manifold, if it posseses such a subset 3.

A manifold which is globally hyperbolic, has many advantages in contrast to some ar-
bitrary generic manifold. One of the good properties is that topologically it is fully
determined by the Cauchy surface ¥: Any globally hyperbolic manifold may be seen as
the cylinder X x R for any given Cauchy hypersurface >. Let us write down this fact
rigorously in the form of a proposition:

Proposition 4.1: (see [6], Theorem 1.2) Let (M, g) be a globally hyperbolic manifold and
Y a given Cauchy hypersurface. Then any other Cauchy hypersurface Y is homeomorphic
to ¥ and the manifold M itself is homeomorphic to ¥ x R. If ¥ is a C*-submanifold
of M, any two Cauchy hypersurfaces are C*-diffeomorphic to each other and M is C*-
diffeomorphic to ¥ x R. Moreover, if (x,t) are the coordinates on M interpreted as a
cylinder, i.e. x € X3, t € R, the metric g takes the form

g=—N(t)%dt* + gu, (4.1)

where g is a Riemannian metric on the Cauchy surface ¥y which is identified with ¥ x {t}.
Example 4.1: As the coordinate ¢t € R of a globally hyperbolic manifold may be in-
terpreted as the time flowing, natural examples of globally hyperbolic manifolds are of
course globally hyperbolic spacetimes, which are of dimension 4. For the flat Minkowski

space Mysine we have ¥ = R3 and g = —dt? + gy with g, = gy being the flat metric on R3.

Example 4.2: Any FLRW spacetime, which is a solution to the Einstein equations
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on cosmologically large scales, is a globally hyperbolic manifold. Depending on the cur-
vature parameter k € {—1,0,1} the Cauchy surfaces 3; are diffeomorphic to either the
hyperbolic space H? (k = —1), the sphere S* (k = 1) or the flat space R*® (k = 0). The
FLRW metric is given by

2
1 — kr?

g = —dt* + h(t)? ( - r2d92> (4.2)

with the surface element df2. From now on, we will speak of the coordinate ¢ as being the
time coordinate of the globally hyperbolic manifold M.

4.2 Types of Hyperbolicity and Example, Order Reduction

Given the geometrical setting where we want to work on, let us now come to the definition
of hyperbolicity in relation to a system of equations. First define the space

L*([-T,T), H*(M)) := {u el(E):u(t) HS(Zt),/ - ()]s s dt < oo} (4.3)

for a section u in some vector bundle E over M. If we choose any fixed time t; as the
initial time, ¥y may be seen as the boundary of 3 x R, C M. A system of equations is
said to be of hyperbolic type, if the boundary value problem, where the boundary data
is given at Yy, is well posed:

Definition 4.2: Given a globally hyperbolic manifold (M, g), one may consider the sys-
tem of equations

o= Lu+ f, feL*[-T,T),H*(M)) (4.4)

with a matriz L = L(t, x,0,) with first order pseudodifferential operators as entries. The
system (4.4) is called hyperbolic, if for given initial data u(0) = go € H*(Xo) there is a
unique solution u € L*([=T,T), H*(M)) of (4.4).

Remark 4.1: When explicitly constructing a solution to (4.4) later on, we will restrict
to the case f = 0. Because f =0 is in L*(R, H*(M)) we are also searching for solutions

in this space.

One might ask, which conditions on the matrix L are sufficient for the hyperbolicity.
There are different types of hyperbolic systems. Let us mention the most important ones:

Definition 4.3: Consider the system (4.4). We call the system

(a) Symmetrizable, if for || > 1 there ewists a matrit R € OPS® with positive defi-
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nite principal symbol, such that (RL + (RL)') € OPS’,
(b) symmetric, if the R in (a) is the identity R = 1,
(¢) strictly hyperbolic, if 0,(L) has purely imaginary and distinct eigenvalues for € # 0.

Proposition 4.2: (see, [7], Chapter IV, Theorem 3.2)
(a) For any symmetrizable system, the initial value problem

O = Lu+ f, u(0)=go, go € H (M), f € L*([-T,T], H*(M)) (4.5)

is uniquely solvable with a solution w € L*([-T,T], H*(M)).
(b) Every strictly hyperbolic system is symmetrizable.

As we can see from Proposition 4.2, the class of symmetrizable systems is the largest
of the three classes presented in Definition 4.3, as it contains both other classes. Let us
give an example, from which one can see that even the class of strictly hyperbolic systems
is already quite large:

Example 4.3: Let us consider the wave equation on ¥ x R for any Riemmanian manifold
(2,g). If g" are the components of the inverse metric tensor, the principal part of the
Laplace Beltrami operator A = div o grad, is given by

Ay = —g"0,,0,,. (4.6)

Now let us take a look at the equation 9?u = —Aw: This is a second order scalar equation.
We first need to make an order reduction, such that the equation takes the form of (4.4).
For that, let us introduce the new variables

= Au, uy =0, A=+VA+1eOPS. (4.7)

If we take the derivative with respect to time of both variables wuq, us this results in

Oy = OAu = NOyu = Aug, Oy = 0%u = Au = AN tuy, (4.8)

or equivalently, written down in matrix form

o(n)=Lant 5) () s

Since A € OPS!, it follows A=! € OPS™' and AA~! € OPS' by the composition
formula from Chapter 2. This means that we can identify the matrix in (4.9) with
the L from Definition 4.2 Now, let us come to the principal symbol of that L. Be-
cause the principal symbol is multiplicative, we have o,(A™!) = 1/0,(A). Furthermore,
o,(AA™Y) = 0,(A)o,(A)~! such that the principal symbol of L is given by
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_ 0 0,(A)
OP(L) - ( —O'p(A)O'p(A)_l 0 ) (410)

The characteristic polynomial of this matrix is xz(\) = A? + 0,(A), leading to the eigen-

values
)\1/2 = :ti\/O'I,(A) = :]:Z.\/gkjgkfj. (411)

Because the metric g is positive definite, one can see from (4.11) that both eigenvalues are
purely imaginary and distinct, meaning that the wave equation is equivalent to a strictly
hyperbolic system.

Remark 4.2: Recall that in classical courses on PDE, a scalar hyperbolic equation of sec-
ond order is a partial differential equation, such that the matrix A defining the principal
part of the equation has one positive and n — 1 negative eigenvalues. All equations of the
form 0?u + Pu = 0 for an elliptic differential operator of second order fall into this class
of equations. Note that if we search for solutions, which are two times differentiable, the
matrix corresponding to the elliptic part P will be a symmetric positive definite matrix.
One then may always choose the metric g on the manifold M, such that the principal
parts of A and P coincide. Therefore all scalar equations 92u + Pu = 0 with an elliptic
P will be equivalent to a strictly hyperbolic system.

Remark 4.3: The technique of order reduction performed in Example 4.3 can of course
also be done for higher order equations. If one works with a m-th order scalar equation
of the form

m—1
(a;” -y Am_jag') u=0 (4.12)

3=0
with operators A,,_; of order m — j, the new variables

uj =0 A", j=1,.....m (4.13)

transform (4.12) into the system

Uy 0 A O 0 Uy
0 A
Ol =] : : S (4.14)
A
Um, b1 b2 b3 bm Um,

where b; = A,,_; 1 AV7™ (see for example Taylor, [7], Chapter IV, Equation 1.3). Then
the eigenvalues of 0,(L) with L being the matrix in (4.14) are connected to o,(P), P =
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m—1
o — > A,,_;0 via \; = ir; with the zeros 7; of the equation ¢,(P) = 0. From this we
5=0
see that any higher order equation (4.12) is equivalent to a strictly hyperbolic system, as
long as 0,(P) has only real and distinct zeros.

4.3 Diagonalization of Strictly Hyperbolic Systems

The class of equations, which is the most important in this work, is the class of strictly
hyperbolic systems. The reason for that is that - under mild additional assumptions on
the distance between two differerent eigenvalues of o,(L) - it is possible to express the
solution operator to (4.4) for f = 0 with the help of Fourier integral operators and G-
operators in an easy way. Let us explain some of the advantages of strictly hyperbolic
systems and then develop the explicit solution theory.

Lemma 4.1: Let O,u = Lu be a strictly hyperbolic system, with L € OPS'. Further-
more, let o(T) be the matriz that diagonalizes o,(L), i.e. o(T) 'o,(L)o(T) is a diagonal
matriz. As long as T := op(c(T)) is an invertible operator, the transformed variable

v := T~ satisfies

0w = Dv + Sv, (4.15)

with a diagonal first order matriz D and S € OPSY. The entries of the diagonal opera-
tor D are operators d; = Op(\, ;) where A\, ; are the principal parts ofthe eigenvalues of

op(L).

Proof: The property of 0,(L) having n different eigenvalues leads to the fact that o,(L)
is a diagonalizable matrix (for £ # 0). Denoting with o(7") the transformation, which
diagonalizes 0,(L), we can calculate the principal symbol of T-*LT"

0p(T™'LT) = 0(T~")op(L)op(T) = 0,(T) " o(L)0(T) (4.16)

(since T7! is a parametrix to T' we used 0,(T~') = 0,(T)~', see the remarks at the be-
ginning of Chapter 8). Let us first prove that the right hand side of (4.16) is equal to the
principal part of (D), where o(D) = o(T) 'o,(L)o(T). For that, decompose o(T') as
o(T) = o0,(T) + 0,(T) where 0,(T) is the principal part. Then we see

A1) = (o) + (1) = () (14 ZEQ)) — o) (14 ZE§§)4 ;

Because the rest term o,(T) is of lower order than 0,(T"), the quotient o,(T")/0,(T") will
have norm lower than 1 asymptotically. We can thus use the geometrical series to derive
that the principal part of (4.17) is given by o,(T)~*. Writing o(T)™! = 0,(T)~* + 5,.(T)
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one can express o(D) as

a(D) = a(T)o,(L)a(T) = (0,(T) ™" + ,(T))op(L)(0p(T) + 0,(T)) (4.18)
= 0,(T) " o, (L)o,(T) + o(L, T). (4.19)

Note that we used o¢(L,T) as a notation for all the lower order terms involved. From
(4.18) we deduce 0,(D) = 0,(T) 'o,(L)o,(T). Coming back to (4.16) we conclude
o,(T"'LT) = 0,(D), which means that T-'LT can be written as T-'LT = D + R
with R € OPSY and D as described in the theorem. Now let us compute the derivative
of the variable v = T 'u:

ov=0,(T" ) =T 'u+T 'u=T'"To+ T a=T"Tv+T "Lu. (4.20)
When one multiplies T-'LT = D + R by T~ from the right this gives T7'L = DT~ +

RT~!. This can be inserted into (4.19) to express the calculation fully in terms of v:

dv=T"'"To+(D+RT 'u=T"'"Tv+Dv+Rv=Dv+ (T'T+Rv.  (421)

Note that if 7" has any order m, both T—! and its derivative will have the opposite order
—m, therefore the rest term (T7!'T + R) in (4.21) must be of order zero. q.e.d.

Lemma 4.1 tells us that strictly hyperbolic systems may be diagonalized up to an er-
ror of order zero. This is helpful, since diagonal systems would only involve solving a set
of scalar equations. For the wave equation 0?u = Au, the only error term of order zero is
the term arising from the lower order part of L:

Example 4.4: Consider again the wave equation d?u = —Awu. As already discussed,
the corresponding first order matrix is
0 A
() o

We also already calculated the eigenvalues of 0,(L) to be Ay = Fiy/0op(A). The corre-

sponding operators dy/p are di/; = +iv/A. This means that we can transform the wave
equation to the almost diagonal system

at<2>:<i\/zo —Z¢ZO><Z;>+J<2;> (4.23)
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4.4 Solution Operators

We want to make use of the property of strictly hyperbolic sytems to be almost diago-
nalizable to construct a solution theory for them. For that, let us first define, what we
understand by a solution operator:

Definition 4.4: Consider any hyperbolic equation Oyu = Lu. A solution operator as-
sociated to this equation is a family @, of operators such that u(t') := Py su(s) solves
Owu = Lu on the interval I = [s,t). Furthermore, we want ;4 =1,Vs € R.

Remark 4.4:

e Solution operators to hyperbolic equations may be composed as long as the second
parameter of the first operator and the first parameter of the second operator coincide:
For two operators @, and ®, ; the composition is given by ®,; 0 ®; ; = ®, ;. From this
we derive (ID;tl = o, .

e One can transfer the partial differential equation 0,u = Lu to an equation for the solu-
tion operator: Writing u(t) = @, ,u(s) we get

(D) (t) = (0, )u(s) = (L, )uls) (4.24)

which means that @, itself has to fulfill the equation 0;®,; = L®,,, which is an operator
valued equation.

e Note that for hyperbolic systems a solution operator always exists: By definition, a sys-
tem is hyperbolic, as long as the initial value problem is uniquely solvable. This actually
means that there is an isomorphism between any function u(s) on X and the kernel of
the operator D = 0; — L.

e For s = 0 we may simply write @5, = ®,.

Proposition 4.3: Let O,u = Lu and O,v = Jv be two scalar strictly hyperbolic equa-

tions with solution operators ®; and V,. Then the composition ¥, is also a solution
operator to a strictly hyperbolic equation. It solves

Oyw = (L + J* (4.25)

with oy being the Hamiltonian flow along H, ().
Proof: Using the Leibniz rule, the derivative of the product®;¥; calculates to
(9t((I)t\Ift) - étqjt —|— @t\ijt - L(btqjt + q)tJ\IJt (426)

= Lo, + (B, JB; DU, = (L + J% )BT, (4.27)

Note that we used Egorov’s theorem in the calculation, which is possible because of J
being a scalar operator. Now, a scalar equation will be strictly hyperbolic, as long as L
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is of the form L = iL with an operator L with real Ilarincipal symbol. If the L and J in
this example are of this type, so is the sum (L + J% ). Therefore the resulting equation
(4.24) is again strictly hyperbolic. q.e.d.

Remark 4.5: Equations of the form O;u = iLu are not only interesting when deal-
ing with equations of scalar type: As long as the operator L is self adjoint, the solution
operator ®; will be unitary, ®; ! = CDI. This can be seen easily by checking that the norm
of u(t) is conserved:

Ol|lu@®)||* = Op(u,u) = (i, u) + (u,0) = (iLu,u) + (u,iLu) (4.28)
= i(Lu,u) — i(Lu,u) = —2Im((Lu,u)) = 0, (4.29)

since L is assumed to be self adjoint, which means (Lu,u) € R. Thus the norm is con-
served by the equation and therefore the solution operator must be unitary.

In the following chapters of this work we will be confronted with terms of the form
A®;'B®,. In a lot of calculations it will be useful, if the operators A or B in such an
expression commute with the solution operator ®;.

Proposition 4.4: Consider a hyperbolic system Oyu = Lu. Any time independent opera-
tor A which commutes with L = L(t) for all times t, commutes with the solution operator
D, .

Proof: Let u be a solution of 0;u = Lu. Instead of u, consider the variable v := Au.
The variable v is also a solution of the hyperbolic equation ;v = Lv since

O = 0y(Au) = Adyu = ALu = LAu = L, (4.30)

where we used the commutativity of A and L = L(t) in the last step. For any given time
to the value of the solution v on the Cauchy-hypersurface Xy is given by v(tg) = Au(ty).
Now consider a third variable, w(t) := ®; ;Au(s) where we have fixed s. Again, w solves
Oyw = Lw because

Orw = O0y(Py sAu(s)) = (0¢Dys)Au(s) = LD sAu(s) = Lw. (4.31)

The initial value of w is given by w(ty) = @5 Au(s) = Au(s) by &, = 1. We recognize
that both variables v and w are solutions of to the same hyperbolic equation with the
same initial values. By the definition of a hyperbolic system, we must have w = v. Since
the original variable u = w(t) may always be written as u(t) = ®;u(s), we have the
equality A®; ;u(s) = @, ;Au(s) which is true for any arbitrary initial value u(s). This
statement is equivalent to AP, ; = &, JA. q.e.d.

We want to note that the time independence of A in Proposition 4.4 is in general neces-
sary for the statement of the proposition: For a time dependent operator A = A(t) the
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time derivative in (4.30) and (4.31) produces extra terms due to the Leibniz rule, so that
the variables v and w from the proof do not fulfill the same equation anymore. However,
it is possible to find conditions under which a proof similar to that of Proposition 4.4 can
be written down even for the case of a time dependent A:

Proposition 4.5: Let O,u = Lu define a hyperbolic system and let A = A(t) be a time
dependent operator, which can be defined on every Cauchy-hypersurface 34 for all times t.
If A is invertible and if the operator AA™Y is invariant under conjugation by the solution
operator, i.e.

O, AATD,, = AAT (4.32)

then A(t) commutes with ®, as long as A(t) commutes with L(t) for all t and as long
as the equation Ou = (L + AA™Y)u is hyperbolic.

Proof: We try to define variables v and w in the same way as in the proof of Propo-
sition 4.4 and search for the conditions leading to the same evolution equations for both
variables. Therefore, let v = A(t)®; u(s) and w = O, ;A(t)u(s). These two variables
satisfy the equations

O = 0,(A(t)®; 4u(s)) = AD, u(s) + AD, su(s) = AD, ju(s) + ALD, cu(s) (4.33)
= Ad, u(s) + LAD, qu(s) = Ad, su(s) + Lo. (4.34)

For a noninvertible A, the first term in (4.34) can not be expressed in terms of v. There-
fore we assume that A~ exists. Then, (4.33) — (4.34) is equivalent to

v = (L+ AA . (4.35)

Now let us calculate the corresponding equation for w:

0w = O0y(Py sA(t)u(s)) = Cbt,sAu(s) + @t,sAu(s) = L, ;Au(s) + @t,sAu(s) (4.36)
= Lw + &, AAT®, 0 = (L + &, , AAT'D, w. (4.37)

Because both w and v have the same initial value at the time s, the assumptions made in
Proposition 4.5 together with (4.37) lead to the commutativity of A(t) and @, . qg.e.d.

Remark 4.6: One of the prerequisites in Proposition 4.5 is that the matrix K = L+AA ™!
has to define a hyperbolic system, where L is already assumed to be hyperbolic. We want
to remark that for a symmetrizable L and for an order zero invertible operator A K will be
always symmetrizable and therefore still hyperbolic: The requirement K + KT € OPS? for
symmetrizable systems d,u = Ku only depends on the principal part of K since K + KT
will be of order zero iff the principal part (=order 1 part) of K is anti-self adjoint, i.e.
K I = —K;. When we assume A to be of order zero, this will be also true for its invers
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and for the product AA~1. But then K = L + AA~! is a lower order perturbation of L,
which means that K will be symmetrizable hyperbolic as long as L itself is symmetrizable.

Concerning condition (4.32) one could ask, whether this condition takes a simpler form
in the case of a scalar equation dyu = Lu: This can be motivated by Egorov’s Theorem,
because for scalar operators (4.32) simply means that the operator AA~" must be invari-
ant under the Hamiltonian flow associated to L. In fact, one can derive a proposition in
the scalar case, which is directly connected to these ideas:

Proposition 4.6: Let L € OPS' define the scalar hyperbolic equation Oyu = Lu. Then,
up to a lower order error, an (possibly time dependent) operator A commutes with the
solution operator ®; to Oyu = Lu, as long as A(t) commutes with L(t) for all t.

Proof: Assume that A(t) commutes with L(t) for all times ¢ and ¢, i.e.

AL(t) — LE)A() =0 V4. (4.38)

By multiplying the desired equation A(t)®,; = @, A(t) from the left with (IDS_tl = P, ,,
Proposition 4.6 would be true iff

(I)t’sA(t)q)&t - (I)t’sq)sﬂgA(t) - A(t), (439)

where the above equation has to be read modulo lower order errors. Using a version of
Egorov’s theorem, which can be found in ([7], p.147-150) we see that (4.39) is true as
long as the principal symbol of A(t) is invariant under the Hamiltonian flow along the
vector field H,, 1y, which is the Hamiltonian vector field associated to o,(L). Taking the
symbol on both sides of (4.38) leads to o(A(t)L(t) — L(t)A(t)) = 0. Note that both prod-
ucts A(t)L(t) and L(t)A(t) are operators of order m+ 1 and by Remark 1.2 the principal
symbol o,(A(t)L(t) — L(t)A(t)) has to be zero. We can use (1.15) to deduce that the
order m part of the symbol o(A(t)L(t) — L(t)A(t)) must be equal to

Tl AWVL(E) — LIA(D)) = Hay1y0,(A)(). (4.40)

Since we want the commutator [A(t), L(t)] to vanish completely, (4.40) has also to be zero.
But this means that the derivative of o,(A)(t) along the vector field H, ;) vanishes for
all times, which means that o,(A)(¢) is conserved along the integral curves of this vector
field. qg.e.d.

Let us take a closer look on scalar strictly hyperbolic equations like in Proposition 4.3: As
already indicated in Chapter 3, where we solved the wave equation by using the Fourier
transform, we would expect the solution operators to scalar equation of the form 0;u = iLu
to be of Fourier integral type. It turns out that, up to a compact error this is the case.
We want to only state the solution theorem here, further details on the construction may
be read in Taylor, ([7], Chapter VIII, Theorem 3.1).
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Theorem 4.1: Consider the scalar hyperbolic initial value problem

(1) Ou = ilLu, (i) u(0) = go € H*(X0) (4.41)

for L € OPS" with real principal symbol o,(L). There exists a time interval I = [0, 7]
such that the solution to (i)-(i1) is given by

ult) = / GO o (1 1. €)g0(€)de (4.42)

up to a smooth error. The phase ¢ and amplitude a of the Fourier integral operator in
(4.38) are determined by the conditions

Od(t, x, &) = op(L)(t, 2, Vad(t,2,€)), ¢(0) =z (4.43)
(at -3 a"a’f) ai) a— (iLo + > ;ap(L)(a>¢a> a=0, a(0)=1, (4.44)

k

where Ly and Lo are the first and zero order parts of L. Conditions (4.42)-(4.43) are
called the eikonal equation and transport equation. Note that ¢ € S' and a € S° may be
chosen to be of principal type, a = ag.

4.5 Some Remarks, Examples and Special Solution Theory

Remark 4.7: Remember Egorov’s theorem from the section about Fourier integral op-
erators: The conjugation of any pseudo A of order m by a Fourier integral operator ® is
again a pseudo of order m. The principal symbol of the new operator is the principal sym-
bol of A evaluated on the time ¢ = 1 inverse canonical transformation associated to ®. We
see from (4.42) that solution operators to scalar hyperbolic equations are Fourier integral
operators. Therefore one might ask, what would happen, if one considers conjugation of
a pseudo A by such a solution operator. It turns out that the canonical transformation
associated to (4.42) is the Hamiltonian flow along the Hamiltonian vector field gener-
ated by 0,(L). But this means that conjugations of operators A € OPS™ by the solution
operators to scalar hyperbolic equations depend only on the principal part of the equation.

Remark 4.8: If (4.41), (¢) is an equation involving Shubin operators, one can take the
Fourier integral ansatz (4.42) with ¢ and a being of Shubin type. One then can derive
the same conditions for ¢ and a like in Theorem 4.1.

Remark 4.9: In principle (4.41) is a special case of the general hyperbolic initial value
problem (4.4) with f = 0. Because f = 0 € L*(R, H*(M)) the ezact solution to (4.41)
should be defined for all ¢ € R. So, why did we define the compact interval I = [0, r],
on which the approximate solution has the form given by (4.42)-(4.44)? The problem
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is that in general the eikonal equation (4.43) is only solvable for small ¢. Therefore the
construction of an approximate solution via Theorem 4.1 might only work for a finite time
length £, but this time length is at least as long as the existence interval of the eikonal
equation (4.43).

Let us come back to Lemma 4.1. For S = 0 we would need to solve n decoupled scalar
equations, which can be done just as explained in Theorem 4.1 for every component,
resulting in a diagonal solution operator. The problem is that S € OPS" is in general not
of negative order. From (4.44) we derive that the zero order part of L is involved in the
construction of the solution operator of scalar equations, which means that the matrix S
may also influence the solution of a system like (4.15). We want to take advantage of the
solution theory for systems similar to (4.15) developed by Kumano-go, see ([1], Chapter
10, p.313-327) . It will help us to see that for compact manifolds we in fact need to con-
sider only the diagonal part D in (4.15) as long as the entries of D behave in a certain way:

Theorem 4.2: Let dyu = Lu define a hyperbolic system, which is equivalent to the
system O = Dv + Sv by some change of variables v := T~ u. If the eigenvalues \; of
op(L) are imaginary with constant multiplicities and also satisfy the distance condition

(8 2, 8) = Ak(t, 2, €)= CIEl, (2,6) € 10, T] x M x {[¢] > R} (4.45)

for some constants C' > 0 and R > 0, the equation ;v = Dv+ Sv has a solution operator
which can be written as

®, = N®pQ, N=1+> N N" € OPS™ (4.46)
v=1
where Q) is a parametriz to N and ®p is the solution operator to the diagonal system
8t'LU = Dw.

Remark 4.10: The case of a strictly hyperbolic system being equivalent to a system
like in (4.15) is a special case of Theorem 4.2 where the multiplicity of each eigenvalue is
given by 1. For systems where the eigenvalues \; have multiplicities k; > 1 the diagonal
operator ®p from (4.46) will consist of blocks with block size equal to the multiplicity
of each eigenvalue. In this case (multiplicity of eigenvalues greater 1 but constant) each
block of size k; is made of k; identical entries solving dyu; = Aju;. An example for an
operator L, where 0,(L) has constant multiplicities which can be greater than one, is
given by the Dirac operator on X;, L(t) = D(t), see ([10]). The case of non constant
multiplicities is much more complicated. For further details on the solution theory of
systems with non constant multiplicities, see ([I], Chapter 10, p.360-370)
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5 Projections

In this chapter we want to collect some useful properties and theorems about projections
in general. The main theorems in this thesis will be statements about the Fredholm condi-
tions for operators, which arise from nonlocal boundary conditions of hyperbolic equations
and since these boundary conditions are given by pseudodifferential projections, we will
use the results and facts stated in this chapter later.

5.1 Properties of General Projections

Let (V,(-,-)) be any finite or infinite dimensional vector space with an inner product. A
projection is a map P : V — V with P2 = P. The following three terms are important
and will be used from this point on:

Definition 5.1: Let P : V — V be a projection. We call P

(1) pseudodifferential, if V. = H is a Hilbert space on which a pseudodifferential calcu-
lus can be defined and if P € OPS°,

(ii) orthogonal, if Pt = P and

(7ii) complementary to another projection Q, if Im(P)+ Im(Q) =V.

Let us now collect some facts concerning projections which fulfill one or more of the
three conditions (i) — (ii). First of all, given any projection P there always exists a
complementary projection, namely for example Q =1 — P. If ) =1 — P we call it the
strong complementary projection to P. This definition is motivated by the fact that @ is
complementary to P but has even more useful properties:

Proposition 5.1: Let P : V. — V be a projection. Then Q = 1 — P is a comple-
mentary projection and we have Ker(Q) = Im(P),Im(Q) = Ker(P).

Proof: First ofall, Q* = (1-P)(1-P)=1-P—-P+P*=1-2P+P=1-P, thus Q
is a projection. We obviously have v = Pv + (1 — P)v, Vv € V meaning Im(P + Q) =V
and since Im(P + Q) C Im(P) + Im(Q) we get that @) is complementary. Moreover,
let be v € Ker(Q). This means (1 — P)v = 0 which is equivalent to v = Pv thus
v being in the image of P. On the other hand, for any arbitrary vector v, there is
QPv=(1—- P)Pv=(P— P?)v=(P— P)v=0, meaning that the vector Pv which is in
the image of P, is also contained in the kernel of ¢). The last statement Im(Q) = Ker(P)
follows similarly.  g.e.d.

The proof for the statement Ker(Q)) = Im(P) uses the fact QP = 0. Although it seems
to be intuitive, it is in general not true that QP = 0 implies the orthogonality of the
images Im(Q) and Im(P) with respect to the inner product (-,-). In order to characterize
orthogonality of images, we need the orthogonality in condition (ii):
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Proposition 5.2: Let P, and P, be two orthogonal projections, Pf = P, and P2T = P;.

Proof: Let (-,-) be an inner product on V. Because P, P, = 0, we have

0= (PP, w) = (Pau, wa) = (P, Pw) V(v,w) € V xV (5.1)

which means Im(P;) L Im(P,). Reading (5.1) from right to left, we see that Im(P;) L
Im(P,) also implies P, P, = 0. g.e.d.

Thus we can call two orthogonal projections Pp, P, orthogonal to each other as long
as PP, = 0 or P,P, = 0. What can we say about two projections, if both equations
PP, =0 and P,P, = 0 hold? The following proposition allows a nice decomposition of
any vector v € V into its parts lying in the images of P, and Ps:

Proposition 5.3:  Consider two projections Py, Py, which are not necessary orthogo-
nal projections but satisfy PiP, = PoPy = 0 and are complementary. Then any vector
v € V' has the decomposition

v = Pv+ Py, (5.2)

meaning that in this case P; is a strong complementary projection to P;.
Proof: The complementarity of P; and P, allows the decomposition v = Pi0 + Pyw. Ap-
plying P, on both sides of this equation leads to

P = Plo+ PPy < P=P. (5.3)

Similarly, applying P, generates Pov = Pw and altogether we get v = P10 + Pw =
Pv+ P, qed.

The most important operators in the main chapter of this work will be of the form
®, A®! with a pseudodifferential matrix A and some automorphism ®; on a Hilbert
space. These operators arise from boundary conditions given by certain projections P;
and P, and their conjugations ®; P,®;" and ®; P,®;"'. Now we want to state some prop-

erties of these conjugations:

Proposition 5.4: Given any projection P : V — V and an automorphism ® : V — V
the operator ® P®~! is again a projection.

proof: We compute

(@PP )2 = DP(P )PP ! = dP2D ! = PP, (5.4)

thus ®P®~! is a projection as long as P is. q.e.d.
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Moreover, if the endomorphism ® is unitary, we have the following corollary:

Corollary 5.1:

(i) If the endomorphism ® from Proposition 5.4 is not only invertible but even unitary,
Of = ®~1, it preserves orthogonality of images, thus for Py, Py being two projections or-
thogonal to each other (meaning Im(Py) L Im(Ps) but Py, Py not necessarily have to be
orthogonal themselves) their conjugations ®P,®~' and ®P,®~' are projections which are
still orthogonal to each other.

(ii) If ® is unitary and P is an orthogonal projection, ® PO~ is also an orthogonal pro-
jection.

Proof: (i) That the conjugations ®P; /2<I>_1 are projections has already been proven in
Proposition 5.4. Now assume that P; and P, have orthogonal images, thus (Pjv, Pyw) = 0,
V(v,w) € V x V. The inner products of the conjugated images are given by

(PP D0, DP,d ) = (PO 1, TP w) = (P o, @ 1O P, d ) (5.5)
= (P® v, B, tw) =0, (5.6)

since P, and P, are assumed to be orthogonal to each other.
(ii) Let P = PT be an orthogonal projection and ® be unitary. Then there is

(@PO~ N = (&7 POl = PP, (5.7)

meaning that ®P®~! is still orthogonal. g.e.d.

5.2 Properties of Pseudodifferential Projections

Before stating the main theorem of this section which will be used to derive necessary
conditions for some operators in the main section of this work to be Fredholm, we want to
adress a few facts about projections fulfilling (i) in Definition 5.1, namely pseudodifferen-
tial projections. Since pseudodifferential operators of order zero on a compact manifold
are uniquely characterized by their principal symbol, it is helpful to know some properties
of the symbol of a pseudodifferential projection. Some of them are the following:

Proposition 5.5: Assume that P is some pseudodifferential projection, acting on sec-
tions in a vector bundle E with finite rank over a manifold M. Then its principal symbol

0,(P) = 0,(P)(x,€) is a matriz valued projection for each (x,&) € T*M.

Proof: Because for any two pseudodifferential operators Ay, As the principal symbol is
multiplicative, ,(A1As) = 0,(A1)0,(As2) we have
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0,(P) = 0,(PP) = 0,(P)o,(P) = 0,(P)? ¥(z,&) € TM*. q.e.d. (5.8)

Remark 5.2: If P is acting on scalar functions, equation (5.8) is an equation for a
scalar symbol and therefore there must be o(P)(z,§) € {0,1},V(z,&) € T*M. This
means that interesting pseudodifferential projections only arise if the rank of the vector
bundle F is greater than 1.

Now that we know that the principal symbol of a pseudodifferential projection is al-
ways a projection we can ask, whether the converse statement is also true. It turns out
that the converse statement in fact holds up to a compact error:

Proposition 5.6: Let 0,(P) be the principal symbol of a pseudodifferential operator
P € OPS° acting on L?-sections of a vector bundle E over a compact manifold M. If
o,(P) is a projection, o,(P)* = 0,(P), then P itself must be a projection up to a compact
error, meaning P*> = P + K, with a compact operator K.

Proof: Because P is of order zero, so is its square P?. Using the multiplicity of the
principal symbol, o,(P)* = 0,(P) is equivalent to 0,(P> — P) = 0. But then P? — P is
actually not of order zero but even of order —1, P> — P = K € OPS™'. Since such an
operator is compact on a compact manifold, the above statement is true. g.e.d.

At last we want to give a corollary which tells the conditions under which two given
pseudodifferential projections P; and P, have the property that their sum (P, + P») or
their product P, P; is also a pseudodifferential projection, neglecting compact perturba-
tions:

Corollary 5.2: For two arbitrary pseudodifferential projections Py, Py of order zero the
following statements hold:

(1) The products PPy and PPy are pseudodifferential projections up to a compact error,
as long as o,(Py)o,(P2) = 0,(Py)o,(F1),

(it) If o,(P1)o,(Py) = —0,(P)o,(Pr), the sum (Py+ Py) is a pseudodifferential projection
up to a compact error.

Proof: (i) First of all, P,P, and P»P, are pseudodifferential operators of order zero
by the composition theorem for pseudodifferential operators. Let us take a look at the
symbols, assuming o,(P;)o,(P) = 0,(P)o,(P):

0p(PLP,)? = 0,(PLP)0,(PLPy) = 0, (Py)(0,(P2)oy(P1))oy(Py) (5.9)
= 0p(P1)(0p(P1)op(P2))0p(P2) (5.10)
= 0,(P1)°0,(P2)? = 0,(P1)oy(P2) = 0,(PPy). (5.11)

Therefore 0,(PP) is a projection and using Proposition 5.6 we get that Py P, itself has
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to be a projection up to a compact error. The proof for P, P; is analogous.
(ii) Let the symbols anticommute, o,(P;)o,(FP2) = —0,(FP2)o,(F;). Then:

0y(Pr+ P = (0( ) + 0 (P2)? = (0p(P) + 0p(P))(0y(P) + 03(P)  (5.12)
= Up(P1)2 + 0p(P1)op(P2) + 0y (Pe)op(Pr) + Up(P2>2 = Up(P1>2 + UP(P2>2 (5.13)

= O'p(Pl) + 0'p<P2) = O'p(Pl + Pg), (514)
which means that o,(P + P) is a projection. Again, it follows from Proposition 5.6 that
P, + P; is a projection up to a compact perturbation. g.e.d.

5.3 Important Theorems

After stating these useful facts about pseudodifferential projections and projections in
general, we now want to prove a theorem which will be useful later to derive how certain
projections have to be connected in order that some operator associated with this projec-
tions can be of Fredholm type. Let P, P, be to arbitrary projections. We consider the
two operators

. P1 . . Pl’U
D—<P2>.V—>V><V, D(v)_<PZU>, (5.15)
p—(D V)vavovxy (5.16)
0 P

Note that we have Im(P) = Im(P;) x Im(P,) and that P is a projection on the vec-
tor space V' x V. Obviously, there is always Im(D) C Im(P). We want to investigate
under which conditions we have equality of the two images, or at least equality up to a fi-
nite dimensional error. The answer to this question is given by the two following theorems:

Theorem 5.1: Let P, P, : V — V' be two arbitrary projections. Then we have

Im(D)=Im(P) < Ker(P)+ Ker(FP)=1V. (5.17)

Proof: <: Ker(P;)+ Ker(P,) = V means that we can write v = vy + v, with v; € Ker(P)
and vy € Ker(FP,) for any v € v. So, consider (v,w) € V x V and let v = vy + v,
w = w; + we be the corresponding decompositions. Since Im(D) C Im(P) is a trivial
statement which is always true, we only need to show Im(P) C Im(D). If a point is lying
in Im(P) we may use the decompositions above and write

( P ) - ( P+ ) - ( P ) - (515
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Now define the vector z := wy + v5. Then we have Pix = Pjvy, and Pox = Prw;. But this

actually means that
Pl’U . PL’E
(2r)- () -
and therefore Im(P) C Im(D).

= Assume that Ker(P;) + Ker(P,) # V. Then there exists some vector v € V' such that
for any v; € Ker(P)) and vy € Ker(P,) v # v + vy. Next consider

( Pf 1&») ) e Im(P). (5.20)

We want to assume that Im(D) = Im(P), although Ker(P;) + Ker(P) # V. Then there
exists an x € v with Pyz = Pyv and Pox = P-(2v). These two equations are equivalent to
Pi(z—wv) = 0and Py(x—2v) = 0, meaning that (x —v) € Ker(P;) and (z—2v) € Ker(P,).
But then v = (x —v) — (r — 2v) and v would be written as a sum of elements in the
kernels of P, and P,. This is a contradiction, so we have Im(D) # Im(P). g.e.d.

Remark 5.3: For the proof of Theorem 5.1 we have not used the fact that P, P, are
projections. So in fact Theorem 5.1 is also valid for arbitrary linear maps Ay, Ay : V — V.
The reason why we stated the theorem in such a form is because in the main chapter of
this thesis we will need a similar theorem, which is a version of Theorem 5.1 with finite
dimensional errors. And in order to prove this finite dimensional error version, we need
the defining property of projections:

Theorem 5.2: Given two arbitrary projections Py, P, : V. — V it is possible to find
two finite dimensional subspaces F' and J, such that:

Im(P) =Im(D) + F (5.21)

is equivalent to

Ker(Py) + Ker(P) + J = V. (5.22)

Proof: Up to some modifications with finite dimensional spaces, the proof of Theorem 5.2
is similar to the proof of Theorem 5.1.

<: Assume one can write v = vy + v + v;, with v; € Ker(P;), v, € Ker(FP),v; € J and
dim(J) < oo. Then

Pﬂ) _ P1<U1+U2+Uj) _ P1U2+P11)j (5 23)
Pg’w Pg(w1+w2+wj) P2w1+P2wj ' ’

Again, as in the proof of Theorem 5.1, we can chose = := w; + v9 and again Pjxz = Pyv,
and Pox = Pow;. This and equation (5.21) combined give
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) , (5.24)

S

Pl'U . Pla: +
Pg’w N PQQZ'
with 0 = Pyv;, w = Pyw;. We have (9,w) € Im(P; |;) x Im(P» |;) and since J is assumed

to be finite dimensional, the vector (,w) also lies in a finite dimensional space.
=: Let v € V be any vector. Assuming that we can write

Pl?} . Pll‘ 0 S
()= (5o (2), e -
Read componentwise the corresponding equations are

We apply P, on both sides of (i) and P, on both sides of (ii) und using PZ = P, P} = P,
(here we are using that P;, P, are projections) we arrive at

P(v—x—0)=0, Po(2v—xz—w)=0. (5.27)

But this again means (v —z — 0) € Ker(P;) and (2v —x —w) € Ker(P,). Combining this
gives

v=(2v—z—-—w)— (v—2—0)+ (0 — D). (5.28)

If one now defines the map (1,—1): V xV =V, (1,-1)(v,w) = v — w, we immediately
see that v can be written as v = vy + vy + z, with v; € Ker(P,), vy € Ker(FP,) and
z € (1,-1) | and we have dim((1,—-1) |p) < oco.  q.e.d.

Remark 5.4: Remembering Proposition 5.1 we could also have written Theorem 5.2
in the form

Im(P)=Im(D)+F < Im(l—P)+Im(l—P)+J=Y, (5.29)

which will turn out to be more useful later.

At last we want to explain how the Fredholm property of some pseudodifferential (or
G-type) operator A is connected to ellipticity when A is an operator acting between the

images of two projections Py and P;. For more details about this topic, see Seiler, ([9],
Chapter 2 - Chapter 3).
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Theorem 5.3: Let Hy and H, be two Hilbert spaces and A : Im(Py) — Im(Py) be a G-
operator acting between the images of two projections Py : Ho — Ho and Py : Hi — H;.
Then A is Fredholm iff there exists a G-operator AP with

op(AP)op(A) = 0p(Fo), 0p(A)op(A?) = 0p(P2). (5.30)
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6 Compact and Small Perturbations

When dealing with Fredholm operators and its index theory, compact perturbations of
certain objects often do not change the index or Fredholm property of the operator in
question. As already stated in the section about Fredholm operators, for any Fredholm
operator A and a compact operator K, the operator A + K is again Fredholm with the
same index. However, if the operator A arises from other operators containing pseudod-
ifferential projections or solution operators to hyperbolic equations, it is not always clear
that compact perturbations of these operators result in only compact perturbations of
the operator A itself. The same holds for norm small perturbations. In this section we
want to give a few examples where certain properties of operators, for example as being
unitary, are invariant under perturbations by compact or norm small errors. We will
need these examples later to see how certain Fredholm operators have an invariant index
exactly under this perturbations.

6.1 Types of Perturbations

As a first simple example, let us see how a projection operator on a Hilbert space changes
when adding a compact error:

Proposition 6.1: Let P : H — H be a projection on a Hilbert space H. If K :
H — H is a compact operator, (P + K) is a projection up to a compact error, meaning
(P+K)?=(P+K)+K.

Proof: Calculating the square of P + K results in

(P+K)y?=(P+K)(P+K)=P*+PK+KP+K*=P+PK+KP+K* (6.1)
=(P+K)+(PK+KP+K*~K)=(P+K)+ K (6.2)

when we set K = PK + KP + K2? — K. Note that K is in fact a compact operator since
the set of compact operators K () is a Banach ideal. g.e.d

Remark 6.1: We could have replaced the compact operator K in Proposition 6.1 by
a norm small operator, and an analogous statement like Proposition 6.1 would hold:
Given any norm small operator €A we would have (P + €A)? = (P + €A) + €A.

The solution operators to hyperbolic equations are often unitary and unitarity is a very
useful property since inverses can be calculated more easily. Requiring that for a unitary
operator ® the compact perturbed operator ® + K is unitary again is a difficult task,
because in general ® + K does not have to be even invertible. But it turns out that
(® + K)' is at least a parametrix for ® + K
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Proposition 6.2: Consider a unitary operator ® : H — H, ®F = &' and a com-
pact operator K. Then ® + K 1is unitary up to a compact error, in that sense, that
(® + K)' is a left and a right parametriz for ® + K.

proof: We compute both products, the product with (® + K)' from left and from right:
(®+K)(®+K) = (@4 K)(® + K') = (& + K)(® ' + KT) (6.3)

=00 ' 4PN+ KO '+ KK =14+ 0K+ K& '+ KK' =1+ Kjp, (6.4)

with K = @K+ K®~1 + KK being compact. Therefore (®+ K)' is a right parametrix
for ® + K. Similarly,

P+ K)( Q@+ K)=1+0 'K+ Ko+ KK =1+ Ky, (6.5)

thus it is also a left parametrix. qg.e.d.
For norm small errors, we can use that if € is small enough, ® + €A is still invertible
for a unitary operator ®, because the set of invertible operators is open. In this case we
get an even better statetement than Proposition 6.2:
Proposition 6.3: Assume that ® is any unitary operator on a Hilbert space H and
® + €A is a norm small perturbation of ®, where the parameter € is chosen such small
that ® + €A is still invertible. Then ® + €A is unitary up to a norm small error, meaning
(@ +eA)t = (D+eA) +eA.
Proof: We have
(D + eA)( D+ eA) = (D4 A (DT + eAT) = (B + €A) (P + AT (6.6)
= 0D+ DA+ AP 4 AAT =14 (DA + ADT! £ AAT). (6.7)

Now, since (®+€A) is assumed to be still invertible, we can insert 1 = (®+€eA)(P+eA)~!
into equation (6.7):

(@ + €A) (P + eA) = (D + €A)(P+ eA) ! +e(PAT + AP + cAAT). (6.8)

Multiplying this by (® + ¢A)~! from the left the adjoint becomes

(@ +eA) = (D4 eA) ™ +e(P+eA) HPAT + AD™! 4 cAAT) (6.9)
= (D+eA) T +eA ged. (6.10)
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6.2 Theorems about (almost) Complementarity

Later on we will face some situations, where sums of the images of projections, which are
almost complementary, are considered. Let us state three theorems concerning this topic:

Theorem 6.1: Let Py, P, be strongly complementary projections on a Hilbert space H,
P, =1— P,. Then, for any compact operator K, there exists a finite dimensional space
J with

Im(P) +Im(Po+ K)+J="H. (6.11)

Proof: Let us write down the sum Im(P;) + Im(P, + K) :

Im(P) +Im(P + K) = {Pv+ (P + K)w, (v,w) € V x V} (6.12)
={Pv+ Pw+ Kw, (v,w) € V xV} (6.13)
={Pv+ P+ Kv,v e V}U{Pv+ Pw+ Kw,w#v}={v+ Kv,v€v}UU, (6.14)

where we used Pyv+ Pyv = v and set U = { Plv+ Pow+ Kw, w # v}. Furthermore we have
{v+Kv,v € v} = Im(1+K) and therefore Im(14+K) C (Im(P,)+Im(P+K)). Now 1+ K
is a Fredholm operator with index 0. This means that the orthogonal complement of its
image, Im(1+ K)* is finite dimensional. Because Im(P;)+Im(P;+ K) contains Im(1+ K),
its orthogonal complement can not be larger, thus dim((Im(P;) + Im(P, + K))*) < oc.
We can therefore just choose this orthogonal complement as the space J in (6.11).  g.e.d.

Of course Theorem 6.1 becomes a lot more complicated, when the projections P, P,
are more arbitrary and not necessarily strong complementary. However, if they are at
least complementary, Im(P;) +Im(P,) = H we can give two more theorems under certain
assumptions:

Theorem 6.2: Let P, and P, be two complementary projections, Im(Py) + Im(Py) = H.
If K is a finite dimensional selfadjoint perturbation of P, (note that finite dimensional is
stronger than compact!), dim(Im(K)) < oo, K = K, then

Im(Py) + Im(Ps + K) + Im(P2) |1m()=H. (6.15)

Proof: It suffices to prove Im(P,) C (Im(P, + K) + Im(P) |mk)), because P; and
P, are assumed to be complementary. In general we always have a decompostion H =
Im(K) + Im(K)*. Furthermore we have Im(K)+ = Ker(KT). If now K = KT is self-
adjoint, one can decompose H into H = Im(K) + Ker(K) Then, if v = v; + vy is the
representation of v in this decomposition of H, then

Im(P,+ K) ={Pyw+ Kv,v e V} = {P(v1 +v2) + K(v1 +v2)} (6.16)
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= { Py + Povg + Kuvg, vy € Im(K),v9 € Ker(K)} (6.17)
= {(P2 + K)v1 + Pyvg, vy € Im(K), vy € Ker(K)} (6.18)
=Im(P, + K) [mx) Hm(F) [ker(r) - (6.19)

It directly follows that Im(Ps + K) +Im(P%) |mmx)= Im(P) +Im (P + K) |im(x) and this
contains Im(F). g.e.d.

At last we want to give a theorem which uses the idea that Im(P, + K) is somehow
connected with Im(P,, K) while Im(P,) + Im(K) is connected to Im(FP;) x Im(K).
Thinking with this connections in mind it is intuitive that if P, and K are connected to
each other via the kernel condition in Theorem 5.1 from the projections section, equation
(6.11) should also hold. The next theorem confirms this:

Theorem 6.3: Assume that P, and P, are complementary projections and K is finite
dimensional, but not necessary self adjoint. If in addition Ker(Py) + Ker(K) + F = H,
dim(F) < oo, equation (6.11) holds and J may be chosen as J = Im(Pa) |1 sct)-

Proof: First we see that since K is finite dimensional, so is KT and as the images
of finite dimensional operators are closed subspaces, we may again take the decompo-
sition H = Im(KT) + Ker(K) just as in the proof of Theorem 6.2. Then, assuming
Ker(P,) + Ker(K) + F = H, Im(P, + K) becomes

Im(P, + K) = {Py(v1 + v +vp) + K(v1 + va +vp),v; € Ker(P),ve € Ker(K),vr € F}

(6.20)
= {PQUQ + PQUF —+ KUl -+ KUF} = {PQ'UQ -+ K?Jl -+ (PQ + K)UF} (621)
= Im(P2> ’Ker(K) +III1<K) |Ker(P2) +III1<P2 + K) |F . (622)

Adding Im(P,) |ty results in Im(P) C Im(P, + K) + Im(P,) |pm(xt) and therefore
equation (6.11) is fulfilled. qg.e.d.
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7 Main Problem and its Fredholm Conditions

Now that we have explained the basics of the calculus needed for facing the main problem
of this work in the last few chapters, we can now state the main problem and develop its
Fredholm- and index theory.

7.1 General Setting and First Observations

Consider a Lorentzian globally hyperbolic manifold (M, g) with compact Cauchy hyper-
surfaces. Furthermore, let ¥y (time ¢t = 0) and ¥ (time ¢t = 1) be two different Cauchy
hypersurfaces. Let E be a finite rank vector bundle over M and L?*(%,) and L*(%;) de-
note the L? spaces of sections of E on the corresponding Cauchy hypersurfaces. Assume
that L = L(t,x,d,) is a first order pseudodifferentail operator (continous in t) on L?(M)
defining a symmetrizable hyperbolic system d,u = Lu and Py /1, Ag/1 are zero order pseu-
dodifferential operators on L?*(3y) and L?*(X;) respectively. Furthermore we want Py o/
and P_,1 to be complementary pseudodifferential projections at each time ¢ € {0, 1},
L*(3o/1) = Im(Py /1) + Im(P_/1). Given these ingredients we want to investigate the
index theory of the nonlocal problem

(1)0u = Lu, (i1) Py o Aou(0) = go € Im(Py ), (itd)P- 1 Aju(l) = g1 € Im(P_;), (7.1)

with w € L*(M)g1. The aim of this chapter will be to develop Fredholm conditions for
(7.1), first for the general case and then after taking some further assumptions on L or the
projections P4 /1 into account. Without any further assumptions, we have the following
first observation:

Theorem 7.1: The problem (7.1) is Fredholm, meaning that the solution space is fi-

nite dimensional and that only finitely many linear conditions on gy and g, are needed in
order to guarantee solutions, if and only if the operator

D= ,1P+70“4° D LA(Z) — Im(Py o) x Im(®7 P 1®y) € L3(Zg) x LA(%g) (7.2)
(I)l Pf,l.Al(I)l ’

is Fredholm.
Proof: Because the equation d,u = Lu is symmetrizable, there exists an invertible family

of solution operators ®; and every solution of (7.1), (i) evaluated at time ¢ may be written
as u(t) = ®;u(0) := P(t)up. If we insert this into (7.1)(#ii), we get the system

P+,0A0U0 _{ 90
( P_1 A1 ®1ug > B ( g1 ) ' (7.3)

Multiplying the second row of (7.3) by the inverse solution operator ®;' and using that
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(@1 q1) € Im(®71P_1®y) if g1 € Im(P_,), (7.3) is equivalent to
P+,0A0 _ go -1
( @;1P,’1A1q)1 Uy = (I)Ilgl S Im(P_,_?()) X Im(@l P_Jq)l). (74)

Because (7.1) is Fredholm iff (7.4) is Fredholm, we have reduced the Fredholm property
of (7.1) to that of the operator D. g.e.d.

Necessary Conditions:

Before establishing conditions, which are equivalent to the Fredholm property of D, we
want to find out, which conditions are necessary. In fact there are choices for the pro-
jections P, o, such that D is never Fredholm, no matter how one chooses Ay and A,
and similarly, there are choices for A4y and A;, such that for any arbitrary combination
of projections D is never a Fredholm operator. These necessary conditions are directly
related to Theorem 5.1 and Theorem 5.2 from the projections section and take this form:

Theorem 7.2: The operator D from Theorem 7.1 can only be Fredholm, if there ex-
ist finite dimensional subspaces J and F of L*(3o) with

Ker(P, ¢) + Ker(®;'P_,1®,) + J = L*(%), (7.5)

and
Im(A) + Im(®TAT®TH + F = L2(%,). (7.6)

Proof: First, from Proposition 5.4, we see that ®;'P_,®; is a projection. Then the
image of D in equation (7.2) is a subset of the image of

~ P -
D= (0 e, ) S e )0

This means that the cokernel of D has at least the dimension of the cokernel of D
and therefore it is necessary that dim(Coker(D)) < oo. If we now use Theorem 5.2,
setting P, = Py and P, = ®7'P_;®; we see that this is equivalent to condition
(7.5). Now, in order to see condition (7.6), we notice that Ker(D) = Coker(D"). If
we want D to be a Fredholm operator, it needs to have finite dimensional kernel, thus
dim(Coker(D')) < oo is necessary. Note that D is a bounded operator on L?(Y;) and

Im(P, o) x Im(®;'P_,1®,) = Im(P),

_ [ Pro 0
7>_< ¢ <1>;1P_,1<I>1) (7.8)

being the image of a projection P : L*(3g) x L?(Xg) — L*(3g) x L?(X) is a closed sub-
space of L?(Xg) x L*(Xy). Therefore we can define the adjoint of D to act as an operator

82



Dt Im(Py o) x Im(®7 P 1 @) — LA(%). (7.9)

Then Dt is defined via (Dv, (w, 2)) r2(s)x12(50) = (v, DT (w, 2)) 12(559), v € L*(Z), (w,
Im(Py o) xIm(®;'P_;®,). By using the definition of the inner product on L?(Xg) x L?(X)
one can easily see

Dl (w, 2) = AP qw + ®]ALPT 10772, (w,2) € Im(Py o) x Im(®7'P_1®1).  (7.10)

Furthermore we can set w = Py g and z = ®]'P_;®,Z such that the image of D takes
the form

Im(DY) = {AJP] Py gt + ®TATPT (&7 T0 1 P2} (7.11)

= Im(AJP] o Py o) + Im(®TALPT (07T P @), (7.12)

Now, the sum of the images in (7.12) is certainly contained in Im(A}) + Im(®TAl®;T).
Thus the codimension of this sum needs to be finite dimensional, and this is equivalent
to condition (7.6). gq.e.d.

7.2 Some Examples

Now that we know about the necessary conditions for D to be Fredholm, we want to give
some special cases for the choices of the projections Py /1 and operators Ay, A;, where
this conditions are satisfied.

Example 7.1: Let K be a finite rank selfadjoint operator and let Ker(P; o) +Ker(P_ ) =
L*(3y). Assume furthermore that the solution operator @ is unitary. Then the choice
P, =®P &'+ K and Ay = A; = 1 satisfies (7.5) and (7.6). (7.6) is trivial, as for
Ao = A; =1 (7.6) would be equivalent to Im(1)+Im(1)+ F = L?(%), which is obviously
true. Let us show the validity of (7.5). First, we have

P_y=®P @'+ K & O'P_1& =P o+ 0K, (7.13)

We know from Proposition 5.4 that ®'P_;®, is again a projection and we also see that
the unitarity of ® conserves the self adjointness of K, i.e. (7 K ®,)l = ('K ®,). But
then

Ker(P, o) + Ker(®,'P_ ;@) = Ker(Py o) + Ker(P_ o+ &' K®;) (7.14)
=Im(1 — Pyo) +Im((1 = P_p) — &' K®,). (7.15)
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The assumption Ker(Py o) + Ker(P_y) = L*(X) is equivalent to the statement that
(1—P;p) and (1—P_p) are complementary projections. Remembering Theorem 6.2 one
can deduce that the orthogonal complement to (7.15) has to be of finite dimension.

Example 7.2: If we again choose Ay = Ay =1landif P,gy=1—-PFP_y, P,1=1—-P_;
we can set Py = (I>1P+,0<I>1_1 + K for any compact operator K (not necessarily finite
dimensional) and (7.5) and (7.6) are fulfilled by Theorem 6.1: Similarly to the previous
example we calculate

Ker(Py o) + Ker(®,'P_1®;) = Im(P_p) + Im(P, o — ' K®,). (7.16)

Because P,y and P_, are strong complements of each other and OTKd, is compact,
we can apply Theorem 6.1 and (7.5) will be true. For example, the Dirac equation in
Bir-Strohmaiers work An Index Theorem for Lorentzian Manifolds with compact spacelike
Cauchy Boundary fulfills these requirements (see [10], Chapter 2). Note that the projec-
tions onto the positive and negative eigenfunctions of the Dirac operator at one selected
time t = t, are in fact strong complements. In order to see P, ; = ® P, (@' + K, we
use the same notation like Bdr-Strohmaier: Let

[ Qv+ Q-
O = < o o ) (7.17)

be the representation of the solution operator in the positive and negative eigenvalue basis
defined by P4 /1. Then we have

1
racernt =4 0) (80 62) (o o) (60 &) o

using the unitarity of the time evolution. Further simplification results in

1 T
P, —®,P P = Q4@ —QQy ) . 7.19
i e ( Q7+Q1+ _Q7+QT—+ ( )

Moreover, we may use that ()_, is a compact operator, which was already shown by
Br-Strohmaier. Then all the entries in (7.17) are in fact compact.

Usually one wants to connect the Fredholm theory of operators to the invertibility of
a symbol. The principal symbol of the operator D in (7.2) however is a non square matrix
and therefore not invertible. Because D has an image lying in Im(P, o) x Im(®;'P_ ;)
which is a projection space we have to interpret the invertibility of the principal symbol
in the sense of Theorem 5.3. Note that the relevant projections in our case are Py = 1

and P, =P,

Pio 0
P = < 0 <I>11P_1<1>1> (7.20)
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Proposition 7.1: The operator D from Theorem 7.1 is Fredholm, iff there exist two
Fredholm operators DY, D5 with

DYP, g Ao+ DO 'P 1 AP =1+ K, (7.21)
Py o AgDY PioAoDy \ _ [ Pio 0 ”
( P A® DY B P A4S ) T 0 artp e, ) TR (7.22)

where K and K are compact operators.

Proof: From Theorem 5.3 we see that D must have parametrices as an operator be-
tween projection spaces. The corresponding projections are given by Py = 1, P, = P.
This means that there must exist an operator D? with components D} and DY such that

D'D=1+K, DD' =P+ K. (7.23)

Written out componentwise this is equivalent to (7.21) and (7.22). g.e.d.

Example 7.3: For some special cases, it is actually easy to guess a parametrix DP
to D. For example, choose A; = Ay = 1. In this case we make the Ansatz D} = P, ,
D = P_,. From this and (7.18) we can extract P+ P_o¢®;'P_;®; =1+ K. Under
the additional assumption P_y =1 — P, we have

P (®'P_1®, =P o+ K. (7.24)

Let us say, that P_; has been chosen in a way that it fulfills (7.24). The components
in the upper row of (7.22) give true equations automatically, just by the Ansatz. The
last component of the left matrix in (7.22) is ®7'P_;®;P_;, and it has to be equal to
®7'P_ 1@, (mod K). If we assume this to be true, the last condition ®;'P_;®;D} = 0 is
always true (mod K). Moreover, let ® be a unitary time evolution operator and let the
projections be chosen as orthogonal projections. Then <I>1_1P_71<I>1P_70 is the adjoint of the
left side of (7.24) and must therefore be equal to P_ up to a compact error. But then
by (7.22) we have P_y = ®;'P_;®; (mod K). If the operators Ay and A; are assumed
to be arbitrary Fredholm operators with parametrices A} and AY, which commute with
P, » and the solution operator ®;, the same procedure can be done with the parametrix
given by the Ansatz D} = P, ¢ Af and D5 = P_ Al Let us summarize these facts in the
form of a proposition:

Proposition 7.2: Consider problem (7.1) and assume that the projections P_ o and P-4
are orthogonal and that they are connectet to each other via the flow of the solution,
P_, = @lP_,OCI)l_l + K with a compcat operator K. Furthermore let Pio=1—P_4 and
let L define a system of equations with unitary time evolution ®. Then, as long as the
operators Ay and Ay are both Fredholm and commute with Py o and the time evolution
Dy, the parametriz to D is given by
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DP = (P oAp, P-oAY). (7.25)

7.3 Reduction to the D;:-Case

The condition P_, = <I>1’1P,71<I>1 + K was already apparent in Fxample 7.1 where we
presented the case considered by Bdr-Strohmaier. It seems that this condition is a good
choice for (7.5) in that sense that it produces a Fredholm operator D with good proper-
ties like having a very simple parametrix like in Proposition 7.2. Let us investigate this
condition further in order to see, how it can be used to simplify the Fredholm theory of
D by a great amount:

Theorem 7.3: Let P,g=1—P o, P,y =1—P_; and P_; = ®,P_,®;' + K with a
compact operator K. The operator D in (7.2) is Fredholm iff

DLQ = PJ’,’OAO -+ P,}Oq)lilAl(I)l : L2<20) — L2<20) (726)

1s Fredholm.

Proof: First let us simply plug in P_; = & P_(®d;' + K into equation (7.2). Then
D gets the form

D7D P ,P7 + K)A Dy P_ @' A @) + &K A Dy '

— Py oA 0 o .
N ( P_ @7 APy + PIIKAD, ) L7(%o) = Im(Pyo) x Im(®y P 8y). (7.28)

Note that L*(3g) = Im (P, o) ® Im(P_) is a direct sum, since we assumed that P, o =
1 — P_yand P_j are strong complements. Any vector containing components of spaces

whose sum is direct is isomorphic to the sum of its components. This means that there
exists an isomorphism such that

Py oA ~ _
( P_ﬁgi—ol 4D, ) > (PyoAo + P_og®7 A ®y) 1 L2(So) — L3(0.) (7.29)

Now the column

0
( PIKA D, ) (7.30)

consists of compact operators. This means that the Fredholm and index theory for the
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operator in (7.28) is equal to that of the first summand which is equal to the desired Dy
by (7.29). g.e.d.

Proposition 7.3: Consider (7.1) together with all conditions made in Theorem 7.3.
If both operators Ay and A, are Fredholm and the commutators [Py o, Agj1] and [Py o, L]

are both zero (modulo compact) for all t, Dy is Fredholm. A parametriz is given by

DY, = P g Ah + P_ @ ' ATD, (7.31)

with parametrices A5 and A} of Ay and Ay. If additionally these parametrices are cho-
sen in such a way that 1—.»40/1./48/1 and 1—A8/1A0/1 are all trace-class, the index of D2 is

Ind(Dy2) = Ind(P; g AgPy o) + Ind(P_o®; ' A, P_p) (7.32)

where the operators

P+70A0P+70 : ]m(P_,_’O) — ]m(P+7o), P_70<I)1_1./41q)1p_70 : Im(P_70) — ]m(P_70> (733)

are regarded as operators between projection spaces.

Proof: Assume that Ay and A; are both Fredholm with parametrices A} and A}. We try
P oA+ P_ @' A®, as a parametrix for Dys:

(P oAb+ P_ @ AV®) (Py 0 Ag + P o®7 A1 D) (7.34)
= Py 0 AbP, 0 Ao+ Py g ABP_ 0@ A 1@y + P_ 0@ APD Py g Ay + P g® P APD P &7 A D
(7.35)

From (7.35) we see that the commutator conditions [Py o, Agn| = [P0, L] = 0 will be
sufficient to make DY, = Py oAb + P_o®7'AY®; a parametrix for Dy2: First, if Py
commutes with Ay and A; so does P_y =1 — P, . From Proposition 4.4 in the chapter
about hyperbolic systems, we know that [P, o, L;] = 0 V¢ means that P, o and P_, also
commute with the solution operator ®; and its inverse. With this we can arrange the
factors in the second and third term in (7.35) in such a way that we have a product
between P, o and P_, which makes this terms vanish. The remaining two terms give

DP,Dp2 = Py oAb Ay + P o®7 ' ALA, @, (7.36)
=P, o(1+ Kop)+ P_o®'(1+ Ky )P, (7.37)

with compact operators Ky and K; ;. We want the last line to be equal to the identity
operator up to a compact error. Using P, g+ P_ = 1 this is true and we have

DV,Dpz =1+ Py oKor + P_o®7 Ky 1P (7.38)

(The proof that D7, is also a right parametrix is analogous). Now let the parametrices
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be choosen such that 1 — g/le/ and 1 — Ao/lAg/l are trace class. This means that the
corresponding compact operators Ko /g and K /g are trace class. Because the set of
trace class operators is an ideal, P oK /g and P_70<I>1_1K r/r must also be trace class.
With this the index of D2 calculates to

ind(Dyz2) = Tr(1 — DY, D7) — Tr(1 — D2 DY) (7.39)
= Tr(Py oKor) + Tr(P_g® ' Ky g®1) — Tr(Py Ko 1) — Tr(P_o®; 'Ky 1 ®1)  (7.40)
= (TY(P—hOKO,R) — TI'(P+70K07L)) + (TT(P_70¢I1K17R@1) — TI'(P_70(I)1_1K17L(I>1))‘ (741)

Let us relate (7.41) to the indices of the desired operators in (7.33). If we regard
P, g AoPy o and P_,®'A;®,P_ as operators between projection spaces, Py g AfP; o
and P_o®; ' A®, P_, are parametrices, where the error terms are of trace class. With
this (7.32) becomes

ind(P+70A0P+70) -+ in(P,70q)I1A1(I)1P,’O> (742
= TI'(P_A,.Q — P+’0A8P+’0P+70A0P+70) — TI'(P_‘_’O — P+’0AOP+’0P+,0A;8P+’O) (743

= Tr(Pyo — Pro(Korz +1)Py o) — Tr(Pyo — Pro(Kor + 1) Pyrp) (
+Tr(P_g— P_o® (1 + K1 L)®1P_ ) — Te(P_g — P_o® (1 + K1 g)®1P_)  (7.46

= —Tr(Py oKorPs o) + Tr(ProKorPy o) (

—Tr(P_g®7 Ky 1 @1 P o) + Tr(P- o®7 Ky g ®1 P o). (

If we use the cyclicity of the trace in the last line, we directly see that (7.47) — (7.48) is
equal to (7.41). g.e.d.

Remark 7.3: In contrast to the general operator D, D;2» has the advantage of being
regarded as an operator from L*(Xg) to L?(Xg). In this case both projections Py and P,
from Theorem 5.3 are equal to the identity and the Fredholm property of D, is equivalent
to the usual ellipticity condition (without using the theory of operators acting between
projection spaces). If D;2 consists only of G-operators with an amenable group G which
acts topologically freely, this implies that Dy is Fredholm iff its principal trajectorial
symbol is invertible. If we want the solution operator to be built of G-operators, we only
need to impose that the system d,u = Lu may be transformed to an almost diagonal sys-
tem Oyu = Du + Su, S € OPS? and that the eigenvalue distance condition from Theorem
4.2 is valid. For example, as already shown in Chapter 4, all strictly hyperbolic systems
satisfying the eigenvalue distance condition will fall into this class. Then we only need
a condition, which is sufficient for the amenability of G. Let us write down a collection
of the assumptions we make for our system dyu = Lu, such that the Fredholm theory of
(7.1) may be reduced to the invertibility of a symbol:
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7.4 The D;-.-Case with Eigenvalue Distance Condition
Assumptions 7.1:

From now on, we make the following assumptions about the system (7.1): First, we want
that all assumptions made in Theorem 7.3 hold, such that D can be reduced to Dy2. Then,

(D) L=D+5, S€OPS’, |\j(t,2,6) — Milt,2,€)| = afé], t €R,[€] = M (7.49)

for a diagonal operator D € OPS! with the diagonal entries id; of constant multiplicity
such that \; = 0,(d;) is real and some positive constant . Furthermore, we want the d;
to be self-adjoint up to negative order perturbations,

(S) dj = dj + k;, d;j = d;, k; € OPS™,m < 0. (7.50)

Let aj be the time t = 1 Hamilton flows along ;. At last we impose that the group G
generated by the (n? —n)/2 elements a; ' o a; is an amenable group.

Remark 7.4: From (D) we conclude that the solution operator ® may be expressed
as & = N®pQ up to a compact error. This is due to Theorem 4.2. Condition (S) ensures
that the solution operator to the diagonal system d;u = Du is unitary up to a compact
error. An argument to understand this is the fact that operators of negative order are not
appearing in the eikonal or transport equation in Theorem 4.1, and because Jyu = Du is
a diagonal system it can be reduced to a set of scalar hyperbolic equations. This means
that we can replace d; = Jj + k; by ch in (7.50) and we will still have the same solution
operator (up to a compact error), since the k; which are of negativ order will not influence
the equations (4.43) — (4.44). But the solution operator to dyu = Du with a selfadjoint
D is unitary. The amenability of the group G generated by the flows ;' o a;; will ensure
that the Fredholm property of the problem is equivalent to the invertibility of a principal
symbol.

Now we want to show that D;» may in fact be expressed with the help of G-operators.
For that we use the following lemma:

Lemma 7.1: Let ®p be the solution operator to Oyu = Du with an operator D like

in (7.49). Denoting by o1 thet = 1 Hamiltonian flows along Hy,, the conjugation of any
operator A : L?(3g) — L*(X0) by the solution operator ®p ;1 is then given by

(PpnAPp,1)ij = AffPp ;o (7.51)

Slei
as long as the components A;; of A are pseudodifferential operators.

Proof: Since ®p is diagonal, the components of @5}1A<I> p,1 are just given by (<I>,5711Ad> D.1)ij
= CIDB’ILaiAij(I)D,Laj. Now we can insert a 1, in order to see that this is a G-operator:
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OpY) 0 Aii®p10; = P50 Aii (P01.0, P00 ) P10, = (P10, AP0 10 PD 0, P01,
(7.52)
= A%i@5}17ai©D71,aj. (7.53)

For the last equality we used Egorov’s theorem and the fact that each ®p ; ,, is a Fourier
integral operator which is associated to a canonical transformation equal to the Hamilto-
nian flow along «;. q.e.d.

From Lemma 7.1 we conclude that every component in D2 would be a G-operator with
a simple representation like (7.51) if we could replace the ®; in D2 by ®p ;. Let us argue
that for the Fredholm theory of D;2 in fact ®; can be replaced by ®p ;:

Proposition 7.4: Consider (7.1) together with the condition P_, = <I>1P,,0<I>1_1 + K
such that the Fredholm theory of D is reduced to that of Dy2. Then Dyz is Fredholm iff

Di2p = Py Ao + P g®p  A1®p (7.54)

is Fredholm, as long as condition (D) from Assumptions 7.1 holds. Moreover, the princi-
pal trajectorial symbol 0,(Dr2 p) depends only on the principal part of D.

Proof: Condition (D) in Assumptions 1 guarantees the existence of an operator

N=1+)Y N’ N"eOPS™” (7.55)

v=1

with a parametrix @), such that ®; = N®p (). Because N has principal symbol 1, so has
@ and we may write

Q=1+30Q" Q"€ OPS™. (7.56)
v=1

As negative order operators are compact on compact manifolds, we may write N = 1+ N,
Q=1+ @ with N7, Q™ being compact. But then we can write

P =Nbp Q= (1+N")Pp,(1+Q ) =Pp1+Pp 1 Q +N '®p + N &p,Q (7.57)
=®p1+ Kyg (7.58)

where Ky ¢ is also compact. Similarly, the conjugation d7' A Py in Dy2 is equal to the
conjugation @,5}1.,41(1) p.1 up to a compact error. This means that the index theory of D2
is equivalent to the index theory of D2 p. Concerning the trajectorial symbol, we can
use Lemma 7.1: 0,(®p' 1 A1®p 1) will be equal to the trajectorial symbol of operators like
(7.51) componentwise. Because there is Up(A?jiq)D,La;loaj) = (0,(4;) OO[i)Tazloaj and the
Hamiltonian flow «; is generated by the principal part of d;, there is no dependence on
lower order parts of D. q.e.d.
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7.5 Summary
Let us close this chapter by giving a summarizing theorem of the results:

Theorem 7.4: Consider the Fredholm theory of problem (7.1). In any case (without any
further assumptions) conditions (7.5) and (7.6) are necessary for the Fredholm property.
A neccesary and sufficient condition for the Fredholm property is given by (7.21) — (7.22)
in Proposition 7.1. If the projections are connected by P_; = ® P_o®;' + K with a
compact operator K and all the assumptions from Assumptions 7.1 hold, the problem is
Fredholm iff the operator D2 p : L*(X0) — L*(Xo) ((7.54)) is Fredholm. In this case the
Fredholm property only depends on the principal part of the equation yu = Lu (as shown
in the proof of Proposition 7.4). Moreover, the Fredholm property is equivalent to the
invertibility of o,(Dr2 p) which is the principal trajectorial symbol of D2 p regarded as a
G-operator. As long as the projection Py commutes with Ay, Ay and L for all times t,
the index of the problem is given by (7.32).

Remark 7.5: All statements about problem (7.1) arising from Assumptions 1 are also
true for the case ¥y = R" if one uses the algebra of Shubin type operators: For statements
like Proposition 7.4 we used that operators of negative order are automatically compact,
and this is still true in the Shubin case.

Remark 7.6: There exists a condition involving Poisson brackets, which guarantees
the amenability of the group G generated by the Hamiltonian flows along H,;, as long as
H,, is sufficiently smooth: For example, if for all different times (¢, t) the Poisson brackets
I\t z,8), Mt z,€)} are equal to zero, the corresponding time ¢ = 1 flows a; and ay,
are commutative. To see this, one may take a look at the second remark in Remark 2.2:
Nt 2, 8), Mt 2,£)} = 0 implies that for all fixed ¢ and fixed  the corresponding inte-
gral curves ;s and ay 5 of timelength s and 5 would be commutative, as long as s and 5
are chosen small enough. For both time ¢ = 1 flows «;; and oy, ; we have the approximate
decompositions

aj1~ a;(0)oa,(€)o...oaj(le)o...oaj(l—c¢), (7.59)

g1 ~ ape(0)oag(e)o...oag(le)o...oag(l—¢) (7.60)

where o (le) are the time e flows along A;/x(le). Note that (7.59) — (7.60) is a direct
consequence of Euler’s method if one expresses the Hamiltonian vector fields Hy, and
the corresponding flows in local coordinates. For further detail, see ([I7]).The smaller we
choose the value, the better the approximations (7.59) and (7.60) get. But no matter how
fine the approximations are chosen, two approximations of c;; and oy like in (7.59) —
(7.60) will always be commutative, because their building blocks «; /i (1) are commutative
by the Poisson commutativity condition. But then the exact flows «;; and ag; will also
commute. In this case the Hamiltonian flows «;; generate an abelian group. But this
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means that the group G generated by a; ' o a; (see Assumptions 7.1) will also be abelian
and therefore amenable.
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8 Fredholm Conditions for Second Order Problems

After discussing the Fredholm conditions for general first order symmatrizable and in par-
ticular for strictly hyperbolic systems in the last section, we want to explicitly calculate
the Fredholm conditions for those first order systems, which arise from an order reduction
of a special class of second order equations. For example, one could consider the wave
equation as a second order hyperbolic equation and ask for solutions, given the value of
the wave at time ¢ = 0 and some combination of the wave and its velocity at time ¢ = 1.
Problems of this form may then be reduced to a system, which is a special case of equa-
tion (7.1) from the last chapter and the Fredholm conditions stated in Chapter 7 may
be applied. We will state the general Fredholm conditions for second order hyperbolic
equations with nonlocal boundary conditions and investigate some examples, as the one
of the case Savin, Boltachev considered.

8.1 Time Dependent Second Order Wave Equations
8.1.1 Dependence on Lower Order Parts and Order Reduction

The general setting of a globally hyperbolic manifold used in the last section includes
most models for our universe modeled as a 4-dimensional space time. If only large scales
matter for the model of the universe, one can use FLRW models for the universe, meaning
that the Lorentzian metric g takes the simple form

2

r
1 — kr?

g = —dt* + h(t)* < + r2d§22> (8.1)

where h(t) is (taking the current curvature radius equal to 1) the scale factor and k €
{—1,0, 1} the curvature parameter of our universe. In other words, if g, is the Riemmanian
metric on the Cauchy-hypersurface ¥, then g, = h(t)go, h > 0. We want to find out, under
which assumptions and to which extent any second order hyperbolic nonlocal problem
concerning a hyperbolic equation 9?u = Pu with an elliptic differential operator P =
a“@xiaxj + b;0y; + ¢ is reducible to one of the systems discussed in Chapter 7 and to
which extent this system only depends on v'A. We will derive the Fredholm conditions for
second order nonlocal problems in the general case and write also down the simplifications
arising from the special case of an FLRW metric (8.1). As the principal part of A is given
by ¢“0,,0,, one could just choose the metric tensor part to be equal to a”9,,0,, and
therefore the principal part of any second order hyperbolic equation is always given by
the Laplacian. However, concerning the first order part of the operator it could differ.
Let us show that for the Fredholm theory only the principal part of P matters, so one
may restrict to the Laplacian always. For that, we first define the general second order
hyperbolic nonlocal problem:
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Problem 8.1 Consider the second order nonlocal problem

(1)0?u = Pu, ((Ag+ Bod,)u)(0) = go € L*(X0), (#14)((A1 + B10y)u)(1) = g1 € L2((21),)
8.2

with first order operators Ag, Ay, zero order operators By, By and an elliptic differential
operator P = j(t)aij(’?xiamj defined by a symmetric positive definite matriz a”. We want to
find out, for which choices of Ay, A1 and By, By this problem has the Fredholm property,
i.e. there are finitely many independent solutions v € H'(M) and only finitely many
conditions on gg and g, needed to guarantee solvability.

Lemma 8.1: The Fredholm property of Problem 8.1 depends only on the principal part
of P, which means that P might be replaced by the Laplacian A.

Proof: From Chapter 4, (4.23) we know that (8.2), (i) is equivalent to the system

at<2>:<“/?; _Z,\/??><Z;>+J<Z;>,JEOPSO. (8.3)

This is a strictly hyperbolic system and it has the form (D) from (7.49). Note that the
condition

Ai(t,2,8) = At 2, €)] = alg] (8.4)

reduces to the condition that P has to be a uniformly elliptic operator. This is always the
case on a compact manifold, which means that (8.3) indeed fulfills all necessary condi-
tions. We want to show that (8.2), (i4) — (4i7) may be rewritten in a form which resembles
(7.1), (éi) — (zit) in Chapter 7. For that let us start with calculating the transformation
matrix 7. The matrix L of first order operators, which can be diagonalized to the system

(8.3) is given by
0 A
L:(_PA1 0). (8.5)

Because we may choose the principal symbol of P to coincide with that of the Laplacian,
we have

ap(A) _ op(A) _ ap(A) _
op(A) o, (1+A)  Jo,(A)

o,(PA™) = o(2) (8.6)

as long as the Laplacian in A = /1 4+ A is the same time dependent operator as the
Laplace-Beltrami operator defined by the metric on ;. Formally the order reducing
transformation u; = Au, uy = dyu would result in a system defined by the operator

(Lt ) (00
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if one chooses A to be time dependent. However, the difference between L and L turns
out to be of order zero, and the conjugation of this extra term with an operator 71" diago-
nalizing the principal part of (8.5) may be absorbed into the zero order error J in (8.3).
On the symbol level we therefore need to diagonalize the matrix

o,(L) = ( 0 youl) ) . (8.8)
—y/0p(A) 0

The eigenvalues of this matrix are 1/, = Fiy/0,(A). This results in the following equa-
tions for the components 7; of the corresponding eigenvectors:

Fir/op (D) + /o, (D) = 0. (8.9)

Normalizing the eigenvectors which arise from this equation results in the transformation
matrix

T:é(i _i) (8.10)

This turns out to be a very simple matrix with constant components as entries. With
u = Tv the components of u become

l

1
U = ﬁ@l +vg), up = ﬁ@l — Vg). (8.11)

Now let us rewrite (8.2), (i7) — (4i7) in terms of the coordinates (vy, vs):

((A() + Boé?t)u) (0) = AOA_1u1 (0) + BQUQ(O) (812)
1 i
= EAOA (Ul (0) + UQ(O)) + ﬁBO(vl (0) — ’UQ(O)) (813)
1 1. 1 -1 _
= ﬁ(AoA + ZB(])’Ul (O) + E(AOA — ZBQ)UQ(O) = (o, (814)

1 [ !
=7 ﬁBl(Ul(l) —vy(l)) =¢1.  (8.15)

v1(1) and wve(1) can be expressed in terms of v;(0) and v2(0) with the help of the so-
lution operator: We know that the solution to (8.3) is the solution operator ®p of the
diagonal part plus a compact error. If we try two write (8.2),(i4) — (iéi) in the form
Py 0/1401v(0/1) = §(0/1) compact errors in the time evolution will produce only com-
pact errors in this condition and the corresponding operator Dy2. Therefore it suffices to
let only ®p be involved in the calculations. Proceeding with the left hand side of (8.15)
we get

(A1 + B10)u)(1) AN (01 (1) 4+ 02(1)) +
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1

.= ﬁAlAfl(@nUl(O) + ®1505(0)) + ﬁBl(q)llfUl(O) — ®1915(0)) (8.16)
1 . 1 . 1
= %(AlA + ZBl)CI)HUl (0) + E(AIA — ZB1>(I)12U2(0) = dg1- (817)

Note that @/, are the diagonal components of ®p, solving P,y /2 = +ivVAD, /2. Summa-
rizing, we can define the four matrices

10 0 0
P (30) 2 (00). o1

Lo L
A — ﬁ(AOA +iBy) \/§(A0A iBo) 7 (8.19)
0 0
0 0
A= 1 L 1 L (8.20)
E(AlA + ZBl) E(AlA — ’LBl)

to arrive at

<z’*>at<5; ) = ( e ﬁﬂ> ( o >+J< o ) (i#°) P10 Agv(0) = o, (iii") P- 1 Arv(1) = g
(8.21)

§o=<g(;)>,§1:<g01>. (8.22)

The Fredholm property of the system (8.21) is equivalent to that (8.2), but the advantage of
(8.20) lies in the fact that it is written down exactly in the form of (7.1) so we may use the
Fredholm theory developed in the foregoing chapter. We notice that up to a compact operator
1-Piog=P_p= @BllP_J(IJDl = <I>1_1P_71<I>1 meaning that we can use Dy2 from Theorem 7.3
in order to investigate the Fredholm property of (8.2). Using Theorem 7.4 we know that the

Fredholm conditions of such a problem only depend on the principal part of the matrix D in
(8.3). Since

VP = op(0,(VP)+0,(VP)) = op(y/a,(P))+0p(0,(VP)) = op(y/0(A)) +0p(0,(VP)) (8:23)

the principal part of v/P is determined by the Laplacian. g.e.d.
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8.1.2 The General Fredholm Conditions

In the proof of Lemma 8.1 we already did most of the work to derive the Fredholm conditions
of (8.2). Let us use the matrices Ay, to derive the Fredholm conditions with the help of the
associated operator Dye:

Theorem 8.1: Problem 1 is Fredholm iff the matriz of G-operators

1 ( (A()A_l + iBo) (A()A_l — iBo) )
(

Pre= 5 (A 4B, 1y, (AAT = iBy)

is Fredholm as an operator acting on L*(o) x L*(3o) (®,-1,
2

(8.24)

o
@ = 5 o @y is regarded as the
representation of the flow a;l oaq, where ay and ag are the time t = 1 Hamiltonian flows along
HAI/Q, Aljg = :l:ap(\/Z) ). The relevant group G is isomorphic to the group Z in this case. As
long as the group of powers of the Hamiltonian flow a;l oay acts topologically freely on S*(Xo),
D2 is Fredholm iff the trajectorial symbol o,(Dy2) is invertible.

Proof: From Chapter 7 we know that (8.20) is Fredholm iff

D> = Py Ao+ P o® A1 Py (8.25)

is a Fredholm operator. Using the matrices from (8.18) — (8.20) we see that D2 is of the form
(8.24). The invertibility of the principal symbol o,,(D2) is equivalent to the Fredholm condition,
as long as the group G is amenable and acts topologically freelly and as long as the solution op-
erators @, are unitary operators (mod K). Note that there is only one Fourier integral operator
contained in the components of the D2 from (8.24). Therefore we can expect that a parametrix
of Dy2 has components lying in the algebra generated by pseudodifferential operators and powers
of the operator ® o loar” But this means that G is actually the group Z, which is an amenable
group. The self adjointness of the Laplacian A assures that the solution operators in the matrix
®p are unitary. If the assumption about the topologically free action holds, the invertibility of
the principal trajectorial symbol is equivalent to the Fredholm property. g.e.d.

The matrix Dy2 in (8.24) seems to have a simple form, as there is only one G-operator involved
in the lower corner and the other three operators are of pseudodifferential type. However, even
for an operator of this form it is hard to state the general Fredholm conditions in terms of the
components. Let us show that even 2 x 2 matrix operators involving only one entry with a
G-operator are already much more complicated than a 2 x 2 matrix with only pseudodifferential
entries:

Example 8.1: If we had to derive the Fredholm conditions for some operator

F= ( é g ) (8.26)

where A, B,C, D are just pseudodifferential operators, the invertibility of the principal symbol
op(F') (which is equivalent to the Fredholm property) can be easily stated as

det(op(F)) = op(A)op(D) — 0p(Clop(D) #0 & #0. (8:27)
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Of course, if one instead is interested in operators of the form

A B
f—(cq) D) (8.28)

with pseudodifferential operators A, B, C, D and a Fourier integral operator ® associated to some
group element of an amenable group one could still define something which might represent a
determinant of the principal symbol:

det(op(F)) 1= 0p(A)op(D) — 0,(C)T0p(B) = 0p(A)op(D) — Up(C)TUp(B)T_lT (8.29)
= 0,(A)0y(D) — 0,(C)op(®BO )7 = 0,(A)p(D) — 0(C)op(B)* 7, (8.30)

op(F) = ( a:fjéﬁlf) Zﬁ((gi ) . (8.31)

For a 2 x 2 matrix o,(F'), where the entries are pseudodifferential symbols, the inverse principal
symbol would be

-1 _ 1 op(D)  —0op(B)
op(F) ! = et (o, (F) ( ) : (8.32)

Let us see whether the naive ansatz

-1 ._ 1 Up(D) _Up(D)
or(F) = det(ap<f>><—ap<cw ap<A>> (8:33)

produces the inverse of o,(F), assummg that the invers of the determinant in (8.32) exists.
Calculating the product op,(F)o,(F)~! results in

p(A Up( ) 1 JP(D) _UP(B)
( S(C)7 ay(D >)det<ap<f>> ( —a,(C)r <A>) (8.34)
— det(o -1 UP(A)U (?)_Up( ) (C) _Up( )Up( )+Up(B)Up(A)
= det(op(F)) <<0p<o>ap<D>a (D)o ONr —ap(C)op(BY* 7 + 0 (D)op(A) )
(8.35)
where
det(a(F)) ™ = (0p(A)ap(D) — 0,(C)oy(B)* )7L (8.36)

Since the pseudodifferential entries of F are of scalar type, we may use commutativity
of the corresponding symbols to see that the right column of (8.35) is equal to the right
column of the identity matrix without further assumptions. However, if we want the first
column to coincide with that of the identity matrix, we need invariance of the principal
symbols of B and D under the flow, 0,(B)* " = 0,(B), 0,(D)* " = 0,(D). Further-
more, we need to check to which extent o,(F)~" is a left inverse to 0,(F) as the flow
invariance of o,(B) and 0,(D) will only guarantee that it is a right inverse. The product

o,(F) Lo, (F) gives
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1 ( a,(D) —%(i?)( ap(A) MB)) (8.37)

det(o,(F)) —0p(C)7  0y( op(C)T 0p(D)
— det(co -1 Up(D)Up(/}) — op(B)oy(C)T Up(D)Up(§) — op(B)op(D)
_ det(0,(F)) ( O s A)lC —enCoen(BI* 7+ oy ) |
8.38

Again, the second column of the resulting matrix is automatically identical to that of the
identity. But from the second entry in the first column we see that even if we already
assumed the flow invariance of the principal parts of B and D, there has to be additional
invariance of the principal part of A. In other words, if we want to construct an inverse
for the principal symbol of F in a similar way as we would do it for an usual matrix of
pseudos we have to assume that three out of the four pseudodifferential operators A, B, C'
and D have flow invariant principal part - this is a very hard restriction. The conditions
0,(A)* = g,(A) and 0,(B)* = 0,(B) alone would lead to 0,(A¢)* = 0,(A,) and
0p(Bo)* = 0,(By) in the case F = Dy2. Therefore we have shown that in the general
case of Problem 8.1 where there is no flow invariance of the operators involved in (8.2),
it is hard to find Fredholm conditions and construct a parametrix for Dy2.

8.1.3 Fredholm Conditions of Special Examples

We will investigate a few special examples of D2 where the Fredholm conditions can be
derived explicitely as conditions on the components.

Theorem 8.2: If the entry AoA~' + iBy is a Fredholm operator, the operator D2 is
Fredholm iff the operator

—1

F = (AN =iB)" = (A AT 4B )" ((AoA ™ +iBo)P (AgA™ =i Bo))™r °* @1, (8.39)
D L2 (30) — L*(%0) (8.40)

is Fredholm. In this case, the index of D2 is given by
ind(Dy:) = ind(AgA™* +iBy) + ind(F). (8.41)

Proof: The theorem follows directly from Theorem 3.10 from the section about Fredholm
operators. The operator d — ca?b from Theorem 3.10 to which the Fredholm property
of a 2x2 system with Fredholm type first entry can be reduced is here equal to the operator

G = (AN —iB1)™ — (A AT +iB1) 2P 1, (AoAT! +iBo)P(ApA™! —iBy). (8.42)

Then we realize that for an operator of the form A®,B we have
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1

Ay B = A(®,BP," )P, = ABY D, (8.43)

and we use this identity to show F' = G. q.e.d.

Remark 8.1: A closer look on (8.41) shows that the index of D2 under the assumption
that the first entry is Fredholm will be always equal to zero for manifolds ¥y with dimen-
sion greater than one: The first index in (8.41) is the index of a scalar pseudodifferential
operator, which is zero. Concerning the index of F', we can use Lemma 3.2 to see that
this index will also be equal to the index of some scalar pseudodifferential operator, which
will also vanish.

If one is only interested in conditions on the operators Ag/1, By/1 such that problem (8.2)
has a solution space depending on finitely many parameters, it is not necessary that the
whole problem is Fredholm. For this purpose it would be sufficient that D> has a finite
dimensional kernel. Therefore it is also interesting to investigate some conditions, under
which the problem is only semifredholm.

Proposition 8.1: Consider one of the following special cases of Problem 1 (under the
assumption that AgA~' + iBy) is Fredholm:

(x) By =0 and either Ay =0, By Fredholm or By =0, Ay Fredholm.
(xx) Ag = 0 and either Ay =0, By Fredholm or By =0, Ay Fredholm.

Both of the cases (x) and (xx) are never Fredholm, but always semifredholm, as for the
corresponding problems a left parametriz may be constructed.

Proof: (x): When By = 0, the operator F' from (8.39) simplifies to

—1

F = (A~ = iBy)® — (AA™ +iB)™ (AN~ P (AAT))" o0, 1 (8.44)

= (AN = iB)™ — (AN +iB)™ (1 + K)* 220, (8.45)

oa’

with K being the compact remainder resulting from the multiplication of AgA~! with
its parametrix. Performing the conjugation by <I>Oé171 will leave the identity operator

o
invariant and produce a new compact operator K out of K. This will create an operator
F which differs from

F= (AN —iB)™ — (AN +iB)*"®, 1, (8.46)

by some compact operator. Therefore it suffices to refer to F concerning the Fredholm
theory of the problem. Now, the principal symbol of F'is

(8.47)

oaq”

0'p<F~1) = O'p<A1A_1 - iBl)az - O'p<A1A_1 + iBl)aQTagl
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Such a scalar trajectory symbol is invertible, as long as one of the coefficients in (8.47) is
invertible and for all ergodic measures p the geometric means

/S o 1 (AT = B2 s # /S .y, oy (AN + 1B )dp. (8.48)

(see Theorem 2.4 ) But as long as A; = 0 or By = 0, this can never be the case, because
the geometric means will be the same, no matter which ergodic measure is used. This is
equivalent to the fact that the operator F is never a Fredholm operator. Now set B; = 0
and assume that A; is a Fredholm operator. For the construction of the left parametrix,
let us again consider the original operator Dy2. Its principal symbol is given by

i Up(AoA_l) Up(AoA_l)
\/§ O-P(AlA_l)OQTaz_loa Up(AlA_l)a2

_ L Up(AQA—l)Ta;10a2 0 Toy oo Tag oo (8.50)
\/§ Up(AlA_l)az O.p(AlA_1>a2 0 1 - Tagloal ' '

The product of the two triangular matrices in (8.50) will have a left inverse if both of the
matrices have one. Since the matrices are triangular, we only need to check invertibility
of the diagonal entries. For the first matrix in (8.50), both diagonal entries are invertible,
which follows from the assumption of the Fredholm properties of AgA~! + iBy and A;.
The diagonal entries in the second diagonal matrix are Tagloar which is invertible, and
Let us find an argument, why 1 — Tasoas has a left inverse. Any function

0,(Dy2) = (8.49)

1

oaq”

1 - Tag! o

f € I*(G) in the kernel of this operator must satisfy
(1= Tor100,)f)(9) =0, g € G. (8.51)

We may write g = (7, k) for any group element, because every g € G is just a composition
of integer powers of a; and ap. Note that since the flows «; and as commute the group
which they generate is isomorphic to Z? with (j, k) ~ (k,j) Then (8.51) is equivalent to

This would actually mean that there are countable infitely many points with the same
value of f. Such a function can only be in [*(G) if it is identical to the null function,
f = 0. Therefore the kernel of (1 —7,-1,, ) is trivial meaning that there exists a left
inverse for this operator. But then there also exist a left inverse for both matrices in
(8.50) which results in the whole problem represented by Dy- having a left parametrix.
For the case A; = 0 we have

oy (AgA™) oy (ApA~) ) (8.53)

7(Drz) = ( 0y (B 710y —i0y(B1)*

UP(AOA_I)T “loay 0 Tagloa Taglooz
— o] o 1 1 ) 54
( ioy)(B1)® io,(By)® 0 —1-7, (8.54)

a1
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With the same argumentation as above one can show that the matrix product in (8.54)
has a left inverse as long as Bj is Fredholm.

(%) For the case Ay = 0, the proof is basically analogous. The operator correspond-
ing to (8.37) is given by

F= (AN —iB)™ + (AN +iB) 20, 1, (8.55)

Again, for A; = 0 or By = 0 the geometric means will be the same, which shows that D2
is never Fredholm. The corresponding decompositions of D2 are given by

. . . iap(Bg) —iUp(Bo)
Av=0: 0p(Pre) = ( iop(Bl)QQTagloal —ioy(B1)*? (8.56)
_ Z.UP<BO)TQI—10Q2 0 Tagloal _Ta;10a1
N < i0,(B1)*  io,(By)*? 0 =14 T-t00, ) (8.57)
_n- _ iop(Bo) —10,(Bo)
Bi=0: 0p(Dp2) = ( Up(AlAfl)azTagloal op(Ar A1) (8:58)

_{ 10p(Bo)Tam10a, 0 Tagloar " Tagloa

= < o, (AN g (A A1) 0 1+ Tptpe ) (8.59)
Like in (8.51) one can show that F1 + 7,-1,, has trivial kernel. The existence of a left
parametrix will follow from this just as in (). qg.e.d.

Let us give one more example of Fredholm conditions arising from the assumption that
AgA=! + iBy is of Fredholm type. For some usual pseudodifferential operator P pertur-
bations of lower order do not change the Fredholm property. We want to see to which
extent this is also true for the current problem by investigating the case where the op-
erators at time ¢ = 1 are lower order perturbations of the time ¢ = 0 operators, i.e.

Ay = By Ag®yyy + Ko, Ko € OPS®, By = @51 By, + K3, K, € OPS™H
Proposition 8.2: Let Ay and By be given operators such that AgA=' +iBy is a Fredholm
operator. Moreover, assume that A commutes with both solution operators ®1, and 1.
Consider the following cases for the definition of Ay and Ay:
(i) Ay = @11 A0P7 | + Ko, Ko € OPS’ By =&, By®y 1+ K_;, K_; € OPS™" (8.60)
(ii) Ay = @1 A0P1 5+ Ko, Ko € OPS” By = ®1,By®13+ K_;, K_; € OPS™". (8.61)

It holds that (i) is never Fredholm and (ii) is Fredholm as long as AgA™' —iBy is a Fred-
holm operator and
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L., oy (AA™ = iBo))dpic # [ o (AA™ = iBo)™ s, (3.62)
S*Xo

for all ergodic measures fig.

Proof: Since AgA™! + iBj is assumed to be Fredholm, we may again reduce the Fred-
holm property of D2 to that of the operator F' ((8.39)). The principal symbol of the
operator (A;jA™! 4 iB;)* appearing in F' and under the assumption (8.60) becomes

O'p(AlAil + iBl)QQ = Up(q)fé((bl IAO(I)I%Ail + K()Ail + Z(I)l lBOCI)I% + K, )CI)LQ) (863)
= ap(CIDi%(I)LlAOA_l(D (I)l 2 + lq)l 2@1 1BOCD1 lq)l 2) == UP(A()A + 1B ) OOQ (864)

where we used the commutativity of A with the solution operator and the fact that terms
involving K_; and KoA™"' do not contribute to the principal symbol. Now this may be
used to calculate the principal symbol of the operator F:

(AQA - 1B ) foas

T, -1
op(AgA™1 +iBy)™ foay "o o0
(AoAf — 1By ) foaz _ O'p(AOA —1B ) OO‘QT 1. (8.66)

aq oag

O'p(F) = 0'p<A1A_1 — 7:.81)&2 — 0'p<A1A_1 + iBl)a2

(8.65)

Note that we used (8.64) and a corresponding version for o,(A; A~ — iBy)** to simplify
(8.65). The resulting operator in (8.66) is again an operator, where the geometric means
of the coefficients are identical, so the problem under the assumption (8.60) can not be
Fredholm. Calculating the principal symbol of A;jA~! +iB; under the assumption (8.61)
results in

O'p(AlA_l + ZBl) = O'p(q)l 1(@1 2A0 A + K()A + Zq)l QB()(I)l 2 + K_ )q)l 1) (867)
= O'p(AOA_ + ZBo). (868)

This generates an operator F' with principal symbol

3 ‘ . 3 ‘ o (AOA—l _ iBQ)g;loO@
0,(F) = 0,(AA™1 —iB)* — 0,(AgA™" +iBy) -2 o AT T i) T loar (8.69)

= 0,(AgA™" —iBy) — 0,(AgA™" — iBy)™ reaay (8.70)

042 o1

If we now compare the geometric means of the coefficients in order to get the Fredholm
conditions, we get condition (8.62).

q.e.d.
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8.2 Simplifications in the FLRW Case and for the Time
Independent Equation

All the Fredholm conditions we derived until now are valid not only for the wave equation
on a FLRW space but for the general wave equation on a globally hyperbolic manifold.
There are some simplifications which arise in the FLRW case concerning the flow evalua-
tion of certain operators in the Fredholm conditions. Let us state shortly in which sense
the Fredholm conditions already derived are becoming easier in the FLRW case.

First off all, we want to show that in the FLRW case <I>1_§ =y .

Proposition 8.3: Consider a globally hyperbolic manifold on which the metric tensor
is given by the FLRW metric (8.1). Then the two scalar solution operators ®11 and P o

are inverses of each other.

Proof: The equations
cbt71/2 - Zl:/l.\/ Alq)t,l/Q (871)

with the principal part A; of A can be solved exactly in the FLRW case: From (8.1) we
know that the principal part of the Laplace-Beltrami operator A associated to the metric

gt s

Ay = g70,,0,;, = hg”(0)0,,0,, = h\o, (8.72)
with Ay being the Laplacian associated to go. Then the equations we need to solve are
B1yne = £V Iy Doa Py, (8.73)
(with initial conditions ®1/59 = 1). It is not hard to guess that the solutions are

t
+iy/Don / h(s)ds
0 .

@1/2,t =€ (874)

We realize ®9; = q)l_tl q.e.d.

Proposition 8.4: In the FLRW case, we have the following simplifications of the Fred-
holm conditions already derived:
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(+) The Fourier integral operator in D2 from Theorem 1 simplifies to

D1, =P2 =97, (8.75)

a2 o

(++) The Fredholm conditions stated in Theorem 8.2, Proposition 8.1 and Proposition

8.2 simplify in that sense t{mt every term of the form 2C'O‘2 may be replaced by C and
every term if the form D% °®2 may be replaced by D" .

Proof: (+) Using Proposition 8.3 we directly see

O, 1., = 01D, = D2 (8.76)

062 o

(++) For any operator C' we have

—1

O'p(C)a2 = O'p((biécq)lg) = O'p(q)LlC(I)li&) = O'p(C)al . (877)

- —2

Moreover it follows o,(C)* foaz — o, (C)* . g.e.d.

Example 8.2: Let us show that the Fredholm conditions (8.39) reduce to the conditions
Savin and Boltachev discovered in [I1], when we investigate the corresponding special case
of (8.2). First, in the paper of Savin, Boltachev the wave equation was time independent.
The resulting solution operators ®;,; and ®,, of the diagonal system 0,u = Du are then
just

Oy, = VA By = e VAL (8.78)

Moreover, the Hamilton fields H & and H_ & = —H /5 are both time independent,
which makes the corresponding flows a; and as inverse to each other. This means that
the group G generated by the Hamiltonian flows is just Z. The operator (I>a51oa1 then

equals @,z with corresponding shift operator 7,2 = 77 on I*(Z). The boundary conditions
considered by Savin, Boltachev are

uw(0) = go, Aru(l) + B1(0wu)(1) = g1 (8.79)

so we have Ay = 1, By = 0. Inserting this into (8.39) results in

F= (AN —iB) — (AN +iB)™ Bz, (8.80)

The operator, to which the Fredholm property reduces in the work of Savin and Boltachev
was

D= (—iAWA 4+ BB 4 (iAVA 4 Bye VA, (8.81)
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Multiplying (8.79) by —ie™V2 from the right gives

D(—i)eVA = —(AWVA T +iB)edVA 4 (A VA —iB)). (8.82)

Note that because the factor (—i)e?V2 is invertible, the Fredholm property of (8.81) is
equivalent to that of (8.82). As already used before we remember that the principal part

of A=!is equal to the principal part of \/Zil. We already know that the Fredholm prop-
erty only depends on the principal parts of operators. But then (8.82) and the operator
F from (8.80) have practically the same principal parts, with the only difference that
the coefficients (A;A~! —iB;) and (A;A~! + iB;) are evaluated at the flow o' in F),
whereas there is no flow evaluation in the coefficients of the operator in (8.82). However,
if we state the Fredholm conditions with the help of the geometric means, (8.80) will be
Fredholm if and only if (8.82) is Fredholm and the flow will make no difference. Therefore
we have shown that the Fredholm conditions found by Savin and Boltachev are indeed a
special case of Theorem 8.2.

8.3 Fredholm Conditions without Order Reduction
8.3.1 The General Second Order Fredholm Conditions

The foregoing procedure to derive the Fredholm conditions for Problem 8.1 can be sum-
marized as follows: We took the orignal second order equation and the corresponding
first order boundary data, converted it to a first order system of equations with zero
order boundary data and applied the theory of the foregoing chapter. It is a justified
question, whether it would also be possible to find a solution operator to the original
second order equation (8.2), (i), and reduce the Fredholm property of Problem 8.1 to an
operator which is directly associated to the second order equation. We want to show
in this last section of this work that this is indeed possible and that by assuming the
Fredholm property of Ay itself instead of the Fredholm property of AgA~! + B, one may
get Fredholm conditions in a similar style like those in Theorem 8.2.

Theorem 8.3: Alternatively to Theorem 8.1, Problem 8.1 is Fredholm iff the opera-
tor

Ag By

= . . gt 2 2 2
2= ( A1+ By (1) Ay + BiWa(1) ) FH Y (B0) x L3(X0) = L7(30) x L7(X1)

(8.83)

is Fredholm, where the operators Uy and Wy, together form the solution operator of the
second order equation Ofu = Au in the sense that
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u(t) = Wigo + Yorgn (8.84)

solves the second order Cauchy problem

O*u = Au, u(0) = go, (Ou)(0) = gi. (8.85)

Proof: Tt is known that the Cauchy problem for the wave equation 9?u = Au is well
posed, i.e. for given initial data «(0) and (9,u)(0) there exists a unique solution. Since
this solution is linear in the initial data, there must be two operators ¥; and W, such that

u(t) = Tau(0) + Wy, (8)(0). (8.86)

and Uy(0) = 1, Uy, (0) = 0. If we are searching for solutions v € H'(M), there has
to be U, : HY(Xg) — HY (X)), Wy, : L2(Zg) — HY(Z). If we want to write conditions
(8.2), (i1) — (4i1) with the help of a matrix acting on u(0) and (9;u)(0), the first row of
(8.83) is just the matrix representation of (8.2),(i7). For (2), (i4i) we may simply use
(8.84):

Aju(1)+ B1(0u) (1) = A1 (U1u(0) + Py, (8tu)(0))+Bl(\1}t(1)u(0)+\I/at(1)(8tu)(0)) (8.87)
= (A1 + B0, (1)u(0) + (A1 Ty, 4+ By, (1))(8,u)(0). (8.88)

(8.86) generates the second row of the matrix in (8.81). g.e.d.

8.3.2 Second Order Solution Operators
Example 8.3: As long as the Laplacian A is time independent, the explicit dependence

of the solution operators ¥; and Vs, on A can be found quite easily. For that we make
the ansatz

u(t) = V2 (z) + e VD g () (8.89)

in order to solve (8.85). We want to express ju(z) and ps(x) as functions of g; and gs.
By simply inserting the initial conditions we get

w(0) = pa(z) + p2(x) = go, (Fru)(0) = iVA(u1(z) — p2()) = g1. (8.90)

Because the first order operator v/A is a Fredholm operator, we can multiply the second
condition in (8.90) by a parametrix VA" and solve (8.90) for p; and pe up to an error
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lying in the image of a compact operator. This yields

_ 90— VA gy _ g +ivAg
2 ’ B 2 '

pia () (8.91)

pa ()

With (8.91) we can now express the solution u in terms of gy and gi:

' NN 4 Wi
u = VA (920 _ Z\/; g1> 4 emiVAL (Z -5 g + 920> (8.92)

- ; (ei‘/Zt + e*i‘/&> go + i\/QZp (e’i\/& — ei\/&) J1. (8.93)

Using the last equality we can directly identify W, and Wy, as

, = VA (emtVar — VA (8.94)

\Ijt: 2

(ei\/& + efi\/Zt>

Y

DO | —

After deriving the explicit expressions for W; and Wy, for the time independent case
in the foregoing example, we want to compare these expressions to what we get in the
case of a time dependent Laplacian. It turns out that in the time dependent case the
solution operators W, and Wy, have basically the same form like in (8.94) (up to compact
errors and some modifications with A) and are obtained from (8.94) by simply replacing
exp(ii\/Zt) with the more general solution operators ®; ;o:

Proposition 8.3: If one considers the equation 0?u = Au with a Laplace-Beltrami oper-
ator A associated to a general time dependent metric g = g(t), the solution operators W,
and Uy, of the Cauchy-problem (8.85) are

1 i

\Ilt - 2A_1<t> (@17t + @2¢)A(0) + Kt, \Ij(’)t — iA_l(t)<(I)2,t - (D]_’t) + Kat (895)

with compact operators K, Ka,, the solution operators ®, /o, fulfilling Ci>1/27t = :l:i\/zq)l/gﬂg
and A=*(1), A(0) being the evaluations of the operators at the corresponding times.

Proof: We will make use of the previously performed order reduction and diagonalization
(see Lemma 8.1) and transform everything back to the original function u in order to
express the solution to 0?u = Au via @, /2~ First we have

1

u(t) = A (Hua(t) = \/5/\_1(25)(01 () + v2(t))- (8.96)

Now we know from (8.3) and Theorem 4.2 that vi(t) = ®1,401(0) + 3°; Ky1;0;(0), va(t) =
Dy ,05(0) + > K, jv;(0) with K;; being the components of a compact matrix K. Further-
more, with the transformation matrix 7" from (8.10) we may express v;(0) and v2(0) by
u1(0) and uy(0) via
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< Y1 > =7 < “1 ) & 0(0) = \}ﬁ(ul(o) — iu(0)), v2(0) = \}5(”1@ + iu(0)).

(%) U2

Proceeding with the calculation of u we get
1 : . = A
u= §A_1(t)(<1>17t(u1(0) —1uz(0)) + Po+(u1(0) + iug(0)) + Kug (0) + Kua(0))  (8.98)

where K and K are compact operators which come from calculating products of the opera-
tors K;; with the components of 7. If we rearrange the terms and use u;(0) = A(0)u(0),
uz(0) = (Opu)(0) we arrive at

1 ] - :

u(t) = iA_l(t)(QLt + ®@24)A(0)u(0) + %A‘l(t)(%,t —®14) () (0) + KA (#)u(0) + K (04u)(0).
(8.99)

As the two operators KA~! and K are both compact, we can set KA = K,, K = K,

and get the desired form of the solution operators stated in (8.93). g.e.d.

After we expressed the solution operators ¥, and Wy, in terms of ®,,5, we may use

these expressions to get Fredholm conditions for Problem 1 directly from the operator Dy
and not from the order reduced operator Dy2.

Theorem 8.4: The operator Dy from Theorem 8.3 is Fredholm, iff the operator

Ao Bo
Dy = 1 1 1 1
® ( 5/\_1(1)(141 +1iB1V A)(I)LIA(O) -+ 5A_1(1)(A1 — iB1vA)<I>2’1A(O) 5A_1(B1VA — iAl)(I)lJ =+ 5A_1(7;A1 =+ B1\/A)‘1>271 )
(8.100)

CHY(S0) x L*(30) — L*(X0) x L*(Z) (8.101)

1s Fredholm.

Proof: Let us first calculate the derivatives \i/t and ‘i/at needed for the operator D,:

. 1 . . . .
\Ilt — 5<A_1(®1’t —|— ®2,t) —|— A_1<(p17t —l— ®2,t))A(O) + Kt (8102)
((A + AT WVA)D, + (A7 — ATV A) D, )A(0) + K, (8.103)
W, = 51\71(@2,1‘, —®yy) + EAfl(q)Q,t — 1) (8.104)
1 ). .
— <2A-1 A — ;A‘l) Dy, + ( ATWA 4L A ) Dy, + Ko, (8.105)

Note that as we are interested in the Fredholm theory of Dy, if we insert (8.103) and
(8.105) into (8.83) only operators with the highest order will matter. Thus we can ne-
glect the compact terms Kj, Kat as well as all terms involving the time derivative A~!:
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These will appear in D, only as products with B, which is a zero order operator and
since A~ is of order —1, so will be all products with B;. All other operators involved in
the components of Dy are of order zero. If we now plug (8.103) and (8.105) into (8.83)
ommiting the K, Kat and all A~! terms, we arrive precisely at the operator Dg from
(8.98). g.e.d.

8.3.3 Special Case of the Second Order System

With Theorem 8.4 we can connect Problem 8.1 to a matrix of G—operators, which is more
related to the original second order equation d,u = Aw rather than to its order reduced
system of equations. While we had to assume the Fredholm property of AgA~! + iBy for
the Fredholm conditions from Theorem 8.2, the operator Dg gives us alternative Fredholm
conditions if we assume Ag to be Fredholm:

Theorem 8.5: As an alternative to Theorem 8.2, we may assume that Ay is a Fred-
holm operator. Then Problem 8.1 is Fredholm as long as

Fy= (81\/Z(lﬂ(A(O)AgBO)&;l)+A1((A(O)A§Bo)a;1fi))Jr(Al(i*(A(O)AgBO)&;l)+Bl\/Z(lfi(A(O)AgBO)afl))q)azoal—l
(8.106)
(L2 (Z0) = L2(Z0) (8.107)

1s Fredholm.

Proof: Just as in the proof of Theorem 8.2 we make use of Theorem 3.10 and apply
it to Dg. This reduces the Fredholm property of Dg to that of

—1 —1 —1 -1
Fz:éA*(Bl\/Z(Hi(A(o)AgBo)"‘l )+A1((A(0)AP Bo) ™1 7¢))¢1,1+%A*1(Al(if(A(mAgBo)% )+B1VAQ—i(A(0)AFBo)™ 1 ))®g 1.
(8.108)

Since multiplication with invertible operators does not change Fredholm property we can
multiply F5 by 2A from the left and by @1_% from the right. This results in the Fredholm
property of Dg being reduced to that of F5. g.e.d.

8.4 Index Formula Simplifications

The index formula (8.41) expresses the index of the 2 x 2 matrix operator Dy in terms
of the indices of its components. However, although the first term ind(AgA~! + iBy)
can be computed with the help of known index formulas like the Fedosov index formula,
the second term ind(F) is the index of a two term G operator and therefore one has to
compute geometric means in order to know which of the two coefficients in (8.39) will be
the operator relevant for the index (see Lemma 3.2). Let us discuss two cases, where one
can express (8.41) in an easy way.
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First Case:

Investigating the matrix Dz from (8.24) we see that it becomes triangular if the up-
per right entry vanishes. In this case we could simply express the index as the sum of the
indices of two pseudodifferential operators, and such indices may be computed with the
use of Fedosovs index formula.

Proposition 8.4: Assume o,(AgA™") = io,(By). In this case the index of Dz is given
by the integral

. 1 _ 1 1 e 1
ind(Dy2) = E/s»«z op(By) ldap(Bo)—k%/S*E op(A A —iBy) " tdo, (A AT —iBy),  (8.109)

as long as By and A{A~' — iB, are of Fredholm type and X is one-dimensional. If
dim(Xg) > 1, the index is equal to zero.

Proof: First we want to remind that the index just as the Fredholm property itself does
only depend on the principal part of the operator D;2. Therefore we do not need the entry
AgA™! — iBy to fully vanish, we only need a vanishing principal symbol. This explains
the assumption o,(A¢A™") = i0,(By). Denoting by Py the principal part of an order zero
operator, the principal part of Dr2 then becomes

D . (A()Ail + iB())O 0
20 =\ (A AT 4+iB))52®, (AL A —iB))§? |-

a2 o1

(8.110)

As we already know, the Fredholm property of such a triangular operator will be given
as long as the diagonal entries are Fredholm themselves. In this case, all diagonal entries
are usual pseudodifferential operators. Therefore we have

ind(Dy2) = ind(AgA™" +iBy) + ind((A A" —iB;)*?) (8.111)

as long as the corresponding operators are Fredholm. Fortunalety both operators involved
are pseudodifferential, so we may use Fedosovs formula. Moreover, since

(AN —iB))™ = &, (A A —iB))®, (8.112)

this operator has the same index as (A;A~! —iBy), because left or right multiplication by
invertible operators does not change the index. This means that we may omit the flow
as in (8.111). 0,(AgA™") = io,(By) means that the principal symbol of the first entry
in (8.110) becomes 2io,(By). Then we remember Corollary 3.2 from the chapter about
Fredholm operators: Since both By and A;A~! — iB; are of scalar type, the index of Dy-
will be zero for all manifolds with dimension greater than one. If the dimension of ¥, is
one, we use formula (3.25) from Chapter 3 together with o,(AgA™! + iBy) = 2i0,(Bo)
and arrive at the desired formula (8.109). g.e.d.

Second case:

We have already shown that as long as AgA~! + iBy is of Fredholm type, the Fred-
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holmness of D2 can be reduced to that of the operator F in (8.39). This operator has a
trajectorial symbol of the form o,(F) = a + br, which is really hard to invert in general.

But since operators of the form b7 are very simple to invert, we want to investigate the
case a = 0, i.e. o,((A A7 —iB)™) = 0.

Proposition 8.5: Let AgA™*+iBy be a Fredholm operator. Furthermore, let o,(A1A™") =
io,(By). Define the operator J by

J = 2iB%((AgA™" + iBy)P)(AgA~" — iBy))™r °o. (8.113)

As long as By and (AgA™' — iBy) are both Fredholm, so is J and one may consider
JJP —1=Kpg and J*J —1= K, J? = op(o,(J)~t). For N large enough, we get

ind(Dy:) = ind(AgA~" +iBy) + ind(J). (8.114)

which, as a sum of to indices of scalar operators, is again zero for dim(M)>1.

Proof: For operators A; and B; with 0,(A;A™!) = i0,(By), the Fredholm property of
the operator I from (8.39) is equivalent to the Fredholm property of

-1

F = —(AN +iB1)*2 ((AgA™ +iBo)P(ApA™! = iBp))™ *2®, 1. (8.115)

Note that the assumption o,(A;A™!) = i0,(B;) means that the zero order parts of A;A™!
and iB; are identical. We can therefore expand the first operator in the product (8.115) as

(A AT +iB))* = 2iB + K* (8.116)

where K is the conjugation of a negative order operator by the operator @agl. Thus F
can be written as the sum of —J (Da; and a negative order operator, which is compact

oo
and therefore not relevant concerning the Fredholm theory of D;2. By inserting F' into
(8.41) we are left with

(8.117)

ind(Dr2) = ind(AgA™" +iBy) + ind(—J®,-1,,,)-
Since multiplication with invertible operators do not change the index, we get (8.114).
q.e.d.

Remark 8.2: Both cases 0,(A)A™") = i0,(By) and 0,(A;A™) = io,(B;) have a cer-
tian ® independence in common: Although the general operator D2 and its general
Fredholm conditions depend on the flow defined by (Dagloal we see in (8.111) that un-
der the assumption o,(AgA™") = ic,(By) (with Fredholm By) neither the index nor the

Fredholm property actually depend on the Hamiltonian flow, as we can simply omit it in
(8.111) (as already discussed in the proof). The same holds for the index of J in (8.113):
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Since J is a product of three Fredholm operators, its index will be equal to the sum of the
indices of these three operators, and apearing flows in these indices can again be omitted.

8.5 Further Possible Considerations

The theory from Chapter 7 led to the fact that only one G-operator is involved in the
operator Dy from (8.24). Of course from a purely mathematical point of view one could
instead consider more general 2 x 2 operators of the type

< a®i + 0Py Py + dPyo ) (8.118)

ePi + fP12 gPi1 + hdyo

The corresponding operator F' from Theorem 8.2 would be more complicated as a G op-
erator, as it would not be in the form F' = a + b® anymore. However, a consideration of
the FLRW case would be still beneficial: For the case of a FLRW metric (8.1) we have

+0,(VA) = +vVhy/0,(Ay). By Theorem 8.1 these functions are defining the flows

and as. For the poisson brackets we calculate
{0 (VB)(8), =0, (VAYD} = =\ h(ORD{op(y/ Do) 03 ( D)} = 0, ¥(t, D). (8.119)

By Remark 7.6 we conclude that the flows a; and ay are commutative in the FLRW
case (note that the symbold :i:crp(\/Z) are smooth outside the zero section, thus the inte-
gral curves can be approximated by the use of Euler s method just like in Remark 7.6).
Therefore the group G associated to the G-operator (8.118) would be again amenable,
which leds us use the trajectory symbol as a criterion for the Fredholm property.

A general interesting consideration would be problems, where the operators Ag,; and
By,1 in (8.2) are given, but the metric tensor g; defining the principal part of the equation
0?u = Au is unknown. A search for the Fredholm conditions of the operator F' from
Theorem 8.2 would then be a search for sutiable flows making this operator Fredholm.
Since the flows H Lo, (VA) AT€ geodesic flows, this question would be related to the ge-
ometry of the underlying manifold. One could also regard such a problem as a problem
of control theory: Given the initial data Ayu(0) + By(d;u)(0) = go and the final data
Ayu(l) + B1(0u)(1) = g1, one would ask for the time dependent equation dyu = A(t)u,
which connects these two data.
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