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Abstract

¢ We showed for K = R, C that every SL(2,K) cocycle over an aperiodic dynamical
system can be perturbed in L*°(X,SL(2,K)) on a set of arbitrary small measure,
so that the perturbed cocycle has positive Lyapunov exponents. We applied these
results to show that coboundaries in L®(X, T!) or L®(X, SU(2)) are dense.

¢ We proved, that Lyapunov exponents of SL(2,R) cocycles over an aperiodic dy-
namical system depend in general in a discontinuous way on the cocycle. We related
the problem of positive Lyapunov exponents to a cohomology problem for measur-
able sets.

e We showed the integrability of infinite dimensional Hamiltonian systems obtained
by making isospectral deformations of random Jacobi operators over an abstract
dynamical system. Each time-1 map of these so-called random Toda flows can be
expressed by a QR decomposition.

¢ We proved that a random Jacobi operator L over an abstract dynamical system
can be factorized as L = D? 4+ E, where E is real and below the spectrum of L
and where D is again a random Jacobi operator but defined over a new dynamical
system which is an integral extension. An isospectral random Toda deformation of L
corresponds to an isospectral random Volterra deformation of D. The factorization
leaded to super-symmetry and commuting Bicklund transformations.

¢ We showed that transfer cocycles of random Jacobi operators move according to
zero curvature equations, when the Jacobi operators are deformed in an isospectral
way. We showed that every SL(2,R) cocycle over an aperiodic system is cohomo-
loguous to a transfer cocycle of a random Jacobi operator. We attached to any
SU(N) random discrete gauge field a random Laplacian. From the density of states
of this operator, it can be decided whether the gauge field has zero curvature or not.
A cohomology result of Feldmann-Moore leaded to the existence of random Harper
models with arbitrary space-dependent magnetic flux.

® We gave a new short integration of the periodic Toda flows using the representation
of the Toda flow as a Volterra flow. We made the remark that the Toda lattice
with two particles is equivalent to the mathematical pendulum. This gives a Lax
representation for the mathematical pendulum. We rewrote the first Toda flow as a
conservation law for the Green function of the deformed operator. We described a
functional calculus for abelian integrals obtained by looking at an abelian integral
on the hyperelliptic Toda curve as a Hamiltonian of a time-dependent Toda flow.

¢ By renormalisation of dynamical systems and Jacobi operators, we constructed
almost periodic Jacobi operators in B(I%(Z)) having the spectrum on Julia sets Jg
of the quadratic map z + 22 + E for real E < —R with R large enough. The
density of states of these operators is equal to the unique equilibrium measure LE
on Jg. The set of so constructed random operators forms a Cantor set in the space
of random Jacobi operators over the von Neumann-Kakutani systemT : X — X,
a group translation on the compact topological group of dyadic integers which is
a fixed point of a renormalisation map in the space of dynamical systems. The



Cantor set of operators is an attractor of the iterated function system built up by
two renormalisation maps ¢%.

o We proved that a sufficient conditions for the existence of a Toda orbit through a
higher dimensional Laplacian L is that L is not a stationary point of the first Toda
flow and that it is possible to factor L = D? + E, where D is a random Laplacian
over an integral extension. Random Laplacians appeared in a variational problem
which has as critical points discrete random partial difference equations.

¢ We considered differential equations in L*°(X) which form a thermodynamic limit
of cyclic systems of ordinary differential equations. We considered also infinite di-
mensional dynamical systems describing the motion of infinite particles with pairwise
interaction. The motion of random point vortex distributions can have a description
as a motion of Jacobi operators.

® We constructed an analytic map U : ¢* — c*, having a one-parameter family
of two-dimensional real tori S, invariant, on which U is the Standard map family
T,. We provided a rough qualitative picture of the dynamics of U and gave some
arguments supporting the conjecture that the metric entropy of the Standard map
T, is bounded below by log(v/2).

® We introduced a generalized Percival variational problem of embedding an abstract
dynamical systems in a monotone twist maps like for example the Standard map
S,. Using the anti-integrable limit of Aubry and Abramovici, we showed that there
exists a constant ) > 0 such that every ergodic abstract dynamical system (X,T,m)
with metric entropy hn(T') < log(2) and || > 7 can be embedded in the twist map
S,. For such v, the topological entropy of S, is at least log(2). Using a generalized
Morse index, the integrated density of states of the Hessian at a critical point, we
proved the existence of uncountably many different embeddings of some aperiodic
dynamical systems.

¢ We studied several cohomologies for dynamical systems: For a group dynamical
system (R, G) (the abelian group R is acting on the abelian group G by automor-
phisms) there is the Eilenberg-McLane cohomology. For a group dynamical system
(2,G) we define a sequence of Halmos homology and cohomology groups. For an al-
gebra dynamical system (2%, M, tr) or for an group dynamical system (z¢,G), there
is a discrete version of de Rham’s cohomology.

¢ We studied the hyperbolic properties of bounded SL(2,R) cocycles over a dynam-
ical system. We investigated the relation between the rotation number of Ruelle for
measurable matrix cocycles and the hyperbolic behavior of the cocycle. We showed
that a cocycle is uniformly hyperbolic if and only if the rotation number is locally
constant along a special deformation of the given cocycle. We proved that the
spectrum of a cocycle acting on L%(X, C?) is the same as the Sacker-Sell spectrum.



Kurzfassung

o Wir zeigten, dass fiir K = R,C jeder SL(2,K) Kozyclus iiber einem aperiodis-
chen dynamischen System im Raum L*(X, SL(2,K)) auf einer Menge von beliebig
kleinem Mass gestort werden kann, so dass der gestérte Kocyclus einen positive
Lyapunovexponenten hat. We wendeten dieses Resultat an, um zu zeigen, dass
Korénder dicht in L®(X, T') oder L®(X, SU(2)) liegen.

o Wir bewiesen, dass Lyapunovexponenten von SL(2,R) Kozyclen iiber einem ape-
riodischen dynamischen System im Allgemeinen unstetig vom Kozyclus abhangen.
Wir finden eine Beziehung zwischen dem Problem, positive Lyapunovexponenten zu
zeigen und dem Kohomolgieproblem fiir messbare Mengen.

¢ Wir zeigten die Integrabilitat von unendlich dimensionalen Hamilton'schen Syste-
men, die durch isospektrale Deformation von zufélligen Jacobioperatoren iiber einem
dynamischen System erhalten werden. Die Zeit-1-Abbildung von diesen sogenannten
zufilligen Todafliissen kann durch eine QR-Zerlegung ausgedriickt werden.

o Wir bewiesen, dass ein zufalliger Jacobioperator L faktorisiert werden kann als
L = D?>+ E, wo E reell und unterhalb des Spektrums von L liegt und D wieder
ein zufilliger Jacobioperator iiber einer Integralerweiterung des alten Systems ist.
Einer isospektralen zufalligen Todadeformation von L entspricht eine isospektrale
zufillige Volterradeformation von D. Die Faktorisierung fithrte zu Supersymmetrie
und kommutierenden Backlundtransformationen.

o Wir zeigten, dass Transferkozyklen unter isospektraler Deformation von zufélligen
Jacobioperatoren sich gemédss Nullkrimmungsgleichungen bewegen. Wir zeigten,
dass jeder SL(2,R)-Kozyklus iiber einem aperiodischen dynamischen system koho-
molog zu einem Transferkozyklus eines zufalligen Jacobiopertators ist. Wir ad-
jungierten zu jedem diskreten SU(N) Eichfeld einen zufilligen Laplaceoperator
dessen Zustandsdichte entscheidet ob das Eichfeld Kriimmung Null hat oder nicht.
Ein Kohomologieresultat von Feldmann und Moore fiihrte zur Existenz von zufélligen
Harpermodellen mit beliebigem ortsabhangigem magnetischem Fluss.

o Wir gaben eine neue kurze Integration des periodischen Toda Systems. Wir
machten eine Bemerkung, die zu einer Lax-darstellung des mathematischen Pen-
dels fithrte. Wir transformierten den ersten Todafluss als Erhaltungssatz fiir die
Greenfunktion des deformierten Operators. Wir beschrieben ein Funktionalkalkiil
fiir abelsche Integrale indem ein abel’sches Integrale auf einer hyperelliptischen To-
dakurve als Hamiltonfunktion fiir ein zeitabhingiges Todasystem betrachtet wurde.
o Mittels Renormalisierung von dynamischen Systemen und Jacobioperatoren kon-
struierten wir fastperiodische Jacobioperatoren in B(I%(2Z)), die das Spektrum auf
Juliamengen Jg der quadratischen Abbildung 2 + 22 + E haben. Die Zustands-
dichte von diesen Operatoren ist gleich dem eindeutigen Gleichgewichtsmass ug auf
Je. Die Menge der so konstruierten zufélligen Operatoren bilden eine Cantormenge
im Raum der zufilligen Jacobioperatoren iiber dem von Neumann-Kakutani-system
T : X — X, einer Gruppentranslation auf der kompakten topologischen Gruppe
der dyadischen ganzen Zahlen die ein Fixpunkt einer Renormalisierungsabbildung



im Raum der dynamischen Systeme ist. Die Cantormenge von Operatoren ist ein
Attraktor eines iterierten Funktionensystems, das durch zwei Renormalisierungsab-
bildungen ®% gebildet wird.

o Wir zeigten, dass eine hinreichende Bedingung fiir die Existenz von einem Todafluss
durch einen héher dimensionalen diskreten Laplaceoperator L ist, dass L nicht
ein stationdrer Punkt vom ersten Todafluss ist und dass es moglich ist, eine Fak-
torisierung L = D? + E zu machen, wo D ein zufalliger Laplaceoperator iiber einer
Integralerweiterung ist. Zufillige Laplaceoperatoren gibt es in einem Variationsprob-
lem, dessen kritische Punkte durch partielle Differenzengleichungen beschrieben wer-
den.

o Wir betrachteten Differentialgleichungen in L°(X), die einen thermodynamischen
Limes von zyklischen Systemen von gewéhnlichen Differentialgleichungen oder die
Bewegung von unendlich vielen Teilchen mit Paarwechselwirkung beschreiben. Die
Bewegung von zufalligen Punktwirbelkonfigurationen hat manchmal eine Beschrei-
bung als Bewegung von einem Jacobioperator.

¢ Wir konstruierten eine analytische Abbildung U : ¢* — C*, die eine einparametrige
Familie von zwei-dimensionalen reellen Tori S, invariant hat, auf denen U die Stan-
dardabbildung T, ist. Wir machten eine grobe gualitative Beschreibung von U und
gaben ein paar Argumente, die die Vermutung unterstiitzen, dass die metrische En-
tropie der Standardabbildung von unten durch log(7/2) abschétzbar ist.

o Wir fiihrten ein verallgemeinertes Percival'sches Variationsproblem zur Einbet-
tung von abstrakten dynamischen Systemen in einer monotone Twistabbildung S,
ein. Unter Beniitzung des anti-integrablen Limes von Aubry und Abramovici zeigten
wir, dass fiir grosse + jedes ergodische abstrakte dynamische System (X,T,m) mit
metrischer Entropie h,(T) < log(2) in die Standardabbildung S, einbebettet wer-
den kann. Fiir grosse v ist die topologische Entropie von S, mindestens log(2).
Unter Beniitzung eines verallgemeinerten Morseindex bewiesen wir die Existenz von
iiberabzéhlbar vielen verschiedenen Einbettungen von dynamischen Systemen.

¢ Wir studierten verschiedene Kohomologieen fiir dynamische Systeme: Fiir ein dy-
namisches System (R, G), wo eine abelsche Gruppe R auf einer abelschen Gruppe
G operiert, gibt es die Eilenberg-McLane-Kohomologie. Im Falle R = Z definierten
wir eine Folge von Halmos Kohomologie- und Halmos Homologie gruppen. Fiir
ein dynamisches System, (2%, M, tr), wo 7¢ auf der Algebra M mittels Spur erhal-
tenden Algebraautomorphismen operiert, definierten wir eine diskrete Version von
de Rham’s Kohomologie.

¢ Wir studierten das hyperbolische Verhalten von beschrinkten, messbaren SL(2,R)-
Kozyklen iiber einem dynamischen System. Wir untersuchten die Relation zwischen
der Rotationszahl von Ruelle fiir messbare Matrixkozyklen und dem hyperbolischen
Verhalten der Kozyklen. Wir zeigten, dass ein Kozyklus uniform hyperbolisch ist,
genau dann wenn die Rotationszahl konstant ist in einer Umgebung des Kozyklus.
Wir betrachteten auch verschiedene Spektren von Matrixkozyklen und bewiesen,
dass das Spektrum des Kozyklus als Operator auf L2(X,C?) gleich dem Sacker-Sell
Spektrum ist.
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1 Guide for the Reader

Each chapter is self-contained. This implies for example that some definitions occur
several times and in different versions according to the generality needed at the
corresponding places.

Because of the inhomogeneity of the themes, the notation is not uniform in different
chapters throughout the theses.

Several chapters are already published and we plan to publish some parts separately
hoping also to obtain in future more answers to some questions not yet solved. The
already published chapters are partially updated to newer developments and some-
times, parts were added to the published version. Especially some illustrations and
examples have been added.

Each chapter contains its own bibliography. There is also a collected bibliography
at the end.

We added quite freely questions following each chapter. These questions help to
keep organized the loose ends.

The current state of the chapters is the following:

¢ Chapter ”Three problems”:
This chapter introduces into three circles of problems which are treated in the theses.

¢ Chapter ”Density results for positive Lyapunov exponents”:
A large part of this chapter is published in [Kni 2). We added a proof of a similar
result for SL(2,C) cocycles and updated some references.

¢ Chapter ”Discontinuity and positivity of Lyapunov exponent”:
This is essentially the version in [Kni 1). We added two appendices concerning co-
homology and a theorem of Baire.

¢ Chapter "Isospectral deformations of random Jacobi operators”: .
published in [Kni 3]. We added appendices in which the Thouless formula and in-
tegration of aperiodic Toda lattices is shown. These results in the appendices are
known but not available in collected form. We added a short appendix about the
definition of the continuous analogue of random Toda flows, the random KdV system.

¢ Chapter ”Factorization of random Jacobi operators and Bicklund trans-
formations”:
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published in [Kni 4]. We clarified one aspect in the published proof of the fact that
Bicklund transformations are isospectral. We also added a short appendix about
Bicklund transformations for KAV flows.

¢ Chapter ” Cohomology of SL(2,R) cocycles and zero curvature equations
for random Toda flows”:

This chapter can be viewed as part III of the two previous chapters. It is quite
inhomogeneous and leads to different topics like zero curvature equations, lattice
gauge fields, cohomology of cocycles and Harpers Laplacian.

¢ Chapter ”Some additional results for random Toda flows”:

This is a continuation and unpublished work of research done for the previous chap-
ters on random Jacobi operators. Also this chapter is not homogeneous and it has
some loose ends.

¢ Chapter ”Renormalisation of Jacobi matrices: Limit periodic operators
having the spectrum on Julia sets”:

A more compact version of this chapter will soon be submitted. This chapter is
a continuation of the study of one dimensional Jacobi operators. Iteration of the
factorization L = D? + E constructed in [Kni 4] leads to "renormalisation” in the
fiber bundle of Jacobi operators over the complete metric space of dynamical sys-
tems. Projecting this renormalisation to the spectrum of the operators leads to the
quadratic map z +— 22 + E. Relations of random Jacobi operators with complex
dynamical systems appear like for example that the density of states of the operators
in the limit of renormalisation is the unique equilibrium measure on the Julia set
or that the determinant det(L — E) is the Béttcher function for the quadratic map.
We hope that results from the theory of iteration of rational maps will shed light on
what happens at points where the renormalisation set up breaks down.

¢ Chapter "Isospectral deformations of discrete Laplacians”:

We study higher dimensional Laplacians and isospectral deformations of such Lapla-
cians. We show that the existence of a Dirac operator is related to isospectral de-
formations of Laplacians. We consider also random partial differential equations
over a Z¢ dynamical system. We use the anti-integrable limit of Aubry to prove the
existence of such equations. An version of this chapter is planned to be presented
in July 1993 at Leuven.

¢ Chapter ”Infinite particle systems”:

We study the idea to use ergodic theory in order to obtain the thermodynamic limit
of infinite particle systems in one real or complex dimension. This generalization
applies for ordinary differential equations describing particles. One idea is to get the
particle coordinates g, = g(T™z) along the orbit of a point z. The thermodynamic
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limit is then a well defined ordinary differential equation in the Banach space of the
coordinate field g. An other idea is to look at a vortex configuration in the complex
plane as the spectrum of an operator and to describe the vortex flow as a flow of
operators.

o Chapter "Embedding abstract dynamical systems in monotone twist
maps”:

This chapter [Kni 6} was submitted in October 1992 to Inventiones and in December
1992 to Ergodic Theory and Dyn. Syst. In both cases the paper was not accepted.
We take the opportunity to comment on the results. The main point of the chapter
is that it allows to give an guantitative eplicit bound on the topological entropy
for monotone twist maps. This is a new application of the anti-integrable limit
of Aubry and is (according to our opinion) an interesting result. It has not been
obtained by other methods and other approaches (like finding homoclinic points)
for positive topological entropy are more complicated. The use of the generalized
Morse indez in the paper is also new. The multiplicity result of uncountably many
different embeddings has not been obtained by other methods.

o Chapter ”An analytic map containing the standard map family”:

This chapter was submitted in October 1992 to Nonlinearity [Kni 5]. We formulate
a quantitative conjecture about the metric entropy of the standard map and show
that the whole standard map family can be embedded in one complex analytic map
of C*. We begin a qualitative study of the map.

¢ Chapter ”Cohomology of dynamical systems”:

In this chapter we discuss some cohomological constructions for abstract dynamical
systems with the aim to build algebraic invariants of the systems. We think that
interesting research in this direction is still possible and necessary. The chapter
illustrates that the definition of the cohomologies is quite easy but that the explicit
computation of the cohomology groups seems to be very difficult even in the sim-
plest cases.

¢ Chapter ”"Nonuniform and uniform hyperbolic cocycles”:

In this chapter, we discuss the relation of uniform and nonuniform hyperbolicity
for cocycles. We study also the relation between Lyapunov exponents and rota-
tion numbers and the relation between Lyapunov exponents and spectra of cocycles
treated as operators.

This chapter was written in an early stage of the theses and does not contain so
much new material. It can be viewed as an appendix to the first two chapters on
matrix cocycles and one can find for example detailed proofs of a theorem of Ruelle
and a theorem of Wojtkowsky in the special case of measurable S L(2,R) cocycles.
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2 The basic objects

The basic (sometimes hidden) mathematical structure appearing in all the chapters
is a non-commutative von Neumann algebra X obtained as a crossed product
of the von Neumann algebra M = L*(X, M(N,€)) with the z%- dynamical system

(X1T11T21"'7Td$m) ’

where T, ...,T4 are commuting automorphisms of the Lebesgue probability space
(X,m).

The basic question is to find spectral, ergodic
and cohomological invariants of elements or
subsets in X and relate them to invariants of
the dynamical system.

¢ Spectra are obtained by choosing a representation of M in an algebra of oper-
ators and taking as the spectrum of an element A in M either the set of complex
values z such that z — A is not invertible or to define a spectrum by taking the set of
points z, where z- A is not invertible. Choosing special cocycles (like for example the
Jacobean of a map,or the Koopman operator associated to an abstract dynamical
system) leads to invariants of the dynamical system.

¢ Ergodic invariants are numbers obtained by ergodic averaging. Examples are
the Lyapunov exponent, the rotation number or the total curvature of a cocycle or
field. Choosing special cocycles leads to invariants of the dynamical system like for
example the entropy or the index of an embedded system.

¢ (Co)homology groups or Moduli spaces of conjugacy classes of a subset in X’
give algebraic informations about a dynamical system. Examples are cohomology
groups H!(T, G) defined by the quotient of all cocycles with values in the group G
modulo the space of coboundaries.

The elements in X we are going to study are:

o d=1,N = 2 Ar is called a matriz cocycle over the abstract dynamical sys-
tem (X, T, m). Such cocycles appear as transfer cocycles of one dimensional discrete
Schrédinger operators, as Jacobeans of diffeomorphisms on compact two dimensional
manifolds and which are also called weighted composition operators or weighted trans-
lation operators.
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° 23’=1 A;7; are called one-forms, or connections or non-abelian gauge fields.
oed=1,N =1L = ar + (a7)* + b is a discrete version of a one dimensional
Schrédinger operator. Such operators serve as models in solid state physics. They
appear also as Hessians of variational problems in monotone twist maps. For general
N, they are called Jacobi operators on a strip.

o L = Ya;r; + (a;;)* + b is a discrete version of a Laplace operator. We call it
random Laplace operator. We allow also N > 1.

3 The role of Lyapunov exponents

The title of the theses could also be "Some topics about Lyapunov exponents” be-
cause Lyapunov exponents will appear in almost all chapters, sometimes with other
names. They are connected with

o the "entropy” of a dynamical system,

o the "determinant” of a random Jacobi operators,

¢ "integrals” of random Toda flows,

¢ the "Hamiltonian” used for the interpolation of Bicklund transformations,

o the "energy” of a random Coulomb gas in two dimensions,

o the potential theoretical ” Green function” of some Julia sets,

¢ the logarithm of a "spectral radius” of a weighted composition operator,

¢ some " gauge invariants” of random gauge fields.

4 The intuitive idea
We will formulate in the first chapter three problems which should give a first com-

ment on the key words "ergodic invariants, spectral invariants, cohomological in-
variants” in the title.

A guiding idea for the whole theme is the following analogy between differential
topology on manifolds and the ergodic theoretical concepts treated here.
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If we think of the probability space (X, m) as a manifold, the group action defines
a geometry on this space. The orbit of a point z is a lattice is playing the role of a
chart at the point and the set of all orbits serves as an atlas.

L*(X,M(N,C)) or a multiplicative subgroup L*(X, G) corresponds to a fiber bun-
dle. The crossed-product X is an operator algebra playing the role of differential
operators and contains objects like Laplacians or connections.

The classification of differentiable manifolds is analogous to the classification of
group actions. Spectral problems of differential operators, numerical or cohomological
invariants of manifolds are analogous to spectral problems of random operators,
ergodic and cohomological invariants of dynamical systems.
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Abstract

We give three examples of problems which should illustrate some topics of
this theses.

The first problem is the problem of proving positive metric entropy in a given
conservative dynamical system.

The second problem is the problem of determining the spectrum of random
Schrédinger operators.

The third problem is to determine a cohomology group for abstract dynamical
systems.

All three problems are related to the problem of calculating Lyapunov expo-
nents of matrix cocycles over an abstract dynamical system.

1 An ergodic problem: positive metric entropy

”Is there positive metric entropy (”chaos”) in a given conservative
dynamical system?”

One of many definitions of ”chaos” in a Hamiltonian system is the property of having
positive metric entropy. Hamiltonian systems with this property show sensitive
dependence on initial conditions on a set of positive measure. Moreover, one can
find quantities accessible to measurements which are actually independent random
variables. The system could be used as a true random number generator !

(We refer to the Les Houches Lecture of Lanford [Lan 83], the Bernard Lecture
[Rue 90] or the Lezioni Lincee [Rue 87) of Ruelle for an introduction into some of
the topics.)

From the physical point of view, there is evidence that chaos is the rule and zero
metric entropy is the exception. The entropy has been measured in many systems
and found to be positive. It seems, however, that mathematical proofs for chaos are
difficult. It could even be that most measurements show numerical artifacts and
that positive metric entropy is the exception.

There are milder requirements for a system to belong to the fashion class of ”chaotic
systems”. One of these is positive topological entropy which is easier to prove. For
topological dynamical systems, there is a definition of chaos due to Devaney [Dev 89)
which requires that the homeomorphism of the metric space is (i) transitive and (ii)
that periodic orbits are dense. (A third requirement of Devaney, sensitive depen-
dence on initial conditions, turned out to follow from the requirements (i),(ii) if the
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system is not itself periodic [Ban 92).)

We want to insist on positive metric entropy as the more relevant quantity for Hamil-
tonian systems. It is based on the belief, that physically significant quantities for
Hamiltonian systems must be accessible on sets of positive measure. Also from a
mathematical point of view it is not satisfactory to use a quantity like topological
entropy from the category of topological dynamical systems when having a natural
invariant measure, the Lebesgue measure. (Of course, invariant sets like periodic or-
bits or horse-shoes, which have in general zero measure, can also have consequences
for sets of positive measure. For example, invariant curves of zero measure can form
barriers in a two dimensional phase space and prevent ergodicity.)

The answers to the following general problems in classical mechanics are not known.
(We assume implicitly that the Hamiltonian systems considered have a compact
energy surface and that the entropy is understood with respect to the flow on such
a surface.)

¢ How does one decide if a given finite dimensional Hamiltonian system has positive
metric entropy or not?

¢ How big is the class of Hamiltonian systems having positive metric entropy? Does
positive metric entropy occur generically?

e Does every non-integrable Hamiltonian system have positive metric entropy?

# Does there exist Hamiltonian systems which have positive topological entropy but
zero metric entropy?

¢ Does there exist a Hamiltonian system in which true coexistence occurs? ([Str 89])
True coexistence means that a part of phase space is the union of two flow-invariant
dense subsets both having positive Lebesgue measure such that the metric entropy
of the flow is zero on the first subset and positive on the other subset.

The main obstacle in solving the above problems is that proving positive metric
entropy is a hard problem. Because a formula of Pesin shows that in many cases the
entropy is the sum of the integrated positive Lyapunov exponents, the problem of
positive metric entropy is often equivalent to prove that there are positive Lyapunov
exponents on a set of positive measure.

There are several examples, where positive metric entropy is conjectured but not
proven (compare [Str 89]). From special interest is the example of our solar sys-
tem, where positive metric entropy was also measured [Las 90). (See also the review
article [Wis 87] for chaotic motion in the solar system.) We will give now a list
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of examples which include discrete Hamiltonian systems (which are mappings) and
classical Hamiltonian systems (which are flows). We consider also conservative dy-
namical systems, flows or maps which leave the Lebesgue measure invariant but
which need not to be Hamiltonian.

o For the Chiricov mapping Chiricov map or Standard mapping on the torus

T =R?/(2n2) .
m(5) = (T3t

the entropy is measured to be greater or equal then log(|y/2|). Some orbits of
the map are shown with the following Mathematica program which produced
a little "film” which shows the situation for larger and larger ”coupling con-
stant” ~.

T[{x_Real,y.Real},g_Real] :=N[Mod[{x+y+g+Sin{x],y+g*Sin{x]1},2 Pil];
Orbit[p0.,n_Integer,g_Reall :=Module({},S[p_]:=T(p,gl ;NestList[S,p0,n-1]11;
OrbitSet[k_Integer,n_Integer,g_] :=Module{{s={}},
Do[s=Union{s,0rbit {{0.0,N[2Pi*(0.741629+(i~1)/k)}},n,g]],{i,k}];s);
Pictlk_,m_,g_]:=ListPlot[OrbitSet[k,m,g] ,PlotRange->{{0,N[2Pi])},{0,N(2Pi]}},
DisplayFunction->Identity,Frame->True,Axes->False,FrameTicks->None,
FrameLabel->{FontForm(g,{"Helvetica",12}],"","",""}];
Film(k_,m_,1_]:=Table[Pict[k,m,0.0+N[(j-1)/411,{j,1}];
Display["!psfix -land -stretch > standard.ps",
Show[GraphicsArray[Partition[Film(7,500,12],3]],
DisplayFunction->$DisplayFunction,Frame->False,

PlotLabel->FontForn["The Standard Map family",{"Helvetica",12}]1]
L |

This program has generated the following picture:
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The Standard Map famity

If one considers the Jacobian dT’, of the map T, as a cocycle over the dynam-
ical system (T,Tp,m) and calculates the Lyapunov exponent of this cocycle,
one gets indeed with a method developed by M.Herman) the lower bound
log(|7/2). But it is an unsolved problem whether there exists a value + such
that the metric entropy is positive for the standard map S,. (This entropy
problem has been mentioned already in [Spe 86]). For the topological entropy
more is known: there is a result of Angenent {Ang 92] which states that a
C*¢ twist diffeomorphism of the annulus has either positive topological en-
tropy (and therefore a transversal homoclinic point) or else has invariant circles
for any rotation number in the twist interval. In [Ang 90] is shown that for
7 > 1, there must be positive topological entropy. Fontich has also shown
[Fon 90], that for oy > 0 the standard map has a heteroclinic point and there-
fore a horse-shoe embedded and one has therefore positive topological entropy.
In the chapter "Embedding of abstract dynamical systems in monotone twist
maps”, we will show that for vy large enough the topological entropy of the
Standard map is at least log(2).

Among monotone twist mappings, billiards have been investigated extensively.
There is no known example of a strictly convex smooth billiards with positive
metric entropy. (On the other hand one has also the unsolved question, which
tables produce integrable billiard maps. Guillmin conjectures that every bil-
liards which is not integrable must be an ellipse ([Gui 87]). An other open
question is whether every billiards with zero metric entropy is an ellipse.)
There are known classes of examples of not smooth billiards having positive
metric entropy. The most famous example is Bunimovitch’s stadium billiards
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(see {Woj 86] or [Don 91] and references therein for newer results). A candi-
date for a smooth billiards with positive metric entropy is the Robnik billiards.
It is defined by the curve

. (t) + v cos(2t)
7it o (§?§<t)+7,§f§((zt) ) ’

where v € (0,1/4). One measures positive metric entropy with values like for
example 4 = 0.2. Other candidates are C?! billiards, where the curve consists
of 4 arcs (see [Hay 87]) or the Benettin-Strelcyn Billiard [Ben 78],[Hen 83].

o A far as we know, no smooth dual billiards map with positive metric entropy
has been constructed. The dual billiards or exterior billiards is a mapping
defined outside a convex curve in the plane. It preserves Lebesgue measure.
Application of KAM methods [Dua 82] (III-12) show that for smooth dual
billiards curves, there exist invariant curves of the dynamics. Therefore, the
dynamics is defined on regions of finite Lebesgue measure and the question
of positive metric entropy is well defined. Tabatchnikov [Tab 93] has recently
shown that if two dual billiards maps are commuting then the tables are con-
formal ellipses. Dual billiards at polygons is already very interesting and there
are many open questions (see [Viv 87], [Gut 92] in this case and general refer-
ences).

The following Mathematica program allows the numerical calculation of a dual
billiards with arbitrary real analytic table. The program calculates and plots
a picture of 20 orbits each consisting of 1000 points.

a={1.0,0.0,0.0,0.0,0.0,0.0,0.01,0.001};
r{t_]:=Sum[a[[n])] Cos[(n-1)#t],{n,Length[al}];
rdot[t_}:=Sum(-al[n]]*(n-1)+Sin((n-1)*t],{n,2,Length[al}];
BilliardMap[{x_,y_}]:=Module({psi=Arg[x+I+y], eta},
eta=t /. FindRoot[ (r[t]*Cos{t]l-x)*(rdot[t]*Sin[t]+r{t]*Cos[t])==
=(r[t]*Sin[t)-y)*(-rdot [t]*Cos[t)+r[t]+Sin[t]),{t,psi+Pi/2}];
{-x+2#r[eta]*Cos[eta] ,~y+2#r[eta)*Sin[eta]}];
T=ParametricPlot [{r[t]*Cos[t],r[t]*Sin[t]},{t,0,2 Pi},DisplayFunction->Identity];
Orbit[p_,n_]:=NestList[BilliardMap,p,n};
OrbitSet[n_,m_]:=Module [{s={}},Do{s=Join[s,0rbit[{1.0+i#0.05,0.0},n1),{i,n}];s];
OrbitSetPict[n_,m_]:=ListPlot [OrbitSet[n,n],DisplayFunction->Identity];
JoinedPict[n_,m_] :=Show[{T,0rbitSetPict{n,m]},
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DisplayFunction->$DisplayFunction,PlotRange~>A11,Frame->True,Axes->False] ;
Display["!psfix -land -stretch > billiard.ps",
Show[JoinedPict[1000,20] ,DisplayFunction->$DisplayFunction,Frame->True,

PlotLabel->FontForm["Exteriour billiards",{"Helvetica",12}]1]]
L J

and here is the picture

-1

¢ There are also interesting monotone twist maps in the plane R? of the form

T=T;:R* > R?

(3)-("7)

where f is a continuous function f : R + R. Examples are the Henon
map f(z) = ax® +b, the Lozi map f(z) = 1 + ajz| or the map given by
f(z) = VaZ+ z2. The entropy question makes sense when these maps are
restricted to a measurable invariant subset of R? which has finite nonzero
Lebesgue measure. For f(z) = v/a? + 22, Aharonov and Elias [Aha 90] have
shown the existence of invariant curves far away (even for a more general case
when T is the composition of two such maps with possibly different a;). It
seems however (a conjecture of H.Cohen communicated by Y.Colin-de Verdier
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to J.Moser April 10 1993) that the map with f(z) = va? + 2 is integrable!
(For a = 0 there is an additional integral F(z,y) = y + |y — |z]| + |z - jy —
Jzlll + ly = |z = Jolll + |z = |s] +|y |z — [3]ll}). For the Lozi map, it is known
that it has positive metric entropy for example for a = 1 {Dev 84]. Nothing
about the metric entropy seems to be known for the conservative Henon map.

A promising strategy to find true coexistence is to start from a system with
positive metric entropy and to move into a region with zero entropy. One
expects then to pass a region of true coexistence. Coexistence of stable (exis-
tence of an elliptic fixed point) and unstable (positive metric entropy) behavior
has been constructed by Przytycki [Prz 82] by constructing a real analytic arc
starting at an Anosov system. It is however not known if this example satisfies
true coexistence. An other candidate of a perturbation of an Anosov map is

7o (%) 2r+y
I'\y z4+y+ysin(2z+y) ) -
It is not known if one can deform this Anosov map Ty to a system which has

zero metric entropy. It would also be interesting to know what happens at the
boundary, where the system looses uniform hyperbolicity.

Among Hamiltonian systems, there are many candidates with two degrees of
freedom which are believed to have positive metric entropy:

o The Henon Heils system : [Hen 64]

1 1
H(p,q) = 5(1»? +0+@d+ @)+ de- 3%

on the energy surface H = F with 0 < E < 1/6 is a famous example of a
Hamiltonian system with two degrees of freedom.

¢ The Stérmer problem (see [Bra 81]) :

_loa. o 11 Q1 2
H{p,q)=5(pi+p) + §(q—l - W)
for energies 0 < E < 1/32 is an example of great physical interest because
it describes the motion of electrons and protons in the van Allen radiation
belts. It would be desirable to know more about this system. There are
mathematical proofs that particles can be trapped for ever [Bra 81], but one
still does not know why the actual existing van Allen belts around the earth
are so stable. Numerical experiments indicate that the system shows chaotic
behavior. Braun has proved that a related discrete model problem, a so called
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linked twist map has homoclinic points [Bra 81a)).

¢ The Contopoulos,Barbanis system [Con 89]

1
Hp,q)=-pi+n+ G+ @)+ e —ag .
2

or the Caranicolas-Vozikas system [Car 87]

1
H(p,q) = (1 +93) + 4 + 4§ + 274i¢}

for £ =1, v = 6, or the Sahos-Bountis system

1 1
H(p,q) = 5(p} +55) + 3(aie +1(q + ).

are interesting because of the simplicity of their Hamiltonians.

¢ Unequal mass Toda system:

1p} 9 -
H(p,q) = §(m_1 + m—2) + e 4 e

for m; # my. For my = my the system is integrable and is related to the
physical pendulum.

o The planar isosceles 3 body problem (see for example [Dev 80])

2 2m 2 2 4
Hip,q)= PLy @mitmop mi Tums

4mymg a  (F+a)

Here m; = my, m; are the masses of the body. ¢; is the distance from ¢; to
g2 which are lying symmetric with respect to the y— axes. ¢ is the distance
from the center of mass of ¢; and g, to gs.

¢ Interesting Hamiltonian systems arise from geodesic flows. The question is
then which smooth Riemannian metrics on a compact manifold have positive
metric entropy for the geodesic flow. Donney [Don 88a],[Don 88b] proved that
on every compact orientable surface, there exists a C* Riemannian metric,
for which the geodesic flow is ergodic and has positive metric entropy.

¢ There are interesting cyclic systems of differential equations which are candi-
dates for systems having positive metric entropy.
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o The Orszag-McLaughlin flow is given by the differential equation

Ti=a-TipZiga+ b TiaTia+ - Tip1Tioy

where the index ¢ is taken modulo n with n > 3. If one takesa+b+c =0
and abc # 0, this system preserves the Lebesgue measure and leaves invariant
the spheres

n
S={Yzt=r}.
i=1
The measurements indicate that the dynamics restricted to such spheres is
chaotic.

o The Arnold-Beltrami-Childress flow or ABC-flow (see {Zha 93] for more in-
formation) is a flow on T3 defined by

Asin(z) 4+ C cos(y)

Bsin(z) + Acos(z)
Csin(y) + Bcos(z) ,

z

where A, B, C are nonzero constants. More generally with given real numbers
a; € R, a system of differential equations is given by

Z; = @imy SI0(Tim1 ) + @iy cOS(Tig1)

where z; € R/Z and i is taken modulo n. This system preserves Lebesgue
measure on the torus T*.

The heavy top and its higher dimensional generalizations. Given M € sl(n,R),
B € so(n,R) and J = J* € GL(n,R). For L = JB + BJ the differential
equation
L=[BL|+M

generalizes the motion of the heavy top in any dimension. For M = 0 one
obtains the motion of the free n dimensional top which is an integrable system
and can be viewed as a geodesic flow on the Lie group SO(n,R) (see [Arn 89)]).
For M # 0, one expects to have positive metric entropy in general.

The Hamiltonian for n vortices 2z; = ¢; + ip; in the complex plane C is
1
H(z)= %;loglz; -z|.
For n < 3 the system is integrable. For n > 4 one expects that the dynamics

., _ 0 . 8
q_b;H’p—_??EH
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has positive metric entropy. Point vortices can also be defined on any two
dimensional manifold. Interesting is the situation on the cylinder which is also
called the periodic Karman vortez street. The Hamiltonian is in this case

H(z) = log(sin|z — ) .

i<j

We summarize: for conservative dynamical systems the problem of positive metric
entropy is often reduced to the decision whether the highest Lyapunov exponents
for symplectic cocycles is positive or not (the flow case can be reduced by a time-one
map or a Poincaré map to the case when time is discrete). Calculating the highest
Lyapunov exponent of a general measurable symplectic cocycle over an abstract
dynamical system is an example of an ergodic problem.

2 A spectral problem: random Jacobi operators

Does a given 1-dimensional Schrédinger operator of an electron have
absolutely continuous spectrum (”good conductivity”)?

In classical quantum mechanics, the evolution of a system is governed by a Hamilto-
nian L which is a self adjoint operator on a Hilbert space. The evolution of a wave
function u is given by the Schrodinger equation ihu = Lu. An important problem
is to calculate and analyze the spectrum of the Hamiltonian because many physical
properties of the system are determined by the spectrum. Because the spectrum is
accessible by measurements, one would also like to solve the inverse problem, namely
to find out the Hamiltonian of the system from the spectrum.

These mathematical problems are not easy even for the motion of a particle in one
dimension in a given external field. In such a one body approzimation one neglects
the interaction of the electrons. One often considers the so called tight binding ap-
prozimation, where the continuum is replaced by a lattice. This is technically more
simple and the model is commonly used for describing the electronic properties of
disordered media.

An important qualitative spectral problem is the question whether the spectrum is
absolutely continuous or not. For one-dimensional Laplacians or Laplacians on the
strip, this question can be reduced to a question about positive Lyapunov exponents
for symplectic cocycles.

A main problem is: Given a random Schrédinger or Jacobi operator L.
¢ What is the spectrum of L?

e What type of spectrum (point, singular, or absolutely continuous) does occur?
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o What spectra do occur generically? Is there generically no absolutely contin-
uous spectrum?

There is an inverse spectral problem which is however closely related to the above
spectral problem. It can be formulated as:

o Can one describe the set of all Jacobi operators which are unitarily equivalent or
the set of operators which have the same density of states. Can one reconstruct the
isospectral set back from the spectrum. How large is the set of operators which one
can reach by isospectral deformations?

Similarly to the positive entropy question, which has the same mathematical prob-
lem in the background, there are several examples, where absence of absolutely
continuous spectrum is conjectured but not proved. The general belief is that for
high disorder, there is no absolutely continuous spectrum any more. A more precise
formulation of this conjecture could be:

Given any aperiodic dynamical system (X, T, m) such that T™ is ergodic for each
n € Z. Given a one- parameter family of discrete random Schrédinger operators

(Lgu)n = Upy1 + Un) + G Voizn

with non-constant potential V € L*(X,R) and with V, = V(T"z). Does there exist
g € R, such that L, has no absolutely continuous spectrum?

We list now some classes of operators.

o The Anderson model

(Lu)n = Uppy + Un-y + Votin

where V, are non-constant independent identically distributed random variables.
Fiirstenberg’s theorem assures positive Lyapunov exponents for all E € R and there
is no absolutely continuous spectrum.

o Almost periodic operators.

Let T be an ergodic translation of a compact topological group X and a,b two
continuous real-valued functions X — R. Given z € X, define a, = a(T"z),b, =
b(T"z). The operator

(Lu),, = Gplngl + Qp-1Up—1 + bnun

is called almost periodic.
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Example. If the group X is the circle and 7 is an irrational rotation £ — = + a and
V(z) = cos(z), one obtains the almost Mathieu operator

(L(z)w)n = tns1 + tn_y + ycos(z) .

This is a famous model for an electron in a quasi-crystal. About the spectrum
0 = Opp U 05 U 0, is known that for A < 4/(2 + 7/+/5) the absolutely continuous
spectrum 0, is not empty. For almost all a, the measure of the absolutely continuous
spectrum is 4 —+. This was proved recently by Last [Las 93] following previous work
of Avron, van Mouche and Simon [Avr 90]. The general conjecture of Aubry and
André that this should hold for any irrational a is still not proved. For large v,
one knows that in the case of Diophantine e, there is point spectrum [Fro 90] and
that for Liouville numbers & and any v > 2, there is purely singular continuous
spectrum (see [Cyc 87]). For any irrational a, there is no absolutely continuous
spectrum for y > 2. In general, the question is open, whether for irrational o and
all v, the spectrum is a Cantor set {Martini problem). In the critical Hofstadter case
A = 2, which is also called Harper’s model, Last has recently shown [Las 93] that
the spectrum is in this case a zero measure Cantor set for almost all a. Plotting the
family of spectra parameterized by o gives the Hofstadter butterfly. A review with
other developments can be found in [Bel 92].

A numerical illustration. The periodic functions a,b on T! are fixed and the spectra
of the operators L = a7, + (a7a)" + b over dynamical system (T!,z  z + a, dz) are
calculated with the following program

alalpha_,n_Integer] :=Table[N[2+0.01#Sin[k*alpha 2 Pill,{k,n}];
b[alpha_,n_Integer]:=Table[N[ 2sCoslkealpha 2 Pill,{k,n}];
n[i_Integer,n_Integer]:=Mod[i-1,n]+1;
d[k_Integer,1_Integer,n_Integer] :=IdentityMatrix[n][[m[k,n],nf1,n]]1];
JacobiMatrix[a_List,b_List] :=Module[{n=Length[a]},
Table[d[k,i,n]}*b[[k])+d[k,i+1,n)*al{il1+d[k,i~1,n)+al[m[i-1,n)]],{k,n},{i,0}]];
Spec[a_List,b_List] :=Sort [Eigenvalues[JacobiMatrix[a,b]]1];
anti[a_List] :=Block[{n=Length[a]},Table[a[[k]]-2+d[k,n,n)*al[k]],{k,n}]1];
AntiSpecfa_List,b_List]:=Sort[Eigenvalues[JacobiMatrix[anti[al,bl]];
DoubSpec[a_List,b_List]:=Sort[Join[Spec[a,b] ,AntiSpec(a,b]]1];
SpecIntervla_List,b_List]:=Partition[DoubSpec{a,b},2};
Hofstadter[m_Integer,n_Integer]:=Block[{p={},S,alpha=0.0},
Do[S=SpecInterv[alalpha,n],blalpha,n]];
Do[p=Append[p,Line[{{S[[i]1][{1]],alpka},{S[[i}1([2]],alpha}}]],
{i,Length[S]}];alpha=alpha+1/m,{n+1}); Show[Graphics[p],
PlotLabel->FontForm["Spectra of Jacobi operators”,{"Helvetica",12}] ] 1;
Display["tpsfix -land -stretch > spectrum.ps",Hofstadter[200,23]];
L ]
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which produces the following picture which shows the spectrum of such an opera-
tor changes when the parameter a (which is increasing along the z— axis) of the

dynamical system is varied.
Spectra of Jacobl operaion

o Operators generated by substitutions.

A substitution dynamical system (we follow [Hof 92]) is defined by a map S from
a finite alphabet A into the set of finite words A" built by A. This substitution
generates a fixed point ¥ € AN of the map S if there exists a symbol a € A such
that Sa begins with a. Take any word T € A* which coincides with 7 on the positive
integers and form the set X of all limit points (in the product topology) of T"Z,
where T is the shift. This gives a dynamical system (X, T') which is uniquely ergodic
and minimal. The potential V for the Jacobi operator is V(z) = z5. The spectrum
is expected to be singular continuous in general and having zero Lebesgue measure.
This has been proved for the Thue-Morse systems defined by S(a) = ab, S(b) = ba
or Fibonacci sequences defined by S(a) = ab, S(b) = a and other examples. Kotani
[Kot 89] dealed in a more general context with potentials over an ergodic dynamical
system which take values only in a finite target space. He proved that in such a case,
there is no absolutely continuous spectrum. See [Hof 92] or [Ghe 92] for references
and recent results.

o Operators which are second variations of twist mappings
If I(z,2') is a generating function of a twist map and T : X — X is a dynamical

system embedded in the twist map by a measurable function

g: X T
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which satisfies
h(g(z),¢(Tz)) + L(g(T'z),¢(z)) = 0.
The operator
(L(z)u)a = @nling1 + Gn_1tn-1 + butin ,
with
a(z) = la(g(z),¢(T2)),
bz) = lu(g(),q(Tz)) +l(g(T'z),¢(z))

is the second variation of a variational problem. It would be interesting to know
what are the spectra of these Hessians.

We summarize: for one-dimensional discrete Schrédinger operators (on the strip),
the problem of existence of absolutely continuous spectrum is reduced to the decision
whether the highest Lyapunov exponent for a one parameter family of symplectic
cocycles is positive or not. Calculating the spectrum of random operators or cocycles
over an abstract dynamical system is an example of a spectral problem.

3 A cohomological problem: cohomology of mea-
surable sets
” What is the cohomology group defined as the group of measurable

sets of a probability space modulo the sets of the form Z(T)AZ, where
T 1is an automorphism of the probability space? ”

Given an aperiodic ergodic automorphism T of the Lebesgue space (X,A,m). The
measurable sets Y € A are called cocycles and form an abelian group with multipli-
cation A. This group has the subgroup

C={YAT(Y)|Y € A}
of coboundaries. How big is the cohomology group
H(T,Z,) = A/C?

We call the problem the cohomology problem for measurable sets. An other problem

is to decide whether a given measurable set is a coboundary or not. We call this
problem the coboundary identification problem for measurable sets. We will see in
the chapter "Discontinuity and positivity of Lyapunov exponents” that solving this
problem is easier than calculating Lyapunov exponents.

For finite periodic dynamical systems, the problem can be solved: assume X is a
finite set and A is the set of subsets of X. An ergodic measure preserving map
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T:X — X is just a cyclic permutation of X. The group A consists of all subsets
of X and has 2X! elements. It is quite easy to see that C consists exactly of the sets
with even cardinality. In this case H(T,Z,) = A/C is isomorphic to Z5.

There are a lot of other related unsolved questions. For example, there is a conjec-
ture of Kirillov: assume two automorphism of a fixed probability space (X, m) have
the same measurable sets as coboundaries. Are they conjugate?

The cohomology problem for measurable sets can be generalized as a question in
group theory: let G be an arbitrary abelian group and T a group automorphism.
What is the group H(G,T) = G/C, where

C={g(T)g™'|ge€G}?

Let (X,T,m) be a Z¢ action. A generalization of the cohomology problem for
sets is to find the moduli space of all zero curvature 7, fields. A gauge field
Y = (1,Ys,...,Yq) is given by d measurable sets Y;. The space £ of all fields
is the d-fold direct product of the group of all measurable sets. The curvature of
such a gauge field Y is

Fy(Y) = AY;(T)AY(T;)AY; .

A field Y has zero curvature if F;;(Y) = @ for all 4, j. There is a subgroup of £ called
the group of gredients

C={Ye£|3z Vi=1,...dY;,= ZAZ(T)} .
On £ are defined the Gauge transformations
Y, - Y AZ(T)AZ .

The gradients are just the fields which can be gauged to the identity.
The question is to find the moduli space of all zero curvature fields. In other words,
we want to find the group

H=¢JC.

We have used only the additive group structure of the measurable sets. Taking the
ring structure also gives also interesting problems which lead more away from the
subject. The problem is however of the same type. As an example we consider
a random version of a nonlinear cellular automata recently studied by Bobenko,
Bordemann, Gunn and Pinkall [Bbgp 92]. It is an "integrable” system and the
evolution can be interpreted as a collision process of soliton like particles. The
cellular automata can be described as a Z5-valued field X, on a two-dimensional
lattice Z? satisfying the rule

Xn,m + Xn+l,m+1 = n,m+1Xn+l,m + Xn,m+l + Xn+1,m (mOd 2) . (1)
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We translate this automata now into a random setting. Given a 72 dynamical system
(X,T1,To,m). Assume we have given a measurable set Y C X satisfying

YAY(T\Ty) = Y(T)) N Y(T)AY(T)AY(Ty) . )

Define the random variable X(z) = 1y. For almost all z € X we can write X, , =
X(TPT3") and get from Equation 2 the rule 1. Equation 2 is equivalent to

YAY(T\Ty) = Y(T) UY(Ty) .

The problem is to find nontrivial sets satisfying this equation. Is there for any
cellular automata rule

Y(Ty,T2) = F(Y,Y(T1),Y(T2))
where F is one of the 28 possible functions a measurable set which solves it?

An abstract generalization of the cellular automata is obtained as follows. Let
(R, +,-) be a commutative ring over the field Z,. Given two automorphism T3, T} of
this ring. Use the notation Ti(r) = r(T}) for 7 € R. The question is if there exists
a non-zero ring element r € R satisfying

r+ (D) = r(Ty) - r(T2) + r(T1) + r(Tp) .

In this case, every ring element TPTJ"(r) describes the cellular automata BBGP.
We summarize: the cohomology identification problem would be solved if we could
calculate the Lyapunov exponents of symplectic cocycles. Cohomology problems
over an abstract dynamical system with structure group is Z, lead to interesting
questions. The general problem of calculating the cohomology groups H(Ty, G) is
an example of a cohomology problem.
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Abstract

Let T be an aperiodic automorphism of a standard probability space (X, m)
and K be either C or R. We prove that the set

{4 € L>(X,5L(2,K)) | lim n~llog(J|]A(T™ 'z) - - - A(Tz) A(z)]]) > 0, a.e.}
is dense in L®(X, SL(2,K)).

We apply this to show that the set of coboundaries are dense in L*(X, SO(2,R))
or that coboundaries are dense in L*°(X, SU(2)).

1 Introduction

Lyapunov exponents are useful in different domains of mathematics: in smooth
ergodic theory, one is interested in the ergodic behavior of smooth maps. The
Lyapunov exponents can be used to determine, if a power of a given smooth map is
equivalent to a Bernoulli automorphism on a set of positive measure . Moreover, with
Pesin’s formula the metric entropy can be expressed as a function of the Lyapunov
exponents [Pes 77][Kat 86]. In the theory of discrete one-dimensional Schrédinger
operators, Lyapunov exponents can decide if the spectrum of such operators is not
absolutely continuous [Cyc 87).

Thus, there is a strong enough motivation to calculate these numbers. It seems to
be a matter of fact that calculating or even estimating the Lyapunov exponents is a
difficult problem. Attempts in this direction have been made by several people: Wo-
jtkowsky estimated the Lyapunov exponents under the assumption that an invariant
cone bundle in the phase space exists [Woj 86]. The subharmonicity property of the
Lyapunov exponents was used by Herman [Her 83] in order to estimate them for cer-
tain special mappings. In the case of random matrices, a criterion of Furstenberg,
[Fur 63] later generalized by Ledrappier [Led 84] applies. Chulaevsky has analysed
the skew product action and claimed that the Lyapunov exponents are positive for
certain cocycles arising in the theory of Schrédinger operators [Chu 89]. This re-
search is a part of the problem to prove localisation for quasi-periodic Schrédinger
operators [Fro 90), [Chu 91]. Young investigated certain random perturbations of
cocycles [You 86] (see also [Led 91) for higher dimensional generalisations). She
proved that with this random noise the Lyapunov exponents depend continuously
on the cocycle. Furthermore, they converge to the Lyapunov exponents of the un-
perturbed cocycle as the noise is reduced to zero. While analysing holomorphic
parametrized cocycles Herman [Her 83] found a surprising result, which will be cru-
cial for our work. (See section 2.4). Ruelle [Rue 79a) investigated the case in which
a continuous cone bundle in the phase space is mapped into its interior. He found
that in this case the Lyapunov exponents depend real analytically on the cocycle.
The method of Herman was refined in [Sor 91],[{Gol 92],{Gol 92a] to much more gen-
eral situations. A new method was designed by L.-S. Young in [You 92] to construct
open sets of nonuniform hyperbolic cocycles in a C! topology of cocycles.
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Numerical experiments suggest that in the case of SL(2,R)-cocycles, positive Lya-
punov exponents are quite frequent. Such cocycles arise in the case of smooth
area preserving mappings on a two dimensional manifold or if one investigates one-
dimensional discrete ergodic Schrodinger operators. Even for very special systems
like the standard mapping of Chirikov on the two-dimensional torus, no estimates
for the numerically measured Lyapunov exponents [Par 86] are available. There
is still a wide gap between the numerical measurements and the effectively proved
properties.

We want to investigate the Banach algebra X' of all essentially bounded M(2,R)-
cocycles over a given dynamical system. We are interested in the subset P of cocy-
cles, where the upper and lower Lyapunov exponents are different almost everywhere.
We show that P is dense in X' in the L™ topology, if the underlying dynamical sys-
tem is aperiodic. In X lies the Banach manifold A of SL(2,R)-cocycles which forms
a multiplicative group. Also here, if the dynamical system is aperiodic, AN 7P is
dense in A.

We find further that an arbitrary small perturbation located on sets with arbitrary
small measure can bring us into P. This can provide some explanation for the fact
that one gets often positive Lyapunov exponents when making numerical experi-
ments.

We will also make a statement about circle-valued cocycles which are here modeled
as SO(2,R)-cocycles. The density result for positive Lyapunov exponents implies
that the subgroup of coboundaries is dense in the abelian group of SO{2,R)-cocycles.
We show also, that the statements stay true, if R is replaced by C. Analogously,
the subset of coboundaries is dense in the group of SU(2,C)-cocycles. We have
separated the proof of the real case from the complex case, because for the later,
more technical complications are involved, which make the proof less transparent.
In section 2, we introduce the concepts and cite some known results, which are
used in section 3 to prove our statements. In section 4, the results and some open
problems are shortly discussed .

2 Preparations

2.1 Matrix cocycles over a dynamical system

A dynamical system (X, T, m) is a set X with a probability measure m and a mea-
surable invertible map T on X which preserves the measure m. The probability
space (X, m) is assumed to be a Lebesgue space. The dynamical system is aperiodic
if the set of periodic points

{z € X | 3In € N with T*(z) = z}

has measure zero. If the dynamical system is aperiodic, there exists for every n €
N,n > 0 and every € > 0 a measurable set Y such that Y, T(Y),...,T*(Y) are
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pairwise disjoint and such that m(Y;est) < € where Yeee = X \ UFZ T*(Y). This
is Rohlin’s lemma (for a proof see [Hal 56]) and the set Y is called a (n,€)— Rohlin
set.

Denote by M(2,R) the vector space of all real 2 x 2 matrices and by * matrix
transposition. We will study the Banach space

X = L®(X,M(2,R)) = {A: X - M(2,R) | A € L*(X)}
with norm
ANl = A oo xy »
where || - || denotes the usual operator norm for matrices acting on C2 with the
Euclidean norm. Define also

A= L>(X,SL(2,R)),

where SL(2,R) is the group of 2 x 2 matrices with determinant 1. Take on A the
induced topology from X. Denote by o matrix multiplication. With the multiplica-
tion
AB(z) = A(z) o B(z)
X is a Banach algebra. Denote by A(T) the mapping = — A(T(z)). For n > 0, we
write
A" = AT HA(T?)- .- A
and A% = 1 where 1(z) is the identity matrix. With this notation, A satisfies the
cocycle-identity
AT = A (T™) 4™
for n,m > 0. The mapping (n,z) — A™(z) is called a matriz cocycle over the
dynamical system (X,T,m). With a slight abuse of language, we will just call the

elements in X matriz cocycles. The Banach manifold 4 C X is a multiplicative
group. This group contains the commutative group

O = L*(X,50(2,R)),

where SO(2,R) = {A € SL(2,R) | A"A = 1}. The group O is called the group of
circle-valued cocycles .

2.2 Lyapunov exponents and the multiplicative ergodic
theorem

According to the multiplicative ergodic theorem of Oseledec (see [Rue 79]), the limit

M(4)(z) := lim ((4")"(2)A™(z))"/*"
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exists pointwise almost everywhere for an element A € A”. Let
exp(A~(4,1)) < exp(A*(A4, 1))

be the eigenvalues of M(A)(x). The numbers A\*/~(A,z) are called the Lyapunov
ezponents of A and they are measurable functions on X taking possibly also the
value —oo. We define

P={A€eX |2 (A1) < (A4,z)ac]}

and call the elements in P nonuniform partial hyperbolic. For A € P, there exists
(still according to the multiplicative ergodic theorem ) a measurable mapping from
X into the space of all one-dimensional subspaces of R?

z - W(x)

which is coinvariant
A(z)W(z) = W(T(z))

and such that for every w € W(z),w # 0, we have
AT(A,z) = nlLrg)n" log|A™(z)w]
In the case A € A, we will refer to
MA,z) =M (A7) =-2"(4,7) >0

as the Lyapunov exponent. It is for fixed A € A a function in L*®(X) and if
A € PN A, this function is positive almost everywhere. We shall call a cocycle in
A NP nonuniform hyperbolic. For A € X,

X4) = lim n~! [ logll4™()l] dmi(z)

is the integrated upper Lyapunov ezponent. The existence of this limit (taking possi-
bly the value —oo ) can be seen also easily without knowledge of the multiplicative
ergodic theorem, because the sequence

Ca = [ logll4"(@)| dm(z)

satisfies Cpipn £ Cpn 4+ Cn.

The integrated Lyapunov exponent is in the same way also defined for complex-
valued matrix cocycles A € L*(X, M(2,C)). The next lemma gives a formula for
the integrated Lyapunov exponent. In [Led 82] , one can find a more general version
of this lemma.
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Lemma 2.1 If A € PN A and w(x) is a unit vector in W(z) then

MA) = - /x log |A(z)w(z)| dm(z) .

Proof. Call
¥(z) = —log|A(z)w(z)| .

From the multiplicative ergodic theorem, we have

M4) = - lim o™t /x log |A™(z)w(z)| dm(z)

n--1

lim a7 [ 3 9(T(2)) dm(z)

=0

Birkhoff’s ergodic theorem gives now

N4) = [ ¥(@)im(z) = - [ loglA(s)u(a)ldm(z) .

2.3 Induced systems and derived cocycles

If Z C X is a measurable set of positive measure, one can define a new dynamical
system (Z,Tz, mz) as follows: Denote by n(x) the return time for an element z € Z,
which is n(z) = min{n > 1|T"(z) € Z}. Poincaré’s recurrence theorem implies,
that n(x) is finite for almost all z € Z. Now, Tz(z) = T*?)(z) is a measurable
transformation of Z, which preserves the probability measure mz = m{Z)~' m. The
system (Z,Tz,mz) is called the induced system constructed from (X,T,m) and Z.
It is ergodic, if (X,T,m) is ergodic (see [Cor 82]).

The cocycle Az(z) = A™®(x) is called the derived cocycle of A over the system
(Z,Tz,mz). IY is a (n,¢) -Robhlin set and Yye,e = X \ UpZa T*(Y), then the return
time of a point in Z =Y UY,,, is less or equal to n. This implies, that for A € X,
the entries of Az are in L*®(Z).

In the following lemma 2.2, we cite a formula, which relates the integrated Lyapunov
exponent of an induced system A(Az) with A(A). This formula is analogous to the
Jormula of Abramov (see [Den 76]), which gives the metric entropy of an induced
system from the entropy of the system. Lemma 2.2 is also stated in a slightly
different form by Wojtkowsky [Woj 85].

Lemma 2.2 If (X,T,m) is ergodic and Z C X has positive measure, then
AAz) - m(Z) = MA).
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Proof: Given Z C X with m(Z) > 0, the return time
n(z) = min{n > 0| T"(z) € Z}
of almost all z € Z is finite. Define for z € Z

k-1
Ni(z) = Y n((T2)'(2)) -
i=0
Because (X,T,m) is ergodic, we have for almost all z € Z

A(Az)

Jim ™ logl|(Az)"(@)l|

— H -1 Nu(z)
= lim n™" log||A™*)(z)]|

= Jim 222 i N (o) log 4% )

=00

= lim N"T(I) . klim k7llog||A*(2))|

n—co

/Zn(z) dmg(z) - M(A) .

In the last equality, we have used Birkhoff’s ergodic theorem applied to the system
(Zy TZ! mz) to get

Jim Nu(z)/n = /;n(z)dmz(z)

for almost all x € Z. The recurrence lemma of Kac [Cor 82] gives

/Z n(z)dmz(z) = m(Z)™ .

We write

_ ( cos(9) sin(9)
R(¢) = ( - sin(g) :;(tﬁ))'

Given a cocycle A € A, we are interested in the parametrized cocycle 8 — AR(S)
where 3 € R/(27Z).

Let Z be a measurable subset of X with positive measure. We denote with xz the
characteristic function of Z. We will use later the following little technical lemma:

Lemma 2.3 For A€ X and B € R, we have (AR(xz- 3))z = AzR(B)
Proof. Take a z € Z and call k = nz(z). By definition

Az(z)R(B) = A(T*"}(z)) o --- 0 A(z) 0 R(8) .
Because T(z),T%(z), . ..,T*"!(z) are not in Z, we have also

(AR(xz - B))z(z) = A(T*}(z)) o+ 0 A(x) o R(B) .
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2.4 A result of M.Herman
We can write A(x) in the QR decomposition A(z) = D(z) o R(¢(z)) with

D(z) = ( c(;) C'_’(f(”i)) ,

where ¢,c™}, and b are in L*®(X) and ¢ : X — R/(272) is measurable. Crucial for
us is the following result of [Her 83], the proof of which we will repeat here.

Proposition 2.4 (Herman) 3t j" \(AR(B)) d8 > [y log\/((c+¢-1)2 + 82) /4 dm .

Proof. Define the complex number w = ¢* and the complex cocycle
Bu(z)=w- %@ . AR(B) .
Because |w - €*)| = 1 we have
A(AR(B)) = A(Bw)

One can write '
B,(z) = D(z) 0 (G + w? - ¥#9G) ,

1(1 -
G=§(i 1)'

We choose r > 1 and extend the definition of B,, from {Jw| = 1} to {|w| < r}. The
mapping w — B, is a holomorphic mapping from {w| < r} to the Banach algebra
L*(X,M(2,C)). We claim that the mapping

where

w - A(By)
is subharmonic. Proof. For each n € N and almost all z € X, the mapping
w = ba(w, z) = n™" log|| By ()|
is subharmonic on {jw| < r}, because
w s Bl(a)
is analytic there. Define for k € N
anx(w,z) = max(b,(w, z), —k) .
From Fubini’s theorem follows that also

an k(w) =/:Ya,.,k(w,z)dm(1)
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is subharmonic. The sequence k + a, is decreasing and therefore

ax(w) = jnf {ane(w)} = n~! [ log||B3(z)lldm(z)

is also subharmonic.
Finally, also

MB) = igf {an(w)}
is subharmonic. We conclude

1 2
5= | AR ds = /H A(By)dw > MBo)

p=(59)

A(DG)
= ML 'DGL)

/X log \/((c+ c1)2 + b2)/4 dm .

and calculate with

it

M Bo)

o

Denote by v the Lebesgue measure on R/(27Z). Herman’s proposition implies the
following corollary:

Corollary 2.5 v{f € R/(27Z) | A(AR(8)) =0} < 1/X(A).

MAR(B)) < /X logy/(c + c1)? + %) dm

for all § € R/{27Z), we have

Proof. Because

- Ixlogy/((c+c )2 +b2) /4 dm

Jx log \/((c +c 12+ 8% dm

log(2)/ /x logy/((c+ ¢™1)? + b%) dm

log(2)/A(4) < 1/M(4) .

v{B € R/(2r7) | A(AR(B)) = 0}

IN

IA
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3 Results

3.1 Density of nonuniform hyperbolicity

Theorem 3.1 If the dynamical system (X,T,m) is aperiodic, then P N A is dense
in A.

Proof. We assume without loss of generality that the dynamical system is ergodic:
In the general case, we can decompose the system in its ergodic components (See
[Den 76]). The union of ergodic fibers, which are aperiodic, has measure 1. So, it is
enough, to prove the statement for an ergodic aperiodic dynamical system.

Take an arbitrary A € A and an ¢ > 0. We show that there exists B € P N A, with
[IIB — Al|| < e. Choose first a constant p > 1 such that

2llAlll -l = pH < /3. 1)
Take next n € N, n > 0 so big that

+pu!
slllAll - oy S /3. )

Take now a (n,1/n)-Rohlin set Y and call Z = Y U Y, where

n—-1

},re.st = (X\ U Tk(y)) .

k=0

Note that
m(Z) =m(Y) + m(Yreu) < 2/n .

We can easily find a cocycle C € A, with

NC - Alll <¢/3 (3)
such that Cz(z) € SO(2,R) for z € Z and so that additionally

[l < 21141 - 4)

Looking at the induced system (Z, Tz, mz) and the derived cocycle Cz and applying
Proposition 2.4 we see that there exists 8y € R/(27Z), such that

A(CzR(Bo)) > 0.
Using lemma 2.3, we find that the cocycle
D = CR(xzbo)
satisfies Dz = CzR(f;) and so
MDz) = M(CzR(Bo)) > 0.
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Lemma 2.2 gives
MD)=XMDz)-m(Z)>0.

Because the dynamical system is assumed to be ergodic, the Lyapunov exponents
of D are nonzero almost everywhere and there exists according to the multiplicative
ergodic theorem a function z — W{z),which is coinvariant: A(z)W(z) = W(T(z)).
Call u(x) € [0, %) the modulo 7 unique angle a unit vector w(z) € W(x) makes with
the first basis vector in R%. This means that the rotation R(u{z)) turns the first
basis vector into the space W(zr). We use the notation

Diag(y~!) = ( “;1 2 )

The cocycle
E = R(u(T))Diag(p")R(u(T))™' D

has the same coinvariant direction W(x) as D and if we take for z € X a unit vector
w(z) € W(z), we can write using lemma 2.1

.../xloglE(:c)w(:c)Idm(I)
= —Aloglu'lD(z)w(I)ldm(-")

= - [ logD(@)u(z)ldm(c) +log(n)
= D) +log(u) .
1t follows with lemma 2.2 and m(Z) < 2/n that

ME)

]

(Dz) + ‘;i(;))

NDz) + log(k) -

n
log(u) - 5 -

MEz)

[\

v

Corollary 2.5 applied to the cocycle E; over the system (Z,Tz, mz) implies that

2
v{B € R/(27Z)|\(EzR(B)) = 0} < 7 Tog(s)
We find therefore a §; € R/(27Z) with
4
B < 7 Tog(d) (%)

such that A(EzR(81 — fs)) > 0. But then
B = ER(xz(1 — B)) €PN A
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because of lemma 2.2 and because lemma 2.3 implies that Bz = EzR(0; — o).
We claim that |||B — A]|| < e. To see this, we define

F = R(u(T))Diag(u™")R(»(T))™'C .
The norm of F can be estimated as
MFI < NCHE- (e + 671 (6)
Recall the definition of B
B = R(u(T))Diag(s~")R(u(T)) ' CR(x28:) -

Using the inequalities 6, 4, 5and 2, one gets

1B~ Fll < IFIl-18]
< NEl-(w+p7) - 16l
< 24l - (e + 17181

p+pt
sll|Alll - 7 Togln) <€/8.

IA

Further, with the inequalities 1 and 4, we have the estimate

IF=Clll < [lCIlI- N1 - R(u)Diag(u~")R(u)~||
= [llClll- NIR(w)[1 - Diag(u")|R(w)~ |
= lICIlt- liDiag(1 - w~H}|
< MClE- e = w7
< 2lAlll- k-t < /3.

From these two estimates and the inequality 3, the claim
B - Al <e.

follows. ]

3.2 Density of nonuniform partial hyperbolicity

Corollary 3.2 If the dynamical system (X,T,m) is aperiodic, then P is dense in
X.

Proof. Given ¢ > 0 and A € X, we will show that there exists B € P, such that
{IlA — Bj| < €. Note first that the set

{A€ X|36>0,det(A(z)) 2 6 ,a.e.}
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is dense in X'. Take an element C out of this set with
lA-Clll <e/2.
Then D = C/det(C) € A. We can apply theorem 3.1 to get E € AN P, with
1D ~ Elll < 5 - 14et(C)] Loox, -
Call B = E - det(C). Then

NC - Blll = |lID-det(C) - E - det(C)||

D - E| - ]det(c)|L°°(x)
/2

IAN A

and we got an element B € P with

lla-Blll <llA-Clll+lilC - Blll <e.

3.3 Perturbations located on sets of small measure

The proof of theorem 3.1 gives even more information about how one can perturb
a given cocycle A € A, to get into AN P: the proof shows that there exist cocycles
H, and H; arbitrarily near to 1 such that B = H;AH, € PN A.

The Lyapunov exponents of

C = H'BH\(T™") = AH,H\(T™})
are the same as the Lyapunov exponents of B, because for every n € N
H\(TY'B"H(T\Y=C".
This implies

Corollary 3.3 If the dynamical system (X, T, m) is aperiodic there ezists for each
cocycle A € A a cocycle H € A arbitrary near the identity such that

AHePnA.

In the same way, for A € X, there ezist cocycles H € X' arbitrarily near the identity
such that AH € P.

We think that the next corollary could be an explanation for the fact that one
measures so often positive Lyapunov exponents in numerical experiments.
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Corollary 3.4 Assume (X,T,m) is aperiodic. Given € > 0. For A € A, there
ezists B € PN.A (for A€ X, there exists ¢ B € P ) such that |||B — A||| < € and

m{z € X | B(z) # A(z)} < €.

Proof. Again, we can assume that the dynamical system (X,T,m) is aperiodic
ergodic, because if the result is true for all aperiodic ergodic fibers of a given system,
it is also true for the system itself.

Given A € A (the case A € X follows the same lines) and given € > 0. Take n € N
with 2/n < € and choose a (n,1/n)-Rohlin set Y C X and define

z= YU(X\"JT"(Y)) .
. =0

The above corollary 3.3 applied to the induced cocycle Az assures the existence of
a cocycle H over the dynamical system (Z, T, mz) such that

AzHeP

and
lAzH - Azl|| <e.

If we extend the cocycle H to X by setting it to 1 outside Z and define B = AH
we see by Lemma 2.2 that B € P, because

Bz = AzH € P .
The cocycle B is different from A only on Z . We have m(Z) < ¢ and also

B - Al <e.

3.4 An application to circle valued cocycles
We say that A, B € A are cohomologous, if there exists a C € A, such that

A=C(T)AC™.

What are the cohomology classes in .A? Cohomologous cocycles have the same
Lyapunov exponents. So the Lyapunov exponents could help to distinguish different
cohomology classes. One could ask further what are the cohomology classes in the
set

{Ae AIMA) =},
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where ) is a given non-negative number. We will try to deal with this question.
Cocycles cohomologous to 1 are called coboundaries. How big is the set of cobound-
aries? We have to restrict the problem still more in order to make a statement.

By a circle-valued cocycle, we mean an element in

O = L*(X,50(2,R)) .

The Banach manifold O is an abelian subgroup of A. We say, A € O is a coboundary
in O, if there exists a B € O such that A = B(T')B~!. It is not difficult to see ( we
will give a proof in the next chapter), that A € O is a coboundary in A if and only
if it is a coboundary in O.

There are no methods known to decide in general if a given circle-valued cocycle is
a coboundary or not. Even in the simplest cases, this remains a largely unsolved
problem. There exist some analytic conditions in [Bag 88]. The problem has been
studied intensively in the case, when the underlying dynamical system (X, T, m) is
an irrational rotation of the circle [Mer 85] and where the cocycle takes only two
values, because this has application in representations of Lie groups and in number
theory. The concept is also important in the construction of ergodic skew products.

We call C the set of coboundaries in @. They form a subgroup of O. The abelian
group HY(T, SO(2,R) = O/C is called the first cohomology group of the dynamical
system. We don’t know how to determine this group. What we can tell is said in
the following theorem

Theorem 3.5 If the dynamical system (X, T,m) is aperiodic, C is dense in O.

Proof. Because O C A and P is dense in A, we can find for every A € O a sequence
A, — A with A, € P. As in the proof of theorem 3.1, we can find for almost all
r € X arotation R(u,(z)), which turns the first bases vector of R? into a coinvariant
space W,(z) of A,. We can then write

An(2) = R(un(T(2)))Cn(2)R(ua(2)) ™"
where C,(z) is upper tridiagonal. Because
A, - A€0O,
we must have C, — 1. Call
Bn(2) = R(un(T(2)))R(ua(2)) ™ .

Then B, — A and B, €C. [m]
In a more general setup when the group SO(2,R) is replaced by a general locally
compact second countable abelian group, Parthasarathy and Schmidt [Part 77] have
shown that a generic set of cocycles are coboundaries. They take the topology of

convergence in measure which is a weaker topology then the uniform topology we
have taken. Their result doesn’t cover Theorem 3.5.
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4 Complex Matrix cocycles
4.1 Density of nonuniform hyperbolicity for complex ma-
trix cocycles

We consider now the Banach manifold

Ac = L®(X,SL(2,c))
in the complex Banach algebra

Xe = L=(X,M(2,C))
and ask if also here

Pc={A€ Ac| lim n~'log[|A"(z)|| > 0 a.e.}

is demse in A, if the dynamical system is aperiodic.

The multiplicative ergodic theorem is true in general for matrix cocycles with entries
in a local field ([Rag 79]). One can also deduce the multiplicative ergodic theorem
over the complex field from the real case ([Rue 79)). The statement we need here is
the following:
For A € X¢, the limit

M(A) = "]E&((An)tAn)l/%

exists pointwise almost everywhere. The Lyapunov exponents A*/~(A4, ) are defined
again by the eigenvalues

exp(A7(4, 7)) < exp(A*(4, z))
of M(A)(z). For every A in the set of nonuniform partial hyperbolic cocycles
Pe={AeXc|M(A,z) <A (A,12)ae},

there exists a measurable mapping x — W{(z) from X into €2, which is coinvariant.
Furthermore
X(4,3) = Jim n~ log]| 4" z)ul]

for every w € W(z),w # 0. The results 2.1,2.2 and 2.3 are valid also word by word.
The result of Herman has to be formulated a little bit differently:

Proposition 4.1 Assume A can be written as A = Diag{(c)R, where R € O. Then

. -1
2i7r /02 MAR(B))dS > /xlog(l_c_iéi.l) dm .
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The proof follows word by word the proof of proposition 2.4. Note, that because ¢ is
now allowed to be complex, the right hand side can become negative or even —oo.
We can also deduce from this a corollary:

Corollary 4.2 Assume
e+ 2 (Id] + 17 )/2,
then
v{B € R/(2rZ) | MAR(B)) = 0} < 2/\(4) .

Proof. Because
MAR®)) < [ logllel +[c™')) dm

for all § € R/(27Z), we have

Ji log(I2H=l) dm

V{8 € R/CrOINAR(S) =0} < 1= T
< 1 Jxlog(HE) dm
= 77 Telog(ld + [e]) dm
= log(@)/ [ logle| + |e™*) dm
< log{4)/M(4) < 2/A(4).

O

We need still an other concept: dual to the construction of an induced dynamical
system is the If (X,T,m) is a dynamical system integral extension of a dynamical
system and f € L!(X) is a positive integer-valued function, then one can define a
new dynamical system (X/, T/, mf), where

X = {(2,i) |z € Xand 1 < i < f(z)}

and the measure m/ is defined as follows: for any measurable subset (Y,¢) in X7,
one puts

m(Y)

[fdm’

This measure is preserved by the transformation

N f (=i+l) ifi+1< f(z)
T/(z,1) ‘{ (T(2),1) ifi+1> f(z)

m!((Y,4)) =

The space X/ can be visualized as a tower, whose foundation is X and which has
f(z) floors over each point z € X. Under the action of T/, a point (z,1) is lifted
vertically up one floor, if this is possible and else lowered down to the ground floor,
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where it takes the position of the point (T'(z),1). The space X is identified with
(X,1).
It is easy to see, that taking the induced system of the integral extension gives the
old system back

(X!XvTG{’mfx) = (XvTvm) .

On the other hand, if (Xy, Ty, my) is an induced system and
f(z)=min{n 21| T*(z) € Y}
is the return time of a point z € Y, then
X/, T/ ,mf) = (X,T,m).

Also (X, T,m) is ergodic, if and only if (X, T/, m/) is ergodic.
We say, a cocycle Af over the integral extension (X/, T/, m/) is an integral cocycle
of Ac A, if

Aly=4
and [Af];; € L®(Xf). There are of course several possibilities to choose an integral
cocycle. It follows from lemma 2.2, that

A(4)
Ixfdm’
We call X/, Af, P/ the spaces over (X7, T/, mf), which play the role of X, A, P over

(X,T,m). We also denote with ||| - ||| the norm in A
We define U = L=(X, SU(2,C)), where

A =

SU(2,c)={AeSL(2,c)|A*"A=1}
is the space of special unitary matrices. We will need still the following lemma:

Lemma 4.3 For every A € Ac, there ezists U € U, such that U(T)AU™! = DR,
where D is diagonal and R€ O.

Proof. Every A € Ac can be written as A = U, D,U,, where U; € Y and D is
diagonal. So, A is cohomologous to B = D U with Us = U,UrH(T-1).

Every U € U can be written as
U = Diag(d)R(¢)Diag(e)
with d,e, ¢ € L>(X).
We apply this to write U; as Us = D,RD3, where D; € U are diagonal and R € O.
The cocycle B is cohomologous to

C=D;'D,D,R.
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We have now the tools to prove the result analogous to Theorem 3.1. Thke proof is
very similar to the real case and there are only some technical changes which come
from the fact that Herman's result is no more directly applicable.

Theorem 4.4 If the dynamical system (X, T, m) is aperiodic, then PcNAc is dense
n .Ac.

Proof. Again, we assume (X, T,m) to be ergodic and deduce the general case from
this by an ergodic decomposition. There will be no confusion, if we leave away the
index C in A¢ and its subspaces during this proof.

Given A € A. It is enough to show, that for every € > 0 there exists U € U and an
integral extension C/ of

C =U(T)AU™!
with f(z) < 2, such that
IIc? @) < 2iAn?
and such that for some Bf € P/ we have |||Bf — Cf||| < €. The reason for this is,

that we can define then B = B, so that also U(T)~!BU is in P and close to A
independent of the extension and U

NU(T)~'BU - All| = [{U(T)UT)BU - AU-Y|| = |||B - Cll|
< 208 - il AP
< 2P ..

Choose first a constant z > 1 such that

WA - e —p7M < ef2.
Take next n € N,n > 0 so big, that
+p!
167)||Al12 - EE < /2.
Al - 2k <o

Take now a (n,1/n)-Rohlin set Y and call Z = Y UY,,,,. We look at the derived
cocycle Az over the induced system (Z,Tz,mz). From lemma 4.3 follows, that there
exists U € Uz such that U(Tz)AzU~! = Diag(c,)R where R € O. We have

Cz = (U(T)AU™ )z = U(Tz)AzU™" = Diag(c;)R .
Define
2 1<jaz)| L2
Mz)=4 27! 271 <e(z) <1

1 else .
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With f(z) = 1+ xz(z) we construct the integral cocycle

Diag(h(z))C z€Z
1) = { g(C((Jr:) @ otherwise
Cf(z,2) = Diag(h(z)™),

which satisfies C’y = C. Define Z/ = (Z,1)U(Z,2). Then (C’)zs = Diag(c)R with
le+c™ 2 (e + e ™1)/2.

We can also estimate
i/ (@)l < 20ljAlll -
The aim is now, to find Bf € PL, with |||B/ — Cf||| < ¢, which will finish the proof
because then
B - Clif < 2.

From now on, we skip the upper index f. Also this will give no confusion, because
we don’t need any more the old dynamical system (X, T, m). The only systems are
now (X!, T/, mf), which we will denote now with (X,T,m) and the induced system
(Z,Tz,mz) which would have had before the name (sz,,TfZ,,mfZ,). The proof
follows now closely the old proof in the real case.
We have seen, that the derived cocycle Cz can be written as Cz = Diag(c)R, where
¢ satisfies
lo+ e > (Il +1el)/2
because 1
1o ¢ 15,2
Applying proposition 4.1, we see that there exists Gy € R/(272), such that
MCzR(fo)) > 0.

The cocycle
D = CR(xzf)

satisfies Dz = CzR(f;) and so A(D) > 0. Because then the Lyapunov exponents
are different from zero almost everywhere, there exists a mapping = — W(z) from
X to the 1-dimensional complex subspaces of C2, which is coinvariant: A(z)W(z) =
W(T(z)).
Call U the element in U/ which turns the first basis vector into the space W(z). The
cocycle

E = U(T)Diag(u~"YU(T)™'D
has the same coinvariant direction W(zx) as D and if we take for z € X a unit vector
w(z) € W(x), we can write

ME) = - /X log | E(z)w(z)| dm(z) = (D) + log(y) .
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It follows, that n
MEz) 2 log(p) - 3

Corollary 4.2 applied to the cocycle Ez over the system (Z, T, mz) implies that we
can find a By € R/(2rZ) with

87
< —20
s o

such that A(EzR(0: — (o)) > 0. But then
B = ER(xz(b — fo)) € PcNAc

because Bz = EzR(5 — fo)-
We claim, that |||B — C||| < e. To see this we define

F = U(T)Diag(p~YU(T)"C.

The norm of F can be estimated as ||| F]|| < |||C}|| - (& + £7!). Recall the definition
of B
B = U(T))Diag(u™")U(T) "' CR(xzf1) -

We get
B —Fll < NFH-18 < NCHE- (e + 671 - 184 .
< Al e+ i) 18] < 6mllAl - ETE < o2
Further,
IF—clil < [licll- Il - UDiag(u="yU~"}il = ICIII - U1 ~ Diag(u~") U]

<
= IlClll - IDiag(l — &Il  HNCHI - {1 — 7Y
< 24l - e - pT < ¢f2.

From these two estimates, the claim
B —-Clli <e

follows. o

4.2 Corollaries for complex cocycles

In the same way then in the real case, we can deduce some corollaries. Because the
proofs are identical, we will leave them out.

Corollary 4.5 If the dynamical system (X, T, m) is aperiodic, Pe¢ is dense in X¢.
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Corollary 4.6 If(X,T,m) is aperiodic, the density results hold also with the metric
d(A, B) = |[|A = B|| + m{z € X|A(z) # B(z)} .

The set of coboundaries in U don’t form a group because I is not Abelian. But also

here we get

Corollary 4.7 If (X,T,m) is aperiodic, the coboundaries are dense inl{.

Because SU(2,C) is a 2 : 1 covering of SO(3,R), we get immediatc;ly

Corollary 4.8 If (X,T,m) is aperiodic, the coboundaries are dense in

L*(X,S0(3,R)) .

Remark. Questions about coboundaries seem to be more subtle in the case of smooth
cocycles. Nerurkar [Ner 88] shows that the set of not-coboundaries in the set of of
C" circle-valued cocycles is residual if the transformation T has a sufficient quick
periodic approximation. Elliasson [Eli 91} looked at real analytic o(3, R)-valued co-
cycles over an ergodic Kronecker flow on the torus T¢ where the rotation vector is
Diophantine and showed that generically the skew product flow has a unique in-
variant measure which implies that not-coboundaries are residual in the space of
cocycles.

5 Cocycles from Schrédinger operators
We would like also to calculate the Lyapunov exponent A on the subset

Viz) -1

3={AeA|A($)=A(V»x)=( 1 0

),VeL°°(X)}

of A, which can be identified with the Banach space L*(X). To a random Jacobi
operator L = o 4+ 0™ 4+ V belongs the cocycle A(V) € B. The Lyapunov exponent
of the transfer cocycles A(V + E), with energy parameter E € R gives information
about the spectrum of L. If A(A(V + E)) > 0 for almost all E € R, then the spec-
trum has no absolutely continuous part.

We would like to know the size of
PnB={AV)]|MA(V)) >0}

or
(PnB)t = {A(V)| A(A(V + E) > 0,for almost all E € R} .

One expects that for general V € L®(X)
A(gV)ePnB
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or even
A(gV) € (PnB)*
for large enough |g|.

Proposition 5.1 If (X,T,m) is aperiodic then P N B is dense in B.

The idea of the proof is to use a induced dynamical system and to apply the density
result for P. The proof will need the following lemma.

Lemma 5.2 For every k > 0 there exists a measurable set Z C X of positive
measure such that the return time of a point z € Z to Z is in the set {k, k+1,...,2k}.

Proof. Take a (k,1/2) Rohlin set Y and build the Kakutani tower (also called
Kakutani skyscraper)
x=Ux,
where X; =Y and
Xnt1 =T(X)\Y .
Each point in the set
z= T (Xy)

i=1
has the return time in the set {k,...,2k}. a

Proof of the proposition.

Fix a measurable set Z such that every point z € Z has return time in {4,...,8}.
Define X; = T*"Y(Z) fori =1,...,4.

Given A = A(V) € B and € > 0. We want to find A € B with

MA-4lll<e
and A € P. Write
Az(z) = A(T32)A(T*z)A(Tz))A(z)R(z) .

A direct calculation for
-1 _ a(z) b(z)
art = (40 60)
A(T32)A(T?2) A(Tz)) Alz)
A(Ve(2))A(Vs(x))A(Va(x)) A(Vi(2))
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gives
dz) = 1-Va(z)Vs(z)
b(z) = Vi(z) + Va(2) - i(z)Va(2)Vs() = Va(2) + Vi(z)d(z)
o(z) = -Valz) - Va(z) + Va(2)Va(a)Va(z) = —Va(2) + Vi(2)d(z)
1 — b(z)c(x)
a(:c) = ——W .

By replacing V;(z) with some suitable Vi(z) near Vi(z), we can find for some ¢, > 0
a cocycle A € B with

A - 4l < 5
such that 32) B(z)
It - alr z
ia@= (30 1)

satisfies |d(x)] > €; > 0 and [d(z) — 1| > ¢ > 0. We apply now the density result of
P in A. For every § > 0 there exists

(a b)RGAznPZ
¢ d
such that

&(z) - a(z) Hz) - b(z)
(502 an i Juse

We define a cocycle A € B satisfying A(z) = A(Vi)(z) for z € X;, where for

reUL, X

Vala) = Th(a)
Va(z) = (1-d(z))/V(z)
Vi(z) = (¢+Vh)/d(z)
W(z) = (b-Vh)/d(x)

and A(z) = A(:c) forz € X\ U -1 Xi- Because Va(z) and d(x) are bounded away
from 0, this map b, ¢,d — W, Vg,V;,V4) is continuous near (&, b, ¢, d). By choosing
6 small enough, we obtain for almost all z € Z

V(z) - V(2)| <

N»l"\

implying o ¢
[EEFIEES

Because Ay is in P, also A € P. Furthermore
MA- Al <A- Al +]I1A- Al Se/2+€/2<e.
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6 Discussion

6.1 Aperiodicity

The aperiodicity condition for the dynamical system (X,T,m) is necessary in all
the results. A periodic ergodic dynamical system is just a cyclic permutation of a
finite set X. If the cardinality of X is N, and A € A is given, then the Lyapunov
exponents of A can be written as

M/=(A4,z) = N log |ut/|

where ™/~ are the eigenvalues of A¥. The Lyapunov exponents are different, if and
only if tr(A¥)| > 2. We see, that P N A is an open set in A and also A \ P has
nonempty interior.

Given A € O. If A = B(T)B~! is a coboundary, we have
AY = B(T¥)B ' =1.
The necessary condition AY =1 for A to be a coboundary is also sufficient: Let
Ay, Ag, . AN

be the values A takes on the set X = {1,2,...N} and assume A" = 1. Define B; =1
and
By =AjAy--- Ay

for k=2,..,N. Then Ay = By B! forall k = 1,...,N and A is a coboundary.
So, coboundaries form a (N — 1)-dimensional manifold in the N dimensional torus
0 = 50(2,R)Y.

6.2 Open problems
o We conjecture that P is generic in .4 or that P contains even an open dense subset.

¢ Do there exists analogous results for L*°(X, M(d,R)) and L*°(X, M(d,cC)) for
d>2?

¢ Can one find also a density result in X° = C%(X, M(2,R)) if T is a homeomor-
phism on a compact metric space?

¢ Is it even possible to find analogous results in X" = C™(X,M(2,R)) if T is a
C"-diffeomorphism on a C™-manifold?
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¢ More powerful methods to decide if A € P or not are still needed. Are the Lya-
punov exponents of the standard mapping positive on a set of positive measure?

¢ We conjecture that for a general compact connected topological group G, the set
of coboundaries are dense in L*(X, G).
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Abstract

Let T be an aperiodic automorphism of a standard probability space (X, m).
Let P be the subset of A = L*(X, SL(2,R)) where the upper Lyapunov ex-
ponent is positive almost everywhere.

We prove that the set P \ int(P) is not empty. So, there are always points in
A where the Lyapunov exponents are discontinuous.

We show further that the decision whether a given cocycle is in P is at least
as hard as the following cohomology problem: Can a given measurable set
Z C X be represented as YAT(Y) for a measurable set Y C X?

1 Introduction
We want to investigate the Banach manifold
A = L=(X,SL(2,R))

of all measurable bounded SL(2, R)-cocycles over a given aperiodic dynamical system
(X,T,m). We are interested in the subset P of cocycles where the upper Lyapunov
exponent

X(4,2) = Jim 7 log|4"@)

is positive almost everywhere.

We have shown [Kni 2] that P is dense in A. This could give some explanation
why one encounters so often positive Lyapunov exponents when making numerical
simulations.

Numerical experiments suggest also that the Lyapunov exponents behave irregular
in dependence of parameters. We prove in this chapter that the set P \ int(P) is
not empty. On this set the Lyapunov exponent is discontinuous. Discontinuity of
Lyapunov exponents has been mentioned at different places (see [You 86]). The only
published result we found is in [Joh 84] in the case of sI(2,R)— cocycles over almost
periodic flows. proved there that discontinuities can already occur when changing a
real parameter of the cocycle. His situation is different from ours in that he has a
special flow and special cocycles occurring in the theory of Schrédinger operators,
where we have an aperiodic but else arbitrary discrete dynamical system.

The idea for producing examples where A* is discontinuous, is to exchange the
expanding and contracting directions of the cocycle. This idea is not new and has
been used in [Kif 82] to give examples where the Lyapunov exponent of identically
distributed independent random matrices depend discontinuously from the common
distribution. Our situation is different, because Kifer changes the dynamical system
and not the cocycle. We will see that the exchanging of expanding and contracting
directions must be done carefully. It can happen that the exchanging is making
stable a part of the unstable directions and unstable a part of the stable directions.
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This, we don’t want. A cohomology condition for measurable sets will assure that
the stable and unstable directions become indistinguishable. This will give zero
Lyapunov exponents. For certain cocycles, which we call weak, we can make such
an exchanging by small perturbations.

‘We mention now some results which concern the regularity of the Lyapunov expo-
nent: Hélder continuity (and in some cases even C* smoothness) of the Lyapunov
exponent with respect to a real parameter has been shown by le Page [Pag 89] in
the case of independent identically distributed random matrices.

Ruelle’s ([Rue 79a]) results show that there is an open set in .A where the Lyapunov
exponent is real analytic. It is the set

S={A€A|3Cc A, 3e>0, [C(T)AC(z)}; > ¢}

which is contained in int(P). One could call S the uniform hyperbolic part of A (or
the set with exponential dichotomy [Joh 86] ) and P\ S the nonuniform hyperbolic
part. The elements in P \ intP which will be constructed here are not uniform
hyperbolic. But we will see that we can choose such elements in the closure of S.
Unsuccessful efforts to find more powerful methods to prove positivity of the upper
Lyapunov exponent of SL(2,R)— cocycles led us to believe that the question whether
Ais in P is difficult and subtle in general. We want to illustrate this by showing that
the decision is at least as hard as deciding whether a certain circle-valued cocycle is a
coboundary. The circle-valued cocycles considered here have the range Z; = {1, -1}.
The group & of such cocycles can be identified with the set of measurable subsets of
X with group operation A. The elements in ZAT(Z) are called coboundaries and
form a subgroup. We will prove that the positivity of the Lyapunov exponent of a
cocycle can depend on the question whether a certain set is a coboundary or not.
This question about coboundaries has been investigated in [Bag 88]. In the special
case, when (X, T,m) is an irrational rotation on the circle and the sets considered
are intervals, the problem has been treated in ([Vee 69], [Mer 85]). Even in this
reduced form, the coboundary problem is still not solved.

2 Preparations

A dynamical system (X, T, m) is a set X with a probability measure m and a measure
preserving invertible map T on X. We assume that (X, m) is a Lebesgue space and
that the dynamical system is ergodic. The later involves no loss of generality because
the arguments can be applied to each ergodic fiber of the ergodic decomposition in
general. The dynamical system is called aperiodic if the set of periodic points

{reX|3ne N with T*(z) =z}

has measure zero.
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Denote by M(2,R) the vector space of all real 2 x 2 matrices equipped with the
usual operator norm || - ||. In the Banach space

L>(X,M(2,R)) = {A: X - M(2,R)| A;; € L=(X)}
with norm |||A]]] = | [|A()]] | oo (xy lies the Banach manifold
A= L*(X,SL(2,R)),

where SL(2, R) is the group of 2 x 2 matrices with determinant 1. Take on A the
induced topology from L=(X, M(2,R)). Denote by o matrix multiplication. With
the multiplication AB(z) = A(z) o B(z) the space L*(X, M(2,R)) is a Banach
algebra. Denote by A(T") the mapping = — A(T(z)). For n > 0 we write

A" = A(T™Y).-- A(D)A

and A® = 1 where 1(z) is the identity matrix. The mapping (n,z) — A™(z) is
called a matriz cocycle over the dynamical system (X, T,m). With a slight abuse of
language we will call the elements in .A matriz cocycles or simply cocycles.

Denote by * matrix transposition. According to the multiplicative ergodic theorem
of Oseledec (see [Rue 79]) the limit

M(A)(z) := lim ((A")"(z)A"(z))"/2"
exists almost everywhere for A € A. Let
exp(A7(4, 7)) < exp(A*(4, 1))

be the eigenvalues of M(A)(x). The numbers A\*/~(4,z) are called the Lyapunov
ezponents of A. Because T is ergodic we write A*/~(A) for the value, A\*/~(4, z)
takes almost everywhere. Because M(A)(z) bas determinant 1, one has —A~(A4) =
MAH(A). We call A(A) = A¥(A) the Lyapunov ezponent of A and define

P={AcA|NA)>0}.

For A € P, there exist two measurable mappings W/~ from X into the projective
space P! of all one dimensional subspaces of R? which satisfy the co-invariance
condition

A(@)WH(z) = WH(T(z)) .
W+/=(z) are the eigenspaces of M(A)(z). Given A € A we can define the skew
product action T x A on the space X x Pl

TxA:(z,W)m (T(z), A(x)W) .

The projection 7 from X x P! onto X defines a projection 7* of probability measures.
We say, a probability measure p2 on X x P! projects down to 7*u. Ledrappier [Led 82]
has found an addendum of the multiplicative ergodic theorem. We report here only
a special case. For W € P! we will always denote with w a unit vector in W.
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Proposition 2.1 @) If A € P, there ezist exactly two ergodic T x A invariant
probability measures p*/~ on X x P! which project down to m and one has

A*-(A) = /x _p loB | A}l dut' (2, W)

The measures u*/~ have their support on
X = {(z,W*(z))|z € X} .

b) For every ergodic T X A invariant probability measure p which projects down to

m
Na)=| [ logla@ul du(z, W)

Remark. Part a) of Proposition 2.1 has been stated also in [Her 81] and in the case
of cocycles with random noise in [You 86).

Let Z C X be a measurable set of positive measure. A new dynamical system
(Z,Tz,mz) can be defined as follows: Poincaré’s recurrence theorem implies that
the return time

n(z) = min{n > 1| T"(z) € Z}

is finite for almost all z € Z. Now, Tz(z) = T™*)(z) is a measurable transforma-
tion of Z which preserves the probability measure mz = m(Z)~!- m. The system
(Z,Tz,mz) is called the induced system constructed from (X,T,m) and Z. It is
ergodic if (X, T, m) is ergodic (see [Cor 82]).

The cocycle Az(z) = A™®(z) is called the derived cocycle of A over the system
(Z,Tz,mz). In the following lemma 2.2 we cite a formula which relates the Lya-
punov exponent of an induced system A(Az) with A(4). This formula is analogue
to the formula of Abramov (see [Den 76]) which gives the metric entropy of an in-
duced system from the entropy of the system. Lemma 2.2 is also stated in a slightly
different form by Wojtkowsky [Woj 85].

Lemma 2.2 (Wojtkowsky) If m(Z) > 0 then M(Az) - m(Z) = A(A).
Remark. Wojtkowsky gives the formula

MAz) = /Z n(z) dmz(z) - M(A).

The version given here follows with the recurrence lemma of Kac [Cor 82] which
says

/Zn(:c) dmz(z) = m(Z)!.
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3 Cocycles with values in {1, -1}

We denote with £ the set of {1, —1}—valued cocycles
E={Ae A| A(z) € {1,-1}}.

To each A € £ we can associate a measurable set
Y(A)={re X | Alx)=~-1}.

It is easy to see that
Y(A)AY(B) = ¥(AB) ,

where A denotes the symmetric difference. The map ¢ is invertible. So the group
£ is isomorphic to the group of measurable sets in X with group operation A. We
call a measurable set Y a coboundary if there exists a measurable set Z such that
Y = ZAT(Z). Also A € £ is called a coboundary if ¢/(A) is a coboundary. Call C
the subgroup of coboundaries.

The group

H(T,2,) = £/C

is the cohomology group of measurable sets. We don’t know how to determine it.

We will use the notation Y = X \ Y. Given a cocycle A € £ we can build a skew
product T x A on X x {1,—1} as follows:

T x A:(z,u)— (T(z), A(z)u) .
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It leaves invariant the product measure m x v where v is the measure ¥({1}) =
v({-1}) =1/2 on {1,~1}. One can see the skew product action T’ x A as follows:
Take two copies of the dynamical system (X,T,m). The dynamics is then given
on both copies as usual. Only when hitting the set 1(A4) one jumps to the other
system.

A necessary and sufficient condition under which the ergodicity of (X, T, m) implies
the ergodicity of (X x {1,-1},T x A, m x v) is given in the following result of Stepin
(Ste 71}:

Proposition 3.1 (Stepin) For A € £ the skew product T X A is ergodic if and
only if A is not a coboundary.

Proof. Assume A =% }(Y) and Y = ZAT(Z). The set
Q=2Zx{1}uZ°x {-1}

is T X A invariant. Therefore T' X A is not ergodic.
On the other hand, assume A = ¢~!(Y) and there exists a set @ C X x {1,—1}
satisfying 0 < (m x v)(Q) < 1, which is T x A invariant. Let Z be defined by the
equation

QN X x{1}) =2 x {1}.
One checks that Y = ZAT(Z). So, A is a coboundary. 0

Remark. There exists a generalization of the above result (as formulated in {Lem 89]).
Take a compact abelian group G with Haar measure v. A measurable map A: X —
G is called a G — cocycle. Such a cocycle defines a skew product T X A on X x G:

(T x A)(z,9) = (T(z), Alz)g)

which preserves the measure m x v. The result is that T x A is ergodic if and only
if for any nontrivial character x € G the circle-valued cocycle z — x(A(z)) is not
a coboundary. The proof given in [Anz 51] in the case where G is the circle can be
modified easily to prove the general result. As a special case, if G is the cyclic group
of order 2, one gets the above result of Stepin.

Lemma 3.2 A measurable set Y with m(Y) > 0 is a coboundary if and only if
(Ty)? is not ergodic.

Proof. Assume first that Y is a coboundary Y = ZAT(Z). Call Z, = Z\ T(2)
and Zz = T(Z) \ Z. Then Ty(zl) = Zz and Ty(Zz) = Zl imply (Ty)2(zl) = Zl.
Therefore (Ty)? is not ergodic because 0 < m(Z;) < 1/2.

If on the other hand (7y)? is not ergodic then 3Z C Y with (Ty)*(Z) = Z and
0 < m(Z) < m(Y). We claim that Y = ZATy(Z). Because

ZNTy(2) = (T)Z)NTv(2) = T¥(T¥(Z2)N 2Z) ,
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the ergodicity of Ty implies that Y = Z NTy(Z) or m(Z NTy(Z)) = 0. The first
case implies Y = Z which is not possible because of the assumption m(Z) < m(Y).
So m(Z NTy(Z)) = 0. The same argument with Z’ = Y \ Z implies

m(Z'NTy(Z) = m(Y \ (ZUTy(Z))) =0.

FromY = ZUTy(Z) and m(ZNTy(2)) = 0 we get Y = ZATy(2).
If n(x) denotes the return time of a point £ € Y to Y we define

U={T*z)lz € Z,k=0,...,n(z) - 1} .
Then
UAT(U) = ZATy(Z) =
and Y is a coboundary. 0O

We define on € the metric

d(A, B) = m({z € X | A(z) # B(z)}) = m(¥(A)A¢(B))
which makes £ to a topological group.

Proposition 3.3 If the dynamical system is aperiodic then the set of coboundaries
as well as its complement are both dense in £ with respect to the metric d.

Proof. It is known that the set of A = ¥~(Y) such that (Ty)? is not ergodic is
dense in £ (See [Fri 70] p. 125). Applying lemma 3.2 gives that coboundaries are
dense.

It is known that the set of A = ¢~}(Y) such that Ty is weakly mixing is dense in
E([Fri 70] p. 126). If Ty is weakly mixing also (Ty)? is weakly mixing ([Fur 81]
p.83) and (Ty)? must be ergodic. Apply again lemma 3.2.

Remarks.

¢ In proposition 3.3 has entered the assumption that the probability space (X, m)
is a Lebesgue space. There exists an automorphism of a probability space such that
each measurable set Y is a coboundary. (See [Akc 65)].)

o Proposition 3.3 gives some indication that the decision whether a set is a cobound-
ary or not might be subtle, especially when trying to deal with the question numer-
ically.

¢ Let us mention that for an ergodic periodic dynamical system (X,T,m) a set

Z C X is a coboundary if and only if the cardinality of Z is even. This follows
quickly from the above lemma 3.2. Proposition 3.3 is no more true in the periodic
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case.

¢ Of course the construction of coboundaries is easy: take a measurable set Z C X
and form the coboundary Y = ZAT(Z). On the other hand, we don’t know of an
easy construction of sets which are not coboundaries.

Lemma 3.4 Assume Z CY C X with m(Z) > 0. Then, Z is a coboundary for T
if and only if Z is a coboundary for Ty.

Proof. Because (Ty)z = Tz we have also ((Ty)z)? = (Tz)?. The claim follows with
lemma 3.2. 0

We will use the following corollary of the Proposition 3.3:

Corollary 3.5 For every Y C X withm(Y) > 0 there exists Z C Y which is not a
coboundary.

Proof. Look at the dynamical system (Y,Ty,my). If (X,T,m) is aperiodic the
proposition 3.3 assures that there exists Z C Y such that Z is not a coboundary for
Ty. This means with lemma 3.4 that Z is not a coboundary for T. If (X,T,m) is
periodic, choose Z C Y which consists of one element. This Z is not a coboundary
because (Tz)? is trivially ergodic. O

4 Continuity and discontinuity of the Lyapunov
exponent

Computer experiments indicate that the Lyapunov exponent X is discontinuous.
But from the topological point of view we have a big set, where X is continuous.
Recall that a subset of a topological space is called generic if it contains a countable
intersection of open dense sets. The complement of a generic set is called meager.

Theorem 4.1 The set
{A € A| )iscontinuous in A}

is generic in A.
P\ intP is meager.

Proof. We can write
MA) = lim Mn(4)

with
Aa(A) =n"! /log”A”H dm .

(5]



So, A is the pointwise limit of continuous functions A,. A theorem of Baire (see
[Hah 32} p.221 or the Appendix of this chapter) states that the set of continuity
points of such a function is generic.

The set P\int(P) is a subset of all the discontinuity points. It is therefore meager. O

Definition. We say a cocycle A € P is weak on Y C X if the following three
conditions are satisfied:

a) the return time to Y is unbounded,

b) A(z)=1forz €Y,

c) (1,0) € W*(z) and (0,1) e W-(z) forz € Y.

We call A weak, if A € P and there exists Y C X with 0 < m(Y') < 1 such that 4
isweak on Y.

Lemma 4.2 There exist weak cocycles if (X,T, m) is aperiodic.

Proof. If the dynamical system is aperiodic, there exists for every n € N,n > 0
and every € > 0 a measurable set Z such that Z,T(Z),...,T""}(Z2) are pairwise
disjoint and such that m(Up=3 T¥(Z)) > 1 — €. This is Rohlin’s lemma (for a proof
see [Hal 56]) and the set Z is called a (n,e)— Rohlin set.

Define the set o n
Y=U UT"Z),

n=1 k=1
where Z, is a (n2",1/2)-Rohlin set. Then m(Y) < 1/2 and the return time to ¥©

is not bounded. Take a diagonal cocycle D(z) = Diag(u(z), u~!(x)) with u(z) =1
for z € Y and p(x) = 2 for z € Y*. This cocycle D is weak. (]
The main result in this section is:

Theorem 4.3 P\ int(P) is not empty if and only if (X, T, m) is aperiodic.

For the proof we will need another lemma. Call

[ cos(d) sin(9)
Ri¢) = ( Zon@) cos(¢))

and denote with X'z the characteristic function of a measurable set Z C X.
Lemma 4.4 IfA€ P isweskon Y and Z C Y is not a coboundary then the cocycle
B(z) = R(x/2- X3(z))A(z)

is in A\ P.
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Proof. Given a cocycle A which is weak on Y C X. The two sets
XH~ = {(z,W*~(z))lr € X} C X x P!

are invariant under the skew product action T'x A. We call T/~ the action of T x A
restricted to X*/~ and g/~ the two ergodic T' x A invariant measures projecting
down to m. The dynamical systems (X*/~,T+/~, y*/~) are isomorphic to (X, T, m).
Define

B(z) = R(r/2- X2(z))A(z) ,

where Z C Y is not a coboundary. The set X* U X~ is invariant under T x B and
(u*+p7)/2 is an invariant measure of T x B which projects down to m. The system
(Xt*UX~,T x B,(p* + u~)/2) is isomorphic to (X x {1,-1},T x ¢v~Y(2Z),m x v)
which we have met in the last section. Stepin’s result implies that the measure
(u* +p7)/2 is an ergodic T x B invariant measure on X x P'. This gives then with
proposition 2.1b)

XB) = | [logla(@)uldu*(z, W) + [ loglA(@)uldu(z,W)/2

IA*(A4) + A~(4)|/2=0.

0

Proof of theorem 4.3. Assume (X,T,m) is aperiodic. It is enough to show: if A is
weak then 4 € P\int(P). With Lemma 4.2 follows then that P\ intP is not empty.
Let A € P be weak on Y and let ¢ > 0 be given. We will construct a B € A
such that A(B) = 0 and |||B — A||| < e. Take n so big, so that {||A]|| - 7/2n < e.
Choose V C Y*, such that T(V),...,T*(V) are disjoint from Y and m(V) > 0.
This is possible because the return time to Y* is not bounded. Then there exists
with corollary 3.5 a set Z C V which is not a coboundary. Define

v=x\UT42)
k=1

and look at the induced system (U, Ty, my). Then Ay is weak over Y N U and with
lemma 3.4 follows that Z is not a coboundary for Ty, because it is not a coboundary
for T. Application of lemma 4.4 gives that

C =R(x/2-Xz)Ay
has zero Lyapunov exponent. Define the cocycle
B(x) = R(n/(2n) Xy-(z))A(z) .

We check that
BU =C.
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This gives with lemma 2.2 and A(C) = 0 also A(B) = 0. Further
B - Alll < [}4lll - 7/2n < €.

We have shown that a weak cocycle is in P \ intP.
If (X, T, m) is periodic then the Lyapunov exponent is continuous and so P = intP.

0

Remarks.

o We say A,B € A are cohomologous in A if there exists C € A, such that
C(T)AC~! = A. Cohomologous cocycles have the same Lyapunov exponents and if
A is conjugated to a weak cocycle then it is also in P\ intP.

e It was surprising for us to find diagonal cocycles in P \ intP. We expected that
the arbitrary closeness of stable and instable directions are responsible for the dis-
continuity of the Lyapunov exponent. This can also be the case as the following
remark indicates.

¢ Assume A € P\ int(P) and A, — A with A(4,) = 0. Because P is dense in
A (see [Kni 2]) we can find B, — A with |||B, ~ 4,]|| < 1/n and B, € P. If ,
denotes a T x B, invariant probability measure projecting down to m then g, con-
verges weakly to (u* + u~)/2 where p¥/~ are the T x A invariant ergodic measures
projecting down to m. In some sense the stable and unstable directions of B, come
closer and closer together as n is increasing.

5 Difficulty of the decision whether the Lyapunov
exponent is positive

There are only a few methods to decide whether A € P or not. The only method
which works for general dynamical systems is Wojtkowsky’s cone method {Woj 85].
But there are many examples where one measures positive Lyapunov exponent nu-
merically without being able to prove it. This suggests that the general problem is
difficult. The next theorem could be one of the reasons for the subtlety.

Theorem 5.1 Given a measurable set Y C X with 0 < m(Y) < 1. There erists
A€ A, such that B = R(x/2- Xy)A € P if and only if Y is a coboundary.

Proof. Given Y € X with 0 < m(Y) < 1 we build the Kakutani skyscraper over Y,
which is a partition X = >, Yi, where Y1 = Y and Y,y = T(Y,) \ Y.

We have m(Y2) > 0 because m(Y) < 1. Define U = Y; and the diagonal cocycle
A(z) = Diag(2,2"!) for € U and A(z) = 1 else. The Lyapunov exponent of A is

A(A) =1log(2) - m(U) > 0.
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Clearly the vector (1,0) is in W*(z) and the vector (0,1) is in W~(z). We denote
with u*/~ the two ergodic T'x A invariant measures on X x P! which project down
to m and have their support on

X¥= = {(z,W*(2))|z € X} .

If'Y is not a coboundary, we conclude like in the proof of Lemma 4.4 that (u*+47)/2
is an ergodic T x B invariant measure projecting down to m and so A(B) = 0.
If Y is a coboundary, that is if Y = ZAT(Z), there is a T x A invariant set

Q={(=W"@)|zeZ}U{(z,W(z)) |z € Z°}.

This set Q carries an ergodic T x A invariant measure p which projects onto the
measure m. Because U =Y, is disjoint from Y either U C ZNT(Z) or U is disjoint
from Z UT(Z). This implies U C Z or U C Z°¢ and we have either

{(z,W¥*(z)) |z €U} cQ

or
{zW-(z))lz€U}CQ.

Because A() is different from the identity matrix only on U and is there Diag(2,2"!)
we have

AB) = | leoglA(x)wl du(z, W)|

log(2) - m(U) = M(A) > 0.

m]

If we would have an algorithm to find out whether a given cocycle A € A is in P
or not we could also find out for a measurable set Z C X if Z is a coboundary or
not. So, the cohomology problem in £ exhibits already a difficulty for calculating
or estimating the Lyapunov exponents.

6 Open questions

Let us mention to the end some open questions:

¢ Assume T is a homeomorphism of a compact metric space X leaving a Borel
probability measure m invariant. Is the upper Lyapunov exponent continuous on

C(X,SL(2,R)) = {A: X — SL(2,R) | A continuous} ?

® We believe that the cohomology problem in £ is difficult. Is there a difficult math-
ematical problem which is embeddable in the cohomology problem for measurable
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sets?

¢ For which r > 0 is there a nonempty set in A such that the Lyapunov exponent
is there r times but not 7 + 1 times differentiable?

¢ Can discontinuities of the Lyapunov exponent A occur on special curves through
A? In the theory of random Jacobi matrices [Cyc 87} one would like to know about
regularity properties of A on the curve
V+E -1
EwvAp= ( 10 ) '
where V € L*(X, R). Johnson [Joh 84] has examples for discontinuities in the case
of almost periodic Schrodinger operators. An other interesting curve would be the

circle .
B AR(B) = A ( _c:fﬁf;) Z’;% ) )

Can we always find A € A, where 8~ A(AR(f)) is not continuous?

o Is every A € P\ int(P) cohomologous to a weak cocycle ?

7 Appendix: A remark about cohomology

Let £ denote the set of Z, valued cocycles, O the set of circle valued cocycles and A
the set of SL(2,R) cocycles over a dynamical system (X,T,m). The group £ as the
center of the multiplicative group A and at O as a maximal abelian subgroup of A.
We will prove, that A € £ is not a coboundary in £, then A is neither a coboundary
in O nor a coboundary in A. This implies that if we find cocycles, which are not
coboundaries in £ then we have found also cocycles which are not coboundaries in

A.

Lemma 7.1 (a) A € € is a coboundary in £ if and only if it is a coboundary in O.
() If Ay, A3 € O and 3C € A such that A} = C(T)A;C~?, then there ezists C € O
with A = C(T)Agc_l .

(c) A € O is a coboundary in O if and only if it is a coboundary in A.

(d) A € € is coboundary in £ if and only if it is a coboundary in A.

Proof. We assume without loss of generality, that the dynamical system is ergodic.
In the general case, we can decompose the system in its ergodic components and
if the statement is true for every ergodic fiber, then it is also true for the system itself.

(a) Given A € £. We have only to show, that 3B € O
A=B(T)B!
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implies 3B € £
A=B(T)B!.

The other direction is trivial. From the relation A = B(T')B~!, we get B(T) = £B.
Because the system is ergodic, |B;;(z)| is constant for all i, € {1,2}. This means,
that

B(z) = C(z)R(¢(z)) ,
where ¢(z) is a constant and C(z) € {—1,1}. We can choose ¢ = 0 by replacing
B(z) by B(z)R(¢)~. We have thus found C € £ with A = C(T)C~.

(b) Given A;, A; € O and C € A such that 4; = C(T)A,C~L.
We write C = R1DR,, where D = Diag(p, p~!) is diagonal and R; € O. Then

Ry(T)A:R;'D = D(T)R(T) ARy,

and we can write
B,D = D(T)By

for B; = Ri(T)A:R;!. If Bi(z) is a rotation about an angle ¢i(z), we have

( cos(¢o)us  sin(@)pu~! ) =( cos(d)u(T)  sin(¢yu(T) )
—sin{¢o)p cos(gp)u™? —sin(¢ )(T)? sin(pu(T)Y) ) -

From these four equations, we can derive

cos?(¢),
sin*(¢)

cos2(¢1)
sin®(¢,)

and
cos{¢y)/ cos(¢e) = p/u(T) > 0

which implies 4 = p(T) and ¢, = ¢p. If ¢ # 0. We deduce from sin(¢;)u™! =
sin(@e)p(T), that p=1. If ¢ =0,

1=8B=R(T)A\R' = RyAsR;' = By =11

and C’ = Ry R, gives
C'(T)A:C'™ ' = 4 .

(c) is a special case of (b).
(d) follows from (a) and (c) together. ]
This has the following consequence for the cohomology groups:

Corollary 7.2 H(T, ;) is a subgroup of H(T, SO(2,R)), which is a subset of H(T, SL(2, R)).
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Proof. There is a natural inclusions £ C © C A. Denote in these groups the
coboundaries with Cg,Cey,C A+ The cohomology groups are defined as H(T,z,) =
£/Cg, H(T,SO(2,R)) = O/C and we have the set of cohomology classes H(T, SL(2,R)) =
A/C 4. There is a trivial inclusion Cg C Cy C C 4 The above lemma 7.1 showed
that Ce = CnNE, and Coy = C 4NO. Tt follows that H(T,2,) = £/Cg is a subgroup
of (0)/C and this is a subset of the set of cohomology classes in A. a

8 Appendix: The theorem of Baire
We add a proof of Bair’s theorem. The theorem can be found in [Hah 32].

Theorem 8.1 (Baire) Given a complete metric space (X, d) and a sequence f, of
real valued continuous functions on X, which converge pointwise to a function f.
Then, the set of continuity points of f is generic.

Proof. Define for 7,5 > 1

A = {z € X ||f(z) - filz)| £1/5}
and w0
Aj = U int(A,-,-) .
i=1
Then A =32, A; is the set of continuity points of f.
Define further

B;; = {z € X | |fu(z) — filz)| < 1/, for k,1 >4}
The continuity of fi implies, that B;; is closed. The assumption, that the sequence
fa is converging pointwise gives
o0
U B,'j =X.
i=1

Because for each ¢ > 1, we have int(B;) C A;, we have also
U int(B,-j) C Aj .
i=1

Because By; \ int(Bj;) is nowhere dense, we conclude, that X \ A; is meager. So,
also

x\a={x\4)

i=1
is meager. 0
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Abstract

We show the integrability of infinite dimensional Hamiltonian systems ob-
tained by making isospectral deformations of random Jacobi operators over
an abstract dynamical system.

The time 1 map of these so called random Toda flows can be expressed by a
QR decomposition.

1 Introduction

Toda systems have been studied extensively since their discovery by Toda in 1967.
Since then, several approaches for their integration have been found and many gen-
eralizations have been invented.

Examples are:
e The tied or aperiodic Toda lattice describes isospectral deformations of finite
dimensional aperiodic tridiagonal Jacobi matrices

b1 ax 0 . ° 0
a b a .
0 as
L anN-2 0
ay—2 byo1 any
0 . . 0 aN-1 bN

The integration is performed by taking a spectral measure as the new coordinate.
From this measure, the matrix can be recovered. The measure moves linearly by the
Toda flow. For a generic Hamiltonian, the matrices converge to diagonal matrices for
t — oo, The integration of the first flow, which has an interpretation of particles on
the line, has first been performed in [Mos 75]. For the other flows see [Dei 83]. There
are Lie algebraic generalizations of this Toda lattice [Bog 76], [Kos 79], [Sym 80]
and interpretations as a geodesic flow [Per 90] or a constrained harmonic motion

[Dei 80].

o The half- infinite Toda lattice is an infinite dimensional generalization of the tied
lattice. It describes isospectral deformations of tridiagonal operators

bl a 0
_la b2 a
L= 0 as . .

on 2(N). The integration is technically more difficult and has been performed in
|Dei 85],[Ber 86] [Li 87). It resembles the integration of the tied lattice. Again, the
operators converge in general to diagonal operators [Dei 85].
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¢ The periodic Toda lattice consists of isospectral deformations of periodic Jacobi
matrices

bl ay 0 . 0 ay
a b a . . 0
_ 0 a - . . .
L= anN-2 0
0 - - any-2 byoi anoy
av 0 - 0 ay_; by

The first flow describes a periodic chain of particles interacting with an exponential
potential. The explicit integration uses methods of algebraic geometry [Kac 75]
[vMo 76] [vMo 78]. The flow is conjugated to a motion of an auxiliary spectrum.
Jacobi’s map transforms this motion into a linear flow on the Jacobi variety of the
hyperelliptic curve attached to the matrix. The system is periodic or quasiperiodic.
¢ A rapidly decreasing case of the Toda lattice is a situation with free particle
boundary conditions at infinity. The integration is done by an inverse scattering
transform [Fla 74], [Fad 86]. It is an isospectral deformation of doubly infinite Ja-
cobi matrices decaying at infinity. A recent detailed investigation of the long time
behavior of such a Toda system can be found in [Kam 93).

In this article, we discuss the Toda lattice with a new boundary condition: a so-
called random boundary condition. It is a generalization of both the periodic and
the aperiodic system and consists of deformations of random Jacobi operators. This
generalization is a special case of an abstract generalization found by Bogoyavlensky
[Bog 88],[Bog 90] p.172), who suggested to consider such differential equations in an
associative algebra.

Another suggestion for investigating such random systems is offered in ([Car 90] p.
436), where it is motivated by the problem of finding a complete inverse spectral the-
ory for random Jacobi operators, a project initiated by Carmona and Kotani([Car 87)).

The random Toda lattice is a discrete version of the Korteweg de Vries equation
defined over a flow. A special case of such a KdV equation leads to an isospectral
deformation of almost periodic Schrédinger operators. In the work of Johnson and
Moser [Joh 82] the Floguet ezponent for such Schrédinger operators is introduced
and the Floquet exponent is shown to be an invariant of the KdV deformation. It
is natural to ask for analogous results in the discrete case.

The chapter is organized as follows:
In the second section, we define isospectral Toda deformations of random Jacobi
operators. Random Jacobi operators are selfadjoint elements L = ar + (a7)* + b

in the crossed product X of the commutative Banach algebra L*(X) with an ab-
stract dynamical system (X, T, m). The multiplication in X’ is just the convolution
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multiplication of power series Y- L,7" in the variable 7 with the additional rule
that 78L, = L,(T*)7* for all k,n € Z. The random Jacobi operators form a Ba-
nach space £ C X. For almost all z € X, one gets stochastic Jacobi matrices
[L(z)lmn = La-m(T™z). We are interested in deformations of Jacobi operators
which are given by a differential equation L = [By(L), L), where By(L) is skew
symmetric in A’ and depends on a Hamiltonian H. These Toda flows generalize
periodic and aperiodic finite dimensional Toda flows. The periodic case is obtained
when the cardinality of the set X is finite. If a(z) = 0 on a set of positive measure
one gets the aperiodic case. There is a trace in the C* algebra X’ and for each con-
tinuous function f : C — C there is an integral tr(f(L)) of the Toda flow. Another
integral of the deformations is the mass exp(fy log(e) dm(z)). This integral cannot
be written in the form tr(f(L)).

In the third section we give an integration of the random Toda lattice in the fol-
lowing sense: There is a mapping ¢ from £ to an infinite dimensional vector space
G, in which the flow is linear. The mapping ¢ has a left inverse ¥ and the time
one maps Expy,Expy of the flow in the old and new coordinates are related by
Expy(L) = ¢ o Expy 0 ¢(L). The idea is to approximate the random Toda flow by
finite dimensional aperiodic Toda lattices which are known to be integrable. This
approximation is due to a lemma which says, roughly speaking, that a differential
equation £ = f(z) in a Banach space gives a flow which is also continuous in a
weaker topology, if f is continuous with respect to this weaker one.

There can be transient behavior for the random Toda lattice: The random Toda flow
splits into infinitely many aperiodic finite dimensional flows, provided that a(z) is
zero on a set of positive measure and the underlying dynamical system is ergodic.

In the fourth section, we show that QR decompositions generalize to the infinite
dimensional case. Such a generalization is known for half infinite Jacobi operators
[Dei 85]. The QR decomposition for invertible matrices can also be used to express
the time 1 map for each flow.

In the fifth section it is shown that random Jacobi operators L have a determinant
det(L — E) which is an integral of motion for the Toda flows. The Floquet ezponent
w(E) satisfying det(L — E) = exp(—w(E)) is related by the Thouless formula to
the Lyapunov exponent and to the rotation number of the transfer cocycle of L.
These functions as well as the Taylor coefficients of w(E) calculated at a point E,
outside the spectrum of L are also integrals. Random Jacobi operators appear in a
natural way for twist diffeomorphisms. They are the second variation of a Percival
functional.

At last, in the sizth section, we look at generalizations of random Toda flows, for

example at isospectral deformations in the crossed product of any Banach algebra
with a dynamical system. In the same way as the random Toda lattice, random

89



singular value decomposition flows can be defined.

2 Random Jacobi operators and random Toda
flows

2.1 Random Jacobi operators

A dynamical system (X,T,m) is an automorphism T of a probability space (X, m).
Consider the set of sequences K, € L*(X), where K, # 0 only for finitely many
n € Z. This forms an algebra with the multiplication

(KEM)a(z) = Y Ki(z)Mqn(T*z).

k+m=n

The algebra carries an involution given by

(K")a(z) = Koo(T"3).
We denote by A’ the completion of this algebra with respect to the norm
KT =| 1K@ |es »
where K(z) is the bounded operator in 12(2) given by the infinite matrix
[K(@))mn = Knm(T™)
The multiplication and involution in X is defined such that
K € X » K(z) € B(i*(2))
is an algebra homomorphism:
KL(z) = K(z)L(z), K*(z) = K(z)".

The algebra X' is a C*— algebra called the crossed product of L®(X) with the
dynamical system (X, T, m). Elements in X are called random operators. For K € X
we define the trace by

tr(K) = /x Kodm .
Forall K,M € X,

tr(KM)

/ 3 K M_o(T") dm = / 3 K_aMo(T™") dm

/ 3 Mo K_o(T") dm = tr(MK) .
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It follows that for any invertible U € X’ and every K € X,
tr(UKU™Y) = tr(K) .

In order to simplify the writing and the algebraic manipulations, we will write
elements K € X in the form
K=Y K,
n

and think of 7 just as a symbol. The multiplication in X is the multiplication of
power series with the additional rule 7*K,, = K,(T*)7* for shifting the 7’s to the
right and the requirement that 7 = 7~!. If we interpret 7 as a shift operator
f+ f(T) in LX) and K, as a multiplication operator, we have a representation
of X in B(L*(X)):

Kf = ¥ K f(T™).

If the dynamical system (X, T, m) is ergodic, there exists for each K € A a set of
full measure such that for z in this set, the operators K(z) have the same spec-
trum E(K(z)) denoted by £{K). This is a version of Pastur’s theorem. The proof
([Cyc 87) p. 168) which is written for a parallel case proves it. In general, when no
ergodicity is assumed, define

E(K)={Eec|m{{re X |E € I(K(z))}) > 0}.
A selfadjoint element L € X of the form
L=ar+(er)"+b

is called a random Jacobi operator if a,b € L®(X,R). Denote by £ the real Banach
space of all random Jacobi operators in X. We call

M(L) = exp(/x log(a) dm) € RU {—o0}

the mass of the operator L. (The branch of the logarithm in the definition of the
mass is chosen so that log(—1) =i - 7, and log(1) = 0.)

Remark. C™ algebra techniques for random Jacobi matrices were promoted in
[Bel 85). The crossed product construction goes back to Murray and von Neu-
mane and plays an important role in the theory of C* algebras (non-commutative
topology) and von Neumann algebras (non-commutative measure theory).

2.2 Random Toda flows
We define the projections

K=Y K.s"-Kt= Y K,

n=—00 +n>0
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which yield the decomposition K = K~ + Ky + K*. For a Hamiltonian
H € C*(L) := {L v tr(h(L)) | k entire, h(R) C R},

the differential equation )

L =[By(L),L},
with Bg(L) = I'(L)* — K(L)~ defines a flow which we call a random Toda flow or
a random Toda lattice.

Remark. The name "random Toda lattice” was proposed by Carmona,Kotani [Car 87).
They say there: We hope to be able to discuss the problems of some "random Toda
lattices” in the near future.

Theorem 2.1 For each H(L) = tr(h(L)) € C*(L), the flow
L =W(Ly* - W(L)y, L) = [Ba(L), L]

defined on L is Hamiltonian, isospectral and every G € C*(L) as well as the mass
exp(f log(a) dm) are integrals. The flows are globally defined and commute pairwise.

Proof.

Invariance of the spectrum and local integrals:

In X, the differential equation @ = — By Q with Q(0) = 1 has a unitary solution
Q(t), because By is skew symmetric. The formula Q(t)L(t)Q(t)* = L(0) shows that
the flows leave invariant the spectrum £(L).

For each g € C(X(L)) we have

G(L(1)) = tr(Q"(t)9(L(0))Q(t)) = tr(9(L(0))) = G(L(0))
giving the local integrals G(L) = tr(g(L)) for g € C(X(L)).

Global ezistence:
The local existence of the Toda flows follows from Cauchy’s ezistence theorem (see
[Die 68]) and the fact that

fa:L— L, L fy(L)=[Bg(L), L]

is Fréchet differentiable: denote with By the ball with radius R in the Banach space
L and with Dfy(L) the Fréchet derivative of fy : £ — £. The operator norm in
B(L) is written as ||| - ||l;. Claim: fy is differentiable and VR > 0 3Cy g > 0 such
that for all L € Bg

fa(D) < Cum, NDfu(L)Mh < Cape -
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Proof. For L € Bg we have necessarily ]a|w, |5l < R and we obtain the rough
estimate |(L*)i|le < 3"R", leading with h(z) = %, ha2" h(2) = T, |ha|2" to
lIR(L)*||] < 3RK'(3R) and

& (L)l < 12R°H'3R).
Similarly we obtain with
D(h(L)* - ML) U = (K(L)U)* - (K(L)U)~

the estimate . .
“IDfH(L)”Il S 12R2(h”(3R) + hl(3R)) = CH,R .

O
Since X(L) is invariant by the flow, the norm |||L(t)||| is constant. This assures
global existence of the flow.

Hamiltonian character of the flow:
We will show that L is a Poisson manifold and that the Toda lattice with the
Hamiltonian H can be written in C¥“(L) as F = {F, H}.

Define the projection A : X — L by
o0
K= Z K, ™ — KA =K_11'_1+K0+K11' .
n=-—oo

Given G = tr{g(L)) € C¥(L), we denote with
VG=g(L)Y el

the functional derivative of G : L — R. The Fréchet derivative DG satisfies
DG(L)U = tr(VG(L)U) for all U € L. Claim. The following formula of Moer-
beke ([vMo 76]) holds: ‘

(F(L)* - K(L)~,L] = [L* - L7, K'(L)*] .

Proof. By linearity in h, it is enough to check this formula for h'(L) = L*: For
|k[ > 2 we have
KLY = (@™, L = L™ L) = 0.

We use the notation L™ = ¥F__, I 7™ to verify also

(™t - L™y, Lo [ir,(ar)] = [I-17", 07]
lar, 1217 — [(a7)", li7)

[L* = L7, (L))
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and

[(L")+ - (L")—, L]) [llT, b] + [121‘2, (a‘r)']
~([lo, a7} = [a7,lp]

= [L+ - L—’(Ln)Ail ’

It

I

where we used the identity
0= [L* L} = [hr, 8] + [lo7%, (a7)"] + [lo, a7] .
With the Poisson bracket
{F,G} :=2- t(VF(L* - L")VG) = t«(VF[L* - L™, VG])
C“(L) is a Lie algebra. An observable G = tr(g(L)) € C¥(L) evolves according to

dittr(g(L)) = t(Dg(L)L) = tr(VGL)

t(VG(L)|L* - L, VH(L))) = {G, H} .

Since every G € C¥(L) is a constant of motion, we have {H,G} = 0 for all H,G €
C¥(L) and so all these Hamiltonian flows commute: with the notation XyF =
{F, H} one has using the Jacobi identity

[Xu,X6)F = (XuXe~—XeXw)F = {{F,G},H} - {{F,H},G}
= {{H,G},F}= XigeF =0.

G

il

Conservation laws for mass and momentum:
The differential equation L = [By(L), L] is equivalent to

2 logla) = K(L)(T) - (Lo,
gt-b = 2aK(L); - 2a(T-YW (L)(T-Y) .

These are discrete conservation laws for the mass integral log(M) = fy log(e) dm
and the momentum integral fy b dm.

We can see from the above conservation laws that the imaginary part of log(a) does
not move. This implies that the set Y(t) = {z € X | a(z) < 0} does not move.

Remark. To approach the common notation for Hamiltonian systems, one could use
the notation J K := [L* — L=, K] for K,L € £ and < K, L >= tr{KL). The Toda
flows can then be written as .

L=JVH(L)

and the Poisson bracket is

{F,G}L =< VF,JLVG> .
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One can show that the 2-form w; (K, M) =< K, J M > is degenerate. Like this,
L is not a symplectic manifold but only a Poisson manifold. See [Sch 87} for more
information about infinite dimensional Hamiltonian systems.

Example. (The first Toda lattice). For H(L) = tr(%’) one obtains the differential
equation L = [L* — L~, L]. Expressed in the coordinates a, b, this gives

a(&(T) - b),

2a% - 244(T7).

a
b

For fixed z € X we write a, = a(T"z), b, = b(T"z); this leads to

(:1,, = an(bn+l - bn) )
by = 2(0’2 - a?n-l) ’

and reduces to the periodic Toda lattice in the case when [X]| is finite.

Example. (The second Toda lattice). For H(L) = tr(%‘) one obtains the differential
equation L = [(L?)* — (L?)~, L]. Expressed in the coordinates a, b, this gives
a(b}(T) - b* + a*(T) - a¥(T71)),

b = 26*(b(T) +b) — 2a*(T~1)(b+ b(T™)).

2.3 Visualisation of the first Toda flow
We can visualise the motion of {a,,b,} as the evolution of infinitely many points
(log(a) + ib)(T"z) = log(a,) + ib, € C .
Assume now X = T! and q,b : X — R are smooth. We get then a curve
z € T! = (log(e) + ib)(z) € C

in the complex plane. The motion of the Toda flow induces then a motion of this
curve which keeps on being smooth for all times. Because the Toda flow has the
integrals
log(a) dm, and [
/x og(a) dm, and xb dm

the center of mass of the configuration is conserved.
We calculated numerically an example of such an evolution with the following Math-
ematica program
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{

RKStep(f_List, y_List,y0_List, dt_]:=Block[{k1,k2,k3,k4 },
ki=dt N[ £ /. Threadly -> y0] 1;k2=dt N[ £ /. Thread[y -> yO+k1/2]];
k3=dt N[ £ /. Thread[y -> yO+k2/2]1]1;k4=dt N[ £ /. Thread[y -> yO+k3 11;
yO+(k1+2¢k2+24k3+k4) /6] ;

RKLastPoint[f_List,y_List,y0_List,{ti_, dt_}]:=Block[{yy},
yy=y0;Dolyy=RKStep(f,y,yy,N[dt]1],{i,1,Round[N[t1/dt1]}];yy 1;

Variab[n_]:=Join[Table[a[il,{i,1,n}],Table[b{i],{i,n}]1];
Diffeq(n_]:=Join[Table[ali] b[Mod[i,n)+1]-b[i] a(il,{i,n}],
Table[2 a[i] a[il-2 a[Med[i-2,n]+1] a[Mod[i-2,n)+1],{i,n}]];

TodaLat{[ccO_,t1_,dt_] :=Block[{1=Length[cc01/2,k},

cc=Variab[l] ;hh=Diffeq[1]}; RKLastPoint([hh,cc,ccO,{t1,dt}] 1];
Init[n_]:=Block[{s=10+Pi/n},

N[Join[Table[Exp[Cos[j*a]},{j,n}],Table[Sin[j*s],{j,n}111];
Pict[c_]:=Block{{l=Length[c]/2}, ListPlot[Table[{Loglc[[il1],c[[i+111},{i,1}],

PlotRange->{{-3,3},{-3,3}},DisplayFunction->Identity,Axes->False]];

Film[NumbPart_,NumbPict_,TimeInt_] :=Block[{c=Init{NumbPart] ,Movie={}},

Do[Movie=Append[Movie,Pict [c]];c=Todalat[c,TimeInt,0.01],{i,NumbPict}] ;Moviel;
Display("!psfix -land -stretch > todafilm.ps",

Show[GraphicsArray[Partition{Film[101,16,0.05),4]],

DisplayFunction->$DisplayFunction,Frame->True,

PlotLabel->FontForm["The Toda lattice with 101 particles",{"Helvetica",12}]1]]

L

integrating a system of 101 differential equations.

O - < -
> > - =Y.
(@ - < 4
< < SN SN
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2.4 The flow in Flaschka coordinates

The Toda flows can sometimes be interpreted as a Hamiltonian flow in the new
coordinates g,p (see Flaschka [Fla 74]) defined by:

42 =M1 2p=p.

To introduce these coordinates g,p € L=(X), the function a® must be a multiplica-
tive coboundary: there must exist f € L=(X) such that

a® = f(T)f'.

Not every a satisfies this. A necessary condition is for example that [, log(a) dm =
0. The Toda differential equations transform into the Hamilton equations

¢ =Hp,
13 =-Hq1

where H(q,p) = H(L) = tr(h(L)). The first flow, given by h(E) = ET’, describes an
infinite chain of particles with position ¢, = ¢(T™z) moving according to

—Cy = eqnﬂ"qn — e Tin-t

dt?
On the Banach space L®(X) x L*(X) there is a symplectic structure. With

z=(g,p) € L™(X) x L%(X),

the flows can be written as
z=JVH(2).

3 Integration of the random Toda lattice

If (X, T, m) is periodic, the integration of the random Toda lattice is known and the
solutions can be given explicitly in terms of Theta functions. In the case of positive
mass one has a collection of periodic Toda lattices and in the case of zero mass one
has a collection aperiodic Toda lattices. In the following, we examine the case of
an aperiodic dynamical system. Nevertheless the periodic case can be viewed as a
special case of this also as we explain at the end of this paragraph.

Denote by Expy : £ — L the time 1 map of the flow given by H. We want to

find new coordinates in an infinite dimensional vector space G where the time 1 map
Exp is easy to calculate.

97



Theorem 3.1 Assume (X, T, m) is aperiodic.

a) There ezists an injective map ¢ ;: £ — G = (L®(X) x L®(X))N,
a,b € L%(X) = (A, 1) = {(A, i) }ien

which has a surjective left inverse ¢ defined on the flow invariant subset
H = {Expy(¢(C)) | HeC(L)} CG.

The flow given by the differential equation L = [By(L), L] has in the new coordinates
the form
Expr (A1) = (A, " Pr) = {(X;, ¥ M1 }ien

and is conjugated to the flow in L:
Expy(L) =y oExpyo#(L).

b) Assume (X,T,m) is ergodic. If L € L is given such that Y = {a(z) = 0}
has positive measure, then there exists a generic set in C“(L), such that for H in
this set, L(t)(x) converges in the weak operator topology to a diagonal operator for
almost all x € X.

3.1 Integration of the Toda flows in the case when {a(z) =
0} has positive measure.

Proof.
a) Call Ty the induced mappingon Y = {a(z) = 0},
Tr(y) = T"9(y),

where
n(y) =min{n >0|T"yeY}.

By Poincaré recurrence, n(y) is finite for almost all y € Y. For fixed y € Y, we
write a, = a(T™y), b, = b(T™y) and call the aperiodic Jacobi matrix

by a; 0 . . 0
a by a . .
P . .
Y any)-2) 0
Un()-2) bnw)-1) (n(w-1)
o . - 0 amw-1n  bay

a block. It evolves independently from the other part of the matrix L(y). (In the
case n(z) = 1, the matrix L, is a 1 x 1 matrix containing just a 0.) We have in this
way a measurable matrix-valued function

yeEY-1L,.
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The spectrum A < ... < A("®) of L, is simple. We can label each z € X with a
value A(z) by defining
Az) = X6,

where m(z) = min{n > 0 | T""z € Y} and y(z) = T-™®)z. The mapping
z — A(z) is measurable and because A(z) < |||L|}| for almost every x € X, we have
A € L=(X). Call

n(y) . .

dE, = Y NT'y)P(T'y),

i=1
the matrix-valued spectral measure of L, = [ AdE,(A) where P(z) is the projection
on the eigenspace of A(z). Define for y € Y the probability measure

ty = [dEyJu .

If §(z2) denotes the Dirac measure at z € R, the measure can be written as

n(y)
) ‘f Y s\(Ty)).,

=1

where
a(y)

Ry(r)= ) r(T"y).
k=1
The function r € L*(X) is uniquely defined when we require R,(r) =1fory e Y.
We have so a map
é:(a,b) = (\,r) € G = L¥(X) x L™(X) .
Define Lo
¢(L) = (¢L1¢L1' ) € g .

(Infinitely many coordinates in G will be necessary only in the case a(z) > 0, a.e.
which is treated later.) In these new coordinates the flow is linear: A does not
change and the weights r{T"y) of the measure dy, evolve according to

HT'y) = K(\T'y) - r(T'y), i=1,...,n(y) .

(See [Mos 75] for the first flow and [Dei 85| for all the Toda flows. We will give the
proof in an appendix.) Therefore

(@), H{t)) = (1, Pt .5y,

From Expy(\,7) € H, the operator Expy(L) € £ can be reconstructed: Take a
point y € Y. The values

MTiy),r(Tiy)i=1,...,n(y)
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determine the measure dy, and from this measure, a(T"y), b(T%y) for i = 1,...,n(y)
can be recovered. (See also the appendix.) We have thus an inverse ¥ on H C G
and by construction

Expy(L) =y o Expy o §(L) .
b) The operator L(z) has countably many eigenvalues A € {\i}iez =: 0,(L()), and
because of ergodicity, Z,(L(z)) = Z,(L) for almost all € X. There exists a generic

set of entire functions 4 which are injective on (L) because  is injective on (L)
if and only if it is in the countable intersection .

N {r|(E) # h(E")}

E'E"€E,(L)

of open dense sets. Denote by I, be the spectrum of the block L,. If &' is injective
on E(L), it is injective on I, and L,(t) converges with the Hamiltonian H(L) =
tr(h(L)) to a diagonal matrix for |t| — oo [Dei 89]. Because this happens for all
blocks L, with y € {a(z) = 0}, the operator L{z) converges to a diagonal operator
in the weak operator topology. O

3.2 Weak continuity of a flow in a Banach space

The rest of the proof of Theorem 3.1 uses an approximation argument which is based
on the following technical result:

Given a Banach space (M, || - ||) endowed with a second topology which is weaker
than the norm topology and metrizable on each ball B = {||z|| < R} ¢ M. Call
Df the Fréchet derivative of a differentiable map f : M — M.

Proposition 3.2 Assume that a differentiable function f : M — M satisfies
(i) f restricted to the ball Bp C M is continuous in the weaker topology.
(ii) There ezists a constant C € R, such that for z € By

IDf() < C, IDA)f(2M < C.

(iii) The flow given by # = f(z) leaves each ball By invariant.
Then, for each T € R, the time T map ¢, : Bp — Bg of the flow given by the
differential equation : = f(z) is weakly continuous on Bpy.

The next simple lemma will also be useful.

Lemma 3.3 Given a sequence of mappings gy : Bp — Bp C M converging
uniformly to a mapping g for N — oo:

sup |lgn(z) — g(2)|| = 0.
z€Bp
If all the gy are weakly continuous on By, then g is weakly continuous on Bg.
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Proof. Denote by d the metric on Bg U Bgr C M giving the weak topology. Take a
sequence z, € By which is converging weakly to z € Bg. Given € > 0. Because the
norm topology is stronger than the weaker topology

d(g(2), gn(2)) < €/3, d(gn(zn), 9(2a)) < €/3

for all n € N if N is big enough. Because gy is weakly continuous, we have
d(gn(2),9n(2a)) < €/3 for n big enough and thus

d(9(2), 9(2n)) < d(9(2), gn(2)) + d(gn(2), gn(2a)) + d(gn(20), 9(20)) S €.
m]
Now to the proof of Proposition 3.2: Proof. Assumptions (ii) and (iii) together with

Cauchy’s eristence theorem assure that a unique solution of # = f(z) exists for all
times. Divide the interval [0, 7] into N intervals,

kr (k+1)7
N N
of length h = 7/N and define recursively the Euler steps

[t’cat’c+l]=[ ], k=0,...,N—1

Zk41 = 25 +hf(z,,), 2y = Z(O) .

Using the Taylor development
olten) = 2(60) + hf(alte) + [ (= DSOS (o(0) dt

the deviation e; := 2 —z(t;) from the orbit after k steps can be estimated as follows:
we have ||eg|]| = 0 and from the estimates (ii), we obtain

C C
lewsall < llexll + ACllexl| + 5 = (1 + hC)lexll + 5h =: Allel| + B ,
and so ||eo}| = 0,]|e1|| £ B. Inductively, ||ex]] < (A¥~! 4+ A¥-24-..+ A4+1)B. This
yields to

At —1_ (1+hC) -1 C,, e* -1 C c h
< B = - —_ ——— T - -
llexll < A-1 hC 2h s C 2h$(e 1 2

as long as z; stays in Bp. The error after N Euler steps is

- = < (€T -1)= .
l2(r) = 2xll = llewll < (7 = 15
This estimate is uniform for z € Bg. (If N is so large that

. T
(€7 - l)ﬁ < R—||z|
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also the linear interpolation of the points {z;}X, (the Euler polygon) is contained
in Bpg so that the estimates hold for these points also.) The orbit ¢ € [0, 7] — 2(2)
is now approximated in norm by a piecewise linear Euler polygon. A simple Euler
step z — z+hf(2) is continuous in the weak topology if f is continuous in the weak
topology. So also the mapping ¢x : z — zy, which is a composition of finitely many
Euler steps is weakly continuous. For N big enough, we have

16(6) = ox @Il < (7 - 15

uniformly for y € Bg. Lemma 3.3 shows that ¢ is weakly continuous. (m}

3.3 Integration of the Toda flows in the case when a(z) > 0
almost everywhere.

From Proposition 3.2 we get

Corollary 3.4 Given H(L) € C“(L). The flow on B(1*(Z)) defined by the differ-
ential equation L(z) = [By(L(z)), L(z)] is continuous in the weak operator topology
restricted to each ball Bp C B(1*(2)).

Proof. We can apply Proposition 3.2 to the Banach space B(1%(2)). As a Toda flow
is isospectral, it will leave each ball By invariant. We check first the weak continuity
of the mapping

L(z) = fu(L()) = [Ba(L(z)), L(2)
on Bg. For polynomials h, the weak continuity is evident inductively, since the
multiplication B(I?) x £(z) — B(I?) is jointly weakly continuous: each matrix entry
of the product LM is the sum of only three elements. If h is anarytic, it can be
approximated by polynomials h, — h. Then fg (L(z)) — fy(L(z)) in norm,
uniformly on each ball Bp. With Lemma 3.3 also L(z) — fy(L(z)) is weakly
continuous.
The right-hand side of the differential equation L = fz(L) satisfies the boundedness
conditions of Proposition 3.2 We have seen in Section 2, that there exists a constant
C dependent only on |||L[|| and h such that

lfa(LI < C, NIDfu(D)h < C .

- We prove now Theorem 3.1 in the case a(z) > 0 almost everywhere:

Proof.

Construction of sets with arbitrary large return time:

Rohlin’s lemma (see [Cor 82]) implies that there exists for each N € N a measurable
set Zy C X of positive measure such that

T¥(2Zx),---,Zn,T(Zx),..., TV (Zx)
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are pairwise disjoint and such that

Ye=X\ U T2y
i=—-N

has measure m(Yy) < 1/N. The countable set
y = {Yl,YmYs,-u}

has the property that for almostallz € X andall N € Nwecan findY = Yy € Y

such that T%(z) ¢ Y for n = —N,...,N. ( This can be seen as follows. The sets
Uy = Uih-'_-—\(/zf-\/iv‘) Ti(Zy) satisfy m{Uy) = 1 for N — oco. For almost every point
z € Uy we get Tz ¢ Yy for all |i| < VN.)

A countable set of random Jacobi operators with zero mass
Given L € £ with m{a(z) = 0} = 0. Define for each Y € ) the new random Jacobi
operator

Ly = (lyc)a‘l' + ((lyc)a’l’)‘ +5b,

where 1y. is the characteristic function of the set Y* = X \ Y. The random
Toda flow for Ly can be integrated according to the already proved case because
Y = {{Ly h1i(z) = 0} has positive measure.

Construction of ¢:
There exists a mapping

by : L Ly — ¢(Ly) € L®(X)?
which linearizes the flow. Define
¢={dvlyey =Brsbn.. ) LG,

Construction of the left inverse :
Take Expy(A,r) € H. For almost all z € X there is a sequence N — k(N, z) such
that

T'(z) ¢ Yiw
for i = —N,..., N. Proposition 3.2 implies that for N — oo
Yy (Expg(A,))(z)

converges to Expy(L)(z) in the weak operator topology, where ¥i( M, 7}) is the op-
erator Ly, calculated from the spectral data (X}, r}) satisfying ¥; o ¢(Ly,) = Li,.
Define . o

Y(ERDH(\))(e) = Jim by, EXBH (M 1))(E) |
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where the limit is taken in the weak operator topology.
Congjugation of the flow:
Assume ¢(L) = (A,r). In the weak operator topology we have

EXPH(L)(“”) A}l—?:o '/’Yk(n,.)(my('\ﬁ))(z)
W(Expy(A,r))(z) = ¢ o Expy 0 §(L)(z)

and so
Expy(L) =y oExpy o ¢(L) .

[m]
Remark. The linearisation for general random Toda flows can also be used to prove
the integrability of the periodic Toda lattice. For this we take an ergodic dynamical
system (X, T, m) such that TV is not ergodic and leaves invariant a set Y of measure
1/N. We take functions a, b which are constant on Y. Each isospectral deformation
for L = a7+ (a7)* + b is equivalent to a periodic Toda lattice because the functions
a,b keep on being constant on Y. We can now do the above linearisation.

4 QR decomposition

For a real n x n matrix M, there exists a decomposition M = QR, where Q is orthog-
onal and R is upper triangular. For aperiodic Jacobi matrices, Symes [Sym 82]
found that the QR decomposition of exp(tL) integrates the first Toda flow L(%).
This was worked out further in [Dei 83] [Dei 89] leading to the observation that the
time 1 map of the Hamiltonian H(L) = tr(L-log(L)~ L) is just one step in the QR
algorithm, an algorithm which is used to diagonalize a matrix numerically. More
generally, the following fact is known:

Proposition 4.1 Given h € C*(R). In the matriz algebra M(d,R), the solution of
L =[By(L), L}, L(0) = Lo
is given by L(t) = Q*LoQ, where Q is obtained by the QR decomposition
exp(th'(Lo)) = QR .

Proof. We can write
etb'(Lo) = Q R

in a unique way, because e®'(%) is invertible. The dependence of Q,R on t is
differentiable. Differentiation gives

R(Lo)QR= QR + QR

and after multiplication from the right with R~! and multiplication from the left
with Q~, we get o
QH(L)Q=QQ+RR™,
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where Q*Q is skew symmetric and RR~! is upper triangular. Call L(t) = Q*(t)LoQ(¢)
with Q(0) = 1. It follows

K(L(®) = QK (L)@ =Q"Q+RR™ .
We can compare this with the unique decomposition
WE@) = -RE@) +RE@)"
+20(L(t))* + K(L(t))o
into a skew symmetric and an upper triangular part to get
Q'Q = —K(E@)* + K(L(#t))” = -Ba(L) .
Now
ZL0 = @OLAMO +Q OV

(@ (ORENQ (L) + @ HLQ@ B
(@ OQOLO +IO@®®)
= [W(L®) = K(L#), L(t)] = [Bx(L(t)), L(t)] -
Because L{t), L(t) satisfy the same differential equation as well as the same initial

conditions L(0) = L(0), they must coincide. (m]
This can be generalized to the random case:

il

Theorem 4.2 For L € £ and H(L) = tr(h(L)) € C“(L), there ezists a unitary
QEX and R=Y 59 Ram™ € 771X* such that exp(R'(L)) = QR.

If L(t) satisfies L = [By(L), L), one obtains L(t) = Q"L(0)Q with a QR decompo-
sition exp(th'(Le)) = QR.

Call T the Banach space of selfadjoint real tridiagonal matrices in B({?) and

{o(L) | p polynomial, L € T},
= {h(L)| hentire, LeT}.

NN

We call the weak operator topology on B({?) in the following also the weak topology.
Denote by Bp the ball with radius R in the Banach space B(1?) and T = T N
Bg,Tr = TN Bg,Tr =T N Bg. The weak topology is metrizable on each ball Bp.
We denote this metric by d.

Lemma 4.3 a) Given an entire function f and R > 0. The mapping
Tr— B(%), L f(L)

is weakly continuous.
b) Bg x Tgp — B(1?), (L,K) — L - K is weakly continuous.

105



Proof.

a) Because multiplication T x B(I?) — B(I?) is weakly continuous, one obtains
inductively that L — p(L) is weakly continuous for every polynomial p. Applying
Lemma 3.3 gives that L — f(L) is weakly continuous for an entire function f.

b) The multiplication Bg x T — B(i?) is weakly continuous. We can approximate
L € T in norm by elements in 7 and this approximation can be made uniform in
the ball Bg. Use again Lemma 3.3. (w}
We prove now Theorem 4.2:

Proof. Fix £ € X. We can approximate L(z) in the weak operator topology by
tridiagonal aperiodic N x N Jacobi matrices L"), For such matrices we can form

exp(H(L™(z) = Q¥ (z)RM(z)

where QV)(z) is orthogonal and R™)(z) is tridiagonal and we know also that
QM (z)*L®)(z)Q™)(z) is the time 1 map of the Hamiltonian flow

L™(z) = [Ba(L™(2)), LY(2)) = fu(L™) .
We deform L(z) with the same Hamiltonian flow
=) = [By(L(2)), L(=z)] = fu(L)

to get Expy L(x) = Q*(z)L(z)Q(z). Claim. Q"¥)(z) — Q(z) in the weak operator
topology.

Proof. Consider in addition to the above differential equations for L*) and L also
the differential equations

™(z) = -Bu(L™()QM() =: gu(L™, Q™)
@) = -Br(l()Q() = gs(L,Q).

We can apply Proposition 3.2 to the system

il

2(L,Q) = (L), a(£,Q)

in B(1%(2))? in order to show that Q¥)(z) — Q(z) in the weak operator topology.
The assumptions of Proposition 3.2 are readily checked: Because L — Bpy(L) is
weakly continuous, we can apply Lemma 4.3 b) to conclude that g is also weakly
continuous. There are for L € B C B(1%(Z)) also the estimates |{g(L(z), Q(z))|| <
Cu,r and ||| Dg(L, Q)|}|2 < 2Cx,g where ||| - |||2 is the norm in £ x X. Because By
is skew symmetric, the norm of Q(t) is a constant. O
From Lemma 4.3 a) we have

HEM@) _, H (L)
With this, the just proved claim and Lemma 4.3 b) one gets
(@) (2)e" PN = RM(z)  Q*(2)e" D = R(z)
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in the weak operator topology. It follows that R(z) is also upper triangular and
M U2) = Q(z)R(z) with Q*(z)Lo(z)Q(z) = Expy L(z). We have now constructed
Q(x) and R(z) pointwise for z € X. There is an upper bound for [R(z));; due to
the fact that the Toda flows are isospectral. By Lebesgue dominated convergence
theorem applied to each function [Q(z));;,|R(x)])i; we get also random operators
Q, R € X which satisfy QR = exp(h'(Ly)) with Q*LyQ = ExpyL. (]

Remarks.

o Theorem 4.2 is not yet very helpful in order to understand more about the quali-
tative behavior Toda flows. It has been pointed out to us by a referee that the QR
decomposition in & is not unique: For example, 7 = 7-1 = 1-7 because 7 is unitary
and upper trigonal. We have used the Toda flows to construct a QR decomposition
for certain elements in A and we don’t know how to find and perform directly the
right QR decomposition which leads to an integration of the Toda flow.

o Having the right QR decomposition for infinite matrices, one could calculate the
time 7 map of the periodic Toda lattice by a QR decomposition of an infinite but
periodic matrix. As the solutions of the periodic Toda lattice can be expressed by
Theta functions (see for example [Tod 81}), it would be interesting to know whether
the QR decomposition is a reasonable way to calculate Theta functions numerically.

5 Density of states, Lyapunov exponent and Ro-
tation number, Floquet exponent, determinant.
Entropy and index of monotone twist maps.

5.1 The Floquet exponent as an integral of the Toda flow

The functional calculus for a normal element K in the C* algebra X defines f(K)
for a function f € C(X(K)). The mapping

f - te(f(K))

is a bounded linear functional on C(X(K)), and by Riesz representation theorem,
there exists a measure dk on (K) with

tr(f(K)) = E)dk(E) .
(J(K) = [ FE)GR(E)
This measure dk is called the density of states of K. Because of

1=/xldm=tr(1)=/w)dk(E),
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the measure dk is a probability measure. For selfadjoint elements K € X, the
density of states dk has its support on R. The integral

KE) = /_ i dk(E")

is called the integrated density of states of K. To an operator L € £, we attach a
complex valued function by means of

w(E) := —tr(log(L — E)),

which is a priori defined only for In(E) > 0. Here the branch of the logarithm is
chosen so that log(1) = 0. The function w is called the Johnson-Moser function or
Flogquet ezponent. This gives also a determinant

€™E) = H0o8(l-B) _ dey(L — E) .

(It is a general fact for von Neumann algebras X that the existence of a finite trace
allows the definition of a determinant on the set of invertible elements in X [Dix 81]
p. 119). For the transfer cocycle

Ag(z) == a YT 1) (

E-b(z) —aX(T '2) )
1 0

of L = ar + (a7)" + b the Lyapunov ezponent is
MAg) = lim n~! /; log ||AE(z)|]) dm(z) ,

where A}(z) = Ag(T""'z)... A(Tz)Ag(z) and the rotation number is given by
p(Ag) = wk(E). The rotation number can be defined by the cocycle Ag alone
[Del 83].

Theorem 5.1 In the case when a(x) > 0 almost everywhere, the Floguet exponent
w(E) = —tr(log(L — E))

as well as for E € R the Lyapunov exponent \(Ag) and the rotation number p(Ag)

are integrals of the Toda flows.

Proof. The Thouless formula relates the mass M and the Floquet exponent w(E)
with the Lyapunov exponent A(4g) and the rotation number p(Ag):
if L has positive mass then

—MAg) +ip(Ag) = w(E) + log(M) .

For the proof see [Car 90]. (We added two proofs in the appendix.) In the case of
zero mass, both sides are —co.

In the case Im(E) > 0, the function g(2) = — log(z — E) is continuous on the real
axis and w(E) = tr(g(L)) is an integral of the Toda flows. The function E ~ w(E)
is a Herglotz function. Because w(E) is time independent for E in the upper half
plane, it is also time independent on the real axis. [}
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5.2 Monotone twist maps

Random Jacobi operators appear in a natural way when embedding an abstract
dynamical system in a monotone twist map. Assume we have given a generating
function 1 € C*(R?) and r > 0, such that

hale.d) = a%;,%z(q,w >r

g,d) = Ug+1,d+1)
If we define

pla.¢) = h(q,q’)=‘%l(q,q’),
?(q,d) = —lz(q,¢)=—%l(q,q'),

¢ can be expressed as a function of ¢ and p. The mapping

S:(g,p)~ (¢.F)

is called a monotone twist map. It leaves invariant the Lebesgue measure dgdp on
the cylinder T x R, where T =R/Z. Given an abstract dynamical system (X, T, m).
In order to have a critical point ¢ of the Percival functional

£(@) = [ Ug,q(T)) dm.
on the Banach manifold L*(X, T), we must have

6L(g) = li(q,q(T)) + L(g(T™1),q) = 0.

If there exists a ¢ which satisfies this Euler equation, we have embedded a factor
of the given dynamical system inside the twist map. (A factor (X,T,) is just a
homomorphic image of (X,T,m): there exists a measurable not necessarily invert-
ible mapping ¢ : X — X with ¢T = T'4.) The second variation of £ is the random
Jacobi operator

L(q) =8L(g) =ar +{ar)" +be L

where

a(z)
b(z)

The twist condition

li2(g(z), (7)) ,
hi(g(z), ¢(Tz)) + ln(g(T ), g(2)) -

112(q7 q,) 2r> 0

implies that L has positive mass. The random Jacobi operator L obtained as a
second variation of the Percival functional and the Floquet exponent w are carrying
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information about the embedded system. It follows for example with a result of
Mather [Mat 68] that the embedded system is a hyperbolic set if and only if L is
invertible, because in the resolvent set of L, the cocycle Ag is uniformly hyperbolic.
In this case there is by the implicit function theorem also a neighborhood of gener-
ating functions such that the Percival functional has a critical point near the given
critical point.

Examples.

¢ Assume X is a bounded subset on the cylinder T x R which is invariant under the
twist map S and has positive but finite Lebesgue measure. Call T the restriction of
S on X and m the normalized measure on X induced from the Lebesgue measure.
There is a critical point ¢(z) = 7,z where 7, is the projection on the angle coordinate
of the cylinder. The real part of log(M) — w(0) is the entropy of the twist map
restricted to X. The imaginary part of w(0) is an index.

For generating functions of the type

o v,

the twist map S can be defined on the torus X = T2. The system (X, T, m) with
T = S and m = dzdy can then be taken as the abstract dynamical system and the
Floquet exponent w(E) gives

lz,2) =

w(0) = —entropy +i- index .

because M =1 in this case.

¢ A finite dynamical system is just a cyclic permutation T of a finite set X. The Ja-
cobi operator is then periodic of period | X|. Finding critical points of the functional
L is equivalent to finding periodic points. Periodic points of period |X| always
exist. The rotation number of the Jacobi operator is related to theMorse indezx
of the critical point [Mat 84]. When the Jacobi operator is restricted to the finite
dimensional Hilbert space of |X|— periodic sequences in [2(Z), it is just a periodic
Jacobi matrix.

o If (X,T,m) is an ergodic automorphism of the circle, nontrivial critical points
correspond to invariant circles or Mather sets. Mather’s result [Mat 82] proves
the existence of nontrivial critical points. There are known examples, where the
corresponding random Jacobi operator is invertible because a Mather set can be
hyperbolic (see {Gor 85]).

o If X is a closed bounded $ invariant set of the cylinder and T is the restriction of
S onto X there exists a T invariant probability measure on X. Again, a(z) = m;(z)
is a critical point of the functional.

An example. If the twist map has a trensverse homoclinic point z, coming from
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a hyperbolic fixed point, then X can be chosen as the closure of {S"(z¢) | n € Z}.
Again one has a hyperbolic system and the corresponding random Jacobi operator
is invertible.

Remark. Toda deformations and twist maps are still unrelated. Our motivation
to study random Toda systems was the hope to make deformations of cocycles
appearing in twist maps like the Standard map in order to gain more information
about the Lyapunov exponents. It is thinkable that there are deformations which
lead to cocycles, where Wojtkowsky’s cone criterion [Woj 85] (a necessary and
sufficient condition for positive Lyapunov exponents) is applicable to prove positive
Lyapunov exponents.

6 Generalizations and questions
6.1 Toda lattices over non-commutative dynamical sys-
tems

Let A be any C* algebra and T : A — A,a — a(T’) be an automorphism of this
algebra. Assume A has a trace satisfying

trace(ab) = trace(ba) .

The crossed product &’ of the algebra A with the dynamical system is again a C*
algebra. Elements in X can be written as K = ¥, K,7" where K, € A. On X
there is also a trace defined by

tr(K) = trace(Kp) .

Define the Banach space L= {L € X | L, =0 |n| > 1,L = L*}. For H € C“(L),
the differential equation
L =[W(Ly* - K(L)",L] = [Ba(L), L}

is a Hamiltonian flow in the subspace £ C &. It has the Hamiltonian H(L) =
tr(h(L)). Let Q(t) be defined by the differential equation

Q= ~-By(L)Q

with initial conditions Q(0) = 1. In X, the equality L(t) = Q(t)"L(0)Q(t) shows
that the flow is isospectral. It has the integral tr(f(L)) for each f € C(R). Given a
representation z : A — B(H), which means that z(a) is a bounded linear operator
on the Hilbert space X for all a € A. If we use the notation z(a) = a(z) and
z(a(T™)) = a(T"z), each element K € X has a representation K(z) in the Hilbert
space I2(2, ) defined by the matrix

[K(I)]mn = n—m(Tm.‘L‘) .
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The matrix K(z) is a Jacobi matrix where the entries are linear operators on .
Examples.

¢ If A = L*™(X) we are in the case discussed already because an automorphism T
comes from a dynamical system (X, T,m).

¢ Assume X is a compact topological space and 4 = C(X). We have then a
deformation in

Loo={L=ar+(ary+b|e,be C(X,R)}C L.
Also if X is a compact manifold and A = C"(X,R), the space
Lo:={L=ar+(er)" +b|a,be C(X,R}C L. CL
for r =1,2,... is kept invariant by the Toda flows.

o A = L=(X, M(l,R)) gives a quite natural non-commutative generalization of the
Toda lattice. Such as system could also be called qguantum Toda lattice. A suggestion
to study such systems is in [Chu 86]. In the case |X| < oo, this gives new finite
dimensional systems which are candidates for being integrable. The flow can be
written as an isospectral deformation of operators called stochastic Jacobi matrices
on the strip [Kot 88]. They arise as second variations of higher dimensional twist
maps like the Fréschle map (see [Koo 86]). A non-abelian Toda lattice for half
infinite matrices is proposed in [Ber 86b).

6.2 More general Hamiltonians

We have chosen Hamiltonians which are defined by entire functions h € C¥. Like
this, we could use Cauchy’s existence theorem for differential equation in a Banach
space. One has to be careful in doing generalizations by choosing functions h which
are only analytic in a neighborhood of the spectrum £(L): it can happen that,
for a bounded operator K on 1%(2), the operator K* — K~ is no longer bounded
[Dei 85]. Nevertheless one can consider functions &' € L°(E(L)). The functional
calculus defines then #'(L) € X. Even if By(L) = h'(L)* — k’(L)~ is unbounded,
one can obtain in this way Toda flows in a weak sense ([Dei 85]): For all u,v €
{ve ()| 3ng>0u, =0, ¥|n| > no}

% <u,Lv>=—- < By(L)u,Lv > — < Lu,By(L)v > .

Remark. The Toda orbit obtained by weak flows would be bigger than the orbit
obtained by analytic Hamiltonians. It would be interesting to know whether it is
possible to reach like this every operator K in with the same spectrum and mass
then L in a strong neighborhood of L.
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6.3 Deformation of complex Jacobi operators and defor-
mations with complex time

We considered only real Jacobi operators and deformations where time is real. If
a,b € L*(X,C) then

L=ar+7"a+beL¢
is no more selfadjoint in general. Even if we make isospectral deformations, the norm

can blow up. There are actually isospectral operators to a given operator which have
arbitrary big norm. Given an arbitrary entire function k. The differential equation

L={(Ly* - (L), L)

in the complez Banach space L¢ has locally a unique analytic solution ¢ ~ L(t) for
t in a disc D.(0) C C.

If we restrict to real time, one can define deformations of complex finite dimensional
Jacobi operators (see [Chu 84a]): Also for the random version, the differential equa-
tion

L={By(L),L]
with
By(L) = K'(L)* = (W(L)*)" +i-Im(K' (L))o

defines an isospectral deformation in L¢. Exactly in the same way as before, one
can decompose exp(t - k'(L)) = QR into a unitary Q and upper triangular R such
that L(t) = Q*(t)L(0)Q(t). The flow does not extend to a flow with complex time.

6.4 Random Singular-Value-Decomposition flows

Toda like deformations have been generalized to arbitrary matrices [Dei 89). Given
any real n X n matrix A and a real entire functions h, one can define the so called
Singular-Value-Decomposition (SV D) flow (see [Dei 91})

A= By(AA")A — ABy(A*A) .
Under the map A — L = A*A the flow goes over in the Toda like flow
L=y -r(Ly,L.
Both flows have a unique global solution and preserve the singular values of A

respectively the spectrum of L. The flow can be integrated explicitly as follows:
With the QR decompositions

elh'(A' A)

QiOR:(2)
ML) = Q,(H)Ry(t),
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one gets A(t) = Q3AQ:.
Given now any element A € X where X in the C* crossed product of the Banach
algebra L*(X) with a dynamical system. The deformation

L = By(AA")A - ABy(A"A)

is a random version of the singular decomposition flow. The qualitative behav-
ior could be investigated in the same way by approximation in the weak operator
topology by finite dimensional SVD flows.

6.5 Deformation of operators with no boundary conditions

Why is it useful to study deformations of operators with random boundary condi-
tions? The Toda deformations can also be done for any tridiagonal bounded operator
L on 1%(2) and the flow given by the differential equation

L = {BH (L)v L]

can be approximated in the weak operator topology by finite dimensional Toda
flows. The advantage of looking at random operators is the ezistence of a finite
trace which is the ergodic average of the diagonal of the operator. Most integrals
can be expressed by this trace. Such integrals are invariant by the shift

Lij = Liya 41 -

Mathematically the Random Toda flows are deformations in a von Neumann alge-
bra of finite type while the general Toda flows are deformations in a von Neumann
algebra of infinite type.

Considering random operators instead of general operators gives an important sym-
metry, in that shift-invariant " macroscopic quantities” exist.

6.6 Some questions

o The spectral and inverse spectral problem for random Jacobi operators is not
solved. What does the isospectral set look like? For which dynamical systems do
random operators with the same mass M and the same Floquet exponent w(E) form
a group? Does the determinant of the resolvent (L — E)~! determine the isospectral
set ? What spectra do occur over a given dynamical system? What kind of spectra
occur generically in £ for fixed dynamical system (X, T, m)?

¢ Can one find the explicit solutions of the random Toda lattice? The integration
proposed in this work is somehow artificial. The hope is that the solutions can
be written in terms of generalized theta functions. What are the properties of the
transcendental hyperelliptic curve

¥ =det(L - E)=e~v® |
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where w(E) is the Floquet exponent? Especially interesting would be some knowl-
edge about infinite dimensional Jacobians. Is there an infinite dimensional gener-
alization of the Jacobi map?

o What is the asymptotic behavior of the random Toda lattice? What happens for
t — oo in the case when {a(z) = 0} has positive measure? To our knowledge, the
general asymptotic behavior of the tied finite dimensional Toda lattice analogous to
the first flow [Mos 75] is not known. What happens for Hamiltonians outside the
generic set where one has convergence to diagonal operators? (See [Chu 84}.)

Is there recurrence in the weak operator topology in the case when a(z) > 0 almost
everywhere?

o Is it possible to deform a random Jacobi operator in a way to make the spectral
problem or the problem of calculating the Floquet exponent more easy? Can one
deform a twist mapping in a way such that the corresponding random Jacobi oper-
ator is deformed in an isospectral way?

o Is any isospectral deformation in the crossed product of any Banach algebra with
any dynamical system integrable?

7 Appendix: Proof of the Thouless formula
We want to show here the Thouless formula
w(E) +log(M) = —X(Ag) + ik(E) .

The proof of the Thouless formula needs some preparation: Define for the interval
A={N,N+1,...,M -1, M}, the matrix

LMy = L)y, i,j€A

which is a linear operator on C!4I. If E} are the eigenvalues of [L*] and 6(E) denotes
the Dirac measure located at a point E € R, we define the probability measures

§(EM

on the real line. For the finite dimensional operators {L*], we define the normalized
trace

tl‘([LA]) = |71\T§\[LA]HC
€

so that
te([LA) ~ tr(L)

for |[A] — oo.
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Lemma 7.1 (Avron-Simon) dp* converges weakly to dk for |A| — co.

Proof. We have to show that for each continuous function f: R — €,
a(F(LM) = [ £do* - [ £ dk=uu(s(L))

for |JA| — oo. It is convenient to introduce new probability measures dk* on R such
that for a function f € C(spec(L)) we have

[ £t = u((s@).
Compare
[ £ 0" = (L))

For |A| — oo the measures dk” converge weakly to dk because

/ fdkr = u((f(L)Y) = ﬁgmmu

1
=7 2 (L)) ek
Tl ,é;[ (L))
converges by Birkhoff's ergodic theorem to

/xf(L)odm=/fdk.
It is therefore enough to show that for each continuous function f

tr([F(LYM) = tr(F([LA]) — 0

for |A| = oo. It is enough to show this for polynomials f(E) = E* because linear
combinations of such polynomials are dense in the set of continuous functions on R.
We calculate

(@ = {E X (e D
(L") = LE > e (L

IA]

k€A jy,ornfn-1€A
and so, because [L];; = 0 for |i — j| > 1

(L") - [LA]) = i/ITIE Y (e (Ll

k€A jryedn-1€A

1
< L2 - 3=t
Al
(A rough estimate shows, that there are at most 2 - 3"~! summands on the right
hand side.) The right hand side goes to zero for |A] — oo. O

We will now prove the Thouless formula following Avron-Simon
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Proposition 7.2 MAg) = fglog|E — E'| dk(E') — log(M)
Proof. Define Bg = a(T~!)Ag. The claim follows from
A(Bg) = [ log|E' - E| dk(E') .

First, we assume E € C \ R. In this case, the function f(E') = log|E — E'| is
continuous in the support of dk. We see by induction, that for fixed z € X

n o _ P, n Qn—l
E an—lP -1 an-lQn-Z ’
where P, and @, are polynomials of degree n in E with leading coefficient 1.

We have P, = 0 if and only if Lu = Eu has a solution « with ¥y = u,4; = 0 and
@, =0 if and only if Lz = Eu has a solution u with u; = 4,42 = 0. Thus,

Pa(B) = kfllw}“’ ~E), Qu(B)= knl (B - E),

where E.S") (rsp. Eﬁ")) are the eigenvalues of L with boundary conditions uy =
Upg1 = 0 (18p. 4] = u,42 = 0). We can write therefore

1

2 10g1Qu(E)]

/log lEl - EI dp(l""'"}(E') ,

]loglE' _ Ei dp(2,...,n+1}(El) ,

and because dpll="} and dp{--"+1} go weakly to dk for n — oo we have
\Bs) = [ log|E’ - E| dk(E)
for Im(E) # 0. Both functions

E — f(E):[log|E—E’|dk,

E ~ XBg)
are subharmonic. So, we have for all E € R
: ne L N g
P /lE'-EIsl ABg) d(E") = p 3 R f(E') dE

and taking the limit r — 0, we obtain
NBz) = [log|E - B| dk(E")
forall E € C. o
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8 Appendix: A second proof of the Thouless for-
mula

The Thouless formula
w(E) + log(M) = —M(Ag) + ik(E)

has a simple proof with the help of a formula of Green, MacKay, Meiss, which relates
the determinant of the N periodic Jacobi matrix

bl ay 0 . ay
a b 0 - 0
L= . . . . ,
0 0 - byv_y an_g
ay 0 - an-1 bN

with the trace of the monodromy matriz

A" =ANOAN_10~OA1 N
where A; is the transfer matriz

- —b.' z —a?_
Ai(z) = a7} ( 1( ) 0 1 )

and the number []; a;. This relation is given by
Lemma 8.1
det(L)
Hfil a;

Proof. Call A\, A™! the eigenvalues of the SL(2,R) matrix A".

trace(AV) - 2=

det(AY - ¢)
is a polynomial in £ + £~! which vanishes for £ = A, A~1. This implies that
det(A" ~ £) = (§+¢71) - tr(A") .

The zeros of

bl ay 0 . Eél
a; 0 0
det(L(€)) =det| - - ,
0 0 - byy any
avé 0 - ayy by
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are the eigenvalues of A¥. So

det(L(€)) = C- (€ +£7) —tr(4aY))

where C is a constant. Because we have for { — oo

N
det(1(€)) = ~(T o)t + ..

i=1

the constant is C = — [T, a; and

N
det(L(§)) = --(.I_'Il a)- (E+ €1 —tr(a")).
The claim follows with £ = 1. (m}

Proof of the Thouless formula. Given a random Jacobi operator L, we approximate
L weakly by periodic Jacobi matrices L(¥). With the formula in the lemma we get

for E in the upper half plane
—Ilvlog(trace(Ag) —2)= N-'logdet(L — E) — N-'log M . )

We have
37Y|AM| < trace(A™) - 2 < 3||1AY|

if ||A¥|| is big enough. If ||A¥|| stays bounded then the left hand side goes to
zero for N —€ oo as well as —lﬁ log||A¥||. Applying Kingman’s subadditive ergodic
theorem to the left hand side of Equation 1 and Birkhoff’s ergodic theorem to the
right hand side of Equation 1 gives the the Thouless formula

MAg) =tr(log(L—-E))- M .
The same subharmonicity argument like in the last proof proves the result for general
Eec. o
9 Appendix: The spectrum of elements in X

The following result generalises Pastur’s theorem for random Jacobi matrices over
an ergodic dynamical system (X, T, m). The proof is the same.

Proposition 9.1 For every normal K € X, there exists & C C such that the spec-

trum o(K(z)) = T for almost all z € X. Moreover the discrete spectrum of K(z)
is empty for almost all x € X.
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Proof. Given a projection
P=pP'=PleXx.

Denote by Trace the usual trace for matrices which is also allowed to be co. We
have
Trace(P(z)) = dimRan(P(z))

and
Trace(P(T"z)) = Trace( P(z))

for all n € Z. Therefore
Trace(P(z)) = '/x Trace(P(z)) dm(x)
Y /x P(z)i; dm(z)

lil<N
(2N +1) / P(z)0 dm(z) .

v

Since IV can be arbitrary, Trace(P(z)) = 0 or Trace(P(z)) = co. The ergodicity of
T implies that either Trace(P(z)) = 0 for almost all z € X or Trace(P(z)) = oo for
almost all z € X. Given a Borel set A in the complex plane C, we can define with
the functional calculus the projection E = 15(K) € X. Let A be in B, a countable
basis for the topology in C. Then

(a)={® for dim Ran(E,) = oo
M3)=1 0 for dim Ran(Ea) = 0.

The set
Xa = {z € X | dimRan(E,) = n(A)}

has full measure and so also
Xo=nN Ac BX A .

Given two points y;,y, € Xp. We show that the spectrum of K(y) and K(y,)
coincide. Assume E is not in the spectrum of K(y;). There exists A € B such that
E € A and AN spec(K(y1)) is empty. Because dimRan(Ex (1)) = 0, we have

dimRan(Ea(z)) =0

for all z € Xp and E is therefore not in the spectrum of K(y;). The claim follows
by interchanging the roles of yi, 3.

If there would exist E in the discrete spectrum of K(z) for z € X, then 0 <
dimRan(EA) < oo for a A € B which would contradict the choice of x € Xj. |
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10 Appendix: The integration of aperiodic Toda

lattices
The integration of the tied Toda lattice has been performed in {Mos 75] (see also
[Mos 75] or [Dei 85]). In [Mos 75] is a complete picture of this scattering problem.

Later [Dei 80] one has recognized that the tied Toda lattice (and many of other
integrable systems) is a constrained harmonic motion.

We want to repeat here this integration for all the higher Toda flows
L=[L"y - (", L}=[Ba, L), n=1,...,N-1

and see that the vector fields are linearly independent and give N — 1 commuting
flows on a N — 1 dimensional surface. It seems that the complete analysis of the
scattering properties of a general Hamiltonian flow

L = [BH(L)7 L]

is not yet done and we don't deal with the question here also. If H(L) = tr(h(L))
is so that A’ is injective on the spectrum of L then L(t) converges to a diagonal
matrix for |t| — co. There are probably new features appearing when /' is no more
injective on the spectrum. Given L there exists a generic set of Hamiltonians such
that F’ is injective on Z.

The space of aperiodic N x N Jacobi matrices is a 2N — 1 dimensional vector space.
There are N linear independent commuting integrals

Fp = (k+ 1) Mr(L4)

of the Toda flows. Fixing these integrals, there stays a N — 1 dimensional surface
and at each point we have a natural coordinate system given by the flows generated
by the Hamiltonians Fj.

Given an aperiodic Jacobi matrix L acting on an N-dimensional vector space with
basis {e1,...ex}. The spectral theorem allows to write L = [ EdA(E), where d) is
an operator valued measure. We can also write this as

N
L=3% \NP(#),

i=1
where P(¢;) is the projection on the eigenspace of the eigenvalue ;.

Proposition 10.1 a) The mapping

L v du(E) =< e1,dN(E)ey >= ¥ %50;)
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with r = ¥, r; linearizes the Toda flows:
Given h € C*(L). The flow

L =[W(L)* - K(L)~, L]

induces the motion

() = Miny0),
A =0

of the measure du.

b) From the measure dy, the operator L can be calculated back by making Gramm-
Schmidt orthonalisation of the polynomials

{1,E,E?%,..., EN-1}
with respect to the scalar product
<P.Q>= [ P(E)Q(E) du(E) .
If {Py,... P} is this orthonormal basis then

ba

JEP.(B)P.(B) duE),
/ EP,(E)Payi(E) du(E) .

¢) The flows with (L) = L*, n € {1,...N — 1} are all linearly independent and
commuting. The isospectral set is homeomorphic to the N — 1 dimensional simplex

Gn

N
{TGRNl ZT,'=1}.
i=1
If b is injective on the spectrum, then for |t| — oo the matriz L(t) converges to a
diagonal matriz.

Proof. a) Given an aperiodic N x N Jacobi matrix L. By the spectral theorem it
can be written as L = [ Edk(E) where dk is the spectral measure of L. Define the
real-valued spectral measure du(E) =< e;,dk(E)e; >, where e, is the first basis
vector. One has then for example Ly; = [ Edu(E). The measure du is a sum of
Dirac measures:

N
"
du =30 6(0N)
k=1

where A; are the eigenvalues of L and r = ¥ 7. The matrix L has N simple
eigenvalues if a; > 0 because the equation Lu = \u shows that there can be only a
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one dimensional space of eigenvectors belonging to ) (if we have given u,, the other
components are determined by the equation Lu = Au).

Call u = u(A;) the eigenvector to the eigenvalue A which is normalized by [[u|{ = 1
and u;(Ax) > 0. From Lu = Au we get

Lru= (L) + (L") + (L) )u = Au.

From Lu = M and L = [B,, L] we get L(t) = U(#)L(0)U(t)* with U = B,U,U(0) =
I and u(t) = U(t)u(0). It follows

= Byu=({(L*)" = (L") )e.
Especially, because (L") u; =0
a = () ru) = (A = (L") ) .

From the spectral representation
A
(L) = [ B du(E) = L 22
j

we obtain
, n_ AT
ul(,\k) = (Ak) e E—T'UI(A),) . (2)
=1
From

TN L) I s
((L—A) lel,el)_zk: Af—,\: = = A’i—Ak

we get u;(Ax) = ri/r and putting this in Equation 2 gives
f‘k = )\:Tk .
Call & = u; (M) = r/r. Since the N eigenvectors must span the whole space, the

number & can’t be zero (else u(A;) would be zero). Because the van der Monde
determinant

1 1 1 1
A1 A2 An-1 An
det =H(,\J._,\'.)¢0’
(/\l)N—2 (,\2)N—1 e (/\N—I)N—2 (/\N)N_z i<j
(,\1)1\’—1 (/\2)N—1 (/\N—I)N_l (AN)N_I

all the flows given by h(L) = L", with n € {1,..., N — 1} are linearly independent:
Given 7 = v;ry we can find a suitable linear combination of higher Toda flows which
realises this flow. There are only N —1 linear independent flows because the zero‘th
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flow 7 = r; does not give a flow when constrained to X7, = 1. We can directly
calculate that the flow generated by F}. are commuting: The Poisson bracket

{Fe, i} = 2tx(L¥(L* - L)L)

is vanishing because taking the adjoint doesn’t change the trace but the sign. One
can also see it differently. The functions F} are also integrals under the flow gener-
ated by F} and 0 = Fi = {F,, F}.
The isospectral set of a given aperiodic Jacobi operator is the simplex of probability
measures on the spectrum ¢(L) which have the support on the whole set.
Given now a Hamiltonian

H(L) = tr(h(L)) € C*(L)

we get by linearity
f'k = Z hn(Ak)"Tk .

We have now translated the motion from the (a, b) coordinates into (X, £ ) coordinates
which have a simple evolution:

M=0, & =h(WE.

b) From (A, &) we can calculate back (a,b): To see this define the measure dy =
T, &6(\:) and make Gramm Schmidt orthogonalisation of the functions

(1,E,E%,...,EN-Y)
with respect to the scalar product
<P,Q>= [ P(E)Q(E) du(E).

This gives an orthonormal bases (P, P,,. .., Py) from which one (a,b) can be re-
covered:

bu= [ EP{(E)PA(E) diE), au= [ EP(E)Prs(E) du(E)
Proof. Define for each E an infinite vector P,(E) which satisfies
(LP(E)), = EP,(E), n=1,...N,
P(E)=0,n<0,A(E)=1.

(58)-#(3) -+ (3)
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we see that P, is a polynomial in E of degree n — 1. The vectors

(FQ), £, -, FN)) = (V&P -, E&PN (M)

are eigenvectors of L and U;; = f;(j) is an orthogonal matrix if we choose the scalar
product in order that f; are orthonormal. We have then

<frfm> = Xk: < fi(k), fm(k) >= Zk: < fel), fe(m) >

S P Pa(Mre = [ PiPndu.
k

I

We can write
L = U*Diag()1,...,2)U ,

and so
b= M) = [ EPP du(E),

ar = S NHW S +1) du = / EPPyy(E).
Remark. We can look at the map
w; = z':vlfi(l) - w(E) = XI:UIPI(E)
as a kind of Fourier transformation. The inverse transformation is
#(E) — [ @(EVP(E) du(E) = w;
The transformation is unitary because of the equality

<vw>=Y v = / %(E)d(E) dp(E) =< b,9 > .

c) We consider now the asymptotic development for ¢ — o0 and t — ~o00. In
general, if /(E) takes different values at E = )i, we have the same situation like in
the first flow. There is a pairwise exchange of velocities where the pairing depends
on the ordering of F/(A¢). The number & which gives the biggest A'()\;) exchanges
with the number which gives the smallest value. In this non-degenerate case also
the Jacobi matrices converge for ¢ — oo and t — —oo to diagonal matrices. This
argument can also be found in [Dei 83]. O
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11 Appendix: About random KdV flows

We will quickly have a look at the continuous analogue of the random Toda flows
the so called random KdV flows. In comparison with the discrete case, the set up is
technically more difficult partly because one has to deal with unbounded differential
operators.

Take a probability space (X,m) and an invertible flow 7; on X leaving invariant
the probability measure m. We denote with D the selfadjoint Lie-derivative with
respect to the flow T;.

Ug—gq

-
Call C*(X) the set of elements in L*(X,R), which are infinitely many times differ-
entiable with respect to the Lie-derivative D. We build the algebra X of elements

Da=ifin

el
K= E g.D",
n=0
where only finitely many ¢, € C*(X,R) are different from zero. The multiplication
is given by the usual multiplication of power series with the Leibniz rule

=k
D'g= (n—k) pk
=£(0)s
The algebra has a representation on L?(X) if D is the Lie-derivative. Each element
is acting there as a symmetric differential operator. We call the algebra the algebra
of real symmetric differential operators over the dynamical system (X,T;,m). We
have local functionals on C*®(X) defined by

F(K) = /x KK, ..., K®) dm .

Such functionals are integrals of the KdV flows we are going to define. Second order
differential operators in & of the form

L=D%+¢q

are called Schrédinger operators. We write £ for the space of these operators. The
functionals

F(L) = [y g dm(z) Mass integral

Fy(L) = [y ¢ dm(z) Momentum integral

F3(L) = [x ¢ + }u” dm(z) Energy integral

will serve as Hamiltonians of random KdV flows which can be defined by a Lax pair:
If we take a suitable operators
B(g) = iK
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with K € X such that the differential equations
L=1B,1}

make sense in the space £ of Schrédinger operators, we have isospectral deformations
of ¢ € C~(X). If the flow exists locally, it exists for all times. There is a whole
hierarchy of such flows and the corresponding skew-symmetric B can be determined
by making an ansatz and solving a linear system of equations.

The momentum functional F; generates translation flow g — U,;q and the energy
functional F; generates the usual KdV flow

qt = 699, — Grer -
There is a whole hierarchy of functionals leading to isospectral deformations.
Examples of dynamical systems.

e Periodic KdV flow. The dynamical system is (X = T, Ty(z) = z + ¢,dz).
&p = ¢p(1) time-one map of the fundametal solution.

1
A(E) = 51‘-1‘@5 =p +}l—l

is called the discriminant. The spectrum of L is
N
aly=F,
i=1
where F; are closed intervals and N < oco. The Floquet exponent is w = log(x).

o Almost periodic KdV flow. Take a Bohr-almost periodic function g and take
X =< ¢ >, the hull of ¢(t). This is a compact topological group and translation
q(t) — a(t + s) gives a flow on X leaving invariant the Haar measure.

Jacobi operators over such dynamical systems have been considered in [Joh 82]. An
integration has not yet been performed.

References

[Bel 85] J.Bellisard. K theory of C* algebras in solid state physics.
Lecture Notes Phys., 257: 99-156, 1986

[Ber 86] Yu.M.Berezansky. The integration of semi-infinite Toda Chain by means
of inverse spectral problem.
Reports on mathematical physics, 24:21-47, 1986

127



[Ber 86b] Yu.M.Berezansky, M.LGekhtman M.E.Shmoish. Integration of some
chains of nonlinear difference equations by the method of the inverse spectral
problem.

Ukrainian. Math. J., 38:74-78, 1986

[Bog 88] O.1Bogoyavlensky. Five Constructions of Integrable Dynamical Systems.
Acta Appl. Math., 13:227-266, 1988

[Bog 90] O.1.Bogoyavlensky. On Integrable Generalizations of Volterra Systems.
in Analysis, et cetera, ed. by P.Rabinowitz, E.Zehnder, Academic Press,
Boston 1990

[Bog 76] O.1.Bogoyavlensky. On Perturbations of the Periodic Toda lattice.
Comm. Math. Phys., 51:201-209, 1976

[Chu 84] M.T.Chu. On the global convergence of the Toda lattice for real normal
matrices and ists applications to the eigenvalue problem.
SIAM J. Math. Anal, 15 (1), (1984)

[Chu 84a] M.T.Chu. The generalized Toda flow, the QR algorithm and the center
manifold theory.
SIAM J. Discrete Math., 5:187-201, 1984

[Chu 86] M.T.Chu. A differential equation approach to the singular value decompo-
sition of bidiagonal matrices.
Lin. algebra and its applications, 80:71-79, 1986

[Car 87} R.Carmona, S.Kotani. Inverse Spectral Theory for Random Jacobi Matri-
ces.
J. Statist. Phys., 46:1091-1114, 1987

[Car 90} R.Carmona, J.Lacroix. Spectral Theory of Random Schrédinger Operators.
Birkhauser, Boston, 1990

[Con 90} A.Connes. Geometrie non commutative.
InterEditions, Paris 1990

[Cor 82] 1.P.Cornfeld,S.V.Fomin,Ya.G.Sinai. Ergodic Theory.
Springer, New York, 1982

[Cyc 87] H.L.Cycon,R.G.Froese,W.Kirsch,B.Simon. Schroedinger Operators.
Texts and Monographs in Physics, Springer, 1987

[Dei 91] P.Deift, J.Demmel, L.Li,C.Tomei. The bidiagonal singular value decompo-
sition and Hamiltonian mechanics.
SIAM J. Numer. Anal., 28:1463, 1991

128



[Dei 80] P.Deift,F.Lund,E.Trubowitz. Nonlinear Wave Equations and Constrained
Harmonic Motion.
Comm. Math. Phys., 74:141-188, 1980

[Dei 85] P.Deift,L.C.Li,C.Tomei. Toda flows with infinitely many variables.
J. of Funct. Anal., 64:358-402, 1985

[Dei 89] P.Deift,L.C.Li,C.Tomei. Matriz Factorizations and Integrable Systems.
Comm. Pure Appl. Math., XLII: 443-521, 1989

[Dei 83] P.Deift,T.Nanda,C.Tomei. Ordinary differential equations and the symmet-
ric eigenvalue problem.
SIAM J. Numer. Anal., 20:1-21, 1983

[Dei 89] P.Deift,L.C.Li. Generalized Affine Lie Algebras and the Solution of a Class
of Flows Associated with the QR Eigenvalue Algorithm.
Comm. Pure Appl. Math., XLII: 963-991, 1989

[Del 83] F.Delyon, B.Souillard. The Rotation Number for Finite Difference Opera-
tors and its Properties.
Comm. Math. Phys., 89:415-426, 1983

[Die 68] J.Dieudonné. Foundations of Modern Analysis, Tome 1.
Academic Press,New York and London 1968

[Dix 81] J.Dixmier. Von Neumann Algebras.
North-Holland mathematical Library, Vol 27, Amsterdam, 1981

[Fla 74] H.Flaschka. On the Toda Lattice II.
Prog. Theoret. Phys., 51:703-716, 1974

[Fad 86] L.D.Faddeev,L.A.Takhtajan. Hemiltonian methods in the theory of Soli-
tons.
Springer, 1986

[Gor 85] D.Goroff. Hyperbolic sets for twist maps.
Ergod. Th. & Dynam. Sys., 5:337-339, 1985

[Joh 82] R.Johnson,J.Moser. The Rotation Number for Almost Periodic Potentials.
Comm. Math. Phys., 84:403-438, 1982

[Kac 75] M.Kac,P. van Moerbeke. A complete solution of the periodic Toda problem.
Proc. Nat. Acad. Sci. USA, 72, No.8, pp.2879-2880, 1975

[Kam 93] S.Kamvissis. On the long time behavior of the doubly infinite Toda lattice
under initial data decaying at infinity.
Commun. Math. Phys., 153:479-519, 1993

129



[Koo 86] H.Kook,J.D.Meiss. Periodic orbits for reversible, symplectic mappings.
Physica D, 35:65-86, 1986

[Kos 79] B.Kostant. The solution to a generalized Toda lattice and representation
theory.
Adv. in Math., 34:195-338, 1979

[Kot 88] S.Kotani, B.Simon. Stochastic Schroedinger Operators and Jacobi Matrices
on the Strip.
Comm. Math. Phys., 119:403-429, 1988

[Li 87) L.C.Li. Long time behavior of an infinite particle system.
Comm. Math.Phys., 110:617-623, 1987

[Mat 68} J.Mather. Characterization of Anosov Diffeomorphisms.
Indag. Math., 30:479-483, 1968

[Mat 82] J.Mather. Ezistence of quasi-periodic orbits for twist homeomorphism of
the annulus.
Topology, 21:457-467, 1982

[Mat 84] J.Mather. Amount of Rotation About a Point and the Morse Indez.
Comm. Math. Phys., 94:141-153, 1984

[McK 79] H.P.McKean. Integrable systems and algebraic curves.
Lecture Notes in Math., No. 755, Springer 1979

[vMo 76] P.v.Moerbeke. The spectrum of Jacobi Matrices.
Invent. Math.,37:45-81, 1976

[vMo 78] P.v.Moerbeke. About isospectral deformations of discrete Laplacians.
Lecture Notes Math., No. 755, Springer 1978

[Mos 75] J.Moser. Three Integrable Hamiltonian Systems Connected with Isospectral
Deformations.
Adv. in Math., 16:197-220, 1975

[Mos 75] J.Moser. Finitly many mass points on the Line under the influence of an
exponential potentials, an integrable system.
Lecture Notes Phys., 38, 1975

[Per 90] A.M.Perelomov. Integrable Systems of classical Mechanics and Lie Algebras
I

Birkhauser, Boston 1990

[San 86] V.S.Sanders. An invitation to von Neumann algebras.
Springer, New York, 1986

130



[Sch 87] R.Schmid. Infinite dimensional Hamiltonian systems.
Bibliopolis, edizioni di filosofia e scienze, Napoli, 1987

[Sim 83] B.Simon. Kotani Theory for One Dimensional Stochastic Jacobi Matrices.
Comm. Math. Phys., 89:227-234, 1983

[Sym 82] W.Symes. The QR algorithm and scattering for the finite nonperiodic Toda
lattice.
Phys. D, 4:275-280, 1982

[Sym 80] W.Symes. Systems of Toda Type, Inverse Spectral Problems, and Repre-
sentation Theory.
Invent. Math., 59, 13-51, 1980

[Tod 81] M.Toda. Theory of nonlinear lattices.
Springer, 1981

[Woj 85] M.Wojtkowski. Inveriant families of cones and Lyapunov ezponents.
Ergodic Theory & Dynamical Systems, 5:145-161, 1985.

131



Factorization of random Jacobi operators and

Backlund transformations

Contents
1 Introduction 133
2 Random Toda flows » 134
3 Factorization of random Jacobi operators 136
3.1 Definition of the Titchmarsh-Weyl functions. . . . . . ... ... ... 136
3.2 The Titchmarsh-Weyl functions as Green functions. . . . . . ... .. 137
3.3 Factorization of a random Jacobi operator. . . . . ... ........ 139
4 Bicklund transformations 142
4.1 Baicklund transformations as isospectral transformations . . .. ... 142
4.2 Baécklund transformations in the coordinates of Flaschka . ... .. . 145
4.3 Asymptotic behaviorfor E— —co .. ... .............. 146
4.4 Commutation of Bicklund transformations . . . . .. ... ... ... 148
5 Symmetries 152
5.1 A simple version of super symmetry . . . . ... ... ......... 152
52 CPTsymmetry . . ... .... ... ... iininuninnanin. 153
53 Remarks . . . ... ... ... . ... ... ..., 154
6 Some questions 156
7 Appendix: The spectrum of periodic Jacobi matrices 157
8 Appendix: Bécklund transformations for random Schrédinger op-

erators 158

Appendix: Bicklund transformations for aperiodic Jacobi matrices159

132



Abstract

We show that a positive definite random Jacobi operator L over an abstract
dynamical system T' : X — X can be factorized as L = D?, where D is again a
random Jacobi operator but defined over a new dynamical system S:Y — Y
which is an integral extension of T

An isospectral random Toda deformation of L corresponds to an isospec-
tral random Volterra deformation of D. The factorization leads to commut-
ing Backlund transformations which can be written explicitly in terms of
Titchmarsh-Weyl functions. In the periodic case, the Backlund transforma-
tions are time 1 maps of a Toda flow with a time dependent Hamiltonian.

1 Introduction

Bicklund transformations for Toda lattices have been given in a non-explicit form
by Toda and Wedati [Wed 75],{Tod 81]. Adler [Adl 81] found that Bécklund trans-
formations have their origin in a factorization L = AA* in analogy to the Miura map
for the KdV equation. It has been mentioned already by Moser {Mos 75a] that the
relation between the Kac van Moerbeke system and the Toda lattice has its algebraic
origin in a factorization L = D?, where D is a matrix on a vector space with twice
the dimension of the vector space on which L acts. In those papers D or A are
given first and L is obtained by forming L = AA* = D?. The Bicklund transformed
operator L is obtained by commutation L = A*A. Recently, the Poisson structure
of the Backlund transformations was studied in [Dei 91] for the periodic Toda lattice
and also in the more general context of Toda equations on Lie groups.

In [Kni 92] we studied Toda lattices with random boundary conditions. They were
obtained by making isospectral deformations of random Jacobi operators. The ran-
dom Toda lattice is a generalization of both the periodic and the tied Toda lat-
tice. It is defined over an arbitrary abstract dynamical system. We will show here
that Backlund transformations can also be done in this case. They generalize the
Backlund transformations known for periodic and aperiodic Toda lattices investi-
gated in [Tod 81],{Ad] 81],{Dei 91]. What is new here, (beside the fact that we are
working with random Jacobi operators and not with finite dimensional matrices),
is that we have explicit formulas for the transformations in terms of Titchmarsh-
Weyl functions. These functions are Green functions and play an important role for
the study of spectral problems [Sim 83] and inverse spectral problems [Car 87] of
stochastic Jacobi matrices.

We will prove that all of the Backlund transformations commute. This follows from
the fact that there is an interpolation of the transformations by time dependent
Hamiltonian flows in the periodic case. The Toda flow deformation of the operator
L gives a random Volterra flow for D.
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The relation of the Toda and the Volterra flows is discovered first by Henon in 1973
(in a letter to Flaschka). This bibliographic remark and the publication of the re-
lation between these two systems can be found in [Mos 75a]. It is possible that
different rediscoveries of this appeared later. Recent work [Dam 91] is dealing with
this question. A very recent independent approach appeared in [Ges 93], where also
explicit formulas for Backlund transformations are given.

There are known also other relations between Volterra and Toda systems. The fact
that the Volterra system sits in the second Toda flow as a subsystem appeared in the
paper [Mos 75b). In [McK 78] the same relations have been shown for the periodic
boundary conditions. The birational equivalence of the two systems goes back to a
transformation of Stielties (1918).

In the last part of this paper we deal with symmetries of the Toda systems. We
remark that the factorization L = D? leads to a kind of super-symmetry for random
Jacobi matrices. This super-symmetry was invented by Witten and is also called
zero-dimensional super-symmetry. The operator D plays the role of a charge- or
Dirac operator. Under super-symmetry the Hilbert space splits into a direct sum of
two Hilbert spaces, a Fermionic and a Bosonic part. The Bicklund transformations
interchange the Fermionic and the Bosonic parts.

An other symmetry of the Toda flows is CPT. The involution C (change of charge)
flips the Fermionic and the Bosonic parts by interchanging the two copies of the
probability spaces. The involution P (change of parity) is reversing the dynamical
system. The transformation in the dynamical system S is replaced by its inverse
S~1. The involution T is changing the time parameter ¢ of the Toda flow. Applying
CPT together maps the system into itself.

2 Random Toda flows

We redefine shortly the definitions in [Kni 92] needed here: An ergodic dynamical
system (X, T, p) is a probability space (X, 1) together with a measurable ergodic
invertible map T on X that preserves the measure yu. The crossed product X of
L>(X) with the dynamical system (X, T, ) is a C* algebra and consists of sequences
K, € L*(X) with convolution multiplication
(KM),(z) = Z Ki(z)Mn(T*z)
k+m=n
and involution .
(K*)a(z) = K_(T"z) .
An element K € X is written in the form
K=Y K.,

nez
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where 7 is a symbol. The multiplication in X is the multiplication of power series
with the additional rule 75K, = K,(T*)7* for shifting the 7’s to the right and the
requirement 7* = 7~1. The norm on X is given by

WK =] HE @] oo »
where K(z) is the infinite matrix
[K(2))mn = Kn-m(T™z) .
The multiplication and involution in X is defined such that
K € X = K(z) € B(I*(2))
is an algebra homomorphism:
KL(z) = K(z)L(z), K*(z) = K(z)* .

According to Pastur’s theorem (adapted to the present situation), the spectrum
of K(z) is the same for almost all z € X. The algebra &’ has the trace tr(K) =
Jx Ko dp. An element K has the decomposition K = K~ + Ko + Kt defined
by requiring K* = ¥,,,0K,7. With £ C X is denoted the real Banach space
consisting of random Jacobi operators

L=ar+(ar)"+b
if a,b € L*(X,R). The number

M(L) = exp ( /x log(a) dp)

is the mass of L. We say it has positive definite mass if there exists § > 0 such that
a(z) > 6 for almost all z € X. For a Hamiltonian

H e Cc¥(L) = {H(L) =tr(h(L)) | h entire, h(R) C R}

the random Toda lattice )
L = [Bx(L), L],

with By(L) = K'(L)* —h'(L)~ is an isospectral flow in £. It reduces to the periodic
Toda lattice in the case when | X| is finite. The flows all commute and exist globally.

Remark. The assumption a(z) > § > 0 could be replaced by |a(z)| > 6 > 0 because
every infinite Jacobi matrix L(z) can be conjugated with a diagonal matrix D(z) to
a Jacobi matrix D(z)L(z)D(z)! with non-negative side-diagonal entries. The map
z + D(z) is however not measurable in general. Only if Y = {z € X | a(z) < 0}
is a coboundary, (which means that there exists a measurable set Z such that Y =
ZAZ(T)), the map z ~— D(z) is measurable. The random operator D = Dy is then
defined by Dy(z) = "2,
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3 Factorization of random Jacobi operators

3.1 Definition of the Titchmarsh-Weyl functions.

Given a random Jacobi operator L € £ with positive definite mass. For almost
all + € X, L(x) is a bounded operator on I2(Z). We consider it also as a matrix
acting algebraically on R%. Fix an energy E outside the spectrum of L. The time-
independent Schrédinger equation

L{(z)u = Eu

admits a two dimensional family of solutions {u,(z)} € RZ. If we fix for example
tp, 1, all the other values u, can be calculated recursively by

Gnliny1 + Gp1tn-) +bou, = Eu, ,
where a, = a(T"z) and b, = b(T"z). With the vector
wn(2) = (an(2)un+1(2), 2a(2)) ,
the Schrédinger equation can be written as the first order system
Ag(z)w-1(z) = wo(z) ,
where Ag is the transfer cocycle

ate) =1y (B =)

The name "cocycle” is usually used for the function Z x X — SL(2,¢),
(z,n) = Ap(z) = Ap(T""Y(2)) - Ap(T2)Ae(s) .

Claim. For E outside the spectrum of L, the cocycle Ag has a positive Lyapunov
exponent

Mg) = lim n™ [ log(143(=))) du(a)
Proof. The Thouless formula
Re(tr(log(L ~ E))) = log(M) + A(Ag)

shows that the Lyapunov exponent E — M(Ag) is harmonic outside the spectrum.
Because det(Ag(z)) = 1, the Lyapunov exponent takes values > 0. According to
the maximum principle for harmonic functions, the minimum 0 can not occur in the
resolvent set. 0
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It follows from the multiplicative ergodic theorem (see [Rue 79]) that for E in the
resolvent set, there exist one dimensional co-invariant stable and unstable vector
spaces W*(z) such that

Ap(z)W*(z) = W(Tz) .

For almost all z € X we can take a unit vector w¥(z) € W*(z) and define u*(x)
as the second coordinate of w*(z). Like this, there exist solutions u},u; € R? of
L{z)u = Eu satisfying {u} ()} € *(N) and {u;(z)} € I¥(—N). (The sequence u, is
determined by defining ug as the second coordinate of w(z) and a(z)u; as the first
coordinate of w*(x). The other entries u, are then defined by L(z)u = Eu.) The
Titchmarsh- Weyl functions are

) = o) ST me(e) = el T,
nt(z) = a(T‘lz)———ut‘(ﬂ;l)x) , n(z)= a(T"z)——u-lfT(;;z) .

They are measurable according to the multiplicative ergodic theorem and are allowed
to take the value oo or —co.
Remark. Contrary to u}(x),u;(z), which were defined pointwise for z € X and
only up to a multiplication with a nonzero constant, m*(z) and m~(z) are uniquely
defined measurable functions.
Remark. We use slightly different Titchmarsh-Weyl functions than in the literature.
In [Car 90] for example

m*(z) = - u*(Txz)

a(z)ut(z)

is used. Often, (for example in {Sim 83],[Cyc 87],) stochastic Jacobi matrices are
discussed with a(z) = 1.

3.2 The Titchmarsh-Weyl functions as Green functions.

Related to the operator L(z) € B(1?(2)) are the operators LN(z) € B(I2(N)) defined
by

[LM(=))i; = [L(=))is, 4,5 >0
and L~N(z) € B(I?(-N)) by

[L_N(l')]ij = {L(z)):j, ¢, <0.

By the spectral theorem there are two probability measures do*,do~ on the real
axes such that

(M)~ By = [ 22
(M@ =B, = [ EE
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Lemma 3.1

v o =1
me) = = [ SR = - ([ TN
~1z)(EN\ ! o~ g
W@ = - ([ TN )« gy [ @)
Proof.

ud(z) or ug(z) can’t be zero, or else uf = uf(T™z) is an eigenfunction for the
matrix L*N. This is not possible since the spectra of IN(z) and L™N(z) are lying
in an interval containing the whole spectrum of L(z).

Define the solutions {v} (2)} and {v;(z)} of L(z)u = Eu by imposing the boundary
conditions v§ (z) = v5(z) = 0 and v (z) = v2)(z) = 1. Because both u#(z) and
ug () never can get zero, v*,u* and v~,u” are two pairs of linearly independent
solutions of L(z)u = Eu. This implies that the two Wronskians

[v*(z),ui(a:)],, = det (an(-':}?(:if-)l(l‘) an(-':")fug;-)l(l')) = det(Wf(x))

are both different from zero. Because det(Ag(z)) = 1 and
AB(@)WZ(2) = Wit (),

the Wronskians are independent of n. Define symmetric matrices G*(z),G(z) by
requiring that for m < n,
v (2)ug (z)
[v+(z)5 u*(z)i '
- — _v:m(z U:n(.l'
G @ = o
and [G*(z)}nm = [G*(2)|mn. For all n,m € N one has
[G*@lma(z) = [(ZNE) = E) Yn,s
[G™(2)]-m,-a(2) = (L™N(=) - E)-ll-m.-n .

To verify this, calculate in the case k < n ~ 1 using Lv = Ev
2 ((LiN - E)km[G*]mn
m2>1

Em(LiN - E)kmvvfuf
[v*, ut]
(oot + oot + ourik, = Bob)ut
[v%, u#] '

(G (2))mn

]

Ry
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Using the symmetry of G* we get also Ry, =0fork > n+1. For k = n there isa
sign change due to the symmetry of G* and we have

Ru = akvfﬂlfft,—uik]vf “f+l =1.
In particular
+
(@) - Bl = (6" @ = - s
L4 €) U
T a¥z) T nt(Tz)
and
(EMa) = Bl = (6@ = - g
1 n~(z)

T m—(T-1z) = T &(T1z)

o
Remark. The lemma implies that —m*(z), —n=(z),m~,n* are Herglotz functions:
they are mapping the upper complex half plane into itself.

3.3 Factorization of a random Jacobi operator.

We will simplify the notation, by often leaving off the z in the variables m*, n¥, a,b.
If we avoid the superscripts +, — in m,n, etc., we mean that both equations (one
with superscript + and one with superscript —) are true.

One can recover the functions a,b from m,n by

m+n = E-b,
m-n(T) = a%.

We want to show now, how a random Jacobi operator L can be factorized as
L=D*+E.

We take a special integral extension (Y, S,v) of the dynamical system (X, T, 1) (see
[Cor 82] for the general notion of an integral extension ). It is defined like this:
Y consists of two copies X7, X; of the probability space (X, m). S is the identity
map from X; to X, and the mapping T from X, to X,. The S invariant measure
v is determined by v(Z) = p(Z)/2 for Z C X;. Define on Y a new function ¢ by
requiring that for r € X = X;,

e(z) = -m(z), o(S7'z) = —n(z) .
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We have then for all z € X,

e(z) + ¢(S7x)
c(z) - c(Sz)

-E +b(z),
a¥(z) .

Because c is defined on Y, these formulas extend a,b to functions on Y. Define
the C* algebra Y analogously to X as the crossed product of L=(Y) through the
dynamical system (Y, S,v). The elements of )’ can be represented as

K=Y K",
where 62 = 7. Call ¢ the map ¥ — X
K=Y K,o"w Y K,m,
where K,(z) = Kyn(z) for z € X; = X. The mapping ¢ gives for z € X,
W) (@m = [K(2))2n,2m -
Theorem 3.2 a) The random Jacobi operators
D=(Vyeo+0"Ve)ey
are bounded for E outside an interval containing the spectrum £(L) and
YD) =L-E.

D is selfadjoint if E is real and below T(L).
b) The operators
BTg(L) := y((D*)*(S) + E)

have the same spectrum as L.

Proof.
a) If E is real and below the spectrum of L, we have from Lemma 3.1,

~-m¥(z) >0, -n*>0.
If E is outside an interval containing the spectrum of L, m* take complex values

in general. But they are bounded in modulus by the inverse of the distance from E
to the interval containing the spectrum of L. The relation $%(D?) = L — E follows

from the definition:
W(ye-e(S)o? + (e +(S™)) + y/c(S2) - e(S-1)o 2

W(D?)
at+b—E+aT Y =L-E.
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b) S is ergodic as an integral extension of T [Cor 82] and D is an ergodic random
Jacobi operator over the ergodic dynamical system (Y, S,v). The spectrum Z(D(z))
is constant almost everywhere. Especially it is translational invariant: the spectrum
of D is the same as the spectrum of D(S). Thus, also the spectrum of

D*+E

is the same as the spectrum of
DYSY+E.

But this is not yet enough to prove that L and L(S) have the same spectrum.

Take first the periodic ergodic case, where N = | X] is finite and where we can build
for each periodic N x N Jacobi matrix L of positive mass a periodic 2N x 2N Jacobi
matrix D such that D%+ E is the direct sum of two N x N matrices L and BTg(L).
The spectrum of periodic Jacobi operators is generically simple and the multiplicity
of an eigenvalue is maximally two. (See the appendix).

(i) Assume therefore first that L has N simple eigenvalues. We want to show that
BT*(L) has in this case the same spectrum as L. The Jacobi matrix D has a spec-

trum +)y,...,+Ay symmetric with respect to the imaginary axis because if A is an
eigenvalue with eigenvector (u1,. . .,,usn) then — X is an eigenvalue with eigenvector
(u1,—ua, ..., —uay). If the eigenvalue 0 of D occurs then it must have multiplicity 2

because the multiplicities of all eigenvalues must add up to an even sum. The matrix
D? + E is the direct sum of two Jacobi matrices L, BTg(L) and has the eigenvalues
A? + E, where each multiplicity is exactly 2. Because L has by assumption simple
spectrum we get that o(L) = {A\?+E | i = 1,..., N} and the operator BTg(L) must
have the same spectrum as L because each eigenvalue of D? + E has multiplicity 2.
(ii) In the case, when L has not simple spectrum, the claim follows because the
spectrum depends continuously on the matrix in the weak operator topology and
because we can approximate a general Jacobi operator in the weak operator topol-
ogy with matrices having simple spectrum.

(iii) In the general infinite dimensional case, we can approximate a Jacobi matrix
L(z) in the weak operator topology by periodic Jacobi matrices L*¥)(z) and the
spectra of these approximations converge for N — oo to the spectrum of L(z) by
the lemma of Avron-Simon. The Bicklund transformed matrices BTx(L(*")) con-
verge for N — oo in the weak operator topology to BTg(L). So, the spectrum of
BTg(L) is the same as the spectrum of L. m]

For simplicity, we will omit in the future the restriction map ¥ and write just
L = D? + E instead of L = ¥(D?) + E, where it does not lead to confusion.

Remarks. The requirement that L has positive definite mass could be weakened. If
L has positive mass then
[108* (14811) au
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is finite and Oseledec’s theorem is still applicable to define the Titchmarsh Weyl
functions. If the mass is zero and a(z) > 0 for almost all z € X then one can
consider the cocycle a(T~!)- Ag to find the Titchmarsh Weyl functions. If a(z) = 0
on a set of positive measure, the Jacobi matrix L(z) is block diagonal for almost all
z € X and a decomposition L = D? + E is then in general no longer possible.

The factorization L = D? + E can also be written as
L—-E=D%=AA",

with A = Do and A* = ¢*D. We will consider in the next section the Bicklund
transformation
AA"— AA

4 Bicklund transformations
4.1 Baéacklund transformations as isospectral transforma-
tions

Theorem 4.1 For H € C¥(L), the Toda flow L = [By(L),L] is with D’ =L — E
equivalent to the Volterra flow

D =|By(D*+E),D].

The mapping
BTg : L~ L(S)

is a Bdcklund transformation: It is isospectral and commutes with each Toda flow.
In order to prove Theorem 4.1, we need a lemma

Lemma 4.2 Given two random operators D = do + o*d, R = ro + o*r over the
ergodic dynamical system (Y, S,v). If d* is not constant on'Y and DR+ RD = 0
then R =0.

Proof. The equation

RD+DR = (rd(S) +dr(8))a? + 2(dr + (dr)(S™'))
+ ((rd(8) +dr(8))s?) =0

is equivalent to
dr+ (dr)(S™) =0, (1)

r-d(S)+d-r(S)=0. (2)
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From (1), we get dr = —dr(S~1) or dr = dr(S~%). If $? is ergodic, then dr =
Cy = const and from (1) follows Cy = 0 and so r = 0. If S? is not ergodic, then
Y = X; U X, and S2 is ergodic on X;. This implies that

dr = —(dr)(S) = Cy = const
when restricted to X;. Equation (2) gives

dS)  _d \_. (dSP-d) _
o (%P~ 7y) = U=

which implies that Cy = 0 unless d*(S) = d? almost everywhere. By ergodicity
of S, the equation d?(S) = d? is equivalent to d> = const which was excluded by
assumption. Therefore r =0 and so R=10. [}

We prove Theorem 4.1: Proof. If D fulfills the equation D= [By(D? + E), D), then
L(t) = D*(t) + E satisfies the differential equation L = {By(L), L}:

iL(t) = i(D”(t) +E)=DD+DD

dt Todt -

[Bu(D? + E), D|D + D|By(D* + E), D)
[Bu(D? + E),D?| = [By(L), L] -

If on the other hand L(t) satisfies L = [By(L), L}, then
DD + DD = [By(D? + E), D] = [By(D* + E), D|D + D[By(D* + E), D] ,
where D(t) is defined by L(t) = D(t)? + E. With
R=D-[By(D?+E),D]
we can write this as
RD+DR=0.
From Lemma 4.2 we have R = 0, unless D is constant. But in the later case

D = L =0 anyway.

Each Toda flow commutes with L — L(T) and in the same way, each Volterra flow
commutes with D — D(S). The just proved relation between the Toda and the
Volterra flow shows that the Toda flows are commuting with L — L(S) and the op-
erators BT,’;‘L satisfies the same differential equation as L. A transformation with
this property is called a Béicklund transformation. o

Example. In the case h(L) = L?/2, the motion of D is given by the differential
equation
¢ =2¢(c(S) — ¢(S7))
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which is called the Volterra, Kac Moerbeke or Langmuir lattice. 1t is a conservation
law for the integral

/Y log(c) dv

and in terms of the Titchmarsh-Weyl functions m, n it can be rewritten as

2m(n — n(T)),

n 2n(m(T1) - m).

Also these differential equations are parametrized by a parameter E.

Remark. With d = /¢ we can build the weighted composition operator A = do* and
the Volterra lattice can also be written as

A=[A"A+ A4 4] .-

If d is more generally a matrix-valued cocycle in L*(X, M(N, R)), where M(N,R)
is the algebra of real N x N matrices, we get isospectral deformations

A= A%T)A - AAYT™Y)

of matrix cocycles. Since all the Volterra equations make sense also in the non-
abelian case and the flows exists for all times, the isospectral deformation corre-
sponding to the first Volterra flow

A= AAT)A - AA¥TY)
exists for all times also in the non-abelian case.

A historical remark. The Volterra system appeared first in 1931 in Volterra’s work.
He studied the evolution of a hierarchical system of competing individuals. Henon
mentions in a letter (1973) to Flaschka the relation of the Toda lattice with the
Volterra system. In 1975 the version with aperiodic boundary conditions was solved
by Moser [Mos 75a]. In the same paper, the relation with the Toda lattice is pub-
lished. There are other relations: The fact that the Volterra system sits in the
second Toda flow as a subsystem appeared in the paper [Mos 75a]. In [McK 78] the
same relations have been established for the periodic boundary conditions.

Remark. Backlund transformations are also defined for complex values E outside the
convex hull of the spectrum. They still preserve the spectrum, but the images are no
longer selfadjoint operators. The norm can blow up in an isospectral way. Indeed, if
E approaches a pole of m*(z) in a gap of the spectrum, then ||BT*(E)L(z)|| — oo.
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4.2 Backlund transformations in the coordinates of Flaschka

A Bicklund transformation can also be described in the canonical coordinates ¢,p €
L>(X) if they exist. If log(a) is an additive coboundary: 3f € L*(X)

log(a) = f(T) - f,

we can define ¢,p by
4 =M1 =p.

We will see that there is an additional free parameter for doing the Bécklund trans-
formations in the coordinates g, p. The generating function and the implicit canoni-
cal transformations in the following proposition have been given by Toda and Wedati
[Wed 75} in the case of aperiodic Toda lattices, where the Backlund transformations
are not isospectral.

Theorem 4.3 For E outside an interval containing the spectrum £(L), the Backlund
transformations BTE

mT)

bV =b+n-n(T), d?=d?
m

can be written in the canonical variables q,p as canonical transformations BTS :

(g,p) = (d.,P)

» = %‘qf = _ef—1-C _ a-dT")C 4 oF
P o= '%? = —e? 7170 — AD 040 4 2F

with a generating function
W(g,q) = /x e7—9-C _ dT)-¢+C _9p . (¢ ~q)du,
where C is a parameter. Ezplicitly

d = q+log2m)+C,
P = p+2n-2n(T).

Proof. From & = b+n —n(T) we get p' = p+2n — 2n(T) which gives together with
b=-m-n+FE

p = -2m—-2n+2F,
—2m-2n(T)+2E .

S,
|
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Taking the difference of these two equations gives

P=p+2n-2n(T).
From a? = a>2Z) we obtain

log(4a”) = log(4a?) + log(m(T)) — log(m)
and
¢(T) - ¢(T) - log(m(T)) = ¢' ~ g — log(m) .

The ergodicity of T implies that

¢ —q=log(2m)+C,

where C is a constant. Together with

log(2m) + log(2n(T)) = log(4a®) = ¢(T) — ¢

this gives
¢ = o(T) = C - log(2n(T))
and so
P = —2m-2n+2E=—¢f"9C_=¢TH4C L op
P = —2m-2n(T)+2E = —e9~9C - 8M-9+C | 9p
We verify
W W
T 8¢’° o

4.3 Asymptotic behavior for £ — —c0
Proposition 4.4 )

Am BTHI) = L),

b) For all E outside an interval containing £(L),

BT{ o BT5(L) = L(T) .
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Proof.
a) From Lemma ??, we see that the functions

log (m+(:c) . E)

(75)

with st (z) = [(LN(2))"]u and s, (z) = [(L~™(z))"]-1,-1 are analytic in a disc around
00. We have thus the Taylor expansion in the variable 1/E (compare [Car 87])

log(a®(x)) + log ([(1 - m)—1]11)
log (az(x)) + log (z ,,(x)) ,

—log (E[(E — LN(Tz))™]-1,-1)

(£

n=0

log (m*(z) - E)
(=)
o (*5)

log (n_(x) . E)

2
sl‘(T:c)% + (s;(Tx) - sl'(w) 1,

log(a*(z)) + sf(z)% + (s;‘(:c) _st@)? ) 1+

T
+(T-1,\2
ST+ (s;(r-lz) i ) L+

5 gt
log (az(T'lz)) +81_(1‘)% (sz( )= ﬁ) B2 RS

leading to

tog (m*(T)) ~ log(m*) = log (a*(T)) — log(a?) + (s}(T) - s'f)% +

and
m*(T) _ o*(T)
E_.IPN mt a2
Because n* = E — b— m*, we get also
lim Ty -nt=b-H7T).

E——o0

From these two formulas limg_, o, BTg(L) = L(T) follows. Similar, we deduce
from the Taylor expansion that
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and limg_,_o, BT5(L) = L.
b) With L = a0 +(ac) +band L” = BT o BTg L = a"0 +(a"0)* + V", we obtain

log(a") = log(a) + 5 log (m*(T)) - %1og(m+) + %log (n=(T) - %log(n")
= log(a) + 5 log (4X(T) - ; log(a”) = Iog(a(T) ,
V' = btnt —n*(T) 4+ m —m(T) = b+ (E - b) ~ (E — KT)) = bT).

(m]

Each random Toda flow L(t) is now embedded in a one parameter family of flows
t = BT EL(t)
where E is a parameter. The random flow itself is obtained for E — —oo.

Remark. In the case |X| < oo, the boundaries of the curves E BTg(L) and
E — BT}(L(T~')) have nonempty intersection. This gives the possibility to deform
L into L(T) inside the isospectral set. For aperiodic dynamical systems, one can’t
expect that a deformation of L into L(T) can always be done because in general,
m* and m~ are different everywhere.

4.4 Commutation of Backlund transformations

Assume, the Hamiltonian Hg(L) = tr(hg(L)) is dependent on a parameter E €
U CR, where U is an open interval in R. Together with a smooth curve ¢ — E(t)
in U, we can define an isospectral deformation

%L(i) = [BH(E(t))(L)’L] :

Theorem 4.5 a) Assume |X| is finite. For all L € L, there ezist time dependent
Hamiltonians Hg(L) = tr(h$(L)), such that E — L(E) = BT(E) is the Toda
orbit of

d
ZHE®) = [Buxpuy(L), L] .
b) In general, for all real E', E" < inf(Z(L)) and for all o,p€{+-}
BT*(E')BT*(E")L = BT*(E")BT*(E')L .

For the proof we need the following little lemma:
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Lemma 4.6 Given d linear independent constant real vector fields f on the d
dimensional torus T¢.

a) If the smooth vector field j£x = f(E,x) commutes with the vector fields f©),
then there exist a;(E,x) : R X T¢ — R independent of x such that

d
f(E,x) =Y a(E)fO.
i=1
b) For any differentiable functions a;(E), b;(E), the time-dependent vector fields

F(E) = ia;(E)f(‘), G(E) = Xd:bs(E)f(‘)
i=1

i=1

are commuting.

Proof.
a) A .
0=1[f, fO) = (Vf) fO - f- (V£ = (V) - fO

implies

forallj=1,...,d.
b)

[F(E),GE)] =[Tia(E) O, T;b;(E)fD]
=¥, ai( E)o;(E) [f(")’ f(J')] =0.

a
Now to the proof of Theorem 4.5
Proof. a) The set Iso(L) C £ of Jacobi operators with the same spectrum and mass
forms a d dimensional real torus T¢, where d < | X| - 1 (see [vMor 76]). There are d
linearly independent real vector fields f; on T¢ which correspond to d different Toda
flows [vMor 78]. The real analytic curves

E € [~o0,inf(S(L))] » L(E) = BTE(L)
on the isospectral set Iso(L) correspond to real analytic curves E — x*(E) on the

torus T¢. Because these curves are smooth and passing through every point x € T¢,
they are integral curves of time dependent vector fields

FHEX) = SexE(E)

We have seen that a Backlund transformation commutes with each constant Toda
flow. Therefore, the vector fields f*(E, x) and f; are commuting. Application of
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Lemma 4.6 a) implies that f*(E, x) are independent of x. In the original operator
coordinates, this means that the time dependent Hamiltonian fields

d
JEL= [Bucg)(L), L]
with Hamiltonian

Hg(L) = tr(hg(L)) = T hpate(L")

have coefficients hg,, which are independent of L.

b) Assume first | X| is finite. Assume 0 = + and = —. The other cases go in the
same way. Take from a) the time dependent vector fields f*(E) on T? which are
independent of the coordinate ¥ € T9. We know from Lemma 4.6 b) that for each
E’,E", the flows of the vector fields

t —~ FHt)=fHEN),
t = F(t)=f(E"/t)

are commuting. As BT~ L = L (see Proposition 4.4), the transformation BT, is
obtained by integrating up the time dependent vector field fz from E = —oo to
E = E” which is just the time 1 map of the flow given by the vector field F~(¢). Be-
cause BT} L = L(T) (again Proposition 4.4}, the transformation BT, is obtained
by shifting L — L(T) and then integrating up the vector field f£ from E = —co
to E = E'. This is a shift T followed with a time 1 map of the vector field F*(¢).
We have thus interpolated the Backlund transformations by Toda flows with time
dependent Hamiltonians. From the commutation of the vector fields and the com-
mutation of the Backlund transformations with the shift T : L — L(T'), the claim
follows.

In general, let L(*}(z) be a periodic approximation of period N such that for
~N/2<ij<NJ2,

LD @)isnjen = LV (@) = [L(=)]5 .

Then
(I (@)N = LN(z)

in the strong operator topology (the strong and weak operator topologies coincide
on the space of tridiagonal operators) and so in the strong resolvent sense (see
[Ree 80] p. 292). This implies, that the Green functions of (L(*))N converge to
the Green functions of L¥(z). Therefore, the Titchmarsh-Weyl functions of L™
converge pointwise to the Titchmarsh-Weyl functions of L(z) and so

BT L™(2) — BTeL(z)
in the weak operator topology. This gives

BTg BT4, L™ (z) - BTS BTh. L(z)
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in the weak operator topology and finally
BT BT L(z) = Jim BT3BTSL™(z)
= Jim BT} BTE L")(z) = BT4 BTg L(z) -
[m]

Remark. For the tied Toda lattice, the Backlund transformation is not an isospec-
tral transformation and it can be used to produce soliton solutions out of the trivial
solution ¢ = ¢ = 0. (see {Tod 81] and the appendix). This doesn’t work in the peri-
odic case: if we start with ¢ = ¢ = 0, we get after the transform the same solution.

Illustration. As we visualized in the last chapter the motion of the Toda lattice as
"particles” with coordinates

zn = (log(a,),b) ,
we want to see how a Backlund transformation acts on a curve
z € T > (log(a) + ib)(z) € C

in the complex plane. Also Bicklund transformations preserve the integrals

./x log(a) dm, /x bdm

and the center of mass of the curve will keep constant also. We calculated numeri-
cally some Bécklund transformations with the following Mathematical program

f 1
n[i_Integer,n_Integer):=Mod[i-1,n]+1;
aln_Integer] :=Table[N[2+Sin[k 2 Pi/n)],{k,n}];
b[n_Integer]:=Table[N{Cos{k 2 Pi/nl],{k,n}];
Afa_List,b_List,EE_]:=Table[1/af{[m[i-1,Length[al]]]*
{{EE-b([il],-(a[(m[i-1,Length[a]]1]])~2},{1,0}},{i,1,Length[2]}];
Monodro[a_List,b_List,EE_] :=Block[{t=0,A=A[a,b,EE] ,B=IdentityMatrix[2]},
Do[B=A[[1]].B;t=t+Re([Log[B[[1,111]1];B=B/B[[1,1]],{i,Length(al}];{B,t}];
mplus[a_List,b_List,EE_] :=Module[
{M=Monodro[a,b,EE][[1]],s,n0,ad,n=Length[al},ad=M[[1,11]1-M[{2,21];
mO=(ad-Sqrt[ad~2+4*M{[1,2]17*M[[2,1]11])/(2+K[[2,1]]) ; s={m0};
Do[s=Prepend(s,al[n[n-i,n]]1]~2/(EE~First(s]-b[[m[n-(i-1),n]11)],{i,n-1}1; s1;
BTplus[{a_List,b_List},EE_] :=Module[{mpl=mplus(a,b,EE],npl},
npl=EE-b-mpl;{a Sqrt[RotateLeft[mpl]/mpl],b+npl-RotateLeft[npl]}];
Init{n_]:=Block[{s=10.1231%Pi/n},
{Table[N[Exp[Cos[j*s]11],{j,n}),Table[N{Sin[j*s]1],{j,n}]}]1;
Pict[{a_,b_}]:=ListPlot[Table[{Logla[(i]1],b{[i11},{i,Length[a]}],
PlotRange->{{-3,3},{~3,3}},DisplayFunction->Identity,Axes->False];
Film[NPart_,NPict_,TimeInt_]:=Block[{c=Init[NPart] ,Movie={}},
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Do[Movie=Append[Movie,Pict[c]1];c=BTplus[c,-5-(N[1/(i*TimeInt)1)],{i,NPict});
Moviel;

Display("!psfix -land -stretch > backlundfilm.ps",
Show[GraphicsArray[Partition[Film[101,16,1/16],4]],
DisplayFunction->$DisplayFunction,Frame->True,

PlotLabel->FontForm["Backlund transformations",{"Helvetica",12}]]]
L ]

5 Symmetries

5.1 A simple version of super symmetry

The factorization L — E = D? leads to the simplest version of super symmetry:
Define the elements

L-E 0 0 Do 1 0
H=( 0 L(S)—E) ’Q=((Da)‘ 0 ) ’P=(o —1)
in M(2,L). The property
Q*=H,P’=1,{Q,P}=QP+PQ=0

is called super symmetry ([Cyc 87] p.121). It is believed to be important for the
understanding of super-symmetry breakdown in realistic field theories. One calls

the operators
+_ (0 Da) __( 0 0)
Q“(o 0 )9 ={(Doy o
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super charge operators. They satisfy
@)Y =(@Q)Y=0Q"+Q"=Q.

The eigenspace of the eigenvalue 1 of P is the space of Bosonic states and the
eigenspace to the eigenvalue —1 is the space of Fermionic states. The operator
L — E is the restriction of H on the Bosonic states and the Backlund transformation
L(S) — E is the restriction of H on the Fermionic states. D is also called charge
operator. This suggests to denote the invariants

Q (E) = exp (/ log\/—du) = exp ( w(E))
the charge functions of the operator D~ and
QY(E) = exp (/; log Vm* du) M . exp (w(E))

the charge function of the "anti-operator” D*.

5.2 CPT symmetry

‘We have seen that we can write the first Toda lattice as the differential equation

2m(n — n(T))
2n(m(T~!) —m)

m
n

in L®(X) x L*(X). Define the transpositions

C : m*ont,
P :TeT?,
T : te -t

One can see that the above equations for the motion of the Titchmarsh-Weyl func-
tions m, n satisfy the symmetry C PT in that applying the transformation CoPoT
leaves the equations invariant. We could call the transformations a change of Charge,
Parity and Time. The name charge function is consistent with calling a Dirac oper-
ator like D = /co + (y/co)" the charge operator. Notice also that the linearization
of the first Toda equation, the random wave equation

m n-n(T),
n = m(T!)-m

has this CPT symmetry while the continuous analogue on R

m = n,,

n = mg



has more symmetry, namely C and TP where P : £ — —z. The discretization
changes the symmetry. The doubling of the lattice simplifies the Toda equation to

¢ =2¢(c(S) - ¢(S71))

and the C transformation which was an involution before becomes now the shift
C: ¢+ ¢(S). We have still TP symmetry where P : S — S—!. The doubling of the
lattice changed also the symmetry.

5.3 Remarks

Taking terms from physics to describe mathematical structures has some danger in
that a relation to real physics is pretended even if there is no physical experiment
for which such a relation could be helpful.

On the other hand, there is hardly any mathematical structure which is not realized
in some sense in physics. Today physics suffers from the lack of experimental facili-
ties to eliminate mathematical theories as candidates for explaining the world. The
link between the models and reality is lost. This leads to the nowadays observed in-
flation of mathematical theories having physical content. On the other hand, using
physical terms in mathematics simplifies heuristic thinking and makes things more
exciting because there could be a relevant relation between any given mathemati-
cal structure and the physical world. This remark should show that the following
statements should be taken "cum grano salis”.

CPT symmetry, internal symmetry:

It is believed today that CPT is a symmetry in modern particle physics. Our above
simple mathematical model shows that this finite symmetry appears in a natural way
after a discretisation of space. This could be an indication that a space is discrete
at the Planck length, an opinion shared by a large community of physicists. On the
other hand, we don’t believe that the "time” in the Toda systems have anything to
do with the usual time in physics even though also in classical quantum mechanics
the time evolution is an isospectral deformation. The Toda (and Volterra) systems
should be considered as internal symmetries of a one-dimensional classical quantum
mechanical model with Hamiltonian L.

Abstract conductivity:

In the periodic finite dimensional case, also space translation L — L(T) can be

realised as a Toda deformation. It is an interesting question if this is possible for

general random operators because one could interpret the ability to move in the

internal symmetry space from L to L(T) as an abstract concept of ”conductivity”.
In the finite dimensional case, there is a path BT*+(E)L connecting L with L(T):

The Jacobi operator L defines a hyperelliptic curve

R={(E,y) € C*| ¢’ = det(L - E) = "B}
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which has a universal covering serving as a complex time axis: Given Lo, there
exists a parametrized Hamiltonian Hg = tr(h(-)), where the "time” E is lying in
the universal covering of R. There is a real path ¢t — E(t) which is the union of
two paths E'(t), E"(t). The first path E' is passing from E(0) = 0o’ = (—00, —00)
to the lowest branch point E'(1/2) = inf{A € o(L)} and can be given as

25,

T
The second path is starting at E"(0) = E'(1/2) and is going back on the other sheet
to the point E”(1) = oo = (—00,00). It can be parametrized as

2E,
1/2-t°

E'@t)=

E"(t) -

If we do the Toda flow

EL(E(t)) = [Br(guy(L), L]

starting with Lo = L(0) taking this Hamiltonian along the curve E(t) we get
L(t) = BT (E(t)), te[0,1/2],
L(t) = BTY(E(t)), te[1/2,}]

and L is connected with L(T). Because in general, m* and m~ are no more coin-
ciding at the infimum of the spectrum, such a connection does not exist in general.
This does not exclude other connections in the isospectral set but it indicates that
properties of the bottom the spectrum might have a relation with the mobility in
space.

An other measure for conductivity is the rate of ballistic motion which measures

the decay of the wave function g(t)u for the position operator (qu), = n - u,. Given
a wave function u in a domain

D(g) = {u] 2": In] - |ual? < oo}
which makes ¢ self adjoint. The value
r(u) = Jim lla(®)ul] = 2 lze %]
is positive for a free particle. Simon [Sim 90] has shown that point spectrum of
L =7+ 7* +V implies that r(u) = 0 for u € D(u) ("absence of ballistic motion”).

In solid state physics r(u) is proportional to the conductivity.

Mass and charge:
The name mass for the integral M = exp([fy log(a) dm) was chosen because we
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needed a name for this conserved quantity. A justification is that we can view the
discrete Schrodinger operator as a sum

L=K+P=(ar+ar)+b

of a kinetic energy and a potential energy and a as a local mass function which gives
an averaged "mass” exp(f log(a) dm. (The average { a dm has the ”disadvantage”
that it is not an integral of the Toda flow.)

The name "charge function” for the functions Q* was chosen because D= can also be
called charge operator. There is another more physical justification (which however
mixes different unrelated physical topics). We have defined the charge function

Q’(E)=exp(_w2(E)) .

We use the density of states dk to average these functions to the charge:

¢ =ew([ D aum)) |
Using the Thouless formula we can write
C =@ = e ([ -u(E)d(E))
= exp ( /c tr(log|L — EI) dk(E))
= exp ( /c /c log|E — E|) dk(E') dk(E))

=: exp(I(L)),

which is called the capacity of the set (L) if the density of states measure dk is
maximizing exp(/(s)) under all probability measures ¢ on the spectrum o(L). I(L)
is the energy of the measure dk. The relation between capacity C and charge Q
is (at least in a condenser with potential energy 1) given by the formula C = Q2.
This acrobatic playing with analogies has related the charge motivated by the Dirac
operator of L with the potential theoretic charge of its spectrum ¢(L). The definition
of the charge @ can be done in the same way for higher dimensional Laplacians.

6 Some questions
o What is the set of potentials we can get from one ¢,b by making Bicklund trans-

formations? Can we reach like this a dense set of the isospectral set of random
operators.
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o Under which conditions is L — L(T') the time one map of a Hamiltonian isospec-
tral flow in £? For which ergodic automorphisms T commuting with T can one
connect L with L(T') inside the isospectral set?

¢ Can one find analogous factorizations and Bicklund transformations of higher
dimensional random Jacobi operators in the crossed product X of L®(X) with a 2¢
dynamical system? Jacobi operators are then of the form

Zd: (a.-*r‘ + (a;r‘)') +b.

=1
7 Appendix: The spectrum of periodic Jacobi
matrices
In this appendix we prove an easy (and probably well known) fact about the spec-
trum of periodic Jacobi matrices which we give here because we couldn’t find in the

literature. Our sources are [vMor 76] and [Mos 84]. In contrast to aperiodic Jacobi
matrices the spectrum of periodic Jacobi matrices

by e 0 . 0 an
a b a . . 0
_ 0 a2 . . .
L= an—2 0
0 - - ay-2 by ena
an 0 . 0 an-1 bN

needs not to be simple as the example

1)

with spectrum —a, —a,2a shows. We want to prove now that for a generic set of
coefficients a,, b,, the spectrum is simple.

[~ I =]
o0 R

Lemma 7.1 There ezists an open dense set of coefficients a,b € L*(X) = R?¥
such that the Jacobi operator L = at + at* + b has simple spectrum.

Proof. Let L = L; be a one-parameter family of Jacobi operators and denote with
u = u, an eigenvector with eigenvalue E,. Differentiation of

(L-Eyu=0
gives (L' — E")u + (L — E)v' = 0. Using the symmetry of L — E we get
0= (u,(L' - E'Yu) + (u,(L - E)) = (u,(L' — E')u)
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which leads to the Rayleigh quotient

o L))
(u,u)
If u has norm 1, this formula gives
6 2
EL U
)

EL = 2ukuk+l‘

If E is an eigenvalue with multiplicity 2, it has two different eigenfunctions u, v.
Let k be an index such that u; # vi. We can also assume ur # —uvp because we
can replace else v by —v and find another entry u; # v. From the above formula
we deduce that changing by changes the two eigenvalues differently. For small € a
change of by to by + € splits the doubled eigenvalue E and keeps the already simple
eigenvalues simple. Proceeding inductively we can perturb the matrix in order to get
only simple eigenvalues. The set of Jacobi matrices with simple eigenvalues is open
because the eigenvalues depend in finite dimensions continuously on parameters. O

Remark. A Jacobi matrix L with period N can be viewed as an infinite periodic
matrix acting on the finite-dimensional space of N-periodic sequences in {%(2). If the
periodic matrix acts on the whole Hilbert space 1%(2), the spectrum of L becomes a
band spectrum. Let

MZA <. <Ay

be the eigenvalues of the infinite matrix L when restricted to the 2N dimensional
space of 2V periodic sequences in 1%(Z).
The proof of the following Lemma can be found in [vMor 76]

Lemma 7.2 The spectrum of L acting on I*(2) consists of the intervals (bands)
[Ms A2l [Ags Ad), -, [Aow—1, Aaw] -
The spectrum of L acting on N periodic sequences is
{5 A4 28,00, daveg, daw ) -
The intervals between the bands are called gaps .

8 Appendix: Bicklund transformations for ran-
dom Schrédinger operators

There is a complete parallel theory of isospectral deformations and Biicklund trans-
formations for random Schrédinger operators over a flow. The set up is the following:
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Let X be a compact Hausdorff space and T; a flow on X with an ergodic invariant
measure u. For ¢ € C(X,R) one looks at the operator
&
= _-d.’l,'—2 +q,
acting on L2(X). The simplest (and well investigated) case of a random Schrédinger
operator is a periodic operator

d
Le-gmte

where g is a continuous say 1 periodic function. If u*,u~ are the Floquet solutions
of the Schrédinger equation

Lu=FEu
satisfying
ut(z+1) = eut
wr—z+1) = et

define the Weyl functions
d,+

dz u
ut

m* = (logut) =
The Backlund transformation

d
BT*(g) = ¢ — 2(logu®)’ = ¢ — ZEm
is a Bicklund transformation. It is isospectral. (see [Dei 78] Theorem 11). This
transformation was found by Darboux in 1882 (see [Ehl 82]) and was worked out by
Miura.

An other interesting case are almost periodic Schrédinger operators. Isospectral
deformations of these almost periodic operators have been considered in [Joh 82].
An integration of such systems is still missing.

9 Appendix: Biacklund transformations for ape-
riodic Jacobi matrices

We discuss shortly Backlund transformations for aperiodic Jacobi matrices.
Let L be an aperiodic N x N Jacobi matrix

bl [45] 0 . . 0
a b a .

— 0 az .
L= ay-2 0

ay_2 by ana
0 ay-1 by

o .
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satisfying @, >0 for all n = 1,... N. Assume L has the eigenvalues
AW < 2@ < W)
and corresponding eigenvectors

u® L u™)

For E in the spectrum, we write also u = u(E) for the eigenfunction of E. We see
from

(Lu) = Qnlinyl + bty + Gp_tUn- = Eu,

that u, = 0 is not possible as long as ap41,a,_; > 0.

Denote by
_ o WE)k
mi(E) = ak_u—(-E_)?-’
n(E) = ak-l%

the Titchmarsh-Weyl functions belonging to the eigenvalue E. We understand in
the above definitions m(E)y = n(E); = 0. We get

m(E)x + n(E)e
m(E)en(E)ipr

On a doubled lattice we can define

E'—bky
a.

Cok = —My, Ok = —M L,k =1,...n.

The new Jacobi matrix

0 0 O 0

00 4 -

1o 4 - . .

D= . dy_2 0
don-2 0 dony

0o - . 0 doy-1 0

with d; = /c; satisfies like in the periodic case
[D? + Elaea = [L]ky -

The entries di however are complex in general because ¢ is not necessarily positive.
If we do the Backlund transformation with the ground state, the lowest eigenfunction,
we get however a real Jacobi matrix D because the Titchmarsh Weyl functions m, n
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are then negative. To proof this, we approximate the aperiodic Jacobi matrix by
periodic Jacobi matrices

bl a; 0 . 0 €
a b a . . 0
_ 0 as . . o o
Lc - aN-2 0
ay-2 byv-1 an-;
e 0 - 0 ay-y by

The Titchmarsh-Weyl functions m (A1), n (M) of L, at the lowest eigenvalue A
of L, converge to the Titchmarsh-Weyl functions m(AM), n(A) of L at the lowest
eigenvalue A1) of L. Because —m,, —n, are nonnegative, also —~m, —n are nonneg-
ative. They can’t be zero and we conclude that the numbers d; are real and positive.

The map
L~ BTg(L)
with .
[Llks = [BTe(D)ks = [D* + Elaks1,211
is the Backlund transformation. The proof that it is isospectral goes like in the
periodic case. If a, > 0 for all n € N, then the Backlund transformation with

the ground state u{!) has the property that a BT'(L) is again real. The Béicklund
transformation can be written explicitly as

. Mey1 1
ak=ak" s e =b+ne —npyy,
my

where we understand n,, = mp4) = 0. The Jacobi matrix

bhoa 0 - -0
i b a - . .
. 1o a
L=y, . an-2 0
. vz by 0
o - - 0 0 by

is isospectral to L but it satisfies @y_; = 0. It is not possible to transform it again
with the ground state because we have now zero'ls in the side diagonal. However,
we can get a new (N —1)x (N ~1) Jacobi matrix by projecting L onto the eigenspace
generated by the eigenvalues different from A("). This is then a new Jacobi matrix

b @ O
. i by @
L'=}10 a
. dn-s
dn-2 bna
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for which the Bicklund transformation with its ground state makes again sense. We
can repeat this procedure getting smaller and smaller matrices. The Bicklund map
from the isospectral set of Jacobi operators with spectrum

AV <A@ <A
in the isospectral set of Jacobi operators with spectrum
A < e

is a continuous map from an n dimensional simplex into one of its faces.

The reversed process is also interesting because it allows to build up bigger and bigger
Jacobi matrices with prescribed spectrum. In each step one gains an eigenvalue
more. A possibility to construct the inverse process would be to approximate the
Jacobi matrices by periodic matrices L., where the Bicklund transformation can be
reversed and to do the limit € — 0 in a suitable way.
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Abstract

We show that transfer cocycles of random Jacobi operators move according
to zero curvature equations, when the Jacobi operators are deformed in an
isospectral way. The zero curvature equations are isospectral deformations of
SL(2,R) cocycles.

We show that every SL(2,R) cocycle is cohomologuous to a transfer cocycle
of a random Jacobi operator if the dynamical system (X, T, m) is ergodic.

We consider discrete d—dimensional zero curvature SL(2,R) gauge fields over
a 2¢ dynamical system. These gauge fields are Toda systems with discrete
space and time. We begin to study the moduli space of zero curvature gauge
fields in the case of an abelian structure group and d = 2.

In the case, when the structure group is T!, a result of Feldman-Moore has
the following reinterpretation: for any field h, there is a gauge potential (£, g),
such that the curvature of (f, g) is h. This leads to the existence of random
Harper models with arbitrary space dependent magnetic flux.

1 Introduction

Most integrable systems allow a zero-curvature representation (see [Fad 86]). Also
for the Toda lattice such a representation has been given (see [Fad 86] p. 471). We
want to adapt those zero curvature representations for the random Toda lattice. The
Toda system is a semi-discrete system in which time is continuous and the space is
discrete. We want also to formulate higher dimensional zero curvature representation
of discrete Toda equations in any dimension. In two dimensions, we compare the
continuous (KdV equation), semi-discrete (usual Toda system), and discrete (lattice
gauge field) set up. To get a symmetry between continuous and discrete case, we
formulate everything in a dynamical setting. The idea is to replace the discrete
d- dimensional lattice 2¢ by the orbit of an aperiodic z¢ action. In the continuous
case, the d— dimensional plane R? is replaced by an orbit of an aperiodic R™ action
Ti,...T4 on a compact metric space. The advantage to replace manifolds by orbits
of dynamical systems is that the embedding in a compact metric or a probability
space is useful for example for integration. The notations get simpler and there
is more symmetry between discrete and and continuous systems. The idea is used
in statistical mechanics, where the thermodynamic formalism has been generalized
to lattices formed by orbits of dynamical systems. Advantages of such a set-up is
a simplification of notation and a stimulation of both of the subjects dynamical
systems and statistical mechanics. The general idea of doing mathematics on orbits
of group actions seems to be due to Mackey [Mac 63)].

The embedding of the lattice inside a probability space is always connected with
cohomology constraints which manifest in an algebraic way the random boundary
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conditions. . Not everything which is possible in the free lattice is also possible on
the embedded lattice. Also the properties of the dynamical system play a role and
the choice of the ergodic dynamical system corresponds to a choice of a boundary
condition.

An important question is to know the moduli space of zero curvature fields or even
to know the moduli space of all fields.

2 Zero curvature equations in two dimensions

We compare here the continuous, the semi-discrete and the discrete set up for two-
dimensional zero curvature fields with structure group SL(2,C). An example of a
continuous field is the KdV flow an example for the semi-discrete field is the Toda
flow and an example for the discrete field is the discrete Toda lattice.

Let X be a compact metric space which is also a probability space. Let R be a
two-dimensional group acting on X by measure preserving transformations. We
distinguish continuous, the semi-discrete and the discrete case (i) R = R x R, (ii)
R =R xZ and (iii) R = Z x Z (the discrete case). We denote with T*, $° the actions
of R and with §;, 8, the Lie-derivatives which are in the discrete case 7.f = f(T)
and 7, f = f(S), in the continuous case

d d
8ef = - f(Tellem0 ,60f = T f(T)imo -

A matrix Lie group G = SL(2,C) called the structure group and denote with g =
sl(2,C) its Lie algebra. The space of Gauge fields G C L*(X, G) consists of functions
A € L*(X,G) having the property that on each orbit, the mapping

R - G, r— Arz)

issmooth. A connectionor gauge potentials is a smooth function in (i) L=(X,gx g),
(i) L*®(X,G x g) or (iii) L®(X,G x G). To a connection is attached a covariant
derivative which is
(l) Vt=6l_quz=6z—Uv
(il) V,=6¢—V,V,=LT',
(i) Vy=Kr; ,V, =L}
The commutator [V,, V.] is the additive curvature. Let u be a vector field on X.
The integrability condition for the two over- determined equations Vyu = 0, V,u =
01is [V,, V] = 0 called zero curvature condition. It can be written in the three cases
as
5 U-V,+[U,V]=0,
(8) Lt +[L7;,V]=0,
(iit) L7}, K7}]=0.
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Given a connection (U,V) and A € G, the transformations

(1) (UV)w (AUAT 4 4, A7 AVA 4 4,47,
(#) (L, V) (ALATY(T™Y),AVA + 4,47Y),
(#8) (LK)~ (ALA™N(T™"),AKA~Y(S™Y)

are called gauge transformation. The zero curvature equation stays invariant under
such transformations.

Given a connection (U, V') one defines a parallel transport of a vector. The definition
is the simplest in the discrete case (iii), where a path is a sequence of points ' =
{21,...,2a}, where 2, = Tz, for T € {T}, T3, T}, T5'}. We represent I" also as
a sequence (T;,,T;,,..., Ti._,).

JA®) = AT, - Tiz)--- AT, 2)A()
which defines a parallel transport along the path. The parallel transport in the con-
tinuous case can be reduced to the discrete case by approximating a curve in R?
through a polygon and taking A; = exp L; on the edges of the polygon.
Examples.
e Case (i): Take X = T* and Ti(z,y) = (z + te,3), To(z,y) = (w,y + s8), where
z,y € T2. An orbit can be a torus, if @ = (a;,a3), 8 = (81, 5:) are both rational

vectors, a cylinder, if one of the two vectors a, § is rational, or the two dimensional
plane, if both a, 3 are irrational. Define for a spectral parameter E the connection

(see [Fad 86] p. 307)
. 1 0 01
—21E(0 —1)+(u 0)
af1 0 20 1
—21E(0 _1)+E<u 0)

. u 0 -y 2u
_lE(u, —u)+(2u2—u" u,)'

The zero curvature condition gives the Korteweg de Vries equation

U

14

Il

Uy — 6ulUy + Upp, =0,

If a is rational, we are looking for periodic solutions, if § is rational, we have a KdV
with periodic boundary conditions.

o Case (ii): Take X = X, XX, where X; = T2 and X, is a probability space. Take
Ti{y) = (y+a) and T, is generated by an automorphism T of the probability space.
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The zero curvature equation for the connection
_(p+E e {0 —eM
L_( -7 0 V= e? 0 ’
gives Lt = [V, L7] or

¢ = pt+E,
p = X9 oI

which is the Toda lattice. By the gauge transformation

-T2 g
C= ( 0 e/?

the Toda flow in the (a,b) coordinates can be recovered

I = creir) =gt 0HE —aTT
a 0 '

v = cvetycet=( TE-UT) 20
¢ —2a b )

With a further gauge transformation with

r_[a 0
c=(5 1)

= C’L’C"’(T‘l):a(T“)"(

we get

b+E —a¥(TY)
1 0 ’

-E-b 2a )

"o g 1—1 tev-1
V" = C'VCl e _( 22 b+E

with L"(z) € SL(2,R), V"(z) € si(2,R).

Remark. Also the random Volterra differential equation & = u(u(S) — uw(S7!)) has
a zero curvature representation (see [Fad 86] p.296). With

=(5 ) w=(49 B

Ac* = [V, Ad"].

one gets
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¢ Case (iii): Given two automorphisms S, T of the probability space. The problem
consists of finding K, L € L*(X, SL(2,R)) satisfying

LK(T) = KL(S).

Solutions can be found by taking an element M € L>(X,SL(2,R)) and define
(L, M) to be the gradient of M

L=MMT)" K=MMS)™".

One checks then that LK(T) = MM(TS) and KL(S) = MM(TS). Such solutions
are gauge equivalent to the identity.

There are candidates for nontrivial examples of random discrete zero curvature equa-
tions [Sur 90,[Sur 91],[Qui 91),[Cap 91]. In these articles the finite case X is treated
and the notation is different. We take an example of Suris in [Sur 91): The equation
for g € L*(X)

14 h2. ea-oT-Y)

_ 14 A2. (T)-q
q(5) - 29+ ¢(S7") = log (

is equivalent to

€950 _ 1-a(S™Y) = p2, poT)~o(S™Y) _ p2 | a(S)—g(T")

and is called discrete time Toda equation. It can be written as a zero curvature
equation
L(S)M = M(T)L

I= ( Eet~95™)  _p-lpee ) M= ( E-1 —het )

with

~he=eT™ 0 Ehe~T™) E

where E is an additional spectral parameter. The problem is to find solutions ¢ of
these zero curvature equation. An other example is the Hirota equation [Bbgp 92]
which is translated in the random language given by a solution v € L®(X) of

vo(ST(TW(S™'T) = 1 + k(vo(S'T) - y(S~H(T)),
where k is a parameter. This equation can be written as a zero curvature equation
ML(T)= LM(S)
for

v/v(S A _ k (Mo(S-1Yu(S1T))~!
L= (" " s ) = (st O )
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where ) is an additional parameter. Bobenko et al. also remark that the Hirota
equation can be written as o(TS™!)v = M(v(T)v(57")), where M is the Moebius

transform
1+k2

k+z

They study the map also over finite fields for which the Mobius transform on a
quadratic extension of the field makes sense and maps § = {v7} into itself. Such a
system can be viewed as a cellular automata.

Z

3 Zero curvature equations for random Toda flows

We quickly redefine the definition of the random Toda lattice. which is an isospec-
tral deformation in X, the crossed product of L°(X) with the dynamical system
(X,T,m). The von Neumann algebra X consists of elements K = . Ko™ with
convolution multiplication, where the rule 7K, = Kn(T)7 is used to shift the 7 to
the right and 7 = 77! and the norm is given by

K= HIK @ oo

where K(z) is the infinite matrix [K(z))mn = Ka_m(T™z). There is a trace tr(K) =
fx Ko dm. Each element K has the decomposition K = K~ + Ko + K+ defined
by K+ = £, K,. With £ C X is denoted the Banach space of random Jacobi
operators L = at + (a7)" + b if a,b € L*(X) are real. For 2 Hamiltonian

H € C¥(L) = {H(L) = tr(h(L))] h entire, h(R) C R}
the random Toda lattice )
L= [BH(L)vL]’
with By (L) = K(L)* — h'(L)~ and H(L) = tr(h(L)) is an isospectral flow in L. It

reduces to the periodic Toda lattice in the case when |X| is finite.

We have seen in the last paragraph, how the first Toda lattice can be written as
a zero curvature equation. We show now how each random Toda flow is a zero
curvature condition for a certain gauge field over a semi-discrete space time.

We assume now § = L*(X,SL(2,R)). If we take the connection C = (Ag, VE)
where Vg is the sl(2,R) cocycle

_(-E-b 2d
VE’( -2 E+b>’

the zero curvature equation

d

B—t-A*r" = VAT — AV(T V) = [V, A"

17



describes the first Toda flow

a(&(T) - b)
b = 2.42-2.85T™Y),

with Hamiltonian H(L) = tr(£).

Parallel transport along the time axis gives the motion of the Toda lattice. If we
make parallel transport along space, the average growth rate of the vector is e*4),
a Gauge invariant number.

Two cocycles A,B € A = L®(X,SL(2,R)) are called cohomologuous or Gauge
equivalent, if there exists C' € A such that B = C(T)AC!. A cocycle A € A is also
called a weighted composition operator At" acting on 1%(Z)? as AT*w, = A(z)w,_;.

Theorem 3.1 For each Toda flow L = [By(L), L] with H € C*(L) there is a zero
curvature equation .
AET' = [V;._E,AET‘] .

Each of these flows defines an isospectral deformation of the cocycle AT*. The
deformed cocycles are all cohomologuous: there ezists a curve U(t) C A with

A(t) = U@ AQUE)T™) .

Proof. We show this first for a Hamiltonian

which gives the Toda flow L = By, L] with B, = (L¥)* — (L¥)-.

For E outside an interval containing the spectrum X(L) of L, there exists {u}} € RZ
satisfying L(z)ut = Eut and u} € I}(N).

Claim. If u(t) satisfies the differential equation
U= B,,(a:)u
with initial condition u(0) = u* then L(t)u(t) = Eu(t).

Proof. In order to make sense of the differential equation i = Bu, we can view u as
living in a weighted Banach space Mg of sequences defined as

Mg ={c=(..,cco,co1,c0,01,02...) | lcll =X:|c,.|K'|"I < 00} .
n
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If the positive real parameter K is chosen big enough, a solution u of the Schrédinger
equation Lu = Fu isin Mg. The differential equation # = Bu has then by Cauchy’s
existence theorem a unique solution in Mg. Using L= [Bx, L] and & = Biu we
get

(BiL — LBy)u + Li — Ei
= (E-L)Biu+ LBiu—EBu=0.
With this and the fact that we assumed L(t)u(t) = Eu(t) for t = 0 follows the claim.

3 (La)Butt) - Bu(t)

The differential equation & = Byu is an equation of the form

i‘n = F(“n—ky [ »un-i-i:)‘
Define w, = {#qn41,%,) and write wy = Vi pwo, where Vi g is calculated as follows:
use the equation L(z)u = Eu which is a linear difference equation of the form
Unt1 = G(Un, Un_1) to express (wnt1,un) for n # 0,1 as a linear function of (up, up).

The so obtained matrix V; g(z) does not depend on the choice of u. The integrability
condition for the two equations

(% — Vig)wo =0, (Ag(z)7")wo = wo ,

(differentiate the second equation and plug in iy into the first) gives the zero cur-
vature equation

Ap(z)m™ = Vi £(2), Ap(z)™] .
In general, if the flow is given by a Hamiltonian H(L) = T h.tr(L") € C¥(L), we
get also a zero curvature representation with

V(x) = Zhn‘/k,E(x) .

The rough estimate ||Vi g(z)|| < k]|L(x)— E||** shows that the sum V(z) converges.
The mapping z + Vg(z) is measurable. Define a curve of cocycles U(t) by

U=V,eU U@0)=1.
We check
U ) ApTU(t) = UM ) AgU(T ) (t)r™ = Ag(t)r"
and the Toda-motion is indeed an isospectral deformation of the cocycle Ag. All

the deformed cocycles are cohomologuous. a

Proposition 3.2 Given two Hamiltonians F,G. Denote by tr and tg the time

parameters for the Toda flows induced by F rsp G. Then the Sakharov-Shabat
equation R 8 2

_ VF Ve

oty ~ VP 5 Ve = B, ~ Bee

holds in L™(X, sl(2,C)).

+[Vr, V5] =0
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Proof. Because the Toda flows corresponding to the Hamiltonians F and G are
commuting, the parallel transports

g 8
— —Vr, =~V
Bty Ve, Gg Ve
are also commuting and the commutation of the vector fields is equivalent to the
Sakharov-Shabat equation. 0

4 Cohomology of SL(2,R) cocycles

Cocyles appearing as transfer operators of Jacobi operators are not as special as one
might think. Every SL(2,R) cocycle is conjugated to one of them:

Theorem 4.1 Assume (X,T,m) is aperiodic. Every A € A is cohomologuous to
an element B in B = {B € A| Bpn(z) = 0}.

Proof. Denote by # = g/r the projective coordinate of a vector v = (g,r) and with
C the projective transformation % — Cv belonging to a matrix C € SL(2,R). The
requirement [C(T)~*ACls; = 0 is equivalent to

C(T)Ag =&,
where e; are the basis vectors in R? and ¢; = Ce;. Multiplying from the left with
C(T) shows, that this is equivalent to

A62 = El(T)

Denote by R(¢) the matrix in SO(2,R) which makes a rotation about an angle ¢.
There exists (see [Knil]) cocycles B arbitrary near to A such that BR(%) has two
different Lyapunov exponents. Oseledec’s theorem implies then the exlstence of a
projective field ¥ satisfying

éfz(g)a =(T).

Define ¢y = v and ¢; = A'IBR(g)v where v are unit vectors having the projective
value #. For B sufficiently near to A, the determinant of the cocycle C' satisfying
C'e; = ¢; for i = 1,2 is bounded uniformly away from 0 because for 4 = B, the
determinant of C’ is 1. Define now

C(z) = C'(z)/det(C'(z)) € A
We have then ~ o
A& = BR(3)a = &(T)
or A& = &(T) which is equivalent with C(T)~'AC € B. o
Remark. This result shows, that every cocycle A € A can occur in a zero curvature

equation if the dynamical system is aperiodic. In the case of a periodic dynamical
system Theorem 4.1 is wrong. A counterexample is already |X| =1, A(z) = 1.
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Corollary 4.2 If (X, T, m) is aperiodic, the Lyapunov exponent A(A) of a SL(2,R)
cocycle can be determined by calculation of a determinant of a random operator.

Proof. The determinant of a random Jacobi operator L = a7 + (ar)* + b is related
with the Floquet exponent by

e~ E) = trllos(L-E)) — det(L — E) .
The Thouless formula for the transfer cocycle Ag is
—AAg) +ip(Ag) = w(E) + log(M) ,
where M = exp([x log(a) dm and p(Ag) is the rotation number. We obtain therefore
" {det(L)| = M - eX4o)

In the last theorem we have seen that every SL(2,R) cocycle is cohomologuous to a
transfer cocycle of a random Jacobi operator. (]

An other application of this conjugation result is

Corollary 4.3 If (X, T, m) is aperiodic then
a) PN B is dense in B.
b) PN B\ int(P N B) is not empty.

Proof. Assume C(T)AC~! = B. Then there exists a continuous mapping ¢ from a
neighborhood U of A onto a neighborhood V of B € B

$(A) = C(AYT)AC(A)™ .

Given B € B there exists A € A cohomologuous to B and every such conjugation
can be extended to a conjugation valid in a neighborhood of B.

a) Take a sequence A, — A, where A, € P and map it to a sequence B, — B
where B, € B is conjugated to A, and B € B is conjugated to A.

b) There exists a sequence A, € A with M(4,) = 0 and 4, — 4 and 4 € P.
Conjugate this to a sequence B, € B with B, — B € B. o

One could ask if there exists C € 4 such that
C(T)AC\(z) = ( e ) .

We don’t know the answer but the above proposition shows that this can be reduced

to the question when .
— [ =) —ida)
A= ( a(z)! 0 ’

175



In the case when a = ¢(T')c, we calculate with

c 0
C=(0 c*‘)

-1 _
C(T)AC™ = ("(‘”‘}C(IT)" . ) .
For the condition a = ¢(T)c to be true, the equation log(a(T)a™") = log(c(T?)) —
log(c) must be true. This is a cohomology problem and ¢ does not necessarily have
to exist.

5 Discrete Zero curvature equations in more di-
mensions

Given a matrix group G ¢ M(k,R) with trace ¢ and a z¢ dynamical system de-
termined by d commuting automorphisms T}, ... T; of the probability space (X, m).
For a Gauge potential or connection Ar = (Ay7y,...,Ar]) with 4; € L®(X,G) is
defined the (additive) curvature

Fymin] = [Ain Ayj] = (AiA{(T) - A AlTy))rirs

for all 4,5 € {1,...d}. If this curvature is vanishing, we say the Gauge field A7 has
zero curvature. In this case the Gauge potential A7 is also called a cocycle. We call

Rty = [ A= Ad(DAT) 47"

the multiplicative curvature of the field Ar. Fi;(z) is the result of the parallel
transport around a plaguette I';; = {z,Ti(2), TiT;(z), Tj(z)}. The multiplicative
curvature is the identity if and only if the field has zero additive curvature. A trivial
possibility to construct zero curvature fields is to take a cocycle C and to form the
gradient
(41, - AD={CCH Ty 0 JCEHTHYY
A map
(A1, Ag) = (UAUTNTTY),.. . UAUNTTY) ,

is called a Gauge transformation. The gradients are precisely the fields which are
Gauge equivalent to the identity 17°.  An other trivial possibility to construct
zero curvature fields is to take constant diagonal cocycles Ai(z) = A; which don't
depend on = € X. They also have zero curvature but they are no gradients. The
moduli space of zero curvature equations is uncountable, The function tr(Fj;)(z)
is invariant under gauge transformations. Define for each 1— form A the Wilson

action
W(A) = fx 3 tr(Fy(2)) dm(z) .
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An aim would be to find the moduli space of two dimensional zero curvature gauge
fields ( Ay, ... Ag) over the 7%- dynamical system (X, T, m). A more general problem
is the determination of the moduli space of arbitrary SL(2,R) fields over an ergodic
74 action. If we would find a gauge invariant measure p on the moduli space of 1—
forms, this would be a starting point for a pure Gauge field theory with a partition
function

Z= / e WA du(A)

and for any gauge invariant function ¢ : Al = R, the expectation value
<¢p>=21 / HA)e W@ dp(A)

would be of general interest because it does not depend on the field A.

6 The moduli space of discrete zero curvature
fields

We begin studying the moduli space of zero curvature fields over a two dimensional
dynamical system (X, T;,7;,m), when the group G is abelian. We will see, that it
is important to know the cohomology group H'(T},G) and the way, T, acts on this
group, in order to understand the moduli space of zero curvature fields.

The Gauge group G = L®(X,G) is acting on gauge fields (41, A2) € G X G by
(A1, A) — (B(T1)A1B~!, B(T2)A.B7Y) .
A gauge field (A;, Az) has zero curvature, if A;Ax(T1) = A24:(T2) or equivalently
A(Ty)AT! = Ay(Ti)A3;'. The group of zero curvature fields has the subgroup of
gauge fields cohomologuous to the identity
(Ah A2) = (B(TI)B.-lv B(T2)B_l) .
We would like to determine the group

{AT)AT! = Ax(T1)A7'}

M T 6) = )BT, BE B} |

the moduli space of two-dimensional zero curvature fields.
Denote by H%(T;, G) the zeroth cohomology group

HYT.,G)={B €¢G|B(T:) = B}.

177



If T; is ergodic, then H(T;, G) is isomorphic to G, because only constant fields have
then the property that B(T) = B. The first cohomology group H'(T;,G) of the
dynamical system (X, T}, m) with structure group G is

HT,G)=G/{A| A=B(T:)B™"} .

We denote with 4 an equivalence classin H!(T}, G). The multiplicationin H YT;,G)
is defined by AB = AB. Because the automorphisms T}, T» are commuting, the
transformation T; acts also on H!(T3,G). The fixed points of this action form a
subgroup of H'(T3,G), which we denote by Fix(T}, H'(T}, G)). In the same way,

Fix(To(HY(T}, G) is defined. We can prove
Proposition 6.1

Mo(Tl,Tg, G) = FiX(Tz,Hl(Tl,G)) X HO(Tl,G) .

Proof. We can use the Gauge transformation to fix the first element A, in its
cohomology class A;. We have therefore

My(T1,T2,G) = {Ai| A(To)Ar* =1} x {B| B(Ty) = B}
{Ai(T2) = A} x HY(T},G)

Fix(Ty, H'(Ty,G)) x HYT},G)

Because of the symmetry T} « T3, we get as a corollary
Fix(Ty, H'(T3, G)) = Fix(Ts, H\(T},G)) .

In the special case when T; = T¥, we obtain Fix(T3, HY(T},G)) = HY(T},G) and
My(Th,T2,G) = H\(T1,G) x H(T},G) .

It would therefore be of advantage to know H'(T},G) in order to determine the
moduli space of two-dimensional zero curvature fields. However, it could well be
that there are situations when T} has only one fixed point in H*(T3, G) which would
imply that the moduli space of zero curvature fields is H(T},G). If T} is also er-
godic, the moduli space of zero curvature fields is isomorphic to G. In any case, we
would like to understand the first cohomology group H'(T,G) and to understand
how a second transformations commuting with T' acts on this space.

Examples:
¢ Assume we have a 72 dynamical system such that [X| < oo and

Ti(z)=z+1 (mod|X]), a(z)=z+p (mod |X])
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are ergodic. In this case, H(T},G) = G and H'(T;,G) = G and the moduli space
of zero curvature fields is G X G because every cohomology class of T is invariant
under the action of T} and so under the action of T = T7.

o Let G = Z,. A gauge field (4, A2) is then represented by 2 measurable sets
Y1,Y; C X, where Y; = {z € X | Ai(z) = —1}. A gauge transformation is given by
(1,Y2) » (MA(ZAZ(TY)), Y2A(ZA2(Th)) -

A field has zero curvature if Y;(T3)AY; = Yo(T1)AY). Already here, we are not able
to determine the moduli space of zero curvature fields because we don’t know

HY(T,23) = {Y C X measurable}/{YAY(T)|Y C X measurable} .

The determination of this group is cohomology problem of measurable sets.

7 Two dimensional Gauge fields and a random
Harper model

We want to look now at circle-valued gauge flelds G = L*°(X,T!) over a two-
dimensional dynamical system (X, T, Tz, m), where T; are two commuting ergodic
transformations on a probability space (X, m). Such a system is called aperiodic, if
for any (n,m) € 22

m({z € X | T T?z =2})=0.
A gauge potential A = (A7, Army) with A; € L®(X,T!) is a 1-form and the
derivative gives an electro-magnetic field tensor

F=Fynn=dA= AlAz(Tl)Al(Tz)_lAi'l .
Zero curvature means Fj, = 1. There is a result of Feldmann-Moore [Fel 77):

Theorem 7.1 Let (X,Ti,T>,m) be an aperiodic 72 dynamical system. Given any
curvature function Fri 1, there erists a potential A = (Ay71, AgTy) such that dA =
F.

Proof. The original formulation of Feldman and Moore is: for every F € L®(X,T'),
(the group operation in T! is written multiplicatively), there exists g, b in L*(X, ™),

such that
o oT) KT
g k-
Writing A; = g, A2 = h™! gives the claim. o

Physically speaking, every electro-magnetic field in two-dimensions has a potential.
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Remark. This result in two dimensions is also true for G = T¥ because one can
solve the problem in each coordinate of T".

The result can be related to the description of electrons in a two dimensional crystal
moving in a magnetic field as treated by Landau, Peierls, Bellisart and others (see
[Bel 92, [Con 90] p.165). Harper takes the Hamiltonian H = t(cos K1 + cos K3)
with K = (iV — eA)/h which is a simplified model derived from previous work of
Peierls. The constant ¢ is the energy an electron needs to go from one site of the
crystal to a neighboring one. The operators U; = €% satisfy

Ui, = 70,0, (1)
where 27 is the normalized magnetic fluz and the operator H can be rewritten as
H=4U +U + U, +UY).

Belissard [Bel 92] calls any such operator H given by two unitary operators Ui, U,
satisfying Eqn. 1 Harper’s model. A special case is Hofstadter’s case of the Mathieu
equation, where U; are acting on L*(R/(272)) by

Uif = f(z + 2ma), Uaf(z) = ¥ f(z) .

Hofstadter’s Hamiltonian can be written as H (z) = cos(2miaL) + cos(z).
We take an ergodic aperiodic 72 action (X,T1,T3,m) and unitary operators U; =
a7, with a; € L*(X, T!) such that the curvature F of the Gauge field A7 satisfies

F=d4= alag(Tl)al(Tg)‘la.;l = 621".0 B

The Hamiltonian to the corresponding Harper Model is the two- dimensional Lapla-
cian
L= amn + (al‘rl)‘ + ao7o + (027'2). .

Moore and Feldmann’s result imply that even if the normalized magnetic flux 2ra
is a measurable function of X, there exists a Gauge potential such that

Ule(.’L‘) = ezm‘a(z)UgUl(l') .
It would be interesting to say something about the spectrum of the operator L

depending on the measurable function . We call this random Laplacian with space-
dependent magnetic flux a random Harper model or random Harper Laplacian.

8 Questions

We add some questions.
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o What is the moduli space of zero curvature fields?
¢ What is the moduli space of all fields?

o Does the following generalization of the theorem of Feldmann-Moore hold over a
7% dynamical system? Given the curvature

F=Y Fyrir}.
7

Does there exist a gauge potential A7* such that dA = F which is written explicitly
as
Fj = AA;(T)ATA(T) ™ ?

If this is not the case, we can say that the second multiplicative de Rham cohomol-
ogy group in the dynamical system (L*(X,G), T,... ,T4) is not trivial.

o Given a 2? dynamical system (X,S,T,m). Can one find nontrivial solutions
g € L*(X) to the equation

14 h2. edT)-e

-1 —
q(s) - 2q + q(s ) - log(l + he. eq_q(T—l) .
e Given a € L®(X,R/272). Can one construct measurable functions 3y, 3 satisfying

012 iBT1(@) = giala) ¢iBa(2) iB1(Ta(2)) |
The result of Feldmann and Moore proved only existence.

o Can one say something about the spectrum of the operator L of the generalized
Harper model depending on the measurable function a? Does the density of states
of L determine the measurable function a?
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Abstract

We give a new short integration of the classical periodic Toda systems using
the translation of the Toda flow as a Volterra flow describing the motion of
the Titchmarsh-Wey! functions.

We make a remark that the complexified Toda lattice with two particles is
equivalent to the complexified mathematical pendulum. This gives a Lax rep-
resentation for the mathematical pendulum.

We rewrite the first Toda flow as a conservation law in variables F, G, where
G=(L-E)y ! is the Green function for the operator L.

We outline a functional calculus for abelian integrals. This is obtained by
looking at an abelian integral on the hyperelliptic Toda curve as a Hamiltonian
of a time-dependent Toda flow.

1 Introduction

The set O of real N— periodic Jacobi operators L = ar + (ar)* + b having the same
Floquet exponent
w(E) = —trlog(L - E)

and and the same mass
M= /x log(a(z)) dm(z)

forms a finite dimensional torus which can be identified with the Jacobi variety of
the hyperelliptic curve R

2N

V' = Rou(E) = [[(Ma - B),,

n=1

where A, are the eigenvalues of the 2N periodic Jacobi matrix. The dimension of
the torus is equal to the genus g of the curve R and g < N counts the number of
spectral gaps of the infinite periodic Jacobi operator acting on 1%(z). The set O is
a group. The group operation

LK—-LoK

for the operators is calculated as follows: one first assigns to a given Jacobi operator
L a divisor {p;(L)} given by the poles p; of M = m* + m~, where m* are the
Titchmarsh-Weyl functions. The invertible Abel-Jacobi map

pi  pn-l

g
{“i}i=thn(L)=§/yﬂ de7 n=17"~7g
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allows then to perform the group operation on O
(Lo K)=h{(L)+ h(K) .

An obvious question is whether and how this solution of the inverse spectral problem
for periodic Jacobi operators can be generalised for general random Jacobi opera-
tors. Tt is not so clear what is a reasonable definition of the isospectral set O(L) of
a random Jacobi operator L over an aperiodic dynamical system T. One possibility
is to take the set of random Jacobi operators which have the same density of states
and the same mass. It is not excluded that such operators could however have dif-
ferent spectral types. A narrower class of "isospectral operators” would be the set
of Jacobi operators which are unitarily conjugated to L.

In infinite dimensions, algebraic geometry will probably have to be replaced by func-
tional analysis. Infinite dimensional integrable systems have been treated already
successfully with algebraic geometry (see for example [McK 76]). The classical the-
ory survives in some infinite dimensional cases because the corresponding hyperel-
liptic curves are not ”wild " which means that for example the branch points have no
accumulation points. McKean [McK 89] has worked out a program to deal with a
wider class of infinite dimensional situations with the aim to deal for example with
KdV flows on the space C*(R).

In the case of random Jacobi operators however, the hyperelliptic curve can get
nasty because the spectrum can be quite arbitrary.
If L is a periodic Jacobi matrix then the hyperelliptic curve can be defined by

v =det(L-E).

For | X| going to infinity, the usual determinant det(L — E) goes to infinity also and
one has to normalize the determinant while performing the thermodynamic limit.
In the random case, the trace allows the definition of a determinant

det(L — E) = exp(tr(log(L — E))) = e™*&),
where w(E) is the Floquet exponent. In general e~(® is transcendental and we
have to deal with a transcendental hyperelliptic curve

=B

which has in general accumulations of branch points on the spectrum of L. The
spectrum can be very rich. It is in general a Cantor set and the spectral type can
vary from absolutely continuous over singular continuous up to dense point spec-
trum.

There are indications that signed measures will play the role of divisors in this in-
finite dimensional case. We think so, because in the finite dimensional case, the

185



signed spectral measure do of the function M = m* + m~ is supported on a finite
set of points on the hyperelliptic curve and the points belonging to poles of m* and
m”~ are lying on different sides of the curve. Of course, this signed measure contains
more information then just the divisor. We will see in the next sections that the
weight of each point measure gives just the velocity of the motion of this point under
the first Toda flow. If we look for an infinite dimensional analogue of the notion of
the divisor, the signed spectral measure do of m* + m- still makes sense and we
hope that we will be able to describe once the motion of this measure. We expect
also that there is (at least for some examples) an analogue of the Jacobi map which
assigns to a divisor a point on an infinite dimensional torus.

We don’t deal here yet with such questions. Instead, we will give a relative short
construction of the integration of all the periodic Toda flows. If one compares this
with the existing linearisations (one can find it in [Mor 76),[Mor 78] and in more
detail in the book of Toda [Tod 80] for the first Toda flow), our set-up is technically
simpler. The idea is to translate the Toda flows into the motion of Titchmarsh-Weyl
functions. This gives easily the motion of the divisors which are constructed from
the poles of the Titchmarsh-Weyl functions.

The chapters following this integration are somehow unrelated. But they lead to
other loose ends in the investigation of the random Toda flows.

We will first add a remark which seems not have been done so far, namely that the
complexified pendulum equation & = sina (with complex a) is corresponding to
the complexified Toda flow with 2 particles. This gives a Lax representation for the
pendulum equation.

We will also add a formula for the motion of the Green function G(z) = {(L ~
E)~}(2))oo of a random Jacobi operator L under the first Toda flow [, = (Lt-L-, 1)

We will further describe a vision about a functional calculus for abelian integrals.
The idea is to take an abelian integral for the byperelliptic curve y? = det(L — E)
and to interpret it as a time-dependent Hamiltonian for a Toda flow. We hope to
get like this an entrance to a Jacobian variety in the space of operators and to find
an definition of a Abel-Jacobi map in infinite dimensions. This investigation is still
in the beginning but there is an interesting starting point: the functional calculus
works quite well for the abelian integral defined by the differential of the third kind

d
—(Ew) dE N

(which has simple poles at 0o and oo’). Here, the functional calculus gives the
Bicklund transformations. In finite dimensions, a path on the hyperelliptic curve
going from oo to oo’ leads to the transformation L — L(T).
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2 Motion of the spectral measure under the first
flow

We say, a closed interval I in R is a spectral gap if the boundary of I belongs to the
spectrum and the interior is disjoint from the spectrum. There are at most count-
ably many spectral gaps for a random operator L and we can index them arbitrarily
(In)neN-

The Titchmarsh-Weyl functions m* are meromorphic outside the spectrum of L.
There can occur poles in each spectral gap. Define
M:=m*+m~
and
G={(mt-m™)".

Because m~ — m* is Herglotz, also —G™! is Herglotz as the sum of two Herglotz
functions and so G is a Herglotz function.

We can write the functions M, G in the representation
do(E') dg(E")
M= / E-F 6= E-F

where dg is a measure and do is a signed measure. We see from the definitions that
a pole of M corresponds to a zero of G.

Lemma 2.1 In the interior of a spectral gap I,,, the function M := m* + m™ has
one or no pole.

Proof. The Green function G is analytic in a spectral gap and the claim follows
from the monotonicity of G which is

d
EG>0

An existing pole of m* or m~ corresponds therefore to a zero of G and must be
simple. O

We call p,, the (when existing) pole of M = m* +m™ in the gap I,. Denote it with
pl if it is a pole of m* and p if it is a pole of m~. We can now determine the
motion of u under the first Toda flow.

Lemma 2.2 If u, is in the interior of I,, then
ftn = —2-Res(M, p,,) .

Furthermore i} > 0 and g < 0.
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Proof. From the formula mn(T) = a2 follows that a pole p of m is a zero of n(T).
We have therefore

0= Za(T) = Lnmyi s i(r)(w)
and so
_ D) _ _a(T)m - m(@Y)
#=n(T) &n(T)

~20( () ().

)

Because m* # m~ inside a gap we have Res(M, u) = Res(m, ), where m is either
m* or m™. The claim follows from

Res(M, B = Res(m, p) = Res(mn(T)/n(T)7/‘) = Res(az/n(T),,u)

= Res( ) = ()

where we used the fact that y is a simple zero of n(T). Because m~ and —m* are
Herglotz functions, we have

Res(m*, 1) <0, Res(m~, ) > 0.
[w]

We would like to determine in the general infinite dimensional case the motion of the
measure do. In general, there is the problem that we don’t know what happens with
a point g if it hits the boundary of the gap and what happens with the non-atomic
rest of 0.

However, if | X| is finite, the measure do is a point measure. Denote in this case dkpe,
the spectral measure of L acting on the finite dimensional space of 2|X| periodic
sequences, The two measures do and dkpe, allow a reconstruction of L, because we
can determine both M and G and so both m* and m~. In the next section we want
to see how do- moves under the first Toda flow.

3 Integration of the periodic lattice for the first

flow
We assume in this paragraph that |X | = N finite. In this case the random Toda

lattice reduces to the periodic Toda lattice and L(z) is an infinite trigonal matrix
which is N— periodic. Qur aim is a self-contained integration of all the Toda flows.

188



We begin with the first Toda flow and find explicit formulas for Gl=mt-m M=
m* +m™. It is known that L(z) has band spectrum

g+l
U(L(I)) = U [/\2,’_1, Ag;] .

i=1
and that there exists g < N — 1 gaps in the spectrum. Define

2g+2 9
RE)= [[(E-X), E)=[I(E — ),

=1 i=1

where p; denote as before the zeros of G.

Lemma 3.1 ¢} Forn=1,...9,

Res(M, u) = Res(m?, pn) = :i:___M .

I'(ﬂn)
G'1=m+-—m'=-‘/1—§.
b)
+y/R(u
da-ZRes(Mu,)&u. zy: l’( ) 8(p) -
i=1 i=1 Hn )
Proof.

a) From the discrete Ricatti equation m(T) = E—bT)—a?/m and m(T"z) = m(z)
we get a continued fraction expansion

m=m(T") = E — o(T") — aX(TV 1)
= Em E-¥T") - i)
—b(T?) - _iT)_a?
E-¥T)-—

It follows that the functions m¥ satisfy a quadratic equation. We can write the
solutions as

AL vB
== >
where A, B, C are polynomials in E. Therefore
vB
-1 _ ot = = o¥VO
Gl=mT-m 2 T
A
M=mt o= 2—.
mT+m C
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Because m* — m™ has zeros in ); and simple poles at the places y;, we get that R
divides B and [ divides C. We know

Gl=m*-m~=0(E), E—> o

and that there are maximal g zeros of /. One has at least 2g + 2 zeros of C because
each of the J; is a zero of C. Maximally 2g + 2 zeros of C are possible because else
the growth rate of G~! at infinity would be too big. This implies B = ¢, - R and
C = ¢,-1 for two constants c;, c;. From the growth rate of G~! = 2¢/B/C at infinity
we get B=4R, C =1. Since

m(E) = O(E), E — o0,

we must have exactly g zeros of G which are poles of M if u is in the interior of a
gap.
b) From

o1 VB

(E)

Res(M, ) = Y&

Up) -

we deduce

O

The next lemma shows that the integral of the measure do with respect to the time
of the first Toda flow is absolutely continuous with respect to Lebesgue measure.
This follows from the fact that the absolute velocity of a point in the support of do
is twice the weight of the point.

Lemma 3.2 There exists h(t) € L°(I,2N) such that
3
dp(t) = /0 do(s)ds=hdE .

Proof. Assume g;(0) is in the interior of a spectral gap. For small enough time ¢y,
the point 4;(2p) is still in the gap and has not yet reached the boundary of the gap.
Because the velocity of the point p is equal to the weight of the measure

=2 Res(M, u)§(p) ,

we get
to
/0 ~2- Res(M, u(s))8((s)) ds = =2 - oy uceoy) 4E -

If the point u reaches the boundary of the gap, the weight of the point measure
changes sign and moves to the other side. Because also the sign of R(u) changes,
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the sign of do(t) does not change. The function h(E,t)/2 is equal to the number of
times p has passed the point E in the time-interval [0,1]. mi

Define for n =0,...,g — 1 the functions
Eﬂ
fa= vR'

They are in L'(I) and form a basis in the space of differentials of the first kind on
the hyperelliptic curve given by y = VR. Alternatively we could also take the basis

i w'(E)

E_pn,

"=

where p, is the unique zero of v’ in the #'th gap. All the functions f,, fn are in
L'(R,dE). We conjecture that this stays true in the general random case.

Lemma 3.3 The evolution of the first Toda flow can be written as

<fuhlt)> = [fh#)dE
_ [ <fuh(0)>+2t forn=g-1
- < fa,h(0) > else.

Proof.

4 ph> = [ 5 do=3 —H_j
dt ! i=1 \/R(m)
9 our 2 [ Em
- .-;l’(m)—ﬁ/l‘m
2 forn=g-1
0 else.

dE

)

where I' is a curve in the complex plane which goes once around the spectrum of L. O

Lemma 3.4 (Jacobi) The mapping

{un}a=1 —< fiu h(t) >!=1

is invertible.

Proof. In the usual language this means that the Abel-Jacobi map

g pi E"
{u:} HE/‘ mw
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is invertible. For a proof see [Sie 69] Theorem 1, p.56. I

The density of states can be written as Jx dg(z) = dk. The knowledge of dk deter-
mines the points A,. From ), and g, the operator L can be reconstructed [Mor 76).
To summarize: the sequence of coordinate transformations

L (M,G) v (do,dk) — (dp,dk) — (h, dk) = ({< fa,h >},dk)
straightens the flow of the periodic Toda lattice. From the vector
(KAR><fi,h>,...,< fo,h>)
and the density of states dk, the operator L can be reconstructed.
We hope that in some infinite dimensional cases there are also infinitely many func-
tions f, € L'(R,dE) and a function h(t) € L*(R,dE) such that
d
% < fmh(t) >= ﬂn

is constant and that the sequence < fayh(t) > together with the density of states
dk allows a reconstruction of L.

4 Integration of the higher periodic Toda flows

We determine now the motion of the spectral measure of the Titchmarsh-Weyl
functions m,n under the higher Toda flows
L = [(L")+ - (Ln)—lL] = [Bv L] .

We will see that there is a meromorphic function # with the same poles then m
such that the poles of m are moving with a velocity given by the residuum of 7.
We assume again |X| = N. Denote with g the number of gaps in the spectrum of
L.

We take as in the integration of the first flow for every z € X two solutions ut, u~
of the equation

Lu=Eu .
Consider as before the old Titchmarsh-Wey! functions

s _ Lt L

= nt =
uE uE
an define the higher Titchmarsh- Weyl functions
n\+,+ ny-, +
Th:t=(L )i“ At = (L )i“ .
u u

The motion of the old Titchmarsh-Weyl functions m, n under the higher Toda flow
can be determined.
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Lemma 4.1

2m(it — #(T)) ,
on(M(T) — ) .

m

Il

7

Proof. From Lu = Eu follows L"u = E™u and so
m+n=E-b m+a=E"—(L").

If we differentiate the equation L*u = Eu with respect to the motion of the higher
Toda flow .
L=1[B,I] = [(L")" - (L"), L]

we get
BL*u— L"Bu + Lu = Eu

or (E — L")Bu = (E — L")i.. Because E — L" is invertible by assumption, we obtain

u=DBu.
We calculate
%]og(u) = %:&'22_(_[%2=E—(L")0—2n’
ny+ ny-
%log(u(T)) (& J(;‘)(T) _& 3(;,‘)(” = E - (L")o(T) - 2n(T),
Slog(a) = (L"0(T) ~ (L")

and get

d d d d
a—tlog(m) = Elog(a) + Et-log(u(T)) - Elog(u)

= 27 -2#(T).
In the same way
%log(u) = (—L'ZJ-QI:"Jlﬂm-Eug :
d sy - (T (L) u(TTh
&8I = T T

2m(T™") = E+ (L")o(T) ,
(L™ = (L™)(T™)

2 log(a(T™)

and get
d d _ d _ d e .
-Jt—log(n) = Et-log(a(T M+ alog(u(T )y - alog(u) =2m(T"!) - 2m.
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0

As in the case of the first Toda flow we want to know the motion of the i spectrum.
Call u, the poles of m,n. They are also the poles of /i because both m, 7 have the
same denominator u.

Lemma 4.2 In the interior of a gap, the motion of a divisor pu is
it = =2 Res(th, ) .

From mn(T) = a2 follows that the poles of m are the zeros of n(T). We get

0= Zn(h) = an(ulic+ (),
and so
_ _ D)) _ _2n(T)(Hm - m(T))
(T, 1) £n(T, 1)

-ZR%(@W,M)

—2Res(ri — (T), u) = —2Res(rn, u) .

-
il !

It

In order to find an explicit integration like in the first case, we need to know
Res(#h, 1) explicitly. The strategy is like before: one has to show that the residuum
is of the form

R(p)

Res(rit, p) = ; akﬂkW

which leads to linear flow on the Jacobi variety of L like in the first case. We show
now how one has to proceed. We have

= iakm(T"'l) ce.m(T)m
k=1

where o, are measurable functions independent of E. Because each m can be written

as
mt - AEVE
==
where A, B,C are polynomials in E having z— dependent coefficients, we obtain
also
- _AxVB
mt = =
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with z— dependent polynomials , B, C. Therefore

Q
L
[]
3
+
I
3
i
1]
[\

M=mt4+m~ = 2
Because m*(E) and m~(E) coincide precisely at the points E = X;, also m*t(E) =

#m~(E) for E = ); and C is a constant times R. Because m¥ can only have poles
at g;, it follows that there exists a polynomial

P(E) = EakE"

k=0
such that
‘/R E
Gl=P(E)- (E) .
I(E)
Therefore

Res(M, p) = nz_:lakp" VR®)

k=1 I(p)
and we obtain d
et h>=
dt < f ny > ﬂk
with time-independent 8;. It turns out that the B are also independent ofze X
because the Toda flows are commuting with space translation z v~ T(z).

Like for the first Toda flow, the invertible map
L(t) »< f,h(t) >=< f,h(0) > +t- 3
straightens the higher Toda flows.

5 The first periodic Toda lattice with 2 particles

Usually, the study of the Toda lattice begins with the simplest nontrivial case when
there are three particles. In the book of Toda [Tod 80], this case is treated in full
generality. We didn’t find in the literature the even simpler situation of 2 particles.
We will just see that the complexified Toda flow for two particles and the complex-
ified pendulum equation coincide.

The periodic Toda lattice with 2 particles is given by
G = emh e

G = €U _enTa
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If we introduce the variables w = @ — ¢ and z = q; + ¢, the system goes into

Z =0,
W = 2e—2¢”=—4.sinhw.

The second equation is an equation which corresponds to the real Toda lattice. It
becomes with w = ia + ir
& = 4sin(a)

the pendulum equation. We define # = iz. The complexified periodic Toda lattice
with two particles is thus equivalent to the complexified physical pendulum! It fol-
lows that the pendulum can be written as an isospectral deformation of the periodic
4 X 4 matrix

bl a) 0 as

L= a; b2 as 0

0 az bl ay
a2 0 a; by
with
a = e(‘""'l)/’:e“’/’:i.e""/?,
ay = B 0N2 - gmwf2 _ ;| ~iaf2 ,
. itw . f+a
b = 4/2= 5 = 7
. i-w_, f-a
by = Q2/2—-——2———l- 5

If we want to get rid of the uninteresting linear motion of Z, We can restrict us to
the invariant set z = 0 which corresponds to

/bdm:#:O.

The pendulum motion
& = 4sin(a)

goes then into the isospectral deformation
L=[L* -1, I

of the matrix
0/2 eia/2 0 _e—iu/2
eiu/? 0/2 _e—ia/2 0
0 ___e-ia/Z d/2 eu‘a/?
_e—-ia/2 0 eia/2 d/z
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The spectrum of L is

M = M=\2+H/2,
“d = M=y-2+H/2,

where 2
H=-2.t(l%)= 5 + 4 cos(a)

is the energy of the pendulum.

We describe the picture qualitatively. We call the spectrum of the periodic Jacobi
operator acting on {%(Z) the band spectrum of the pendulum. The Titchmarsh-Weyl
function has only one pole having the location é. It is lying in the band spectrum
and the motion of this pole determines the motion of the pendulum. The energy
surface is a one-dimensional circle or consists of two one-dimensional circles de-
pending on the energy. The picture is as follows. The real band spectrum is the
set of allowed velocities 4. It consists of two intervals if the energy is larger then 4
and each interval corresponds to a pendulum which is rotating only in one direction.
For the energy H = 4, the band spectrum is the interval [—2,2] and this situation
corresponds to the homoclinic situation. For smaller energies H € (—4,4), the band
spectrum looks like a cross and is the union of an interval on the real axis and an
interval on the imaginary axis. For H = —4, the spectrum is only imaginary. This
is the situation when the pendulum is on the bottom and the real energy surface is
only a point.

The integrals of motion of the Toda lattice are related to the integrals of motion of
the pendulum: The momentum of the Toda lattice tr(L) = b dm and the mass
of the Toda lattice flog(a) dm are always vanishing and have no meaning for the
pendulum.

6 Motion of the Green function G under the first
flow

We have seen how the first Toda flow can be written in terms of Titchmarsh-Weyl
functions m,n as

2m(n - n(T)),
2n(m(T~1) ~m) .
We describe now the Toda flow in the coordinates

1

+
= F=0l1pe
G_m+—m-’ F=2 logm_.

n
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Proposition 6.1 The random Toda flow looks in the F,G coordinates as

2 2
= @G
G = coth(F) — coth(F(T1)).
Proof.
F = giog(m*) —log(m™)) = 2a* — n*(T) ~ 0~ 4 n"(T)),
= 2m*(T) = m(T)) - 2Am* - m") = % - é
and
¢ = mt ~ m~ _ 2m"'(n+ = (T)) —m~(n~ - n~(T))
S Twmrmp T (m* — )
_ 2m‘n‘ —mtat mn~ —-mtnt
- mt—m-)2 ~ “(n- - nt)(mt —m-)
_ m”/nt —m* /n~ m-m¥(T™!) ~ mtm~(T-1)

Wt~ Yt =)~ 2t @) = i =)

+ - +(-1 — (-1
::+ f 2‘ - Z+g—1; t ::-E;—l; = coth(F) — coth(F(T™1)) .

]
Remark. There is a similar formula for a derivative of the Green function of a
Schrédinger operator

&
L=_°d?+q(q))

where g € C(R) (see [Cra 89]). If one looks at the path L(z) — L(z +1t) the motion
of the Green function G can be expressed by the Weyl m-function also

G _mtm
mt —m-
which is called Dubrovin equation.

Remark. The equations of motion for G, F are discrete conservation laws. Thisis
not surprising because the Toda equations themselves can be written as conservation
laws. But there is a fundamental difference for the conservation laws of the Toda
flows and the equations for F' and G because the later (like the Volterra flows also)
are true for each energy E ¢ o(L). If we write F,G,m,n as power series

F = Y FRE ,G=Y G,E",

m = Y mE" n= S n.E",
n n
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then [y F, dm, fx G, dm, [y m, dm and [x n, dm are integrals of motion. We can
also choose an arbitrary path - in the resolvent set of L. Then,

/}(LFdEdm,A[/GdEdm

are integrals of motion.

7 A functional calculus for Abelian integrals
Given a Riemann surface
R:y* = R(E)

and an abelian differential
f(E,y) dE

which can be of the first kind (regular on the whole surface) of the second kind
(having at least one pole and zero residue at each pole) or of the third kind (having
at least one pole with non-vanishing residue). Fix a point Eo on the surface R
and take a curve v on the surface which connects Ey with E (avoiding poles). The
integral

F(B) = [ #(E'y) dE

is called an abelian integral. If the curve v is closed then the value
Fi) = [ 1(B,(E)) dE

is called a period of the integral. In the case when the genus g of R is finite, the
vector space of abelian integrals of the first kind is g dimensional and there are 2¢
paths 4 such that every period can be expressed in terms of 2g fundamental periods

2g
F(y)= kz_:akF('Yk) .

On the universal cover R of R, the abelian integral F(z) is a uniquely valued ana-
lytic function if the differential is of the first kind.

We consider now the transcendental Riemann surface
R:y? = R(E) =det(L — E) = e™® |

where L is a fixed N-periodic Jacobi matrix acting on /2(Z) and det is the normalized
determinant defined by the Floquet exponent w.
This Riemann surface is topologically the same as the Riemann surface Rpe.

2N+2
¥ = Rpe(E) = det(Lper —~ E) = H (A —E),
n=1
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where Ly, is a finite dimensional 2V x 2N matrix and det is the usual determinant.
Call g < N the genus of R. The surface R does only depend on the isospectral class
of L because an isospectral deformation of L does not change the value of y.

The abelian differential

w'(E) dE
is of the third kind because we can write it as w'(E)E = dw(E) for E # .
Because the residues at the simple poles 0o and oo’ are 1 and —1, the differential

is the elementary differential of the third kind with poles at co and oo’. We know
from the explicit formula for m* ~ m~ that

W(B)= [ (mt - moyt = SO,

where f(E) is some polynomial of order g.

Take the point Ey near —co. The abelian integral obtained by integrating the
differential —1w/(E)dE along a curve from Ej to a point E is

1 1
—5(E) - C(Ey) = 3tr(log(L ~ E)) - C(Eo)
with the constant C(Eo) = —Lw(E).
We interpret now this function as a function of L parametrised by E. We call

it Fg(L). The main point for the following is that it can also be viewed as the
Hamiltonian of the time-dependent Toda flow

SUE) = MRy - vEsy g
1 1 1

=" - (=) 1.

where V Fg(L) is the gradient of the function Fg(L) (as a function of L). Starting at
E = 00, we obtain a family of Jacobi operators U (EY'LU(E) = L(E) parametrised
by the universal covering R of the Riemann surface and we have a field of unitary
operators U(E) defined on R.

Unlike the abelian integral which has a logarithmic singularity at co and o', the
Toda flow is well defined and can be continued through oo and oo’. The reason is
the surprising fact that the operators L(E) can be calculated explicitly by

L(E) = BT*(E)..

(We will show this in the chapter "Renormalisation of Jacobi operators”.) The
sign depends on which side of the Riemann surface we are. There is a positive side
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y > 0 and a negative side y < 0 and the spectrum y = 0, where the two sides of
the surface are glued together.) We call this isospectral deformation E w L(E)
functional calculus for the abelian integral.

Remark. For the KAV equation, there seems to exist a similar interpolation of the
Bicklund transformations by a time-dependent KdV flow

d
=L = ~2DG.x(E, L)
where G(E, L) = (L — E)~! is the Green operator corresponding to L = -D?+q.
(See [McK 89] p.31. where the motivation is to replace KdV flows (which do not
exist for example in C®(R)) by Bécklund transformations.)

Starting with the operator L = L(oo) we can integrate along a curve -y connecting
0o with oo’ and get the translated operator L(00') = L(T).

BT{L)

The Toda flow with Floquet exponent as Hamiltonian generates the
Backlund fi i E le of a fi 1 calcul

The Bicklund transformed operator L' = BTE(L) can explicitely be given by

+
b =b+n*—nET), a? = az—mmg) ,

where m* n* are the Titchmarsh-Weyl functions.

(The Titchmarsh-Weyl functions m* can be viewed as one function m defined on
the Riemann surface R. If L is real selfadjoint, the poles of m are located in the
gaps of the spectrum.)

In principle, the Bicklund transformation are defined for E' on the whole Riemann
surface R. They give isospectral Jacobi matrices. Because they are not normal
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any more in general for values of E not lying in the interval [—oo, A1), the norm
of the transformed operators can blow up. Indeed, if E is at one of the poles or
zeros of m, the Backlund transformed BT(L) is infinite. We will not consider here
this problem and view these unbounded operators as points in the boundary of the
isospectral set of complezr Jacobi operators.  The unbounded operators could be
added as compactification points of the complex Jacobi variety.

The explicit formula for the flow E L(E) means that we can in some sense
regularize the flow through these points. This construction works also when R has
infinite genus and is given by the hyperelliptic curve

¥ = det(L - E)

defined for a random Jacobi operator L over an ergodic dynamical system (X, T, m).
There is however one difficulty: the abelian differential needs no longer to be regular
at the bottom A; of the spectrum and the flow is discontinuous there. Indeed, in
general, the Titchmarsh-Weyl functions m* and m~ are not coinciding at A,.

In general, when the dynamical system (X,T,m) is not ergodic, we denote by
(X,T,m,) an ergodic fiber of (X, T, m), where m, is defined by averaging the Dirac
measure §;. The measure m, can be constructed as a weak accumulation point of
rd(T"z).

We define a random Riemann surface z R(x) as a map which assigns to each
point z of the probability space (X, m) a Riemann surface
R(z): y* = R(z,E),

where we require that for fixed E the map z ~ R(z, E) is measurable. The univer-
sal cover R of the random Riemann surface is obtained by assigning to each z € X
the universal cover R(z) of R(z).

Fixing one random Jacobi operator L, the Hamiltonian —%w = log(y) generates a

field of Jacobi matrices L(E) defined on the random Riemann surface

R(z) : y* = det.(L — E)
where det. denotes the normalized determinant belonging to the measure m,.
Moving on the Riemann surface R along a path 7 : ¢ E(t) corresponds to an
isospectral deformation of the Jacobi matrix. We have L(z) = L(oo, ), L(Tz) =

L(0o,Tz) = L(o0', z).

Moving around the Riemann surface from oo to oo’ passing the lowest branch point
A1 and continuing back to co passing the highest branch point sy, is a closed
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curve and the Riemann surface. The corresponding effect of this round on the op-
erator is the identity.

It would be interesting to know what happens with other abelian differentials and
with other closed curves while doing the functional calculus.

8 Questions

Some questions.

o In the integration of the periodic finite Toda lattice, we would like to calculate
explicitly the velocity vector 3 on the Jacobian. We have also not shown that there
are g linearly independent flows.

o How does the differential equation for the Green function for the higher Toda flows
look like?

o Can we write the solutions of the random Toda flows in terms of generalized Theta
functions? Can we find a space of differentials of the first kind and an element g(t)
in the dual space such that

L(t) »< fi, h(t) >

straightens the Toda flow also in the infinite dimensional case? We could try with
fAE) = W' (E)(E - pi)

where p; are the zeros of w’ in the gaps of the spectrum and to take
1
h(t)dE = | do(t),
() dE= [ do(t)

where o(t) is the spectral measure of the function M = m* +m~. i fi € L)(R,dE)
and h(t) € L=(R,dE), we could hope to get a linearisation

L(t) =< fa, h(t) >=< fo, h(0) > +t - Ba
having also that the sequence < f, b > allows the reconstruction of L.

o What gives the functional calculus for abelian integrals if we take the differentials
w'(E)
(E ~p:)

o We have seen that also one of the most simple integrable dynamical systems can
be written as a Lax system. This supports the conjecture that every integrable

f(E)dE=E dE?
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nonlinear system can be written as an isospectral deformation of some operator.

¢ Is there a Thouless formula for general Jacobi operators on the strip and an inte-
gration of the non-abelian periodic Toda flow?

¢ It would be interesting to investigate more the complex isospectral set of Jacobi
operators corresponding to the pendulum. What do Bicklund transformation do
globally?
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Abstract

We construct a Cantor set J g of limit periodic Jacobi operators having the
spectrum on the Julia set Jp of the quadratic map z - 22 + E for large
negative real numbers E. The density of states of each of these operators is
equal to the unique equilibrium measure g on Jg.

The Jacobi operators in J g are defined over the von Neumann-Kakutani sys-
tem, where the later is a group translation on the compact topological group of
dyadic integers. The Cantor set J  is an attractor of the iterated function sys-
tem built up by the two renormalisation maps <I>§ :L=(D®)24+Er D),
To prove this, we use an explicit interpolation of the Backlund transforma-
tions by Toda flows.

The potential theoretical Green function of the Julia set Jg turns out to be
the Lyapunov exponent of an operator L € Jg. The Béttcher function con-
jugating the quadratic map z +— 22+ E to the map z > 22 near oo is given
by the determinant det(L — E). There is a gap labelling for L € Jg.

We prove that the dyadic group on the attractor obtained by the symbolic
labeling in the hyperbolic iterated function system is identical to the group
obtained by all possible translations of L, the fixed point of @E.

1 Introduction

Random Jacobi operators are discrete one-dimensional Laplacians and are discrete
approximations of one-dimensional random Schrédinger operators (see [Cyc 87],
[Car 90]). It would be desirable to have discrete Laplacians which are invariant
under scale changes like a refinement of the lattice because such a self similarity is
a realistic approximation to the continuum. A scale transformation of any physical
system forces a renormalization of the energy in that a change of the scale must be
done with a simultaneous adaptation of the energy or temperature. A simple scale
transformation in one dimension is a doubling of the lattice spacing together with
a squaring of the Laplacian and a simultaneous lowering of the energy L — L’+E.
We have shown in [Kni 3] that the inverse of this map can be computed in the class
of random Jacobi operators: one can find for a random selfadjoint Jacobi operator
L two new selfadjoint random Jacobi operators D(*) defined over a “renormalized
dynamical system” such that (D*))2 4+ E = L. The entries of D'*) are constructed
from the Titchmarsh-Weyl functions of L. The factorization L = D% + E is the
key for isospectral Bdcklund transformations, translations by one unit on the finer
lattice. This work is a continuation of [Kni 3] and [Kni 4] with the aim to refine

the analysis of the Biacklund transformations and to study the iteration of the map
L=(D®) 4+ Ewr D).
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We outline now shortly the content of our results and compare them with ear-
lier works of Baker, Barnsley, Bellisard, Bessis, Geronimo, Harrington, Mehta and
Moussa [Bak 84], [Bel 82], [Bes 82], [Bar 83a), [Bar 88], who did similar construc-
tions of semi-infinite Jacobi operators. We mention already now that despite some
parallels, there is no overlapping of those results with the results discussed here.
The mathematics of Jacobi operators in B(1>(N)) and Jacobi operators in B(1*(2))
is in many respects quite different.

The automorphism of a probability space (X,m) form, when equipped with the
uniform topology, a complete topological group Y. On this group is defined a map
¢ which assigns to a given dynamical system T its 2:1 integral extension S. This
means that there exists a S? = S o S invariant set Y C X of measure 1/2 such
that the induced system from S on Y is again T. The renormalisation of dynamical
systems T +— S is a contraction on I/ and has exactly one fixed point, the von
Neumann-Kakutani system, which is a group translation on the group of dyadic
integers.
The set of random Jacobi operators forms a fiber bundle over the topological group
U. Over each dynamical system is defined the Banach space of random Jacobi opera-
tors which is a subspace of the crossed product of L® (X) with the dynamical system.
The factorization result in [Kni 3] can be restated in saying that the renormalization
given by the 2 : 1 integral extension on U/ can be lifted to two renormalization maps
®% defined on an open set of the bundle. A pair (T, L), where L is a Jacobi op-
erator over the dynamical system (X, T,m) is mapped into a pair (S, D®), where
(D®))24+E = L and S is an integral extension of T satisfying §2 = T'. We will show
that for large enough real —E, both renormalization maps &% are contractions on
an open set of the bundle. This means that the two maps &%, &5 form a hyperbolic
iterated function system as defined by Barnsley. This iterated function system has
an attractor Lg which is a Cantor set in the fiber £ over the von Neumann Kakutani
system.
The spectrum of L and the spectrum of D are related by o(D)?+ E = o(L) and the
spectrum of each operator L in the attractor is the Julia set J of the quadratic map
z+ 2% + E. Moreover, we will show that the density of states of L is the unique
equilibrium measure on Jg. The Lyapunov exponent turns out to be the potential
theoretical Green function of the Julia set and the determinant det(L — E) of an
operator L € Jg is the Bottcher function which conjugates the map z — 224 E to
2+ 2% in a neighborhood of co.
A main tool to prove our result is the following interpolation of Bicklund transfor-
mations by a Toda flow by a time-dependent Hamiltonian H (L) = 2tr(hg(L)) =
~ & Lw(E), where w(E) is the Floguet ezponent of L. The interpolating Toda flow
is

4 prar)= -+ Lty _ (1

If we denote by L* the fixed point of &%, we can form the set of all translates of

)75 L.
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L*(T,), where T, is the translation belonging to any element z in the group X
of dyadic integers. This set of translates of L* forms a group with the operation
LH(T.)L*(T,) = L*(T.T,). The attractor of the iterated function system can be
labeled by elements w in the set = {—1,1}"™:

By(L) = lim B @y, OPL*.

A change of alphabet 1~ 0, —1,+> 1 identifies the set @ = {~1, 1}N with the group
X and  inherits that group structure. We will prove that ®4(L*) = L*(Txw)),
where T, is the group translation on X by the group element z{w) € X belonging
to w € Q. This means that each element of the attractor of the iterated function
system can be obtained by an explicitly known translation of the fixed point Lt

Jacobi operators Lg in B(I2(N)) with spectra on Julia sets Jg have been found
earlier in [Bak 84], [Bel 82], [Bes 82], [Bar 83a], and {Bar 88]. Such operators satisfy
flz,; + E = Lg but they are different from the operators considered here. The side
diagonal d, = [Lg]an+1 of Lg begins with

do = Leln =0,d1 = [Lghe = VE, &y = [LeJs = 1,...
and the other entries dj are defined recursively using

dgn-}-l = _dgn+E7
d?l = dgn‘gu-lv

and are algebraic functions of E. In our case, there is no boundary condition at
0 and the entries of any element Lg in the attractor are in general transcendental.
Moreover, there exists € > 0 such that all entries satisfy |[Lg];j| < |VE| — € which
is obviously not the case for the half-infinite operators Lg. It seems also that the
renormalisation maps % can only be defined in B(1*(2)) and not in B(IZ(N)).

This chapter is organized as follows:

In the second section, we consider a map on the space of abstract dynamical systems.
The dynamics of this renormalisation map is quite simple and has the von Neumann
Kakutani system as a fixed point.

In the third section, the factorization of random Jacobi operators is reviewed slightly
more general than in [Kni 4] because we don't restrict the analysis to selfadjoint
operators. The two factorizations lead to the two renormalization maps &% on the
space of random Jacobi operators.

In the fourth section, we refine the analysis of Backlund transformations and give
explicitly the Toda flow interpolating these isospectral transformations. This deeper
understanding of Bicklund transformations is necessary to prove a contraction prop-
erty of ®% for large real —E.

In the fifth section, a version of a lemma of Barnsley about iterated function systems
is proven.

209



In the sizth section, we review some results about the quadratic map 7¢ : z — 22+ E.
In the seventh section, it is shown that for large enough ~E, the two maps &3 form
a hyperbolic iterated function system leading to the existence of the attractor Je.
In the eighth section, we will see that the attractor J E is the same as the group of
all translates of the fixed point L* of &+,

In the ninth section, we prove that the density of states of an element in the attractor
JE is the unique equilibrium measure on the Julia set Jz and that the Lyapunov
exponent of L € J g has a potential theoretical interpretation.

In the tenth section, we discuss shortly some generalizations.

In section eleven, we consider a matrix model for random Jacobi operators.

We collect some questions in section thirteen.

2 The von Neumann Kakutani system

The group U of automorphism of a standard probability space (X, m) is a complete
topological group with the metric d(T,S) = m{z € X | T(z) # S(z)} giving the
so called uniform topology on the space of automorphism. Every T € U gives an
abstract dynamical system (X,T,m) and we call I/ also the group of dynamical
systems.

Given a measurable set Y C X of positive measure, the induced transformation Ty
is an automorphism of (Y, my) defined by Ty(z) = T™=)(z), where n(z) = min{n >
0 | T%(z) € Y}. This map Ty leaves the probability measure my = m/m(Y)
invariant and is again an automorphism of (X, m), because all non-atomic standard
probability spaces are isomorphic. We call &y : & — I the map which brings T'
into the transformation Ty. The later map is identified with the transformation
on (X,m) by ®y(T)(z) = sy o Ty 0 s7' , where sy : ¥ = X is a measurable
"identification function”.

Dual to the formation of induced systems is the integral extension: if f € LY(X)
is a positive integer-valued function, then a new dynamical system (X1, T!,mf) is
defined as follows. Define Xf = {{z,i{) |z € X and1 <i < f(z)} and a probability
measure m/ on X/ by m#((Y,i)) = m(Y)/ f f dm. This measure is preserved by
the transformation

N f(zi+1) L ifit+1< f(z),
T’(z,i)—{(;(;),l) ,;f:+1=f($)-

The space X/ can be visualized as a tower, whose foundation is X and which has
f(z) floors over each point x € X. Under the action of T/, a point (z,1) is lifted
vertically up one floor, if this is possible and else lowered down to the ground floor,
where it takes the position of the point (T'(z),1). This construction gives also a
mapping defined on U because the integral transformation can again be viewed as
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an automorphism of (X, m). Denote by
o u-Uu

the transformation bringing an automorphism to its integral extension. Again
an identification function s/ : X — X/ makes the correspondence between the
Lebesgue spaces X and X/.

We review without further use some properties of the maps &/, ®y : U — U (see
[Hal 56, [Cor 82], [Den 76]). One knows for example that they preserve the dense
set of periodic systems in I/ or the nowhere dense set of ergodic systems in U/ but they
don’t leave invariant for example the class of mixing systems. For the entropy hn(T)
of the systems it is known by Abramov’s formula that hy(®yT) = m(Y)™" - ha(T)
and that b, (®/T) = (Jx f(z) dm(z))™! - hn(T).

We consider now the special case of an integral extension with f = 2, where the
identification function is given by

X =[0,1] = (X, (1D U(X,{2}) = X’ = [0,1/2]U [1/2,1]

and where the Lebesgue space X is identified with the interval [0,1]. In order to fix
the ideas we can write a dynamical system as a measurable map T : [0,1] — [0,1]
leaving invariant the Lebesgue measure on [0, 1] and define &/ by

_ +1/2 ,.f 6[011/2)1
¥(z) = {Téx -1)/2 ,ilfsfe (1/2,1],

on [0,1]. For Y = [0,1/2] we have then &y 0 ®/(T) =T.

Proposition 2.1 The renormalisation map ® is a contraction on U. Every auto-
morphism T is attracted to a unique fized point T.

Proof. Given two transformations Ty, T» € U. We have d(®T}, 8T,) = %d(Tl,Tz),
because the transformed automorphism are equal on a set of measure 1/2 and

m({Ti(z) # Ta(z)}) = m({T1(z) # Ta(2)})/2 -
This proves that ® is a contraction having a unique fixed point. 0
The next figure illustrates how the graph of a dynamical system (given by a bijective

on the interval [0, 1]) is converging under the renormalisation to the graph belonging
to the von Neumann-Kakutani system.
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Rencrmatisation of dynamical systems

/
7

Remark. In the same way, one can show that any map &/ different from the identity
is a contraction and has a unique fixed point. On the other hand, a map ®y has an
expanding character.

We review now some results about the fixed point T of &/, with f(z) = 2, the von
Neumann-Kakutani system. 1t is an automorphism of the unit interval X defined
by a piecewise translation of intervals

T(z)=z+1-=Chyy, for Co <z < Catl

where Cp = 0 and C,, = £7_,27",n > 0. (See [Par 80], [Fxi 92]). The following is
known about the von-Neumann Kakutani system (X,T,m):

Proposition 2.2 (X, T,m) is ergodic and has a discrete spectrum
G= (" |ker,n> 0} .

(X,T,m) is conjugated to a group translation on the compact abelian group G of
dyadic integers, the dual group of G C T,

Proof. The von Neumann Kakutani system is a group translation on the group of
dyadic integers because this is the character group of a discrete subgroup of the
circle formed by the spectrum G of the system. (See [Par 80] for the calculation of
the spectrum and [Rud 62] for general properties on topological groups).

The dual group G of G is the group of dyadic integers which is the space of sequences
w = {wy,ws, ...} in {0, 1} with the group operation

(W+Mn = wa + 70 + pay (mod 2),
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where po = 0 and p, € {0,1} is equal to 1 if and only if wy + 7 + pa—1 = 2. The
group translation T on G is given by w = w(T) = w + (1,0,0,...) and is a special
case of a so called adding machine. The map

00
wr Y w2 €[0,1]
n=1

conjugates the group translation T to the map T on the interval I.
In order to see that G is the dual group of G, we assign to each element w € G the

character .
7w(e2n‘k2"‘) = (wn v Wy-1 v PRRRVA U ’ 3

where w, = 1 — 2wy, € {—1,1} is the multiplicative way of writing Z;. The map T,
is conjugated to
T,(0z) = 2-2) .

The ergodicity of 7}, can be seen in the character picture. The generator of the group
translation is the character yp(z) = z. By Pontryagin duality, the group G is the
character group of G. A necessary and sufficient condition for a group translation
to be ergodic is that g(yr) = 7vr(g) # 1 for any nontrivial g € G (see [Cor 82], p.
97) and this is true in our case. An other way, to prove ergodicity is to see that the

functions
o1

Z 1(0 2—»)(TJ$) e
form a complete set of elgenfunctmns to the eigenvalues

egi""ieé.

3 Renormalization of random Jacobi operators

The crossed product X of L*(X) with the dynamical system (X,T,m) is a C*
algebra (it is even a von Neumann algebra ([Con 90])) that consist of operators
K =% 3 Ko™ with convolution multiplication

KM =Y (KM),1" = Y (KiMn(T*)"

k+m=n

The norm on X is given by |||K||| = | ||K(z)]| |, where K(z) is the infinite matrix
[K(z)lmn = Ka—m(T™z). The adjoint of an operator is defined by

(K*)a(z) = B_a(T"z) .
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The algebra A’ has the trace tr(K) = fy Ko du. A random Jacobi operator L is an
element in X of the form
L=ar+aTHr" +b

with a,b € L*(X,C). We denote by £ C X the complex Banach space of random
Jacobi operators. We call exp(flog|a| dm) the mass of the operator. If log la} >
6 > 0 for some 6 > 0, we say, the operator has a positive definite mass. Notice that
random Jacobi operators are only normal, if a,b are real. Denote by ®(X) the von
Neumann algebra corresponding to the renormalized system (X, ®(T), m). As long
as we consider only one renormalization step, we denote the renormalized dynamical
system with (Y, S,n) and the von Neumann algebra with )’ and elements in Y by
B =7, B,o", where ¢ is the symbol in Y corresponding to 7 in X'. Call ¢ the map
X)- X
K=Y K,o"- Y K™,

where K,(z) = Kyn(z) for z € X; = X. The mapping v gives for z € X,
w}(K)(I)]ﬂm = [K(x)]2n,2m .

Let L € £ be a random Jacobi operator having strictly positive mass. For E outside
a ball containing the spectrum of L, we can form the Titchmarsh-Wey! functions

mt@) =TT (o) = a0 T2
u “z (T2
n*(z) = a(T"lx)———%(;) ) , n(z)= a(T“lx)——u u(ir(z) ) ,

where u*(z) € R are solutions of L(z) = Eu(z) with £ 1,50 |uX(2)[? < 0o. These
functions are measurable according to the multiplicative ergodic theorem of Oseledec
and are bounded when F is outside a ball containing the spectrum of L. Using

Lu* = qu¥(T) + o(T")uH(T™) + but = Eut
and the definition of m*,n*, we get

m* 4 n*
m* . n¥(T)

E-b,
a?.

o

We define new random Jacobi operators

D®) = VeEg 4+ [ex(S-1)0" € ¥

with functions c* defined on Y by requiring for z € X = X;,

ct(z) = ~m*(z), *(57'z) = —n#(z).
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The sign of D) is specified if we take the principal branch of the square root for
V/—mZ and the branch v/—n¥ such that a = {/m*n*(T’). We get then

A&(z) +E(57'z) =-E +b(z),
&E(z)- E(Sz)  =d¥(z).

As c is defined on Y, these formulas extend the functions a,b € L*(X) to functions
in L=(Y).

Proposition 3.1 The random Jacobi operators
Dt = Veto + ma‘ €y
are bounded for E outside a ball containing the spectrum of L and satisfy
W(D*P)=L-E.
The operator BTE(L) := ¢((D®)*(S) + E) is isospectral to L. The operators D*
are selfadjoint if L is selfadjoint and E is real below S(L).

Proof. The relation ¥((D*)?) = L — E follows from the definition:

Y(DER) = w(yfeE - cE(S)o? + (¢ +cE(ST) + /(572 - 2(§)0 ™)

= ar+b-E+aT )" =L-E.

If E is real and below the spectrum of L, the functions c* are positive and D* are
real and selfadjoint. The maps

L~ BTE(L) := y((DP)X(S) + E)

are called Bdcklund transformations.

In order to prove that BTg(L) is isospectral to L we take first the periodic ergodic
case, where N = | X]| is finite and where we can build for each periodic N x N Jacobi
matrix L of positive mass a periodic 2N x 2N Jacobi matrix D such that D*+F
is the direct sum of two N x N matrices L and BTg(L). The spectrum of periodic
Jacobi operators is generically simple and the multiplicity of their eigenvaluesis < 2.
(i) Assume therefore first that L has N simple eigenvalues. We want to show that
BT(L) has in this case the same spectrum as L. The Jacobi matrix D has a spec-
trum £),,...,+£Ay symmetric with respect to the imaginary axis because if A is
an eigenvalue with the eigenvector (uy, uz, ..., uzn-1, ugn) then —A is an eigenvalue
with the eigenvector (u1, —ug, ..., %sn—1, —t2n). The matrix D? + E is the direct
sum of the two Jacobi matrices L, BTg(L) and has the eigenvalues A? + E, each
with multiplicity exactly 2. As L has by assumption a simple spectrum we obtain
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that o(L) = {3?+ E | i =1,...,N} and the operator BTz(L) must have the same
spectrum as L because each eigenvalue of D? + E has multiplicity 2.

(ii) In the case, when L is periodic with not necessarily simple spectrum, the claim
follows because in the weak operator topology, the factorization is continuous, the
spectrum depends continuously on the operator and matrices having a simple spec-
trum are dense in the finite dimensional vector space of N periodic Jacobi matrices.
(iii) In the general infinite dimensional case, we can approximate a Jacobi matrix
L(z) in the weak operator topology by periodic Jacobi matrices L{¥)(x) and the
spectra of these approximations converge for N — oo to the spectrum of L(z). The
Bicklund transformed matrices BTg(L(™)(r)) converge for N — oo in the weak
operator topology to BTg(L(x)) because the Titchmarsh-Weyl functions depend
continuously on the matrices. So, the spectrum of BTg(L) is the same as the spec-
trum of L. n}

We got the two renormalisation maps
®t:.L - ®(L), L D®

parameterized by an energy E € C. The maps are defined on an open (possibly
empty) set Vg of £. Random Jacobi operators form a fiber bundle over the space
U of dynamical systems. Over each dynamical system T is defined the fiber £ of
Jacobi operators over this system. Given E € C, there is an open (possibly empty)
subset of this fiber bundle, where the renormalisation maps &£ make sense. A pair
(T, L), where L is a Jacobi operator over the dynamical system (X, T, m) is mapped
into a pair (S, D®)), where ¥((D¥®))2 + E) = L and ®(T) = S is the 2 : 1 integral
extension of T.

Illustration.
The following Mathematica program calculates numerically the fixed point of &} at
E = -5.

f 1
n[i_Integer,n_Integer]:=Mod[i-1,n]+1;
aln_Integer]:=Table[N[2+Sin[k 2 Pi/n]],{k,n}];

Afa_List,b_List,EE_]:=Table[1/a[[m[i-1,Lengthf{al}]l]*
{{EE-b{[i]],-(al(m[i-1,Length[a]]1])"2},{1,0}},{i,1,Length[al}];

Monodro[a_List,b_List,EE_]:=Block[{t=0,A=A[a,b,EE] ,B=IdentityMatrix[2]},
Do[B=A[[i]].B;t=t+Re[Log[B[(1,11]]1;B=B/B[[1,1]],{i,Lengthlal}];{B,t}];

mplus{a_List,b_List,EE_]:=Block[
{M=Monodro[a,b,EE}1{[1]],8,m0,ad,n=Length{al},ad=M[[1,11]-M[[2,2]];
m0=(ad~Sqrt[ad"2+4+M[[1,21]+M[[2,1111)/(2*M[[2,1]]) ;5={m0};
Dols=Prepend[s,al[m[n-i,n]1]"2/(EE-First[s]-b[[n[n-(i~1),n]11)],{i,n-1}]; s];
cplus[a_List,b_List,EE_] :=Block[{mpl=mplus(a,b,EE],npl},
npl=EE-b-mpl; Flatten[Join[Table[{-npl[{il],-mpl[[il1},{i,1,Length[2]}]]1]1];

216



RenormStep[d_List,EE_,n_Integer] :=Block[{c=d},
Dolc=Sqrt[cplus{c,Table[-EE,{Length[c]}],0.0]],{n}]; ¢ 1;

piracla_List,EE_] :=Block[{n=Length[al},
d[k_Integer,1_Integer,n_Integer]:=IdentityMatrixz([n][[m[k ,n),n{1,n]113;
Table{N[d[k,j+1,n}*al[m{j,n]1]+d[k, j-1,0)*al[n[j-1,0]11+d Lk, j,n]+EE,3],
{j,-4,+3},{x,-4,+3}1];

RenormFixedPoint [E_,NunIter_Integer] :=Dirac[RenornStep[a[5],E,NumIter],E];
L ]

We calculate a fixed point of ®* with E = —5 with

. 1
TeXForm[MatrixForm(N[RenornFizedPoint{-5.0,4]1,6]]] >>fixedpointi.tex;
{ i

Here is a part of the matrix of the fixed point of &*(~5)

-5.  0.48531 0 0 0 0 0 0
0.48531 -5. 2.0033 0 0 0 0 0
0 2.0033 -5, 0.99334 0 0 0 0
0 0 0.99334 -5. 22314 0 0 0
0 0 0 2.2314 5. 0.145 0 0
0 0 0 0 0.145 5.  2.0355 0
0 0 0 0 0 2.0355 —5.  0.92556
0 0 0 0 0 0 0.92556  —5.

4 Backlund transformations

For E outside a ball containing the spectrum I(L), the Bicklund transformations
BT#% are given by

L=ar+aT ) +b— L'=dr+d(T )" +b,

where £
V=b+nt—n*T), %= a2%l .
m
We have shown in [Kni 3] that
Elirp BT#(L) = L(T) ,Elile BTz(Ly=1L
and that in the periodic case the transformations can be interpolated by time-

dependent Toda flows in £. Because we want to estimate the Fréchet derivative of
the Bicklund transformations near —oo, we have to refine the analysis of Bicklund
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transformations and to determine explicitly the Hamiltonian Toda flow, which does
the interpolation. We define the projections

K= i Koo K*= Y K,

n=—oco +n>0

which yield the decomposition K = K~ + Ko + K+. Define K — K2 to be the
projection from X to £. For a Hamiltonian

H € C¥(£) := {L ~ tr(h(L)) | h analytic near the spectrum of L} ,
the differential equation
L=[By(L),1) = [L* - L7, K(LYY],
with By (L) = K'(L)* — W(L)" is called a random Toda flow [Kni 3]. In order to get

local existence of the flow, the domain of analyticity of h must be sufficiently large.
We will consider also complex time ¢ as well as time-dependent Hamiltonians H.

The Floguet ezponent w(E) of L = at +a(T~')7" + b is

w(E) = —tr(log(L — E))
and is by the Thouless formula defined on {Im(z) > 0}. The Lyapunov exponent
ME) = —Re(w(E)) — [log|a(z)| dm(z) is defined for all E € C and the derivative
w'(L) is bounded for all E in the resolvent set of L.

Proposition 4.1 Backlund transformations can be interpolated by random Toda
flows with the time-dependent Hamiltonians

HE(L) = tr(ha(L)) = :i:%w(E) =% [ log(m*(z)) dm(z) .

This means, we have

BTE(D) =~ £ () - () 0. (1

Proof. We prove the Proposition first in the finite-dimensional periodic case 1X| < 0
and under the condition that E is real below the spectrum of L. We know from
[Kni 4] that Bécklund transformations can then be interpolated by Toda flows. In
the coordinates (d, b) = (log(a),b), the Toda flow can be written as

d
74 = H(L)o(T) - K(L),
:ii_tb = e (L) — AT R(L)(T).
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The Bicklund transformations BT?) are given in the coordinates (d, ) = (log(a), b)
by

d > d(E)=d+ 5 log(m*)(T) - 5loglm®)
b > bE)=b+n*—n*(T).

Differentiation of these equations with respect to E gives

44 - l«TdE'_m( )_lémi
dE 2 mt 2 mt "’
i, d, d,

aE = E E D

Requiring (34, ;5b) = (4d, £b) gives (up to a L-independent constant function
which we put to zero)

' _ 13 _1 +
WD = 53 = 5= logm®), )
d ..+
Wy = -0 ®)
and so
d 1 1d
' _ 1 -1z + —_ e
u(h(L) = /X H(L(E))o dm = — / 5 log(m) dm = &5—-u(E)
S %tr((L —E) Y.
Therefore 1 1
w(l)=—% L= E)?, hg(l)=~% §1°g(L - E)
which leads to

Hy(L) = te(h(L)) = £50(E) .

We have proven equation 1 in the finite dimensional case with E real below the
spectrum of L. The formulas (2) and (3) are true in general, if they hold in each
finite dimensional case. Because one can approximate the operators L(z) by pe-
riodic matrices L") (z) in the weak operator topology. For N — oo, we obtain
ML) (z) — h(L)(z) and (m*)¥¥(z) - m*(z) for almost all z € X. (By an-
alytic continuation, the formula (1) holds also for complex numbers E satisfying
1B} > [IILIH-) o

We can use this interpolation to estimate the Fréchet derivative d—dL-BTf(L) of the
Bicklund transformations near co.

Proposition 4.2 For |E| — 0o, we have || BT5(L)|| — 1, uniformly for L € V.
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Proof. Since there is for |||L||| < |E| a uniform bound for the Fréchet derivative of

d 1&, L A
E?. EBTE*(L) =-% 57‘;[(5_—1))' —(ga=1) "4

on Vg, we have
dd . _2
B arBTE = 0E™)
for |E| — co. Therefore

I BTA(L) - I¥]| = O(E™), |B| o0,

where I” : £ — L is the identity operator and I*(L) = L(T). O

5 Iterated function systems

We state and prove here a version of Barnsley’s result about hyperbolic iterated func-
tion systems [Bar 85]. Such a result holds in the general context of complete metric
spaces. We formulate and use it in the case when the hyperbolic iterated function
system is acting on a Banach space.

Lemma 5.1 Given a Banach space (M, ||-||) and two differentiable maps &+, &~ :
V C M — M leaving invariant an open connected bounded subset V of M and
assume there exists a common inverse T of both ®*, &~ on &+ (V)US—(V). Suppose,
there exists A < 1 such that for L€V

lr#()ll < A

and ®}L # L for all L € V. Then then there erists a &* invariant Cantor set
J C'V homeomorphic to = {—1,1}N which is the image of the injective map

@:w:(wl,wg,...)o-»klil&@"' 0®“?o... 0P (K) = d“(K),

where K € V is arbitrary. The map T restricted to J is topologically conjugated by
® to the one-sided Bernoulli shift o on {~1,1}N: To® =doo0.

Proof. The contraction property. Because V is open and connected, we can connect
two given points Ko, K) € V by a piecewise differentiable path ¢ — K(t) € V so
that K, - Ky = fol K; dt. We have by assumption

%@*(K(t)) <i<1.
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Therefore

|9 (Ky) — @*(Ko)ll

[ S ail < | | Ipo*K@NKE) ai

1.
Al [ K@ atll = X |1 = Kol

IA

Ezistence of the mapping ®. Take K € V and w € . The sequence $* o do..-0
@“*(K) is Cauchy in V because

diam(®“* 0 &2 0.-+- 0 §“*(V)} £ A" - diam(V).

The limit ®(w) of this Cauchy sequence exists, because M is complete and the limit
is independent of K € V. The map is continuous as

[9(w)K — B(n)K]| < diam(v) - A minleeN lexn)

Injectivity of & : § — M. Assume $“ = & so that w # v and k is the smallest
index with wj # vg. Since &+, &~ have a common inverse, we obtain from o = @¥
that forall k €N

7 = g7t W) |

where ¢ is the shift w = (wiws ...) = (w2,ws,...). Withw, # v, and the assumption
®+(L) # ®(L) for all L € M, we get

Fon o) # ¢V'¢,n+1(u)
in contradiction to the fact that both sides are equal to &) = §" ),

Conjugation to a Bernoulli shift. The map ® : @ — J is a continuous bijection.
Since § is compact, @ is a homeomorphism. As $°“ = T&", the map $ conjugates
the Bernoulli shift 0 : @ » Q tothemap 7 : T — J. (w}

The maps &*,® in the Lemma form a hyperbolic iterated function system and the
invariant Cantor set J of the iterated function system is called the attractor of the
iterated function system.

6 The quadratic map

We will need some facts about the dynamical system on the complex plane C defined
by the guadratic map 7g : z + 2% + E, where E € C is a parameter. The inverse of
7g is a correspondence ¢g : T ¢t = 2z — E having the two branches ¢t A
map for measures p — ¢*(u) is defined by

¢ (W)(Y) = u(7e(Y)) -
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The Julia set Jg C C which is defined to be the closure of all repelling periodic
orbits of 7 is a nonempty, compact, 75 invariant perfect set. For large |E|, the
two maps ¢* form a hyperbolic iterated function system having the Julia set as the
attractor. The Julia set is called hyperbolic or ezpanding if g restricted to Jg is
hyperbolic, i.e. if there exists n € N and and A > 1 such that for all 2 € Je

ldrg(2)l 2 A

It is known that Jg is hyperbolic and also a completely disconnected Cantor set for
E outside the Mandelbrot set M = {E € C | 73(0) 4 oo}. In general, there exists a
unique electrostatic measure y1p with support on the Julia set Je. This measure is
¢" invariant and is balanced [Bar 83). This means that for each chosen branch o,
one has

(ue)(¢*(Y) = -;-uE(Y)/2 .

For E # 0, the map ¢* has the unique attractor kg in the space of probability
measure on C so that (¢*)"(u) — pr for all probability measures y on C [Bro 63],
[Lju 83].

The dynamical system (Jg, 7g, st ) is mixing [Bar 83) and p is maximizing the met-
ric entropy and is so an equilibrium measure {Lju 83]. A power of ¢ is as an measure
theoretical dynamical system isomorphic to a one-sided Bernoulli shift [Man 85]. For
large enough |E|, when ¢* form an iterated function system it follows already from
Barnsley’s Lemma 5.1 that 7 is topologically conjugated to a one-sided Bernoulli
shift.

Illustration:
A plot of the Mandelbrot set can be obtained with the 2-line program

[ 1
M=Compile[{x,y},Module{{z=x+1 y,k=0},While[Abs [2]<2.88k<50,2=2"2+x+I y;++k];k1];
DensityPlot[50-M[x,y],{x,~2.,1.},{y,-1.5,1.5},PlotPoints->200 ,Mesh->False];

[ 1
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We can look at at an array Jgg +n«d+msixd Of Julia sets with the following Mathematica
program

[ 1
Complex2List [¢c_List]:=Table{{Re[c[[i11],In{c[[i]1]},{i,Length [cIN);
fL{c_,EE_Complex] :=Block [{d=Table[Sqrt [c{{i]]-EE],{i,Length[c]}]},Union [4,-d1];
fL[z_Conplex,EE_Complex,n_Integer] :=Block[{d={z},b},
Do [b=fL[d,EE] ;d=Union[b,-b],{i,n}];d 1;
JuliaQ[z_Complex,EE_Complex,n_Integer] :=ListPlot [Complex2List[fList [z,EE,n}],
DisplayFunction->Identity, Axes->False] ;
JuliaArray(EE_Complex,n_Integer,m_Integer,dd_Real]:=Show[GraphicsArray L
Table[JuliaQ[0.3+0.45345+I EE+k*dd+1*dd*I,n},{1,-n,n},{k, m ,m}3],
DisplayFunction->$DisplayFunction,
PlotLabel->FontForm["Julia sets of the quadratic family",{"Helvetica",12}]]
Display["!psfix -land -stretch > julia.ps", JuliaArray(0.0+0.0+1,10,2,0.3]];
i
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Lemma 6.1 On the space of probability measure on C, the map ¢ has the unique
attractor pg and (¢*)"(u) — pg for all probability measures poncC.

Proof. For n — oo, and E # 0 the images of any Dirac measure is converging to
#E in the weak topology [Bro 65] [Lju 83]. (For the polynomial map 2 — 22 + E
only oo is an exceptional point if E # 0). In the given references we could only find
this result for Dirac measures . The result for general measures however follows
immediately: given any continuous bounded function f on C. We want to show that
forn — o0

<fH(@)Vu>=< fiue> .

Define g,(2) =< f,(¢")"6. >. These measurable functions are bounded by || flleo
and the sequence g,, converges pointwise to < f, ug > because (¢")"6. are converging
to g in the weak operator topology. But we have also

<[ )V'u>=<gap> .

(One checks this first for Dirac measures p.) Lebesgue’s dominated convergence
theorem assures the convergence of

< go it >= / gn(2) dp(2)
to the constant << f, pup >, p >=< f, e >. We have therefore also
<[ (E)p>=<fip> .

We have shown that every measure p is attracted by g under the dynamics of ¢*. O
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7 Existence of the attractor

We return now to the renormalisation maps ®% acting on the Banach space £ of
Jacobi operators defined over the von Neumann Kakutani system.

Theorem 7.1 For large enough real —E, the maps %, @5 form a hyperbolic it-
erated function system on an open non-emply set Vg C L. Each element in the
attracting Cantor set consists of limit-periodic operators and has the spectrum on
the Julia set Jg.

Proof. Fizing a neighborhood of the Julia set. For large —E, there exists an open
¢g invariant neighborhood Vg of Jg that does not contain E and a constant y < 1
such that for z € Vg, |£65(2)| < .

Fizing an open set of Jacobi operators. The open set
Vg ={L € L]|o(L) € Vg, L has positive definite mass }

is not empty, because we can take any selfadjoint Jacobi operator L € £ with
positive definite mass and normalize it with suitable constants @ > 0, and 3 € R, to
get

glal +B) e Vg.
There exists a whole neighborhood Vg of aL + 8 such that K € Vg has positive
definite mass and satisfies o(K) C V.
The renormalisation maps have a common inverse. The inverse of &% is given by

TeD® = y((DDYP) + E .

The two renormalisation maps have no common image. For large enough |E| and
LeVg,

S5(L) # (L)
because ®}(L) = ®z(L) would imply m} = mg and E would be an eigenvalue.
This is not possible, since we have assumed E to be outside V.

Decomposition of the renormalisation maps. In order to estimate the Fréchet deriva-
tive of ¢F, we make the decomposition

¥t =ppontod,

where g : L+ +VI—FE and 6(L) = L@ L € X is the unique operator which
satisfies
¥(6(L)) = L, »(6(L(T))) = L
and
7S(L®K)=LeBTYHK.
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The mapping pp(K) = VK = E is defined on the manifold nEod(L) C X.
The derivative of 0. Since § : £ — X is a linear isometry, we have || 28] = ||6]] = 1.
The derivative of nf. We know by Proposition 4.2 that for |El = o0

I BTl - 1,

uniformly for L € Vg. We obtain therefore also

Sl nE(L)II =1.

The derivative of pE. The derivative of the map L — vI — F from nEod(L)to X
is given by

L‘PE(L)U— -(L Ey'Vy.
Because [||(L — E)~'/?|| - 0, for |E| — oo, we get

The derivative of % : V — L. It follows from the four previous steps that for
|E| - o0

L gst 1L omont o] < 1-ionl] -1t 1L

The hyperbolic iterated function system. We have checked the existence of a com-
mon inverse, the contraction property and the disjointness of the two maps ®%. The
Lemma of Barnsley 5.1 is thus applicable and we have shown that for large enough
—E, a hyperbolic iterated function system has a unique attractor Jg in L.

Limit periodicity. We can define the iterated function system on an open set of the
fiber bundle of random Jacobi operators on the group . If we begin with a periodic
system T', every Jacobi operator L over T is periodic. Under the iteration of the
renormalisation maps, the periodic operators 4L converge in norm to a point of
the attractor. Such a point is a limit periodic operator. (m]

8 The renormalisation limit
We will assume in this paragraph that —F is large enough such that the maps

®%,®5 are defined and a form a hyperbolic iterated function system. We first fix
some notation.
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Different notation for X and Q. The topological space 2 = {1, —1}"N (labelling
the renormalisation sequence) and the topological group X = {0,1}N (the dyadic
group) are trivially homeomorphic via the change of alphabet 1 — 0,—1 +— 1. We
will use the notation w = w(z) or z = z{w) if £ and w correspond to each other by
this change of alphabet. The addition in § is the group operation inherited from
the group X. We also use the notation zo = (0,0,0,...) for the zero in X and
z; =(1,0,0,...) for the unit in X.

The fized points of ®%. Call L the unique fixed point of &% in 7 5. By definition,
we have
L(bj') = (I)‘::(In)K L(E—) = q,gw(to)K
where K is any operator in Vg.
The group structure on the attractor J g. We use the notation
dp(w) = 5K,

where w = (w,ws,...) € O and K € Vg is arbitrary. The homeomorphism z
w(z) brings the group structure of X to {2 and so to J g by

@p(w)Pe(n) =Pp(w+1n).

The group of all the translates of Lg).
Call T, the group translation on X defined by T;.(y) = z+y and by T, the analogous
group translation on . The group X is acting also on £ by L — L(T,). The orbit

O(LY) = {LPT:) | = € X}
of L(E+) is a compact set in £ which becomes with the operation
LET) o LP(T) = L (Tesy)

a compact topological group.

Theorem 8.1 The two sets Jg and O(L(g)) coincide and are as groups isomorphic
by the isomorphism
®5(w) = LY (Tuw) -

The proof of this theorem needs some preliminary steps. Denote by p the involution
(T,L) — (T, L(T™!)) on the bundle of random Jacobi operators.

Lemma 8.2
a) podt=~&gop,
by  LYTH=LHT Y, Ykez .
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Proof.

a) Given (T, L). We write m(*T_ 1) for the Titchmarsh-Weyl functions of the operator

L. Using the definitions of these functions, we obtain

+ — -
Ly = M- pr-n)
27 (T)x-1,107-1y)

M)
which is equivalent to
Ay (57" = dgos grary -
Because ®%(L) = d¥)g + d*)(S-1)s*, this can be rewritten as
poBH(L) = 85 0 (L)
b) Using a), we get

B5(pL™) = @5 0 p(L) = po & LM = pL*)

which shows that pL{+) is the fixed point of ®~. Therefore LY (T~ = L~. The

claim follows by applying T* on both sides.
Define Xop = X =[0,1] and for i = 0,1,...,2* — 1 the sets

Xe=[i-27%(i+1).274.
Given L € Jg, we define inductively

Loy =L, Lyty =Ly +E .
Each operator L) is in X and can be written as

Ly = div®) 4 @ (T77")r (-2 |

with d; € L*(X,c).
Lemma 8.3

o) LYTHheJgp Viez,
by oI c J:.

Proof.

a) The spectrum of Ly is the Julia set Jg because this is true for Ly and by the

0

spectral theorem inductively for each L. Each L, is a random Jacobi operator

over the dynamical system (X, T, m) which has the 2* measurable invariant sets
Xui. Each map T®") restricted to such a set X,; is ergodic. This means that the
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operator L) restricted to X, is an ergodic random Jacobi operator over the dynam-
ical system (X,T@"),m). By definition, 75(L(T")) is defined as L(T%)q) restricted
to X and this is the same operator as Ly restricted to X;;. The spectrum of
TE(L(T")) is therefore also the Julia set Jg. Since T%(L(T")) € Vi, we conclude
that L(T*) is in the image of some &%, where w is a word of length n. Because this
is true for all n € N, we know that L(T") is arbitrarily close to the closed set Jg
and therefore L € Jg.

b) Follows immediately from a) and the fact that Jg is closed. O

Define for L€ Jg and k €N,k >0
= —si logldi—1]) d .
wi(L) = =siga [ _log|di1]) dm(z)
We call w also the code for L. The next lemma justifies this name.
Lemma 8.4 For all L € Jg, the sequence w : k — wi(L) € Q satisfies Lg(w) = L.

Proof. We know by definition that 7%(L) is L restricted to Xio. For z € Xyo,

ldi1 ()] = y/|micy ()],

where m{ | are the Titchmarsh-Weyl functions of 7% !(L). The upper-script % in
mi | is in correspondence with the fact that 7% (L) is in the image of %. We see
that 7% (L) is in the image ®“*() for all k and so Lg(w) = L. u]

The involution p restricted to Jg is also an involution on Q. This involution is a
replacement of the two letters in the alphabet:

Lemma 8.5

a)  w(p(l)) = -w(L),
D) w(LHT™) = —w(L(T™).

Proof.
a) Lemma 8.3 implies
podfop=2p"
for all w € Q2. Let L have the code w such that L = ®g(w). It follows from
pL = p®g(w) = po ®(K) = 7“p(K) = ®g(~w)

that p(L) has the code —w.
b) can be deduced from p(L{=)(T-")) = L)(T™) and a). |
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Proof of the theorem. We know that the orbit LT of L) is contained in JE.
Our aim is to show that Lg(n - wy) = L(,}")(T") for all n € 7, where wy = w(z;) =
(-1,1,1,1,...) is the unit in the dyadic group. In order to determine the action of
T on the subset of 2 = {—1,1}N labeling the points of O(LY) C T, we define
the matrix

My = w(LY(T)), k> 0,iez.

Knowing this matrix, we can read of the code w = {M; }en of LH(TY) = L*(w)
from the columns of the matrix M.

We build up the matrix M beginning at the top first row and determine inductively
one row after the other. The first row is given by

My; = wy(Z¥(T) = (-1)*
because T(Xol) = Xu and T(Xu) = X01 and

sign(/xw log|d(z)| dm(z) ) = —sign(/x" log |d(z)| dm(z) ).

Claim: if
(' ++y@-2,0-1,09,01,0y,.. )
is the k-th row of M then the (k + 1)-th row of M is

(...,—a-3,a_9,~a_;,a_y, —aq, G, —a1,01, —0A2,02,...) .
Proof. The (k + 1) — th row can be constructed from the k — th row using
wWest(LOTH)) = w(LHYTY) 1)
wr(LUTY)) = —wn(LO(T-0+D)) | 2

Proof of formula (1): we know ®+L+ = L+ and that di_ restricted to X, is equal
to dy restricted to Xj.; 9. Therefore

et (E(T*) = —sign [ log|du(T*)| dm(z)
k+1,0
= —-s1gn/x,t+m log [di| dm(z) = —mgn/xu log|dk_1| dm(zx)

= —sign /x _ Tog|dio(T")] dm(z) = wi(LH(T?)).

Formula (2) follows from

wk(L(+)(CI")) = -wk(L(')(T")) - —wk(L(+)(T“+1))
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which is a consequence of Lemma 8.5 b) and Lemma 8.2 b). We have confirmed the
following picture of the matrix M.

-1 1 -1 1 -11 -1 1 -1 1 -1
-1 1 1 -1 -111 -1 -1 1 1
M=|.- 1 -1 -1 -1 -11 1 1 1 -1 -1

The matrix M has the property that if
b= (b1,bo,b3,...)
is the i — th column of the matrix M then the addition in the dyadic group
b+w, = (b1,ba,b3,...) +(-1,1,1,..)

gives the (i 4+ 1) — th column. To prove this, one checks that if a matrix M is built
up the rule for the columns, then M = M.

‘We know now the action of T on Jg:
T“@E(w) = @E(w +n-w)

Because the orbit of L) can get arbitrarilg close to every point in Jg, it follows
that O(L(g')) = JE. Moreover ®g(w) = L(; (Te(w)) holds for all w € Q because the
relation holds on a dense orbit of the monothetic group X. 0

9 The density of states

The functional calculus for a normal element K in the C* algebra X' defines f(K)
for a function f € C(Z(K)). The mapping f — tr(f(K)) is a bounded linear func-
tional on C(E(K)) and by Riesz representation theorem, there exists a measure dk
on £(K) with tr(f(K)) = [ f(E) dk(E). This probability measure dk is called the
density of states of K. The density of states can also be defined for not normal op-
erators. By the analytic functional calculus, one can define f(K) for any function,
which is holomorphic in a neighborhood of the spectrum of K. Such functions form
a dense linear subspace H in the Banach space of continuous functions on o(K).
The functional f + tr(f(K)) is bounded on H and can by Hahn-Banach be ex-
tended in a unique way to a bounded linear functional on C(0(K)) having the same
norm. With Riesz representation theorem, one obtains again a measure on o(K),
the density of states.

The next lemma gives the relation between the density of states of the renormalized
Jacobi operator ®3L and the density of states of the operator L = dr + d(THr.
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Lemma 9.1
dk(®EL) = ¢ dk(L) .

Proof.
Assume first that | X| = N is finite so that L is a N-periodic Jacobi matrix. Denote
by dk(L) the Dirac measure ¥ TN, 8():), where ), are the eigenvalues of L acting on
the finite dimensional vector space of N~ periodic sequences in I2(Z). The 2N x 2N
periodic Jacobi matrices D™*) = &§(L) have the eigenvalues {/A; = E}Y,. This
implies . ~

dk(®%(L)) = ¢y, dk(L) .
In the general case, let L(")(z) be a N-periodic approximation of L(z) such that for
—-N/2<i,j < NJ2,

Z™ @i ngan = LD ()] = [L(2)];; -

By the Lemma of Avron-Simon (see [Cyc 87]), dk(L™)(z)) — dk(L) for almost all
z € X. The claim follows from the fact that £(L™)(z)) — #%(L(z)) for N — oo.
the density of states for ®EL is equal to ¢} dk(L). ]

Proposition 9.2 The density of states of ®(w) is the unique equilibrium measure
pe on Jg.

Proof. We know that for any probability measure ponCandn - oo
($E)"1 = e

holds, where g is the unique equilibrium measure on the Julia set Je. Let pu = dk
be the density of states of a Jacobi operator L. Lemma 9.1 implies that

k(B 0... 0 ¥(L)) = (¢%)" (1) — pe

for all w € Q. We know therefore that the density of states of ®%(L) must coincide
with pg. =]

Lemma 9.3 Every operator L € J g has mass M = 1.

Proof. Because by Theorem 8.1 every element in 7 5 has the same mass, it is enough
to show that the fixed point (") = d*r + d*(T-1)r* has mass M(L)) = 1. We
calculate

1 + 1 +
2/Xllog|m |dm+2/Xllog|n | dm
_ 1 )2 _ +
= 2/Xllog|(d )|dm_/Xllog|d | dm

1
= = dt
2/:‘,logl | dm

+
/Xlogld | dm
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which implies log(M(LD)) = [y log|dt| dm = 0. o

The potential theoretical Green function g of a compact set K C C is defined to be
a function ¢ : € — R which is harmonic on €\ K, vanishing on K and such that
g — log(z) is bounded near z = co. The Green function is existing for the Julia set
Jg of 75 (see [Mil 91)).

Proposition 9.4 The Lyapunov exponent A(E) of an operator L € JE is equal
to the Green function g(E) of the Julia set Jg. The Lyapunov exponent ME) of
L € Jg is vanishing ezactly on the spectrum Jg of L.

Proof. The density of states of the Jacobi operator Lg is the equilibrium measure
(Proposition 9.2) and gives the capacity 1 for the Julia sets (see [Bro 65]). The
integral

w(E) = ~ME) = ~ / log|E — E'| dk(E')

is called the conductor potential. The relation between the conductor potential, the
Green function and the capacity is given by the formula g(E) = —u(E) + log(7),
where 7 is the capacity. See ({Tsu 58] Theorem I11,37). Because by Brolin, the
capacity of a Julia set Jg satisfies ¥(Jg) = 1, it follows that the Lyapunov exponent
ME) is equal to the Green function g of the Julia set Jg.

The potential theoretical Green function g(z) = A(2) is by definition vanishing on
the Julia set. ]
Because 0o is a super-attractive fixed point of the polynomial map 7g(z) = 22+ E,
there exist new coordinates w = ¢(z), near oo satisfying

porgod N w)= w?.

The function ¢ is called the Béttcher function of the polynomial 7. (See for example
[Mil 91].)

Corollary 9.5 The Béttcher function ¢ for the polynomial 7 satisfies $(E) =
det(L — E) for E in a neighborhood of co. One has

det(L — (z* + E)) = det(L - 2)* .
Proof. The Green function g can be expressed as g(z) = log|¢(z)]. It follows from
|6(2)] = exp(A(2)) = | exp(—w(2))| = |det(L — 2)]
that ¢(z) = det(L — z). The known identity g(z) = g(z* + E)/2 for the Green

function g gives
det(L — (2% + E)) = det(L — 2)*.
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We end this section with a remark about the possible values of the integrated density
of states, the gap labelling:

It follows from the structure of the Julia set that for the limit-periodic Jacobi oper-
ators in J g, there is an obvious gap labelling:

Proposition 9.6 The integrated density of states takes ezactly the valuyes | - 27"
withne€Nand 0 <1< 2",

Proof. We know from Proposition 9.2 that the density of states is the equilibrium
measure on Jg and so a balanced measure. The inverse of the map 7 has 2"
branches ¢(E"’j) labelled by 0 < j < 2". By the definition of balanced, each of the
sets ¢g"j)(JE) has measure 27".

I a gap of L € J 5 has 1 sets ¢ (Jg) to the left and 2" — I such sets to the right,
the integrated density of states of this gap is ! - 2-". O

10 Generalisations

We discuss shortly some generalizations or extensions:

Complez values E.

Because an attractor of a hyperbolic iterated function system is structurally sta-
ble, the renormalisation can be extended to an open neighborhood of some set
{E € R| E < —R} C C. All the results about the density of states, the Green
function etc. hold also here.

Julia sets of the anti-holomorphic quadratic map.
Operators with spectra on the Julia sets of

zl—»ﬁ(z)=32+E

can be obtained by replacing &% by Fz. The parameter set of 75 analogue to the
Mandelbrot set is called the Mandelbar set.

Nonrandom Jacobi matrices.

The renormalisation scheme can also be done for general Jacobi matrices which have
not to be random. This is however not so interesting because the same attractor
consisting of random Jacobi matrices is obtained. An advantage of doing the renor-
malisation for random operators is that we get immediately the dynamical system
over which the Jacobi operators are defined in the limit.

Jacobi operators on the strip.
The renormalization of Jacobi operators which we proposed can be generalized to
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random Jacobi operators on the strip (see [Kot 88]), where the entries of the Jacobi
matrix are finite-dimensional matrices. In the limit of renormalisation, these oper-
ators factorize into a direct sum of one-dimensional operators.

Higher dimensional Laplacians.
A direct generalization to higher dimensional random Laplacians is not possible
without further modifications. The reason is that for a Laplacian

L=D*+E=Y am+a(T; )7 +b,

the connection a;7; has to satisfy the zero curvature condition
[aini, a;75] = (aia;(T3) — a;0:(T}))mir; = 0
while the connection d;o; belonging to the Dirac operator

D= Zd.‘d,’ +d,(S|—l)(T:

must satisfy the anti-commutation relation
{dioi, djo;} = (did;(S:) + d;di(S;))0i05 =0, i # j

which prevents a further factorization of D. Dirac operators play a role when doing
isospectral deformations of higher dimensional Laplacians.

Operators with spectra on random Julia sets.

The renormalization can be generalized in another way. Instead of taking a con-
stant energy E, we can take a space dependent function E(z) near a large constant
Eq. We get again the same type of result as before. There exists an attractor above
the von Neumann Kakutani system which consists of operators having the spectrum
on random Julia sets (compare [For 91}).

The projected renormalisation on the complex plane is then no more the complex
map
2+ 22+ E

but becomes a random quadratic map given by the skew product
(z,2) = (Tz,22 + E(z)) .

We can interpret this in the way that we have a fiber bundle with fiber C and the
function E{z) describes the quadratic map on the fibers.

Operators with spectra on Julia sets of higher degree polynomials.

Define for a,b € R the map ®,,L = aL + b. Given three vectors

E=(E1,Ez,...,Ed), a=(a1,...,ad),b=(b1,...,bd)
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in R4, we form the maps
®hap = F,08,4,0...085 08, .
Define the linear polynomials 7,,4,(2) = a;z + b;. If the polynomial
TE,a,b = TE‘ o Ta‘,b4 0...0 TE: 0 Tn:,’h

has a real Julia set Jg,; which is sufficiently expansive, we get operators having the
spectrum on the Julia set JEap of TEqp.

More general values of E.

We don’t know, how far one can explore the renormalization for general complex
parameters E. For complex E, one has to deal with not normal operators. Another
problem is that for smaller values of |E|, the norm of 9"(L) can blow up under the
renormalisation steps even if the spectrum converges to the Julia set. The reason
is that E can get closer and closer to the auxiliary spectrum of the matrices. Since
the Titchmarsh-Weyl functions are singular at the auxiliary spectrum, the norm can
get large or explode.

We think however that for all E outside the Mandelbrot set, there should exist a
hyperbolic iterated function system having a Cantor set as an attractor. The scheme
can not work for general E € C because for E = 0, a fixed point of D — &} D =
%(D?) is not limit-periodic. Given a fixed point

D =dr +d(THr
of ®*. The sequence d,, satisfies

—_ 2
dgn+l = T%n,

d?l. dgnd%n—l -
We are free to choose d} = —d% = ) # 0. The second equation givesforn = 0,n = 1

d=1,d =1.

The other values of d,, are then determined inductively.
Lemma 10.1 The sequence d, is not periodic.

Proof. We are free to choose @2 = —d} = X\ # 0. The second equation gives for
n=0n=1
dg = l,d"':l =1.

The other values are then determined. We take now A = 1 and require @, := d2
to assume values in {—1,1}. We want to show now, that the sequence a, can’t be

periodic. We rewrite the fixed point condition as

Qny1 = —Q2q,

A = GpGyn-] .
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All the subsequent values are defined by aq = 1 and this recursion. We get
ag=1,a = -ay=-1,ay =af =1

and in general
Qo = Qp1Q2 " - - a,.(—-l)" .

For even n because of aga; = —1,...,a,-2a,_1 = —1 also
2
a2, = (_1)”/ Qg .

Because a4 = —1 this gives ag» = —1 for all n > 2. Because @y = 1 and ay» = —1,
the period 2" is excluded.

Form the hull X of all the iterates of the sequence {a,}nez in I°°(Z) equipped with
the weak * (=product) topology. The shift transformation is continuous and has an
ergodic invariant probability measure m. If the sequence a, would be periodic, we
would get a finite dynamical system, a cyclic permutation of a finite set. The contin-
uous function a(x) = ro on X defines the random Jacobi operator D = dr+d(T~!)r*
with d = \/a taking values in {1, i}. If we make the renormalisation of the dynamical
system together with the operator, the operator doesn’t change but the dynamical
system converges to the von Neumann-Kakutani system (X, T, m). If the sequence
@, was periodic with period p, we would get a continuous function a on the dyadic
group of integers X, which is T invariant and such that a(T*z) = ¢(z) forallz € X.
This is only possible for the period p = 2" which has been excluded before. (mi

Because it takes only finitely many values, d, = d(T"z) can’t be almost periodic. If
we do the renormalisation numerically for values E approaching 0, there are entries
in the Jacobi matrix which begin to blow up.

The case E = —2 is interesting because it describes a situation, where the energy E
is at the boundary of the Mandelbrot set. The spectrum [~2,2] is then absolutely
continuous with respect to the Lebesgue measure and the corresponding operator is

the free Laplacian. Numerically, the renormalisation maps work for all real values
E < -2 and the attractor .J g approaches a single point in the limit £ = —2.

11 Matrix models

Given any random operator L € X over a dynamical system (X, T, m) having the
density of states dk. The energy I(L) of L is defined as

)= /.. /ﬂ log|E' — E| dk(E') dk(E) .
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In the case when L is a random Jacobi operator, one can write the energy with the
Thouless formula

I(L) = log(M) + /.. ME) dk(E) ,
where A denotes the Lyapunov exponent. We write
exp(I(L)) = exp( [ tr(log|L — E) dk(E))

exp('[‘ log(det |L — E}) dk(E))
tr(log(det |L — L'|))
= det'(det|L - L'|) =: A(L) ,

where det and tr are the determinant and trace with respect to L and det’ and tr’ are
the determinant and trace with respect to L’ = L. From the last formula one would
expect that I(L) is always zero. However, as we will see below, there are examples
of random operators which have positive Lyapunov exponents for all E € C leading
to positive energy. For finite matrices L with eigenvalues )y, ..., A, we would get

exp(I(L)) = M |A; — Ay

which is of course vanishing. If we take out the self-interaction terms (A = Ag), we
end with .

exp(E(L)) = Mic;(\i — X;)?,
the square of the van der Monde determinant. The problem of self-interaction in

the finite dimensional case does not appear in the random Jacobi operators. If the
mass is positive definite, the density of states dk is well behaved in the sense that

/ log|E ~ E'| dk(E")

is finite for all E € R. The energy I(L) is a generalization of the squared van
der Monde determinant. This determinant appears also as a Jacobean in the so
called one matriz model (See [Mar 91} [Alv 91] [Alv 91a] [Ger 91]). The number
exp(I(L)) is called the capacity of the set spec(L) if the density of states measure
dk is maximizing exp(I(u)) among all probability measures 4 on spec(L), where

1) = [ [ 1081 - B du(E) du(£')

is the energy of the measure . Interesting are the measures which give the capacity.
They are called equilibrium distributions.

In the finite dimensional case {|X| < o), which leads to periodic Jacobi matrices,
the energy I(L) is zero because the Lyapunov exponent is zero on the spectrum of L.

The capacity is then always 1. In infinite dimensions, it is possible to find examples
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with I(L) > 0 because the Lyapunov exponents can be positive for all E € C. This
can happen even in the almost periodic case as an example of M.Herman shows:
Take (X,T,m) = (T,z — z + a,dr) with irrational a. Let

b(z) = v - cos(2rz)
and L = 7+ 7 + b. Herman gives the estimate
A(E) = —Re(w(E)) > log(}/2) .

Therefore
|det(L — E)| = e Re®) = ME) > y /2,

If the measure p is the density of states of L, the energy is

L) = [ [10g|E - | du(E") > log(v/2)

and the capacity is bigger then /2. We see also that the capacity does not depend
continuously on the dynamical system. If a is rational, the capacity of the above
operator L is 1 and for irrational a, it is > /2.

The operators L € J g constructed in this chapter are examples where the capacity
of the spectrum is known to be 1, a result of Brolin [Bro 65]. An obvious question
is to determine for which random operators the density of states is the equilibrium
measure on the spectrum.

We end this paragraph with a little excurs. In nonperturbative quantum field theory
have appeared so called one-matriz models [Mar 91},[Alv 91]. Given a probability
measure 4 on the space M(N,R) of real N x N matrices and a potential

V(4) =3 V,tr(4A™)
on M(N,R). The aim is to calculate the partition function
Z= /e‘v"‘) du(A) .
A natural choice is the measure p = I1;; dA;; which can be simplified to
dp = T dATLig; (A — A;)? dU;;

where
UAU ! = Diag(A1, A2, ..., Aq)

and U is unitary. Because the potential V is invariant under conjugation, the par-
tition function can be written as

Z= / VO 4(A; — Ae)? dA
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which is the partition function of a one-dimensional Coulomb gas of N equal charges
(see [Gro 90)).

It is not clear how to make sense of this model when doing the thermodynamic
limit N — oco. A starting point could be the following: take a measure y in the C*
algebra X. Given a potential V € C“(X) one gets the partition function

Z= [, ep(V(L)AL) du(L) = [exe((@) + V(L)) du(L).

The energy I(L) should be interpreted as internal energy and V(L) as the potential
of an exterior field.

If the measure  is sitting on the space of Jacobi operators which satisfy some bound
in norm, this partition function is finite. The problem is now to find a natural choice
for the measure p on L. It should be invariant under isospectral deformations in C.
Because

exp(S(L)) = exp(I(L) + V(L))

is only dependent on the density of states dk of L, one could take the measure s on
the set of probability measures on R which appear as density of states for random
Jacobi operators.

12 Questions

¢ What is the maximal set in C, where the renormalisation mappings &z make
sense? What happens at the boundary of this maximal set?

¢ What is the limit set of a renormalisation map in the group F of renormalisations
of abstract dynamical systems?

o Is the set of operators with the same density of states like the fixed point Lt € Lgp
a group?

More precisely: is Iso(L(*) a topological group with respect to the weak operator
topology such that T : L(z) +— L(Tz) is a group translation on this group? Can two
points in Iso(L(*)) be connected by a Toda orbit? The high symmetry of the con-
structed operators in J g could make the determination of the isospectral set easer.
One could guess that the embedding of the dyadic group G in the infinite dimen-
sional torus T¥ corresponds to an embedding of the attractor 7 in the isospectral
set of L+ which would then be an infinite dimensional torus.

¢ Is there a relation between the operators in B(I%(N)) of Geronimo, et al. and
the fixed point L} operators constructed here? There might exist an isospectral
deformation of L} such that the auxiliary spectrum is lying at the boundary of all
the gaps of the spectrum of L} and such that the operator having this auxiliary
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spectrum is identical with the operator of Geronimo et al.

o Could it be in general that the isospectral set of a random operator is a compact
topological group if and only if the operator is almost periodic?

o Is there for other polynomials p also a renormalisation scheme in a space of oper-
ators analogous to the quadratic map z — 2+ E?

o Can one set up a renormalisation in higher dimensions? Such a renormalisation
would need a renormalisation of commutation relations beside the renormalisation
of the dynamical systems.

o Is the capacity ¢(L) continuously depending on L? Is there even more regularity?
Does the equation i%c(L) make sense? For which operators is the density of states
the equilibrium measure on the spectrum?

o Fix a dynamical system (X,T,m). Does there exist a maximum of the capacity
under all random Jacobi operators with mass M(L) = const and tr(L?) = const?
Does there exist a maximum if we allow also variations of the dynamical system?
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Abstract

We study higher dimensional discrete random Laplacians over an abstract ¢
dynamical system (X, Th,.--,Ta, un).

We prove that a sufficient condition for the existence of a Toda orbit through
L is that L is not a stationary point of the first Toda flow and that it is
possible to factor L = D2 + E, where D is a random Jacobi operator defined
over a 2 : 1 integral extension of (X, T},..., T4, p).

We find nontrivial critical points of a variational problem, whose critical points
are discrete partial difference equations with random boundary conditions.
Discrete random Laplacians appear as Hessians at such critical points. A
generalized Morse index allows to prove the existence of many critical points.
We show that for a generalized Harper Laplacian L, the curvature of a gauge
field attached to L determines the density of states of L.

1 Introduction

The metric structure of a compact spin Riemannian manifold M is completely de-
termined by the Dirac operator D on M [Con 89] because the geodesic distance
between two points P,Q € M can be expressed by

d(P,Q) = sup{|a(P) - o(Q)] | a € C(M), ||[D,a]l] < 1} -

Isospectral deformations of the Dirac operator correspond therefore to deformations
of the Riemannian metric. The question which Riemannian manifolds allow such
a deformation is related to the inverse spectral problem for Laplacians the determi-
nation of the set of manifolds having a Laplacian with a fixed spectrum.

If a Dirac operator is defined in a more abstract sense as the "square root” of a
Laplacian, one can ask the above problem also in other contexts.

We consider in this chapter discrete random Laplacians which are defined over a 24
dynamical system. More precisely, we consider elements L = ¥ a;7i+(aim)" +bin the
crossed product X of the algebra L®(X, M(N,C)) with the 7¢ action (X,T,m) =
(X,T1,...,Taq,m). For d = 1 these Laplacians are called random Jacobi opera-
tors and there exists a hierarchy of random Toda flows which consist of isospectral
deformations of such Laplacians. For higher dimensional Laplacians, isospectral
deformations are in general no more possible. We refer to a result of Mumford
[Mor 78], who showed that generically, two dimensional periodic Laplacians do not
allow isospectral deformations. We study the question of isospectral deformation
with more primitive tools again but in a wider context. First of all we work in an
infinite dimensional context if the dynamical system is not periodic. Second, we
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allow the entries of the Laplacian to be matrices. We hope that this opening of
the setup gives more freedom to do isospectral deformations. We will see that this
question has a relation to the question if there exists a abstract Dirac operator for L.

There is no Laplacian D in X such that D? + E = L is possible. We have to take
a new dynamical system (Y, S, n) =(Y,Sy,...,854,n) called 2 2:1 integral extension
which satisfies S? = T;. The system is constructed in such a way, that a Toda orbit
of (X,T,m) appears as a lattice with a grid-spacing which is twice as large as the
grid-spacing of the lattice obtained from (Y,S,n). The analogous crossed-product
construction with (Y, S,n) is called .

A Laplacian D over the finer dynamical system (Y, S, n) is in some sense a first order
difference operator, when looked at in the scale of the old system. At the finer scale,
it is a second order difference operator. 1t is again a Laplacian.

We would like to know what are the precise conditions for that the operator I can
be deformed in X by Toda flows while keeping the property of being o Laplacian. We
show that a sufficient condition for that is the existence of a Dirac operator D € Y
satisfying D?+ E = L. We mean this in the way that if the operator L satisfies this
condition and if the operator is not a stationary point of the first Toda flow then
the orbit passing through L consists of Laplacians.
We would like to mention that it is trivial to deform a selfadjoint Laplacian [ =
i 4T+ {a;m;)*+b € Linan isospectral way if we don't insist in Toda deformations:
take any curve g, € L®(X,SU(N)) satisfying g(0) = 1. Then the curve L(t) =
9(t)Lg(t)~! consists of selfadjoint isospectral Laplacians.
The construction of the Dirac operator D for the Laplacian L = ¥, a;7; + (a;7:)" + b
satisfying D2+ E = L is not always possible if d > 2. Necessary is for example that
a zero curvature condition [a;;,a;7;] = 0 is fulfilled. If this condition is not satis-
fied, one cannot expect isospectral deformation in the space of Laplacians because
the tangent vector of a Toda flow passing through L is already no longer a Laplacian.

But also if L can be factored, this does not yet mean that we get an isospectral
curve of Laplacians through L. The reason is that L could be a stationary point of
the Toda flow. This is for example the case if the entries of the Laplacian L are real
or unitary valued.

Beside isospectral deformations we will consider also discrete random partial dif.
ference equations.  These equations play the role of partial differential equation
and each classical partial differential equation has formally such a random discrete
analogue.

For example, the classical Sin-Gordon equation

Uy ~ Uy = 7y - sin(z)
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with some real parameter has the formal discrete counter-part

oTy) + ¢(T7") - o(Tz) — ¢(To)™" = - sin(q)

over the two-dimensional system (X,Th,Tz,m). The existence of solutions ¢ €
L*(X) to this equation is by no means trivial. We will show how the anti-integrable
limit of Aubry and Abramovici can be used to get existence of solutions for 7
large enough. More general systems are obtained by taking a random Laplacian
L=Y%a(ri—2+7) with a; €R and a smooth potential V. The random
difference equation
Lg=1V'(q),

is a nonlinear Schrodinger equation. We will prove that it has nontrivial solutions if
« is large enough. The difference equation is the Euler equation to the variational
problem defined by a functional

5(‘1)=/X20i'£q—(£)§——q)2+V(q) dm .

The second variation is at a critical point is the random Laplacien
L+V"(q).

One can interpret a solution of the random difference equation Lg=1V'(¢g) as a
random discrete surface in 2% x R. For each point € X, one has a discrete surface

(ny,na,...04) €24 I T3? .. . TI*) ER.

2 Discrete random Laplacians

Let Ti, Ty, . . . , T4 be commuting automorphisms of the probability space (X, 1). We
call the 7¢ action (X, T, 1) a dynamical system and write T"z = T7"T3° .. .Tpi(x)
for n € 7%. Denote by X the crossed product of the von Neumann algebra A=
L*(X,M(N,c)) with the dynamical system (X,T,p). The group 7% acts on A
by automorphisms f ~— f(T™) where f(T")(z) = f(T"z) and the algebra Xis
obtained by completing the algebra of all polynomials in the variables 7,...,74
with coefficients in A

K= Y Ku" (KL}a= Y KiLn(T)™"

neFCz? i+m=n
with respect to the norm ||| K| =| K (2)|| | , Where K(x) is the bounded linear
operator on [2(2¢) defined by (K(z)u)n = m Km(2)tnsm and where || - || is the
operator norm on B(I%(z%)) and | - | the essential supremum norm. With the

involution on X defined by
(T Kar) = S KT
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& becomes a von Neumann algebra. It has the trace
(K) = [ T(Lo(a)) dua)

where Tr denotes the usual trace on the matrix algebra M(N,C). We call the ele-
ments in X discrete random operators.

In X lies the set of discrete random Laplacians

d
L={L=ar+(ar)"+b=Y a;ii + (a;7:)" + b},
f=1
where we assume b = b* and g; to be invertible. We call the vector (a1,...aq) the
gauge potential part and b the scalar potential part of the Laplacian. Discrete ran-
dom Laplacians are by definition selfadjoint.

Given a normal element K € X. The functional calculus defines f(K) for every
function f € C(o(K)), where o(K) denotes the spectrum of K. According to
Riesz’s representation theorem, the bounded linear functional fetr(f(K))econ
C(o(K)) defines a measure dk on o(K) which is called the density of states of K.
It satisfies tr(f(K)) = f f(E) dk(E) for all f € C(a(K)).

Given L € L and d > 2. The (multiplicative) curvature of the Laplacian L =
at+ (ar)" + b € L is defined as

F=3 F;nry,
i<j
where the value Fj; = a:0;(T:)ai(T;)a;" can be considered as the result of the par-

allel transport with the connection ar around the plaguette Pyz = {z, Tz, T\T;z, T;z}.
The additive curvature given by

L Finmy = Ylam, ajmilnm = Y (ai0j(T) — ajai(Ty))mir; .
5 i ij

is vanishing if and only if F; = 1. We say in this case, a Laplacian has zero curva-
ture. This means that parallel transport around each closed curve in the lattice 74
gives the identity.

Examples of discrete random Laplacians are:
¢ Random Jacobi operators
Ifd = N =1, we get random Jacobi matrices L = ar + (ar)* +b. Special cases are

discrete random Schrédinger operators L = 7 + 7* + V. Such operators have been
studied much in the last years. (See [Cyc 87], [Car 90].)
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o Harper Laplacians )
Let d = 2 and a;, a3 € L®(X, SU(N)) satisfy a;(z)az(T1z) = €2"ay(z)a1(T22) - 1,
where ¢ is an irrational number. In this case

L =ayn +asm + (ain)"* + (a272)"

is called a Harper Laplacian. It has by definition a constant curvature e?™ie and
27a has a physical interpretation as a normalized magnetic flux. A special case of
a Harper Hamiltonian is given by (X, T, Ty, 4) = (T!,z = 2 + &,z > z,dz) with
a1 = 1, ax(z) = €*™*, which leads to the Hofstadter case of the discrete Mathieu
operator L =7 + 17 + V, where V(z) = 2cos(2nz). See [Las 93] for recent results
on the spectrum.

o D’Alembert operator with Dirac operator

Let d = 4. The operator L = T4, gi(n + 2+ 77) with ¢y = 1,90 = g3,0s = 1
is a discrete version of the flat d’Alembert operator O = L, g,‘za—?:?. Define the
Dirac operator D = Y%, 7i(n + 77), where v; be the Dirac matrices, satisfying
{7i,7;} = 24:6;;. The square

D= ig;(f? +24 (7))

i=1
is a Laplacian over the z%-dynamical system (X,T? = (T7,T%,...,T3), ).

o Periodic Laplacians

In the case |X| = M < oo, the automorphisms T; are just finite permutations of
X. Ergodic T lead to periodic Laplacians which are mostly studied in the case
N=1la =1b=V. fd= N = 1, we get periodic Jacobi matrices. The case
d=2,N =1, a; = 1 is the subject of the book {Gie 93].

We think about elements in X as discrete versions of differential operators. They
can also be considered as the Hamiltonian of a quantum mechanical particle or
describing the geometry of a discrete manifold. We think of the a; as components
of a connection or a gauge potential or a one-form and of the F; as the components
of the curvature or a gauge field or a two form, always depending on geometrical,
physical or algebraic preferences.

3 Discrete random Dirac operators
The classical d’Alembert operator O = T, gi(-a‘%, can be factored as L = D?
with the Dirac operator D = ¥; v:6;,, where the Dirac matrices ; satisfy the anti-

commutation relation {y;,7;} = £2¢:6;;. Our aim is to construct a discrete random
Dirac operator, which is by definition the square root of a discrete random Laplace
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operator L. For doing so, it is Decessary to construct a new dynamical system from
the given dynamical system (X,T,p). We get a new probability space (Y,v) by
defining Y’ = Ujc(y,.. 4 X7 to be the union of 2¢ copies X7 of (X, 1) and letting v be
the normalized measure on Y, such that for Z C X = X 1, (Z) = 2%(Z). Define

. oy x,i¢l,
Si: X - X[A{,},S'(l') = { T,(I) Jdel.
(Y,81,82,...,54,v) is again a ¢ dynamical system and because S?(z) = Tj(z) for
z € Xy, we get the old system back by restricting S? on X;. We call (Y,S5,v)a2:1
integral extension of (X, T, ).

The dynamics of the 2:1 integral extension is illustrated as follows. The sets Y} are
ordered vertically according to the cardinality of the sets 1. At the bottom is the
set Iy and at the top is the set Y(1,,..4p- When going "up” one applys the identity
map Id.

X1agiaiy
/ \
Xrag) X1agiy

\ /
Xr

When going "down”, one uses the transformation T}, where i is the index which is
deleted when going down:
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Xiagati

T: Tj
X1ag} Xiagiy
T; T
X1

Remark. The space of all 7¢ dynamical systems (X, T, m) forms a complete metric
space U with distance

d

d(T,S) =Y dT..5:),

i=1

where
d(T,, $) = m{z € X | Ti(z) # 5(x)}

is the usual uniform topology on the space of automorphisms. Unless d = 1, the
space U is not a group.

Forallz € Y = U; X; we get S? = T;. We can identify the probability space Y after
a normalization of the measure with the probability space (X, m). Starting with any
7¢ dynamical system and performing the renormalisation map again and again, the
system will converge to a Z¢ version of the von Neumann- Kakutani system. This
fixed point depends only on the way, the identification of the probability space Y’
with the probability space X is done in each step.

Proposition 3.1 The 2 : 1 integral extension @ is a contraction on the complete
metric spacel:

d(B(T), (V) < 2d(T,V).
Proof. Denote by Y; the set, where Ti(z) # Vi(z). By definition 4(T,V)
T4 ,m(Y;). When building the new systems (Y, S,m) and (Y,U,m), where S

®(T),U = &(V), there is a set U;gr X; of measure 1/2, where the maps S; and U;
are coinciding because they are there the identity from X; — Xry(;). The new set

Z; = {z € X | Si(z) # Ui(=)}
has thus half of the measure of the set

Yi={z € X | Tiz) # Vi(@)} .
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This means d(S;, U;) < 3d(T;,V;) and d(S,U) < 3d(S:, U). a

By Banach’s fixed point theorem, there exists a unique fixed point of ® in U. We
call it the von Neumann-Kakutani system.
Define Y to be the crossed product of B = L=(Y, M(N,€)) with the dynamical
system (Y, S, v). We will write elements in Y as C = X Ca0yq, Where o, f = £(S;)o..
Let

D= {D = Ed,’ﬂg +(d,'0.'). I d; € B} cy

be the set of discrete random Laplacians in Y which have zero scalar part. Define
Y:Y = X by ¢(K)a(z) = Kaa(z) for z € X = Xj, where we use the notation
2n = (2ny,...,2n4). We say, an operator D € D is a discrete random Dirac opera-
tor, if there exists E € C such that ¢(D?+ E) € £. In [Kni 2], we have constructed
Dirac operators to every one-dimensional random Jacobi operator. In [Kni 3] we
showed how the iteration of the factorization L — D satisfying L = D? + E leads
to operators with spectra on Julia sets.

If D = do + (do)" is a Dirac operator to L, we can rewrite WD+ E)=L =
at +(at*) + b as

{d,'d,',djdj} = 5.‘]2(1,‘,

{digi,(djo;)*} = &b,
with E‘,Ll bi=b—~ E. This implies
[, e5m5) = 0, (1)
laii, (a;75)7] = 6yci . ®)

and the Laplacian L must have zero curvature.

4 Isospectral Toda deformations of discrete Lapla-
cians

Define the cones (29)* := {n € 2% | n; > 0} and (z9)~ = —(29)* in the lattice z4.
We define in X the projections

K=Y K, 7" K* = Yy K.

ne(z4)*

and denote the images of these projections in X’ by X*. We remark that if K € X+
then K* € X~. Denote by C“(R) the set of all entire functions € — C which map R
into itself and define the space of Hamiltonians

CX)={H: X>cC|Km H(K) = tr(h(K)), h € C“(R)}.
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To such a Hamiltonian H € C¥(X) belongs the Toda differential equation
K = [W(K)* - K'(K)", K]

which gives a globally defined isospectral flow in X. It is isospectral because B =
K(K)* - K(K)~ is a skew symmetric operator. The first Toda flow is obtained with
the Hamiltonian H(L) = tr(L?/2). The random Toda flows do not leave £ invariant
unless d = 1. We have shown in [Kni 1] how one can linearize in the case d = 1
these infinite dimensional integrable dynamical systems. For finite | X}, the flows
are then the classical periodic Toda lattices which can be linearized explicitly using
algebraic geometry [Mor 76]. In more dimension, an isospectral Toda deformation
in £ is in general not possible. Already for finite |X|, there is a result of Mumford
[Mor 78] which dais that, generically, there exist no isospectral deformations of
higher dimensional real Laplacians (N=1). In the complex case, it is however trivial
to deform a selfadjoint Laplacian L = ¥, a7 + (a;7)* + b € L. Take any curve
¢ € L®(X,SU(N)) satisfying g(0) = 1. Then L(t) = g(t)Lg(t)™" consists of
selfadjoint isospectral Laplacians.

5 A sufficient condition for isospectral deforma-
tions

Theorem 5.1 If there ezists D € D and E € R such that L = $(D? + E), the orbit
of the isospectral deformation

d + - 1=

EL_ (LY - L™, L} =:[B, L]
stays in L. If L is not a stationary point of this Toda flow, there exists a curve of
isospectral Laplacians through L. The deformation can be written as

a;b(T;) - ba; ,

d
3" 2(aia} - (g} )(TT))

i=1

a;

b

The differential equation for L = y(D? + E) is equivalent to
D = (D** - (D%, D)
in Y and this is a decoupled system of one-dimensional random Volterra systems
d; = [d}, ;) = d; - (did)(T3) — (didi)(T7) - di -
Proof. The differential equation £L = B, L] has a solution in X. We want to show

that for an initial condition L having a factorization L = 1(D? + E), the solution
stays in £. It follows from Equation (1) and (2) that

(LY —L7,L] = [ar — (a7)" a7 + (a7)" +}]
la7,b] = [(aT)*,b] + o7, (a7)] — [(aT)", at)

253



is in £. This holds true as long as L = ¢(D?) + E. To see that the factorization
L = ¢(D?)+E is preserved by the flow we have to show that the Clifford structure
{d,'d’.‘,djﬂ'j} (5,’,'20.,',
{d;a;,(d,-aj)"} = Jijb,' .

stays invariant under the flow. The differential equation
D = [(D%* - (D?, D]
in Y can be written as a decoupled set of Volterra systems
di = [, d7) = d - (4} )(T2) — (dodh)(T7) - ds

We write from now on simply d instead of do and d* instead of (dg)* in order to
simplify the writings. With the differential equations

d!' = [d?v d:] vd: = _[(d;)2vd"] ’
we get for i # j using {d;,d}} =0

%{d,', dj} = (i.‘dj + didj + djd.' + djd,'
(&2, &)d; + dild3, &3) + [d2, d})d; + d;[d2, d]
didid; - didd; + ddld; - ddsdh
+djdid; — didid; + dydd; - dyd;df
d(d}d; + did}) + d(did; + did)
—(d7d; + d;d})d} — (d3d; + did;)d?
di{d;, d;} + d{d;, d3} -
{d;,d;}d} — {d;,d;}d? = 0.

It

it

]

Similarly, using {d;, d;} = {d}, d;} =0fori# j, we get fori # j

d%{di,d;} = d:d; + did.;‘ +d;di + d;d.
= &, d;) d; - dil(d})?, d;] - [(d})?, d] & + d;ld?, d;)
= (did;d} + d;d2d;) — (di(d;)2d; + (d;)%d;d;)
—(d;d}d; + djd;d?) + (did;(d5)® + d;(d})%d;)
= di(d;d; + djd}) - (d5)%(did; + d;d;)
—(did; + did})d? + (did; + d;d;)(d})2 = 0.
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Remarks.
o The condition in the proposition is always satisfied in one dimension, where every
Laplacian can be deformed.

o The zero curvature conditions [a;7;, a;7;] = [ai%, (2;7)*] = 0, ¢ # j for L do not
imply in general that we can factor L = D? + E. We need that the zero curvature
holds true also after deformation. This would need for example that the equation

%[afﬂ'v (577} = 2{laim, 8], (a;7)] = 0

is valid which implies that also a condition for b must be satisfied in order to have
an isospectral deformation.

o Operators with unitary a; and constant b are stationary points of the first Toda
flow. Especially random Harper operators can not be deformed in this way.

o The necessary conditions

a;a;(T3)

a;a;

a;0;(T;) ,
ai(Tj)a;(T3), i#J

for isospectral deformations have only constant solutions if we require the a; to be
complex valued cocycles and if the maps T; are ergodic. (To see this, we divide
the first equation by the second one giving a;(T;)? = o} which implies that a; is
constant if T} is ergodic.) We conclude that we need the entries of the Laplacian to
be matriz-valued in order to obtain interesting isospectral deformations.

6 Discrete random partial difference equations

Given a 7% dynamical system (X, 7, 1) and a Lagrangian

d L 2
o g1,--00 = = 30 EZ2 4y Vi),
i=1

where g; € R\ {0} and V € C?(T},R) is a real-valued potential and v is a real
coupling constant. We define on the space L*(X, T') the functional

8@ = [ Ug(e),a(Tis),q(Tea), ..., q(Tu)) di()

on L®(X,TY). A critical point g of this functional satisfies the discrete random
partial difference equation

d
- Y 6(a(T:) — 2+ g(T71)) =7 V'(g) = 6S(g) = 0.

i=1
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The second variation at a critical point (the Hessian) is the random Laplacian

d
L=3 ar+(aim) +b

i=]1
with a; = —g; and b= v V- E?:l 2g,~.

It is a nontrivial problem to find nontrivial critical points of the above functional.
For large coupling constants 7, it is however quite easy using the anti-integrable
limit idea of Aubry {Aub 92]. Denote with

Z={oeT|V'(s)=0, V(o) invertible)
the set of non-degenerate critical points of V.

Theorem 6.1 Assume that £ has at least 2 elements. Then there ezists 7 €R
such that for coupling constants || > vy, there ezist nontrivial critical points of the
functional S.

Proof. Write v = 1/¢ and take the equivalent functional

d z) —
5@ = [~ L e TED I 4o vigtay) ).

In the limit € = 0 every function ¢ € L®(X ,L) is a critical point. The Hessian
at such a point is L = V"(g) which is by definition of T invertible. Applying the
implicit function theorem, there exists also a critical point g, for small [él- a

We introduced the above functional S in [Kni 1] for the one-dimensional case, where
the problem of finding critical points is equivalent to embed a factor of the dynamical
system in a monotone twist map defined by the generating function /. In the case,
when the dynamical system is the irrational rotation on T?, the functional S is called
the Percival functional. In [Kni 4], we used the functional together with a theorem of
Krieger and the anti-integrable limit of Aubry to show that every ergodic dynamical
system with finite metric entropy can be embedded into a monotone twist map. For
two-dimensional systems d = 2 with a; = —a; = 1 and V(q) = cos(q) a critical
point satisfies a discrete version of the Sine-Gordon equation.

One can not only establish the existence of critical points but also prove that there
exist uncountably many different critical points. This can be done with the help of
a generalized Morse index at a critical point q which is defined to be the value of
the integrated density of states k(0) = 2, dk(E’) of the Hessian L = §2(S) at the
energy E = 0. This number is lying in the interval [0, 1] and measures, how much
of the spectrum of L is below 0. One could say that it measures the ”dimension”
of the infinite dimensional unstable manifold, which is passing through the critical
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point. If two critical points have a different index, then they must be essentially
different in the sense that it is then excluded that one critical point is a translation
of the other one.

Proposition 6.2 If there erist two critical points 01,02 of V with V(1) > 0 and
V"(03) < 0, then there ezist uncountably many different critical points of S for ||
large enough. The Morse indez at a critical point near ¢ € L™(X, X)) is

m({z € X | V"(g(<)) <0}) .

Proof. In the anti-integrable limit, the Hessian is an invertible diagonal operator
and the density of states is a Dirac measure located on the set

{V"(0){3Y (o) C X, m(Y (o)) >0, Vz € Y(0), 0 = g(x) € L} .

Each point ¢ in this set has the mass m(Y(0)). The integrated density of states
at 0 is given by m({z € X | V"(¢(z)) < 0 }). Because the Hessian in the anti-
integrable limit is invertible, the mass of the spectrum below 0 does not change
under perturbations of the operator or (by the implicit function theorem) under
perturbations of the critical point. This means that the Morse index is constant for
critical points near the anti-integrable limit and it is given by the same formula. O

7 Suris-Bobenko-Pinkall maps

A discretisation of the pendulum equation leads to the Standard map
§ = sin(g) ~ ¢(T) - 2¢+ ¢(T™*) = sing .

The integrable ordinary differential equation has then become a map which is in
general not integrable. An analogue discretisation of the sin Gordon equation leads
to a discrete partial difference equation which seems not have been studied so far.

Gt — Gz = sing~ q(T) + ¢(T™) — ¢(S) — ¢(S7!) = 7 - sin(g) -

Such equations above the lattice 22 instead above an orbit of a Z? action has been
studied in recent work of Bobenko et al. [Bob 93], who showed that if the nonlin-
earity sin(q) is replaced by 4 - arg(1 + 7 - €'9), the equation becomes integrable and
the solutions g,m = ¢(TTy"z) above an orbit of the 72 action describes a discrete
surface being the analogue of the pseudo sphere. In our case, we have a random
version of such surfaces above a 72 action. The anti-integrable limit implies the
existence of nontrivial solutions.
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Remark. It has been found out by Bobenko and Pinkall [Bob 93] that the right
discretisation of the pendulum is

«T) +oT7") ~ o(To) - q(To) ™" = 2arg(1 + k- €94) 4 2arg(1 4 k - ™)™

if one wants also in the discrete case to have an integrable equation. If T = I d,
Bobenko et al. [Bob 93] remarked that this equation reduces to an integrable family
of twist maps

(q,P)H(q+p+7-4'arg(l+Ic~e“’),p+7-4-arg(l+k-e"').

Already Suris [Sur 89] has found a family of integrable twist maps among other
families. We call the above family Suris- Bobenko-Pinkall-maps.

8 Zero curvature and the density of states

We consider in this section Laplacians in Ly ={LeL|a; e L™X,SU (N)), b=
el . {G € £ | Go € L™(X, SU(N)), G, =0, n %0}
the group of SU(N) gauge fields. For G € ¢ , the map
L~ GLG™!
on Lgy is called a gauge transformation. The a;7; are transformed as
a7 — Ga,G(Ty) r; .

Gauge transformations leave the set of zero-curvature Laplacians invariant. Also
the density of states is invariant under such transformations so that gauge trans-
formations are isospectral deformations. We will just see that the density of states
decides also, if the operator has zero curvature or not. In the special case of a Harper
Hamiltonian d = 2, N = 1 with constant curvature, the density of states determines
the curvature and so the normalized magnetic flux:

Proposition 8.1 ¢) The operator L ¢ Lsy has zero curvature if and only if
tr(L%) = / E* dk(E) = NPy(d)
R

where Py(d) is the number of closed paths of length { starting at 0 € z°.
b) For a Harper operator L = aymy + aamy + (a17)" + (agm)* with N =1 satisfying

alag(Tl)al(Tg)‘laz“ = ez’"'" y
the density of states determines the normalized magnetic flux 2ria:
tr(L4) = / B* dk(E) = 16 + 8 cos(2ric) .
R

¢) Harper Hamiltonians with different cos(2mar) are not isospectral,
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Proof.
a) If we know the density of states, we can calculate

tﬂﬂ:/mﬁwy

The operator has zero curvature if and only if aia;(T;)(ai(T;))"Ya;)™! = 1 and this
is the case if and only if

Tr(a;e;(T:)(ai(T)) e;) ) = N

for all 4, j. Because the trace of an element a in SU(N) is always < N with equality
in the case of zero curvature, this is equivalent to

tr(L*) = NPy(d),

where P;(d) is the number of closed paths of length 4 in ¢ starting at one point.
b) L* contains 4 curvature terms like a109(T})(a1(T2)~)*(a5?)" for each positively
oriented plaquette at 7 € X and 4 curvature terms like a1a2(Th 75 ) a1 (T3 ) aa(T5 )
for each negatively oriented plaquette. There are additionally 16 constant summands
1 belonging to closed paths of length 4 which are not passing around a plaquette.

¢) As a corollary of b), we obtain that Harper Laplacians with different cos(2wa)

are not isospectral because isospectral Laplacians have the same tr(L4). O

The functional
Sgauge(L) =g- (tr(L4) - NP4(d))

on Lgy is the lattice action of pure lattice SU{N) gauge field on a d dimensional
infinite lattice. For finite X, the lattice is periodic and the functional is a finite sum.
In general it is an averaged sum.

If we don’t assume a to be constant for the Harper Hamiltonian, we can make the
following remark about the relation between the curvature and the density of states.

Proposition 8.2 Given L € Lgy. The curvature F = a1a5(Th)a1(T2) a3 deter-
mines the density of states dk. On the other hand, the density of states dk does not
determine the curvature F.

Proof. If F is known, we can calculate tr(L") for each n € N because tr(L") contains
summands labeled by paths of length n and each path summand is the product of
all the curvatures belonging to the plaquettes which are surrounded by this path.
We can determine therefore also tr(log(L — E)) for Im(E) > 0 and so the integrated
density of states

k(E) = Im(tr(log(L — E))), E€R

which determines the density of states dk = ék(E)dE. The curvature function
F € L*(X) and a translated function F(T™) belong both to the same density of
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states. It is thus in general not possible to determine dk from F. ln}

It can be seen in the same way that also for higher dimensional Laplacians L =
T4, e + (a;7)" with a; € L®(X,SU(NY}), the curvature F = T;; Fy;7i7; deter-
mines the density of states.

9 Some questions

We formulate some open points.
e Is the sufficient condition in the Theorem 5.1 also necessary? In other words, can
one factorize an operator if an isospectral deformation is possible?

¢ Assume we have two unitarily equivalent Jacobi operators L; = U*L,U and as-
sume we can deform Ly(t) in an isospectral way with a Toda flow. Is then also
U*Ly(t)U an isospectral deformation of Jacobi operators?

¢ Is the property of factorization a spectral property in the sense that the density
of states decides whether there exists D with Y(D?) + E = L? (We know that for
special Jacobi operators L = a7 + (a7)* +b with a € SU(N, C), the density of states
decides whether the curvature [a;7;, a;7;] is zero or not.)
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Abstract

We consider differential equations in L>(X) of the form
@ = Fu(T™),4,u(T))

where T is an automorphism of the probability space (X,m). Such systems
form a thermodynamic limit of cyclic systems of ordinary differential equa-
tions.

We define random generalizations of dynamical systems of the form

i) = [ Plalz) - u(y)) dm(z)
which describe infinite particle motion with pairwise interaction.

The motion of random point vortex distributions can sometimes be described
by a motion of random Jacobi operators.

1 Introduction

The description of infinite particle motion is a branch of non-equilibrium statistical
mechanics. The problem of existence and uniqueness of the infinite particle motion
is not easy. We refer to [Lan 75] for more information and references. But already for
finitely many particles, there are outstanding problems. In the Newtonian N-body
problem for example, it is still not known whether the set of initial configurations
(in the 6N dimensional phase) having global solutions, has full Lebesgue measure
(see problem 1A in [Sim 84]).

A general problem is to find and investigate solutions of infinitely many particles
located at places ¢; € R? which move according to

G=Y Fle—g),
i#i

where F is the inter-particle force. In order to prevent blow up in finite time, one
is either forced to restrict the set of initial phase points and prove existence and
uniqueness for initial conditions in the restricted phase space or to find a Gibbs
state which assigns probability one to a set of initial phase points with good reg-
ularity properties. A prototype of such a result with restricted phase space in one
dimension is a theorem of Lanford [Lan 68] which states that if F is Lipschitz con-
tinuous, there is a subset of the phase space, where the system has a unique global
solution. An initial point (g, p) in the allowed set satisfies bounds on the momentum
pi = ¢; and bounds on the mean density of particles in any interval.

If one wants a thermodynamic limit of the above problem in which the particles are
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assumed to be in a finite region of R? (which implies that infinitely many particles in
any bounded region) one is forced to rescale the force when going with the number
of particles to infinity. This can be done as follows:

Let F : R — R? be smooth and having compact support. The differential equation
) = _ d
i(@) = [ Fla(s) - (v)) dm(y)

in the Banach space L®(X,R?) defines then the evolution of a density field q. This
differential equation describes in some sense an infinite particle system: let (X,T,m)
be an abstract ergodic dynamical system: T : X — X. Using Birkhoff’s ergodic
theorem, the above differential equation can also be written for almost all z € X as

n+N
.. Flg
o= fm o, 2, e -,
where g, = g(T,z). (The inclusion of the self interaction F(g, — g,) is not relevant
in the thermodynamic limit.) The finite particle approximation is then

1 n+N

Flgn —
T +1k¢..,kz=:,._~ (n — &)

Gn =

which is (after a rescaling of time) equivalent to the original problem. In contrary to
the original problem, the evolution of the infinite particle system is in the thermo-
dynamic limit also guaranteed in the case when all particles are at the same position
which corresponds to a constant q.

In one dimensions, there are also interesting systems of particles which are situated
in a chain. In this case, not all the particles are interacting but only particles which
are neighbors. The systems look in general as

ﬁu = F(Qrt—lanv q"+l) .

An example is a chain of harmonic oscillators §, = ¢n41 — 2¢n + gn— or the Toda
system §, = e%+17% — g% ~%-1_ Again we can consider a thermodynamic limit of
such systems which is defined by an abstract dynamical system. We consider flows
on the Banach space A = L*°(X) defined by a differential equation

i(z) = F(u(T™'z), u(z), u(T(2))) ,

where F : R® — R is a smooth function. We call such a system a random limit of
ordinary differential equations. In the special case when X is finite, such a system is
a cyclic system of ordinary differential equations. We will call this shortly the finite
cyclic case.
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2 Examples

We consider first some examples of random limits of cyclic systems of differential
equations over an underlying dynamical system (X, T, m). In order to simplify the
notation we write u, u{T), u(T™1) instead of u(z), u(Tx), u(T~'z). Examples of such
random limits are.

o The discrete wave equation
We call the system

i =u(T) = 2u+u(T') =: Au)
the random discrete wave equation. This system has not yet the form of a random
system but if we assume that @ is an additive coboundary 4 = v(T) — v then one
can write

© = oT)-v,
u—u(TY).

Necessary for this is for example that f4 dm =0 . We make an integral extension
(Y,S,n) of (X,T,m) by taking two copies X;, X, of X with union ¥’ = X, U X, and
defining § : X; — Xa,z — z and X : X3 — X1,z — Tz. If we define forr e X
w(z) = u(z) and w(S~z) = v(z), then the above two equations can be written as
one equation
w=w(S) —w(S™).

This is a random system above the dynamical system (X, $,n) in the sense of the
introduction. The system is linear and there exists an explicit formula for w(t):

w(t,z) = (7 — e Huw(0,2) =Y g!-(w(S"a:) - w(§"z)),
where ou(z) = u(Sz).

¢ The random Toda lattice
We system

a(b(T) - b),
b = 2a%-24%T7Y),

il

or
= HT)—a _ a-o(T7)

is integrable and we know that the Titchmarsh-Weyl functions evolve according to
the random Kac-Moerbeke system

é=c(c(T) —e(T71Y)
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which has for ¢ — 1 as a limit the discrete wave equation.

¢ Random Sine-Gordon system
The system

§(z) = ¢(Tz) ~ 2g(z) + ¢(T™"z) + 7 - sin(g(z))
has some interesting limits. The case when ¢ is time-independent corresponds to
a stationary solution called the Standard map. In the case when q is constant in
space we have the mathematical pendulum. In the case when 7 = 0 we have the
random wave equation. On a fixed orbit Tz, the system describes an infinite chain
of pendulums which have a harmonic coupling. An obvious question is whether the
system is integrable.

¢ Discrete wave, heat and Schrédinger equation with Riemannian metric
There is the following generalization of the wave equation: take a random Jacobi
operator L = ao + (a0)* + b with a,b € L®(X) and consider the random wave
equation § = Lq or the random heat equation ¢ = Lq or the Schrédinger equation
thg = Lq. All these equations are linear with respect to ¢ and they can be solved
in principle. Non-trivial is the study of the long-time behavior. We look now more
closely at the random wave equation

ti=Lu

when there is a factorization L = D? with a Jacobi operator D over an integral
extension (X, S,n) which satisfies $? = T. Such a factorization can always be done,
if L is positive definite. We have then also a factorization of the d’Alembert operator

8 - L=(8,- D)3+ D)

and a solution of & = Lu can be written as a linear combination of solutions of the
heat equations
Uy = Du, uy = —-Du .
There is a connection between the solution of the heat rsp. Schrédinger equation
and the random Toda lattice. The solution of the heat equation ¢ = Lu can be
written as u(t) = el . u(0) and the solution exists for all complex t in contrary
to the differential operator case, where only a semi-flow exists. We can find a QR
decomposition
el*= QR=R"Q*,
where Q*Q = Id and R is upper trigonal. It follows from an observation of Symes,
that one gets
e = Q(t)R(t)

where Q(t) is obtained from the solution L(t) of the random Toda equation

L=[L*-L",I)
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which can be written as L(t) = Q*(t)L(0)Q(t). If L(t)a(t) = Ed(t) then a(t) =
Q*(t)@(0) and so e** = R(t)a(t).

¢ Gradient flows for twist maps
Given a monotone twist map with generating function h. Embedding a dynamical
system (X,T,m) as a factor in the twist map is equivalent to find critical points of

a functional
g Llg) = [ Wa(@),o(T()) dm(z)
A critical point ¢ satisfies the Euler equations

8L(g) = m(g,9(T)) +ha(a(T™"),9) =0
The second variation is a Jacobi operator. Critical points of the gradient flow

§=16L(q)
correspond to solutions of the Euler equations. Interesting are invariant sets of this
gradient flows and their relation with the twist maps.

¢ Orszag-McLaughlin flow
The Orszag-McLaughlin flow [Str 89] has the following generalization as a random
flow. Given three real constants a, b, ¢ which satisfy a + b+ ¢ = 0. Look at

w=a-u(T)u(T?) +b- wT (T ) +c-uw(Tu(T™).
If X is a finite set, this is a differential equation and the system has measured pos-
itive metric entropy. (see [Str 89]). Because fy u* dm is a constant of motion, it

lives in the finite dimensional case |X| < oo on a sphere and the Lebesgue measure
on these spheres is invariant. In general, the ballsin L%(X) are invariant by the flow.

o Arnold-Beltrami-Childress flow (see [Str 89])
Given a € L™, the flow

i = a(T) - sin(u(T)) + a(T7?) - cos(u(T"))

is called Arnold-Beltrami-Childress flow. Because u(x) can be taken modulo 27,
this is a differential equation in the space L*(X, T?) of circle-valued cocycles. When
X is finite, the system is defined on a finite dimensional torus and is leaving invari-
ant the Lebesgue measure. The metric entropy is also measured to be positive.

¢ The discrete Burger equation
See [Sha 90]. The discrete analogue of the Burgers equation v, = vz + 2v0; is

pe = p(p(T) - p) - (1)
It looks similar to the Kac-van Moerbeke system. Because the integrable linear

system ¢, = g(T') goes with the substitution p = ¢(T')/q over into Equation (1), the
later system is also integrable.
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3 Other random systems

We want to exploit now another random generalizations of classical integrable dy-
namical systems. The aim is to describe a limit of particle motion with pair in-
teraction when the number of particles goes to infinity. The potential has to be
normalized suitably in the limit in order that a energy stays finite. In the special
case of a finite probability space, we want to get the classical systems back. The
differential equation in the finite case will go over into a differential equation on a
Banach space. One can also look at the infinite particle system as the motion of a
field or a density of particles.

Consider a classical dynamical system consisting of N particles with coordinates
g» € R? which are interacting by a potential U(r). Call p, = ¢, the momentum.
With the Hamiltonian

2
Hia.p) = 25+ 000 - o)

we get the Hamilton equations

G=pi b=y ~VU(lgi —g5) -
i#]

We rewrite these equations a little bit: define the probability space X = 25 with
the Haar measure and a cyclic transformation T : z — z + 1 (mod N). Look now
at the motion of two bounded functions ¢,p : X — R

i=p, =L 3 F(lg - o1
q—p,p——N§) (lg =T,

where F = V(U) : R — R? is a smooth function with compact support. This
motivates to define also for an aperiodic abstract dynamical system (X,T,m) a
differential equation for ¢,p € L*(X,R%) by

I ;
Q—Pm—,\}l_!};m.ZNF(Q-Q(T'))-

By Birkhoff’s ergodic theorem, this equation can be rewritten as

i(@) = [ Fla(x) - o(v)) dm(y)

and the Hamiltonian becomes the functional
_ [ p(=)? _
1.p) = [ BF+ ([ U@ - o) dmiy)) dmz)
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on L*®(X,R%)2, Using the functional derivative, the Hamilton equations are

. oH
q = '5; =p,
R R ALCORI LR

If we understand the integrals as [(,,;, Which doesn’t change anything in the ape-
riodic case, we get back the old ordinary differential equations for finite X. We
interpret g(z),p(z) as a position and momentum density field of particles. The
Hamiltonian is an invariant of the given dynamical system. The self-interaction of
each particle with itself (this is excluded in the finite case by taking the integral
only over disjoint points) disappears in the aperiodic case. We have only to take
care that

g+ Fl@)@) = [ VU(g(e) - o)) dml(y) € L=(X)
is Lipschitz continuous in order to get local existence of the flow. A natural problem
is to find potentials U for which the flow exists for all times. The function space for
f is another free parameter of this set-up.

We give now a situation, where we can prove that the flow exists locally at least:

Proposition 3.1 Assume F : L®(X,R%) — L®(X,R?) is differentiable, then the
flow in L®(X,R?) defined by

i@) = [ Fla@) - o)) dm(y)
ezists locally.
Proof. The map
g€ L™(X) ~ flg)(e) = /X Fg(z) - o(v)) dm(y) € L=(X)
is Fréchet differentiable. (The derivative is
Df(gu(a) = [ Flla(z) - ¢))(ulx) - u(y)) dm(y) ,

where  — F'(z) is a d x d-matrix valued function. Cauchy’s existence theorem (see
[Die 68]) implies then that the flow exists locally. o

Examples:
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o Harmonic oscillator
For U(g) = } < q,9 >, we get F(g) = q and

[ Fa(@) = aw) dm(a) = [ ~(a(e) - otw)) dmiy)
~a(z) + [ q(y) dm(y)

can easily been integrated because the center of mass I (@) = Ix q(y) dm(y) is an
integral.

§(z)

o Ezponential potential
Take F(g) = —e?. This gives
§(zx) = / —et(®)-a(») dm(y) .
We believe that this flow is existing for all times.
The following examples are formal because we are dealing with singular potentials

which lead to the problem that we have to choose the right function spaces and to
show the existence of the flows.

o The Calogero system
We are in one dimension. Take U(r) = r~2. We get the differential equation

i(@) = [ (a(e) - a(w)> dm(y) .

We assume that g is chosen in such a way that the right hand side is in L*®(X). Is
this condition preserved by the flow? It is not clear if the system can also be writ-
ten as a Lax pair L = [B, L] in infinite dimensions like in the finite dimensiona] case.

o The Sutherland system

If we identify particles which have coordinate difference 27, the particles are located
on a circle. One is lead to the potential U(r) = sin~%(z) and has the differential
equation

) = [, cotla(a) - o(u))sin~(g(z) ~ g(a) dm(y)
where ¢ € L®(X,T!).

o Vortex motion in the plane
For U(r) = log(r), we get infinite vortex motion. We discuss this separately.

4 Random Vortices

We want to describe here a possibility to treat the motion of infinitely many vortices
in the plane. The idea is to treat the vortez distribution as a spectral distribution
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of a random Jacobi operator and to find the differential equation for the operator
which defines then a motion of the spectrum. This motion of the spectrum is a
thermodynamic limit of infinitely many vortices each having infinitesimal vorticity.
For information on vortex motion in two dimension we refer to Aref’s review article
[Are 83].

Given a dynamical system (X,T,m) which is given by an automorphism T of the
probability space (X, m). To a normal operator L in the crossed product A’ of
L*(X) with the dynamical system is attached a measure dk, the density of states
defined by the requirement

u(f(L) = [ f() dm(z)

for every continuous function f on C and where tr is the trace in X. IfL =
ar + a(T~1)7" + b is a random Jacobi operator with |a(z)| > 6 > 0 for all z € X,
the energy

= o ’
H(L) = /c /C log|E — E'|dk(E') dk(E)
is finite. The Thouless formula allows to write the energy using the Floquet exponent
wi(E) = ~tr(log(L - E))

which has as the real part the negative of the Lyapunov exponent.
= o '
H(L) = /c /C log |E — E'| dk(E") dk(E)
= / log|a| dm + / ME') dk(E")
= / —w(E") dk(E') = tr(wy(L)) -

Heuristically we look first at the following finite-dimensional situation. If dk is a
finite sum of Dirac measures, which is the case when L is a matrix, then the energy
H(L) would be —co. But if we take out the "self interaction terms” we would have
H(L) = N"'3 log|E; - Ej| ,
i#5
where for 1 < i < N the complex numbers E; are the eigenvalues of L. This is
exactly the energy of N vortices with constant vorticity N-! located at E;. The
motion of such vortices is given by the differential equations
d— 1 1
E= S e—
dt " 2miN f‘;; E. - E;
which is a Hamiltonian system for the variables g; = Re(E;) and p; = Im(E;). It
can be written as a differential equation for the matrix
d—- 1 0H
&= 3moL @)
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being a Hamiltonian system for ¢ = Re(L) and p = Im(L)

with H = ;-H.

We consider now a general random Jacobi operator L which is moving according to
the differential equation (2). We have now no longer to care about the self interaction
problem which was urgent in the finite case, but there is another problem, namely
that the energy is not necessarily Fréchet differentiable. Because H(L) = tr{w (L)),
we have the formula SH(L)
——aL— = 2w’L(L) .

So, we need only to know that the Floquet exponent w(E) is twice differentiable
and remains differentiable in order to assure the existence of the flow.

The following Mathematica program makes a film from the evolution of arbitrarily
many vortices.

[ 1

RKStep[f.List, y_List,y0_List, dt_]:=Block[{k1,k2,k3,k4 },
k1=dt N[ £ /. Thread(y -> yo0] J;k2=dt N[ £ /. Thread[y -> yO+k1/2]];
k3=dt N[ £ /. Thread[y -> y0+k2/2]);k4=dt N[ £ /. Thread[y -> yo+k3 11;
yO+ (k1+2#k2+2+k3+k4) /6] ;

RKLastPoint[f_List,y _List,y0_List,{ti_, dt_}]:=Block[{yy},
yy=y0;Dolyy=RKStep(f,y,yy,N[dt]],{i,1,Round [N[t1/dt]1]}];yy ]

Variab{n_) :=Table[z[i],{i,n}];

Diffeq[n_]:=Table[N[1/(2 Pi I)]«
Sumf(z[i]-z[Mod{j-1,0)+1))/(Abs[z[i]-z[Mod[j-1,n]+1]]"2+0.0001),
{j,i+1,i+0-1}],{i,n});

VortexFlow[ccO_,t1_,dt_] :=Block[{1=Length{cc0]},
cc=Variab{l] ;hh=Diffeq[1]; RKLastPoint[hh,cc,cc0,{t1,dt}] J;

Init[n_]}:=Block[{s=2#Pi/n}, N[Table[Exp[Iss*jjl,{jj,n}1] 1;

Pict[z.):=ListPlot[Table[{Re[z[(kk]]],In[z[[kk]11},{kk,Length{z]1}],
PlotRange->{{-3,3},{-3,3}},DisplayFunction->Identity,Axes->False] ;

Film[NumbPart_,NumbPict_,TimeInt_] :=Block[{c=Init [NumbPart],Movie={}},
Do[Movie=Append[Movie,Pict[c]];
c=VortexFlow[c,TineInt,0.01],{m,NumbPict}]; Moviel;

Display["!psfix -land -stretch > vortex.ps",

Show [GraphicsArray(Partition[Film([31,16,1.5),4]],
DisplayFunction->$DisplayFunction,Frame->True,
PlotLabel->FontForm["A vortex flow with 31 particles",{"Helvetica",12)}11]

L )
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The program produced the following film of vortex motion:

A vortax flow with 31 particies.

5 Questions

We add some questions.

o We would like to understand better what happens with a cyclic dynamical system
in the limit when passing from the finite case to a general random limit determined
by an ergodic dynamical system (X,T,m). Can one hope to understand the finite
case better through the infinite system or are there new features in the infinite case?
Especially we would like to know what happens in the limit if the finite cyclic case
is integrable or if the global existence of the flow in the finite cyclic case implies
the same in the infinite dimensional case. Is there a relation between the structure
of the periodic orbits in the finite case and the random infinite dimensional case?
How does non-integrability, positive topological or metric entropy in the finite case
manifest itself in the infinite case?

o Can one extract from the evolution of the random system some information about
the dynamical system (X, T, m) ? Can new invariants for (X, T, m) be found through
the study of the random differential equation?

o For which potentials U € CZ°(R,R) does there exist a function space and a man-

ifold in this space such that the flow §(z) = [y VU(lg(z) — ¢(¥)]) dm(y) exists for
all times on this manifold? For which potentials is the flow integrable?
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# We have not yet an example, where the flow of random Jacobi operators describes
by its spectrum the the motion of a vortex distribution. We need a linear space of
Jacobi operators for which the density of states is smooth. What further conditions
have to be satisfied in order that the flow exists for all times?
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Abstract

Embedding an abstract dynamical system in a monctone twist map Sy 12
T2

(@p)= (g+p+7-V'gp+7-V'(9)
is a variational problem.

Let £ be the set non-degenerate critical points of V € C2(T,R). Using the
anti-integrable limit of Aubry and Abramovici [Aub 92a},[Aub 90b], we show
that there exists a constant 49 > 0 such that every ergodic abstract dynamical
system (X,T,m) with metric entropy hm(T) < log(|Z]) and }y| > 75 can be
embedded in the twist map S,. For such 7, the topological entropy of S, is
at least log(|Z]).

Using a generalized Morse index, the integrated density of states of the Hessian
at a critical point, we prove the existence of uncountably many different em-
beddings of an aperiodic dynamical system (X, T, m) if hn(T) < log(|E| - 1)
and |y > 7.

1 Introduction

An abstract dynamical system (X,T,m) is embedded in a topological dynamical
system (Y, S), if there exists an S-invariant probability measure y on Y, such that
(X,T,m) and (Y, S, ) are isomorphic as abstract dynamical systems. Interesting
topological dynamical systems are monotone twist maps which are discrete Hamil-
tonian systems.

A general question is to decide whether a given abstract dynamical system (X,T,m),
an automorphism T of a standard probability space (X, m), can be embedded in a
given monotone twist map like the generalized Standard map

s :(q)H(q’)=<q+p+7-V’(q))
T\p 4 p+v-Vig )’
with V € C*(T',R) and real parameter v € R. Such a twist map (Y, S,)isa
diffeomorphism on the two dimensional cylinder Y = T x R leaving invariant the
Lebesgue measure. Because S,(¢,p + 1) = (¢,p’' + 1), the map S, acts also on the

torus T2. For each abstract dynamical system (X,T, m), the embedding question is
a variational problem for a Percival functional

g L(g) = [ Ug(e),a(T2)) dm(z)
x
on the Banach manifold L®(X, T!), where

2
a.q)=-C5L v
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is the generating function. Given a critical point ¢ satisfying the Fuler equations
8L(q) = q(T) - 29+ q(T™) -7v-V'(9)=0,

a factor of the dynamical system is embedded in the twist map. The homomorphism
between (X,T,m) and the embedded system (Y, S, 11} is given by the map

¢: X —TXR,
g~ (q(),p(x)) = (g(z),9(Tz) - g(z) =1+ V'(a(3)) -

The measure p is defined by p(Z) = m(¢7*(Z)). If ¢ is not constant, then the
factor is non trivial. If ¢ is injective on a subset of X with full measure, the system
(X, T, m) itself is embedded. The Fréchet derivative of the operator

8L L®(X) = L®(X), ¢ o(T) = 20+ ¢(T™) = 7-V'(q)
is a linear Jacobi operator on L*(X) given by
Lu=u(T)-2u+uw(T ) =7 - V'(qu.

If this operator is invertible, then the embedded system is structurally stable in the
sense that a small change in the generating function doesn’t destroy the embedding.

Examples of known embeddings are :

o For every S-invariant probability measure m on the cylinder T X R, one has an
abstract dynamical system (X, T, m) = (supp(m), S, m), where T is the restriction
of S to X. There exists the critical point g(x) = m1(z) of £, where m; is the projec-
tion on the first coordinate on the cylinder T x R.

o Well studied is the question of embedding a finite ergodic dynamical system be-
cause this is equivalent to finding periodic orbits. For the existence of periodic
orbits in twist maps see for example [Bro 75], [Kat 82], [Hal 88], [Ang 88}.

o Also the embedding of irrational rotations of the circle is well investigated.
Smooth functions ¢ correspond to KAM tori (see [Mos 73], [Cel 88], [Her 83a],
[Sal 89] and references therein), discontinuous critical points g belong to invariant
Cantor sets like Aubry-Mather sets (also nicknamed Cantor-Aubry-Mather (CAM)
sets). There exist several proofs of their existence [Mat 82], [Kat 82], [Den 76],
[Mos 87], [Gol 92]; see also [Ban 88], [Mos 86].

o Bernoulli shifts can be embedded, if the topological entropy is positive [Kat 80] or

if there exists a homoclinic point of the twist map. See [Fon 90] for existence results
or [Zeh 73],(Gen 90] for genericity results. Angenent [Ang 92], [Ang 90] shows in

277



some cases that the topological entropy is positive.

"The above mentioned results are in general difficult to prove. A simple approach to
the embedding problem (which doesn’t cover most of the above mentioned results)
is due to Aubry and Abramovici [Aub 92a},[Aub 90b], who introduced the so called
anti-integrable limit lo(q,q¢') = V(g) of the variational problem. The idea works if
there is a nonempty set T of non degenerate critical points. Every g € L*(X,X) is
a critical point of £o. The anti-integrable limit doesn’t correspond to a twist map
any more. The variational problem, however, still makes sense. Under the condition
that there are finitely many non degenerate critical points of V', a critical point of £
has an invertible Hessian and the implicit function theorem allows the continuation
of the critical points to situations which correspond to twist maps. It follows that
each abstract dynamical system has a nontrivial factor embedded in a twist map.
In contrary to [Aub 90b], [Mac 92, we don’t prove the existence of embedded orbits
but the existence of embedded abstract dynamical systems. The main result is that
we can embed every ergodic abstract dynamical system of finite entropy in a mono-
tone twist map. More precisely, every ergodic dynamical system of metric entropy
< log(|Z]) can be embedded in the twist map S, if || is large enough. This implies
immediately, that the topological entropy of the map S, is > log(|Z|). As an ex-
ample, we know then, that the topological entropy of the Standard map is > log(2)
provided || is large enough. The proof of the embedding result Theorem 4.1 uses
Krieger’s theorem, which states that a system with finite entropy has a finite parti-
tion as a generator.

In Section 5 we will also assign to each embedding an inder which is just the in-
tegrated density of states (at the energy E = 0) of the Hessian L = §2£(q) at the
critical point g. This index is a generalized Morse indez, because in the case of a
finite dynamical system with N points, the integrated density of states k = k(0) of
L is related with the Morse index K, the dimension of the stable manifold of the
critical point, by the relation k = K/N. Because two critical points with different
index belong to different embeddings, this leads in general to uncountably many
different embeddings of the same dynamical system namely to an embedding for
each Morse index in an interval.

2 Monotone twist maps

Given a function I € C?(R%). We write I; for the derivative to the i’th variable in 1.
Assume ! satisfies the following twist and periodicity conditions

112(%‘{) > 6>0 )
l(q,q) g+ 2m,q +27)

for all (¢,¢') € R%. (The second condition is sometimes also called "no-flux condi-
tion”). With p(q,¢') = L(q,¢), P'(¢.¢) = —la(q,¢), the real variable ¢ and thus
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also p’ can be expressed as a function of ¢ and p. The mapping S: TxR— T xR

S:(qp) = (d,7)

is a monotone twist map with a generating function l. The Lebesgue measure v is
invariant on the cylinder T X R, where T = R/(272).

Take any abstract ergodic dynamical system (X,T,m), where T is a measure pre-
serving invertible map on the Lebesgue space (X, m). A critical point ¢ : X — T!
of the Percival functional (see [Per 80], [Mat 82|, [Laz 84])

£(@) = [ Ug,q(T)) dm
on the Banach manifold L=(X, T) exists, if and only if

6L(q) = hi(q,q(T)) + L(g(T™"),q) =0.

This Fuler equation can be written with

li(g(2), o(T=))
—la(g(2), ¢(T=))

!

p(z)
P'(z)

It

as
p=pT7).

A factor (X,T,7) of a dynamical system (X,T,m) is a homomorphic image of
(X,T,m). In other words, there exists a measurable not necessarily invertible map
é: X — X with ¢T = T¢. Every dynamical system has the factor (X,T,m) and
the trivial factor |X| = 1. Factors different from |X| = 1 are called nontrivial

A dynamical system (X, T, m) is embedded in a topological dynamical system (Y, S),
if there exists a S-invariant Borel probability measure 1 on Y, such that (5,7, m)
and (Y, S, ) are isomorphic as abstract dynamical systems.

Lemma 2.1 If there ezists ¢ € L®(X, T!) satisfying

8L(g) = (g, o(T)) +1(g(T™1),q) = 0,

then a factor of the given dynamical system can be embedded in the twist map. If g
is not constant, this factor is nontrivial.

Proof. Let (X, T, m) be an abstract dynamical system and let ¢ be a critical point
of the functional £ which belongs to the monotone twist map (T x R, S). Define the
map

$: X —STxR,
z  + (g(z), hlg(z),9(T2))) .
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As g is a critical point, we get, using the Euler equation ~ly(g(T1), q) = Li(q, ¢(T)),

S¢(z) = S(g(z),p(z)) = (¢(2),7'(2)) = (¢(Tz), - la(q(z), 4(Tz)))
= (g(T=),l(¢(Tz),q(T*2))) = (¢(T),p(Tx)) = ¢(Tz)

or shortly S¢ = ¢T. The imageY of ¢ is a measurable set and the dynamics of § in-
duced on Y is a factor of T if we take the S-invariant measure u(Z) = m(¢~1(Z)) on
Y. If ¢ is not constant, then ¢ is not constant and the factor (Y, S, ) is nontrivial. O

Given a critical point g of the Percival functional £, the second variation (the Hes-
sian) of £ is a bounded operator on L*(X) given by

L(q) = 82L(q) = at + (at)* +b,
with the multiplication operators a,b € L®(X) given by

a(z) liz(g(),q(Tz)) ,
b(z) hi(q(z),9(Tz)) + In(ao(T '), g(2)) ,

where 7, 7* are the shifts 7(f) = f(T) and 7*(f) = f(T-!). The operator acts also
in the same way as a bounded selfadjoint operator on the Hilbert space LY X).

I

It

3 The existence of critical points for the Percival

functional
What abstract dynamical systems (X, T, m) can be embedded in a given monotone
twist map? This question is equivalent to the problem of finding a critical point ¢
of the Percival functional £ on L(X, T!), so that ¢ : z  (g(z), !, (¢(z), o(Tz))) is
injective on a set of full measure in X.

Assume, the generating function ! has the form
— )\
Lig.d)= —QZ—‘” -7-V(g),

where V € C%(T,R) has a non empty set £ of non degenerate critical points. It
defines the twist map

+r+7-V'(g)

s {9V [T)=(2

(p) (ﬂ) ( p+v-Vg

which we call generalized Standard map. For v = 0, the map is integrable. Denote
by £, the Percival functional belonging to the generating function L.
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Proposition 3.1 Given any abstract dynamical system (X, T, m). For || big enough,
there exists a nontrivial factor of (X, T, m) embedded as a subsystem in the twist map
generated by 1.

Proof. Following [Aub 90b], we take for ¢ := % the equivalent generating function

—_J)\2
1¢(Qs q,) = —€- % - V(Q)

with corresponding functional £, and Hessian
Li=e-(1-2+7)-V"(q)

at a critical point ¢, and prove the claim for € small enough.

The case € = 0 is called the anti-integrable limit. It does not generate a twist map
any more but the variational problem for the Percival functional £(g) still makes
sense.

Any function ¢ € L=(X,Z) Cc L*(X,T!) is a critical point of £y. The second
variation Lg at such a critical point go is the multiplication operator

Lo=-V"(q) -

Applying the implicit function theorem, we know that for e small enough, there still
exists a critical point g, of £.. If gp was a non-constant critical point, then for €
small enough, also ¢ is not constant and gives a nontrivial critical point. Applying
Lemma 2.1 leads to an embedding of a nontrivial factor of (X, T, m). a]

We obtain immediately from Proposition 3.1

¢ Embeddings of Bernoulli shifts, because a nontrivial factor of a Bernoulli shift is
a Bernoulli shift [Orn 70]).

¢ Mixing systems, because a nontrivial factor of a mixing system is mixing ([Cor 82]
p 231).

¢ Periodic orbits with prime period P, because a cyclic permutation (X, T, m) of
|X| = P elements has no nontrivial factor except the system itself. One obtains at
least

(1=l - 1zh/P
(€ N by Fermat) different periodic orbits of period P, because there are |Z|f — [Z|
different non constant functions in L*(X, ) and P of them belong to the same orbit.

e Irrational rotations, because every factor of the dynamical system (T,z — z +
a,dz) has the form (T,z — z + n - a,dz) for some n € N. The reason is that
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every group translation has discrete spectrum and the spectrum of a factor is then
a subgroup of the spectrum. The fact that a system with discrete spectrum can
be reconstructed uniquely by the spectrum, leads to all the factors of the irrational
rotation.

(Compare also the results in [Mac 92], where it is shown, how Cantori can be em-
bedded in the more general case of symplectic twist maps.)

Remark. The anti-integrable limit in discrete Hamiltonian systems like twist maps
can also be defined in the continuous analogue where the Lagrangian is

12
/bm~£(;l+V(z(t)) dt.

For example, the continuous analogue of the Standard map is the pendulum with
V(z) = sin(z). The anti-integrable limit is defined to be the case, when the mass
m vanishes. In such a case, there are critical points z(t) = o, where ¢ is a critical
point of the potential V. We see that because time is continuous, there are only
constant critical points in the anti- integrable limit and these points keep on being
non-interesting also for positive mass. In the discrete case the discreteness of time
allows to jump in a time step from a critical point o, of the potential V' to another
critical point o3 of V. These critical points of the functional persist, when the mass
is switched on and give interesting nontrivial solutions of the system.

4 Ergodic dynamical systems with finite entropy
can be embedded in a monotone twist map

We will show now that every ergodic dynamical system (X, T, m) with finite metric
entropy can be embedded in a monotone twist map S on T2. There is some ob-
struction in that the metric entropy hn(T) of T' can’t be bigger than the topological
entropy h(S) of S because of the variational principle [Wal 82)

h(S) = sup h,(S),
HEMs
where Mj is the set of S-invariant probability measures on T2. It turns out that a

restriction in the entropy is the only one:

Theorem 4.1 Given an abstract ergodic dynamical system (X ,T,m) with metric
entropy hn(T) < 00. Denote by T the set of nondegenerate critical points of Ve
c(1). If

5] 2 b0,
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there ezists v > 0 such that for any |y| > 7o, the system (X,T,m) can be be
embedded in the twist map S, : T2 — T2

( q ) NEAW ( g+p+7-V'(g) ) .

P 4 p+7-V(g

Furthermore, there erists v, > 0 such that for ¥ > 71, the metric entropy of S, is
bounded below by log(|Z}).

Proof. We first deal with the periodic case | X| < co.

If X = {z0,21,...,2n-1} is finite and TZ; = Zi41 (mod #), We choose a sequence
(00,01, ...,05-1) With o; € X such that

OitD(mod Ny =03, Vi=0,.. . N—1

is excluded for all nontrivial integer factors D | N of N. Take in the anti-integrable
limit the critical point

qolzi) =0i .
For small ¢, the embedded periodic orbits must have period N.

We assume now that the system (X, T, m) is aperiodic. We are looking for critical
points g of £ such that ¢: X — T xR,

z + (g(z), p(x)) = (g(=), Li(g(2), ¢(T)))

is injective on a set of full measure in X.
According to Krieger’s theorem (see [Wal 82] p.97), every ergodic aperiodic abstract
dynamical system (X, T,m) of finite entropy has a finite partition (¥},...Y,) with
n > e which is a generator for the dynamical system. The system (X,T,m)
is then isomorphic to (X, T, ), where X = {1,2,...,n}? and T is the shift trans-
formation leaving invariant some ergodic measure . If one defines for € X the
sequence

Z, = j, for T*(z) € Y;,
the conjugation of (X,T,m) and (X, T, ) is given by the measurable map

¥:z - {Zalnez -

We work now with the shift dynamical system (X, T, %) denoted again by (X, T, m)
and forget about the the old equivalent system. Choose n different points 7y,...,0, €
T. Take in the anti-integrable limit the critical point g defined by

qo(z) =z .

Knowing the function g and the shift transformation (X, T, m) allows the recon-
struction of the dynamical system (X,T,m):
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Claim, For small enough € > 0, the map ¢, : X > T xR,

T (Qe(f),lk(x)) = (qe(z)all(qe(z)a 4.(Tz)))

is injective on a set of measure 1.
Proof. Because € — g, € L®(X , T!) is continuous for ¢ small enough, there exists
€0 > 0 such that for € < ¢ and the usual metric d on T,

d(ge(2), 9:(¥)) = d(go(z), qo(¥))/2 .

Given z # y € X, there exists n € Z such that z, # yn and so go(T"z) # go(T"y)
and also ¢(T"z) # a(T"y) or

S5™(¢e(z)) = (qz(T"z),p((T"z)) # (qc(Tny)ape(T"y)) .

Because the twist map § is invertible, it follows that éc(z) # ¢(y). This finishes
the proof that ¢, is injective.

We have shown therefore that the system (¢,(X), S, m) which is embedded in the
twist map, is isomorphic to (X, T, m) if ¢ is small enough.

There exists y; > 0 such that we can embed the Bernoulli shift with entropy log(|Z().
From the variational principle, we know that the topological entropy is at least
log(IZ)), if |7} > m. o

For the Standard map, where V(z) = — cos(z), the set of nondegenerate critical
points of V' satisfies {£| = 2 and we get

Corollary 4.2 Any ergodic abstract dynamical system (X, T, m) with entropy h,(T) <
log(2) can be embedded in some Standard map RAER CES N

(9,p) = (g+p +7-sin(g),p + - sin(q)) .

There ezists y9 > 0 such that for |y] > 7o, the topological entropy of S, is at least
log(2).

Theorem 4.1 tells that monotone twist maps are very rich from the ergodic theo-
retical point of view. The classification problem for abstract dynamical system is
already present in monotone twist maps and because this classification problem is
believed to be intractable, there is also no hope to classify in general all ergodic
invariant measures for a monotone twist map up to isomorphism.

Remark. There exists a one parameter family of real tori

Vi={(zwu0) €ct|o]=lul = 3,b| = vl =1, =5, = 7}
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in c* such that the analytic map U : €* — ¢*

z zwe* ¢

w we* ¥
U: —

u uvet™*

v el

induces on V, the Standard map S, [Kni 5]. It follows that every ergodic abstract
dynamical system (X, T, m) with metric entropy < log(2) can be found in the ana-
lytic map U.

5 A generalized Morse index at the critical points

We call two embeddings of abstract dynamical systems in a monotone twist map S
different, if the measures of the two systems are different as invariant measures of S.
Even if two different critical points ¢, ¢ of the variational problem have a positive
distance, these critical points may correspond to the same embedded system. If g is
not constant, then for example ¢ and ¢(T") have positive distance but are belonging
to the same embedded dynamical system.

We will define now a generalized Morse index, which allows to distinguish different
critical points belonging to different embeddings.

5.1 The Hessian at a critical point

The Fréchet derivative L, of 6£ at a critical point §C.(¢q) = 0 is a Jacobi operator.
It acts on L*(X) as

u— e(u(T) = 2u+w(T™)) - V'(q)u .

The operator is in the same way as a selfadjoint operator on L?(X) and it can be
rewritten as

L=¢r-2+41)-V"(g),
where 7 : u + u(T) and 7° : u — u(T~!) are the unitary shifts belonging to T and
T-! and V"(q) is a multiplication operator.

5.2 A von Neumann algebra with a trace

It is advantageous to look at L not as an operator acting on L*(X) or L?(X) but as
an element of a von Neumann algebra X having a trace [Kni 3]. This algebra is the
crossed product of L>(X) with the dynamical system (X, T, m) defined as follows:
Consider the set of sequences K,, € L*(X), where K, # 0 only for finitely many
n € 2. This is an algebra with the multiplication
(KM)a(z)= Y. Ki(z)Mn(T*z)
k+m=n
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and involution

(K™)n(z) = K_,(T"z) .
X is the completion of this algebra with respect to the norm
MKW =| 1K@ oo »
where K(z) is the bounded operator in 12(Z) given by the infinite matrix
[K(2)]mn = Knem(T™z) .
There exists a trace
tr(K) = /x Ko dm .
The elements K € X can be written in the form
K= Z K,m™.
The multiplication in X is the multiplication of power series with the additional
rule 78K, = K,(T*)r* for shifting the 7's to the right and the requirement that

7 = 771 If 7 is taken to be the shift operator f — f(T) in L%(X) with K, as the
multiplication operator, we get a representation of X in B(L*(X)) by

Kf = Zan(T“) .

5.3 Jacobi operators and the density of states

Selfadjoint operators of the form L = ar + (ar)* + b with a,b € L>=(X,R) are called
Jacobi operators. They form a real Banach space in X. The functional calculus for
a normal element K in the C* algebra X defines f(K) for a function f € C(a(K))
where o(K) is the spectrum of K. The mapping

f o tr(£(K))

is a bounded linear functional on C(0(K)), and by Riesz representation theorem,
there exists a measure dk on oK) with

u(f(K) = [ F(B) dk(B).

This measure dk is called the density of states of K. For selfadjoint elements K € X,
the density of states dk has its support on R. The integrated density of states is for
E € R defined by

E 1
KE) = [ d(E) = tr(—arg(L - E)).
—-00 T
To a Jacobi operator L is attached the Floguet ezponent
w(E) := —tr(log(L - E)),

which is defined for Im(E) > 0. The branch of the logarithm is chosen so that
log(1) = 0.
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5.4 Rotation number and Lyapunov exponent

For the transfer cocycle
Ag(x) :=a (T ') ( E —lb(z) -02(5—11) )
of L = ar + (ar)* + b, the Lyapunov ezponent is defined by
MAg) = lim o™ [ logll4z(@)| dm(z),

where A%(z) = Ap(T" 'z)... Ap(Tz)Ag(z) and the rotation number is given by
p(Ag) = nk(E). The rotation number can be defined for real E by the cocycle Ag
alone [Del 83].

Remark. Rotation numbers have been found by Herman [Her 83} in the case of
continuous cocycles homotopic to the identity and by Ruelle [Rue 85] in the case
of measurable cocycles with values in the universal covering of SL(2,R). For co-
cycles arising from discrete Schrodinger operators, one obtains a rotation number
by counting the average number of sign-changes of a sequence v = u, satisfying
Lu = Fu. The relation between such a rotation number and the integrated density
of states is shown in [Del 83]. A rotation number for si(2,R) cocycles over flows is
defined in [Joh 82]. For finite |X| the relation between the rotation number and the
Morse index is given in [Mat 84].

The Thouless-formula (see [Cyc 87]) relates the Floquet exponent w(E) with the
Lyapunov exponent and the rotation number of the cocycle Ag:

~MAE) +ip(Ag) = w(E) .

This shows that the Floquet exponent is defined also for Im(E) = 0. The Floquet
exponent w(E) as well as the rotation number and the Lyapunov exponent are
averaged quantities of the embedded dynamical system.

5.5 A generalized Morse index
We return now to the Jacobi operator which is the Hessian at a critical point g,
for € > 0. For simplicity, we take again the old equivalent functional £./¢ and the
corresponding Hessian
1
L¢=T—2+T'—;-V"(q().
The transfer cocycle

1+ Ag(z) = ( B+ Vige)+2 -1 ) € SL(2,¢)
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of L, is for E = 0 conjugated by the matrix

to the Jacobean cocycle

1+ 1v"(g(z)) 1

z > dSy(z) = BAg(z)B™! = ( +:V"(g(z)) 1

) € SL(2,R)
of the twist map Sy : T X R T x R with v = 1/e.

Given a critical point g, of the functional £, the generalized Morse indez is the
integrated density of states

KE) = tr(Zarg(L - E))

at E = 0 of the Hessian L, at the critical point g.. We chose arg(E) € {0, 7} for
real E in a gap of the spectrum. The generalized Morse index is then a real number
in [0,1).
The integrated density of states is in the anti-integrable limit ¢ = 0 and for E in a
gap of the spectrum of

Ly =-V"(q)

given by
K(B) = t(Garg(Lo ~ E)) = m({z € X | ~ V"(ao(@)) < E}) .

The Lyapunov exponent goes to co in the anti-integrable limit. Notice that for E
in a gap of the spectrum of the Hessian at gy, the integrated density of states is
constant for all ¢ in a neighborhood of gy, because an open gap in the spectrum
stays open for L in a neighborhood of L,.

6 Critical points near the anti-integrable limit
correspond to hyperbolic sets

The embedded dynamical system (X,T,m) can always be chosen to be a closed
subset Y of the cylinder:

Lemma 6.1 To each critical point ¢ of an abstract dynamical system (X,T,m),

there is a continuous critical point g € C(X,R') embedding a topological dynamical
system (X, T, ) isomorphic to (X, T, m).

288



It follows that the image of ¢ = (g,11(3,9(T))) is a compact set in T X R.

Proof. A successful embedding of (X, T, m) gives a S invariant Borel measure u
onY = T x R defined by u(Z) = m(¢~}(2)) for all measurable sets Z C T X R.
Such a Borel measure is automatically regular and its support is a compact subset
of T x R. The abstract dynamical system (Y, S, ) is isomorphic to (X, T, m). Start
with (X,T,) := (Y,S,u) as the abstract dynamical system. The function 7 :
TxR—- T, ,

7(a:p) =4

for (g,p) € T xR is a critical point of this variational problem and the corresponding
map ¢ has a closed image. (w}

Proposition 6.2 (Aubry-Mackay-Baesens) Given a critical point g, of L. with
Hessian L, = §2L(g). If 0 is not in the spectrum of L, the embedded factor of the
dynamical system (X, T, m) is a hyperbolic set.

See [Aub 92¢] for a proof. One has to show that the Jacobean cocycle dS, with
4 = 1/e is uniformly hyperbolic. This is equivalent to show that the conjugated
transfer cocycle Ay of L. is uniformly hyperbolic which means that there exist one-
dimensional vector spaces £ — W) (z), W®(z) C R? satisfying

Ao(z)WO(z) = WO (Tz)

and real constants I' > 0,a < 1 such that for all z € X, n € N and unit vectors
w®(z) € W(z)

145" (@)w D (z)|
145(2)u® ()]

< Tao"wP(2)],
< To"wP(z)|.
An other proof different from [Aub 92¢] can also be done also by constructing a
strict invariant cone bundle of the cocycle and using a theorem of Ruelle [Rue 79a).

Remarks.

a) The existence of a non-atomic invariant measure with non-zero Lyapunov expo-
nents implies again that the topological entropy for the twist map is positive [Kat 80]
for || large enough.

b) Hyperbolic Mather sets have been constructed by Goroff [?} for the Standard
map with parameter y > 2v/1 + #2.

c) For results about hyperbolic sets like the shadowing property see [Lan 85]. In
[Aub 92¢] there is an argument why the constructed hyperbolic sets have zero
Lebesgue measure. This argument needs a review, because it relies on a result
of Ruelle and Bowen [Bow 75] which assumes that the hyperbolic set is locally max-
imal. In general, the constructed hyperbolic set Y may fail to be locally mazimal.

289



(Local maximality is defined as follows. There exists an open set U containing the
hyperbolic set Y such that
Y=NT'U).

nez

)

7 Multiplicity of critical points. Simultaneous
embedding

We have seen that for || big enough and prime P € N, the twist map generated by
1, has at least (|Z|P — |Z|)/P different hyperbolic periodic orbits of period P. For
general N € N, the number of periodic orbits can be estimated also. In the next
proposition, s denotes the Mébius function in number theory defined as

1 n=1,
#(n) =1{ (=1) nis the product of r different prime numbers ,
0 n is divisible by a prime square .

The notation D | N means, that D is a divisor of N.

Proposition 7.1 a) For |y| large enough, there are at least

p(N) =%-£M(D)-IEIN’D

periodic orbits of period N in the twist map Sy.
b) The classical Morse indez of such a hyperbolic periodic orbit with period N is the

cardinality of the set
{reX| -V"gz)) <0}.

It can take any integer value K with0 < K < N.

Proof.
a) Because

Y. D-p(D)=|z¥
DIV

the function p is the M&bius transform of the function #(n) = |S|". The Mébius
inversion formula (see for example [Hua 82], p.108) gives

N-p(N)= ¥ u(D)- #5) = ¥ u(D)-SIM>.

DIN DIN
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b) The rotation number p takes its gap-values in the set
K
{Wﬁ ] K—O,l,...,N}

and for p = 7§ the integer
K=|{zeX| -V"(qz)) <0}

is the classical Morse index of the periodic orbit, i.e. the dimension of the stable
manifold of the variational functional £ (see [Mat 68]). u]

Remark. If |Z| > 2, one obtains also minimal and mazimal periodic orbits for |v]|
large enough, because then, there are non-constant critical points with index 0 and
index N in the anti-integrable limit.

Of course, if we find two critical points ¢;, g2 which have different Morse indices, the
critical points must be different. We obtain

Proposition 7.2 Let (X,T,m) be an ergodic aperiodic abstract dynamical system
with metric entropy hn(T). If |Z| 2 e + 1, then there are uncountably many
different embeddings of the system (X, T, m) in the twist map (T2, S,) if |y| is large
enough.

Proof. Take a generating partition (Y},Yz,...,Y,) with n € N satisfying
M < n <@ 41

and take a critical point go in the anti-integrable limit defined by go(z) = 0; € X if
z € Y;. The assumption |Z] > e*~(T) 4+ 1 allows that gq takes different values o; on
different sets Y;. The generalized Morse index of the critical point g (and any small
enough perturbation of gp) is

r= Y. mY).

-V"(q(0:))<0
Since we have at least one more critical point then necessary, we can split Y;, into two
disjoint measurable sets Y, = Y,() UY,® and define a new function g € L®(X,Z)
satisfying

d(z) = qo(z)
for r € X \ Y® and which assumes n + 1 values. This new critical point §, de-
fines for small € again an embedding of the system (X, T, m) and the new partition
(1,Ys,...,YV, Y ) is again a generator for the dynamical system (X,T,m). As-
sume ¢ € X is the additional value taken on Y, and that z — V"(§(z)) takes
positive values on Y!) and negative values on Y?). The index of the new embed-
ding is r + m(Y{)) — m(Y®) and this value can range in an interval

[r = m(Ye),r + m(Y,)]
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depending on the measure of Y{*) and we get for each value in this interval a differ-
ent embedding. o

For any (not necessarily ergodic) aperiodic dynamical system (X,T,m), we can
make an ergodic decomposition (see [Den 76]).

There is a family of ergodic abstract dynamical systems (X,, T}, m,) indexed by a
parameter r in a Lebesgue probability space (R, p). The probability spaces (Xr,m,)
can be identified with ([0, 1], 1), where X is the Lebesgue measure. Also R can be
taken to be the unit interval [0,1] but the measure p can have atoms (points with
positive measure).

The aperiodic ergodic systems (X, T, m,) are called the ergodic fibers of (X, T, m).
The system (X, T, m) is isomorphic to the dynamical system given by the transfor-
mation (z,r) — (Tpz,r) on [0, 1]? leaving invariant the product measure A x p.

Proposition 7.3 Assume V € C3(T,R). There ezists a constant 7y such that Jor
Y > W, every ergodic dynamical system (X,T,m) with hy,(T) < log(|Z]) can be
embedded into the twist map Syv.

Proof. We want to find first a constant e, > 0 such that for all € < €y, the operator
Li=e-(r-2+4+7)-V"(q)
stays always invertible. Write
¥(e,q) = 6L(q) = - (o(T) - 29+ 9(T™)) + V'(q) .
The solution g, of ¥(¢, g.) = 0 satisfies

d _
7o%e = —L(a(T) - 20+ o(T7)) .
With
1 TLo=(r 47" =2+ V"(g) g
d€ € € df € )
we get
d
de
We obtain a bound

L= = (r 47" -2 V"(@)L7(o(T) - 20+ o(T~))) L2 .

L2 < ANLZ'IP + BIL P 4+

where A, B, C are positive constants which are only depending on V' and not on the
dynamical system. There exists ey > 0 such that the initial value problem

d -
ZV=AV+B-y+C y0) = Il
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has a positive solution y(¢) for € < ey. This solution is then a majorant satisfying
L2l < y(e) (see [Lak 81] Theorem 4.1.1). This assures, that for € < ey, the oper-
ator L, stays invertible.

All ergodic dynamical systems (X, T, m) satisfying the entropy bound
ha(T:) < log(|Z]) - 1)

can be embedded simultaneously because for each of these systems, there is then
a critical point of £.7. The map ¢, stays injective because the invertibility of the
operator L, for € < ey implies again, that the embedded system is hyperbolic and
so structurally stable. We have therefore a true embedding and not only embedded
a factor of the system. The faithful embedding can thus be continued until the
operator L, stops being invertible. a

Having uncountably many different embeddings of the same system, the embedding
result can also be generalized in some sense to not ergodic dynamical systems.

Corollary 7.4 Let (X,T,m) be an aperiodic dynamical system such that for every
ergodic fiber T,, the entropy satisfies hn(T) < log(|Z}]) — 1. Assume V € C¥(T,R).
Then for |y} > v, every ergodic fiber of (X, T, m) can be embedded in the twist map
(712, 5), such that two different fibers have different embeddings.

Proof. The multiplicity result in Proposition 5.2 tells that every ergodic dynamical
system can be embedded with an index r in some interval. We can assume that the
parameter interval is [0, 1]. We embed simultaneously all the fibers (X, T;, m,) with
corresponding critical point g, : X, ~ T having (normalized) index r € [0,1]. Two
different fibers have different embeddings because the generalized Morse indices are
different. 0

Remark. We don’t yet know, if we can embed every abstract (not necessarily ergodic)
dynamical system. In general, we can’t exclude that the supports of the S-invariant
measures y, corresponding to the embedded fibers (X,, 7., m,) are not disjoint. The
critical point ¢ (constructed in the proof of Corollary 5.3) belonging to the dynamical
system (X, T, m) could fail to be injective on a set of positive measure.

8 Generalization of the results for symplectic
twist maps
The results for monotone twist maps can be extended to higher dimensional symplec-

tic twist maps. For such maps there is less knowledge then in the one dimensional
case. For example, a higher dimensional Mather theory Is still missing. For periodic
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orbits see [Gol 92a).

The generating function for such a higher dimensional symplectic twist map is a C?
function I : RY x R¥ — R. It should satisfy the twist condition in that the N x N
matrix
Gqbgl
is positive definite and it is also required that
Hg+n,d +n)=1(g,q¢), Yne2n2".

Again, we assume for simplicity that
<g-q¢,9—¢ >
lg,¢) = —L,;ql— -7-V(g),

where V € C*(T",R) with T¥ = RN /(272"). Given an abstract dynamical system
(X, T, m), the variational functional

L) = [ @), o(Tz) dm(z)

is defined on the Banach manifold L=(X, T¥). A nontrivial critical point ¢ corre-
sponds to a factor of (X, T, m) embedded in the symplectic map

NEATNE AUNEES ELRAC)
s'(l’) (P’)_( p+7-V'(g) )
where p = I)(¢(z),¢(Tz)) and p' = —ly(¢(T'z),¢(z)) and V’ = VV is the gradi-

ent. A well known example of such a symplectic map is the Fréschle map with
V() = m cos(z1) + 72 cos(z3) + pcos(z; + 3). (see for example [Koo 86].)

The second variation is now a so called random Jacobi operator on the strip (see
[Kot 88))
L=7-24+7"-%-V"(q),

where V*(g(z)) is the Hessian of V' at a point g(z) € T¥. Assume that the set of
non degenerate critical points ¥ is not empty. Then, the Hessian L of a critical
point ¢ € L®(X, T) is invertible in a neighborhood of the anti-integrable limit and
as before, there exist nontrivial factors embedded in the twist map for v big enough.
The operator can be seen as an element in the crossed product X’ of the algebra
L>(X, M(N,R)) with the dynamical system (X,T,m). This algebra has the trace

tr(K) = /X trace(Ko(z)) dm(z) ,

where trace(Kq) is the usual trace for the matrix Ko(z) in the finite dimensional
matrix algebra M(V,R). As before, there exists a density of states dk of the operator
L and a Thouless formula [Kot 88]

—X(Ag) +ik(E) = w(E) ,
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where

w(E) := —tr(log(L — E))
is the Floquet exponent of L and A(Ag) is the sum of the first V Lyapunov exponents
of the SL(2N, C)-matrix cocycle

" _
2o Ag(z) = ( E+V (i’(’”)) 2 ) € SL2N,¢)
and k(E) = [E_ dk(E") is the integrated density of states for E € R.

As before, every embedded dynamical system has an index, namely the value of the
integrated density of states k(E) at E = 0 and exactly in the same way, one gets
also the multiplicity results like for example the existence of

o(N) = 5+ ¥ u(D) £/
DIN
periodic orbits of period N. Only for the embedding of periodic orbits, there is a
slightly different statement for the possible indices of the critical points. If T is the
finite set of non degenerate critical points of V and —V"(s) has k} positive and &
negative eigenvalues for 6 € £, then only indices

Sk, Ics
oel
can occur.

9 Discussion and some questions

We call a topological dynamical system universal, if every abstract ergodic dy-
namical system can be embedded into it and universal of order a, if every ergodic
dynamical system can be embedded into it. Our result shows, that twist maps with
potential V are universal of order a = log|Z| if T is the set of nondegenerate crit-
ical points of V. This means, that such a twist map can be used to simulate every
dynamical system of metric entropy < log(|Z|).

Let us mention some results which hold for other mathematical structures and which
are from similar generality then the result discussed here. The general scheme is the
following: Given a categorie of objects. The aim is to find special elements in that
categorie, such that a large class of the categorie is "embedded” in this "universal”
element.

¢ (Turing) There exists a universal Turing machine, in which every Turing machine
can be embedded: the universal Turing machine can simulate all the possible ma-
chines.
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¢ (Banach-Masur) Every separable metric space is embedded isometrically in the
Banach space C|[0,1]. Spaces having this property are called universal spaces. (see
[Liu 61])

¢ (Higman) There is a finitely presented group G which contains every finitely pre-
sented group as a subgroup. Such a group G is called a universal finitely presented
group. (See [Man 77])

¢ (Whitney) Every smooth, connected, closed manifold of dimension n can be
smoothly embedded in R2*+!,

A critical remark. In some sense the embedding result is not so surprising. Because
every dynamical system with entropy < log(|Z|) can be embedded into a Bernoulli
shift with a state space I|, it suffices, to embed a Bernoullishift inside a topolog-
ical dynamical system. So, it is enough to find a Horseshoe inside the dynamical
system. Often, one can prove the existence of a homoclinic point, which gives, that
an iterate of the dynamical system has a horse-shoe. The topological entropy for a
dynamical system with a horse-shoe is positive but can be arbitrarily small. In any
case, the anti-integrable limit gives a quantitative bound on the topological entropy
which has not yet been obtained by other methods. The use of the index gives
uncountably many different embeddings for aperiodic dynamical systems. It would
be probably difficult to construct uncountably many different homoclinic points for
a dynamical system. Necessary for this would be, that there are uncountably many
periodic orbits. So, even if qualitatively similar results could be obtainable with the
methods known, the anti-integrable limit gives in an easy way quantitatively much
stronger results.

To the end, we add some questions:

o Can every (not necessarily ergodic) dynamical system with finite metric entropy
for each ergodic fiber be embedded in a monotone twist map?

o What happens with an embedded system if the parameter 7 decreases and the Hes-
sian L becomes no more invertible? Does it bifurcate to other systems or disappear?

¢ What spectra do occur for the Hessians near the anti-integrable limit? Is it point
spectrum when (X, T, m) is a Bernoulli shift? Is it even possible that in the aperi-

odic case point spectrum (Localisation) persists?

¢ Can one find twist maps in applications like Poincaré sections for Hamiltonian
systems or for billiards, for which the results near the anti-integrable limit apply?

¢ Is the topological entropy of the standard map bounded above by log(2) for all v?
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o Take as the dynamical system (X, T, m) the standard map (T2, S, dzdy) and em-
bed it into itself. The modulus of the real part of the Floquet exponent belonging
to the Hessian is the metric entropy of S, for which nothing is known. How does
the imaginary part, the index, behave for y — oc?

10 Appendix: Twist maps as Hamiltonian sys-
tems

A function f € L*®(X) has the discrete derivative

Vi=fT)-f

over the dynamical system (X, T, m).
Given a generating function [, one can define a Hamiltonian function

H(g,p) = /X p(T)Vgdm - L(g,p) ,

where p = Vg = ¢(T) — q. The twist condition l5(g,¢’) > r which plays the role of
the Legendre condition, assures that this discrete Legendre transformation

L—H
is possible. The twist map can be written as the Hamiltonian system

Vg = Hym,
Vp = ~-H,.

Example. The generating function

— )2
Lg,d) = _(q’_2q)_ -7:V(g)

generates a generalized standard map. We get

¥a.qd) = d-—q-1V'(g),
¥(¢,¢) q-q.

The Euler equations for the variational problem

c@) = [-9D=9 () ami)

o(T) =29+ g(T™") = =7V'(g).
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We get the Hamiltonian

2
H(g,p) = /X % +1V(g) dm
and the Hamilton equations

Vg
Vo

4T) — q=Hyq) = p(T),
pT)-p=-H,=-V'(g),

It

which can be rewritten as

oT)
o(T)

Given more generally a Hamiltonian H(q,p) = Jx h(g,p) dm, where h(z,y) is a
smooth function on the torus. The system

it

g+p(Ty=q+p+V'(q),
p+V'(g).

AT} = q+Hyn,
pT) = p-H,,

is a discrete Hamiltonian system. It is defined for any abstract dynamical system
(X, T, m), if this system can be embedded in the map

('7’" y) g (.'t’,y') = (I + h2(zyy,)1y - hl(xv y))

on the torus.

The advantage to write the system in a function space is that any subsystem of a
twist map like a periodic orbit or invariant circle can be written as a Hamiltonian
system.

11 Appendix: Embedded systems are hyperbolic
sets
We give here another proof of the fact, that the embedded systems near the anti-

integrable limit are hyperbolic.

Proposition 11.1 Given an abstract dynamical system (X,T,m) which is embed-
ded in the monotone twist map (Y, 5). If the Hessian L of the embedding is invertible
the embedded system is a hyperbolic set.
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Proof. If 0 is outside the spectrum of L, the integrated density of states of L is
locally constant around E = 0 and the Lyapunov exponent A(Ag) is positive for
small |E|. The last statement follows from the fact that the map E ~ M(Ag) is
harmonic near 0 and A(Ag) > 0 and the maximum principle for harmonic functions.
This implies with Oseledecs theorem the existence of two measurable mappings

W : X P!,

where P! denotes the projective space consisting of all one dimensional subspaces of
RZ. These direction fields W# are coinvariant:

Ap(x)WE(z) = WE(Tz) .

We can write them also in projective coordinates with so called Titchmarsh- Weyl
functions

ub(Tz)

ug(z) ’

where uf(x) are unit vectors in W(z). The invariance of W is in these projective
coordinates given by the discrete Ricatti equation

mi(z) = a(z)

- a’(z)
The Green function

Ge(z) = [(L(z) = E) oo
satisfies

1
Cel) = - @)

and because for E in a gap the resolvent L(z) — E is bounded, there exists € > 0

such that {m}(z) — mp(z)| > e. This means that the angle between the stable and
unstable seperaratrices is bounded away from 0. We get also § > 0 such that

{z € X | Im§(2)| < 6, |mj(2)] 2 67"}

has measure zero. The reason is the constance of the integrated density of states
k(E) which can be expressed also by the formula

KE)=m({zr € X |m*(z) <0}.

Define for § > 0
r(6) = m({z € X | m*(z) € [-5,8]} .
Because of
k(E +68)— k(E) > 7(6)/2

299



for § small enough, there must be r(6) = 0 for § small enough. One gets now for Ay
and for € small enough the strict invariant cone bundle

l{ z
7 [mg(z), mi)

for the transfer cocycle £ — Ag(z), where I(z), u(z) € {+, —} are defined as m!® <
m*=). A theorem of Ruelle [Rue 85] shows then, that A is uniformly hyperbolic:
3l > 0,a < 1 such that for almost allz € X and alln € N

457z} (z)] < Tatu®(z)],
|45(=)e®(2)] < Ta"ju®(z)].

Because Ag(x) is conjugated to the Jacobian dT(z) of the twist map at a point
#(z) € R x T, the invariant embedded subset is a hyperbolic set. ]

12 Appendix: Topological and metric entropy
We add convenient definitions for the topological and metric entropies.

Let (X,T) be a topological dynamical system and denote with d the metric on X.
Define a sequence of metrics

d(z,y) = max d(T'z,T'y).
Following Bowen, the topological entropy h(T) can be defined as

WT) = lim T (.6

€—0 n—oo n ’

where N(n, €) is the minimal number of ¢ balls in the metric d, covering the space X.

Let (X,T,m) now be an abstract dynamical system. We can assume that it is topo-
logical also because every abstract dynamical system is isomorphic to a topological
dynamical system. Let again d denote the metric on X and let d, be the sequence
of metrics defined above.

Following Katok [Kat 80], the metric entropy hn(T) can be defined as

hon(T) = lim Tim. bg(N(+,5))

L)
€—(0 n—~oo

where N(n, ¢, §) is the minimal number of € balls in the metric d,, covering a set of
measure > 1 — 6 and 1 > é > 0 is arbitrary.
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Because trivially N(n,¢,6) < N(n,¢)) one has immediately
hm(T) < K(T) .
The Variational principle says

sup ho(T) = K(T) .

Measures which give the topological entropy are called equilibrium measures.
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Abstract
The analytic map U : C* — ¢4,

(z,w,u4,v) = (zwe* ™, we* ¥, uve®*, ve* %)

has a one parameter family of two-dimensional real tori S, invariant, on which
U is the standard map family T,.

We provide a rough qualitative picture of the dynamics of U and give some

arguments supporting the conjecture that the metric entropy of the standard
map T, is bounded below by log(v/2).

1 The positive metric entropy conjecture

For the Chiricov or standard mapping on the torus T2 = R?/(277)?

=z z 4y + sin(z)
L ( ] ) - ( y + vsin(z)
with real parameter v, the metric entropy is measured to be greater or equal then
7
log|<| -
og |5
It is an open problem whether this estimate holds true.

1.1 A numerical test

The plot in Figure 1 shows a graph of the entropy of the Standard map calculated
numerically with a Mathematica [Wol 91) program given by

[ 1
T[{x_Real,y_Real},g_Real] :=N[Mod [{x+y+g*Sin[x],y+g+Sin[x]},2 Pi]];
A[{x_Real,y_Real},g Real) :=N[{{1+g*Cos[x],1},{g*Cos[x],1}}1;
Lyal{x_,y_},g_Real,n_Integer]:=Module[{t=0, B=IdentityMatrix[2],p={x,y}},
Do(B=Alp,g].B;p=T[p,g]; t=t+Re[Log[B[(1,113]1;B=B/B((1,1]],{i,n}];t/n);
Entropy(g_] :=Module[{n=1000,n=10,R:=N[2¢Pi*Random[11},Sum[Lya [{R,R}, g,nl,{m}]/m];
[ ]

determines numerically the integrated Lyapunov exponent

-—00

. 1 n
NaTy) = lim [ = log]|ldT3(z, y)lldzdy ,
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(which we will denote shortly by Lyapunov ezponent), by calculating

1 &1
An,m(d:r‘Y) = 'n-;z ;log”dT:(eryJ)“

j=1

for m random points (z;,y;) € T2 For m,n — oo, the values A, »(dT,) converge by
Oseledec’s theorem (see [Rue 79]) and Pesin’s formula (see [Man 81]) to the metric
entropy of the Standard map T,,.

The figure shows the numerical calculation of the metric entropy p(v) of the Stan-
dard map T, for parameters between ¥y = 2 and v = 10 in comparison with the
conjectured lower bound log(%). The plot was produced with

l 1
Plot[{Entropy[s],Log(s/2]},{s,2,10}]
I |

which takes some time due to the fine interpolation. We recommend just to compare
by hand some values, instead of plotting the graph. Increasing the values of m,n
should give more reliable results.

The measurements of our runs fit well with measurements done with other methods,
see for example [Par 86). However, one has to be careful with the interpretations of
Lyapunov exponent measurements. The convergence of ergodic averages can be slow
even for real valued cocycles (see [Pet 83], p.94): Given any sequence of positive real
numbers b, with 3", b, = oo then there is a measurable bounded function f such

307



that L
Th () - [, faw) = o

k=0
for almost all (z,y).

An other danger is that the Lyapunov exponent is in general a discontinuous function
of the cocycle if one is away from the uniform hyperbolic domain [Kni 91). Positive
Lyapunov exponents could be a numerical artifact. We give now three arguments
supporting the quantitative and qualitative believe in positive metric entropy.

1.2 A first argument: The Lyapunov exponent of the co-
cycle dT, over the dynamical system Tj.

There is an explanation, why the number log 3] is a good choice for a lower bound
of the metric entropy:
If one takes the Jacobian

dT,(z,y) = ( : :;Z(();()x) i )

of the mapping T, as a cocycle over the dynamical system Ty instead of T, one
gets indeed, with a method of M.Herman, a lower bound log|2} for the Lyapunov
exponent A(dT,) of this cocycle.

Proof. The argument uses complex analysis. The standard map for v = 0 is inte-
grable and can be written as a holomorphic map

(z,w) = (2w, w)
on the torus {(z,w) € C?| |z| = [w| = 1}. This torus is lying inside the polydisc
{(z,w) € c? [z}, |lw] <7},

where r > 1. The cocycle dT, is in these coordinates

[ 1+3z+2YH) 1
A.,(z,w)_( %(ziz-l) 1)'

For |2| = 1, the Lyapunov exponent

lim 1 log [|A,(U""Y(2,w))... A,(U(z, w))A,(z, w)l| dzdw

1=00 1 Jz|=1,jul=1

A4y)

log|| A3 (2, w)|| dzdw

im —
=00 1 Jlzf=1,juj=1
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of the cocycle A4, is the same as the integrated Lyapunov exponent of the analytic

parameterized cocycle
iz’ +1 =2 ‘
Z*+1 =z

Because (z,w) — 1 log||B?(z,w)|| is plurisubharmonic, the Lyapunov exponent can
be estimated from below as

B,(2,w) = 24,(z,w) = ( g
2

MA) = AB,)=lim L log||B2 (2, w)|| dz dw

=00 Jizi=1 Jul=1 7

v

! .
Jim ~log|1B;(0, )|} = log(3)

1.3 A second argument: A huge class of cocycles has pos-
itive Lyapunov exponents

There is another argument why it is reasonable to believe that the entropy in the
standard map is measured to be positive for 7y big enough. Assume, we determine the
Lyapunov exponent and make random mistakes in the calculation of the cocycle in
that each Jacobian dT" is multiplied with a random rotation R(¢(z,y)) € SO(2,R),
where ¢(z,y) is a random angle measurably depending on (z,y) € T2 This corre-
sponds to an error in the calculation of the angle of the images of tangent vectors.
There is an astonishing result of Herman [Her 83] which implies that an arbitrary
error can be shifted in a deterministic way to get positive Lyapunov exponents:

Given any error-function ¢(z,y) (also ¢(x,y) = 0 is allowed), the Lebesque measure
of the set of values 3 € [0,27) giving zero Lyapunov exponents to the cocycle

R(¢(z,y) + B)dT,

is smaller then 8

log(1 +~2/2)°

Proof. The estimate can be derived from a result of Herman ([Her 83], p.498 ) and
the hint, that the Jacobian cocycle

[ 14+v-cos(z,y) 1
dT,(z,y) = ( v-cos(z,y) 1
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satisfies
.1 1 1 0 L3
dI(z,y) = R(Z) ° ﬁ : ( 142-7-cos(z) 2 ) = R(Z) 0 Dy(z,y) .

Herman's result is a subharmonic estimate of the Lyapunov exponents: For any
cocycle R(B)A(z,y) = R(¢(z,y) + ) o D(z,y) with

o= (5 o )

where the functions b,c,c™! are in L=(T2,R), one has

/le:l A(B(w)) dw > /12 log %((c+ )2 + b2) drdy .

The proof of this estimates goes as follows. Define w = € and the complex cocycle

B(w)(z,y) =w- =) D(z,y) .

Because [w - €%*¥)| = 1, we have A(R(8)A) = A(B(w)). With G = i ( _lz. ; ),

one can write _
B(w,z) = (G + w? - 2%"G) 0 D(z,y) .

The Lyapunov exponent w — A(B{w)) is subharmonic leading to Sjwj=1 M(B(w)) dw >

A(B(0)) . We calculate with L = ( L : )

/| o MBw) dw 2 X(B(0) = X(GD) = X(L~'GDL)

/ log‘/l((c +c1)2 4 b2) dzdy .
T2 4

A(R(B)A) < /T2 log /(c+ c1)2 + b2) dz dy
that the Lebesgue measure of values § with A(R(8) o A) = 0 is smaller then
J -1)2 4 2
1/ (/Tzlog {e+c )24 ¥ dzdy) .

Putting in the specific values ¢(z,y) = 1/v2 and b(z,y) = 1/v2+ V27-cos(z) from
the cocycle dT,, gives the desired estimate. a

This implies with
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1.4 A third argument: Positive Lyapunov exponents for a
dense set of bounded measurable cocycles

One can change a given cocycle over an aperiodic dynamical system on a set of arbi-
trary small measure, in an arbitrary small way, to get positive Lyapunov exponents:

Given € > 0, there is a set Y C T2 of Lebesgue measure < € and a cocycle C(z,y) €
SL(2,R) with ||C(z,y) — 1]| < € and C(z,y) # 1 only on Y, such that the cocycle

B =dT,C

has positive Lyapunov exponents [ L log||B(z,y)||dzdy.

The proof [Kni 92] uses Herman's result treated in the last subsection.

The density of cocycles with positive Lyapunov exponents explain in a qualitative
way the obtained results in the numerical experiments. More convincing would be a
result showing that the set of cocycles with positive Lyapunov exponents is residual
or that this set even contains an open dense set. These questions are open.

We outline the proof which can be found in [Kni 92]. We first give the four ingredi-
ents used for the proof.

¢ Rohlin’s lemma: If (X,T,m) is aperiodic, there exists a (n,¢)— Rohlin set Y
such that Y,T(Y),...,T" (Y are pairwise disjoint and m(Y,es) < €.

o Oseledec’s theorem: For A € P, there exists a stable direction field W €
L*(X,PY) satisfying the co-invariance AW = W(T) and MA) = — fx log|Aw| dm,
where w(z) € W(z) is a unit vector.

¢ Result of M.Herman: Call v the Lebesgue measure on SO(2,R),
v({¢ | MAR(¢)) = 0}) < MA)™".
For A ¢ L*(X, SO(2,R)), there 3
BER, AR(B)eP.

e Abramov type result: Let (X,T,m) be ergodic and Z C X be of posi-
tive measure. Let (Z,Tz,mz) be the induced system, Ay the derived cocycle.
AMAy) =m(Z)71 - A(A).

The main steps in the proof of the density result are:

1) Ergodic decomposition: Assume (X, T, m} to be ergodic without loss of gen-
erality.

2) Rohlin: Build Z =Y UY,,;, where Y is a (n, €} Rohlin-set. We use the aperi-
odicity here.
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3) First perturbation: Perturb A a first time so that Az is not in L>(X,SO(2,R)).
4) Herman: There exists fy with AzR(f) € P and also AR(1z0,) € P.

5) Oseledec: There exists W € L*(X,P!) with AR(1z6,)W = W(T). We use
ergodicity assumption here.

6) Second perturbation: Given i > 1, one estimates for
E = R(w(T))Diag(p~", 1) R(w(T))AR(1280) ,
the Lyapunov exponent A(E) > log() > 0.

7) Abramov formula: A\(Ez) > log(u)-n/2. With this, we achieve a big Lyapunov
exponent for the derived cocycle.

8) Herman: 35 < 4n/(nlog(u)) with M(EzR(B: ~ o)) > 0.
9) Third perturbation: B = ER(1z(8; — Bo)) € P because Bz = EzR(f; — o).

10) Choice of parameters: Give ¢ > 0. Choosing z—1 > 0 smalland n € N large
depending on ¢, 1, achieves that B€ Pisinae neighborhood of A.

2 Analytic extension of the standard map family

For the first heuristic argument, it was crucial that the integrable dynamical system
Tp could be embedded into an analytic system and that the Jacobian cocycle could
be extended to an analytic cocycle.

Is it possible to embed in a similer way the standard map into a holomorphic map
of C*? There is an obvious embedding into the holomorphic map in C? by just ex-
tending z, y to C (see for example [Gel 92]). A handicap is that one has to take the
real parts Re(z), Re(y) modulo 2, in order to get the standard map. Of course,
one could skip this identification. But this has some disadvantages like for example
that periodic orbits in the quotient space are no more periodic in the lift.

We propose an embedding of the Standard map family T, in one single analytic map

zwe* ™
,wez-u
uve=*
veu-—z

[nd

e @ 8 N
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The standard map is induced on a one parameter family of invariant real tori
S, = {(z,w,u,v) € C*| |2 = Ju| = %,|v| =|u|=1,z=7,w="7}.

Notice that the parameter v doesn’t appear in the map U. We didn’t succeed in
estimating the Lyapunov exponents by estimating with a subharmonicity argument
the Lyapunov exponent of an analytic cocycle over U. Such an estimate (if at all
possible ) would probably need additional ideas. The problem is, that the torus S,
is not a so-called distinguished boundary of a polydisc in contrary to the invariant
tori

5, = {(zw,u,v) €C4[|z|=|u|=%,|w| =l =1,z =uw=1},

where U induces the integrable map Ty and on which the Lyapunov exponent could
be estimated from below by log(%) as we saw before.

Nevertheless, we think, that the map U is interesting itself. It allows to study the
whole family of standard maps with one analytic map and it could be, that bifur-
cation phenomena and critical phenomena will be analyzable better like this. Why
not try to understand more about a holomorphic map which contains a family of
discrete Hamiltonian systems as subsystems? On the other hand, one has already
a lot of information about U inherited from results about T.,. We think of results
like existence of periodic orbits, existence and nonexistence of invariant tori, Aubry-
Mather sets, homoclinic points, special chaotic orbits, universality in bifurcation
scenarios of periodic points or renormalisation schemes in the break-up of invariant
curves. And who knows, if in future, mathematics will have results about iteration
of multidimensional analytic maps, which will give back results about twist maps.

In the next section, we want to begin a modest qualitative study of U,. We give an
integral, symmetries, a list of all the fixed points with their stability properties and
other invariant sets like tori and vector spaces.
3 Some properties of the analytic map U
An integral. An integral of U is the determinant

I{z,w,u,v) = det(DU) = wv

of the Jacobean

(w+wz)e*™ ze#™* —zwe'™ 0
we'™ et —we* 0
DU(z,w,u,v) = -
(z,w,u,v) —upe’ ¥ 0 (v+uv)e*™* ue**
—pe¥T* 0 ver~* et=*

313



and on I7(1) there is another integral J = zuand the map on an invariant set
wv = 1,uz = J, 2z # 0 the map is given by

- z zwer=J/*
() (22

which is product of the two integrable maps

()= () (2)- (%)

For J = 143, the map U leaves invariant the torus
Sr={(zw) €| )] = I Jul = 1}

and induces there the standard map T.,.
Invariant vector spaces. There is the obvious direct sum of invariant real vector
spaces
RY,iR* C
There is also the two dimensional invariant complex plane
E = {(0,w,0,v) | w,v € C},
consisting of fixed points. Also the complex 2 dimensional plane

{z=uw=1}

which contains the tori S, is invariant. Finally, for n € 2, the 1-dimensional complex
lines

G,
H,

{(0,w,2nmi,1) |wec},
{(2n7i,1,0,v) | v e ¢},

It

consisting on fixed points are invariant.

Maps commuting with U. There is an involution

2 U oz,

v w e,
commuting with U.
Reversibility on I"1(£1). On the two invariant sets I=!(z1), the map U is conju-
gate to its inverse U™!

U=vUy,
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where V is the involution

z u
w we*™"
vV —
u z
v vel~*?

Because I = det(DU) is invariant under conjugation, we have no reversibility on
I'Yp)ifp#1,-1

Invariant two dimensional real tori. The map U, leaves invariant the tori

S, = {(zwuv)ec||s=lu=1|u=lp|=1z=7w=7},

S, = {(zwuv) e ctlzl=ul = %,|w| =| =1,z =u,w=v}.

Write z = -}e"”’",w = €% on S, and 5,. The analytic map U restricted to S, is

the standard map
Mz z + y+ ysin(z)
L ( y)H ( ¥+ vsin(z) ) ‘
The map U restricted to S, is the integrable map

T, : (z,y)~ (z +y).

For v = 0, both tori Sp, 5 collapse to 1-dimensional tori

{(0,0,v,9) | |v| = 1},
{(0,0,v,9) | [v] =1} .
The fizred point at the origin. The point O = (0,0,0,0) is a fixed point of U.

The Jacobean DU(O) = Diag(0,1,0,1) at this point shows that there is a two
dimensional complex stable manifold

So
So

W* = {(z,w,u,v) | U — 0}
passing through O. The center manifold to the two eigenvalues 1 is the two dimen-

sional invariant line
E = {(0,w,0,v) |we C,ve€cC}

containing O. It consists of fixed points.
Fized point lines. The 1-dimensional complex line

F.={z—u=2nmi,w=1v=1}
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and each point of such a line is a fixed point of U. The spectrum of DU at a point
P=(u,l,u+2nni,1) € F, is

{1,1, A (w), A7 (w)},

An(v) =14 u+nmi+ /(v +nmi)(2 +u) .

We see, that except for positive real (u 4 nwi)(2 + u), there is an eigenvalue inside
and an eigenvalue outside the unit ball in C. It follows that in this case, there is a
complex 1-dimensional stable W} and a complex 1-dimensional unstable manifold
W, passing through P. This is especially true for « = v € R,n = 0, where the
stable and unstable manifolds cut the tori S,.

For n € 7, the 1-dimensional complex lines

with

G. = {(0,w,2nri,1) | we c},
H, = {(2n71,1,0,v) |vec}

consist on fixed points. The spectrum of DU at a point (0,w,2nmi, 1) € G, is
{w,1,1+n7ri-—\/517ri——7ﬂ1r2,1+n7ri+\/m} s
the spectrum of DU at a point (2n7i,1,0,v) € H, is
{v, 1,1 + nmi - m,l+nwi+m} .
Fized point plane. The two dimensional fixed point plane
E = {(0,w,0,v]|w,vec}

is the center manifold passing through the origin O. The spectrum of DU at a fixed
point (0,w,0,v) € E is

{1,1,v,w}.
The eigenspace to the eigenvalues 1 is of course E. The eigenspace to the eigenvalue
v is spanned by (0, —w,v — 1,v) and the eigenspace to the eigenvalue w is spanned
by (1 — w, ~w,0,v).

In summary, we have found all fixed points of U:

Every fized point of U is contained in the set
{O}UEU | F,UG.UH,.

nel
Proof. f z-w-u-v# 0 then w=1,v =1 and 2 — u = 2n7i. Thus (z,w,u,v) € F,.
Ifz-w-u-v =0, we get the other sets by combinatorial reasoning, using that w = 0
implies 2 = 0 and » = 0 implies « = 0. o
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Partial uniform hyperbolicity Because the determinant I = detDU = wv is an
integral, we know that for |I} > 1

detDU" = I" — 00, n— 0
detDU® = I"—=0,n— —-0.

This means that the map is dissipative in the domain I < 1 and expansive in the
domain I > 1. For any periodic orbit in I > 1 there is an unstable manifold of
positive dimension and for any periodic orbit in I < 1 there is a stable manifold of
positive dimension. Given any U invariant probability measure in I > 1, there is
a positive Lyapunov exponent. Analogous, for any U invariant probability measure
in I < 1, there is a negative Lyapunov exponent.

4 Questions

We repeat and add some questions.

o Is the at the beginning mentioned bound for the metric entropy in the standard
mapping true? The numerical calculations are convincing.

e What is the dynamics of U on the invariant manifolds of the various fixed points?
What are the Julia sets of the map induced on the one dimensional invariant mani-
folds?

¢ Can one draw a qualitative picture of the stable and unstable complez manifolds of
a periodic hyperbolic orbit on an invariant torus S,, where U induces the standard
map?
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Abstract

We discuss some cohomological constructions for dynamical systems.

A group dynamical system is a pair (R, G), where R is a group acting on G by
group automorphisms. An algebra dynamical system is a triple (R, M, tr),
where R is a group acting on the C* algebra M by automorphisms leaving
invariant a trace tr.

(1) For a group dynamical system (R,G) there is the Eilenberg-McLane co-
homology.

(2) For a group dynamical system (Z,G) we define a sequence of Halmos ho-
mology and cohomology groups.

(3) For an algebra dynamical system (Z¢, M, tr), there is a discrete version of
de Rham'’s cohomology and an abstract version of Stokes theorem holds.

(4) For a group dynamical system (¢, §), there is a de Rham cohomology for
groups.

1 Introduction

There are different cohomologies which are useful in ergodic theory. They all lead
to algebraic invariants for ergodic dynamical systems. We are dealing with two cat-
egories of dynamical systems. A group dynamical system is a pair (R, G ) of Abelian
groups, where R is acting by group automorphisms on G. An algebra dynamical sys-
tem (R, M, tr) is an Abelian group R acting by automorphisms on the C* algebra
M. We will always assume R = Z¢ or the cyclic case R = 2.

¢ The cohomology of groups for a group dynamical system. We illustrate this co-
homology by an example. Let (X,T,m) be an abstract dynamical system and
G = L*(X, T) be the group of measurable circle-valued functions on X. The trans-
formation T induces a group automorphisms f — f(T') giving the group dynamical
system (R,G). The group G has a subgroup C = {g(T)g~'} of so-called cobound-
aries. The group H'(T,G) is the first Eilenberg-McLane cohomology group of the
group dynamical system (R, G). Assume T and T? are ergodic. The constant func-
tion f(z) = ~1isnot in C because ¢(T) = —g would imply g(T?) = g and g = const
which contradicts g(T') = ¢~! unless g = 1. This non-trivialityce of the cohomology
is in some sense a global constraint coming from the requirement that g has to be
measurable. If we would give up the obstruction that g has to be measurable, we
could easily build functions g satisfying g(T)g~! = —1. In other words, if we would
use algebra instead of ergodic theory and take any bijective map T of a set X and
form the group G = TX of all maps from X to the circle T, then HY(R,G) would be
trivial. The measure theoretic structure of the dynamical system acts as a boundary
condition which makes the algebraic topology more interesting.
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o Halmos homology and cohomology groups for a cyclic group dynamical system.
An automorphism T of an arbitrary abelian group G gives a discrete differentiation
f > df = f(T)f~" on the group G. If £ is the trivial group {1} in G, then d™"€ is
a subgroup of G and one can think of them as "polynomials” of degree < (n —1)
because n times ”differentiation” makes them vanishing. Halmos defined the groups

Ho(R,G) = d""E/d" Vg,

which he called generalized eigenvalues in the case G = L°(X), where the group au-
tomorphism is coming from a dynamical system (X, T,m). Then, H,(T,R) = d~1
is the space of functions f left-invariant under T and the first Halmos homol-
ogy group M, measures how many ergodic components T has. The next group
Ho(T,R) = d~2E/d"'E is the vector space of nontrivial eigenfunctions to eigen-
values different from 1. This second Halmos homology group measures the point
spectrum of the unitary Koopman- operator belonging to T and Halmos called the
other groups H, generalized eigenvalues.

There is a dual construction. Start with G and form the groups

H* = d*IG/d"G
which we call the Halmos cohomology groups. The first of these groups is identical
with the first Eilenberg MacLane cohomology group defined above.

o de Rham cohomology groups for an algebra dynamical system. We illustrate the sit-
uation with an example. Let T}, T3, ... Ty be an ergodic ¢ action on the probability
space (X, m) and take M = L*(X). Look at the vector field

v=(v,v9,...,04) € L°(X,R)?.
The rotation of this vector field is
(dv)i; = (w(T}) — vi — (v;{T2) - v5)) € L¥(X,R),
where i, j runs over all pairs ¢ < j. For f € L*(X) is defined the gradient
(M) - £AT) - f,... f(T)) - f)

which is a vector field. One sees immediately, that the rotation of a gradient is
vanishing. A cohomology problem of de Rham type is to determine the vector space
of vector fields with vanishing rotation modulo the vector space of gradients.

For any constant vector field v = (¢}, ¢y, . .., ¢4) With ¢; € R, the rotation is zero but
except in the case when all ¢; are vanishing, the vector fields v are not gradients
because there is no measurable function f on X, such that ¢; = f(T;) — f for ¢; # 0.
(To see this, just integrate the equation ¢; = f(T;) — f.) So, the first cohomology
group contains at least the group R®.
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o de Rham cohomology groups for a group dynamical system. We consider a group
dynamical system (R,G) with R = 2. We think of A = (4;, A, ... Ag) as a one-
form or connection or gauge-field depending on topological, geometrical or physical
preferences. Each A; is attached at one of the transformations T} generating R. The
curvature of a gauge field is

Fyj = dA = AA{(T)A(T;) T A

and each F;; is attached at a plaguette spanned by two transformations T, T;. An
element B in G can also act as a Gauge transformation on gauge fields

A= (A1, Ay,...,As)~ AdB = (BAB(T7"), BA:B(T;),... BAsB(T; 1)) .

Fields A = dB, which are cohomologuous to 1 are gradients of a function B. They
satisfy automatically dA = 1, which means physically that they are zero curvature
fields. Geometrically one knows then that parallel transport around a closed curve
is the identity and space is flat. ‘The problem is to find the moduli space of zero
curvature fields, how many zero curvature fields exist modulo Gauge transforma-
tions. This can also be considered as the second cohomology group of a de Rahm
cohomology which is defined in the group dynamical system (R, G).

After these examples, we turn to the history of cohomologies for dynamical systems.
The general framework for cohomology has been worked out by Eilenberg and
McLane [Eil 47]. 1t is called cohomology of groups. The ”cohomology of dynamical
systems” was invented in the beautiful paper [Kir 67] of Kirillovin 1967. We owe this
reference to J.P. Conze. Kirillov asked a lot of interesting questions for this coho-
mology and used also H'(T,Z,) what we call the cohomology of sets. Cohomology of
dynamical systems also appeared in the paper [Liv 72] without mentioning Kirillov’s
work. But already before, people were using cohomology in dynamical systems with-
out using this name. The first appearance we could locate is in von Neumann’s paper
[Neu 32] (p.641) who was investigating the spectra of ergodic flows. (In Hilbert’s
list of problems {Hil 02], the cohomological equation f(T)— f = g appeared in a side
remark in problem 5 already. Hilbert gave it as an example of an analytic functional
equation which has only a continuous non-differentiable solution). We mention also
{Anz 51] who used the name "equivalent” instead of cohomologuous. In the book
of Halmos [Hal 56], the notion of "generalized eigenvalues” is introduced. This is
a cohomology construction which Halmos used it to distinguish dynamical systems.
The same notation is found in [Ake 65]. Also influenced by Halmos was [Ste 71],
who continued the work aiming to find invariants for dynamical systems. The coho-
mology of dynamical systems as a special case of group cohomology was worked out
in [Moo 78] (and references therein) in the context of ergodic equivalence relations.
Some ideas have been followed further and we refer to the book [Sch 89] (chapter
2).
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Cohomolocal equations appear at different other places in other function spaces.
They are important when studying structural stability of dynamical systems. When
conjugating two dynamical systems T', T = T+ f with a conjugating map ¢ = Id+h,
the unknown function A has to satisfy the functional equation

T(z) + h(T(z)) = T(z + h(z)) + f(z + h(z)) .
In the case T : T! — T!,z +— z + a, this equation can be written as
h(z + a) — h(z) = f(z + h(z))
which has the linearisation the so called homological equation
h(z + a) - h(z) = f(z) .

Solving this equation in a space of analytic periodic functions is important in
Arnold’s proof {Arn 88] of the theorem, that an analytic diffeomorphism of the circle
T with Diophantine rotation number can be conjugated to the rigid rotation T if
the two diffeomorphisms T, T are close enough to each other. (Arnold conjectured,
that this is true independent of the closeness of T and T This conjecture was later
proved by Herman.)

2 Cohomology of groups and dynamical systems

Let R be a group acting continuously on an abelian topological group G. We write
the group operations in R multiplicatively and the group operation in G additively
and the action of R on G as g ~ rg . Denote by C" the set of functions from
R™ — G which are called n— dimensional cochains. They form in a natural way a
group. The coboundary operator d™ : C* — C"*1 is defined as

d™ f(ry,...Tas1)

r1f(ra,...Tny1)
n

+ Y (=D (e TiTirty e Tat) +

i=1

+ (=) f(ry, ..., ).

The elements in Z® = ker(d™) are called n— dimensional cocycles and B* =
im(d®~Y) is the set of coboundaries. They are both subgroups of C". It is of
advantage to write the cochains also in a homogeneous way using one variable
more:

F(To, Tiyeens Tn) = rOf(ro_lrl)TI_ITZy veey r;:lrﬂ) -

The function F satisfies the homogeneity condition F(rrg,...rry) = rF(rg,...,Ts)
and the old function can be recovered with the formula

flri,.oorp) = F(L,71, 1172, .., T1T2 ... Tn) .
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In such homogeneous variables, the coboundary operator is
n+l .
d(")F(To, oo ,1‘,,+1) = Z(—l)'F(To, vee ,f,', e ,T,,.H) B

=0

(; means that the variable r; has been taken away). If the coboundary operator is
written in this form we see immediately that

d(n+1)d(n) =0.

This implies that B" is a subgroup of 2" and one can form the cohomology group
N = Z"/B". This is the group cohomology of Eilenberg-McLane [Eil 47].

Examples.
¢ For n = 0 we get

2 = {feg|rf-s),
B =9

and so .
'Ho={g€Q|rg=g,Vr€G}

is the subgroup of G consisting of elements which are left invariant under all r € R.
sForn=1,

2 = {[:R=G|f(nra) = f(r) +rf(r2)},
B' = {(f:R-G|f(r)=rg-g|geG}.

In the case when R is abelian then an element f € Z is also called simply a "cocycle”.
It follows then that

f(r) +rif(r2) = f(r2) + r2f (1) -

In the case when R = 27 has the generators ey, ..., ey, one can define A; = fle)
and the above cocycle condition is equivalent to the zero curvature condition

A+ eA; = A;+ €A; .
o For n = 2, one gets

{f(r1,r2) = rif(ra,v3) + f(r1,72r3) = f(rira,73)} ,
{f(r1,72) = rig(r2) + g(r1) — g(rira) } .

z2
BZ

A special case of the cohomology of Eilenberg McLane is the cohomology of abstract
dynamical systems.
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If the group R acts by automorphisms on a probability space (X,m), we call
(X,R,m) a dynamical system. We are mainly interested in the case R = Z and
write then (X,T,m) with < T >= 7. Let G be a commutative locally compact
topological group and define ¢ = L*(X,G). The group R is acting in a natural
way on G. The action of an element 7 € R on G is A(z) — A(T(z)). The above
group cohomology of (R, G) gives a cohomology of dynamical systems. The inven-
tion of this cohomology is due to Kirillov [Kir 67] who made also the simple remark
that if two dynamical systems (X, Ry, m;) and (X2, Rq,m2) are conjugate, they
have isomorphic cohomology groups.

We are mainly interested in the first cohomology group because of the following
theorem

Theorem 2.1 (Eilenberg-McLane, Feldmann-Moore) If R is free or hyperfi-
nite, then the groups H"(R,G) are trivial for n > 2.

The zeroth cohomology group 'H_° is also not so interesting. If the action of R is
ergodic, then this group is isomorphic to G. The first cohomology group is the
quotient H' = G/C, where

C={A€G|3B€G,3T€R, A=B(T)-B}.

This is the group of interest and we will turn to this group in the next section.

3 The cohomology group H(T,G)

In this section we deal with the first cohomology group in the case ¢ = L*(X,G),
where T' : G — G comes from an abstract dynamical system (X,T,m) and G =
SL(2,R). With non-abelian groups G, this leads only to cohomology classes and
not to cohomology groups. We also want to treat the case, when G is an abelian
subgroup of SL(2,R). Especially G = Z; or G = SO(2,R) are interesting and the
cohomology question for these groups sheds also light on the case SL(2,R).

3.1 Circle-valued cocycles

The case when the group G is SO(2,R) and R = Z =< T > has been investigated
extensively already (see for example [Bag 88]). Especially the case when the dynam-
ical system is an ergodic group translation on the torus has attracted much attention
especially in the context of ergodic skew products which bear the name Anzai prod-
ucts. In this case G = SO(2,R), the elements in G are called circle-valued cocycles.

They have already been studied by von Neumann in 1932 ([Neu 32] p. 641) in
connection with ergodic flows obtained by suspension. The dynamical system is the
irrational rotation £ + z + a on the circle. The problem can be formulated as a
spectral problem for an operator A given as

A6l = (if(@) gig(z+a)
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which is also called a weighted composition operator. Finding an eigenvalue €2 with
eigenfunction g for A is equivalent to have discrete spectrum of A because ge2*it=
is then a complete orthonormal system with eigenvalues e2*(k+9) The existence
of the eigenfunction g to the eigenvalue e is equivalent to the solvability of the
cohomological equation

9(z + a) - g(z) = f(z) — 6(mod 27)
for the 27 periodic L? function g. Taking Fourier series f(z) = TR o fre?™*e this
equation has the formal solution
f k 2rikz
9(z) =) e .
( ) kezl ( 1- 62 ka)

If this Fourier series converges, one has discrete spectrum for A.

It is not known how to determine the cohomology group
H(T,G) = §(T,G)/C(T,G) .

In the case when |X| is finite, and the dynamical system is ergodic, it is easy to
show that H(T, SO(2,R)) = SO(2,R). In general, when X is a finite set, on has also
H(T,G) = G for any group G. In the aperiodic case, the question is open and it
seems that the determination of the group is hopeless.

We know ({Kni 2}) for G = SL(2,R)
Proposition 3.1 If (X, T, m) is aperiodic, the subgroup C is dense in G.

and therefore the cohomology group is not a topological group when taking the
quotient topology from G.

3.2 Cohomology of measurable sets

An interesting case is G = Z,, because the group G is then isomorphic to the group
of measurable subsets of X and the coboundaries are the subsets ¥ which can be
represented as Y = Z(T)AZ. On G we can take the metric d(Y, Z) = m(YAZ).
We showed in [Kni 1):

Theorem 3.2 If (X,T,m) is aperiodic, the subgroup C as well as its complement
are both dense in G with respect to the metric d.

The problem to determine whether a measurable set Y ¢ X is a coboundary is
called the cohomology problem of measurable sets. Open is also how to determine
the first cohomology group H'(T,2,). The cohomology of sets appeared already in
[Kir 67] and from the same reference, the following result can be deduced which
shows that in general H(T,G) # G unlike in the finite case | X| < oo.
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Proposition 3.3 In the case (X,T,m) = (T!,z + z+a,dz), where o is irrational,
the first cohomology group H'(T,12) has at least 3 elements.

Proof. The set X itself is not a coboundary because T? is ergodic. Choose n € N
and decide X into n intervals Yj,...Y, of the same length. Assume one of these
intervals Y; is a coboundary. Then all of them are coboundaries and also

X=UYk
k=1

is a coboundary. This is a contradiction and the assumption that Y was a cobound-
ary is wrong. For n = 2, the sets X, Y, Y, are pairwise not cohomologuous. O

This idea can be generalized. A dynamical system is called reversible if there exists
an involution S such that STS =T,

Proposition 3.4 Given a reversible aperiodic ergodic dynamical system (X,T,m}
with STS = T~! such that T? is ergodic. If there ezists a set Y with m(Y) =1/2
such that YAS(Y) = X then the cardinality of H'(T,2,) is bigger then 2.

Proof. We show that all of the sets Y, S(Y), X are not coboundaries and that they
are pairwise not cohomologuous.
X is not a coboundary because T? is ergodic. The set Y is a coboundary if and only
if S(Y') is a coboundary because

Y = ZAT(Z) = S(Y) = S(Z2)AST(Z) = S(Z)AT'S(Z) .
So, if Y would be a coboundary also X = YAS(Y') would be a coboundary. From
YAS(Y)= X, YAX =Y,S(Y)AX = S(Y)

follows that no pair of them can be cohomologuous. (]
The following remark we owe to J.P Conze:

Remark. 1t follows from a recent result by Derrien [Der 93] that there is an infinite
countable group contained in H!(T,Z,) when working over the dynamical system
(T}, z > z+a,dr). If there exists a partition X = Y;UYaU...UY, of T* where Y; are
intervals with rational length then any of the sets Y = U;¢;Y; is not a coboundary
and two different such sets are not cohomologuous.

3.3 Relation between cohomologies

Let £ = L*(X,7,)) denote the group of Zo-valued cocycles, with
O = L*(X,50(2,R))
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the group of circle-valued cocycles and with
A= L®(X,SL(2,R))

the group of SL(2,R) cocycles. The group £ is the center of the multiplicative group
A and O is the maximal abelian subgroup of .A. We have already prove, that A € £
is not a coboundary in &, then A is neither a coboundary in @ nor a coboundary in
A. This implies that if we find cocycles, which are not coboundaries in £ then we
have found cocycles in A which are not coboundaries in .A. Here is again the result.

Lemma 3.5 (a) A € £ is a coboundary in £ if and only if it is a coboundary in ©.
(b) If A1, Az € O and 3C € A such that A, = C(T)A;C-!, then there ezists C € O
with A= C(T)Azc_l.

(c) A € O is a coboundary in O if and only if it is a coboundary in A.

(d) A € £ is coboundary in £ if and only if it is a coboundary in A.

This has a consequence for the cohomology groups:

Corollary 3.6 H'(T,2;) is a subgroup of H!(T,SO(2,R)), which is a subset of
H(T, SL(2,R)).

4 Halmos homology and cohomology groups in
the cyclic case

We are dealing in this section with a cyclic group dynamical system which means
that there is given an abelian group ¢ with a group automorphism T : G — G.

There is a generalization of the first cohomology group
HYT,G)=G/{B(T)-B| Be g}

leading to a sequence of cohomology and homology groups which we call Halmos
cohomology groups, because Halmos was dealing with such constructions under the
name "generalized eigenvalues” in the case when G = L*(X). Define the discrete
Lie derivative

d:G—G, A—~dA=A(T)- A

and the sequence of groups HY(T,G) = G,
HYT,G) = d*"'G/d"G

called Halmos cohomology groups as well as the sequence of groups Hy = {o}=£cC
g,
H, = d™"E[d~ Vg |
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called Halmos homology groups, where
d'A={BeG| dB=A}.

Like this, there are defined two sequences of groups
Ho, H1, Ha, ...\ HEHLH,

which are invariants of the dynamical system G,T). In the special case when
G = L*,G) we denote the groups H;(G,T) also H;(G,T). If two such dynami-
cal systems (X,Ty,m) and (X, T, m) are conjugate, then Hi(T1,G) = Hi(T>,G)
and H(T}, G) = H'(Tz, G). Also the numbers

uT,G)
v(T,G)

min{n > 1| H, = {0}} e NU {0},
min{n > 1| H" = {0}} e NU {o0},

are invariants of the dynamical system. Halmos [Hal 56] used the number p [Hal 56]
in the case G = L=(X,R). With

d7'E = {A(T) =4},

a2 {A(T)-A=Bed'€} ={ATH) -2A(T) + A=0},

d3 = {A(T)-A=Bed?)={AT* -3A(TY) +3A(T) - A=10},

we get the homology groups

Hy = d)EJE = {A(T)= A},
Hy = d26/d7'E = {A(T?) - 2A(T)+ A=0}/{A(T) - A=10}.

On the other side, we have
dg = {A=B(T)-B},

d&’G {A = B(T?) - 2B(T) + B},
¢ = {A=B(T*-3B(T)~3B(T* + B}

and the cohomology groups
' {A(T) = 4},
H! G/{A=B(T)- B},
H? = {A=B(T)-B}/{A=B(T* -B(T)+ B}.

There is the obvious problem to determine the groups H", H,, and to find out, what
they say all about the dynamical system. Also interesting would be to understand
the dynamics of d : G — G. which is already a nontrivial problem in the case when
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the the group G is finite.
Examples:

¢ If we take for G = L*(X,2,), the algebra of measurable sets and for T an auto-
morphism of the probability space, we define

T:GoG, Y TY),

and the determination of #'(G, T) is the "cohomology problem for measurable sets”.
More generally, with G = L®(X,G) one gets the situation described below with
G = L*(X, G) where G is an abelian group and T is an automorphism of a proba-
bility space.

¢ Take any abelian group G and T: g g~!. For G = Z,, where p is a prime, we
have H'(z,,T) = 7, because half of the residue classes are quadratic residues. For
G =17 we get H" =1, and M, = {0}.

¢ For a finite abelian group G, we calculated experimentally with a Cayley program
that H*(G,T) = H.(G,T) holds. This suggests, that in general, a duality could
hold.

¢ Let G = C“(U) be the additive group of all analytic functions on a domain U C C.
Define d(f) = f' and £ = {0} C G. d~"€ is the group of polynomials having degree
< n and H,(T,G) = R. On the other hand H™(T,G) is the trivial group because
any analytic function is also a derivative.

5 de Rham cohomology for C* dynamical sys-
tems

In the case R = 2", G = L*(X,G), only the first Eilenberg- McLane cohomology
group is interesting. More interesting groups are obtained by mimicking the de
Rham construction.

Let M be any C* algebra with trace tr and R =< Ty,...T, > be a representation
of 7" as automorphisms of M which leave invariant the trace. The triple (M, R, tr)
is called a C* dynamical system with time R = z".

For example, one can take M = L*(X,G), where G = M (N,R) is the algebra of

matrices on RY and take 7},...T, as ergodic commuting measure preserving trans-
formations on the probability space (X, m).

330



The crossed product ¥ = M ® R with multiplication
fr9= - ar=Y iTams= Y (f9k7x,
T 7 J =K

is a graded Banach algebra having the involution
(K*)i(z) = R_(T'x) .

An other algebra is obtained if the multiplication of the 7; is not symmetric but
anti-symmetric. Denote by ) the algebra generated by 7,77, i = 1,...,d which
satisfies

{7'-"17-;}:0’

T‘-/\Tj=6,'j.

{T'"TJ'}
AT

A basis in € is given by the elements
Ta A AT, TRALL AT 1S p<n

Y

with 4; < i3 < ... < i;. The algebra has dimension n(n—1) — 1. The tensor product
A = M ® 9 the space of difference forms or the skew-crossed product of the algebra
M with the dynamical system R. It is a graded algebra

—ad
A=0p_iA
with exterior multiplication

fAg=SfimY frs=Y figs(Tm Aty .
T 7 I

If f is a p-form and g is a g-form, then fg is a p + ¢ form. The space of 0— forms
Ao can be identified with M. The algebra A has an involution

EI: frnm— XI: T

and a trace

tr(Q frm) = tr(fo)
1
giving the scalar product

<fig>=t(fAg)=t(} frar) .
I

Define the 1-form 7 = T%; 7; and

d:Ay— Aoy, F=Y frmrmdf =Y [, filmr
1 1
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The operator d is called a coboundary operator. The adjoint of 7 is the —1 form
7" = ¥4, 77. Dual to d is the operator d* defined by

Y g =[rglm.
1
Examples. For f € A? we get the gradient

df = Xp:(f(Ta) - ri.

i=1

For a 1-form f =T, fir;, we get the rotation
& = S(HT) - fr A
ij
AT = £) = (F(T) ~ fi)ms -

i<j

For a (d — 1)-form f = X frm, with 7, = Am AL A AL A7y, one obtains
the divergence

d
df =Y (fu(T) = fr)ma,.a -

i=1

Lemma 5.1

&f = (d"Pf =0
Proof. Given f = ¥ f;7;, we calculate

&f = Y (f(TT) - fT5) = fT)) + f)mAm Ay .

Lij

Interchanging a specific pair ¢, j on the right hand side changes the sign but not the
value of the sum. This implies d?f = 0. Analogous we get (d*)2f =0. (]

It follows that the image of di = d on AF is contained in the kernel of diyy on AFHL
When M is abelian this allows the definition of the de Rham cohomology groups

H*(M,T) = Ker(dy41)/Im(dy) .

In the non-abelian case, H*(M, T) is only a set, which we call the Moduli space of
k-forms.

Proposition 5.2 Let (M, R, tr) be a C* dynamical system with time 7*. For each
(p— 1)~ form f and each p— form g one has

<df,g>=<f,d*g> .
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Proof. By linearity, it is enough to show it for f = f;7; and ¢ = gi/7is
< df,g >=t((fr(T}) = f1)gip) = u(fu(gi(TT') — giy)) =< f,d'g > .

O
This can be seen as a version of theorem of Green-Stokes-Gauss. We will illustrate
later with examples how the classical theorem of Green-Stokes-Gauss can be ob-
tained as a limit of the above proposition.

Hodge theory
There exists the involution called Hodge-* operator

*:Ap""An—pv f=ZfITIHf;TI' )
1

with (77)* = 77, where J = I* is the unique complementary index satisfying IA J =
71 A ... A 74. This gives a natural isomorphism between A, and A,_,. The operator
* satisfies #+ = Id.

It is natural to ask if a Hodge-theory analogous to the classical case exists. One can
define the Laplace-Beltrami operator

L=dd +d'd

which acts on A and leaves each space A, of p-forms invariant. The Laplace-Beltrami
operator is essentially the usual discrete Laplace operator:

Lemma 5.3
LY firr = =20 (f1(T3) = 2f1 + f(TT )7 .
1 ]

Proof. We calculate

cdfn = LT = ST = ST + fo)ri
iJ
ddfrn = LTI = AT = fu(@) + foymry
67
Because for i # j we have 7;7; = —77], we get

(d*d +dd") fyry = =23 (fi(T) = 21 + f(T) ™)
The claim follows by linearity. m]

Remark: The coboundary operator d can also be defined by taking a one form
T=3 am
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satisfying the zero curvature equation
[a;n,a,-rj] =0.

In the same way one has then d® = 0. The Laplace-Beltrami operator satisfies under
the condition [a;7;, (a;7;)*] = 0

(d‘d+ dd‘)f]T] = - ZZa,fI(T,)a,‘ - b,'f] - f[b.' + 2&:(7}—1)‘&(1}_1)0,71 y

where b; = a}(T;7")a;(T7!) + a;a}. Define on A the operator
D=d+d
and the operator P which satisfies
P=(-1y
on A,. With d® = (d*)2 = 0 one checks the simplest version of super-symmetry
D*=L,P?=1,{D,P}=0.

The kernel of L = L, acting on Ay is called the space of random harmonic k-forms
Ezamples

ed=1.

(i) Let f be a 0-form and g = gr be a 1-form. With

df =(f(T) - fir, d'(gr) = g(T™") ~ g
we get

<df,g>

tr(dfg”) = tr((£(T) - f)rr*g")
t(f(g(T™) - 9)") = ti(f(d"g)") =< f,d"g> .

In the case M = L*(X) with tr(f) = [y f dm, this can be read as a discrete partial
integration.

ed=2
(i) Given a 0-form f and a 1-form g = g7y + g27» we calculate

d = () -Hn+{fD) - fir,
&g = [Maln+lgn=al7)-g+eT) -0
and get
<df,g> = te(f(Th) - fg; + (f(T2) - fg3),
<fHidg> = to(f(gi(T7") - g} + (T5) - 63)) .
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Comparison of the right-hand sides gives < df, g >=< f,d*g >.

(ii) Take a 1-form f = fi7; + fom and a 2-form g = g2 71 A 7. With

d = (LM)-L)-(H(TR)-finAn,
d'g = (912(T7") — gr2)m2 — (912(T51) = 27
we get
<df,g> = tr{(fo(Th) = fo — i(T2) + fi)g12 dm(z) ,
<f,dg> = tr(—fl(g;z(Tz—l) - gr2) + f2(gf2(T1_l) —g12)) -

Again both right hand sides coincide.

The classical de Rham theory as a limit

We will see in examples that in some sense the classical Gauss-Green-Stokes theorem
can be obtained in the limit. For this we take on the d dimensional torus T¢ the
measurable Z¢ action defined by the group translations

Ti(z)e =z + €& 3,

where e; forms the standard basis in R®. The unitary operators U; : h — h(T;) give
then the Z¢ action on M = L®(X) with the trace tr(h) = [y h dm.

ed=1.

Let I be an interval [a,b] C T with a # band g = 1; € L®(X). Let f: T! — R be
differentiable. We get

%<#g>= Zﬂit%l&ﬂm

W sy e [ @) do).

1 .
;<Ldg>
and for € — 0, we get
1 ’
e<df,g> — /lf(x)dx
1
S<fdg> > fO)- fla).

This shows that the usual Hauptsatz of calculus is obtained in the limit when the
translation parameter ¢ approaches 0 and some regularity for f and g is assumed.

ed=2
We take the dynamical system

(X =7 Ti(z,y) = (z +€y), Ta(z,y) = (z,y +¢) .
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(i) Given a smooth 0-form f. Given a smooth curve 7 : [0,1} — T2 with velocity
vector ¥, we define the smooth 1-form

g="nlrn + %lrr,

where

F={1t)+s- (=42 %) | (t,s) €[0,1] x [-¢,¢] C T2
is a thick curve of thickness e. We calculated
tr(f(T1) - fg; + (f(T2) - f)g3),
t(flei(TT") - g1 + 63(T5") - g3)) -

For ¢ — 0, % < df,g > is approaching the line integral [, Vfdsand % < f,d*g>is
approaching f(v(1)) — f(+(0)).

<df,g>
< f,dg>

(ii) Given a smooth 1-form f = f; 7+ fom defined by 2 smooth functions fi: T2 SR
Take a region G C T2 with a smooth boundary and define the 2-form g=1lgnAmn.
We calculated

<df,g> = t((fo(T)) - fo = fi(T2) + f1)g}, dm(z)
<fidg> = t(-filgh(T3") - g1 + fol90a(T7") — g1) -
For e — 0,
<df,g >— /Grot(f) dm
and

<f,d'g>—»/66fds

so that the Theorem of Green is obtained in the limit.

6 de Rham cohomology for group dynamical sys-
tems

We do a related construction of de Rham cohomology with less structure by replac-
ing the algebra dynamical system by a group dynamical system.

The idea is to define with a dynamical system a geometry on a group. A geometry
is in the non discrete case defined by differential operators on a smooth structure.
For example a connection {covariant derivative) on a Riemannian manifold defines
the geometry. Here, the geometry is given by d commuting automorphisms on the
group G.

The application we have in mind is the group G = L*(X, G), where G is an abelian
group and T; come from automorphisms of the probability space (X, m)

Ti:A— A(TY).
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We are trying to do a de Rham cohomology on a group instead on an algebra by
taking the cohomology for algebras and to identify the additive and multiplicative
structures of the algebra.

Given a group dynamical system (R, G), where R = ¢ is generated by d automor-
phism T,...Ty. For 1 £ k < d, the group A; of k — forms

f=Y fim

1=k

isa ( Z ) tuple of group elements in G. Addition of two k — forms is defined as

SN+ am =Y fram
1 7 1
and the inverse is defined as
)y =Y ().
1 T

Given two index sets I, J of the same length. If an odd permutation of indices in J
gives J, we require that

fr=()"
holds. We define a multiplication Ag X Ay, = Aiim

S Y gmi =Y fig)(Thrms
T 7 I

With special 1-form is 7 = ¥; 7; we define an exterior derivative by

f=X_fim—df =3 f(T)fi'mmr .
7 Ii

In the case when the group G is abelian one gets
&=0

in the sense that
dA=1

for every k-form A. This implies that the image of d = di on A is contained in the
kernel of dr4) on Agsy. This leads to the cohomology groups

HMG,T) = Ker(dy1)/Im(dy)

which are invariants of the group dynamical system (R, G).
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If G is abelian, the space H!(R,G) is the moduli space of zero curvature fields over
the group dynamical system (R, G). This moduli space labels the equivalence classes
of zero curvature Gauge fields modulo the Gauge fields which are gradients.
Examples: Take d = 3.

(1) A 0 form f is just an element in G. The exterior derivative defines the gradient

df = f(T)f'n+ f(D)f '+ f(T)f s

The zeroth cohomology group H° consists of the space of group elements which are
invariant under all T;:

H'={fe€G|f(T) = f}

(it) The exterior derivative of a 1-form f is the "rotation”

daf d(fin + fora + f373)

= AW An+ AN A
AT A+ (T A
B AT+ A@) i An
LT fafs(T) s Amy
+HAD) T (M) ' AR
+HT)HAAT) AT

For an abelian group G, this exterior derivative is equivalent to the curvature

Ylfim fimilm A

h + +

of the one-form A.

The first cohomology group H! is the moduli space of zero curvature fields:
H = (@) = [T ) _
fi=go(Ti)g™!
(iii) The exterior derivative of a 2 form is
df = dfsnAn+ famsAn+ funAn)
= fa(M)fa @) ' fa@)fEn An Az,

The second cohomology group H? consists of all the 2-forms (fo3, fa1, f12) which
have "zero divergence”

fa(T) fog Fr (Do) fi fro(Ta) fit = 1

modulo the space of 2-forms which arise as curvature of a 1-form (fi, f2, f3)

fis = BTG 5T)7
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7 Questions

We add some questions.

¢ A main problem is the concrete determination of the defined groups in special
examples.

o Does a duality for the Halmos cohomology and homology groups hold? Is H*(G,T)
isomorphic to H.(G,T)?

¢ Does the classical Hodge theory have an analogue for the situation here? Espe-
cially: is ker(L;) = H*? Is there a Poincare duality

HI = H

for the de Rham cohomology groups?
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Abstract

We study hyperbolic properties of bounded SL(2,R) cocycles over a dynami-
cal system.

Nonuniform hyperbolic cocycles have by definition Lyapunov exponents which
are different almost everywhere. We reprove a theorem of Wojtkowski which
states that sufficient for positive Lyapunov exponents is the existence of an
invariant cone bundle. We make the remark that the condition in the theorem
is also necessary.

A cocycle is uniformly hyperbolic if a strict invariant cone bundle exists. We
reprove a theorem of Ruelle which states, that in this situation, the Lyapunov
exponents depend real analytically on the cocycle.

We investigate the relation between the rotation number of Ruelle for mea-
surable matrix cocycles and the hyperbolic behavior of the cocycle. We show
that a cocycle is uniformly hyperbolic if and only if the rotation number is
locally constant along a so called Herman circle 8 ~ AR(B) which is obtained
by multiplying A with a constant rotation R(8) with angle 3.

In the end we study spectra for SL(2, C) matrix cocycles and prove that the
spectrum of a cocycle acting on L?(X, C2) is the same then the Sacker-Sell
spectrum, which is the set of complex numbers such that z- A has exponential
dichotomy.

1 Introduction

Many numerical experiments support the believe that unstable behavior in conser-
vative dynamical systems on a two dimensional manifold is typical. Anosov systems
are prototypes of systems showing erratic, chaotic motion. It is just this extreme
form of hyperbolicity which makes them tractable and the disorder in the system
brings simplicity in the mathematical description.

A weaker form of hyperbolicity is present if there is a splitting of the seperatrices
which is no longer uniform. This is the case when the Lyapunov exponents are
different almost everywhere. Pesin theory shows that there are present still strong
stochastic properties in this case. The mathematics of nonuniform hyperbolic dy-
namical systems seems to be much more difficult than the uniform hyperbolic sys-
tems.

What distinguishes uniform and non-uniform hyperbolic dynamical systems? How
large are both classes in the space of all dynamical systems and how looks the bound-
ary, where a transition between uniform and non-uniformity happens? Not much
seems to be known about these questions. We just mention an unpublished result
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of Mané [Man 83], [Man 83a] which states that a C! generic diffeomorphism on a
compact connected manifold is either Anosov or has zero metric entropy.

In this chapter, we want to investigate the question of uniform and non-uniform
hyperbolicity from a slightly different point of view: we fix a dynamical system and
look at the set A of all bounded measurable SL(2,R) cocycles over this dynami-
cal system. In reality, the cocycles are coupled with the dynamical system but we
think that understanding of general uniform and non-uniform cocycles over a fized
dynamical system could also help to understand some differences between uniform
and non-uniform dynamical systems.

There is a subset P of the manifold A of measurable SL(2,R) cocycles, where the
Lyapunov exponents are positive almost everywhere. We have shown [Kni 2] that P
is dense in the L*™ topology and that P \ intP is not empty if the dynamical system
is aperiodic [Kni 1]. P contains an open subset S, where the cocycles show uniform
hyperbolic behavior. Ruelle’s theorem (we will give in this chapter again a proof)
tells, that Lyapunov exponents depend real-analytically on S. Together with our
discontinuity result, we know that for aperiodic dynamical systems P \ § is never
empty.

This chapter can be viewed as an appendix to our above mentioned works [Kni 1]
and [Kni 2] and is organized as follows: we formulate and reprove a theorem of
Wojtkowski which is a criterion for showing positive Lyapunov exponents almost
everywhere. It is the only criterion, which works over general dynamical systems. It
says, that a measurable invariant cone bundle, which is strict invariant on a sweep-
out-set of positive measure implies positive Lyapunov exponents almost everywhere.
‘We prove a remark which says that this criterion is also necessary.

Next, we formulate some equivalent definitions for uniform hyperbolic cocycles. Such
cocycles have been investigated by Ruelle [Rue 79], who showed that in this open set
S, the Lyapunov exponents are depending real analytically on the cocycle. Ruelle
gave also explicit formulas for the Fréchet derivative. We reprove this and illustrate
his formula by calculating the derivative of the Lyapunov exponent on a special
curve. This result illustrates that the derivative can get big in modulus, if the sta-
ble and unstable co-invariant direction fields get close.

Ruelle also defined a rotation number for measurable SL(2,R) cocycles [Rue 85].
This rotation number is not unique. It is defined for cocycles with values in the
universal covering of SL(2,R) and the rotation number depends on the chosen lift.
In certain cases, one can define a rotation number which is unique modulo 2x. One
of these cases is treated by Herman [Her 83}, who defined a rotation number for
continuous cocycles homotopic to the identity.
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The Lyapunov exponent and the rotation number can be joined together to a com-
plex function w = ~X + ip defined on the space L=(X, SL(2,R)) of cocycles taking
values in the universal covering group of SL(2,R). In the theory of discrete Jacobi
operators, (where no universal covering is necessary because of the special form of
the cocycles), the number w is the Floguet ezponent and a result in [Dei 83] shows
that there is then a link between the Lyapunov exponent and the rotation number.
We believe that this should be the case also in the more general set-up of general co-
cycles but have no results in this direction. Instead we will prove a relation between
the Lyapunov exponent and the rotation number which says that local constance of
the rotation number along a circle § — AR(S) (where R(3) is a rotation about an
angle 3), is equivalent with 4 € S.

There are different types of spectra which can be defined for matrix cocycles. First
of all, a cocycle A7 is an element of a C* algebra which is the crossed product of
L*(X,M(2,c)) with the dynamical system. It can also be viewed as an operator
acting on L*(X,C?) acting as u - Au(T"1) generalizing the Koopman operator in
ergodic theory. For almost all £ € X, Ar" defines an operator on I2(C2) defined by
(Au), = A(T"z)u,_, leading to another spectrum which we call individual spec-
trum. An other spectrum is the Sacker-Sell spectrum which is defined to be the set
of complex numbers z such that z - A has exponential dichotomy on L*(X,c2). In
the end of the chapter we will have a look at such spectra.

2 Invariant cone bundles and nonuniform hyper-
bolicity

A dynamical system (X, T, m) is an automorphism T of a probability space (X, m).
We define the Banach manifold A = L®(X,SL(2,R)) in the real Banach algebra
X = L*(X,M(2,R)). The elements in X are called matriz cocycles. We use the
notation A(T) for the cocycle z — A(T(z)) and write A® = A(T""1)-.. A. For an
element A € X the Lyapunov ezponent is defined as

NA,z) = lim n™ log | 4"(z)]|

and the integrated Lyapunov exponent A(4) = [y A(4,z) dm(x). We define the set
P C A as the set of SL(2,R)-matrix cocycles, where A(4, z) is positive for almost
alz e X.
A cone is a closed proper subset in R?, such that for a,b € C, also a + b € C and if
a€CandteRt, thent-a € C. A cone C is determined by two vectors ¢ M, 2
namely

C={veR?|3t,theRt, v=t;c D +4,c?}.
A measurable cone bundle C is a map z - C(z) U(-C(z)), where C(z) is a cone
and where the two mappings

cWe®: X R?
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determining the cone bundles are measurable.
We identify the one dimensional projective space P! with R/(#Z) and identify an
element in P! with an angle in [0, 7). Define the mapping

RP\{0} - P, v T€[0,m),

where T is the angle v makes with the first basis vector e ) = (1,0) in R? taken
modulo 7. We define on P! the metric

lu)—u @) =|sin(u® -u @),

The cone bundle C given by the mappings ¢ () and ¢ @ can also be described by
two measurable mappings
ACRACED G o
and we write
C = [5 (1),'0' (2)] i

The notation Ac means Ac. If we assume to have given an orientation on P! it
makes sense to speak of intervals in P! and the cone C(z) is just represented by the
interval [¢ )(z),2 @(z)] in P

We say a cocycle A € A admits an invariant cone bundle if there exists a cone
bundle {¢ ),z @] such that for almost all z € X, there exists ¢ = ¢(z) > 0 with

[A(z)e D(z), Az)e D(2)] € ¢ V(T(2)) + e(x),2 (T (2)) - ()] -

We have not changed the notation when A(x) acts on P! instead on R2.
We say, that A admits a strict invariant cone bundle if there exists € > 0 independent
of x such that for almost all 2 € X

[Az)e V(z), Alz)e P(z)] € [e (T(2)) + €, D(T()) - .

The following theorem of Wojtkowski states that invariant cone bundles give positive
Lyapunov exponents.

Theorem 2.1 (Wojtkowski) If A admits an inveriant cone bundle [¢ W, @)

then
VE+1
VE-1

_ [ O(T) - 4z W] |4e @ — 5 OYT)]
~ e @(T) - OX(T)|- 1A @ - Ac O]~

We took the formulation in [Woj 86]. In another form, the theorem has been proved
in [Woj 85]. Because we have changed the language a little {(we have a measurable
cocycle, where Wojtkowski has a piecewise continuous cocycle being the Jacobean of
a piecewise C*! mapping on a two dimensional manifold) and used another notation,

dm >0

A)> 1 1
A )"/x og
with
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we will give again a proof.

We need preliminary lemmas for the proof. The first lemma is an Abramov type
result (formulated by Wojtkowski) which relates the Lyapunov exponent of A with
the Lyapunov exponent of the derived cocycle Az.

Lemma 2.2 If (X,T,m) is ergodic and Z C X has positive measure, then
MAz) -m(Z) = A(4).

For a proof see [Kni 1].

Define the function F : R2 — ¢ by
v=(vy,v2) = F(v) = (v - vg)"/2.
For a matrix
A€ SL2,R)* = {A € SL(2,R) | [A];; > 0}
define
p(A) = F(x'l})t;l F(Av) .
The function p as a kind of norm in SL(2,R).
Lemma 2.3 (Wojtkowski) For A, B € SL+(2,R),
a)  |IAll 2 p(4)
b AAB) > p(A)-o(B).,
b
<) P(( z d )) = (ad)'? + (be)'/? .
d) A2 By, i,j=1,2= p(A) > p(B)

Proof.
a) Take v = (1,1). Then [|A]} 2 il > £ > p(4),
b)
p(AB) = F(lllJ])ilF(ABv)
F(ABv)
F(Bo)=1 F(Bv) F(‘?)f=1F(Bv)
= p(A)-p(B).

c) Direct computation: take the vector v = (r,r™!). Then F(v) =1 and

F(Bv) = (ar + br™)Y¥(cr + dr )12,
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The infimum is attained for r* = (bd)/(ac) which gives the result.
d) Follows from c). m]

Corollary 2.4 For A € L*(X,SL(2,R)*) one has

A4) > /x log(p(4)) dm .

Proof. Using lemma 2.3 b), one has

AA) = Jimn [ loglla"l dm > Jim n" [ tog([] A(T*) dm
k=0
n-1
= Jimn™ [ 3 log(e(AT) dm = | log(p(4)) dm .

k=0
a

Proof of the theorem of Wojtkowski. We can assume without loss of generality that
the dynamical system is ergodic because the general result is obtained by integrating
over the Choquet simplex of ergodic invariant measures.

Assume A € A admits the invariant cone bundle C = [c () +2®)]. We find a
sequence of measurable sets ¥} with m(Y;) — 1 such that the derived cocycles
A; := Ay, over the induced dynamical systems (Y, T}, m;) have a strict invariant
cone bundle C; which is just the restriction of C onto the set ;. (Note however that
this does not imply that A; is uniformly hyperbolic because A, is not bounded in
general.) From Lemma 2.2 we obtain for n — 0o A(4;) — A(A). We get

AT -Ac Y| |[4c @ -¢ (”(T)I

|c &(T) -¢ (T)]-|4c @ - Ae O]

sin(c¢ A(T) — Az M) . sin(Ac @ — & O(T))

sin(T O(T) — g A(T)) - sin(Ac @ — Az D)

{cotT (T) ~ cot AT D) - (cot A ® — cotz V(T))
(cotT B(T) — cot ¢ M(T)) - (cot AT @ — cot Az 1)
= [cot Az W, cot AT @, cot T W(T),cot D(T)],

£ =

where [u1, p1a, 3, 4] is the cross-ratio which is independent of the coordinate system.
Take in the fiber over z the new basis ¢ ((z), ¢ @(z) and assume that foreach ! € N
the coordinate transformation from the standard basis to the new basis is given by
the bounded measurable mapping

D,:Y,— SL(2,R).
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In the new coordinates, the cocycle
B = Dl(Tl)AlDl_l

is a cocycle with values in SL*(2,R) and one has \(4;) = A(B;). The cocycle
By € L=(X, SL(2,R)*) maps the cone bundle

Dy(Cy) = {v = (v1,v3) | g > 0}
inside the cone bundle D;(A(C))). Denote by

= [ =) bz)
E](-T) = ( C(I) d(l‘) ) € SL+(2,R) .

a cocycle which maps the cone bundle C; exactly on Dj(A(C))). Because such
a cocycle E; satisfies [Bj];; > [Ei};j, we have with lemma 2.3 d) p(B)) > o(E)).
Because the cross-ratio is invariant under coordinate transformations, we can write
&(z) as

c(z) d(z)

é(z) £ [0, 00, m9 b(_:c)_]

_ Az)d(z)

= o)) >

We check

_ VE+
m+‘/1’_c_\/§'—_1

and get with lemma 2.3 d) and corollary 2.4
NB) 2 [ log(p(By) dmy
| 1og(o(£1)) dm

Y

/y log((ad)"/2 + (be)!/2) dm,

VE+1
/Y'log—\/-—g—_—_ldm1>0.

The claim of the theorem follows after taking the limit I — oo.

VE+

A(Ar)

Il AV |

A(A)Z/xlog idm>0.

3 The converse of Wojtkowsky’s theorem

The theorem of Wojtkowski can be reversed. The idea for this remark is a slight
modification of the concept of the Lyapunov metric. We refer to [You 86), where we
take the essence for the following result:
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Theorem 3.1 If A € P then A admits an invariant cone-bundle.

Proof. Fix A € P and call A := A(A) and for i = 1,2 denote with W(‘)(x)b the two

measurable co-invariant direction fields. Let w()(z) be a unit vector in W®(z) and

denote with e (1) and e @ the usual basis in R?.

We show first that there exists a measurable map B : X — GL(2,R) such that
B(T)AB™! = Diag(u,v)

with g > €2 and v < e™2,

Define for z € X the matrix B(z) through

B)e ® = (3|4~ (a) O(z) | )0 D)
n=0

(3 14%@)w O(z) | eV2) 1w O(z)

n=0

B(z)e @

We show now that

|B(T(2))™" A(z)B(z)e V| > e¥/2.
If we define for k € N the number

si(z) = |JA™Y (T z)w D(Tkz)|e?
we can write

o0
B(z)e 1y o (z S_15_p... s_")—lw (l)(.’B)
n=0
and

|B(T(2))"' A(z)B(z)e )|

o0
Alzyw Dz Toz108-1. -(n—l)
|A(z)w P(z)| - Z,._os_ls-z —

“S_(n-
(e D(z)] - sy - Lo S
n=0505-1...8_p

lA(z)w O(2)] - 50
[A@@)w D(z)] - |47 (2)w D(z)|eM? 2 2.

In the same way one checks, that
|B(T(z))" A(z)B(z)e @ | <2,
To construct an invariant cone bundle for the cocycle A, one just takes an invariant

cone bundle C(x) for the diagonal cocycle B(T)~!AB. The image B(C) is then an
invariant cone bundle for A. O

Remark. Unlike in the case of uniform hyperbolicity to which we will turn in the
next section, the diagonalisation in the above proof is in general not possible in a
bounded way.
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4 Uniform hyperbolicity

We consider now the open set
S={A€ A|3C € A3e>0, [C(TVAC]; > ¢} .

Ruelle ([Rue 79]) defined S as the set of cocycles leaving strictly invariant a cone
bundle. We will prove the equivalence of these two definitions and also reprove the
result of Ruelle which says that the Lyapunov exponent ) : § — R is real analytic.
We consider a simpler case than Ruelle because we deal only with 2 x 2 matrices.

The next lemma of Wojtkowski [Woj 85] gives an estimate of the Lyapunov exponent
in the uniform hyperbolic case.
Lemma 4.1 (Wojtkowski) If A € SL(2,R)*, [A];; > ¢ then
p(A) 2 (1+26)/?
and so o
AA) > 5 log(1+ 2¢%)

Proof. If A = ( (cl Z ) and w = (w;, ws) with F(w) = (wyws)/2 =1 then

F(Aw) (aw; + bwy)*(cw; + dw,)*/?
(a

> (ad —be+ 2bc)*/? > (1 + 2642,
0

Lemma 4.2 If A € A has a strict invariant cone bundle then also B = D(T)AD™!
has a strict inveriant cone bundle for every D € A.

Proof. A strict invariant cone bundle C = [¢ ),z @] satisfies
AC)=[At M, At @) CeM 4+ 6c@ - ¢
and the cocycle B = D(T)AD™" has the strict invariant cone bundle D(C). (m]

Lemma 4.3 Given two measurable mappings
303D x e
such that for some € > 0 and almost all z € X
@ 2)-T9) | 2,
then there erists B € A such that fori=1,2
B(2)d"(z) =#(z) .
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Proof. Let d¥(z) be unit vectors in the equivalence classes 3(")(3:). Define the
cocycle E by _ )
E(z)e)(z) = d)(z) .

The cocycle B(z) = E(x)/det( E(z)) satisfies
B(T)*ABe® =29 ,
Because for almost all z € X
@ V() -3 D)l 2 ¢

we have
det(E(z)) > Const - €

and B is bounded. o

Lemma 4.4 Given A,B € A with C(T)AC™! = B. There ezists T' > 1 such that
forallneN
- ||B" (@)l < |A™@) < T-{iB"(2)|] -

Proof. We have C(T")A*C~! = B". The claim follows with
r=lclil- lieil-

Proposition 4.5 The following statements are equivalent:

a) A€S.

b) The cocycle A admits a strict invariant cone bundle.

c) If w € WO then there exist T > 0,a < 1 such that for almost all z € X and
allneN

|4~ (z)w O(z)|
14" (z)w ()|

Te™jw W(z)],
Lo w A(z)| .

IAN A

d) 3C € A such that C(T)AC™! = Diag(7,7™}) and 7(z) < o/? < 1.

Proof.
b) = a): Assume A admits the strict invariant cone bundle C = [¢ 1,z @] with

[, AP c[c D +6,c@ —¢).
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By Lemma 4.3, there exists E € A with E¢\¥) = &, where e? is the standard basis.
The cocycle B = E(T)AE™! has the strict invariant cone bundle

D=[d"42),d P ) =[0,7/2],
because E maps the cone bundle C into D and A(C) into
A(D) = [4d "(z), A2 (2)) c @ V(@) + 81| BN, T D(z) - SIIEY -

We have therefore
(Bli; 2 tan(8|[[EIII")I1IBII™

which shows that 4 € S.
a) = b): Assume A € S. There 3F € A and € > 0 with [F(T)AF-1];; > e. Because
B = F(T)AF~! admits the strict invariant cone bundle
C(z) = [ Vz),2 @(2)] = [0,7/2]

satisfying

[Be D(z), Be P(z)] C [arctan(ell[B]|| ™), /2 - arctan(|||Bl| )] ,
the cocycle A admits the strict invariant cone bundle F~'C(z) (Lemma 4.2).
a),b) = c): Assume A € S. There 3F € A and e > 0 with [F(T)AF-Y;; > e.
From Lemma 4.1, we have p(B) > (1 + 26%)"/2 =: § and so ||[B"|| > p(B)" > 5*
and therefore A(A) > log(f) > 0. According to Oseledec’s theorem, there exists a
splitting R? = W @ W @ which is co-invariant AW®(z) = W(Tz). We assume

that w ((z) € C(z) which means that @ ()(z) is the expanding direction.
Because A has a strict invariant cone bundle, there exists § > 0 such that

% V(=) - Oa)| 2 6.

From Lemma 4.3 we get E € A such that

E(T)"'BE = D = Diag(v,7™!).
We have

D™ (@)l = v"(z) = M A(T'z) .
From Lemma 4.4 follows that there exists I'; > 0 such that

7'(z) = ||D™(z)|| 2 T||B*(2)|| > T16" .
There exists I'y > 0 such that
|47 (z)w D(2)| < TolD™(2)e D(z)| = Ty ™(z) < Ty -T2f™,
|4*@)w P(z)| < To|D™(z)e P(z)] = Tao(y")(z))™ < Tp-T16™.
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The claim follows now with ' =T'; - Ty and a = 37! .

¢) = d): Let w()(z) be a unit vector in W(z). Define for £ € X the matrix B(z)
through

oo

Bx)e® = (Y ]A(z)w D(2)ja~"2) v O)(z)
n=0
B@e® = (¥ |4 @@)]a~") 1w @(s).

n=0
Because we have |A~"(z)w M(z)| £ a"T and |4"(z)w P(z)| < o"T', both sums
Y 1A @)w D(a)la™?), 3 |AY(2)w P(z)|e/?)
n=0 n=0
converge to positive limits. The cocycle C(z) = B(z)/det(B(z)) can be diagonalised
D(z) = C(T(2))"' A(z)C(z) = D(7(2),7"(2)) = Diag(y,7™")
and we calculate like in the converse of Wojtkowsky’s theorem
I\(@)| = [D(z)e V| = |B(T(x))™' A(z) B(z)e V| < /2.

d) = a): Assume C(T)AC™! = Diag(y,7™!) is diagonal with v(z) > a'/2. Define
€:= (& —a~)/2 > 0. With the rotation R about the angle ~7/4 one gets

R(T(x)) o Diag(v(x),y™(2)) o R™\(z)
( (1) = (@) ™)/2 (v(z) +v(x)")/2 )
(@) + =) ™)/2 (v(z) - 2(=)7)/2

and A € S. o

5 Analyticity of the Lyapunov exponent

The space
U = L>(X,p)

is a real-analytic Banach manifold. We will write in this paragraph for @(z) € P
simply u(x). Given u € U lying in a cone bundle C = [c M, ¢ )], We can look at
the cone bundle C As a neighborhood of v in I. The mapping

C - L=(X),v— (v—u)

maps C into a neighborhood of 0 in the Banach space L*(X). A collection of cone
bundles C together with such mappings gives an atlas of the Banach manifold U.
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We can redefine a cone bundle to be a nonempty convex simply connected closed
set in the manifold I.

Also the group A = L*(X,SL(2,R)) is a real analytic Banach manifold in the
Banach algebra L>(X, M(2,R)) and A is acting on I in a natural way: define

Y:iAXU S U, (A u) = Au(z) = AT 'z)u(T"z) .

We can say that a cone bundle C is strictly invariant if A maps C into its inte-
rior. Oseledec’s theorem can be restated in saying that for 4 € P the mapping
#4(*) = ¥(A,-) has exactly two fixed points w V(A),w P(A). A part of Proposi-
tion 4.5 can be reformulated in saying that that A € S if and only if there exists a
nonempty convex simply connected set C C U which is mapped into its interior by

da.

A differentiable mapping ¢ on a Banach space is called hyperbolic if the derivative
d¢ is a linear hyperbolic operator. A fixed-point P of ¢ is called hyperbolic, if do(P)
is hyperbolic. A fixed point is called stable if it is hyperbolic and if the spectrum
is inside the unit disc. It is called unstable, if it is hyperbolic and if the spectrum is
not intersecting the unit disc.

Lemma 5.1 For A€ S, the two fized points w D, w @ of ¢, : U — U are hyper-
bolic fired points. One is stable, the other is unstable.

Proof. If F(T)AF~! = B, then the mappings ¢, and ¢p are conjugated. To see
this we write ¢4 = A7*, where

U Uue w(T)
and Au(z) = A(z)u(z). This gives g = F, F ", because
¢p = ET' = F¢AF1 = HT‘TI .

From this fact follows that dgp(w¥) = dFdp4dF-1(Fw®) and d¢,,dép have the
same spectrum.

We apply this now to A € § which is cohomologous to a diagonal D = Diag(y~!, %)
with ¥(x) < @ < 1. We can calculate the derivatives dgp : L®(X) — L*(X) at the
two fixed points w (V' =0 and w @ = 7/2 as

dép(0)f(z) = (=)’ f(T7'z),
do(r/2)f(z) = +(z)?f(Tz),

because the diagonal cocycle D is acting on V as u — arctan(+? - tan(x)) which has
around u = 0 the linearisation v — 4% - u. From the fact that v(z) < @ < 1 and
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471 > a~! > 1 follows that the spectrum of d¢p(w/2) is located outside the disc
with radius «~2 and the spectrum of d¢p(0) is located inside the disc with radius
o’ O

The above lemma can be reversed. The existence of two hyperbolic fixed points for
¢4 implies also that A € S. We prove this later.

Proposition 5.2 Given A € S there ezists a neighborhood N of A and neighbor-
hoods V® of w(A) in U such that the mappings w® : N — V) are real analytic.

Proof. Given A € S and assume that A has the cone bundle C strict invariant.
Take a neighborhood A of A such that a cocycle B in A has also the cone bundle
C strictly invariant. The set V = int(C) is an open neighborhood of w (}(4). We
have a mapping w : N' — V which assigns to a cocycle B € N the fixed point of ¢p
in V: ¢a(w(A)) = w(A). The mapping

YN XV -V (4 u) - dau

is real analytic. Because the spectrum of ¢4 doesn’t intersect the unit circle, the
linear mapping

dpq~1d: L®(X) - L=(X)
is invertible. By the implicit function theorem, there exists a real analytic mapping
w: N = V such that ¢4w(A) = w(A). This implies that the fixed point w ) € V
depends real analytically from A. The same can be shown for the other fixed point
where one has to take the cone bundle Z{ — C which is strictly invariant for A™1. O

We give now the proof of Ruelle for the following theorem
Theorem 5.3 (Ruelle) The mapping A : S — R is real analytic.

Proof. Given A € S which has the fixed points w'” in &. Denote by v(z) a unit
vector such that 7(z) = w )(z) and with w(z) a unit vector orthogonal to w ) (z).
We can write

A(A4) /log|A(z)v(z)| dm(z) =n7! /log|A"(J:)v(:l:)| dm(z)

Jim n7! /log(w(T":c),A"(z)v(z)) dm(z) .

The last equation was obtained because
(w(T"z), A™(z)o(x)) = |A™(z)v(2)| - {w(T"2),v(T"2))

where the scalar product on the right hand side is bounded away from zero. The
formula

MA) = lim ™! /log(w(T"z),A"(z)v(:c)) dm(z)
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is still correct if we replace v and w by functions in U close enough to v and w.
By definition we have (w(T), Av) = 0. Therefore (A*w(T),v) = 0. The element
w € U is a fixed point of the cocycle A* which is a cocycle over the dynamical system
(X,T71,m).

We can calculate now the Fréchet derivative dA For U € L®(X, M(2,R)), we get

dA(A)U

Jim n™td( / log(w(T™z), A™(z)v(z)) dm(z))U
.1 (w(T x), A RU AR (z)o(z))
M, n ,,z::l (w(T™z), A"o(z))
lim n-! z": (A7) HTrz)w(T"x), UA*\(z)v(x))
nmw s = {(ATrR(Trr)w(Tre), ARo(x))
(w(Tz), Un(z))
{w(Tz), Av(z))

dm(z)

dm(z)

dm{z) .

The mapping

{w(T),Uv)
(w(T), Av)
is real analytic in A and U because it is linear in . The mappings A — w'? are real
analytic. So, A — dA(A) is real analytic and hence also the mapping A — A(A). O

(A,U) € L®(X)

6 Illustration of the formula of Ruelle

We want to illustrate this formula of Ruelle for the derivative of the Lyapunov ex-
ponent by calculating the directional derivative along a special curve in A.

Denote by R(J) the constant cocycle in © = L®(X, SO(2,R)) which assigns to all
z € X the matrix belonging to a rotation about the angle 3. For each A € A we
have a circle
B AB)=R(BA.

We call this circle Herman circle. A result of Herman (see [Kni 1)) implies that
the Lebesgue measure of values § with AM(A(8)) > 0 is larger than 1 — 1/A(A).
Roughly speaking: as bigger as the Lyapunov exponent is, as longer we stay in P
when moving on the circle # +— R(8)A. We assume now that A € S and we want
to calculate

d
@/\(A(ﬁ))
at the parameter § = 0. With
R(a)A(B) = A(B) + aU(B) + O(c®)
we obtain

U(8) = lim a™}(A(a + B) — A(B)) = JA(B) ,
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01

where J = < 10

). With the above formula of Ruelle we have

d _ [ w(Tx), JAv(z)) _ [ {w(z), Ju(z))

58 = / w(Ta), Au(z)) ™ = / (@), oz) )
If we denote with w(z) the angle between w ()(z) and w ?¥(z), we have

(w(z), Jv(z)) = cos(w(x)),
(w(z),v(z)) = sin(w(z)),
and so

%A(ﬂ) = [ cot((z)) dm(z) . (1)

This formula tells us that the Lyapunov exponent can change drastically if the stable
and unstable direction fields are close together. We get also the following corollary.

Corollary 6.1 The Herman circle § + A(B) can not lie completely inside S. We
always pass a region with zero Lyapunov exponents or a region with nonuniform
hyperbolicity.

Proof. We calculate from Formula 1 the second derivative

& dw

—XMB) == | = .si ~2

a7 () pTi sin(w)™* dm
which is negative because dw/df > 2. A periodic real-analytic function can not
have everywhere a negative second derivative. a

As an example, we can calculate for a trigonal cocycle

Alz) = ( o bc(_’,) )

the derivative d/dBA(A(B)) at the point 8 = 0.
We have w )(z) = 0 and w P(z) = w(z). Then

¢ - cos(w(x)) + b(z) - sin(w(z))

cot(w(T'z)) = ¢ 1sin(w(z))

= cot(w(z)) + b(z)c
and after integration

%/\(A(ﬁ)) = /x cot(w(z)) dm(z) = 1—:°-C—2 / bdm .
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The same formula is true for

40=(ly )

We apply this to the Standard mapping on the torus T2 = R?/(2722):

= z +y+ vsin(z)
Ty ( y ) . ( y+sin(s)) )
which has the Jacobian cocycle

A(z) = ( 1:7(:0:?‘:()3) } ) .

It is an open problem, whether there exists a parameter ~ such that the Lyapunov
exponent of A = dT, over the dynamical system (T2,T,,m) is positive. One mea-
sures numerically the value

X
On the Herman circle A(3) = R(B)A, there is the point

2—]/2 0
A(—7r/4) = 2—1/2+21/27-c(}s(1‘) 21/2

lying in S. As an application of the above formula we can calculate the derivative
d
—A(-7/4) = .
7 ﬂA( x/4) =2

A side remark. We take the opportunity and mention what Herman’s result implies
in the case of the Standard map. Given

Alz) = ( ) Cf(lfi) ) ,

Herman’s estimate gives

[ 38 2 5= [ tog | (E 2 412 dm

This implies that the measure of the set
{6 € 1| MA(8)) > 0}

can be estimated from below by /(6 + v/2) because the Lyapunov exponent of
MA(B)) can not get bigger then & + v/2. For 4 — o, the measure of this set goes
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to 1.

We add an other application of formula 1. Consider the dynamical system (X, T, m) =
(T!,z » z + a,dr) and the cocycle

A(z) = R(z)Diag(c,c?),

where R(z) is the the rotation about the angle z and ¢ is a constant ¢ > 2. The
above estimate of Herman gives

c‘l)'

[ xa®)ds > tog(<*

On the other hand
A(4) = MA(T™)) = MR(n - a)A)
implies that the mapping # ~ A(8) is constant. Because the second derivative of

A(A(B)) is always negative, whenever A € S, we conclude that the Herman circle
A(P) lies entirely in P\ S.

7 Relation between Lyapunov exponents and ro-
tation number

A rotation number for SL(2,R) cocycles is a mapping p : A — R which measures
how much a vector v rotates in average under the evolution n + A™(v). Because
a canonical definition of a rotation number is in general not possible, one is forced
to look at cocycles with values in the universal covering group SL(2,R) of SL(2,R).
A definition of a rotation number in this case has been given by [Rue 85]. We will
review here his definition and the properties.

For A € SL(2,R) we denote with A its projection onto SL(2,R). We can make polar
decomposition of A by L

A= R(¢(4))ol4],
where |A4] = AoA‘)l/ 2 and R(¢) is in the universal covering group of S O(2,R). We

can think of R(¢) as a rotation about ¢ € R. For two elements A, B of S L(2 R) one
has

|(A o B) - ¢(A) - &B)| < (*).

Proof. One can write

AoB

R(9(A) + 4(B)) o R(~9(B)) o |4] 0 R(4(B)) o | B|
R(g(A) +8(B)) o PoQ,

where . . o
P = R(-¢(B)) o |A| o R(¢(B)
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and Q = | B| are positive selfadjoint. The claim follows from the fact, that |¢(PQ)| <
7. We take on SL(2,R) the "norm”

141 = 1141] + |(A)]

which allows to give the distance ||A — B|| Let A be the space L(X, SL(2,R)) of
all measurable mappings from X to SL(2 R) with the topology

A - Blll = | |4 - Bl |os -

As in A we use the notation
A™(z) = AT (z)o...0 A(z) .

Theorem 7.1 (Ruelle) The limit

p(A z) = lim n7'¢(A"())
exists for almost all z € X and is T invariant. The rotation number

p(4) = [ p(4,z) dm

depends continuously on A.

Proof. Fix m € N and write a number n € N as n = km + r, where k,m > 0 and
0 <r <m. We get from (x)

k-1
(km)~|¢(A") - $(A"(TF™z)) ~ g) HA™(T™1))| < (km)~Ykn = n/m .

Birkhoff’s ergodic theorem implies that
11m (km) z HA™(T™z))
i=0

exists for almost all z € X. Because m can be chosen arbitrarily big and for
¢ € L*(X) N
Jim (km)~ AT(T*"2) = 0,
we have
hm n'ld:(A"(:r) = 11m (km) Zd)(A’"(T""z))

i=0

Clearly p(4,z) = p(A,Tx).
We want to see now that the mapping

p:.;l—vﬂ
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is continuous. We know that for n — oo
pu(A) = [ n7i¢(Am)dm — p(4) .

From (*) we have . . _
[p2n(A) = pu(A4) = pa(A) | < nlr
and so . }
1P2a(A) = pys-1a(A)] < 27* DM
Summing up gives ~ 3
|o(A) — pa(A)| € 4n7Mr .

The sequence p, of continuous functions on A is uniformly convergent. Therefore p
is continuous. O

There is a connection with Herman's rotation number [Her 83] which is defined
if we have a dynamical system (X,T,m) such that X is compact metric and T
a homeomorphism which leaves invariant a Borel probability measure m. If X is
connected, A € C(X, SL(2,R)) is homotopic to the identity and one can define a
rotation number which is unique up to 27. ([Her 83]). If A is homotopic to the
identity, one can define a continuous lifting A : X — SL(2,R). If 4; and A, are two
liftings of A then . .
AlA3! = R(¢(2))

where ¢(z) is a continuous mapping X — Z. Because X is connected, ¢ must be
constant ¢ = 2xk. This implies that

p(Ar) = p(Az) + 27k .

Define ; _
S={A|AeS}.

Lemma 7.2 The rotation number p is constant on every connected set in S.

Proof. It is enough to prove that p is locally constant in &

The projection A of A admits a strict invariant cone bundle C = [¢ ), ¢ @] and there
exists a neighborhood A of A which has the same cone bundle strictly invariant.
Take a neighborhood A of A such that

Nc{AeA|AeN}.
Take B € N. Because

|#(A(2)) = ¢(B"(2)] < |e Pz)) ~ ¢ V)| <,
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we get p(A) = p(B). u]

We want to reverse now the above lemma showing that the set S is characterized by
the fact that the rotation number is there locally constant along the Herman circle

B A(B) at 8 =0.
Given A € A we look at the function
B — p(R(B)A).
In contrary to the rotation number p, the difference
pa(B) = p(R(B)A) - p(A)

is independent of the chosen lift.
To every A € A is like this assigned a continuous circle mapping

PA:T—>T

which is not invertible in general because we have just seen that it is locally constant
when A(S) € S.

Proposition 7.3 A € S if and only if there is an open interval I containing 0 such
that p4(B) =0 for B € I.

We need some preparation for the proof. In the same way as A acts on P, a lift A of
A acts on the covering P of P which is isomorphic to R. We write i for an element
in P. The fact that P allows an ordering allows also an ordering of A:

A<B &3>0, Az)i < Bz)i—¢, ae.

for all & € B.
The next Lemma shows that the rotation number

p:A—>R
is continuous and monotone.

Lemma 7.4 Assume A< B<C . _
a) There exists a neighborhood N of B with

A<N<C
b) . N N
p(A) < p(B) < p(C) .
o) If p(/i)~= p(éz, there ezists a neighborhood N' of B such that for B, € N
p(A) = p(N) = p(C).
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Proof.

a) If ||| B, — B||J < e then for every i € P and almost all z € X |By (z)a— B(z)u| <e
b) From A < B < € follows A" < B" < C" and so ¢(A") — 7 < ¢(B") <B")+m.
¢) Using a), there exists a neighborhood A’ of B such that for B, € N

A<B <C.

From b) follows B . B
p(A) < p(B1) < p(C) .
The claim follows from the assumption
p(4) = p(C) .
a

Proof of the proposition. We have already seen the = direction. Assume now that
pa(B) = 0 for B € I, where I = [—¢,¢]. The aim is to construct a strictly invariant
cone bundle.

Define

A
Ay

R(-¢/2)A,
R(e/2)A .

For § > 0, we denote with A/; the é balls around A;. Because P is dense in A (see
[Kni 1]), also P is dense in A and there exists B; € ; with B; € Nin?P.

Because of the above lemma ¢) we have for § > 0 small enough (B = p(A;) = 0.
Denote by % one of the two co-invariant direction fields of B; and look at the cone
field

E=[U1,—1171+€—6] .
We claim that every T x B, invariant probability measure u on X x P satisfies
p(E) = 0. To prove this we use that
Bi(z)iy(z) = @ (z)

while

Bi(z)in(z) 2 () + ¢ -
so that . .

p(B2) 2 By + p(E)2n .

Choose a generic point x € X for which the rotation number p(A4, z) exists and take
a point &;(x) € P on the B;-co-invariant direction field. We compare the orbits of
(z, @) under both skew-products

TXB],TXBQ.
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If after n steps, the orbit of (z,#) of (T x B;)" has hit k(n) times the set E then
we must have ¢(B3) > #(B}) + (k —1)2x. According to Birkhoff’s ergodic theorem
the sequence k(n)/n converges for n — co to p(E) and we get

p(B2) > By + p(E)2n .

Especially for the T x B, invariant measure iz with support on the direction field
Wy of By, we have yp(E) = 0. The sector bundle C' = [w;,w,] is strictly invariant
for B := R(¢/2)B, and it is mapped into the sector bundle

[wl + 6/4,'1?2 - 6/4]

if 6 is small enough. Because |||A — Bj|| < §, also the sector bundle [T, %] is
mapped into [ + ¢/8, W, — ¢/8] by A for § small enough. This shows A€ S. O

8 Overview: spectra of cocycles

Denote by X' the crossed product of L*(X, M(2,€)) with the dynamical system.
Elements in X have different kind of spectra. First of all, they have the spectrum
as elements in the C* algebra X'. There is a representation of X' in B(L?(X,C2))
defined by
Ku=Y K,u(T")
n

and a representation of X in B(1%(C?) defined for almost all z € X given by

(K(z)u)a = Y Knem(T™2)uy, .

Both representations give spectra and if T is ergodic, there exists a set ¥ such that
the spectrum of K(z) is T for almost all z € X (see the proof in [Cyc 87]). In
general, when the dynamical system is no more ergodic define

L={zec|3Y, m(Y;) >0, suchthat Vz €Y, z € o(K(2))} .

We call T the individual spectrum of K. 1t is in general different from the spectrum
of K as an element of the C* algebra X or from the spectrum of K as an operator
on L3(X,c?).

Interesting special operators in X' are random Jacobi operators on the strip L =
AT+ (AT)* + B or cocycles Am* which are also called weighted composition opera-
tors, weighted translation operators or transfer operators. An important special case
is A=1, when K = 7* is Koopman’s operator for the dynamical system (X, T,m).
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Cocycles AT are discrete versions of linear differential operators d/dt — a(t), where
a spectral theory has been developed by Sacker, Sell [Sac 78], (see also [Joh 87]). We
will consider here operators defined by a function A € L*(X, M(2,R)) or a function
A € L*(X,SL(2,R)).

In the case of A € L*(X, SL(2,R)), one can define the following other type of spec-
tra for cocycles.

o The Sacker-Sell spectrum is defined by
{z €cC||z|- A has exponential dychotomy} .

Exponential dichotomy will be defined later and means roughly speaking that the
operator acting on L?(X, C?) has a stable and/or unstable fiber bundle invariant.

¢ We define a Herman spectrum by

24273 z—z71
2€C|A(z) = 2, %, | A ishyperbolic} .
_z 22' zi;

Parameterized cocycles with |z| = 1 have been considered by Herman [Her 83] who
mentioned there that the Lyapunov exponent can be written with an abstract Thou-
less formula as

AMz) = /clog(lz - 2] dk() + g(2)

with a harmonic function g and a measure dk having support on the set, where A(z)
is not uniformly hyperbolic. Having in mind the Schrédinger case, where the sup-
port of the measure (density of states) is the spectrum of the operator, it is natural
to think of the support of dk as a spectrum also.

o We define a Schriodinger spectrum by

{zec}VC, [C(T)AC Y =0= C(T)AC™! + ( (z) ?) ) is hyperbolic} .
This definition makes sense, when the dynamical system (X, T,m) is aperiodic, be-
cause there exists then always C' € L*(X, SL(2,R)) with [C(T)AC ! = 0. In
other words, the Schrodinger spectrum of a cocycle is just the set of points z in
the complex plane such that a conjugation of the cocycle is a transfer cocycle for a
discrete Schrodinger operator having z in the spectrum.

The Schrodinger and the Sacker-Sell spectrum are invariants of the cocycle because

conjugation doesn’t change it. On the other hand, the Herman spectrum, which is
lying on the unit circle for real cocycles is not an invariant of the conjugacy class.
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We will consider here only the Sacker Sell and not the Herman spectrum and not
the Schrédinger spectrum. The aim is to show that the Sacker-Sell spectrum is the
same as the spectrum of K as an operator on L2(X,C?).

For more information on cocycles treated as operators, we refer to [Gro 90] and the
extensive work in {Lat 91].

9 The individual spectrum and Lyapunov expo-
nents
Define
W={KeX|K=Ar}.

There is a simple relation between the individual spectrum of K = A7 and the
Lyapunov exponent of A:

Proposition 9.1 Assume (X,T,m) to be ergodic. Given A € X,K = Ar, where
A € L®(X,M(2,R)). Then the Lyapunov exponent of A, M A) is related to the
spectral radius of K(z) through

M4 = rspec(K(z))
for almost all z € X.
Proof. We observe K™(z) = A"(x)7". Furthermore, we have the definitions

log(rspec(K(z))) = lim n™" log||K™(z)|| = lim n™"log||A™(z)]] = A(4) .

Nn=+00

O

This proposition tells us, that the problem of Lyapunov exponents is a spectral prob-
lem. In the theory of random discrete Schrédinger operators, the Thouless formula
gives another, deeper relation between Lyapunov exponents and the density of states.

In the finite case |X| < oo, the spectrum of K as an operator K = Ar" on the
finite dimensional space L?(X) is a discrete point spectrum which can be calculated
explicitely:

Proposition 9.2 Assume |X| = N is finite and T is a cyclic permutation of N

elements in X. Every K = Ar* has then pure point spectrum spec(K) = {/\,V N},
where ); are the eigenvalues of AV,
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Proof. Denote by u; € €? the eigenvector to the eigenvalue \; of AV, If y; is one
of the N roots of A)/" then n — v;(n) = p~'A"lu; is an eigenvector of K to the
eigenvalue ;. mi

Two elements K, L in X are conjugated, if there exists a M € X, such that K =
MLM™. In the case of cocycles K = Ar*,L = Bt* € W, a special conjugation
is defined, when M is only a multiplication operator M = C7°. We say then, that
K = M~'LM, L are cohomologous. The relation is

A=C'BC(T™).

It follows, that cohomologous cocycles have the same spectrum and the same indi-
vidual spectrum.

The investigation of the spectra of cocycles is a generalization of the spectrum of
the unitary operator 7, which plays an important tool in ergodic theory.

What is the individual spectrum of a cocycle? Let us look first at the simplest
case when the cocycle is trivial L = 7*. It can be seen (with help of a Fourier
transformation) that the individual spectrum is then the unit circle: the operator
T is acting on [%(C?) and is a product of operators 7 acting on I2(X,C). The later
operator is the shift

(T(z)u)n = Up-1 .

The Fourier transform F : u — @ € L*(T) diagonalises the operator 7(z)
Fr(z)F~14(s) = e*a(s) .

We see that in this case L = 7, the individual spectrum does not contain any infor-
mation about the dynamical system. In contrary to the operator 7(z), the operator
T acting on L2(X) can have interesting type of spectra.

The approzimate point spectrum called aq,(L(z)) of L(z) is defined as
{rec|Iu, € 3(2), |ua] = 1,|L(z)u, — Auy| — 0} .

Because the boundary of the spectrum is always contained in the approximate point
spectrum, it is never empty.

Proposition 9.3 The individual spectrum of a cocycle is rotational symmetric.

Proof. The individual spectrum of the unitary operator 7 is the unit circle and is
the same than the approximate point spectrum. It is enough to prove, that for every
A € 04y(7(z)) and pt € 0,p(L()), the complex number A-g is in 04,(L(z)). Let u,, v,
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be two sequences in 1%(Z¢) such that |L(z)u, — Aua| = 0 and |r(z)v, — pva| — 0.
We have

[A(z)tn+1Un41 = Apttnvn|
IA(:I:)U,.+1U,,+1 -~ '\unﬁwn+ll + |/\unﬂvn+l - Auul“’n‘
[Attnr = M| + [A] - [vngs — v

|L(x)tnvn — Aptavp]

han

and this goes to 0 for n — oo. Therefore A - p is also in the approximate point
spectrum of L(z). o

We conclude that the individual spectrum is determined by its radial component.

10 The Sacker-Sell spectrum

There is a discrete version of the Sacker-Sell spectrum for cocycles. We will show
here that the Sacker-Sell spectrum is the same as the spectrum of the operator acting
on L*(X,C?%). There is something to prove because the definition of the Sacker-Sell
spectrum was adapted to the original definition of Sacker-Sell in the case of cocy-
cles over flows instead of mappings. What we will have to prove essentially is that
hyperbolicity=exponential dichotomy.

We say, a cocycle A7 € W has ezponential dichotomy , if L2(X,C?) is the direct
product of two measurable sub-bundles H* @& H~ satisfying: for w* € H*, there
3r > 0, < 1 such that for almost allz € X and alln e N

|[A™(z)w*(z)] < Te|w*(z)|,
[A*z)w™(z)] < Talw=(z)|.

Call D C W the set of cocycles having exponential dichotomy.

For the real Banach manifold A of operators K1 satisfying K € L*(X, SL(2,R)) is
defined the open set

S={A€A|3C € A3e>0[CTIACY; > ¢} .

We have shown already that every 4 € S is conjugated to a diagonal cocycle: there
exists C € A,a < 1 with

C(T)AC™" = Diag(v,77)

and 7(z) € a < 1. We proved also that S = DN A.
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For complex cocycles A € A = L™(X, SL(2,C)), we define
S={A€ A|3C € A,a <1with C(T)AC™! = Diag(y,7 ) and |7(z)| S a < 1.
For complex cocycles A € M = L®(X, M(2,C)), we define S to be the union of

S° {A€e A|3C € A, Fa< 1, C(T)AC™! = Diag(y,v ™), ¥(z)| € a < 1}

St = {AeM|3Ce A Te<], |[CTIACT (@) £ (=), (@) S a <1}

§ = {AeM|3C e A 3a<1,||CTMACT (@)|| 277(2) Iv(z)| S e <1}
Lemma 10.1 S =1D.

Proof. Every A € § has exponential dichotomy.

Less trivial is the converse direction, namely that exponential dichotomy implies
that A € S. The idea to the proof of this is essentially due to J.Mather [Mat 68]
who characterized Anosov diffeomorphisms.

If A has exponential dichotomy on L?(X,C?), then there exists a splitting H =
H* & H™ which is invariant under the operator A and the spectral radius of A
restricted to H* is smaller than 1. Also the spectral radius of A~! restricted to H~
is smaller than 1. (Both H* or H™ can also be trivial.)

Assume first that the splitting is not trivial. It follows, that the two Lyapunov
exponents are different. According to the multiplicative ergodic theorem, there
exists another invariant splitting H = V* @ V"~ into two measurable sub-bundles.
We show that V* = H*. Given v € H* € L®(X,C?). For each ¢ € X (A™v)(z) is
approaching v*(z) where v* € V*. This implies that v(z) = v*(z) for all x and so
v € V*. We have shown that H* C V*. In the same way, also H~ C V~. From
H=Ht®OH CV OV~ = H we get H* = V*. For w* € W2, there 3T > 0,a<1
such that for almost allz € X and alln € N

|[A™(@)w ()] < Ta"ut(z)],
|4*(@)w™(z)] < Ta*jw(z)|.
Let w*(z) be a unit vector in W*(z). Define for z € X the matrix B(z) through

Ba)et = (3 A (@ht (2)la—2) et (z)
n=0
Bl = (3 |A"@w (@)o""2) e ()

n=0

Because |JA™"(z)w*(z)| < o"T and |A"(z)w~(z)] < T, both sums
(2 AT (@wt (@)
n=0

(E (A @)

n=0
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converge and the limit is positive. With C(z) = B(z)/det(B(z)) we can do the
diagonalisation D(z) = C(T(z)) ' A(z)C(z) = D(x(z),y"}(=)) = Diag(y,7~!) and
get [Mz)| = [D(z)e!V| = |B(T(z))~ A(z) B(z)elV)| < o}/2.

In the case when either H* or H™ is the whole space fiber bundle, we proceed
similarly. Assume that H* = L%(z,C2) (the other case is parallel). Define for z € X
the matrix B(z) through

B(z)e* = (io |A(@)e* (2)]a="2) e (z)
B = (34" (@)e (@)a") e (z).

n=0
Because |A~"(x)e*(z)| < a"T, both sums converge and the limit is positive. With

C(z) = B(x)/ det(B(z)) we have C(T(z)) ' A(z)C(z) = D(z)v(z) with ||D(z)|| < 1
and |M(z)] £ &'/2, w}

A € W is called hyperbolic, if the spectrum of A as an operator on L*(X,C?) does
not intersect the circle
{zec|l|z =1}

Corollary 10.2 A € W is hyperbolic as an operator on L*(X,C?) if and only if A
has ezponential dichatomy.

The Sacker-Sell spectrum of a cocycle A € A is
OSacker—sell = {2 € C| zA ¢ D}.
This spectrum gives nothing new:

Proposition 10.3 The Sacker-Sell spectrum of A is modulo |2] = 1 equal to the
spectrum of At as an operator on L*(X,C?).

Proof. We know that A € S if and only if 2z ¢ o(A) for all |z| = 1. This implies
that zA € S = D if and only if |2| ¢ |o(4)|. O

11 Questions

Some questions.

o In the theory of discrete one-dimensional Jacobi-operators one deals with transfer

matrices

3={A(x)eA,|A=(f ‘01),beL°°(X)},
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b+ E
1
theory of Jacobi matrices: given an interval I = (E;, F,) in R and A € B such that

for E € I we have A(Ag) = 0 then

| cos(p(E2) — cos(p(Er)| 2 (B2 ~ E1)/2 .

In this case there exists E € I such that A(Ag) > 0.

This result suggests that also for general A € A, we can expect that a slow change
of the rotation number along the Herman circle AR(3) implies positive Lyapunov
exponents. More precicly we conjecture that if

[p(A(B2)) — p(A(B) < |82 = Bl s
there exists 3 € |8y, Ba] such that

and we write Ag = ( _01 ) In [Dei 83] is proved the following result in the

A(A(B)) > 0.

This is true if X is a finite set.

o What are the invariant sets for the mapping ¢4 : U — U if A is not in P? There
can be exactly two fixed points in the case A € P, (which are hyperbolic in the case
A € S.) There can be exactly one fixed point (example: 4(z) has diagonal elements
1 and A;; = 2), or uncountably many fixed points like for example A(z) = 1) or no
fixed point like for example

A€ 0=L"X,S0(2,R))

is not cohomologous to 1.) Every A € A such that ¢4 : U — U has 3 separated
fixed points is conjugated to 1. Can there exist other types of invariant sets?

e What are the cohomology classes of cocycles in S? Because cocycles in S can be
conjugated to diagonal cocycles, the question is equivalent to find the cohomology
group H'(T,R).

¢ We would like to know the various spectra of a cocycle. What spectral types can
occur? Cocycles are not normal in general. Does there exist an analogue of a density
of states, a measure dk with support on the individual spectrum of the cocycle?

o Is the Herman spectrum of a cocycle lying on the unit circle? An analogy with the
spectrum of a Jacobi operator would suggest that the rotation number 3 — p(3) on
the Herman circle is continuous.

¢ Is there a relation between the spectrum (or spectral type) of the cocycle AT* and

the random Jacobi operator L = Ar" + (A7")" ?
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¢ Can one use the spectra of cocycles to distinguish different abstract dynamical
systems (X, Ty, m), (X, T2, m)? The union of all spectra of cocycles in L™ (X, {a,b})
with @,b € R would be a possible invariant of a dynamical system.
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The language of dynamical systems has entered in different parts of mathematics
and physics. The reason is, that the widest definition of a dynamical system, an
action of a group or semi-group on a space is so wide, that it can appear everywhere.
Also it seems intuitively to be better to work with a group as time instead of dealing
with static objects (a little essay on this can be found in [Rue 82]). A change of
language allows also interesting generalizations of classical problems or give a new
view on old questions.

We list some examples, where dynamical systems appear naturally. Our choice of
examples should show that generalizations of mathematical structures were obtained
by just looking at a theory in a more "dynamic way”. Some examples should also
indicate how dynamical systems enter naturally in other a priori unrelated domains
of mathematics. We restrict ourself to dynamical systems with time Z or z°.

1 Stochastic Processes

A stochastic process is obtained by taking any abstract dynamical system (X, T, m),
a measurable function f : z +— R and forming the sequence of random variables
fa = f(T"). Independent identically distributed random variables f, on a probabil-
ity space (I,v) are given in the language of dynamical systems by a Bernoulli shift
(X =I*,T,m = v*) and a measurable function f : X — R and f, = f(T™).

Many results in probability have generalizations. For example, Birkhoff’s ergodic
theorem generalizes the law of large numbers. This nowadays little step in review-
ing stochastic processes clarified in past the "ergodic hypotheses” standing at the
beginning of statistical mechanics.

2 Random walks

A random walk on a d dimensional lattice is obtained by taking an abstract dynam-
ical system (X, T, m), 2d translations A; = A;}d, i=1...d on R? and a partition
X= U?il Y;. The map

A(IIJ) =A S T€Y;

defines the random walk
n— AMz) = AT '2)A(T™%2). .. A(z) C R?

on the orbit of z. The classical random walk is obtained, when the partition (Y;)&,
is a generator of the Bernoulli shift (X, 7, m) with 2d symbols.
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3 Percolation

Given any ¢ dynamical system (X, T3,...Ty, m) and a measurable set ¥ C X. The
points on the orbit

O(z) = {T "z =TT ... T3¢z | n € 1%)

which belong to Y are called activated sites on the lattice O(x). Connected com-
ponents of activated points are called clusters. Choosing a one-parameter family of
sets ¥, with m(Y;) = pand Y, C Y, (p < ¢), one finds a critical point p,, above
which there is an infinite cluster and below which, there are only finite clusters.
See [Mee 90] for examples of this dependent percolation. Usually, percolation prob-
lems deal with a lattice (for example 7¢) and the rule that each site is activated
independently with probability p.

4 Thermodynamic formalism

Parts of the thermodynamic formalism for Statistical mechanics on a lattice Z¢ can
be extended to statistical mechanics of a Z¢ action on a compact metric space. This
theory has been developed by Bowen {Bow 75], Ruelle [Rue 78] and others. One can
see it as a step to push the mathematics of equilibrium statistical mechanics into
more deterministic domains.

5 Renormalization

A dynamical system in infinite dimensional spaces are often called a renormalisation
group. The infinite dimensional space is then a large space like a space of interval
maps [Lan 82], circle maps, a space of two dimensional twist maps [Mac 83}, two
dimensional area preserving maps [Eck 84] or a space of quantum field theories
[Fer 92]. Universality phenomena can be explained by the existence (most of the
time only conjectured) of hyperbolic fixed points periodic orbits or hyperbolic in-
variant sets.

6 Combinatorial number theory

The multiple Birkhoff recurrence theorem for a 7¢ action (X, T3,...,Ty) on a com-
pact metric space X states that there exists a point € X and a sequence n; = 0o
such that 7"z — z for all i = 1,...d. Fiirstenberg [Fur 81] showed, how this result
can be used to prove Ven der Waerdens theorem which tells that any partition of
N into two disjoint sets A U B has the property, that one of the two sets contains
arithmetic progressions of arbitrary length. He obtained also various generalizations
of this combinatorial result by ergodic theoretical tools or methods from topological
dynamics.
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7 Encryption

Iteration of a dynamical system with sensitive dependence on initial conditions can
be used to render clear textinto encrypted code. The iteration of a dynamical system
works as a trap door. It is easy to mix up things by letting the time run forward. The
reconstruction, however is difficult to perform, if one does not know the dynamical
system (the key). In practice, one works with dynamical systems over finite fields.
Encryption schemes like DES (Data Encryption Standard) (see [Den 82]) base on
the fact, that iterating a simple dynamical system produce good codes. DES for
example consists (roughly speaking) of an iteration of a twist map over a finite field.

8 Discrete logarithm problem

The discrete logarithm problem for a dynamical system (X, T') is the problem to find
for a given pair of points z,y € X a number n € Z such that

T'z=y

or to tell that no such number exists. The classical discrete logarithm problem (used
for example for secrete key exchanges like the Diffie-Helleman scheme) is obtained
with the dynamical system (2},T)

T:z—a-zmod N.
It is the question to find the number n in the equation

a"=bmod N .

9 Pseudo random number generators

One problem in finding good pseudo random number generators is the problem of
find a finite dynamical system with large periodic orbits. Many attacks to encryption
systems base on the hope, that a relatively small number of iterations of the encryp-
tion give the decryption. Pseudo random generators are also used in algorithms to
factor large numbers. Example: Pollard’s tho method uses the discrete quadratic
map z v 2 + a over a finite field.
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