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Abstract

We return to our study [BEH] of invariant spin fields and spin tunes for polarized
beams in storage rings but in contrast to the continuous-time treatment in [BEH],
we now employ a discrete-time formalism, beginning with the Poincaré maps of the
continuous time formalism. As in [BEH] we focus on the spin-vector dynamics which is
sufficient for spin-1/2 particles whence again the emphasis is on the notions of invariant
spin field, spin tune and invariant frame field. Thet transformations of spin-orbit
systems in [BEH] is here extended to a transformation theory involving the notion of
H-normal form where H is an arbitrary subgroup of SO(3). Thus the notions of spin
tune and invariant frame field can be subsumed under the notion of H-normal form.
As in [BEH] we study the impact of the spin tunes on the spectral behavior of the
spin motion using the concept of quasiperiodicity. We also show via two examples
how the absence of spin tunes impacts the the spectral behavior of the spin motion.
As in [BEH], the particle motion is integrable but we now allow for nonlinear particle
motion on the torus. Moreover we distinguish between the angle variable z on the
torus and the angle variable ¢ on R?, the latter being used in [BEH]. Since we use
many topological properties we here focus on z. This work is inspired by notions from
the theory of bundles which will come into play in our follow-up work.
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1 Introduction

In [BEH] we undertook an extensive study of the concept of spin tune in storage rings on the
basis of the Thomas-Bargmann-Michel-Telegdi (T-BMT) equation [Ja] of spin precession.
This naturally included a discussion of the invariant spin field and the invariant frame field.
This work and the follow-up work are a sequel to [BEH] based largely on mathematical
concepts and ideas in the PhD Thesis [He2| of the first author (KH), where a method
from Dynamical-Systems Theory is exploited to distil some essential features of particle-
spin motion in storage rings. As to be seen in the follow-up work this method clarifies
and considerably extends the current theory of [BEH|. In fact it generalizes the concepts
of invariant frame field, spin tune, spin-orbit resonances, invariant polarization field and
invariant spin field to an arbitrary subgroup H of SO(3) by using the concept of H-normal
form. This leads us to the Normal Form Theorem and various theorems which generalize
some standard theorems that are also presented in this work. For short versions of the
follow-up work, see [HBEV1, HBEV2].

In [BEH]| we assumed the particle motion to be independent of the spin, i.e., we neglected
the Stern-Gerlach force. Also, the particle motion was described by an integrable Hamilto-
nian system in action-angle variables, J, ¢ € R?. We further assumed that the electric and
magnetic fields were of class C', i.e., continuously differentiable) both in ¢ and . Thus the
T-BMT equation became a linear system of ordinary differential equations (ODE) for the
particle-spin-vector motion with smooth coefficients depending quasiperiodically on #. This
quasiperiodic structure led us to a generalization of the Floquet theorem and a new approach
to the spin tune.

Although accelerator physicists tend to concentrate on studying specific models of particle-
spin motion in real storage rings, many of the issues surrounding the spin tune and the
invariant spin field depend just on the structure of the equations of particle-spin motion and
can be treated in general terms. This is the strategy to be adopted here and it clears the
way for the focus on purely mathematical matters and in particular for the exploitation of
methods from Dynamical-Systems Theory and the theory of bundles.

In storage-ring physics there are two main approaches for dealing with the independent
variable in the equations of motion (EOM), namely use of the flow formalism or the map
formalism. In the flow formalism the EOM is an ODE, whence the independent variable is
the continuous variable 6 € R describing the distance around the ring. In the map formalism
the independent variable in the EOM is the discrete variable n € Z labelling the turn number
where Z denotes the set of integers. In Dynamical-Systems Theory it is common practice to



refer to the independent variable in the EOM, such as 6, the “time” and that is the convention
that we will use here. Thus there is a continuous-time and a discrete-time formalism. In
[BEH] we used the former, here the emphasis is on discrete time. Nevertheless it would be
possible to present the machinery of this work in the continuous-time formalism.

The external electrodynamic fields inside an accelerator’s vacuum chamber are smooth,
i.e., of class C*. So the C! assumption adopted in [BEH] appears to be perfectly reasonable.
On the other hand, practical numerical spin—orbit tracking simulations are usually carried
out with fields which cut off sharply at the ends of magnets and/or with thin-lens approx-
imations. Thus in [BEH] our formalism involved class C' in the time variable 6 although
numerical calculations cited there in Sec. X had been obtained using hard-edged and thin-lens
fields. However, hard-edged and thin-lens ring elements fit naturally into the discrete-time
formalism. In particular, for this, we merely require that the fields are continuous (i.e., of
class C?) in the orbital phases and we allow jump discontinuities in 6. Of course, this still
allows study of systems with fields smooth in # and/or the orbital phases. The way that the
discrete-time formalism derives from the continuous-time formalism is explained in Section
2.1.

This work is designed so that it can be read independently of [BEH]. However, we wish to
avoid repeating the copious contextual material contained in [BEH]. We therefore invite the
reader to consult the Introduction and the Summary and Conclusion in [BEH] in order to
acquire a better appreciation of the context. In this work, as in [BEH], the particle motion is
integrable and we allow the number of angle variables, d, to be arbitrary (but > 1) although
for particle-spin motion in storage rings, the case d = 3 is the most important. We use the
symbols ¢ = (¢1,....,0q)", J = (J1,...,Jq)" and w(J) = (wi(J),...,wa(J))" respectively for
the lists of orbital angles, orbital actions and orbital tunes where * denotes the transpose
and where with continuous time d¢/df = w(J). In the continuous-time formalism, the T—
BMT equation is written as dS/df = €2(0,J,»(0)) x S where the 3-vector S is the spin
expectation value (“the spin vector”) in the rest frame of a particle and € is the precession
vector obtained as indicated in [BEH] from the electric and magnetic fields on the particle
trajectory. For the purposes of this work we don’t need to consider the whole (J, ¢) phase
space since it will suffice to confine ourselves to a fixed J-value, i.e., to particle motion on
a single torus. Thus the actions J are just parameters. However it is likely that our work
can be easily generalized to arbitrary particle motion if one maintains our condition that the
particle motion is unaffected by the spin motion.

This work, in which we aim to present particle-spin motions in terms of Dynamical-
Systems Theory, is structured as follows. In Section 2.1 we discuss the continuous-time
formalism which will motivate, in Section 2.4, the discrete-time concept of the “spin-orbit
system” (j, A) which characterizes a given setup by its 1-turn particle map j on the torus
T¢. While j characterizes the integrable particle dynamics, A is the 1-turn spin transfer
matrix function, the latter being a continuous function from T¢ to SO(3). In the special
case of the torus translation we have j = Plw] where w is the orbital tune and Plw] is the
corresponding translation on the torus after one turn. Thus in Section 2.1 we derive the
discrete-time Poincaré map formalism from the continuous-time formalism and in Section
2.3 we introduce the torus T¢ as a topological space. For the torus the angle variable ¢ is
represented by the angle variable z. Then in Section 2.4 we define the set SOS(d, j) of spin-
orbit systems (j, A) to be considered in this work. In Chapter 3 we define polarization field
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trajectories and these lead to the definition of the invariant spin field (ISF). A transformation
rule, (j, A) — (j, A’), is introduced in Chapter 4. This partitions SOS(d, j) into equivalence
classes and spin-orbit systems belonging to the same equivalence class have similar properties.
For the notions of partition and equivalence class, see Appendix A.2. It also leads us to
structure-preserving transformations of particle-spin-vector trajectories and to structure-
preserving transformations of polarization-field trajectories. In Chapter 5 the partition of
SOS(d, j) leads us to several important subsets of SOS(d, j) which are denoted by CBg(d, j).
Each of these subsets of SOS(d, j) is defined in terms of a simple form of A. In particular
a (j,A) in SOS(d, j) belongs to CBy(d, ) iff it can be transformed to a (j, A’) such that
A" is H-valued where H is a subgroup of SO(3). Then (j, A’) is said to be an “H-normal
form” of (j, A). The concept of H-normal form is also the driving force which leads us to
the general theory of the follow-up work. In Chapter 6 we study H-normal forms in the case
H = SO(2) and formulate and prove a standard theorem, which connects the notions of ISF
and invariant frame field (IFF).

In Chapter 7 the partition of SOS(d, j) leads us to the important subset ACB(d, j) of
SOS(d, j). This subset ACB(d, j) of SOS(d, j) is defined in terms of another simple form
of A. In particular a (j, A) in SOS(d, j) belongs to ACB(d, j) iff it can be transformed to
a (7, A") such that A’ is constant. On the other hand spin tunes describe constant rates of
precession in appropriate reference frames so that one needs special spin-orbit systems which
can be reached by transforming from the original spin-orbit systems to such frames. This
relates the notions of spin tune and spin-orbit resonance to the notion of H-normal form
in the case H = (,, and thus to ACB(d, 7). Chapter 8 covers the topic of polarization. In
particular in Section 8.1 we derive various formulas which estimate the bunch polarization
with special emphasis on the situation where only two ISF’s exist. In Section 8.2 we state
and prove an important and well-known theorem which provides conditions under which
only two ISF’s exist. In Appendix A we introduce the basic analytic notions like bijection
and continuous function. Appendix B provides results on the quasiperiodicity and spectral
properties of spin motions. Appendix C contains some of our proofs.

2 Spin-orbit systems

A central aim of the present work and of its follow-up is a study of the 1-turn particle-
spin-vector map P[j, A] where j is the 1-turn particle map and A is the 1-turn spin transfer
matrix function derived from the T-BMT equation, both defined on the d-torus. Thus the
1-turn particle-spin-vector map is the continuous function defined by (2.22), i.e.,

poate = (i ).

where z represents the angle variable of the action-angle variable dynamics on the d-torus.

We will proceed in Chapter 2 as follows. In the pedagogical Section 2.1 we consider
the continuous-time T-BMT equation in the case of integrable particle dynamics and by
excluding thin-lens magnets. In Section 2.2 we derive the discrete-time particle-spin-vector
Poincaré map from the continuous-time particle-spin-vector motion of Section 2.1. Also in
Section 2.2 we generalize the Poincaré map to the general 1-turn map 75[5,121] in (2.12) in
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order to capture thin-lens magnets like Siberian snakes. Thus from Section 2.2 onwards we
use the language of topological dynamical systems and no more restrict ourselves to the
assumptions underlying the continuous-time formalism of Section 2.1. In Section 2.3 we
introduce the d-torus and its topology, i.e., we replace the angle variable ¢ of Sections 2.1
and 2.2 by the angle variable z. Thus in Section 2.3 we derive the 1-turn map P[j, A] from
the 1-turn map P[;, A] and we show their “equivariance”.

2.1 The continuous-time particle-spin-vector motion

We assume the particle dynamics is integrable and that there exist action-angle variables
(J, @) so that the particle dynamics is governed by

do dJ

— =w(J) and — =0. 2.1

7~ @) 70 (2.1)
Here ¢ is on the torus where, in dynamical systems, the torus, T¢, is often considered to be
the quotient space RY/Z<. Here we will take ¢ € R? and then at a later stage introduce the
torus variable z of (2.22).

We begin our study by deriving our discrete-time particle-spin-vector motion from a

continuous-time initial value problem (IVP) which has the form

W G0 =R, (22)
% = A(0,¢)S, S(0) = Sy € R?, (2.3)

where w € R? and where the matrix-valued function A : R — R3*3 is continuous, i.e.,
A € C(R¥ R33) where C(RYT, R?*3) is the set of continuous functions from R4 into
R3%3. See Appendix A.4 too. Moreover we assume that A is 2m-periodic in each of its
d + 1 arguments and that it is skew—symmetric, i.e., A" (0, ¢) = —A(6, ¢). Without loss of
generality and for simplicity of notation we choose # = 0 as the initial time. We denote the
set of A, where A satisfies the above conditions, by BMT.

As is clear from the above and the Introduction, the above IVP and the assumptions
on A are motivated by our underlying interest in particle-spin-vector motion in storage
rings. In the application to particle-spin-vector motion in storage rings, S is a column vector
of components of the spin S and A(f,¢) = A;(0,¢) represents the rotation rate vector
Q(0, J,¢) of the T-BMT equation [BEH]. Note that A(6, ¢) is 2m-periodic in € because we
deal with storage rings and A(#, ¢) is 2m-periodic in the d components of ¢ since the latter
are angle variables. Moreover A is skew-symmetric by its origin in the T-BMT equation,
thus preserving the norm of S. We suppress the J, except for a few occasions where we need
it, since we work mainly on a fixed-.J torus. The set BMT includes standard particle-spin-
vector motion but need not, and is only restricted by the above mentioned constraints on
A, in keeping with our wish to investigate the properties of any system defined by (2.2) and
(2.3).

Since the system (2.2),(2.3) is periodic in 6 the 1-turn map it defines is identical with
the Poincaré map (PM) which will be studied and generalized in Section 2.2. The PM



is convenient for studying the behavior of solutions of (2.2),(2.3) [AP, HK2]. To derive a
convenient representation for the PM we solve (2.2), resulting in

¢(0) = ¢o +wb | (2.4)
whence (2.3) reads as

s

=5 =A0.60+w0)S,  S(0) =5, R’ (2.5)

Since A is continuous and (2.5) is linear in S the general solution of (2.5) can be written
as

S5(0) = ©(6; ¢0)So , (2.6)
where the function ® : R x R? — SO(3) is of class C! and satisfies

h®(0; ¢o) = A(0, b0 + wO)P(0; ¢o) ,  P(0;d0) = I3x3 (2.7)

and where I3.3 is the 3 x 3 unit matrix [Am, Hal. Since the values of A are real skew—
symmetric 3 x 3 matrices, ® is SO(3)-valued, i.e., ®(0;¢py) € SO(3) where SO(3) is the
set of real 3 x 3-matrices R for which R'R = I3.3 and det(R) = 1. Furthermore ®(0, ¢) is
27-periodic in the components of ¢. Using (2.4) and (2.6), the solution of the IVP (2.2),(2.3)
can now be written

( ggzi ) = ¢(0; g0, So) , (2.8)

where the function ¢ : R¥* — R9%3) is of class C* and is defined by

0(0;0,9) = ( qﬂ;g)es ) . (2.9)

2.2 Deriving the particle-spin-vector 1-turn map from the continuous-
time formalism. Defining the general 1-turn map

The 1-turn map of the DS of Section 2.1 is the PM ¢(27;-) on R43 whence it reads, by
(2.9), as

90(27T;¢,S)=( (2[ ]((f)) ) (2.10)

where Plw] : R* — R? being defined by Plw](¢) := ¢ + 2rw. With this the study of the
non-autonomous continuous-time Dynamical System (DS) of (2.2),(2.3) has been replaced
by a study of an autonomous discrete-time DS given by the PM (2.10).

We now have to generalize the 1-turn map (2.10). In fact not every A used in practice
belongs to BMT . For example if thin-lens Siberian snakes are involved, as in Section 3.3
below, then A & BMT. Thus, instead of generalizing BMT and as it is quite common, we
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generalize the 1-turn map (2.10) by replacing ®(27;-) by an arbitrary continuous function
A :R? — SO(3) which is 27-periodic in each of its d arguments. This more general 1-turn
map can capture the situations mentioned above, e.g., when thin-lens Siberian snakes are
involved.

It is less important to also generalize the particle maps Plw] but it is nevertheless con-
venient because most notions and results of this work are very general. Thus it would be
an unnecessary restriction, in particular for future theoretical work on beam polarization,
to confine ourselves to the above translation maps. Before generalizing ﬁ[w] we make some
comments on P[w]. We first note that it is a homeomorphism on RY, i.e., Plw] € Homeo(R%)
which means that it is continuous and invertible and that the inverse is continuous. In fact
Plw] is continuous and it has the continuous inverse P|—w]. For the notion of “homeomor-
phism” see also Appendix A.4. We will see in the following section that the ﬁ[w] correspond
to certain homeomorphisms on the d-torus thus our task of generalizing ﬁ[w] is to generalize
them to all all functions on R? which correspond to homeomorphisms on the d-torus. The
key insight which solves this problem is the peculiar property that, for fixed but arbitrary
N e 7¢ Plw](¢ + 2xN) = 751 [(¢) + 27N as can be easily checked. Thus Plw] belongs
to the set, Fung, of functions f € C(RY, Rd) with the property that, for fixed but arbitrary
N € 7% there exists a N € Z% such that f(¢ + 2rN) = f(¢) + 27 N. We will see in the
following section (see Theorems 2.5d and 2.6a) that the f in Funy correspond to the contin-
uous functions on the d-torus whence we look for an appropriate subset of Fun,. In fact in
the next section (see Theorems 2.5e and 2.6b) we will show that Map,, defined by

Map,, := {j € Homeo(R?) : j,57! € Funy} C Fung , (2.11)

is the set of those functions on R? which correspond to the homeomorphisms on the d-torus.
Thus we have generalized the 75[ ] to the j in Map,. Clearly every 73[ ] belongs to Map,
since, by the above P[w] is an homeomorphism for which Plw] and Plw]~! = P[—w] belong
to Fung. All physical applications we have in mind have j = 77[ | and so in this case Jis
just a shorthand.

With the above generalizations of ®(27;-) to A and Plw] to j we have generalized the
1-turn map ¢(27;-) in (2.10) to the 1-turn map P[j, A] defined by

Pl Al(¢,9) == ( Aj<<f))5) , (2.12)

where A € C(R?,SO(3)) is 27- periodic in its arguments and where J € Map,. Whenever
appropriate we abbreviate 73[ A] by P. Clearly Pisa homeomorphism on R? x R? since it
is continuous and its inverse P! is continuous, because the latter reads as

g
75@’;1_1 ,S:<A‘7A, (¢) )7 2.13
547408 = (gl (213)
as can be easily checked. Note also that (2.10) is a special case of (2.12) since ¢(27;-) =

PPLw], d(2r; ).
It is very common in polarized beam physics to use the angle variable ¢ and so the struc-
ture of the 1-turn map (2.12) is well-known in the Beam Polarization community, especially
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in the case where j = P[w]. In the following section we will see how (2.12) can be expressed
in terms of the torus variable z to be defined below. In fact in this work, and in our follow-
up work, we use so many topological properties that it is natural and convenient to express
most of our results in terms of z. However this is no restriction because ¢ and z are of the
same expressive power. In fact it is a simple exercise to express any of our results in terms
of ¢. For the particle spin-vector motion this can be done by means of Theorems 2.5 and
2.6 below and for the field motion this can be done by means of Remark 1 in Chapter 3.
An example of the latter are the statement and proof of the Uniqueness Theorem in Section
8.2 which involve the topological notions of topological transitivity and path-connectedness.
Both notions are most easily defined in terms of z but it is possible to prove and state the
Uniqueness Theorem in terms of ¢ (see [He2]). In fact this theorem was introduced in [Yol]
in terms of ¢. Note also that the results in [BEH] are expressed in terms of ¢.

A reader familiar with the torus variable z can imagine (2.12) on the d-torus and safely
move to Section 2.4 on a first reading.

2.3 Expressing the general particle-spin-vector 1-turn map in terms
of T?

To express the 1-turn map 75[5, fl] in (2.12) in terms of z we first consider the case of most
interest, j = Pw]. Then (2.12) gives

(2o () e

where w € R, ¢ € R? and A € C(R?, SO(3)) is 2n-periodic in its arguments. Recall from
the remarks after (2.12) that P € Homeo(R? x R3). Clearly, since A is 27r-periodic in its
arguments it is uniquely defined by its values for ¢ in (—m,7]<.

As mentioned at the beginning of Section 2.1, it is common in Dynamical Systems Theory
to take the torus to be R?/Z?. Here we take the more geometrical and equally common
approach and define it as the subset of R?? given by:

Definition 2.1 (d-torus T¢)
The 1-torus is defined by T := {(z1,22)" : 27 + 25 = 1} C R% The d-torus is defined as the
d-fold product T¢ of T, i.e.,

T = {(21, 20, ,20a)" ¢ 23, 1 + 23, =1,i=1,---,d} C R*. (2.15)
For more details on d-tori, see [wiki2] and the remarks after Theorem 2.6 below. O

Because continuity is central to our work we define a metric on T given by

Definition 2.2 (Metric on T?)
The metric piq on T? is the function pg : T4 x T¢ — [0, 00), defined by

a(21, 2o, Zoay Un, Us, - -+ Usg) = A/ (21 — u1)? 4 (2 — Up)? + - -+ (20g — Una)? . (2.16)

Note that the rhs of (2.16) is known from the Euclidean metric on R*! whence piq is a metric
since it is a restriction of the Euclidean metric on R??, O
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We now introduce a 1-turn map on T?¢ x R? which we will show is essentially equivalent
to the 1-turn map (2.14) on R? x R®. For z € T?, S € R3, we define

< g’ ) . ( 164{((1;\(1«2;({;))‘; ) ) (2.17)

where Arg is defined in Definition 2.3 below and where the 2d x 2d-matrix 7, is defined by

j (Zl 2o, v ZQd)t - (ul Uy, - - - u2d)t U2;—1 _: 0 —W; 29i—1
w y 25 ) . ) ) ) ) Ui . w; 0 29 )

, .
z5 Ccos 2mw; — sin 2mw; Zoi_

: / / / !\t : 2i—1 ) 7 2i—1

ie., 2 = (21,25, -+, 2h,)" with ( , ) = ( ) ( )

Z9; sin 27ww;  cos 27w; Z9;

Definition 2.3 (Arg)
We define the function Arg : T — R? by

Arg(z) =0, (2.18)

where © = (O1,--+,0y)" with ©; € (—m, 7] being uniquely defined by (cos ©;,sinO;) =
(20i-1, 22:)- o

Arg is continuous for every z such that no ©®; = 7 and has a 27 jump discontinuity in ©; at
(22i-1, 22i) = (1,0). However, since A is 2r-periodic in its arguments and continuous, A is in
C(T?, SO(3)) where A(z) := A(Arg(z)). To see this, let’s examine d = 1 as follows. Consider
wand v in T such that Arg(u) = 7 — 6 and Arg(v) = —7 + 6 then A(Arg(u)) — A(Arg(v)) =
A(r —0) — A(—7 +0) = A(m — 6) — A(m + 6) which is small by continuity if ¢ is small. (For
the full proof see Theorem 2.5¢ below)

To show the relation between (2.14) and (2.17) we need the function m,:

Definition 2.4 (7;)
We define the function mq : RT — T9 by

7a(¢) = (cos ¢y, sin ¢y, ..., cos ¢4, 8in ¢4)" = exp(Ty)(1,0,1,0,---,1,0)" . (2.19)

Clearly z = 74(Arg(2)) whence 74 is surjective and Arg is injective, i.e., one-one. Conversely,
for every ¢ € R and since mq is 2m-periodic in its arguments, there exists an N(¢) € Z¢
such that ¢ + 2nN(¢) = Arg(ma(¢)). In Theorem 2.5a below we will also show that 7y is
continuous. O

With the function 7; we can show the following relation between (2.14) and (2.17):

Claim:

Let ¢ and S be given so that ¢’ and S” are defined by (2.14). Let also z = m4(¢) and S = S
in (2.17). Then 2’ = my(¢’') and &’ = 5.

Proof of Claim: We prove the claim in the case d = 1. The proof for general d is a straight
forward extension and done in Theorem 2.5e below. First,

, [ cos2mw —sin2mw cos¢ \ [ cos(p+2mw) \ B ,
T < sin 27w cos 2mw ) ( sin ¢ ) N ( sin(¢ + 27w) ) = (¢ + 27w) = m1(¢).
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Second, we note that if 2 = my(¢) then Arg(z) = © where © is uniquely defined by
(cos(O1),sin(0;)) = (cos(¢y), sm(¢1)) Thus &' = A(©)S = A(¢)S = 5. QED

In particular if (¢, S() and (2™, S™) denote the n-turn iterates of (¢/, S’) and (2, S")
iterates, defined by (2.14) and (2.17) with 2° = 74(¢°) and S° = S then, by the above
claim, (2™ 8™ = (74(¢™), S™). In Theorem 2.5e¢ below we will prove the above claim
in the general case, i.e., for arbitrary d and by generalizing 73[ ] to J.

To generalize (2. 17) from the case j = Plw] in (2.12), we rewrite (2.17) in terms of y by
noting that z = m;(Arg(z)) so we compute, by (2.17),(2.19),

2 =exp(2nT,)z = exp(2ij)ﬁd(Arg( )) = exp(27 T, )7q(O)
= exp(27J,) exp(Jo)(1,0,1,0,- -, 0)
= exp(Jorwro)(1,0,1,0,--- 1, O) 7a(O + 27w) = my(Arg(2) 4 2mw) , (2.20)

where © = Arg(z) whence (2.17) can be written as ( Z ) = ( ma(Arg(z) + 2mw) ) —

A S A(Arg(2))S
( (g 0 Plw] o Arg)(2)

( AoA 2)())S ) which is readily generalized, via replacing 75[w] by j, to
oArg)(z

. (ms 0} o Arg)(2)
;| = « . 2.21
()= (i mmins 220
We will show in Theorem 2.5¢ below that w40 j o Arg belongs to Homeo(T?) and that Ao Arg

belongs to C(T9, SO(3)) whence (2.21) can be written as ( g ) = P(z,9)[j, A] where the
function P[4, A] : T? x R* — T? x R? is defined by

PMAM@S)::<A£39), (2.22)

with j € Homeo(T?¢) and A € C(T?, SO(3)). Clearly P[j, A] is a homeomorphism on T¢ x R?,
i.e., P[j, A] € Homeo(R? x R?) since it is continuous and its inverse P~1[j, A] is continuous,
because the latter reads as

Pﬁ@A@ﬁp:(méxgw), (2.23)

as can be easily checked. Whenever appropriate we abbreviate P[j, A] by P. With (2.22)
we are ready to express the 1-turn map 75[A', A] in (2.12) in terms of z by mapping it to the
1-turn map PJj, A] as will be shown in Theorem 2.5¢ below.

Theorems 2.5e and 2.6b below show the main features of P[j, A] and of its relation to
75[5, fl] and they demonstrate that ¢ and z are of the same expressive power for the particle
spin-vector dynamics (for the field dynamics this is demonstrated in Remark 1 of Chapter 3
below).

For our work here, it is convenient to prove continuity with the metric topology 74 from
g of Definition 2.2. The topology 74 is simply the collection of open sets where B C T is
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open iff for all z € B there exists an open ug-ball B’ around z such that B’ C B. Thus,
by the open-set definition of continuity, an f : T¢ — T¢ is continuous iff f~!(B) is open
whenever B is open. This generalizes to continuity for functions f : T¢ — X where X is a
topological space as discussed in Appendix A.4. It turns out that 7, = 7 " where the “final
topology” TC{ " is defined in terms of my. In fact by this topology a subset B C T? is open,
ie, BTy " iff the inverse image WJI(B) is an open in R? w.r.t. the natural topology T«
of R?. The topology TC{ " is very convenient in the proof of Theorem 2.5b below.

Theorem 2.5 a) 7, = 7). Moreover my is continuous, i.e., 7q € C(R?, T%).

b) Let X be a topological space and let F' € C(R?, X) be 2m-periodic in its arguments. Then
F = FoArgomg and f € C(T% X) where f(z) = F(Arg(z)). Also f(ra(¢)) = F(¢).
Moreover if g € C(T% X) such that g(mq(¢)) = F(¢) then f = g. Furthermore if G €
C(R?, X) is 2m-periodic in its arguments and F(Arg(z)) = G(Arg(z)) then F = G.

If conversely h € C(T%, X), then H € C(RY, X) is 2r-periodic in its arguments where
H(¢) := h(my(¢)). Furthermore H(Arg(z)) = h(z).

¢) (Baby Lift Theorem formy) Let F € C(R*,T). Then there exists a fe C(R*,R?) such that
F= 7TOf Moreover f s unique up to a constant in the following sense: if f1 f2 € C(R* RY)
and wqo fy = F = mg0 fy then there exists a constant N € Z% such that f1(¢) = fo(¢)+27N.
Remark: We wzll apply the Baby Lift Theorem in the present chapter to the case k = d and
in Chapter 6 to the case k = 1.

d) Fungy is equal to the set of functions fin C(R4,RY) for which my o f are 2m-periodic in
their arguments. Moreover Map, is the set of j € Homeo(R%) for which mg0j and mg0 j~*
are 2m-periodic in their arguments. Furthermore iff € Funy then my o f o Arg belongs to
C(T4, T%).
e) Let A € C(R?, SO(3)) be 2m-periodic in its arguments and let j € Mapy, ie., j €
Homeo(RY) with 7405 and mgoj~! being 2m-periodic in their arguments. Then j := mq0] OArg
belongs to Homeo(T%) and A := A o Arg belongs to C(T?, SO(3)).

Moreover the claim after Definition 2.4 generalizes to the following claim: If z = 74(o)

and § = S then 2/ = my(¢') and S" = 5" where ( g, ) = 75[5,121](615, S) = ( J(QS) ) and

A(@)S
where ( ;lf ) =Pl Az, 8) = ( f{((zz))s )

Remark: The above claim means, in the language of Dynamical Systems Theory, that 75[A‘, A]
and P[j, A] are equivariant as well as that j and j are equivariant, see for example [HK1].
The notion of equivariance will be very important in our follow-up work.

Proof of Theorem 2.5: The claims are proved in Appendix C.1. O

We now make some comments on Theorems 2.5b and 2.5c. We use Theorem 2.5b re-
peatedly in this work (for example in the proofs of Theorems 2.5d,2.5e¢ and 2.6 below). The
situation of Theorem 2.5b is nicely summarized by the commuting diagram in Figure 1 if
we add that Arg : T¢ — R? and note that Arg(my(¢)) = © and 74(Arg(z)) = z. That the
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diagram “commutes” means that F' = f o m,;. Standard readings of the diagram are given
F, there exists an f which “completes” the diagram and given f, there exists an F' which
“completes” the diagram. We also use Theorem 2.5¢ repeatedly in this work (for example
in Theorem 6.3 below).

Td

X - T¢
f

Figure 1: Commutative diagram for Theorem 2.5b

Theorem 2.5e¢ above shows how every 75[A,/Al] is mapped to a unique P[j, A] and that
both are ‘equivariant. Part b) of the following theorem answers a remaining question: how
many P[j, A] are mapped to a fixed but arbitrary P[j, A] and are there any?

Theorem 2.6 a) Let f € C(T?, T4). Then there exists a f € Fung, i.e., f € C(RY,R?) such
that ﬂdof 18 2m-periodic in its arguments and with the property that f = WdofoArg Moreover
f 1s uniquely determined by f up to a constant in the following sense: if fl, f2 € Funy and
such that 4 o f1 ocArg = f =m4o0 f2 o Arg then there exists a constant N € Z% such that
f1(¢) = fa(9) + 27N
Remark: Thus, and by Theorem 2.5d, f > T4 O f o Arg maps Funy onto C(T4, T?).
b) Let j € Homeo(Td) Then there exists a j € Map, such that ] is related to j as in
Theorem 2.5¢, i.e., j = mg0 j o Arg. Also if j € Map, and j =740 j0Arg and if N € Z°
then the function g € C(R?,R?), defined by §(¢) : = j(¢)+ 27N belongs to Map, and satisfies
j=mgogoArg. Conversely j is uniquely determined by j up to a constant in the following
sense: if J1, jo € Map, such that 4 010 Arg = j = my0 Jo 0 Arg then there exists a constant
N € Z% such that j1(¢) = jo(¢) + 27 N.

Let A € C(T% SO(3)). Then there exists an A € C(RY, SO(3)) which is 2m-periodic in
its arguments and 1is related to A as in Theorem 2.0e, i.e., A=Ao Arg. Moreover A s
uniquely determined by A. Remark: Thus J o mgojo Arg maps Map, onto Homeo(T?).
Also A+ Ao Arg maps the periodic A € C(R%, SO(3)) bijectively onto C(T¢, SO(3)).

Proof of Theorem 2.6: The claims are proved in Appendix C.2. O

We first make some comments on the important case j= ﬁ[w] Then the homeomorphism
j in Theorem 2.5e reads as 7y o Pw| o Arg which we denote by Plw], i.e., we define Plw] €
Homeo(T?) by

Plw] == 740 Plw] o Arg . (2.24)
Note that
Plwl(z) = Wd(ﬁ[w](Arg(z))) = ﬁd(ﬁ[w](@)) = (O + 27w) = my(¢ + 27w) ,  (2.25)



with © := Arg(z) and ¢ € R? such that my(¢) = z and where in the fourth equality we used
that 7y is 2m-periodic in its arguments. It is easy to show, for n € Z and by (2.25), that

Plw]™ = Plnw] . (2.26)

Note that (2.26) justifies the terminology “torus translation” for Plw]. It also follows from
(2.26) that P[—w] is the inverse of P[w] whence Plw| and its inverse are continuous which
confirms that Plw] is a homeomorphism. It is amusing to see, by Theorem 2.6b, that the
1-turn maps of the form 75[w +27N] with N € Z% belong to Map, and that they are the only
ones in Map, which are related to P[w] as in Theorem 2.5e, i.e., Plw] = 140 P[w+27N]oArg.
Note also that with (2.24) the generalization from P[w] to j comes from the generalization
from P[w] to j. Whence, by the remarks after (2.10), the generalization from P[w] to j is a
matter of convenience and a decision w.r.t. future theoretical work on beam polarization.

We now make some comments on the topology 74 = 7 " of T?. It is easy to show that
TC{ " is the largest topology on T? for which 7, is continuous. For the notion of final topology,
see for example [wikil] and Appendix A.5. Note that, in an older terminology, 74 is called an
“identification” and TL{ " i called the “identification topology” w.r.t. my [Du, Hu]. For the
topology 7; " the open-set definition of continuity is very convenient so we use this approach
in the proof of Theorem 2.5b above and in analogous computations of this work. Thus in this
work we don’t use the “e — §” definition of continuity which is given in terms of the metric
1qg. In other words pg is unimportant in our computations. For the open-set definition of
continuity, see for example Appendix A.4. Note that our choice of T? and its topology is very
common in Theoretical Physics and Mathematics because 7; makes T a smooth submanifold
of R??. Since on T? always the topology 7, is used, one also calls it the “natural” topology. We
will introduce in Section 2.4 the important notion of topological transitivity for j. We will
also use the fact that T? is path-connected (see, e.g., the proof of the Uniqueness Theorem
in Section 8.2). These notions involve T and its topology and they make the use of T¢
very natural. Nevertheless the use of T? is justified rather by convenience than by necessity
so we could confine ourselves to R? as pointed out in great detail in this section. However
the above mentioned topological notions, when expressed in terms of R?, are inconvenient
and unnatural (imagine to formulate the path-connectedness of T¢ in terms of R?!). In our
follow-up work we will use even more notions which involve T? and its topology. Of course
there are other important definitions of the d-torus, e.g., R?/Z? [wiki2] and all these d-tori
are equipped with a “natural” topology which makes them homeomorphic to T¢. For the
notion of “homeomorphic” see Appendix A.4. The choice of the particular d-torus to be
used is a matter of convenience, i.e., it depends on the application in mind. Another popular
definition exists for the case d = 2, which is the “doughnut”, e.g., the doughnut of major
radius 2 and minor radius 1, ie., {(z,y,2) € R®: (22 + y* + 22 + 3)? = 16(2* + ¢*)} and
which is equipped with the subspace topology from R? [wiki2]. Note that the doughnut is
homeomorphic to T2.

To show that the j are more general than the 75[ | and that the j are more general than
the P[w] we first make some comments on Fung and Map, so let f € Fung and j € Map,. By
the definition of Fung and for every N € Z%, a unique N € Z“ exists such that f (p+27N) =
f(gb) + 27TN Also if Nl, N1> NQ, N2 € Zd and f(gb + 27TN1) = f(¢) + 27TN1, f(¢ + 27TN2) =
f(®) 427Ny then f(¢p4 27Ny +27N,) = f(¢p+2nNy) +2nNy = f(¢) + 27Ny + 2w N, whence
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the dependence of N on N is linear so that a matrix M € Z4* exists such that f (p+27N) =
f(®) + 27 MN. Since the latter equality holds for every N € Z?, the matrix M is uniquely
determined by f. With M we define the function § € C(R? R%) by g(¢) =: f(¢) — M¢ and
immediately oberve that ¢ is 27-periodic in its arguments. It follows that Fung, is equal to
the set of functions f : RY — R of the form f(¢) = M + §(¢) where M € Z**? and where
¢ is 2m-periodic in its arguments and belongs to C(RY,R?). We can now discuss J since it
belongs to the subset Map, of Fung whence, by the above, j(¢) = M@+ G(¢) where M € 744
and where § € C(R4,RY) is 2m-periodic in its arguments. Moreover since je Map, and by
(2.11), also ;! belongs to Fung. Thus M has an inverse M ! and M~! belongs to Z%*? as
can be easily checked as well as j~'(¢) = M~'¢ 4 h(¢) where h € C(R% R?) is 27r-periodic
in its arguments. Clearly Pw] is the special case of j for which §(¢) = w and for which M
is the unit d x d-matrix. Choosing M to be the negative of the unit matrix we arrive at
the function jo € C(R% R%), defined by jo(¢) := —¢p. We see that j; ' = jo whence j, has a
continuous inverse so that 50 € Homeo(R%). Moreover 7y Ojo and 7, oj'o_ U are 27-periodic in
their arguments whence, by Theorem 2.5d, j, € Map,. Thus, and since Jo is different from
every Plw], we see that the j are more general than the Plw]. Of course, by Theorems 2.5¢
and 2.6b this implies that the j are more general than the Plw].

2.4 The set SOS(d, j) of spin-orbit systems

At the core of this work, in Chapters 4-8, the key technique is to transform, for fixed but
arbitrary j € Homeo(T?), every A € C(T¢, SO(3)) into a certain set of A’ € C(T%, SO(3)).
Thus the transformation theory, introduced in Chapter 4, defines a set of transformation
rules, each of which is labelled by a j € Homeo(T?). It is thus convenient to define

SOS(d,j) = {(j,A) : AeC(T? SO(3))}, (2.27)

where j € Homeo(T¢) and so the transformation theory of this work is based on a transfor-
mation rule on each SOS(d, j).

We call every pair (7, A) in SOS(d, j) a “spin-orbit system”. We call A the “l-turn spin
transfer matrix function” of a spin-orbit system (j, A). In the special case j = Pw] we
call w the “orbital tune vector” of a spin-orbit system (Pw], A). Recalling Section 2.3, the
homeomorphism P[j, A in (2.22) is defined for every (j, A) in SOS(d, j) and we call P[j, A]
the “l-turn particle-spin-vector map of (j, A)”.

It follows from Sections 2.2 and 2.3 that the set of spin-orbit systems which are derived
from the continuous-time non-autonomous DS (2.2),(2.3) are of the form (j, A) where j =
Plw] and A(z) = ®(2m; Arg(z)). We denote this set of spin-orbit systems by SOScr(d, w).
Clearly

SOScr(d,w) C SOS(d, Plw]) , (2.28)

and it will be shown after (2.29) that the inclusion in (2.28) is proper, i.e., that SOScr(d, w) #
SOS(d, Plw]). All physical applications we have in mind have j = P[w| and so in this case
J is just a shorthand. However, since for most notions and results of this work a general j is
perfectly applicable, we do not confine ourselves to j = Plw].
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As is clear from Section 2.2, we are interested in SOS(d, j) rather than SOScr(d,w)
because we want to capture situations where thin-lens magnets are involved as in Section 3.3
below. In particular we expect that SOScr(d,w) # SOS(d, Plw]). This is an analogue of
the following question from beam dynamics: given a symplectic map, can it be generated as
the 1-turn map of a Hamiltonian system? We do not deal with this question. Returning to
the question if SOSor(d,w) # SOS(d, Plw]), one may try to show this inequality by proving
that the spin-orbit system (P[1/2], Asg) in Section 3.3 does not belong to SOScr(1,1/2).
In fact (P[1/2], Asg) is derived from the continuous-time formalism with an A involving
thin-lens Siberian snakes which cannot be captured, via Section 2.1, i.e., A & BMT so
chances are that (P[1/2], Ass) does not belong to SOS¢r(1,1/2). However, we can address
our question much more easily as follows so let w € R and m € Z and let A € C(R, SO(3))
be defined by

cosm¢op —sinmeo 0
A(p) == [ sinm¢p cosmp 0 | . (2.29)
0 0 1

Clearly A is 27r-periodic in ¢ whence, by Theorem 2.5e, A € C(T, SO(3)) where A(z) :=
A(Arg(2)) so that (P[w], A) € SOS(1, Plw]). It was shown in [He2, Section 7.2], by using the
“quaternion formalism” of SO(3) and simple tools from Algebraic Topology, that (P[w], A) €
SOScr(1, Plw]) iff m is even. Note that this argumentation uses the mathematical analogy
of the z-¢ correspondence of Chapter 2 with an r-p correspondence between r € SO(3) and a
“quaternion” variable p (for more details, see [He2]). Thus for m odd we have a very simple
example showing that the inclusion (2.28) is proper.

Note that in the case m = 0, the function A in (2.29) is constant and has the following
I35 and this case plays an important role on so-called spin-orbit resonances (see Chapter 7
below). The function A in (2.29) also plays the role of a so-called transfer field, e.g., in the

proof of Theorem 7.3f.

2.5 The particle-spin-vector trajectories of the spin-orbit systems

We now discuss the DS defined by (2.22) by computing the n-th iterate P[j, A]™ of P[j, A].
We call P[j, A]" the “n-turn particle-spin-vector map of (j, A)”. If zyp € T? and Sy € R? we
define the functions Z : Z — T and S : Z — R? by

Z) \ _ pr; am

7

We call Z a “particle trajectory of (j, A)” and S a “spin-vector trajectory of (j, A)”. Also
we call (Z,9) a “particle-spin-vector trajectory of (j, A)”. Clearly, by (2.22),(2.30),

(Zor)-ra(G) - (it ) e
whence
Z(n) = j"(20) - (2.32)
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It follows from (2.31),(2.32) that
S(n+1) = A(Z(n))S(n) = A(j"(20))S(n) , (2.33)
and S(—n) = A'(j7"(20))S(—n + 1) whence

S(n) = A" () - A((20))A(20)S ,  (n=1,2,... (2.34)
S(n) = A'(j"(=)) - A'GH())S .,  (n=-1,-2,.),

where we also used the fact that A'(z)A(z) = I3x3. It follows from (2.35) that
S(n) = V¥[j, Al(n; 20)So , (2.35)
where the function W[j, A] : Z x T¢ — SO(3) is defined by

Wy, A](0; 2) := I3x3 ,
W[, Al(n; 2) == A(J" 71 (2)) - A () AGR) . (R=1,2,..),
U, Al(ns 2) o= A'(G"(2) - AT (2) . (n=—1,-2,..).
(2.36)

We call ¥[j, A] the “spin transfer matrix function” of (j, A) and we call W[j, A](n;-) the
“n-turn spin transfer matrix function” of (j, A). Clearly

[, A)(L2) = A(2) (2.37)

which justifies calling A the 1-turn spin transfer matrix function. We use the standard
topology on Z (see Appendix A.3) whence the function W[j, A] is continuous since it is
continuous in the second argument. It follows from (2.32),(2.35) that

(5 ) = Cop s, )

whence, by (2.30),
PUAPGS) = (g5 o ) (2.38)

The behavior of the spin-vector trajectories in (2.33) depends on the values of A reached
by the particle motion Z(n) in its argument, which in turn depends on j. In the case
J = Plw] the argument Z(n) of A in (2.33) will remain in a confined subset of the torus for
some values of w and for other values it will cover the torus densely. To be more precise we
define resonance. We say x € R" is resonant if there exists a non-zero integer vector k € Z"
such that k -y = 0 and nonresonant if not resonant. If j = Plw| and (1,w) is nonresonant
then the argument Z(n) of A in (2.33) covers the torus densely and since A is continuous all
values of A affect the spin-vector trajectory whereas if (1,w) is resonant the values of A are
only sampled by its values on a sub-torus. The spin-orbit system (P[w], A) is said to be “off
orbital resonance” if (1,w) is nonresonant and “on orbital resonance” if (1,w) is resonant.
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Thus spin-vector trajectories may exhibit significantly different qualitative behaviors on and
off orbital resonance. We will now generalize the notion “off orbital resonance”. One says
that j € Homeo(T?) is “topologically transitive” if a z, € T? exists such that the set
B :={j"(z) : n € Z} is dense in T, i.e., B = T¢ where B denotes the topological closure of
B, see Appendix A.3. An important special case is when j = P[w|: then j is topologically
transitive iff (1,w) is nonresonant.

Since P[j, A|"™™ = P[j, A]" o P[j, A|™ we get from (2.38)

Wlg, Al(n +m; 2) = Wj, Al(n; 5"(2)) W5, A](m; 2) - (2.39)

Since W[j, A] is continuous and SO(3)-valued and due to (2.39) it is common in Dynamical
Systems Theory to call U[j, A] an “SO(3)-cocycle” over the homeomorphism j. While this
aspect does not play a role in this work, it inspires to use the terminologies “almost cobound-
ary” and “coboundary” in Chapter 7. The cocycle aspect of W[j, A] is of great interest if one
studies the existence problem of the ISF in terms of the so-called “algebraic hull” (for more
details on the algebraic hull, see the remarks at the end of Chapter 5 below). For literature
on cocycles, see, e.g., [KR, Zil] and Chapter 1 in [HK1].

3 Polarization-field trajectories and invariant polariza-
tion fields

In this chapter we introduce the notions of polarization field, invariant polarization field,
spin field and invariant spin field and we present their most basic properties.

3.1 Generalities

High precision measurements of the spin-dependent properties of the interactions of colliding
particles in storage rings depend on the equilibrium spin polarization being maximized. This,
in turn, is facilitated by an understanding of the meaning of the term equilibrium, both as
it applies to the value of the polarization and to its direction at each point in phase space.
We will return to these matters in Section 8.1 but continue now with a definition and an
exploration of the effects of maps.

Suppose therefore that (j, A) € SOS(d, j) and that, at time n = 0, a spin vector S,
has been assigned to every point zy = 7m,(¢) of the “particle torus” and consider their
evolution according to (2.35). Let S, denote the spin-vector trajectory with the initial
value Sy = S,,(0). We define the field trajectory S = S(n, z) by S(n,j"(2)) = S.(n) where
n and z vary over Z and T? respectively. Clearly S(n,-) is the distribution of spins which
started at n = 0 with the assignments S,, and evolved under the dynamics of (2.35). Since
(2.35) gives us S,(n + 1) = A(j"(2))S.(n), we have

Sn+1,z2) = A(j_l(z))S(n,j_l(z)) . (3.1)

Definition 3.1 (Polarization-field trajectory)
Let (j,A) € SOS(d, j). We call a function S € C(Z x T, R3) a “polarization-field trajectory
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of (j, A)7, if it satisfies the evolution equation (3.1). Clearly S(n,-) € C(T%,R?) and we call
S(0,) the “initial value of S”. A polarization-field trajectory S is also called a “spin-field
tragectory” if |S| = 1. O

It follows from the remarks before Definition 3.1 that if S is a polarization-field trajectory
and if Z is a particle trajectory of (j, A) then (Z,S) is a particle-spin-vector trajectory of
(7, A) where S(n) := S(n, Z(n)). Every such trajectory we call a “characteristic particle-spin-
vector trajectory”. Thus the particle-spin motion can be viewed as a characteristic motion
of the field motion and this plays a key role in the spin-vector tracking of the stroboscopic
averaging method [EH, HH] (for more details on stroboscopic averaging, see Section 7.2).
For an application of the characteristic motion in the present work, see Section 4.2.

At (2.22) we defined the function P[j, A] for transporting particles and their spin vectors.
We now define the 1-turn field map, i.e., the function P[j, 4] : C(T%,R3) — C(T¢,R?) for the
field evolution by

Pl AN(f) = (Af)o i, (3.2)
ie., (Plj,Al(f)(z) = AG"(2))f( " (2)) where f € C(T¢ R3). To show that P[j, 4] is a
bijection we note, by (3.2) and for (j, A) € SOS(d, j) and (j', A") € SOS(d, j'), that
Pl Ao Plj, Al = Plj' 0 j, A'], (3.3)
where A” € C(T¢,SO(3)) is defined by A” := (A’ o j)A, whence
Plj, A] = Plj, Aao] o Plidye, A] , (3.4)
where Ago € C(T?, SO(3)) is defined by Ago(z) := I3x3. Thus P4, A] is a bijection since it
has the inverse, P[j, A]™!, given by
Pl A" = Plidna, ATo P!, Ago] = P~ A"0 5] (3:5)

Amusingly, (3.3),(3.4),(3.5) would even hold if one would replace P by P as can be easily
checked.

With (3.2) the evolution equation (3.1) can be written as S(n + 1,-) = P[j, A(S(n, -))
whence, for every polarization-field trajectory S,

We now compute n-th iterate P[j, A]" of P[j, A] which we call the “n-turn field map” of
(7, A). In fact, by (2.36), (3.2) and via induction in n,

P AIM(f) = (\If[j, Ao ->f) 0", (3.7)

ie., (P, A"(f))(z) = W[5, Al(n; 57" (2)) f (77" (2))-
In Section 2.2 we demonstrated, in case of the particle spin-vector dynamics, that ¢ and
z are of the same expressive power. In fact this is also the case for field dynamics as the

following remark shows.

Remark:
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(1) Let, as in Tpeorem 2.5¢, A € C(R% S0(3)) be 27-periodic in its arguments and je
Map,, ie., j € Homeo(Rd) such that mg o 7 and mg 0 j7' are 27-periodic in their

arguments. We thus define the function P[J, A] : Cper(R?, R?) — Cper(R% R?) for the
field evolution in the ¢ variable by

P, A(f) = (Af)o ", (3.8)

e, (Pl7, Al(f)(2) == A(G(¢)) f (571 ($)) where f € Cper(R?, R?) and where Cp., (R, R?)
denotes the set of functions in C(R? R*) which are 2m-periodic in their arguments.
Then, by the first part of Theorem 2.5e, j := g0 7 o Arg belongs to Homeo(T?) and
A := Ao Arg belongs to C(T% SO(3)). In analogy to the second part of Theorem 2.5¢,
we arrive at the following claim:

If f € Cper(RER?) is defined by f
where f' € C(T%R?) and fec

= PUL A

The claim means, in the language of Dynamical Systems Theory, that ﬁ[A,A] and
Plj, A] are equivariant, see for example [HK1].

Proof of the claim: We compute, by (3.2), (3.8) and Definition 2.4, f’ o j o Arg =
(Af)oArg = (Aomy)(fomy)oArg = Af and f'omgojoArg = f'oj = (Af)ojtoj = Af
whence f’oj’oArg = f'omgojoArg. Thus, and since f’oj’ and f'omgo7 are 2w-periodic in
their arguments and continuous, we conclude from Theorem 2.5b that f’ 0] = flomgo)
whence, and since 7 is a bijection, we indeed get f’ = ffomy.

Clearly P[j, A] is the “field” version of P[], A] and it would thus be easy to define the
notion of polarization-field trajectory in terms of the angle variable ¢ (however in this
work we focus on the variable z). O

f omy with f € C(T¢, R3) then = fomny
d

_( R3) are defined by f’ : [ , A|(f) and

In our follow-up work we will take a deeper look into polarization fields by generalizing the
spin vector variable and thus generalizing the notion of polarization field.

3.2 Invariant polarization fields and invariant spin fields

We first need a definition.

Definition 3.2 (Invariant polarization field, ISF)
Let (j, A) € SOS(d, j). A function f € C(T? R?) is called an “invariant polarization field
of (3, A)” if it satisfies

foj=AFf. (3.9)
Note, by (3.2),(3.9), that an f € C(T¢,R?) is an invariant polarization field of (j, A) iff
f =Pl Alf) - (3.10)

Thus an f € C(T,R?) with |f| = 1 is an ISF of (j,A) iff (3.10) holds. An invariant
polarization field f is called an “invariant spin field (ISF)” if |f| = 1. Thus an f € C(T¢,R?)
with |f| =1 is an ISF of (j, A) iff (3.10) holds. We denote the set of invariant spin fields of
(7, A) by ZSF (4, A). O
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We now take a closer look at invariant polarization fields and we first recall from (3.1)
that if S is a polarization-field trajectory of (j, A) then

Sn+1,5(2) = A(2)S(n, 2) , (3.11)
whence if § is also time-independent then
S(n, j(2)) =S(n+1,j(2)) = A(2)S(n, 2) . (3.12)

It follows from (3.11) and (3.12) and Definitions 3.1,3.2 and by induction in n that if S is a
polarization-field trajectory of (j, A) then S is time-independent iff its initial value S(0, -) is
an invariant polarization field of (j, A).

Invariant polarization fields play an important role in polarized beam physics since they
can be used to estimate the maximum attainable polarization of a bunch as we explain
in Section 8.1, and since they are closely tied to the notions of spin tune and spin-orbit
resonance (see Chapter 7). In fact as indicated in the Introduction invariant polarization
fields are central to this work. This view will be confirmed in our follow-up work where we
will generalize the notion of invariant polarization field.

We now make some comments on the question of the existence of the ISF for spin-orbit
systems in SOS(d, 7). It should be clear that the constraints involved in the definition of
the ISF are nontrivial. However, if a spin-orbit system (j, A) has an ISF f then —f is also
an ISF of (j, A). So since f # —f, if (j, A) has a finite number of ISF’s, then this number is
even. The important subcase where (7, A) has exactly two ISF’s is dealt with in Chapter 8.

It is also known [BV1] and to be examined in the following section, that spin-orbit
systems exist which are on orbital resonance and which have no continuous ISF of the kind
that we treat here. At the same time there are some indications, mainly from numerical
computations on ISF’s, that practically relevant spin-orbit systems which have no ISF are
“rare”. Thus we state the following conjecture, which we call the “ISF-conjecture”: If (j, A)
is a spin-orbit system such that j is topologically transitive then (j, A) has an ISF. Note that
a special case of this conjecture is: If a spin-orbit system (P[w], A) is off orbital resonance,
then it has an ISF.

The ISF-conjecture is, at least to our knowledge, unresolved. The question of the ex-
istence of the ISF is widely considered important both as a theoretical matter and as it
relates to the practical matter of deciding whether a beam can have stable, non-vanishing
polarization. Our follow-up work will present a new framework for discussing it.

Remark:

(2) Since we work in the framework of topological dynamical systems, A, j are continuous
functions and we therefore require our fields to be continuous, in particular the invari-
ant polarization fields. Thus every polarization-field trajectory S fulfills two different
conditions: the “dynamical” condition (3.1) and the “regularity” condition that S is
continuous. However, in contrast to the dynamical condition, the regularity condi-
tion is a matter of choice. While in this work, and in [He2], we choose continuity as
the regularity property, this property can basically vary between the extremes “Borel
measurable” and “of class C'*°”. O
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Since the ISF-conjecture deals with topologically transitive j we state the following the-
orem whose part b) considers this situation.

Theorem 3.3 a) Let j € Homeo(T?) be topologically transitive and let g € C(T¢,R) satisfy,
for all z € T¢,

9(i(2)) = 9(2) . (3.13)

Then g is constant, i.e., g(z) is independent of z.

b) Let (j, A) € SOS(d, j) where j is topologically transitive. If f is an invariant polarization
field of (4, A) then |f| is constant, i.e., |f(2)| is independent of z. Also (j, A) has an ISF iff
it has an invariant polarization field which is not identically zero.

Proof of Theorem 8.3a: We pick a zy € T? such that the set B := {j"(2) : n € Z} is dense
in T?, i.e., B = T¢ and we define gy := g(z). It follows from (3.13) that B C C' := {z € T :
g(z) = go}. On the other hand, the singleton {go} is a closed subset of R whence, because ¢
is continuous, C' is a closed subset of T¢. Therefore T = B C C' = C so that T¢ = C. Thus,
by the definition of C, we conclude that g(z) = go for all 2 € T? which proves the claim.
Note that C' being closed means that its complement, say C’, is open, i.e., C" € 7,. O
Proof of Theorem 3.3b: Let f be an invariant polarization field of (j, A). Then, by Definition
3.2, f € C(T4 R3) and

IFEE) =111 (3.14)

Defining g € C(T%, R) by g(z) := | f(2)] it follows from (3.14) that g satisfies (3.13). Tt thus
follows from Theorem 3.3a that |f(z)] is independent of z.

To prove the second claim, let f be an invariant polarization field of (j, A) which is not
identically zero. Clearly by the first claim |f| is constant and takes a nonzero value because
| f] is not identically zero. Thus we define h € C(T¢,R?) by h := f/|f| whence, by Definition
3.2, h is an ISF of (j, A). Conversely every ISF of (j, A) is an invariant polarization field of
(7, A) which is not identically zero. O

We will apply Theorem 3.3a in the proof of Theorem 7.6 below. Moreover, Theorem
3.3a is of practical importance as will be explained in Section 7.2 when we discuss the com-
puter code SPRINT. In Section 8.1 below we apply Theorem 3.3b and explain its practical
importance.

In the special case when j = P[w] with (1,w) nonresonant one can prove Theorem 3.3
alternatively by the machinery of Appendix B (see also [He2]). With Theorem 3.3b, the ISF
conjecture is equivalent to the following statement: If j is topologically transitive then (j, A)
has an invariant polarization field which is not identically zero. Note also that Theorem 3.3b
will be generalized in our follow-up work.

A less formal picture surrounding Theorem 3.3b is as follows. When j is topologically
transitive, the whole of T? can effectively be reached from any starting position 2, by repeated
application of j. Moreover, by a corresponding repeated application of A, f(zy) generates
f(2) at effectively all points on T¢. So the f(z) on T¢ are all “connected”. Also, since A
is SO(3)-valued all the |f(z)| are the same. On the other hand, if j is not transitive, the
f(2) at different z need not be connected. For example the f(z) at adjacent z could have
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opposite signs. We will encounter this situation in the following section but we first need
the following remark on the notion of n-turn ISF.

Remark:

(3) Let (j, A) € SOS(d,j) and let n be an integer. Then ;7" = (5")~! whence, by (3.7),

P, AP"(f) = (\If{j, Ao ->f) 0 (7)1 so that, by (3.2),

Pl A" = P [j Wlj, Al(n: ->} | (3.15)

Thus the n-turn field map of the spin-orbit system (j, A) is equal to the 1-turn field map
of the spin-orbit system (5", ¥[j, A](n;-)). In particular if f is an ISF of (j, A) then,
by Definition 3.2, P[j, A]f = f whence P[j, A]"f = f so that, by (3.15), f is an ISF of
(3™, W[4, Al(n;-)). An ISF of (5, ¥[j, Al(n;-)) is sometimes called an “n-turn ISF” of
(7, A), see, e.g., [HBEV3]. Thus every ISF of (j, A) is an n-turn ISF of (j, A) but the
converse is not true (see, e.g., the spin-orbit system (P[1/2], Aas) in Section 3.3 below).
It also follows from the above that, when j" = idp (e.g., if j = Plw] with w € Q9),
every ISF of (j, A) has a rather simple form if n # 0. In fact if f is an ISF of (j, A)
and if j” = idpa then f is an n-turn ISF of (j, A), i.e., an ISF of (idye, V[j, A](n;-))
whence, by (3.9), f(z) = U[j, A](n; 2) f(2), i.e., f(2) is an eigenvector in R? so that the
ISF is the solution of infinitely many eigenvalue problems for the eigenvalue 1. Thus
if 7" = idpa with n # 0, the existence problem of the ISF of (j, A) is rather simple and
in Section 3.3 below we will use this fact in a situation where j2 = idp.. Note that
in the case n = 0 the eigenvalue problems read as f(z) = f(z) so in this case they
carry no interesting information. The above also suggests the following approach to
the ISF conjecture: If (1,w) is nonresonant then in order to find an ISF for (Plw], A)
one approximates this spin-orbit system by a spin-orbit system (P[x], A) where x € Q¢
approximates w and where existence problem of the ISF of (P[x], A) is rather simple
due to the above. Note also that it can be easily shown, in analogy to (3.15), that

3.3 The 2-snake model

In this section we consider a model describing the spin-orbit system of a flat storage ring
which has two thin-lens Siberian Snakes with mutually perpendicular axes of spin rotation
placed at # = 0 and 6 = w. With this layout, the spin tune, 1y, on the design orbit, of
the ring is 1/2. Here we are interested in the situation where, in the absence of snakes, the
spin motion is dominated by the effect of a single harmonic in the Fourier expansion of the
radial component of the (6, J, ¢(0)), mentioned in the Introduction, and due to vertical
betatron motion. This case is often called the “single resonance model”. The combination
of the single resonance model and two snakes considered in this section has been studied
extensively. See for example [BV1, Vo] and the references therein. The interest in this model
stems from the effect on the polarization of the so-called “snake resonances”. These occur
at vertical betatron tunes of 1/2,1/6,5/6,1/10,3/10... Note that the term snake resonance
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is a misnomer since it does not refer to the proper definition of spin-orbit resonance given in
(7.23). Our main interest here is in the fact that at snake resonance, there is no ISF of the
kind that we define in this paper. We have already mentioned this situation in Section 7.2.
For further background material see [BV1].

Here we focus on the simplest case, namely that with vertical betatron tune, w = 1/2,
and we denote the resulting spin-orbit system by (P[1/2], Aag). Of course a real bunch is not
stable at w = 1/2 but this does not play a role in the present section. In this section we will
prove that (P[1/2], Ass) has no ISF and, as a byproduct, we will construct a “discontinuous”
ISF k, i.e., a normalized and piecewise continuous solution of (3.9) (see Remark 4 below).

We first define (P[1/2], Ayg). For this we define the function Ass € C(T, SO(3)), for
e € (R\ Z) with [BV1, Vo| by

1—2¢%(¢)  2b(¢)c(¢)  2a(e)c(e)
Azs(z) == | 2b()c(d) 1—20%(¢) —2a()b(¢) | (3.16)
—2a(¢)c(¢) 2a(P)b(¢) 2a%(¢) — 1

where ¢ € R? such that m4(¢) = 2 and where the functions a,b,c € C(R,R) are defined by

a(¢) == —2sin’(me/2) sin(¢) cos(¢) ,  b(¢) := —2sin(me/2) cos(me/2) cos(¢) |
c(¢) = 2sin*(we/2) cos*(¢) — 1. (3.17)

Due to Theorem 2.5b, Asg is well-defined by (3.16) and continuous since the functions a, b, ¢
are 2m-periodic and continuous. Note also that

a+b =1, (3.18)

and that we exclude € from being an integer because in that case (P[1/2], Asg) would have
an ISF [Hel].

It follows from (2.25),(2.26) that P[1/2]> = P[1] = idr whence the existence problem of
the ISF of (P[1/2], Ass) can be solved along the lines of Remark 3 above, i.e., by solving

the eigenvalue problem h(z) = \11[73[1/2],/125} (2;2)h(2) at every z. Note that P[1/2]* =
tdy means that a particle returns to the same z over two turns. We thus will prove that
(P[1/2], A2s) has no ISF as follows. In the first step we show, by solving the eigenvalue
problem h(z) = ¥ {73[1/2], A25:| (2;2)h(z) at every z, that (P[1/2], Asg) has just two 2-turn

ISF’s namely k and —k defined below. Thus, recalling Remark 3, if (P[1/2], Asg) has an
ISF then this ISF is also a 2-turn ISF of (P[1/2], Ass) whence it must be equal to k or —k.
Therefore in the second step we will show that neither k& nor —k is an ISF of (P[1/2], Asg)
which will finish the proof.

To perform the first step we recall from Remark 3 that a function h € C(T,R?) is a 2-turn
ISF of (P[1/2], Ayg) iff it satisfies, for every z € T,

h(z) =W {P[1/2], A25:| (2;2)h(2) , (3.19)
|h(z)| =1. (3.20)
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To address the eigenvalue problem (3.19) we need to compute the 2—turn spin transfer
matrix function W[P[1/2], Ass](2;-). In fact, by (3.16) and (3.17),

1—2c%(¢)  —2b(¢)c(¢) 2a(¢)c(o)
Azs(P[1/2](2)) = Ass(ma(@ + 7)) = | —2b(d)c(9) 1—20%(6) 2a(d)b(¢) | ,(3.21)
—2a(¢)c(d) —2a(d)b(¢) 2a%(¢) —1

where z = 74(¢) and where in the first equality we used (2.25). We conclude from (2.36),
(3.16) and (3.21) that the 2-turn spin transfer matrix function reads as

\P{PMLAQS] (2:2) = Ags(P[1/2)(2)) Aas (2)

) =
1—8c%(¢) +8c'(9)  4b(¢)c(9)(1 —2¢*(¢)) 4da(¢)c(¢)(1 — 2¢*(¢))
= | —4b(o)c(¢ )(1—20( ) 1=80%(¢)c*(¢) —8a(¢)b(¢)c*(¢) , (3:22)
—da(¢)c(¢)(1 —2¢%(¢))  —8a(d)b(¢)c*(¢) 1 — 8a*(¢)c*(9)

where z = m4(¢). Since € is not an integer, |sin(me/2)| equals neither 0 or 1, and so we define
the 27-periodic function K € C(R,R3) by

cos(me/2)
| cos(me/2)[/1 — sin®(me/2) cos?(¢)

By Theorem 2.5b and since K is continuous and 2w-periodic, a unique function k € C(T,R3)
exists such that

K(¢) = (0,8111(7‘(6/2) sin(¢),—cos(we/2)) . (3.23)

K=kom. (3.24)
It is easy to show that (3.19) and (3.20) are fullfilled for h = £, i.e.,

k(z) = U[P[1/2], Ass)(2; 2)k(z) , (3.25)
k(z)] = 1. (3.26)

Thus indeed k and —k are 2-turn ISF’s of (P[1/2], Ass).

To complete the first step of our proof we need to show that k£ and —k are the only 2-turn
ISF’s of (P[1/2], Ass) so let h € C(T,R?) be an arbitrary 2-turn ISF of (P[1/2], Ass), i.e., let
h satisfy (3.19) and (3.20). To show that either h = k or h = —k let R # I3x3 be a matrix
in SO(3). Then R has a real eigenvector v € R? with eigenvalue 1 and such that |v| = 1
whence r € SO(3) exists such that v = 7(0,0,1)". Thus 7*Rr(0,0,1)" = (0,0, 1)" whence,
by Theorem 6.2a in Chapter 6 below, r!Rr € SO(2) so that a v € [0,1) exists such that
R = rexp(2rvJ)rt. This implies, since R # I3y3, that v # 0. Thus if w,w’ € R? are real
eigenvectors of r'Rr with the eigenvalue 1 and |w| = |w'| = 1 then |w - w'| = 1 whence if
v,v" € R? are real eigenvectors of R with the eigenvalue 1 and |v| = [v/| = 1 then |v-v/| = 1.

Defining the set

M= {z € T : U[P[1/2], Ass](2; 2) = Ln3} | (3.27)

we observe that, if z € (T \ M), then W[P[1/2], Ass](2;2) # I3x3. Thus, and since by
(3.19), (3.20), (3.25) and (3.26), h(z), k(z) are real eigenvectors of W[P[1/2], Ass](2; z) with
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eigenvalue 1 and |h(z)| = |k(2)| = 1 we conclude that, if z € (T '\ M), then A(z) = 1 where
the function A : T — R is defined by A(2) := |h(2) - k(2)|. To show that A(z) = 1 for all
z € T we only have to show that A is a constant function. We thus compute, by (3.17) and
(3.22),

M = {m(6) : 6 € R, e(6)(2(6) — 1) = 0} = {m(6) : & € R, cos*(9) !

- 25i112(7re/2)} 7
(3.28)

whence M consists of only finitely many points. Since A(z) =1 on T \ M and since M has
only finitely many points we conclude that A is a continuous function with only finitely many
values. Since T is path-connected and A is continuous we use the same argument as in the
proof of Theorem 8.1b and conclude that the range of A is an interval whence A is constant
so that A\(z) = |h(2) - k(2)| = 1 holds for every z € T. Thus, and since |h(z)| = |k(2)| = 1,
either h = k or h = —k. So we have shown that the only 2-turn ISF’s are h = k and h = —k.
This completes the first step of our proof.

In the second step we now show that neither k& nor —k is an ISF so we compute, by (3.16)
and (3.23),

Azs(m(9))K(¢) = —K(¢+ ), (3.29)
whence, by (2.25) and (3.24), Ass(2)k(z) = —k(P[1/2](2)) so that, by (3.2),
PIP[1/2], Ass] (k) = —k (3.30)

which implies, by Definition 3.2, that & is not an ISF of (P[1/2], Asg). Thus —k is not an ISF
of (P[1/2], Ags) either. Therefore the only two 2-turn ISF’s of (P[1/2], Asg) are not ISF’s of
(P[1/2], A2s). This completes the second and final step of our proof. We thus conclude that
(P[1/2], Ass) has no ISF.

Remark:

(4) While (P[1/2], Ays) has no ISF, it is easy to construct a normalized, piecewise contin-
uous solution of (3.9) for the spin-orbit system (P[1/2], Ass) (see also [BV2]). In fact
defining K : R — R3 by

b | K(9) if ¢ € U, ezl2mn,2mn + )
K(9):= { —K(p) ifge UHEZ[QWTL + 7, 2mn + 2m) , (3.31)

we are led, by Section 2.2, to define the function k : T — R?® by k(z) := K(Arg(z)).
It is a simple exercise to show that k is a normalized piecewise continuous solution of
(3.9) for the spin-orbit system (P[1/2], Asg). Of course, k is not an ISF of (P[1/2], Ass)
since (P[1/2], A2s) has no ISF. In fact it is an easy exercise to show, by (3.23) and

(3.31), that k is discontinuous at z = m;(0) and z = (7). This is an example of a
consequence of a lack of topological transitivity of j mentioned just after Theorem 3.3.

As mentioned in Remark 2 above, since A, j are continuous we require that invariant
fields be continuous. However this requirement is a matter of choice. In fact if one
would impose the weaker condition of Borel measurability then k& would be an ISF. In
fact, as mentioned in Section 7.2 below, the requirement of continuity was relaxed in
[BV1]. 0
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For more details on (P[1/2], Ass), see Appendix B.6 below.

4 Transforming spin-orbit systems and the partition of

SOS(d, j)

Transformations of spin-orbit systems are important since they underly the important no-
tions of IFF and spin tune as illustrated in Chapters 5,6,7. Thus in this chapter, in order
to provide the basic machinery needed in Chapters 5,6,7, we introduce the transformation
of any (j,A) € SOS(d,j) under any T € C(T¢, SO(3)), i.e., we state a transformation
formula which is well-known in the Beam Polarization community in the rigorous terms of
the formalism developed in the previous chapters. In fact (j, A) is transformed into (j, A”)
where A’ is given by (4.2) below, i.e., A'(z) := T"(j(2))A(2)T(z). Thanks to our formalism,
we find that the above transformations partition every SOS(d, j) into “equivalence classes”
where two spin-orbits systems are “equivalent”, i.e., belong to the same class, if they are
connected by one of these transformations. The dynamics of equivalent spin-orbit systems
can be considered as essentially the same.

A central idea in Dynamical Systems Theory is, for a given dynamical system, to find an
“equivalent” one which is simpler to analyze. The particular notion of equivalence mentioned
above and used in this chapter is an example and thus it is of interest to find transformations
T which simplify a given (j, A). More precisely we want to find a spin-orbit system (7, A’),
where A'(z) := T"(j(2))A(2)T(z), such that the function S'(n) := T*(Z(n))S(n) is as simple
as possible.

We use the transpose of T" as a matter of convention (this convention has the side effect
that under certain conditions on 7', the third column, not the third row, of 7" is an ISF -
see the IFF Theorem in Chapter 6). Also note that if T € C(T¢, SO(3)) then T = T~! €
C(T4,S0(3)).

In Section 4.1 we make precise our transformation law and define the corresponding par-
tition of SOS(d, j). In addition we relate in Section 4.1 the particle-spin-vector trajectories
of equivalent spin-orbit systems by relating P[j, A] and P[j, A’| etc. Analogously we relate in
Section 4.2 the polarization-field trajectories of equivalent spin-orbit systems. In Section 4.3
we put Sections 4.1 and 4.2 in a more general “tranformation theoretical context” a context
we will not consider in this work. In Chapter 5 we use the transformation law of the present
chapter by considering spin-orbit systems (7, A) which have an H-normal form, that is (j, A)
is equivalent to (j, A’) where, for all z € T?, A'(z) € H with H being a subgroup of SO(3)
w.r.t. matrix multiplication. The spin-orbit system (j, A’) is considered as “simple” if A’ is
H-valued where H is a subgroup of SO(3) which is “small” (for more details of this philos-
ophy, see Chapter 5). This is the case of the subgroups SO(2) and G, which we consider in
Chapters 6 and 7.
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4.1 The transformation of spin-orbit systems and of particle-spin-
vector trajectories

Consider (j, A) € SOS(d, j) and let (Z,S) be a particle-spin-vector trajectory of (j, A), i.e.,
let (2.31) hold so that S is a spin-vector trajectory of (j, A) and thus S(n+1) = A(Z(n))S(n).
For arbitrary T € C(T%, SO(3)), the function S : Z — R?, defined by

S'(n) == T'(Z(n))S(n) , (4.1)

satisfies S"(n+ 1) =T Z(n + 1))A(Z(n))T(Z(n))S’(n). So (Z,5") is a particle-spin-vector
trajectory of a new spin-orbit system, namely of (j, A’) € SOS(d, j) which is defined by

A(2) :=T'j(2)A(2)T(2) . (4.2)
Eq. (4.2) gives rise to a partition of SOS(d, j) as we formalize in the next two definitions.

Definition 4.1 (Transformation of spin-orbit systems, transfer field)

Let (5, A) and (j, A’) be in SOS(d,j). Then a T in C(T¢,SO(3)) is called a “transfer field
from (4, A) to (j, A") " iff (4.2) holds. We also say that “(j, A") is the transform of (j, A) under
T7. We denote the collection of all transfer fields from (3, A) to (j, A’") by TF(A, A’;d, j).
Note that if T € TF(A, A';d,j) then T* € TF(A, A;d,j), ie., (j,A) is the transform of
(4, A") under T". O

It follows from the remarks before Definition 4.1 that if 7" is any transfer field from (j, A)

to (j, A’) and if (Z,S) is a particle-spin-vector trajectory of (j, A) then (Z,S’) is a particle-

spin-vector trajectory of (j, A’) where S’ is defined by (4.1), i.e., S'(n) = T"(Z(n))S(n).
Following Appendix A.2 we make the definition:

Definition 4.2 Let (j, A) and (5, A") be in SOS(d,j). Then we write (j,A) ~ (j, A") and
say that (j, A) and (j, A") are “equivalent” iff (j, A") is a transform of (j, A) under some
T € C(T4,80(3)). The relation ~ is reflevive, symmetric, and transitive and thus is an
equivalence relation on SOS(d, j), see Remark 0 below. Let (j,A) == {(j,4") : (5, A") ~
(7, A)}, i.e., the equivalence class of (j, A) under ~. As outlined in Appendiz A.2, the sets
(7, A) partition SOS(d, j). O

Two spin-orbit systems which are equivalent share many important properties, e.g., the
existence or nonexistence of an ISF (see Remark 3 below). We will see other properties
shared by equivalent spin-orbit systems throughout this work and in our follow-up work.
Thus the dynamics of equivalent spin-orbit systems can be considered as essentially the
same. Therefore if (j, A) can be transformed into a “simple” (j, A’) then we consider the
particle-spin-vector motions, the polarization field motions and the invariant polarization
fields of all spin-orbit systems in (j, A) as “simple”. Of course, for checking those shared
properties it can be convenient to check them for a “simple” element of (j, A) (see Chapters
5,6 and 7).

We now study how the transformation formula (4.2) affects P[j, A] and ¥[j, A]. Under
the transformation (j, A) — (j, A’), given by (4.2), P[j, A] becomes P|j, A'] and the latter
is given by

Plj, A'] = Plidpa, T]™* o P[j, A] o Plidya, T] , (4.3)
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where T is any transfer field from (7, A) to (j, A’). Eq. (4.3) is easily checked since, by (2.22),

Pli, Al(z, S) = < Z((;)S ) and P[j, A(z, §) = < A‘?((j))s ) as well as Plidgs, T)(z, S) =

( T(z)S ) Amusingly, even the converse holds, i.e., (4.3) implies (4.2). Of course (4.3)

also implies

Plj, AT" = Plidya, T] ™" o Plj, A" 0 Plidepa, T] , (4.4)

Finally under the transformation (5, A) — (j, A’), given by (4.2), V[j, A] becomes
Uy, A'] and the latter is given by

U[j, A)(n; 2) = T*(j"(2))¥[j, Al (n; 2)T (=) , (4.5)

where 7' is any transfer field from (j, A) to (j, A’). Eq. (4.5) is easily checked via induction in
n and by (2.39) and (4.2). Recall from Section 2.5 that W[j, A] is a cocycle in the terminology
of Dynamical Systems Theory and in this terminology the equality (4.5) means that the
cocycles W[j, A] and U[j, A'] are “cohomologous”. For this notion, see, e.g., [He2, KR, Zil]
and Chapter 1 in [HK1]. The transformation behavior displayed in (4.1), (4.3),(4.5) will be
generalized in our follow-up work by generalizing the spin vector variable.

We now make some comments on Definitions 4.1 and 4.2. First of all TF(A, A';d,j) # 0
iff (7, A") is a transform of (j,A) as in (4.2). In the case, where j = P[w], the equiva-
lence relation ~ on SOS(d,j) has more than one equivalence class whence not every set
TF(A, A’;d, j) is nonempty. In fact it is shown after Remark 6 in Chapter 7 that the equiv-
alence relation ~ on SOS(d, j) has infinitely many equivalence classes in the case where
j = Plw]. It is likely that this holds not only in the case j = Plw]. Finally the following
remark shows that ~, defined in Definition 4.2, is an equivalence relation.

Remark:

(0) We here make some comments on the relation ~ defined in Definition 4.2. First of
all ~ is reflexive since the constant Iy s-valued function on T¢ is a transfer field from
(7,A) to (j,A). Secondly ~ is symmetric since if 7" is a transfer field from (j, A)
to (j, A’) then T" is a transfer field from (j, A’) to (j,A) (note that (4.2) implies
A(z) =T(j(2))A'(2)T*(2)). Thirdly ~ is transitive since if 7' is a transfer field from
(7, A) to (j, A’) and T" is a transfer field from (j, A’) to (j, A”) then TT" is a transfer
field from (j, A) to (j, A”). This completes the proof that ~ is an equivalence relation
on SOS(d, j) (see also [wikid]). O

4.2 Transforming polarization-field trajectories

We now study how the transformation formula (4.2) affects P[j, A] and we will also find,
correspondingly to (4.1), transformation formulas for polarization field trajectories and in-
variant polarization fields.
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_ First of all under the transformation (j, A) — (j, A’), given by (4.2), P4, A] becomes
P[j, A'] and the latter is given by

Plj, A'| = Plidya, T) ™" o P[j, A] o Plidra, T] (4.6)

where T is any transfer field from (j, A) to (j, A’). Eq. (4.6) is easily checked by (3.3),(4.2).
Of course (4.6) implies that

Plj, A" = Plidya, T)™ 0 P[j, A]" 0 Plidpa, T] .27 (4.7)

We now transform polarization-field trajectories. Recall from the remarks after Definition
4.1 that if T is a transfer field from (j, A) to (5, A’) and if (Z,5) is a particle-spin-vector
trajectory of (j, A) then (Z, S") is a particle-spin-vector trajectory of (7, A") where S is defined
by (4.1), i.e., S’'(n) := T*(Z(n))S(n). We now apply this transformation to the characteristic
particle-spin-vector trajectories so let S be a polarization-field trajectory of (j, A). Defining
S(n) := 8(n, Z(n)) we recall from the remarks after Definition 3.1 that (Z,.S) is a particle-
spin-vector trajectory of (7, A) whence S'(n) := T*(Z(n))S(n, Z(n)) is a particle-spin-vector
trajectory of (j, A’). This suggests that &', defined by

S'(n,z) :=T"2)8(n, z) , (4.8)

is a polarization-field trajectory of (j, A’) which is easily checked by (3.1),(4.2).
With (4.8), and by the remarks after (3.12), we have the following transformation formula
of invariant polarization fields:

fi2) =T'(2)f(2) , (4.9)

where f is an invariant polarization field of (j, A) and f’ is an invariant polarization field of
(7, A") with T being any transfer field from (j, A) to (j, A’). For an application of (4.9), see
the proof of the IFF Theorem in Chapter 6.

The transformation behavior displayed in (4.6),(4.8),(4.9) will be generalized in our
follow-up work where it will be derived from an SO(3)-gauge transformation.

Remarks:

(1) The transformation formulas (4.1),(4.3),(4.5) and (4.6),(4.8),(4.9) are no strangers to
the polarized-beam community. In fact when researchers deal with the topics of spin
tune, spin frequency, spin resonances, resonance strengths etc. then they often ap-
peal more or less directly to these transformation formulas. In those applications the
aim, typically, is to transform (j, A) to a “simple” (j, A’). In the present work these
transformation formulas are applied to the notions of IFF and spin tune in Chapters
6,7.

(2) Let (Z,95) be a particle-spin-vector trajectory of a spin-orbit system (j, A). Then the
transformation formula (4.1) could be generalized to

S'(n) := R'(n, Z(n))S(n) , (4.10)
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where R : Z x T? — SO(3) is an arbitrary continuous function generalizing the notion
of transfer field. However in general (Z,5’), with S’ from (4.10), is not a particle-
spin-vector trajectory of any spin-orbit system. This is evident in the case where
Jj = Plw] as follows. If Z is a particle trajectory of (Pw], A) with Z(0) = 7i(¢o)
then, by Appendix B.1, the equations of motion for the spin-vector trajectory S read
as S(n+ 1) = A(mg(po + 2mnw))S(n). In the language of Appendix B.1, the matrix
elements of A(my(¢o + 2mnw)) are quasiperiodic functions of n. Also, the equations of
motion for the spin-vector trajectory S’ in (4.10) read as S'(n+1) = R'(n+ 1, m4(po +
2 (n+1)w))A(ma(po + 2mnw)) R(n, ma(¢do +2mnw))S’(n). However, and using again the
language of Appendix B.1, in general the matrix elements of R'(n + 1, 74(¢o + 27(n +
Dw))A(ma(po + 2mnw)) R(n, ma(Po + 2mnw)) are not quasiperiodic functions of n. Thus
in general (Z,5), with S from (4.10), is not a particle-spin-vector trajectory of any
spin-orbit system.

(3) It is clear that (4.8) maps the polarization-field trajectories of (j, A) bijectively onto
the set of polarization-field trajectories of (j, A’). It is equally clear that (4.9) maps
the set of invariant polarization fields of (j, A) bijectively onto the set of invariant
polarization fields of (j, A’) and that it maps ZSF(j, A) bijectively onto ZSF(j, A").
In particular, ~-related spin-orbit systems have the same number of ISF’s. O

4.3 Remarks on conjugate 1-turn particle-spin-vector maps and
structure preserving homeomorphisms

Note that Homeo(T? x R?) forms a group, where the group multiplication is understood to
be the composition of functions. Thus, since P|j, A] € Homeo(T? x R?), it follows from (4.3)
and Definition 4.2 and Appendix A.6 that if (j, A) ~ (j, A") then P[j, A] and P[j, A'] are
conjugate elements of the group Homeo(T? x R?), i.e., a T € Homeo(T? x R?) exists such
that P[j, A’ = Tt oP[j,AloT. In fact T = Plidra, T) with T € TF(A, A';d,j) is an
example. We call a 7 € Homeo(T? x R?) “structure preserving for a SOS(d, j)” if, for every
(4, A) € SOS(d, j), the homeomorphism 7! oP[j, A]o T in Homeo(T? x R3) is of the form
Plj, A'] for some (j, A") € SOS(d, j). As we discovered in Section 4.1, every Plidya, T] with
T € C(T?, SO(3)) is structure preserving for SOS(d, j) (for every j € Homeo(T¢)). Thus
the natural question arises: Which 7" € Homeo(T“ x R?) are structure preserving for a given
SOS(d, j)? While this question from Dynamical-Systems Theory will not be fully addressed
in this work we now give a brief glimpse. Let (j, A) € SOS(d,j) and (j,A") € SOS(d, j)
and let 7 € Homeo(T? x R?). Writing 7 in terms of components 7 = (Tpart, To), Where
Tpart € C(T, T?) and 7, € C(T? x R3 R3), we compute

(T o Plj, A)(2,8) = T(j(2), A(2)S) = (Tpare (4(2)), Tl (2), A'(2)5))
(Plj, Al o T)(2,5) = Plj, Al(Tpare(2), To(2, 5))
= (1(Tpart(2)), A(Tpart (2)) To (2, 5))
whence P[j, A’ = T Lo P[j, A o T iff

Trart(G(2)) = 1 (Tpart(2)) (4.11)
To(i(2), 4(2)S) = ATparn(2) T (2,5) (4.12)
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The system of equations (4.11),(4.12) plays a central role when one addresses the afore-
mentioned questions. Of course in the special case T = Plidye, T| with T € C(T?, SO(3))
we see that Ty, = idpa and T,(2,5)) = T'(2)S so that in that case we recover the fact
from Section 4.1 that P[j, A'] = T 1o Plj, Ao T iff T € TF(A, A’;d,j). We finally men-
tion that there are structure preserving 7 € Homeo(T¢ x R?®) which are different from any
Plidye, T). To give a simple example, we define 7 € Homeo(T? x R3) by T = (Tpart, To)

1 0 0
where Ton(2) = 2, To(2,8) = T(2)JS with T € C(T¢ SO(3)) and J == | 0 1 0
0 0 -1

Note that 7 € Homeo(T? x R?) because its inverse is the continuous function 7 which
is defined by 7% = (T Tim), where T,%(2) := 2, 7,(z,5) := JT"z)S. One easily
sees that 7 is structure preserving and is different from any Plidre, T]. The latter follows
from the fact that J has determinant —1. Note that (4.11),(4.12) read for this example as

J(2) = §(2), T(j(2) TA'(2)8 = A()T(2)T S.

5 H-normal forms and the subsets CBy(d, j) of SOS(d, j)

In Chapter 4 we introduced the fundamental transformation formula (4.2) which partitions
every SOS(d, j) into equivalence classes (j, A). Clearly the spin-orbit systems in an equiva-
lence class are related by a transformation and the underlying motivation is to find a simple
spin-orbit system in every (j, A). Dictated by the notions of IFF and spin tune and sug-
gested by our formalism, our way to address this search goes by formulating the notion of
“H-normal form” of (j, A). Precisely, (j, A’) is an H-normal form of (j, A) if (j, A') € (5, A)
and if A’ is H-valued, ie., A'(z) € H for all z € T? where H is a subgroup of SO(3).
Thus we introduce the notation CBy(d, j) for the collection of all (j, A) in SOS(d, j) which
have an H-normal form. As explained in Section 4.1, the dynamics of equivalent spin-orbit
systems can be considered as essentially the same whence the spirit here is that if H is
“small” then the dynamics of all spin-orbit systems in (j, A) are considered as “simple” (see
also the remarks after Remark 3). More precisely, if (j, A) € CBy(d,j) and H is “small”
then the particle-spin-vector trajectories of (j, A) are “simple” and the particle-spin-vector
trajectories of (4, A’) € (j, A) are even manifestly “simple” if A’ is H-valued. In fact in
Chapter 6, for the purpose of studying the IFF, we will consider the case of H = SO(2)
which is substantially smaller than SO(3) and in Chapter 7 for the purpose of studying the
spin tune and spin-orbit resonance, we will consider the case of H = G, C SO(2) which is
even smaller than SO(2). However in the present chapter we focus on the general H. Note
that the notion of H-normal form is different from the usual definition of normal form for
spin [Yo2] but it is inspired by the SO(2)-normal forms studied in [Yol].

Definition 5.1 (H-normal form, CBy(d,j))

Consider a subgroup, H, of SO(3) and let (j,A) be in SOS(d,j). Then we call a (j,A’)
in SOS(d,j) an “H-normal form of (j,A)” if A" is H-valued and (j,A) ~ (j, A"), i.e.,
(7, A") € (3, A). We denote by CBy(d, j) the set of all spin-orbit systems in SOS(d, j) which
have an H-normal form. Thus (j, A) € CBy(d, j) iff T € C(T?, SO(3)) ewxists such that

T'(j(2)A(2)T(2) € H , (5.1)
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holds for every z € T¢. The acronym CB will be explained in Remark 4 of Chapter 7. Clearly
CBy(d,j) is the union of all (j, A) for which A is H-valued.
We also define

TFu(j, A) = {T € C(T% SO(3)) : (v 2 € T%) T'(j(2)A(2)T(2) € H} . (5.2)

Thus (j,A) € CBu(d, j) iff TFu(j, A) is nonempty. Note that the elements of TF u(j, A)
are the transfer fields from (j, A) to those (j, A") for which A" is H-valued. O

In our follow-up work we will take a deeper look into the notion of H-normal form.
We now make some remarks on Definition 5.1.

Remarks:

(1) Definition 5.1 gives us another property shared by equivalent spin-orbit systems since
it implies that if (j, A) belongs to CBy(d,j) then every spin-orbit system in (j, A)
belongs to CBy(d,j). Thus every CBy(d,j) is a union of equivalence classes of our
partition of SOS(d, j).

(2) Let (7, A) bein SOS(d, j) and let H" and H be subgroups of SO(3) such that H C H'.
Then, by Definition 5.1, T Fy(j, A) C TFu(j, A). We will use this fact in the proof
of Theorem 7.5 and it will also give us (5.3). In fact, by Definition 5.1, if (j, A) €

CBg(d,j) then TFg is nonempty whence T F g is nonempty so that, by Definition
5.1, (4, A) € CBg(d, j). Thus

This fact implies that the “larger H” the more likely it is that a given (j, A) belongs to
CBpy(d,j). Also, (5.3) is true under more general conditions than H C H' as explained
after Remark 3 below.

(3) Let (j, A) be in SOS(d, j), let H be a subgroup of SO(3) and r € SO(3). Then it is an
easy exercise to show, by Definition 5.1, that TF,.g«(j, A) = {Tr' : T € TFu(j, A)}.
Thus, and by applying Definition 5.1 once more, CB,y,+(d, j) = CBy(d, 7). O

To relate H-normal forms for different H the following definition is useful, so let H and
H’ be subsets of SO(3). We write H < H' if an r € SO(3) exists such that rHr* C H'. For
the notation rHr' see Appendix A.6. If H, H' are subgroups of SO(3) then H < H' iff H is
conjugate to a subgroup of H'. Recalling Appendix A.2, < is a relation on the set of subsets
of SO(3) and it is easy to show that < is reflexive and transitive but not symmetric. Thus
< is a preorder [wiki3] but not an equivalence relation.

If H C H then rHr' C H' with r = I35 whence H < H'. Thus the relation < is as least
as fine as C (in fact < is finer than C, see Remark 3 in Chapter 6). If H, H" are subgroups of
SO(3) such that H < H' then an r € SO(3) exists such that rHr* C H' whence, by Remark
2 above, CB,y,t(d,j) C CBg/(d,j) so that, by Remark 3 above, CBy(d,j) C CBy/(d,j).
Thus (5.3) holds whenever H, H' are subgroups of SO(3) such that H < H’ (this strengthens
Remark 2). Therefore, via <, spin-orbit tori are sorted in terms of their normal forms since
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according to our philosophy mentioned at the beginning of this chapter, the smaller H is, the
simpler is the behavior of the (j, A) which belong to CBy(d, j) and the less it is likely that
a given spin-orbit system has an H-normal form. Conversely, the “larger H” is w.r.t. < the
more likely it is that a given spin-orbit system has an H-normal form. In the extreme case
H = SO(3) the subgroup H is so large that every spin-orbit system (j, A) has an H-normal
form but H gives no evidence if the dynamics of (j, A) is “simple”, i.e., if (j, A) can be
transformed to a “simple” spin-orbit system. In the other extreme case, considered in great
detail in Chapter 7, H is the group consisting only of I35 and is thus so small that the
spin-orbit systems of a (j, A), where A is H-valued, have static spin-motions. Also, in the
latter extreme case, it is very unlikely that a given spin-orbit system has an H-normal form
(for example if j = Plw] this only happens if (j, A) is on spin-orbit resonance, see Section
7.2).

This ordering aspect of < brings into play the notion of “algebraic hull” from Dynamical
Systems Theory. In fact the algebraic hull of (j, A) is, roughly speaking, the smallest (w.r.t.
<) subgroup H of SO(3) for which (j, A) has an H-normal form. The notion of the algebraic
hull is of great interest for the existence problem of the ISF, see Remark 1 in Chapter 6.
However the use of the algebraic hull is beyond the scope of this work (for details, see, e.g.,
[Fe, Section 6],[HK1, Section 9]).

It is also a simple exercise to show that if H and H’ are conjugate subgroups of SO(3)
then H' 9 H and H < H' whence, by (5.3),

The relation < is well-known in Mathematics even beyond Dynamical Systems Theory (see,
e.g., [Ka]) and will also be an important tool in our follow-up work.

6 SO(2)-normal forms and the IFF Theorem

In this chapter we consider H-normal forms in the special case H = SO(2) where SO(2) C
SO(3) is defined by

SO(2) :={exp(xJ) : x € R} = {exp(xJ) : x € [0,2m)} , (6.5)

and where the matrix J is defined by

0 -1 0
J=11 0 0], (6.6)
0 0 O
whence
cos(x) —sin(z) 0
exp(zJ)=| sin(x) cos(z) 0 | . (6.7)
0 0 1

The second equality in (6.5) follows from (6.7) and it is also easy to check, by (6.5), that
SO(2) is a group w.r.t. matrix multiplication whence is a subgroup of SO(3).
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We will see that the notion of SO(2)-normal form is not new and is connected with the
notion of the ISF via the IFF Theorem, Theorem 6.2c. For reasons that will become clear
below, we first define:

Definition 6.1 (Invariant frame field)

Let (j,A) € SOS(d,j). We call every element of TFsow@)(J,A) an “Invariant Frame
Field (IFF) of (j,A)”. Clearly, by Definition 5.1, TFso(2)(J, A) is nonempty iff (j, A) €
C850(2)(d,j>. O

Moreover, for any subgroup H # SO(2) of SO(3), we will view the elements of T Fg(j, A)
as generalized TFF’s of (j, A). Definition 6.1 sets the stage for

Theorem 6.2 a) A matriz r in SO(3) belongs to SO(2) iff r(0,0,1)" = (0,0, 1)". Moreover
the set SO(2) can be written as follows:

a b 0
SO(2) = { —b a 0 | eR¥™ :|a|* + b* = 1}
0 01
a b 0
= { c d 0 |:abecde R} NSO(3) . (6.8)
0 01

b) Let (j,A) € SOS(d, j) and let A be SO(2)-valued. Then the constant function on T with
value (0,0,1) is an ISF of (j, A).

¢) (IFF Theorem) Let (j, A) € SOS(d, j). Then T is an IFF of (j, A) iff T € C(T¢, SO(3))
and the third column of T is an ISF of (j, A). In other words, a T € C(T?, SO(3)) belongs
to TFsow(J,A) iff f(z) :=T(2)(0,0,1)" satisfies (3.9).

Proof of Theorem 6.2a: To prove (6.8) we note that if r € SO(2) then, by (6.5),(6.7), r
belongs to the set on the rhs of the first equality in (6.8). If conversely r belongs to the set

a b 0
on the rhs of the first equality in (6.8) then r = | —b a 0 | where a,b are real numbers
0 01
with a? + b* = 1 whence we abbreviate z; := a — ib and observe that |2,/ = 1. Thus there
exists an x € R such that z; = exp(iz) whence a = cos(z),b = —sin(x) so that r € SO(2).

To prove the second equality in (6.8) let r belong to the set on the lhs of this equality. Then,
by the first equality, » € SO(2) C SO(3) whence r belongs to the set on the rhs of the
second equality in (6.8). Let conversely r belong to the set on the rhs of the second equality
in (6.8), i.e., r € SO(3) and

(6.9)

<
I
S o 2
O Qs
— o O

. . a b a b\ 10 a b
SlnccréSO(3)1tfollowsfrom(6.9)that(C d)(c d) —(0 1)anddct(c d)

1 whence 1 = ad — bc and a® +b? = 1 = ¢* 4 d? so that, by defining z» := d +ic and recalling
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that z; = a—ib, we get |21 = 1 = |2|? and |21 — 22> = (a—d)? + (b+¢)? = 0. Thus 2; = 2
whence ¢ = —b and d = a so that r belongs to the set on the lhs of the equality. Thus the
second equality in (6.8) is valid, too, which completes the proof of (6.8).

To prove the first claim let » € SO(2) whence, by (6.5),(6.7), r(0,0,1)* = (0,0,1)".
Conversely, let r be in SO(3) and r(0,0,1)" = (0,0, 1)*. Then 7*(0,0,1)" = (0,0, 1)" whence
the third column and third row of r are equal to (0,0, 1)" so that r belongs to the set on the
rhs of the second equality in (6.8). Thus, by (6.8), r € SO(2). O
Proof of Theorem 6.2b: The claim readily follows from Definition 3.2 and Theorem 6.2a. O
Proof of Theorem 6.2c: “=": Let T' € T Fs0(2)(J; A). Then, by Definition 5.1, T"is a transfer
field from (j, A) to (j, A’) where A’ is SO(2)-valued. Also, by Theorem 6.2b, (0,0,1)" is an
ISF of (j, A"). Of course, by Remark 0 in Chapter 4, T" is a transfer field from (j, A’) to
(7, A) whence, by the transformation formula (4.9) of invariant polarization fields and since
(0,0,1)" is an ISF of (j, A’), we conclude that 7'(0,0,1)" is an ISF of (j, A).

“<": Let T € C(T%, SO(3)) and let T(0,0,1)" be an ISF of (j, A) whence, by Definition
3.2, A(2)T(2)(0,0,1)* = T'(5(2))(0,0,1)" so that T*(j(2))A(2)T(2)(0,0,1)* = (0,0, 1)". Thus,
by Theorem 6.2a, T*(j(z))A(2)T(z) € SO(2). It now follows from Definition 5.1 that T €
TFso@ (i A). O

Theorem 6.2¢ connects the concepts of normal form and invariant field since, by Theorem
6.2c, IFF’s are those continuous 7’s whose third columns are ISF’s. In fact this is to be
expected given the definition of the IFF in the continuous-time formalism in [BEH]. There,
we begin with the ISF at each point in phase space, and then construct the IFF by attaching
two unit vectors to the ISF at each point so as to form a local orthonormal coordinate system
for spin at each point in phase space. Spin vector motion within the IFF is then a simple
precession around the ISF. Here, in constrast, we come from the opposite direction by noting
that by definition spin vector motion w.r.t. an element of 7' € T Fgo(2)(J, A) as obtained by
a transformation of the kind in (4.1) (say), is a simple precession around the third axis. We
then discover that the third axis must be an ISF. We will apply Theorem 6.2¢ in Chapter
7. Moreover, since the spin vector motion within the IFF is a simple precession around the
ISF, Theorem 6.2c is of practical importance as will be explained in Section 7.2 when we
discuss the computer code SPRINT.

Remark:

(1) By the IFF Theorem and Definition 6.1, every (j, A) in CBgo(2)(d, j) has an ISF. This
fact makes the notion of the algebraic hull (recall Chapter 5) an interesting tool for
addressing the existence problem of the ISF. In fact it implies that if the algebraic hull
of (4, A) is less or equal to SO(2) w.r.t. < then (j, A) has an ISF. O

We now demonstrate that, in terms of our philosophy mentioned at the beginning of
Chapter 5, the subgroup SO(2) of SO(3) is “small” because the dynamics of the spin-orbit
systems in CBso(2)(d, j) are “simple”. We will accomplish this by showing that the dynamics
of (j, A) is manifestly “simple” when A is SO(2)-valued. For that matter we need part b)
of the following theorem which is an implication of the Baby Lift Theorem, Theorem 2.5¢,
above.
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Theorem 6.3 Let A € C(T9, SO(3)) be SO(2)-valued. Let us define the function f : T* — T
by f(2) := (A11(2), Aa1(2))" where Ay1(2) and As1(2) denote the (11)- and (21)-matriz ele-
ments of A(z) (note that f is T-valued because of Definition 2.1 and (6.5),(6.7)). Then the
following hold.

a) The functions f and fowy are continuous, i.e., f € C(T4, T) and (f omy) € C(RY,T) and

f omy is 2w-periodic in its arguments. Moreover let
foma=mof, (6.10)

where B € C(RY R) (note that such an 3 exists due to the Baby Lift Theorem, Theorem
2.5¢). Then

A(2)(1,0,0) = < 7“(50(@) ) , (6.11)

where z = ma(p). Also A(z) = exp(TB(Arg(z)) and
A(z) = exp(TB(9)) , (6.12)

where z = mq(P).
b) A function a € C(T%,R) and an N € Z¢ exist such that

A(z) = exp(J[N - ¢+ 2ma(z)]) , (6.13)

where z = 74(¢). Furthermore N is unique and o is unique up to a constant in the following
sense: if & € C(T% R) and N € Z¢ satisfy A(z) = exp(J[N - ¢ + 27a(z)]) then N = N and
ann € Z exists such that &(z) = a(z) + n.

Proof of Theorem 6.3a: We first note that f is continuous since A is continuous. It thus
follows from Theorem 2.5b that fom, belongs to C(R?, T) and is 27-periodic in its arguments.
Let 8 € C(R4, R) satisfy (6.10) whence

(A1(ma(9)), Az (ma(9)))" = f(ma(9)) = m(B(8)) = (cos(B(¢)),sin(B(¢)))",  (6.14)

where in the third equality we used Definition 2.4. Since A is SO(2)-valued it follows from
(6.5),(6.7) and (6.14) that

An(ma(9)) —Aan(ma(g)) 0 cos(B(¢)) —sin(B(¢)) 0
A(ma(0)) = A21(7(T)d(¢)) Au(?(f)d(@) (1) = Sin(0(¢)) Cos(g(@) (1) , (6.15)

1 cos(5(¢))
whence, and by again using (6.14), A(mq(¢)) | 0 | = ( sin(B(¢)) | = < 7T1(50(¢))
0
which proves (6.11). Moreover (6.12) follows from (6.7) and (6.15). Defining ¢ := Arg(z
we conclude from (6.12) and Definition 2.4 that A(z) = A(m(Arg(z))) = A(ma(9))
exp(JB(¢)) = exp(J B(Arg(z))) which completes the proof of Theorem 6.3a.

N———

[a)
~

Ol
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Proof of Theorem 6.3b: To show (6.13) we first note, by Theorem 6.3a, that a 8 € C(R%, R)
exists which satisfies (6.10),(6.11) and (6.12). For fixed but arbitrary M € Z? we define g €

C(R4,R) by g(¢) := B(¢+27M) whence, by (6.11) and the periodicity of 7y, ( m(B(9))

0
A(ma(¢))(1,0,0)t = A(ma(¢ + 27M))(1,0,0)t = (”NWX%M)) ) _ m(%(cb)) ) “

that 7 o 8 = m o g which implies, by the Baby Lift Theorem, Theorem 2.5¢, that an m € Z
exists such that g(¢) = B(¢) + 27m, i.e.,

B(p+2nM) = (o) + 2mm . (6.16)

To show how m in (6.16) depends on M we note that if My, My € Z% my,my € Z and
B(p +2nMy) = (@) + 2mmy, (¢ + 2nMy) = (@) + 2mmy then (¢ + 2n (M) + My)) =
B(p+ 2 M) + 2mme = B(¢) + 2m(my + ma) whence the dependence of m on M is linear so
that an N € Z% exists such that, for M € Z<,

B+ 2t M) = B(¢p) + 2n(M - N) . (6.17)
To identify a we define the function h € C(R?, R) by h(¢) := 3(¢) — N - ¢ whence
B(¢)=N-¢+h(9), (6.18)

and we compute, for fixed but arbitrary M € Z¢ and by (6.17), h(¢ + 20 M) = B(¢ +
2mM) — N - (6 + 2mM) = B(@) + 2n(M - N) = N 6 — 2m(M - N) = B(6) — N - 6 = h(6)
whence h is 27-periodic in its arguments. Thus following Theorem 2.5b we can define
a: T4 — R by a(z) := (1/27)h(Arg(z)) and obtain that a € C(T% R) and we compute
2ra(ma(¢)) = h(Arg(my(¢))) = h(¢) where in the second equality we used Theorem 2.5b
and the periodicity of h whence, by (6.18),

B(@) = N - ¢+ 2ma(ma(9)) - (6.19)

It follows from (6.12) and (6.19) that A(74(¢)) = exp(TB(¢)) = exp(T[N - ¢+ 2ma(mq())])
so that indeed (6.13) holds. To prove the second claim let & € C(T% R) and N € 7% satisty
A(z) = exp(J[N - ¢ + 2mwa(z)]). Defining 8 € C(R%,R) by 3(¢) := N - ¢ + 2w (ma(o)) we
get A(z) = exp(JB(¢)) so we compute, by (6.11) and Definition 2.4,

@) —sin@e) 0) (1Y [esB@)\
@) eos((6)) o) (0) - ( sin(3(0) ) (e
0 1 0

whence m 0 8 = 0 B so that, by the Baby Lift Theorem, Theorem 2.5¢, an m € Z exists
such that 8(¢) = B8(¢) + 2mm which implies that N - ¢+ 2wa(my(P)) = B(¢) = B(P) + 2mm =
N - ¢+ 2na(mq(@)) + 2mm, i.e.,

(N —=N)-¢=2ra(ry(d)) — 2ma(my(P)) + 2mm . (6.20)
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Since o o g and & o my are 2m-periodic in their arguments, the rhs of (6.20) is 27w-periodic
in all components of ¢ whence the lhs of (6.20) is 27-periodic in all components of ¢ so that
N — N = 0 which implies, by (6.20), that &(r4(¢)) = a(m4(¢)) + m completing the proof of
the second claim. O

We will now apply Theorem 6.3b which will also be used in Chapter 7 below and whose

practical importance will be explained in Section 7.2 when we discuss the computer code
SPRINT. Thus let A € C(T?, SO(3)) be SO(2)-valued whence A reads as in (6.13). If (Z, 5)
is a particle-spin-vector trajectory of (7, A) then, by (2.31) and (6.13), S evolves simply as:

S(n+1)=A(Z(n))S(n) = exp <j[N - p(n) + 27Ta(Z(n))> S(n), (6.21)

where m4(¢(n)) = Z(n). Note that the spin vector motion in (6.21) is planar, i.e., the
points S(n) lie in a plane parallel to the 1-2-plane. This simple planar motion suggests to
consider the spin-orbit system (j, A) as “simple” and thus the subgroup SO(2) of SO(3) as
“small”. Therefore according to our philosophy, mentioned at the beginning of this chapter,
the dynamics of all spin-orbit systems in CBso2)(d, j) is “simple” and the dynamics for (j, A)
with A in (6.13) is not only “simple” but manifestly “simple”.

Remark:

(2) If (4, A) belongs to CBso(2)(d, j) then (7, A) ~ (4, A’) where A" is SO(2)-valued whence,
by Theorem 6.3b, a constant N’ € Z¢ and an o’ € C(T¢,R) exist such that

H(2) = exp(TIN - ¢+ 270/ (2)]) (6.22)
where 74(¢) = z. Of course if (Z, 5”) is a particle-spin-vector trajectory of (j, A’) then,
by (6.21), S” is the planar spin vector motion, determined by

S'(n+1) = exp (j[N’ ~p(n) + 27Ta/(Z(n))) S'(n) (6.23)

where m(¢(n)) = Z(n). T € TF(A,A’;d,j) and if (Z,95) is a particle-spin-vector
trajectory of (j, A) then, by the transformation formula (4.1), (Z,5) transforms into
the particle-spin-vector trajectory (Z, S’) of (j, A’) where S’(n) := T*(Z(n))S(n). Thus
S" obeys (6.23). O

The following remark gives us further insight into CBgso(2)(d, j) and into the relation <.
Remark:

(3) The subgroup SO(2) of SO(3) allows us to show that the relation < is finer than C
and it also derp\onstrates that < contains more information than C. We thus define
the subgroup SO(2) of SO(3)

N 10 0
SO(2) = { 0 cos(z) —sin(z) | :z€ R} : (6.24)

0 sin(z) cos(z)
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It is easy to show that 5\0(2) and SO(2) are conjugate whence 55(2) <.50(2) and
SO(2) <.50(2) so that, by (5.4),

In fact (6.25) captures the intuition that, in terms of our philosophy of “smallness”
of subgroups of SO(3), both SO(2) and SO(2) are of the same “size”. While this
is nicely captured by <, it is not captured by C since neither SO(2) C SO(2) nor

SO(2) C SO(2). The latter fact shows that <l is finer than C and that < contains
more information than C. O

A question closely related to Theorem 6.2c is: if f € C(T¢ R?) with |f| = 1, is there a
T € C(T9¢,S0(3)) such that f is the third column of T? In fact it is shown in [He2] by
artificially constructed f that in general such a 7" does not exist. The above question will
be generalized in our follow-up work.

7 G,-normal forms and the notions of spin tune and
spin-orbit resonance

In this chapter we continue our study of normal forms by considering H-normal forms in
the special case H = G, where the subgroup G, of SO(3) is defined by (7.1), i.e., G, =
{exp(2mnvJ) : n € Z}. Note that the G,-normal forms are closely related to the SO(2)-
normal forms from the previous chapter since G, C SO(2). We will see that the notion of
G,-normal form is not new and is intimately connected with the notion of spin tune and
spin-orbit resonance. Thus in Section 7.1 this approach will enable us to associate tunes
in addition to w, namely spin tunes, with our spin-orbit systems. As in other dynamical
systems, tunes can lead to the recognition of resonances and consequent instabilities. Here,
spin tunes will lead to recognition of spin-orbit resonances, see Section 7.2. In the case
of real spin vector motion, where spins are subject to the electric and magnetic fields on
synchro-betatron trajectories, the definition of spin-orbit resonance allows us to predict at
which orbital tunes spin vector motion might be particularly unstable.

7.1 G,-normal forms and the subset ACB(d,j) of SOS(d,j). Spin
tunes

We first define, for every v € [0, 1),
G, ={exp2mvJ) :n € Z} = {expn(nv +m)J) : m,n € Z} , (7.1)

where the, trivial, second equality highlights the fact that G, consists of matrices exp(2wuJ)
where p € [0,1). It is clear by (6.5) and (7.1) that G, is a subgroup of SO(2). We will see
by Theorem 7.3c below that if (j, A) € SOS(d, j) has a G,-normal form, say (j, A’), then A’
is constant, i.e., A’(z) is independent of z (of course A’ is G,-valued, too). This leads us to
the following definition:
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Definition 7.1 (ACB(d,j))
We denote by ACB(d, j) the set of those (j, A) € SOS(d, j) for which (j, A) contains a (j, A")
such that A" is constant, i.e., such that A'(z) is independent of z. O

From the remarks before Definition 7.1 it is clear that ACB(d, j) D U,y CBa,(d, ) and
in Theorem 7.3d below we will see that even the reverse inclusion holds. The problem of
deciding whether a given spin-orbit system is in ACB(d,j), i.e., has a G -normal form is
fruitful both theoretically and practically. The set ACB(d, j) contains the most important
spin-orbit systems in SOS(d, j) when it comes to applications. See the remarks after Defi-
nition 7.7 too. However it is easy to artificially construct (7, A) € SOS(d, j) which are not
in ACB(d, j). For examples, see Section 3.3 and Theorem 7.6 below.
The following remarks reveal some simple properties of ACB(d, j).

Remarks:

(1) Definition 7.1 gives us another property shared by equivalent spin-orbit systems since
it implies that if (j, A) belongs to ACB(d,j) then every spin-orbit system in (j, A)
belongs to ACB(d, j).

(2) If (j,A) € ACB(d, j) then, by Definition 7.1, a T € C(T¢, SO(3)) exists such that
(T" 0 j)AT = A’ where A’ is constant whence, by (2.36),

Wj, A'l(n; 2) = (A", (7.2)

so that every n-turn spin transfer matrix function of (j, A’) is a constant function
which implies that (j, A) is equivalent to a spin-orbit system for which every n-turn
spin transfer matrix function is a constant function. On the other hand and recalling
Section 4.1, in the terminology of Dynamical Systems Theory W[j, A] and W[j, A’] are
cohomologous cocycles. Moreover since every W[j, A’|(n;-) is a constant function, it is
common in this terminology (see, e.g., [KR]) to call ¥[j, A] an “almost coboundary”.
This motivates our acronym ACB in Definition 7.1.

(3) We now reconsider Remark 2 above. If (Plw],A) € SOS(d, Plw]) such that A is
constant, then (Plw], A) € SOScr(d,w) since one easily shows that a function A :
R — R3*¥3 exists which is constant and whose constant value is a skew-symmetric
matrix and such that A = exp(27.A). Then we see, by Section 2.2, that

O(2m; Arg(z)) = A, (7.3)
whence indeed (Plw], A) € SOScr(d,w). O

For Theorem 7.3 below, we need some more notation. We begin by defining, for every
v € [0,1) and every positive integer d, the constant function Ay, € C(T? SO(3)) as

cos(2mv) —sin(27v) 0
Agy(z) =exp(2mvJ) = | sin(2rv) cos(2nv) 0 | . (7.4)
0 0 1
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Clearly, for every j € Homeo(T?), the spin-orbit system (j, Aq,) belongs to ACB(d, j) since
Ag, is a constant function. Also, since A4, is constant and by Remark 2 above,

U7, Agy](n; z) = exp(2nTnv) . (7.5)

Due to (7.4) every Ag, is G-valued whence (j, Ay, ) € CBg,(d, j). Since Ay, is G,-valued
and because G, C SO(2), it follows that Ay, is SO(2)-valued whence, by Theorem 6.2b, the
constant function on T¢ with value (0,0, 1) is an ISF of (j, Ag,). Also, by (7.4), Go = {I3x3}
is the trivial subgroup of SO(3).

While Remark 2 above explains the acronym ACB, the following remark explains the
acronym CB.

Remark:

(4) Let (j, A) € CBg,(d, 7). Thus, by Definition 5.1, a T € C(T?, SO(3)) exists such that
(T" 0 j)AT = Ay whence, by (4.5),(7.4),

W), Al(n; 2) = T(5"(2))T"(2) - (7.6)

On the other hand and recalling Section 4.1, in the terminology of Dynamical Systems
Theory W[j, A] is a cocycle whence, and by (7.6), it is common in this terminology (see,
e.g., [HK2] and Chapter 1 in [HK1]) to call ¥[j, A] a “coboundary”. This motivates
our acronym CB in Definition 5.1. We will see in Remark 8 below that the spin-orbit
systems in CBg,(d, P|w]) are on a so-called spin-orbit resonance. Moreover (7.6) will
play a role in Section 7.2 below where, in the case n = 1, it becomes (7.29). O

Eq. (7.4) and Definition 7.1 lead us naturally to the notion of spin tune. A v € [0, 1) is said to
be a spin tune for (j, A) € SOS(d, j) if (j, A) is equivalent to (j, A') with A'(z) = exp(27vJ),

i.e., if (j, Aq,) belongs to (j, A). We thus arrive at the following definition:

Definition 7.2 (Spin tune)
For every (7, A) € SOS(d, j) we define the set

E(,A) :={vel0,1): (j, Aaw) € (G, A)} = {r €[0,1) : TF(A, Aayp,d, j) # 0}, (7.7)

where in the second equality of (7.7) we used Definitions 4.1 and 4.2. We call each element
of 2(4, A) a “spin tune” of (j,A). Eq. (7.7) gives us another property shared by equivalent
spin-orbit systems since it implies that if (j, A') € (j, A) then Z(j, A) = 2(j, A"). In other
words, equivalent spin-orbit systems have the same spin tunes. In particular in the absence

of spin tunes, i.e., when Z(j, A) = 0 we have Z(j, A') = 0 for all (j, A") € (3, A). O

In the present section we focus on the mathematical properties of the spin tunes whereas
in the following section we discuss physical aspects. The following is our main theorem about
G,-normal forms, spin tunes and ACB(d, j). The meaning of Theorem 7.3 is discussed in
great detail below.

Theorem 7.3 a) Let (j,A) € SOS(d,j). Then (j,A) € ACB(d,j) iff a v € [0,1) exists
such that (j, Aa,) belongs to (j, A).
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b) Let (5, A) € SOS(d, j). Then (j,A) € ACB(d, j) iff (7, A) has spin tunes.
c¢) Let v € [0,1) and A € C(T?, SO(3)) be G, -valued. Then A is a constant function.
d) Let j € Homeo(T4). Then

ACB(d,j) = | ) CBg,(d.j). (7.8)

vel0,1)

e) Let T € C(T¢,SO(3)) and let (j, A’) € SOS(d, j) be the transform of (j, A) € SOS(d, j)
under T, i.e., T € TF(A A'sd,j). Then T belongs to Uue[o,l) TFa,(j,A) iff T is an IFF
of (7, A) and A’ is a constant function.

f) Let (Plw], A) € SOS(d, Plw]). If v is a spin tune of (Plw|, A) then

[1]

(Plw], A) = [0,1)ﬂ{5u+m~w+n:e€ {1,—1},m€Zd,neZ} . (7.9)

Proof of Theorem 7.3a: If v € [0,1) exists such that (j, Az, ) belongs to (j, A) then, by
Definition 7.1, (j, A) € ACB(d, j) since Ag, is constant. To prove the converse, let (j, A) €
ACB(d, j). Then, by Definition 7.1, (j, A) contains a (j, A") such that A’ is constant with
constant value, say r. By some simple Linear Algebra, a v € [0,1) and a W € SO(3) can be
found such that

r=Wexp(2rvJ)W". (7.10)

See, e.g., Lemma 2.1 of [BEH]. Thus, defining the constant function T € C(T?, SO(3))
by T(z) := W we observe by (7.10) and Definition 4.1 that T" € TF(A’, Aa,,d,j) whence
(7, A") ~ (j, Aq,) so that (j, A) ~ (j, Ag,) which implies that (j, Ay, ) belongs to (5, 4). O
Proof of Theorem 7.3b: The claim is a simple consequence of Definition 7.2 and Theorem
7.3a. O
Proof of Theorem 7.3c: Since A is G,-valued it follows from (7.1) that a function 7 : T¢ — Z
exists such that A(z) = exp(J2nvn(z)) whence

A(z) = exp(J2nvin(z)) . (7.11)

Clearly A is SO(2)-valued whence, by Theorem 6.3b, a constant N € Z? and an o € C(T%, R)
exist such that

exp(J2mvn(z)) = A(z) = exp(J[N - ¢ + 2ra(z)]) , (7.12)

where 74(¢) = z and where in the first equality of (7.12) we used (7.11). It follows from
(6.7) and (7.12) that a function k : T? — Z exists such that

2nvn(z) + 2rk(z) = N - ¢ + 2ma(z) (7.13)
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where 7m,(¢) = z. Since 7, is 2m-periodic in its d arguments, so are n(my(¢)), k(mq(¢)) and
a(mq(¢)) whence it follows from (7.13) that N - ¢ is 2m-periodic in the d components of ¢ so
that N = 0 which implies, by (7.13) and for all z € T

vn(z) + k(z) = a(z) . (7.14)

Since n and k are Z-valued, the function vn+k can take only countably many values whence,
by (7.14), the function « can take only countably many values. “Countably many” values
means no more values than elements of Z. On the other hand since « is continuous and since
its domain, T?, is a path-connected topological space, the range of a is a path-connected
subset of R | i.e., a nonempty interval, say I (for the notion of range see also Appendix
A.1). However since « takes only countably many values, [ is a nonempty interval which
contains only countably many points whence I contains just one point which implies that «
is constant. Since « is constant and N = 0 it follows from (7.12) that A is constant. O
Proof of Theorem 7.3d: “C”: Let (j,A) € ACB(d, j). Then, by Theorem 7.3a, a v € [0,1)
exists such that (j, Agq,) belongs to (j, A). By a remark after (7.1), Ay, is G,-valued whence,
by Definition 5.1, (j, A) € CBg,(d, j).

“27: Let v € [0,1) and (j, A) € CBg,(d,j) whence, by Definition 5.1, TFg, (j, A) is
nonempty. So pick a T € T Fg,(j, A). Then, by Definitions 4.1 and 5.1, T € TF (A, A’;d, j)
where A’ is GG,-valued. Since A’ is G,-valued it follows from Theorem 7.3c that A’ is constant
which implies, by Definition 7.1, that (j, A) € ACB(d, 7). a
Proof of Theorem 7.3e: “=": Let T € TFg,(j,A). Since G, is a subgroup of SO(2) we
conclude from Remark 2 in Chapter 5 that T € T Fso2)(j, A) whence T is an IFF of (j, A).
Also, A’ is GG,-valued whence, by Theorem 7.3c, A’ is constant.

“<": Let T be an IFF of (j, A) and let A" be constant. Clearly, by Definition 6.1, A’ is
SO(2)-valued whence v € [0, 1) exists such that A’ = A, which implies that A’ is G,-valued
so that T" € TF¢, (4, A). O O
Proof of Theorem 7.3f: The claim is proved in Appendix B.3. Note that our proof of the

inclusion Z(Pw], A) D [0,1)N<ev+m-w+n:e€ {l,—-1},m € Z%n € Z; is a simple

consequence of (7.7). In contrast our proof of the converse inclusion needs the technique of
quasiperiodic functions. O

Theorems 7.3a and 7.3b are elementary statements about ACB(d, j) which are needed in
the proof of Theorem 7.3d and in Section 7.2 below. Theorem 7.3c played a key role in the
motivation of Definition 7.1 (see the remarks before that definition). Theorem 7.3c is also
used in the proof of Theorem 7.3d. Theorem 7.3d is the insight that every ACB(d, j) can be
understood in terms of normal forms, a fact that is not obvious by Definition 7.1. Theorem
7.3e will lead us to the definition of the uniform IFF below and it will allow us to prove
the Uniform IFF Theorem, Theorem 7.5 below. Theorem 7.3f gives a key insight into the
notion of spin tune and, as we will see in Section 7.2, into the notion of spin-orbit resonance.
Theorem 7.3f also shows that every Z(P[w], A) has only countably many elements which will
allow us to show, after Remark 6 below, that every SOS(d, P|w]) is partitioned w.r.t. to the
equivalence relation ~ into infinitely many equivalence classes.

The following remark relates the notions of G,-normal form and SO(2)-normal form.

Remark:
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(5) Let j € Homeo(T9) and v € [0,1). By the remarks after (7.1) we have G, C SO(2)
whence, by (5.3),

CBg,(d, j) C CBsow)(d, j) - (7.15)

In Chapter 6 we found that the dynamics of all spin-orbit systems in CBso)(d, j)
is “simple” whence, by (7.15), the dynamics of all spin-orbit systems in CBg,(d, j) is
“simple”. Moreover, in the language of Chapter 6 and by the fact that A, is G-
valued (whence SO(2)-valued), the dynamics of (j, Az, ) is even manifestly “simple”.
It also follows from (7.15) and Theorem 7.3d that

Then, by Definition 6.1, every (j, A) € ACB(d, 7) has an IFF whence, by Remark 1 in
Chapter 6, every (j, A) € ACB(d, j) has an ISF. O

We saw in Chapter 6 that the IFF is important for understanding the concept of the SO(2)-
normal form. Analogously we will now see that the uniform IFF, defined below, is important
for understanding the concept of the G,-normal form.

Definition 7.4 (Uniform invariant frame field)

Let (j, A) € SOS(d, j). We call every element of every T Fq,(j, A) a “Uniform Frame Field
(uniform IFF) of (j,A)”. Note, by (7.1), that U,cp1y TFa,(J,A) is the set of uniform
IFF’s of (3, A). O

In analogy to the IFF Theorem, Theorem 6.2c, we now get:

Theorem 7.5 (Uniform IFF Theorem) Let (j, A) € SOS(d,j). Then T is a uniform IFF
of (j, A) iff the following hold: T is an IFF of (j, A) and it is a transfer field from (j, A) to
some (j, A") such that A" is a constant function.

Remark: Thus, and by Theorem 6.2¢, T is a uniform IFF of (j, A) iff the following hold:
the third column of T is an ISF of (j, A) and T is a transfer field from (j, A) to some (j, A")
such that A’ is a constant function. We will also see in (7.21) that A" is of the form Aq,,.

Proof of Theorem 7.5 “=": Let T be a uniform IFF of (5, A), i.e., let T € TF¢,(j, A). We
recall from the remarks after (7.1) that G, C SO(2) whence, by Remark 2 in Chapter 5,
T € TFso)(j, A) so that, by Definition 6.1, T"is an IFF of (j, A). Of course T is a transfer
field from (j, A) to some spin-orbit system, say (j, A’) whence T' € TF(A, A';d, j) so that,
and since T' € T Fg, (j, A), we conclude from Theorem 7.3e that A’ is a constant function.

“<”: Let T € TF(A, A';d,j) where A’ is a constant function. Then, by Theorem 7.3e,
T €U,cp1y TFa,(j: A) whence T is a uniform IFF of (j, A). O

Because of Theorem 7.5, the uniform IFF is the discrete-time analogue of the so-called
uniform invariant frame field introduced in the continuous-time formalism of [BEH]. The
concept of the uniform IFF is of great importance and we use it in this work at several places,
for example in the proof of Theorem 7.3f (see Appendix B.3) and in the proof of (7.28) (see
Appendix B.5). The concept of the uniform IFF is also of practical importance as will be
explained in Section 7.2 when we discuss the computer code SPRINT.
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It is useful to characterize the set of uniform IFF’s of (j, A) in terms of the A,, leading
us to (7.21) as follows. Thus let (j,A) € SOS(d,j) and T' be a uniform IFF of (j, A).
Therefore, by Definition 7.4, there exists a v € [0,1) such that T € T F¢, (j, A) whence, by
Definition 5.1, A’, defined by A’(z2) := T'(j(2))A(2)T(2) is G,-valued so that, by Theorem
7.3c, the function A’ is constant valued taking the value, say r. Of course r € G, whence,
by (7.1), r = exp(2muJ ) where u € [0, 1) is the fractional part of Nv where N is a constant
integer. Note, by Definition 7.2 and Theorem 7.3f, that p is a spin tune of (j, A) but v
in general is not. Clearly the function A’ is constant valued taking the value exp(2wuJ)
whence, by (7.4), A" = Ay,. We thus have shown that if 7" is a uniform IFF of (j, A) then
there exists a p € [0,1) so that T%(j(2))A(2)T(z) = Aqu(z), i.e., T is a transfer field from
(4,A) to (j, Aa,) whence

U TFa.G.A) c | TFAAud) = | TFAAwdj),  (7.17)

ve(0,1) nelo,1) ve(o,1)

where the equality in (7.17) is a trivial reparametrization. To show the reverse inclusion let
T € TF(A, Ayy;d, j) for some v € [0,1). Clearly Ay, is G,-valued whence, by Definition
51, T € TFg,(j, A) sothat U,co1y TFa, (i A) D Uyepy TF(A, Aapid, j) which implies,
by (7.17),

U 7FaG.A={J TFA Aw;dj). (7.18)
vel0,1) rel0,1)
To show the second equality of (7.21) we first note, by (7.7), that Z(j, A) C [0, 1) whence
U T‘F(Aa Ad,u; da]) D) U T‘F(Aa Ad,u; da]) . (719)
vef0,1) VvEE(),A)

To show the reverse inclusion let T' € TF(A, Ag,;d, j) where v € [0,1) whence TF (A, Aq.;d, j)
is nonempty so that, by (7.7), v € Z(j, A) which implies that {J,c1) TF(A, Aauid,j) C

U TFA Awidg)= | TFA Ag:dj). (7.20)
vel0,1) vEE(5,4A)

It follows from (7.17),(7.20) and Definition 7.4 that indeed the set of uniform IFF’s of (j, A)
satisfies

U TFe.G.A) = | TFAAwd )= | TFAAwidj). (7.21)

rel0,1) ve(o,1) veE(],A)

It follows from the first equality in (7.21) that the set of uniform IFF’s of (j, A) is equal to
the set of all transfer fields from (j, A) to the spin-orbit systems (j, Aq, ).
The following remark is an important application of (7.21).

Remark:
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(6) Let (j,A) € SOS(d, j). We first consider the case that (j, A) has a uniform IFF, say
T. Then, by (7.21), a v € Z(j, A) exists such that T is a transfer field from (j, A) to
(4, Ag,). Also, since Z(j, A) is nonempty and by Theorem 7.3b, (j,A) € ACB(d, j).
We now consider the case where Z(j, A) is nonempty so we pick a v € =Z(j, A). Then,
by (7.7), (7.21), a transfer field from (j, A) to (j, A4, ) exists and it is a uniform IFF of
(7, A). Thus, and by Theorem 7.3b, if (j, A) € ACB(d, j) then (j, A) has a uniform IFF.
Summarizing both cases we observe that (j, A) has a uniform IFF iff (j, A) € ACB(d, j).
Thus, by Theorem 7.3b, (j, A) has a uniform IFF iff it has spin tunes. O

As mentioned in Section 4.3, in this work we do not fully address how the SOS(d, j) are
partitioned w.r.t. to the equivalence relation ~. Nevertheless Theorem 7.3f sheds light on
this issue. In fact if j is of the form P|w] then it is easy to show that SOS(d, j) is partitioned
into uncountably many equivalence classes as follows.

To prove this claim we first of all note that SOS(d, P[w]) has uncountably many elements
since v is a continuous parameter whence there are uncountably many A,,, i.e., the spin-
orbit systems (P[w], Aq,) form an uncountable subset, say B, of SOS(d, P|w]) (note that w is
fixed but v varies over [0, 1)). Note also that both B and (P|w], A4, ) have uncountably many
elements but, as will be shown below, B N (P[w], A4, ) has only countably many elements.
In fact in our proof the sets B N (Plw], Ag,) for each v will play a key role and we already
note here that they form a partition of B since the (Pw], Aq,), being equivalence classes,
are mutually disjoint. In particular, if (Plw], Agq,) and (Plw], Ag,) are different then they
are disjoint and belong to different equivalence classes of the equivalence relation ~. The
crucial question now is: how many of the sets B N (Plw|, A4, ) are different? In other words
how common is it that two spin-orbit systems in B are equivalent? This is where Theorem
7.3 engages. In fact, by Theorem 7.3f, each set Z(Plw], A4, ) contains only countably many
elements. On the other hand if v, € [0,1) then, by (7.7), (Plw], As,) € (Plw], Ag,) iff
i € Z(Plw], Agy). Thus every set of the form B N (Plw], Ag,) contains only countably
many elements of B. Thus we need uncountably many of the sets B N (Pw], Agqy) to
overlap B whence the B N (P[w], Aq,) form an uncountable partition of B. Since different
BN (Plw], Ag,) are contained in different equivalence classes we thus have shown that there
are uncountably many equivalence classes of the form (P[w], Az,). Thus, as was to be
shown, SOS(d, P|w]) is partitioned into uncountably many equivalence classes w.r.t. to the
equivalence relation ~.

To put that into context we note, by Definition 5.1, that every CBg, (d, P[w]) is a union of
equivalence classes w.r.t. ~ whence, by Theorem 7.3d, ACB(d, P|w]) is a union of equivalence
classes, too. Thus we just have shown that ACB(d, P|w]) is partitioned into uncountably
many equivalence classes w.r.t. ~. To get a little further insight into this we now ask
the natural question: are there spin-orbit systems in SOS(d, Plw]|) which do not belong
to ACB(d, Plw]), i.e., is SOS(d, Plw]) # ACB(d,Plw])? In other words do there exists
equivalence classes w.r.t. ~ which are disjoint to ACB(d, P[w])? In fact the following theorem
shows that this in indeed the case if (1,w) is nonresonant.

Theorem 7.6 Let (Plw|,A) € SOS(d, Plw]) be off orbital resonance, i.e., let (1,w) be
nonresonant and let A € C(T?, SO(3)) be defined by

A(z) =exp(J(N - ¢)), (7.22)
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where N € 7% and 74(¢) = 2. Then (Plw], A) has an ISF and an IFF. Moreover (P|w], A)
has spin tunes iff N = 0.

Remark: Thus (Plw],A) € ACB(d,P|w]) iff N = 0. Also (Plw|, A) has a uniform IFF iff
N =0.

Proof of Theorem 7.6: The claims are proved in Appendix C.3. O

Theorem 7.6 shows that if (1, w) is nonresonant then SOS(d, Plw]) # ACB(d, P|w]), i.e.,
that there is at least one equivalence class in SOS(d, P|w]) which is disjoint to ACB(d, P[w]).
In fact one can even show there are infinitely many equivalence classes in SOS(d, Plw])
which are disjoint to ACB(d, P|w]) (see [He2, Chapter 8] where Theorem 7.6 is substantially
generalized). Theorem 7.6 also shows, if (1,w) is nonresonant and since A is SO(2)-valued,
that (Plw], A) € CBso(2)(d, Plw]) whence CBgso)(d, Plw]) # ACB(d, Plw]). For more details
on the special case where d = 1, see Appendix B.6 below.

7.2 Physical aspects of spin tunes. Spin-orbit resonances

Definitions 7.1 and 7.2 and Theorem 7.3 lead us naturally to the notion of spin-orbit reso-
nance.

Definition 7.7 (Spin-orbit resonance)
We say that (Plw], A) is “on spin-orbit resonance” if it has a spin tune and if for every spin
tune v of (Plw], A) one can find m € Z4,n € Z such that

v=m-w+n. (7.23)

We say that (Plw], A) is “off spin-orbit resonance” iff (Plw],A) € ACB(d,Pw]) and if
(Plw], A) is not on spin-orbit resonance. Note that a spin-orbit system (j, A) which has no
spin tunes is neither on nor off spin-orbit resonance. Moreover (j, A) is neither on nor off
spin-orbit resonance when j is not a torus translation, i.e., not of the form Plw]. O

In [BEH] spin-orbit systems with spin tunes belong to the class of “well tuned” systems
and most of the systems with no spin tunes are said to be “ill-tuned”.

In [He2] the spin tune and spin-orbit resonances defined here are called spin tune of
the first kind and spin-orbit resonances of the first kind respectively since [He2] finds it
convenient to distinguish between two kind of spin tune. That distinction is not needed
here.

Remarks:

(7) By Theorem 7.3f and Definition 7.7 a spin-orbit system of the form (P[w], A) is on spin-
orbit resonance iff (7.23) holds for just one choice of m € Z4,n € Z,v € Z(Pw], A).
Thus a single spin tune v of (P|w], A) is sufficient to determine if this spin-orbit system
is on spin-orbit resonance. Note also, by Theorem 7.3f and Definition 7.7, that a spin-
orbit system (Plw], A) is on spin-orbit resonance iff 0 € Z(Plw], A).

(8) Let (Plw],A) € SOS(d,P[w]). It can be easily shown, by using (7.7) and Remark 6
above, that (Plw], A) € CBg,(d, Plw]) iff 0 € Z(P[w], A). Thus, by Remark 7, (P[w], A)
is on spin-orbit resonance iff (Plw], A) € CBg,(d, Plw]). We will use this fact in the
proof of Theorem 7.8b below. O
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If one considers a family (j;, Aj)jea of spin-orbit systems (see the Introduction and
Chapter 8) and if every (j;, A;) has a spin tune, say v;, then v; is called an amplitude
dependent spin tune (ADST). Recall from Remark 6 above that if 7); is a uniform IFF of
(47, Ay) then TH(j(2))As(2)T5(2) = Aay,(2) = exp(2mv, T).

As stated at the beginning of this chapter spin-orbit resonance can lead to a large an-
gular spread of the ISF and that can lead to unacceptably low equilibrium polarization as
explained in Chapter 8. The large angular spread also means that if a particle beam oc-
cupies a large volume of phase space at injection while the spins all point in roughly the
same direction, the polarization of the beam can be very unstable while the spin precess
around their individual ISF’s. See [Ho] for an example of this. See [Ho|,[Mal,[Vo],[Yol] for
formalisms and calculations which have demonstrated the potential for a large spread of the
ISF near spin-orbit resonances. For detailed further comments see Section X in [BEH].

Moreover, since the ADST can vary with orbital amplitude .J, particles at one amplitude
can be close to spin-orbit resonance while particles as nearby amplitudes need not be. Man-
ifestations of this are beautifully demonstrated in [Ho, Vo, BHV00, HV] where the value of
a rigorous definition of spin tune is made crystal clear. Note that as shown in those works,
spin-orbit resonances tend to be rather repelling than attractive. The rigorous definition
of spin tune and of spin-orbit resonance also will lead us in Chapter 8 to the Uniqueness
Theorem for the ISF [Yol, DK73]. In summary, a rigorous definition, as in Definitions 7.2
and 7.7, is very important for a detailed understanding of real spin vector motion.

As explained in Section X of [BEH] and in [BV1], as well as in other literature, a real
spin-orbit system (P[w], A) on orbital resonance normally has no spin tune. One exception
is the so-called single resonance model underlying the model with two Siberian snakes in
Section 3.3. Nevertheless, such a system can, but need not, have an ISF of the continuous
kind defined here. An example of a spin-orbit system on orbital resonance which has no ISF,
and thus no spin tune, is studied in Section 3.3. We recall from Remark 3 in Chapter 3 that,
if the d components of w are rational numbers, then it is easy to calculate an ISF f by finding
the real eigenvector f(z) of the matrix W[P[w], A](n; z) for the number of turns n for which
the particle returns to its starting position z. The discontinuous “ISEF” of [BV1] can also be
calculated in this way (and this is also done in our example in Section 3.3). Recall also from
the ISF conjecture in Chapter 3 that we expect an ISF to exist off orbital resonance.

The ISF and the ADST for real spin vector motion off orbital resonance in storage
rings can be computed in a number of ways [Bel,[Fo|,[HH],[Ho],[Mal,[Vol],[Yo3]. Here we
describe two of them and we start with a method of computing the ADST, implemented
in the computer code SPRINT [He2, Ho, Vo] (as an alternative method, SPRINT offers
an implementation of the SODOM-2 algorithm). The calculations proceed in two steps
[BEH00, BHV98, Ho, Vo|. For simplicity we consider a fixed but arbitrary action value J and
assume that the spin-orbit system belongs to ACB(d, P|w]) and is off orbital resonance and
off spin-orbit resonance. As we will see in Chapter 8, by the Uniqueness Theorem, Theorem
8.1b, the given spin-orbit system (P[w], A) has only two ISF’s, say f and —f. Of course f
and —f in general are unknown and in fact one only attempts to compute a discretization of
them. In the first step, f is computed at some point z on the torus at some point 6 on a ring
using stroboscopic averaging [EH, HH] giving us f(z). Since (Plw], A) € ACB(d, Pw]) it
follows from Remark 5 above that an IFF, say T', exists and, due to Theorem 6.2c, the third
column of T is either f or —f and here T'(z) is constructed by a simple orthonormalization
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procedure in which f(z) is the third column is T'(z). The axis represented by the second
column of T'(z) could, for example, be chosen so as to have no component along the direction
of the beam. In the next step the spin value f(z) is tracked forwards turn by turn, according
o (3.9), resulting in the discretization f(z), f(Plw](2)), f(Pw]*(2)), ..., f(P[w]"(2)) of f
for some large integer N. Accordingly T'(z),T(P[w](2)), T(P[w]?(2)), ..., T(Plw]"(z)) are
constructed at the end of each turn according to the chosen prescription. Then, the average
spin precession angle around the ISF w.r.t. this IFF is computed for a very large number
of turns N. In fact since 7 is an IFF, by Remark 2 in Chapter 6, an N € Z? and an
a € C(T4,R) exist such that

THPL™ () AP ) T(PLl(2)) = exp (J[N (6 + 2mn) + 2m<7>[w]“<z>>1) |
(7.24)

where 74(¢) = z and n = 0,..., N. Note that, for every ¢ € R? with m4(¢) = 2, the rhs of
(7.24) is the same (recall Section 2.3) whence (7.24) is independent of the choice of ¢ and
thus well-defined. One can show [He2, Vo], by using Theorem 3.3a above, that the average
< a > of a, given by

1
<o >i= o) /[072”” a(me(p))de (7.25)

is a spin tune of (Plw], A). On the other hand, (7.24), gives us a(z), a(P[w](2)),
a(Plw]?(2)), ..., a(P[w]¥(2)) which allows one to approximate the average of a. This delivers
an ADST for the given J but the member of the set =(Pw], A) that emerges will depend on
the convention used to choose the first and second axes of T'.

Another practical way to compute spin tunes is by using the spectrum of the spin vector
motion as follows. For simplicity we consider a fixed but arbitrary action value J and assume
that the spin-orbit system belongs to ACB(d, P[w]). Then let (P|w], A) have a particle-spin-
vector trajectory (Z,S5) and let S;(n) denotes the j-th component of S(n). The discrete
Fourier transform (DFT) of S;(0), ..., S;(N) is defined by S; where

R 2mink
= 2
Si(n N+1ZS xp(-y 1) (7.26)

and where n = 0, ..., N. We define, for A € [0,1) and nonnegative integer N,
an(S;,\) == (N +1)~ Z S;(n) exp(—2min)) . (7.27)

Since, by Remark 6 above, (P[w], A) has a uniform IFF it can be easily shown (see Appendix
B.5) that an(S;j, A) converges as N — oo and we denote the limit of ay(S;,A) by a(S;, \)
and we define the “ “Cesaro spectrum” A(S;) of S; by A(S;) := {A € [0,1) : a(S;, \) # 0}.
From (7.26) and (7.27) it is clear that a(S;, \) can bc approximated by using standard DFT
software. Then spin tunes are contained in the Cesaro spectrum since, as shown in Appendix
B.5 (by using the fact that (Plw], A) has a uniform IFF),

A(S)) CE(Pw], A U{l-w+n:1€Z' neZ}. (7.28)

20



Moreover, the Cesaro spectrum can contain many of the spin tunes in =(PJw|, A). Theorem

9.1c in the continuous-time formalism of [BEH] reaches the same conclusions. With this

we have a direct relationship between the set Z(P|w], A) appearing in Theorem 7.3 and

a “measurable” quantity, namely the Cesaro spectrum. This way of getting ADST’s has

been essential for interpreting spin vector motion near to resonance with oscillating external

magnetic fields [Ba]. For more details on the notion of Cesaro spectrum, see Appendix B.
In analogy with Theorem 6.2c we now state:

Theorem 7.8 a) Let (j, A) € SOS(d,j) and T € C(T?, SO(3)). Then T satisfies
Toj= AT, (7.29)

iff it belongs to T Fe,(j, A).

Remark: If T € C(T9,SO(3)) satisfies (7.29) then, by Definition 7.4, T is a uniform IFF of
(7. A)

b) (Spin-Orbit Resonance Theorem) Let (Plw], A) € SOS(d, P|w]). Then (Plw], A) is on
spin-orbit resonance iff T Fq,(Plw], A) is nonempty.

Proof of Theorem 7.8a: By Definition 5.1, T € TFg,(j, A) iff T(j(2)A(2)T(z) € Gy
whence, by (7.1), T € T Fq, (4, A) iff T*(j(2))A(2)T(z) = I3x3 which proves the claim. O
Proof of Theorem 7.8b: By Remark 8, (P[w], A) is on spin-orbit resonance iff (Plw], A) €
CBe,(d, Plw]). The claim now follows from Definition 5.1. O

We will use Theorem 7.8 in the proof of the Uniqueness Theorem, Theorem 8.1b. More-
over, Theorem 7.8a and Theorem 6.2c are the special cases H = G resp. H = SO(2) of
a theorem which is valid for every subgroup H of SO(3). This will be addressed in our
follow-up work.

8 Polarization

In this chapter we tie together the concepts of polarization field and polarization.

8.1 Estimating the polarization

Consider a family (j;, A;) sea of spin-orbit systems where (j;, A;) € SOS(d,j;) and A C R?
is the set of action values.

We note (see also [BH, BV1]) that, for every J € A, we have a so-called “local polariza-
tion”, say Sjoc,s, which by definition is a polarization-field trajectory of (j;, A;) satisfying

|Sloc7J| S 1. (81)

The associated polarization on the torus J at time n is then given by

1

Prn) = (52

/ 06 Si00.1(n, ma($))| (3.2)
[0,27]4

We will see below how P; can be estimated by (8.5) which makes P; a convenient tool for
analyzing the bunch polarization. In the so-called “spin equilibrium” the polarization-field
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trajectory Sy is, by the definition of the spin equilibrium, time-independent for every .J
whence its initial value, Sj,c s(0, -) is an invariant polarization field of (j;, A;). Thus for the
spin equilibrium we get

1

Pj(n) = P;(0) = (g

)d

/[0 - d$Soe, (0, Wd(aS))' . (8.3)

Let j; be topologically transitive. Then, by Theorem 3.3b, |Sj.s(0, 2)| is independent of z
and, if Sjoes(0,-) is not the zero function, then [Si. s(0, 2)| > 0 and S,y (0, +)/|Sioe.s (0, )|
is an ISF of (j;, A;) whence, by (8.1),(8.3),

1

Pitn) = Po0) = (| [ ol 0.mato (20 2

/[O’%}d do Sioe,7(0, Ta(9)) ' ’ (8.4)

l)d

= \or |Stoc,s(0, Ta ()]
so that
Py(n) = P;(0) < Pjnaa (8.5)
where
Prvee = gsnf | [ dortmuton)|: 1 e 25740 (56)

Of course (8.5) also holds if Sj, s(0,-) is the zero function because in that case Pj(n) =
P;(0) = 0. Thus (8.5) holds for the spin equilibrium if j; is topologically transitive and
(77, Ay) has an ISF. We conclude from (8.5) that the ISF’s provide an upper bound for P,
and this is one reason why they are so important in practice. One can simplify (8.6) in
the important case where the spin-orbit system (j;, A;) in (8.6) has exactly two ISF’s, say
fr,—fs. Then (8.6) simplifies to

1
2T

PJ,ma:c - ( )d

[, dortmuen|. (5.7

Clearly Pj 4 is small if the range of f; is spread out. In Section 8.2 we will see how the
Uniqueness Theorem leads to the situation underlying (8.7).

Of course P; can also be used for an estimation of the bunch polarization which is given
by

1)d

Pn) = (5

, (8.8)

/A AT peg(J) / d¢Sioe,1(n; ma(9))

[0,27]@

where (5=)%pe, is the equilibrium particle phase-space density. We will take a closer look

at (8.8) in our follow-up work. With (8.8) the bunch polarization for the combined beam
equilibrium and spin equilibrium reads as

1)d

2

P(n) = P(0) = (

/A 07 pea(T) /[0 L 190 m(cb))‘ - (8.9)
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Let the conditions underlying (8.5) hold for almost all J, i.e., let a set M C A exist which
has Lebesgue measure zero and such that, for every J € (A\ M), the spin-orbit system
(77, Ay) has an ISF and j; is topologically transitive. Then, by (8.3),(8.5),(8.9), we have for
the spin equilibrium

1

P = PO) < () [ wr0a)| [ d0Sic 070

:/ deeq(J)PJ(O) S/ deeq(J)PJ,mam . (810)

Note that we assume that p.,(.J) and Pj,,,, depend on J regularly enough to ensure that
the integrals in (8.8), (8.9) and (8.10) are meaningful. Using (8.7) one can simplify (8.10) in
the case where, for every J € (A'\ M), the spin-orbit system (77, A;) has two ISF’s f;, —f;
and no others. Then (8.10) simplifies, thanks to (8.7), to

1

P = PO < ()" [ atpun| [ denmion. s

where we also assume that the functional dependences of p.,(J) and f; on J are regular
enough to ensure that the integrals in (8.11) are meaningful. For more details on estimating
the bunch polarization, also for non-equilibrium spin fields, see [Ho, Vol.

8.2 The Uniqueness Theorem of invariant spin fields

We saw in (8.5) and (8.7), how in a situation where only two ISF’s exist, the invariant spin
fields govern the estimation of P;. In this section we will see that this situation is very
common off spin-orbit resonance.

Let (j,A) € ACB(d,j). Then, by Remark 5 in Chapter 7, (j, A) has an ISF and so
it natural to ask about the impact of the set =Z(j, A) on ZSF(j, A). In fact, if j = Plw]
and (P[w], A) is off orbital resonance, this question is partially answered by part b) of the
following theorem.

Theorem 8.1 a) Let (j, A) € SOS(d, j) and let f and g be invariant polarization fields of
(4, A). Then h € C(T4 R3), defined by h(z) := f(z) x g(2), is an invariant polarization field
of (j, A) where x denotes the vector product.

b) (The Uniqueness Theorem) Let (Plw|, A) € ACB(d,Plw]) be off orbital resonance, i.e.,
let (1,w) be nonresonant. Also, let (Plw], A) be off spin-orbit resonance. Then (Plw], A) has
an ISF, say F, and F and —F are the only ISF’s of (P[w], A).

Proof of Theorem 8.1a: Since f and g are invariant polarization fields of (j, A) it follows
from Definition 3.2 that foj = Af and g o j = Ag whence

hi(2)) = (F(5(2)) x 9(i(2))) = (A(2)f(2) x A(2)g(2)) = A(2)(f(2) x 9(2)) = A(2)h(2) ,

so that, by Definition 3.2, h is an invariant polarization field of (j, A). O
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Proof of Theorem 8.1b: Let (Plw], A) € ACB(d, P|w]) be off orbital resonance. The claim to
be proved is equivalent to its contrapositive which is the following claim: If the total number
of ISF’s of (P|w], A) is not 2, then (P[w], A) is not off spin-orbit resonance. Now, we know
from Remark 5 in Chapter 7 that (P|w], A) has an ISF whence, by Section 3.2, it has at least
two ISF’s so that if the number of ISF’s differs from 2, there are more than two ISF’s. Also,
since (Plw], A) € ACB(d,P[w]) we know from Theorem 7.3b that (P[w], A) has spin tunes.
Then if the system is not off spin-orbit resonance, it must be on spin-orbit resonance. Thus
the above claim we have to prove is equivalent to the following claim: If the total number
of ISF’s of (P[w], A) is larger than two, then (Plw], A) is on spin-orbit resonance.

In fact we will now prove the latter claim. So let (P|w], A) have more than two ISF’s.
Recalling Section 3.2, we then conclude that (P[w], A) has ISF’s, say f and g, such that
g # fand g # —f. Note that f, —f and ¢ are three different ISF’s of (P[w], A). We define
h € C(T? R3) by h(z) := f(2) x g(2) and observe, by Theorem 8.1a, that h is an invariant
polarization field of (Plw], A). On the other hand, since (Plw]|, A) is off orbital resonance,
Plw] is topologically transitive whence, by Theorem 3.3b, |h| is constant, i.e., |h(2)] == A
is independent of z. We first consider the case where A = 0, i.e., where f X g is the zero
function. Then a function h: T? — R exists such that g = hf Whence g-f= hlf ? = h which
implies that & is continuous. On the other hand 1 = [g| = \hf| = |h] whence h can take
values only in {1, —1} whence, since h is continuous and T is path-connected, h is constant.
Thus either ¢ = f or ¢ = —f which is a contradiction. So the case where A = 0 cannot
occur. Thus A > 0. Since h is an invariant polarization field of (P[w], A) and since the real
number A is positive we define k € C(T9, R3) by k(2) := h(2)/A = h(z)/|h(z)| and observe,
by using Definition 3.2, that k is an invariant polarization field of (Plw], A). Of course
|k(2)| = |h(2)|/|h(2)| = 1 whence k is an ISF of (P[w], A). We also define [ € C(T% R?) by
[(z) := k(2) x f(z) and observe, by Theorem 8.1a, that [ is an invariant polarization field of
(Plw], A). Of course f(z) - k(2) = (f(2) - h(2))/|n(2)| = [(2) - (f(2) x g(2))/X = 0 whence,

for every z € T¢,
0=1(2) - k(z) =l(2) - f(2) = f(2) - k(2) . (8.12)

Clearly [I(2)] = [k(2) x f(2)] = VIk(2)? [f(2)2 = (k(2) - f(2))* = /1= (k(2) - f(2))? = 1
which implies that [ is an ISF of (Plw], A) and that

L=1(2)] = [k(2)| = |f(2)] (8.13)
It follows from (8.12) and (8.13) that
[1(2), k(2), f(2)]'1(2), k(2), f(2)] = Isus - (8.14)

Moreover, by (8.13), det([l( ), k(2), f(2)]) = U(2) - (k(z) x f(2)) = |I(2)]* = 1 whence, by
(8.14), for every z € T?, the 3 x 3-matrix [I(z), k(2), f(2)] belongs to SO(3). We thus define
T € C(T4,S0(3)) by ( ) == [l(2), k(2), f(2)]. Since all three columns of 7" are invariant
polarization fields of (P[w], A) we have, by Definition 3.2,

= AQR)[l(2), k(2), F(2)] = [A(2)1(2), A(2)k(2), A(2) f(2)]
= [[(P[w](2)), k(Pwl(2)), f(P[w](2))] = T(Plw](2)) ,
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whence T o Plw] = AT so that, by Theorem 7.8a, T" belongs to 7F¢,(j, A). Thus, by
Theorem 7.8b, (Plw], A) is on spin-orbit resonance as was to be shown. O

The claim of Theorem 8.1b that (P[w], A) has an ISF is trivial because of Remark 5 in
Chapter 7. Thus the essence of the claim of Theorem 8.1b is that (P[w], A) has only two
ISE’s. Recall also from Chapter 3 that the set of ISF’s of a spin-orbit system is either infinite
or contains an even number of elements. Note that in this work the term “finite number”
includes the case of zero. Indeed if a spin-orbit system has no ISF then its number of ISF’s
is zero, an even number!

9 Summary and Outlook

In this work we have studied the discrete-time spin-vector motion in storage rings in mathe-
matically rigorous terms as follows. A spin-orbit system is a pair (j, A) where j € Homeo(T¢)
is the particle 1-turn map and A € C(T% SO(3)) with the torus T? introduced in Section
2.3. In the special case j = Pw], w is the orbital tune and P[w] is the corresponding
translation on the torus after one turn. For every spin-orbit system (j, A) in SOS(d, j)
a l-turn particle-spin-vector map P[j, A] € Homeo(T? x R?) is defined by (2.22), i.e.,
Plj, Al(z,9) := (j(z), A(2)S). Also a 1-turn field map P[j, A] is a bijection on C(T% R?)
defined by (3.2), i.e.,

Pl Al(f) = (Af) 0"

We note also that the particle-spin-vector maps are just characteristic maps of the field maps.
If f € C(T% R?) satisfies P[4, A|(f) = f then f is called an invariant polarization field of
(4, A) and in the subcase | f| = 1 it is called an invariant spin field. A j € Homeo(T?) is called
topologically transitive if a 2y € T exists such that the topological closure {j™(zo) : n € Z}
of {j™(20) : n € Z} equals T?. The ISF-conjecture states that a spin-orbit system (j, A) has
an ISF if j is topologically transitive. Note that a special case of this conjecture is: If a
spin-orbit system (Plw]|, A) is off orbital resonance, then it has an ISF. If (j, A) € SOS(d, j)
and T € C(T%, SO(3)) then (j,4) € SOS(d, j) is called the transform of (j, A) under T
where A’ is defined by (4.2), i.e., A'(2) := T'(j(2))A(2)T(z). If H is a subgroup of SO(3)
and (j,A) € SOS(d, j) then (j,A’) in SOS(d, j) is an H-normal form of (j, A) if A" is H-
valued and (j, A") is a transform of (j, A). A spin-orbit system has an SO(2)-normal form
iff it has an invariant frame field. Following Chapter 7, a spin-orbit system (j, A) has a
spin tune v € [0, 1) if (j, A’) with A'(2) = exp(27vJ) is a transform of (j, A). We say that
(Plw], A) is on spin-orbit resonance if it has spin tunes and if for every spin tune v we can
find m € Z% n € Z such that v = m - w + n. A spin-orbit system has spin tunes iff it
has a G,-normal form. Moreover a spin-orbit system has an G,-normal form iff it has an
uniform invariant frame field. A spin-orbit system (P[w], A) is on spin-orbit resonance iff
it has a Gg-normal form. Also we used the notions of quasiperiodicity and Cesaro to study
the impact of the spin tune on the spin-vector motion. The Uniqueness Theorem, Theorem
8.1b, states that, if (P[w], A) has spin tunes and is off orbital resonance and off spin-orbit
resonance, then it has only two ISF’s and they differ only by a sign. The polarization of
a bunch is defined and its size is estimated in Section 8.1. In the follow-up work we will
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reconsider and generalize the present work by using using concepts from fibre bundle theory
introduced in [He2].
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Appendix

A Conventions and terminology

In this appendix we introduce some terminology and notions of the main text.

A.1 Function, image, inverse image

A “function” f: X — Y is determined by its graph and its codomain. The “graph” of f is
the set {(z, f(z)) : * € X} and the “codomain” of f is Y. The “domain” of f is X and the
“range” of f is the set f(X):= {f(z) : € X}. More generally, if M is a subset of X then
the “image” of M under f is the set f(M) := {f(x):x € M}. If M is a subset of Y then
the “inverse image” of M under f is the set f~Y(M):={zx e X : f(x) € M}.

One calls f a “surjection” or “onto” if its range and codomain are equal. One calls f
“one-one” or an “injection” if f(x) = f(z’) implies that x = 2/. One calls f a “bijection” if
it is one-one and a surjection.

If f: X —=Yandg:Y — Z are functions then g o f is the function go f : X — Z
defined by (g o f)(x) := g(f(z)). One calls the operation o the “composition” of functions.
If X is a set then the function idy : X — X is defined by idx(z) := x and is called the
“identity function” on X. If f : X — Y is a bijection then a unique function f=':Y — X
exists such that f~!'o f =idy, f o f~! = idy and it is called the “inverse” of f. Clearly f
is a bijection iff it has an inverse. Note that if f : X — Y is a bijection then f~! can either
mean the inverse function or the inverse image operation. However it will always be clear
from the context what the meaning is.

Note finally that according to our, very common, definition of a function two functions
with the same graph are different iff they have different codomains. Thus the alternative,
and equally common, way to define a function in terms of its graph (i.e., without invoking
the codomain) is different from our definition.

A.2 Partition, equivalence relation

If X is a set and if P is a set whose elements are disjoint nonempty subsets of X whose
union is X then one calls P a “partition of X”.

If X is a set and B a subset of X x X then B is called a “relation” on X. The relation
B is called “symmetric” if (z,y) € B implies that (y,z) € B. The relation B is called
“reflexive” if (z,z) € B for all x € X. The relation B is called “transitive” if (z,y) € B and
(y,z) € B implies that (z,z) € B.

A relation on X is called an “equivalence relation on X if it is symmetric,reflexive, and
transitive. If B is an equivalence relation on X and z € X then the set {y € Y : (z,y) € B}
is called the “equivalence class of x under the equivalence relation B”.

The equivalence classes of B form a partition of X as follows. Clearly the equivalence
classes of B are nonempty sets and overlap X. Moreover by, transitivity, if two equivalence
classes of B have a common element then they are equal. Conversely every partition of X
defines an equivalence relation on X as can be easily checked.
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A.3 Topology, topological space, open set

A collection, 7, of subsets of a set X is called a “topology on X" if 7 is closed under arbitrary
unions and finite intersections and if X, () € 7. Any pair (X, 7) is called a “topological space
(over X)”. The elements of 7 are called the “open” sets of (X, 7).

The “closed” sets of (X, 7) are the complements of the open sets (X, 7). If M is a subset
of X then its “closure” M is defined as the intersection of all closed supsets of M.

If (X, 7) is a topological space and if X’ is a subset of X then the “subspace topology” 7/
of X’ from X is the collection {X'N M : M € 7} and the topological space (X', 7’) is called
a “topological subspace” of (X, 7).

If the topology 7 is clear from the context then we write X instead of (X, 7). For example
the topology of R? is obtained from the Euclidean norm and the topology of Z? is discrete,
i.e., every subset of Z¢ is open.

If (X, 7) is a topological space then o C 7 is called a “base” of (X, 7) (and of 7) if every
M € 7 is a union of elements of o.

A.4 Continuous function, homeomorphism

Let (X, 7) and (X', 7’) be topological spaces. Then a function f : X — X' is called “contin-
uous w.r.t. (X, 7) and (X', 7')" if for every M € 7’ the inverse image of M under f belongs
to 7, i.e., f7Y(M) € 7. We denote the collection of continuous functions by C(X, X’). A
function f € C(X, X’) is called a “homeomorphism” and X, X’ are called a “homeomor-
phic” if f is a bijection and if its inverse is continuous. We denote the collection of those
homeomorphisms by Homeo(X, X’) and we also define Homeo(X) := Homeo(X, X ). The
topological spaces X and X’ are called “homeomorphic” if Homeo(X, X') is nonempty.

Let F': X — C and FV : X — C be functions where N € Z,. Then the sequence 'V is
said to converge uniformly on X to F' as N — oo if, for all € > 0 there exists an M € Z,
such that, for all N € Z, with N > M, sup,.y |FY(x) — F(z)| < e. Even in the case of
uniform convergence, in general neither F nor the FV are bounded functions. However in the
important situation where all F&¥ are bounded, and since |F(z)| < |[FN(x) — F(x) + FN(2)],
F' is bounded too.

A.5 Product topology, Hausdorff space, compact space,
path-connected space, final topology

If (X, 7x) and (Y, 7y) are topological spaces then the product topology 7 on X XY is defined
such that the sets M x N with M € 7x,Y € 1y form a base of 7. topology from R3*3.

A topological space X is called “Hausdorft” if for every pair of distinct elements x, ' of
X open sets M, M’ exists such that x € M, 2’ € M' and M N M’ = (). A topological space
X is called “compact” if for any union of X by open sets of X already the union of finitely
many of those open sets equals X. If X is a topological space and then a subset A of X is
called “compact” if A is, as a topological subspace of X, compact.

A topological space X is called “path-connected” if for elements x, 2’ € X a continuous
function f : [0,1] — X exists such that f(0) = = and f(1) = 2/. A subset A of X is
called “path-connected” if A is, as a topological subspace of X, path-connected. One has
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the following intermediate-value theorem: If XY are topological spaces such that X is path-
connected and if g : X — Y is a continuous function then the range of ¢ is a path-connected
subset of Y.

Let X be a topological space and let p : X — Y be a surjection where Y is a set. A
natural topology on Y is defined such that a subset B C Y is open iff the inverse image
p~1(B) C X is open. One calls the topology on Y the “final topology” w.r.t. p [wikil].

A.6 Groups

A “group” is a pair (G, *) where G is a set and x is a binary operation such that
(GO) (Binary operation) Vor.ec (1 *g2) € G,
(G1) (Associativity) Vor.92.95€c (91 % G2) * g3 = g1 * (92 * g3)
(G2) (Identity element eq) Jepea Voea ec =ecxg=g*eq ,
(G3) (Inverse elements) VgeG Jgaec €6 = g1 % g2 = g2 % g1 -

We will abbreviate (G, %) as G when the operation x is clear from the context and we often
write g1 * g as g1go when the operation * is clear from the context. The inverse element
of a g € G is denoted by g=!. If H is a subset of G and if g,¢' € G then we define
gHg :={ghg’ : h € H}. A group G is called “Abelian” if, in addition to G1-G3,

(G4) (Commutativity) V1,966 91 % G2 = G2 * g1

in which case * is often replaced by —+.

A subset G’ of G is called a “subgroup of G” if it is a group w.r.t. to the restriction of
x to G'. Two elements ¢, ¢” of a group G are called “conjugate” if ¢ € G exists such that
¢" = gg'g~*. Two subgroups G’, G" of a group G are called “conjugate” if g € G exists such
that G” = gG'g~ .

The most important groups in our work are SO(3) and its subgroups and, in Appendix
B.4, the Abelian group Z¢ and its subgroups.

B Quasiperiodic functions and the Cesaro spectrum of
a function

In this appendix we define and apply the notions of quasiperiodic function and Cesaro
spectrum with the main aim of proving two major results of the main text: Theorem 7.3f
and Eq. (7.28). In fact in Appendix B.3 we prove Theorem 7.3f by using, from Appendix B.2,
the Exponential Theorem. The Exponential Theorem is proved by using, from Appendix
B.2, the First Spectral Theorem. The First Spectral Theorem is proved by using, from
Appendix B.2, Fejér’s multivariate theorem. Moreover in Appendix B.5 we prove Eq. (7.28)
by using the First Spectral Theorem and, from Appendix B.4, the Second, Third, and Fourth
Spectral Theorems. In Appendix B.6 we show how pathologies in the Cesaro spectra of the
spin motions can lead to the absence of spin tunes.
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B.1 Defining Quasiperiodic functions and the Cesaro spectrum

Definition B.1 Let f € C(R? C) be 2mw-periodic in its arguments. If x € R? then f is
called a “x-generator” of the function F : Z — C defined by F(n) = f(2mnx). A function
F .7 — C is called “x—quasiperiodic” if it has a x-generator and it is called “quasiperiodic”
if it has a x-generator for some x. Note that, as sets, C = R? so we equip C with the natural
topology of R?. Note also that we choose the sets R and C such that R C C.

Note that if f is a x-generator of the x—quasiperiodic function F' : Z — C then, by
Theorem 2.5b, there exists a unique function h € C(T? C) such that f = homy. Thus we
could have defined quasiperiodicity in terms of h instead of f, however the latter is more
convenient. Again we see that ¢ and z have the same expressive power. O

Remark:

(1) The following facts immediately follow from Definition B.1. Let F' and G be x—
quasiperiodic functions where y € R? and let ¢1, co € C. Then the functions ¢; F + ¢2G
and FG are y—quasiperiodic. Moreover if Y € RF then F is (x,Y)-quasiperiodic
and (¥, x)-quasiperiodic. Furthermore if H is y-quasiperiodic then F'H is (x, X)-
quasiperiodic and (Y, x)-quasiperiodic. O

Let Z be the particle trajectory of a spin-orbit system Plw] with Z(0) = m4(¢o) whence,
by (2.25),(2.26) and the remarks after (2.31), Z(n) = Plw]|™(ma(¢o)) = Plnw|(ma(po)) =
ma(¢o + 2mnw) so that, by (2.31), the equations of motion for the spin-vector trajectory
S read as S(n + 1) = A(mg(po + 2mnw))S(n). Thus, and by Definition B.1, the matrix
elements of A(my(do + 2mnw)) are w—quasiperiodic functions of n so that the equation of
motion S(n+ 1) = A(ma(¢po + 2mnw))S(n) is w-quasiperiodic (see also Remark 2 in Chapter
4). This circumstance explains why the concept of quasiperiodicity is relevant for the present
work.

Part ¢) of the following definition gives us the notion of Cesaro spectrum.

Definition B.2 a) Let f : RY — C be continuous and 2w —periodic in its arguments. Then
for m € RY the “m-th Fourier coefficient” of f is defined by

1 2 2 »
=gt || F@ expizitm - 0)don-+-dos. (B.1)
)% Jo 0
b) Let m € RY N € Z, where where 7, denotes the set of nonnegative integers. We define
d
N+1—1|m,
A =11 Nl il = mac(m ] md) - (B2)

Let f : RY — C be continuous and 2w —periodic in its arguments. We define, for N € Z.,
function fN :R?— C by

N =Y AL fmexp(i(m- ) . (B.3)

mezd
[lm[I<N
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¢) If F:Z — C is a function and X\ € [0,1), N € Z,, we define

Mz

an(F, n) exp(—2min\) . (B4)

n=0
We denote by Niot(F) the set of those A € [0,1) for which an(F,\) converges as N — oo. If
A € Aot (F') we denote the limit of an(F,\) by a(F,\) and we define the “Cesaro spectrum”

A(F) of F by A(F) :=={\ € Mjor(F) : a(F, \) # 0}. O
The terminology “Cesaro spectrum” in Definition B.2c is justified by the fact that the

limit a(F,\) is often called the “Cesaro sum” of the sequence F(n)exp(—2min\) where
n=0,1,--- [wiki6]. We now define the simple but important function E, : Z — C by

E.(n) := exp(i2mnc) = exp(i2mn|c]) , (B.5)

where ¢ is an arbitrary real number and where |c| denotes the fractional part of ¢. Clearly,
by (B.5) and Definition B.1, the function Ej/o, is a c-generator of E. whence E, is ¢~
quasiperiodic. We will strengthen this result in Theorem B.4 below. We will use E. also in
Appendix B.3 where we prove Theorem 7.3f.

B.2 Fejér’s multivariate theorem and the First Spectral Theorem.
The Exponential Theorem

In this section we first present (see Theorem B.3b) Fejér’s multivariate theorem and then

derive from that the First Spectral Theorem (Theorem B.3d) and some other properties.

We then use the First Spectral Theorem to prove the Exponential Theorem, Theorem B.4b,

which allow us, in Appendix B.3, to prove Theorem 7.3f. To study the Cesaro spectrum of
quasiperiodic functions, we define, for y € R?,

Yy ={m-x+n:meZ'neZ}. (B.6)

Theorem B.3 a) Let ¢ € R and A € [0,1). Then

Aot (Ee) = [0,1) (B.7)
a(B,, \) = { oo i; EJ | (B.8)
A(E:) = {lc]} - (B.9)
Let F: 7 — C be a function. Then, for N € 7.,
an(FELN) = an(F, [\ —¢]) . (B.10)

If, in addition, Ay (F') = [0,1) then

At (FE,) = [0,1) (B.11)
a(FE.,\) = a(F, |\ —c]), (B.12)
AFE)={Ae€[0,1): |\—c| € A(F)}. (B.13)
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b) (Fejér’s multivariate theorem) Let f : RY — C be 2m—periodic in its arguments and
continuous. Let also, for N € Z,, the function f~ : R? — C be defined by (B.3), i.e.,
N (P) == > e Aﬁlvmfm exp(i(m - ¢)). Then f~ is continuous and 2w —periodic in its

[Im[I<N

arqguments. Moreover the sequence f¥ converges uniformly on R? to f as N — oo.
¢) Let F : 7 — C be a x—quasiperiodic function where x € R and let f be a x-generator of
F,ie., F(n)= f(2mnx). Defining for N € Z, the function FN : 7Z — C by

FN(n) = Z Aﬁlv7mhm exp(i2mn(m - x)) , (B.14)
2
where f,, is the m-th Fourier coefficient of f, then the sequence F'N converges uniformly on
Z to F as N — oo. Furthermore F is x-quasiperiodic and Ay(FY) = [0,1). Moreover,
for A€ 0,1),

= > AL (B A) (B.15)

mezd
[Im]|<N

as well as A(FY) C'Y,.
d) (First Spectral Theorem) Let F' : 7. — C be a x—quasiperiodic function and let A (F) =
0,1). Then A(F) CY,.

Proof of Theorem B.3a: Clearly, for N € Z,, A € [0,1) and by (B.4),(B.5),

N N
an(Ee, \) Z n) exp(—2minA) = (N +1)* Z exp(2min(c — X))
n=0 n=0
1 if A= |c|
- 1—exp(2mi(N+1)(c—A . (B16)
{ N%‘rl lféxp(gm'—{cz()\)) . if A % LCJ ’
whence
1 if A= |c|
i an (B, A) = { 0 A% |c]. (B.17)

It follows from (B.17) and Definition B.2c and for ¢ € R, A € [0, 1), that (B.7),(B.8),(B.9)
hold.
Let F': Z — C whence, by (B.5) and Definition B.2c,

N
an(FE.,\) Z n) exp(2minc) exp(—2min\)
n=0

Z F(n)exp(—2min|\ —c|) = ay(F, [N —¢]) ,

so that (B.10) holds. Let, in addition, Ay, (F) = [0,1). It then follows from Definition B.2¢
and (B.10) that (B.11),(B.13) and (B.13) hold. O
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Proof of Theorem B.8b: That the sequence f converges uniformly on R? to f is the
generalization of Fejér’s univariate theorem from d = 1 to arbitrary positive integer d (see
for example [Maa, Sec. I11.22],[Ko, Sec. 79]). O
Proof of Theorem B.3c: Defining for N € Z, the function f : R — C by (B.3), it follows
from Theorem B.3b that the sequence fV converges uniformly on R? to f as N — oo. It is
clear, by (B.3),(B.14), that F~(n) = f¥(27nx). By the uniform convergence of f¥ we have
My o0 SUPgega [ [N (0) — f(¢)] = 0 whence 0 = limy_,o0 sUp,,cz | f¥ (27nx0) — f(2mnx0)| =
Moo SUP,ez | FN (n) — F(n)] so that the sequence FV converges uniformly on Z to F as
N — oo. Let A € [0,1). It follows from (B.4),(B.5),(B.14) and for M, N € Z, that

ay(FN,\) = M+1Z Z ANmfmexp(z27m(m X)) exp(—2minA)
" iy
Adf
- ]\Z?_fl Z By (n) exp(—2minA) Z ANmfmCLM( EA) . (B.18)
e miien

It follows from (B.7) and Definition B.2c that

Nl[iinoo ar (Emy, A) = (B, A) (B.19)
whence, by (B.18),
N
Jim ay (F sz AL @B, N) (B.20)
me
Iml[<N

which implies, by Definition B.2¢, that Ay (FY) = [0,1) and that a(F™,\) satisfies (B.15).
It is also clear, by (B.14), that F'V is a finite sum of y-quasiperiodic functions whence FV is
x-quasiperiodic. To prove the last claim let € A(FN), i.e., a(FY, u) # 0 whence, by (B.15),
there exists an m € Z? such that a(E,,., ) # 0 so that, by Definition B.2c, pn € A(E,,.).
Thus, by (B.9), = |m- x| whence pp = m - x + k with k& € Z so that, by (B.6), p € Y,. We
thus have shown that indeed A(FV) C Y,. 0
Proof of Theorem B.3d: Let X\ be in [0, 1). It follows from Theorem B.3c that a sequence of
functions FV : Z — C exists which converges uniformly on Z to ' as N — oo and such that
Aot (FN) =[0,1), A(FN) C Y,. Thus and since a(F™,\) and a(F, ) exist, we have

la(FN,N) — a(F,\)| = |a(FY — F,\)|
ZIJ@mMilg (FY(n) — F(n)) exp(=2miAn)| < sup |[F¥(n) — F(n)|, (B.21)

where we also used the fact that FV and F are bounded functions. Since FV converges
uniformly on Z to F' as N — oo we have 0 = limy_,o, sup,cz |F'Y (n) — F(n)| whence, by
(B.21),

lim a(FY,\) = a(F,)\) . (B.22)

N—oo
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If n € 10,1)\ Yy, then, since A(FV) C Y, and Ay (FY) = [0, 1), we have that u € Ay (FV)\
A(FYN). Thus a(F™, 1) = 0 and (B.22) gives a(F, ) = 0 whence p € [0,1) \ A(F). Thus
0,1)\ Y, C[0,1)\ A(F) whence A(F) CY,. O
We will show in Section B.4 that every quasiperiodic function F' : Z — C has the property
Aior(F) = [0,1) and we will apply this in Appendix B.5. We don’t prove this property in
the present section since we don’t want to clutter the present section with the machinery of
Section B.4. Of course the First Spectral Theorem is powerful enough in a situation when
applied to a quasiperiodic functions F' for which we know that A (F) = [0,1). In fact this
is the case when F' = E, and so we will use the First Spectral Theorem in the proof of the
Exponential Theorem below.
Remark:

(2) Let (Plw],A) € ACB(d, P|w]) and v € Z(P|w], A) (note, by Theorem 7.3b, that such
a v exists). Let also (Z, S) be a particle-spin-vector trajectory of (Pw], A) and let S;
denote the j-th component of S. We here show that S; is (w, v)-quasiperiodic. First of
all, since v € Z(Plw], A) and by (7.7), a transfer field T" from (P[w], A) to (Plw], Aa,)
exists (note, by (7.21), that T" is a uniform IFF of (P[w], A)). Thus, and by Remark 0
in Chapter 4, T" is a transfer field from (Plw], Aq,) to (Plw], A) so that, by (4.5),

WIPw], Al(n; Z(0)) = T<7’[W]"(Z(0))) U[Pw], Aqu](n: Z(0))T'(Z(0)) . (B.23)

We now pick a ¢y € R? such that my(¢g) = Z(0) and we define the function t : Z —
SO(3) by

ﬁ
S
i
=
N
S
!
=
3
£
=
N
=
i

T(Plnw](ma(do)) = T(ma(do + 27nw)) , (B.24)
where we used (2.25),(2.26), (2.32). It follows from (B.23),(B.24) that
U[Plw], Al(n; Z(0)) = t(n)P[Plw], Aa,](n; Z(0))t'(0) , (B.25)
whence, by (2.35),
S(n) = t(n)W[P[w], Aa.](n; Z(0))t'(0)S(0) . (B.26)

We define the function t;;, : Z — C as the jk-matrix element of ¢ and the function
Tjr € C(T?,C) as the jk-matrix element of 7. Defining the function Ty, € C(T?,C)
by Tji = (Tj, 0 ma)(do + ), i.e., Tjp(¢) = Tjr(ma(¢o + ¢), we obtain from (B.24) that
tix(n) = Tjr(2mnw) whence, by Definition B.1, T} is an w-generator of ¢, and so tj
is w-quasiperiodic. We define the function v, : Z — C as the jk-matrix element of
U[Plw], Aay](-; Z(0)) whence, by (7.5), ¥;1(n) is the jk-matrix element of exp (27T nv)
so that v, is v-quasiperiodic. Since 1) is v-quasiperiodic and t;;, is w-quasiperiodic
it follows from (B.26) and Remark 1 above that each S; is (w, v)-quasiperiodic. We
will return to this result in Remark 3 below. O

In the remarks after (B.9) we have seen that E. is c—quasiperiodic. We now strengthen
this result to part a) of the following theorem. The proof of part a) is a simple application
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of quasiperiodicity. In constrast, our proof of part b) needs the First Spectral Theorem,
Theorem B.3d, i.e., involves the notion of Cesaro spectrum. As a matter of fact, part b) is
the part which matters here since it will be used in the proof of Theorem 7.3f (see Appendix
B.3 below).

Theorem B.4 Let ¢ be a real number and let E, : Z — C be defined by (B.5), i.e., E.(n) :=
exp(i2mnc). Let also x € RY. Then the following hold.

a) If c € Y, then E, is x—quasiperiodic.

Remark: This confirms that E. is c—quasiperiodic (choose the special case ¢ = x!).

b) (Ezponential Theorem) If E. is x —quasiperiodic then ¢ € Y.

Proof of Theorem B.ja: If x € R? and ¢ € Y, then, by (B.6), m € Z k € 7Z exist such
that ¢ = m - x + k whence, by (B.5), E.(n) = exp(i2mnc) = exp(i2mn(m - x)) so that, by
Definition B.1, E. is y—quasiperiodic. O
Proof of Theorem B.4b: Let E. be x—quasiperiodic. Recalling from (B.7) that Ay (E.) =
[0,1), we can apply Theorem B.3d and thus obtain A(E,) C Y,. It thus follows from (B.9)
that {|c]} C Y,, i.e., that [c] € Y, whence (recall (B.6)) there exist m € Z% n € Z such
that [c¢] =m - x + n. It follows that ¢ € Y. O

B.3 Proof of Theorem 7.3f

Let (Plw], A) € SOS(d, Plw]) and v € Z(P|w], A). The claim of Theorem 7.3f is (7.9), i.e.,
E(Plw],A) =[0,1)N {eu +m-w+n:ee€{l,—-1},meZinc Z}. We first define, for
p€[0,1),

é[w,,u,:l:]::[0,1)ﬂ{:l:u+m~w+n:m€Zd,n€Z}, (B.27)
whence
Elw, g, +] U Elw, g, —] = [O,l)ﬂ{8u+m~w+n:ae {1,—1},m€Zd,n€Z} ., (B.28)

so that our task of this section boils down to prove that

~

E(Plw], A) = Elw, v, +] UE[w, v, —] . (B.29)

We will prove (B.29) by showing D and C separately. Our proof of D is a simple application
of (7.7) while our proof of C needs the Exponential Theorem of Appendix B.3.

“37: We first show that Z(P[w], A) D E[w, v, +] so let p € Z[w, v, +], i.e., by (B.27) u =
v+m-w+n where m € Z% n € Z. Since v € Z(P|w], A) it follows from (7.7) that a transfer
field T' from (Pw], A) to (P|w], Aa.) exists whence, by Definition 4.1,

(Tt o Plw])AT = Ay, . (B.30)
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We define R, € C(T9,SO(3)) by R.(2) := T(z) exp(—=J (m - ¢)) where z = 74(¢) whence,
by (2.25),
Ry (Pl](2)) = By (ma(¢ + 27w)) = T(ma(¢ + 27w)) exp(=T [m - (¢ + 27w)])
= T(P[w](2)) exp(=T [m - ¢]) exp(=T 2 (m - w)]) ,
so that
R (P[w](2)) = exp(T 2 (m - w)]) exp(T [m - $))T"(P[w]()) - (B.31)

We now show that R, is a transfer field from (Plw|, A) to (Plw], Aq,) whence we compute,
by (7.4),(B.30),(B.31),

Ry (Pw](2))A(2) Ry (2)
= exp(J 27 (m - w)]) exp(T[m - §]) T (P[w](2)) A(2)T(2) exp(=T (m - ¢))
= exp(J [2m(m - w)]) exp(T[m - 9]) Aa,y exp(=T (m - ¢))
= exp(J[2m(m - w)]) exp(T [m - ¢]) exp(T 2mv) exp(=T (m - ¢))

=exp2nJ[v+m-w]) =exprTv+m-w+n]) =exp(2rTpn) = Aap ,
so that, by Definition 4.1, R, is a transfer field from (P[w], A) to (Plw], Aq,) whence, by
(7.7), p € Z(P[w], A) which implies that indeed Z(Plw], A) D Elw,v,+]. To show that
E(Plw],A) D ZEw,v,—], let p € Elw,v,—], ie., by (B.27), u = —v + m - w + n where
m € Z%n € Z. We define R_ € C(T¢,SO(3)) by R_(2) == T(2)exp(J(m - ¢))J’ where

z = my(¢) and
1 0 O
J=[0-1 0 |, (B.32)
0 0 -1
whence, by (6.6),(6.7),

JITT =-T, Texplad)T =exp(aTJ TT') = exp(—axT), (B.33)
and, by (2.25),
R(P)(2)) = R_(ma(¢ + 2m)) = T(mal6 + 27)) exp(T m - (6 + 270)]).T"
= T(P[w](2)) exp(J [m - ¢]) exp(T[27(m - w)])T" ,
so that, by (B.32),
R (Plw](2)) = T exp(=J[2m(m - w)]) exp(=T [m - o)T"(Plw](2)) . (B.34)
We now show that R_ is a transfer field from (Plw], A) to (Plw], Ag,) whence we compute,
by (7.4),(B.30),(B.33), (B.34),
R (Plw](2))A(2)R-(z)
= J'exp(=J[2n(m - w)]) exp(=T[m - ¢])T"(P[w](2)) A(2) T (2) exp(T (m - ¢)) T’
= J exp(=J 2x(m - w)]) exp(=T [m - ¢]) Aq exp(T (m - ¢)) T’
= J exp(=J 27 (m - w)]) exp(=T [m - ¢]) exp(T 2mv) exp(T (m - ¢)) T’
=J exp2rTv —m - w|)J =exp2rT[-v+m - w])
=exp2nT[—v+m -w+n|) =exp2rTp) = Aau ,

67



so that, by Definition 4.1, R_ is a transfer field from (P[w], A) to (Plw], A4,) whence, by
(7.7), i € Z(PJw], A) which implies that indeed Z(Pw], 4) D Zlw, v, —].

“c”: Let 7 € E(Plw], A) so we have to show that either 7 € Z[w, v, +]or v e 2w, v, —].
Since v, € E(P|w], A) it follows from (7.7) that transfer fields 7,7 from (Plw], A) to
(Plw], Aa), (Plw], Aas) exist whence, by Definition 4.1, we have (B.30) and

(T o Plw))AT = Aqy . (B.35)

We define the functions ¢ : Z — SO(3) and t : Z — SO(3) by t(n) = T(74(2mnw)) =
(T o mg)(2mnw) and (n) := T(mq(2mnw)) = (T o my)(2mnw). We also define the functions
tix : Z — C and tj, : Z — C as the jk-matrix elements of ¢ and ¢ whence, by Remark 2
above, t;, and t~jk are w-quasiperiodic. We also define the two functions ¢4 : Z — C by

g+(n) == (t(n)(l,i—i,O)t) : <f(n)(1,i,0)t) = ((1,iz’,0)t) : (tt(n)f(n)(l,i,O)t) . (B.36)

Because the matrix elements of ¢ and ¢ are w-quasiperiodic it follows from (B.36) and Remark
1 above that g, and g_ are w-quasiperiodic. We now show that the functions g, satisfy
(B.45), i.e., g+ (n) = exp(i2mn(£r + 0))g+(0). Once we have shown (B.45) the claim easily
follows. We first take a closer look at t. By (7.4),(B.30) we have

T(Plw](2)) = A(2)T(2)Ay, = A(2)T(z) exp(—2nvT ) (B.37)
whence, by (2.25) and for n € Z,

t(n+1)=T(rs2n(n + w)) = T(Plw](ma(2mnw)))
= A(mg(2mnw)) T (mg(2mnw)) exp(—2mvJ) = A(mg(2mnw))t(n) exp(—27v.T) ,

so that
t(n + 1)(1, i,0)" = A(rg(2mnw))t(n) exp(—27v.J)(1, £i,0)" . (B.38)
On the other hand, by (6.7),
exp(—27vJ)(1, £i,0)! = exp(£i2mv)(1, £i,0)" (B.39)
whence, by (B.38), t(n + 1)(1, £i,0)" = exp(Fi2nv) A(my(do + 2mnw))t(n)(1, £4,0)" so that
exp(Fi2rv)t(n + 1)(1,44,0)" = A(ma(po + 2mnw))t(n)(1, 44,0)" . (B.40)
We now take a closer look at t. By (7.4),(B.35) we have
T(Plw](2)) = A(Z)T(Z)Aﬁw = A(2)T(2) exp(—270.T) | (B.41)
whence, by (2.25) and for n € Z,

tin+1) = T(wd(QW(nj— Dw)) = T(Pw](ma(2mnw))) ~
= A(mg(2mnw)) T (mq(2mnw)) exp(—270T ) = A(my(2mnw))t(n) exp(—270T) ,
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so that
t(n+1)(1,4,0)" = A(mg(2mnw))t(n) exp(—272T)(1,1,0)" . (B.42)
On the other hand, by (6.7),
exp(—27.7)(1,4,0)! = exp(i27)(1,1,0)" (B.43)
whence, by (B.42), t(n + 1)(1,i,0)! = exp(i277) A(7a(do + 27nw))t(n)(1,4,0)! so that
exp(—i2r)t(n + 1)(1,4,0)" = A(ma(do + 27nw))t(n)(1,1,0)" . (B.44)
We conclude from (B.36),(B.40),(B.44) that
exp(Fi2nv) exp(—i2wv)g+(n + 1)

= exp(Fi2mv) exp(—i27D) <t(n +1)(1, &4, O)t) - <E(n +1)(1,4, 0)t>
— (Atwaten-+ 20000} (1,24,01 ) - (Almaten + 200w} (1,1.0) )
= (st 4.0 ) - (At + 200 Al + 250)0) 1,501
= (1. £007) - (#0)(1,3.0)) = gt
s0 that go(n + 1) = exp(i2m (v + 7))go(n) which implies that indeed

g+(n) = exp(i2mn(£r + 1))g+(0) . (B.45)

We will now finish the proof by showing, via (B.45), that v € Elw, v, —] if g4(0) # 0 and
that 7 € Z[w, v, +] if g_(0) # 0. We first have to show that either g, (0) # 0 or g_(0) # 0.
In fact, by (B.36),

N = N —

Ref 0.0+ 9-(0) = (L0.01) - (i 1.0,07) . (Bdo)
Sml30-0) +9- ()} = (10,01 ) (FE©.1.0¢) (B
Relo-(n) = 0.} = (0.1.01) - (01,007 ) . (Bds)
dm{30-(0) ~ 9o} = (0.0.00) - (Fi)0.1,07) . (o)
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46)-(B.49) that if g, (0) = g—(0) = 0 then the (11)-,(12)-,(21)-,(22)-matrix
f( ) vanish whence #(0)#(0) has zero determinant which contradicts the fact
)) =1 (note that #(0)£(0) € SO(3)!). We conclude that either g, (0) # 0 or

It follows from (B.
elements of '(0)
that det(#(0)£(0

g9-(0) #0.
We first consider the case when ¢, (0) # 0. Then, by (B.45) and the remarks after
(B.36), g+(n)/g+(0) = exp(i2mn(v + 7)) = E,+5(n) is an w-quasiperiodic function of n

where in the second equality we used (B.5). Since this function is exponential we can apply
the Exponential Theorem, Theorem B.4b, giving us that (v 4+ 7) € Y,, whence, by (B.6),
v+v =m-w+k with k € Z so that, by (B.29), v € é[w, v, —|. We now consider the case when
g—(0) # 0. Then, by (B.45) and the remarks after (B.36), g_(n)/g-(0) = exp(i2mn(—v +
v)) = E_,15(n) is an w-quasiperiodic function of n where in the second equality we used
(B.5). Since this function is exponential we can apply once again the Exponential Theorem
B.4b giving us that (—v + 7) € Y,, whence, by (B6), -v+7 = m-w +k with k € Z
so that, by (B.29), v € é[w,u, +]. This completes the proof that either v € [w v,+| o

v e é[w, v,—|. Thus the theorem is proven. Note, by (7.21), that T,T, R, R_ are umform
IFE’s of (Plw], A). O

B.4 The Second, Third and Fourth Spectral Theorems

We here state and prove the Second, Third and Fourth Spectral Theorems which show for
every quasiperiodic function F' two facts: Ay (F) = [0, 1) and, in the case A(F) = (), F = 0.
We will apply the first fact in Appendix B.5 and the second fact in Appendix B.6. These
three theorems correspond to three different cases of y. In fact the Second Spectral Theorem
considers y-quasiperiodic functions in the case where the components of y are rational and
the Third Spectral Theorem considers the case of nonresonant (1,x) whereas the Fourth
Spectral Theorem is concerned with the remaining case.

We call a function F' : Z — C “p—periodic” if p is a positive integer and if, for every n € Z,
F(n+p) = F(n). Part b) of the following Theorem considers x—quasiperiodic functions in
the case where the components of x are rational. Part a) is used to prove part b) and to
prove Theorem B.7 below.

Theorem B.5 a) Let p be a positive integer and let the function F : 7 — C be p-periodic.
Then Aot (K) = [0,1). Furthermore, for n € 7Z,

3
L

F(n) = exp(2mirn/p)a(F,r/p) . (B.50)

T

Il
o

b) (Second Spectral Theorem) Let x € Q% and let F : Z — C be x—quasiperiodic. Let also
p be a positive integer such that px belongs to Z¢ (note that such a p exists). Then F is
p-periodic and Ao (F) = 1[0,1). If A(F) = 0 then F = 0.

Proof of Theorem B.5a: Because F' is p—periodic, F/(0), F'(1), ..., F'(¢—1) are the only values
of F. Let P : C — C be the Lagrange polynomial of F' w.r.t. the points exp(2min/p) in C
[wiki5]. Thus

F(n) = P(exp(2min/p)) . (B.51)

70



Because F' is p—periodic, we compute, for n = 0,...,p— 1 and by (B.51), F(n+p) = F(n) =
P(exp(2min/p)) = P(exp(2mi(n+p)/p)) whence (B.51) holds for all integers n. Because P is
a Lagrange polynomial of F' w.r.t. p points in C, it has degree p—1 whence P(z) = Zf;é P.z"
where P, € C so that, by (B.51), F(n) = >.*—, P, exp(2mirn/p) so that, by (B.5),

p—1
F=> PEy. (B.52)
r=0

Thus F is a finite sum of functions of the form E, so that, by Theorem B.3a, Ay (F) = [0, 1)
and, for every A € [0, 1) and by (B.52),

p—1

a(F,\) =Y Pa(E,;,\) . (B.53)
r=0

1 it A=r/p

Moreover, for r = 0,...,p — 1 and by Theorem B.3a, a(E,/,, \) = { 0 i\ £ 1/p

whence, by (B.53) and for j =0,...,p — 1,

p—1
a(F,j/p) = Z Pra(ET/p’j/p) =P, (B.54)
r=0
so that, by (B.52), F = >*~! a(K, r/p)E, ), which implies (B.50) by using (B.5). O

Proof of Theorem B.5b: Let f be a y-generator of the y-quasiperiodic function F' whence
we compute, by Definition B.1 and using that f is 27-periodic in its arguments, F'(n + p) =
f@2r(n+p)x) = f(2rnyx) = F(n) so that F is p-periodic. It thus follows from Theorem
B.5a that Ay (F) = [0,1). If A(F) = () then, by Definition B.2¢ and for A € [0,1), we get
a(F,\) = 0 whence, by (B.50), F' = 0. O

In part b) of the following theorem, we consider y—quasiperiodic functions in the case
where (1, x) is nonresonant. Part a) is used to prove part b) and to prove Theorem B.7
below.

Theorem B.6 a) For N € Z, let GV : Z — C be bounded, i.e., let each sup, .z |G™ (n)| be
finite and let the sequence G converge uniformly on Z as N — oo to a function G : Z — C.
Let, for every N € Zy, A € Noy(GN) and a(GN,\) = 0. Then G is a bounded function
which satisfies A € Aot (G) and a(G, \) = 0.

b) (Third Spectral Theorem) Let x € R such that (1, ) is nonresonant and let F : 7, — C be
X —quasiperiodic and let f be any x-generator of F. Then Ay (F) = [0,1) and, for m € Z°,
fm = a(F,|m-x]). Moreover the sequence F™ converges uniformly on Z to F as N — oo
where, for N € Z.., the function FN : Z — C is defined by

PN o= " AL a(F, [m x))Epy (B.55)

mezd
[Im[I<N

If AN(F) =0 then F = 0.

71



Proof of Theorem B.6a: Because the GV are bounded, we recall from Appendix A.4 that G

is bounded. Moreover a(G™, \) = 0 whence, by Definition B.2c, ay (GV,\) — 0 as M — oo,

ie.,

(Ve > 0)(VN € Z,)(3IM[e, N] € Z,)(YM € Z+)((M > Mle, N)) = |ap(GN,N)| < 5/2) .
(B.56)

To show that A\ € Ay(G) and that a(G, \) = 0 we use ideas from [MS, p.259]. Because G
and GV are bounded functions and by defining, for N € Z,, 6" := sup,c; |G(n) — G (n)]
we note that ¢V is finite (and nonnegative). Moreover because G — GV converges uniformly
to zero, limy_,eo 6% = 0, hence

(Ve > 0)(IN[e] € Z,) (Wﬁl < 5/2) . (B.57)

By Definition B.2c and for all M, N € Z., we compute

|an(G, ) = an(GY, N)] = fan (G = GV, \Z (n)) exp(—2minA)|
<47 Z —-GV(n)| < M slggm )—GN<l>|=sllelg\G<l)—GN<l)\
:5N : (B.58)

Combining (B.57),(B.58) yields, for all M € Z., to
(Ve > 0) <|aM(G, A) — an (GNEL Y| < 6VE < 5/2) . (B.59)

From (B.56) and (B.59) it follows that
(Ve > 0)(VM € Z.) ((M > M[e, N[e]]) = <(|aM(GN[€1, M| < 5/2)

&(\QM(G, ) — an(GVO V)| < 6/2))> . (B.60)

Because |ay (G, \)| = |an (G, N) —ap (GNELX) +ap (GNEL )| < Jan (G A) —an (GNEL ) |+
lap (GNELN)] it follows from (B.60) that (Ve > 0)(VM > M[e, N[g]])|am (G, )\ < e. Thus
ay (G, \) converges to zero as M — oo, i.e. A € Ay(G) and a(G, \) = 0. O
Proof of Theorem B.6b: By using a multivariate ‘map’ version of Weyl’s equidistribution
theorem ([CFS, Chapter 3]), we obtain, for m € Z¢, that |m - x| € Aw(F) and that
fm = a(F,|m-x]). Note, for every A € ([0,1)NY,) and by (B.6), that A = m - x + 7 where
m € Z4 0 € Zso that A = |[\| = |[m-x+n] = |m-x]| whence ([0,1)NY) C Awi(F). Thus
to prove that Ay (F) = [0, 1) it remains to be shown that ([0,1) \ Y}) C A (F) so let from

72



now on A € ([0,1) \ Y,). We thus define, as in Theorem B.3¢ and for N € Z,, the function
FN 7 — C by (B.14), i.e.,

Z A% mfmEmy = Z A m@(F [m- x]) By (B.61)

mezd mezd
[Im]I<N [Im]|<N

whence, by Theorem B.3c, the sequence FV converges uniformly on Z to F as N — oo.
Also, by Theorem B.3c, F'V is y-quasiperiodic and

Aot(FN) =10,1), A(FY)CY,, (B.62)

as well as (B.15), i.e., a(FN,X) = 3 cza A% fm@(Emy, A). By (B.61) FV is bounded

[Im[|<N

since it is a finite sum of bounded functions. By (B.62) and Definition B.2¢, a(FV,\) = 0.
Thus the F form a sequence of complex valued and bounded functions for which \ €
Aot (FY) and a(FN, \) = 0 and which converges uniformly on Z to F as N — co. Thus, by
Theorem B.6a, the limit F' is a bounded function such that A € Ay (F) and a(F,\) = 0.
Finally we consider the case where A(F) = () whence, by Definition B.2c and for u € [0, 1),
we get a(F,u) = 0 so that, by (B.55) and for N € Z,, 'V = 0 which implies, by the
convergence of F'V to F', that F' = 0. O

In part d) of the following theorem, we consider y—quasiperiodic functions in the re-
maining case, i.e., the case where neither (1, x) is nonresonant nor all components of x are
rational. Parts a)-c) are used to prove part d). We denote by GL(d,Z) the set of those
nonsingular matrices in Z%*?¢ whose inverse belongs to Z%*¢. Thus GL(d,Z) is the set of
those matrices Z in Z4¢ for which | det(Z)| = 1. We also define, for y € R¢, the set

M,:={meZ" m-xecZ}. (B.63)

Clearly (1, x) is nonresonant iff M, = {0} as can be easily checked. Thus M, quantifies how
resonant (1, ) is.

Theorem B.7 a) Let F' be a x-quasiperiodic function where x =
R®* and 0 < s < d and where (1,X) is nonresonant. Then Atot( ) [

F=0.

b) Let x € R and Z € GL(d,7Z) and let F : 7Z — C. If I is x—quasiperiodic then it is also
(Zx)—quasiperiodic.

c) Let x be in RY\ Q7 and let (1,x) be resonant. Then a Z € GL(d,Z) exists such that
Zx = (X, X) with (1,X) nonresonant and ¥ € Q4~*, where 0 < s < d.

d) (Fourth Spectral Theorem) Let F' be a x—quasiperiodic function and let (1,x) be resonant
and x € R4\ Q4. Let Z € GL(d,7Z) such that Zx = (X, %) with (1,%) nonresonant and
X € Q42, where 0 < s < d (note, by Theorem B.7c, that such a Z exists). Then F is
(X, X)-quasiperiodic and N (F) =1[0,1). If A(F) = 0 then F = 0.

(X, X) with x € Q45 x €
=10,1

). If A(F) =0 then

Proof of Theorem B.7a: Our proof has three parts. In the first part we use Theorem B.6b
to approximate F' by a uniformly convergent sequence FVV, in the second part we use this
sequence to prove the claim about Ay, (F') by using Theorem B.6a and in the third part we
consider the case where A(F) = (). Let the positive integer p be chosen such that py is in

73



792, The fact that the components of ¥ are rational allows us to express the function F in
terms of the functions F,. : Z — C, defined by F,.(n) := F(pn+r), where r =1,....p—1. To
express F' in terms of the F, we define the functions k : Z — Z, and k' : Z — Z by

k(n) :=pln/p],  K(n):=(n—rn))/p. (B.64)

Note that x(n + p) = p|(n+ p)/p] = p|n/p+ 1] = p|n/p] = k(n) whence x is p-—periodic.
Also each k(n) is an integer between 0 and p — 1 whence we compute, for n € Z and by
(B.64),

F(n) = F(n—pln/p| + pln/p]) = F(pr'(n) + £(n)) = Fuw(x'(n)) . (B.65)

To apply Theorem B.6b we will use the fact that (1,y) is nonresonant. We first have to
establish the quasiperiodicity of the F, so let f € C(R? C) be a y-generator of F, i.e.,
F(n) = f(2mny). Then, by the periodicity of f,

F.(n)=F(pn+r)=f@rx(pn+1)) = f2r(pn+7)(X, X)) = f@rry, 2rx(pn + 1))
= g,.(2mnpy) , (B.66)

where g, € C(R?, C) is defined by g,(¢) := f(2nry, ¢+27wry). Clearly g, is 2r—periodic in its
arguments whence, by (B.66), g, is a py-generator of F,. so that the latter is px—quasiperiodic.
Because (1, x) is nonresonant and the integer p is nonzero, (1, px) is nonresonant whence we
can apply Theorem B.6b to g, so that the sequence FV, defined by

= > Ay Lp(m - X)]) exp(2minp(m - X)) , (B.67)

meZs

Imll <N
converges uniformly to F, on Z as N — oco. Having got the approximating sequence FV for
F,, (B.65) suggests to approximate F' by FY where, for N € Z,, the function F'V : Z — C
is defined by

FY(n) == FJ, Z AN )y [p(m - X)]) exp(2mik’ (n)p(m - X))
{1 £N
Z AN m@(Fi(my, [p(m - X)]) exp(27i(n — k(n))(m - X)) , (B.68)
1

where in the second equality we used (B.67) and where in the third equality we used (B.64).
Because FV converges to F, it follows that F| (n)( K'(n)) converges to Fy.,(+'(n)) whence, by

(B.65), FX,,(x'(n)) converges to F'(n) so that, by (B.68), ¥ converges to F' as N — oc.

Note that FN is bounded since it is a finite sum of bounded functions. To show the uniform
convergence of F'N we recall from above that IV converges uniformly to F, on Z, i.e., for
r=0,...,p—1

(Ve > 0)(3M]e, 7] € Z,)(VN € Z,) <(N > Mle,r]) = (ilgz) |EN(n) — F.(n)] < €/p)) .
(B.69)
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It trivially follows from (B.69) that, for r = 0,...,p — 1,

(Ve > 0)(IM|e,r] € Z,)(VN € Z,) ((N > Mle,r]) = (sup |FN(K'(n)) — F.(k'(n))| < z—:/p)) :

ne’l

whence, for r =0,...,p — 1,

(Ve > 0)(3M[e] € Z,) (YN € Z.,) ((N > Mle]) = <Sup IEN (K (n)) — Fo(K'(n))] < 8/]9)) .

so that
(Ve > 0)(IMe] € Z4) (VN € Z) ((N > Mle]) = (Z i]éIZ) |FN(K'(n)) — Fr(k'(n))| < E)

(
We also compute, for all n € Z, N € Zy, |[F,,(r'(n)) = Fym (' (n))] < P | EN (K (n) —
F,.(K'(n))| whence, by (B.65),(B.68),

sup |F™(n) — F(n)| = Sup | Fly (K'(n) = Fagay (K (n)))]

nel

< supZ EY () = B )] < Y sup [N (/) — B ()] (BT

nEZ

so that (B.70) yields to

(Ve > 0)(3M]] € Z,)(VN € Z,) ((N > Mle]) = (Sup |FN(n) — F(n)| < 5)) :

neL

i.e., F'N converges uniformly to F'. With the uniform convergence of F'V we have completed
the first part in our proof.

In the second part we now apply Theorem B.6a and we first compute a(FV,\). To
simplify the expression (B.68) for 'Y we define, for m € Z*, the function a,, : Z — C by
am(n) == a(Fym), [p(m - X)]) exp(—2mik(n)(m - X)) and obtain from (B.68) that

FN(n)= Y Ax,.am(n) exp(2min(m - X)) . (B.72)
Note that «, is p—periodic because Y is p—periodic whence, by Theorem B.5a,

am(n) = exp(2mirn/p)a(ay,, r/p) . (B.73)

It follows from (B.72),(B.73) that
FN(n) =3 mezs AX 32y aloum, 7/p) exp(2mirn/p) exp(2min(m - X)), i.e., by (B.5),

[Im[I<N

Z A3 mz a(m, 7 /D) Er jpmes - (B.74)

mezLs
[lm||<N
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To compute a(FY, \) we note, by (B.74), that if a(F™,\) # 0 then there exist r = 0,...,p—1
and m € Z° such that a(E, /p1mx, A) # 0 whence, by (B.8), A = [r/p+ m - x] so that, by
(B.6), A\ € Yupg). Thus if X € ([0,1) \ Y(1/p5)) then a(FY,A) = 0. To complete the
computation of a(F™, ) let us now consider the case where A\ € Y{y/,) whence, by (B.6)
and since p is an integer, A = ki - x + ko/p, where kg € Z,k; € Z*°. Of course, by (B.74),

Z A3 mz a(om, 7/D)a(Ey jpimess A) - (B.75)

mezLs
[lm||<N

Setting I' = E, jpimy and ¢ = —k; - X — ko/p in Theorem B.3a we note that Ay (Er/pimy) =
0, 1) whence, by Theorem B.3a, a(E, /pim-v, [—¢]) = a(E; jppm-gFe, 0) so that we compute

a(Er/p—l—m-Xa )‘) - a’(Er/p+m-§<a L)‘J) - (Er/p—l—m-f(a |_k1 : )A( + kO/pJ)
= a(Er/ptrm s Bty 3=k /ps 0) = A(Er—o) fp+(m—k1)-x: 0)

which implies, by (B.75),

p—

1
= > A% a(am, /P Er—ko) fpt-(m—k1) x> 0) (B.76)
0

mezs r=
[Im||<N

To simplify the rhs of (B.76) we note, by Theorem B.3a, that if r =0,...,p — 1,m € Z* and
a(Er—ko) /p+(m—k1)x, 0) # 0 then | (r — ko)/p+ (m — k1) - x| = 0 whence an integer ky exists
such that (r — ko)/p+ (m — k1) - x = ko so that

r—ko—pko+p(m—Fky) -x=0. (B.77)
Recalling from above that (1, px) is nonresonant it follows from (B.77) that
m—/ﬁ:O, T—]{Zo—kaIO. (B78)

Using the second equality in (B.78) and since r = 0, ..., p— 1 we compute, by (B.64), x(ko) =
plko/p] = pl(r—pk2)/p] = plr/p — k2] = plr/p| = p(r/p) = r. We thus have shown that if
r=0,...,p—1,m e Z° and a(Er—py)/pt+(m—k1)x: 0) 7 0 then m = k; and r = k(ko) whence
(B.76) simplifies, by Theorem B.3a and (B.64) so that, for N < ||ky||, a(F™,\) = 0 and, for
N = [kl

a(FNv )‘) = ?\77k‘1a(ak17 (k?o)/p) ( ko)—ko)/p> 0)
- A?V,kla(akv K(ko)/p) ( —r/(ko)> O) - AN,kla(akU K(ko)/p)a(Eo, O)
= A?V,kla(aklv Ii(l{io)/p) ) (B79)

where in the third equality we used that '(ko) € Z. With (B.79) we can summarize the
computation of a(EF™N, \):

0 if A€ ([0,1)\ Yapp)
a(FN ) =< 0 if A\ ="k -X+ko/p and kg € Z,k; € Z°, N < ||k1|| (B.80)
AN palar,, 5(ko)/p) EA=Fki-X+ko/p and ko € Z, k) € Z°, N > |[k1]] .
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We can now finish the second part by applying Theorem B.6a and we first note, by (B.2),
that A3 ,, converges to 1 as N — co whence, by (B.80), a(F™, \) converges as N — oo and

. Ny JO if A€ ([0,1)\ Yap)
]\}l—rgo alf™, ) = { alag, , (ko) /p) if A=ki-X+ko/p and ko € Z, ky € Z° . (B81)

To apply Theorem B.6a we define the function G : Z — C by G := F — E)\ limy_,0 a(FV, \)
and, for N € Z,, the function GV : Z — C by GV := FN — Eya(F",)\). Note that I’V
is bounded since it is a finite sum of bounded functions whence GV is bounded. Since
Aot (FN) =[0,1) we also have Ay (GY) = [0,1) and we compute, by Theorem B.3a,

a(GN,N) = a(FN — Exa(FN,\),\) = a(FN,\) — a(Exa(FY, \), \)
= a(FN,\) —a(FY Na(Ex,\) = a(FY,\) —a(F¥,\) =0 . (B.82)

To show that GV converges uniformly to G' we first consider the case where A € ([0,1)\
Yi/pg))- In this case, and by (B.81), G = F — E\limy_,0e a(FN,\) = F and, by (B.80),
GN = FN—E\a(FY,)\) = FN whence, and since F'V converges uniformly to F', G converges
uniformly to G on Z as N — oo. We now consider the case where A\ € Y{;, ). In this case,
and by (B.81), G = F — E)\limy_., a(FY,\) = F — Eya(ay,,k(ky)/p). Also in this
case 'V converges uniformly to F and, by (B.81), a(F",\) converges to a(ag,, k(ko)/p)
whence GV converges uniformly to F' — Eya(ay,, k(ko)/p) = G on Z as N — oo. Thus
we have shown, for every A € [0,1), that G and G satisfy the conditions of Theorem
B.6a whence, by Theorem B.6a and for every A € [0,1), A € Ayyi(G), ie., Ait(G) = [0, 1)
and that a(G,\) = 0. Therefore in the case, where A € ([0,1) \ Y{i/p,)), we have A €
Nt (G) = Mot(F) and a(F,\) = 0. Moreover in the case, where A € Y{(1/,y), we have
A € MNpt(G) = MNoi(F — Exalag,, k(ko)/p)) whence, by Theorem B.3a, A € Ay (F) and
0 = a(G,\) = a(F — Exa(og,, k(ko)/p), A) so that a(F,\) = a(a,, k(ko)/p)a(Ex,\) =
a(ag,, k(ko)/p) which completes the proof that A (F) = [0,1). Note that we also got

0 if Ae ([0,1)\ Yupyp)

o(F,A) = { alony 5(ko)/p) A=k %+ ko/p and ko € Z,ky e 75, (B83)

which completes the second part.
In the third part we first note, by (B.64), (B.83) and for m € Z™,r =0,--- ,p — 1, that
a(am, /D) = a(m, k(1) /p) = a(F,m - X + r/p) whence, by (B.74) and for N € Z .,

—_

p—

FN= 3" Ay, > alF.m-X+7/p)Ejprms - (B.84)

mezs
Im[|<N

\z
Il
o

If A(F) = () then, by Definition B.2¢c and for o € [0,1), we get a(F, ) = 0 whence, by (B.84)
and for N € Z,, FN = 0 which implies, by the convergence of FN to F, that F = 0. O
Proof of Theorem B.7b: Let F : 7 — C be y quasiperiodic where y € R? and let Z €
GL(d,Z). Let also H € C(R%,C) be a y-generator of F'. Then we define h € C(R¢, C) by
h(¢) :== H(Z 1¢). Since H is 2m-periodic in its arguments and Z~! € Z%*?  we note that h
is 2m-periodic in its arguments. We also compute F(n) = H(2mnx) = h(2mnZx) whence h
is a Zx-generator of I’ so that F'is Zy—quasiperiodic. O
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Proof of Theorem B.7c: Let x be in R\ Q¢ and let (1, x) be resonant. The set M, in (B.63),
i.e., M, ={m € Z:m-x € Z} is the vehicle which allows us to construct from x the matrix
7, and the Smith Normal Form of the latter then gives us Z. This all is accomplished by
the Z-module structure of M, and so our proof has two parts. In the first part we show that
M, is an s-dimensional Z-submodule of 74 where 0 < s < d and this allows us to pick, in
the second part, a basis of M, which gives us the matrix Z; and thus will allow us to show
that 0 < s < d and to find the matrix Z for completing the proof.

An additively written Abelian group M’ equipped with a scalar multiplication by integers
is called a “Z-module” if for all z,y € M', 2,2/ € Z

2ety)=zx+zy, (z+2)r=zx+722, (22 ) =232), la=x, 20=0. (B.85)

Clearly Z% and M, are Z-modules by using the addition and scalar multiplication from R?.
Every Z-module is an Abelian group and, conversely, every Abelian group is a Z-module in a
natural way since, according to (B.85), na can be defined inductively via the Abelian group
structure by (n+1)z := nx+z and by (n—1)z := nx—x. Thus on every Abelian group the Z-
module structure allows one to do Linear Algebra. If M’, M" are Z-modules and if M"” c M’
and if the addition and scalar multiplication in M” are the restricitions from M’ then M” is
called a Z-submodule of M’. Clearly M, is a Z-submodule of Z?. If r is a positive integer
and x!', 22, ..., 2" are elements of a Z-module M’ then they are called “linearly independent”
iff for every choice of integers z1, ..., 2, the equality 0 = z;2' + ... + 22" implies that 2z, ..., 2,
vanish. More generally, the elements of a subset L of M’ are called “linearly independent”
(and L is called “linearly independent”) if the elements of every finite nonempty subset of L
are linearly independent. Defining e}, ..., e € Z¢ by el := (1,0,...,0)!, ..., e := (0, ...,0,1)! it
is clear that e}, ..., e? are linearly independent. If r is a positive integer and z!, 2%, ..., 2" are
elements in M’ then the elements z;z' + ... + 22" form a Z-module, say M”, if one varies
the 21, ..., 2, over the integers. One calls M” the Z-module generated by z*, 22, ..., 2". More
generally, if L is a nonempty subset of M’ then the Z-module generated by L is defined by
the union of all Z-modules generated by the finite nonempty subsets of L (and one says that
the elements of L “generate” M'). Of course the Z-module generated by a nonempty subset
of M’ is a Z-submodule of M’. Clearly Z¢ is generated by e}, ...,e?. A nonempty subset L
of a Z-module M’ is called a “basis” of M’ if it is linearly independent and if it generates
M'. Of course {e}, ....el} is a basis of the Z-module Z¢. A Z-module M’ is called “trivial”
if M’ = {0}. If a Z-module M’ has a finite basis of, say m elements, then (see for example
Section 3.6 in [AW]) every of its bases has m elements and M’ is called m-dimensional and
one writes dim(M’) = m. If a Z-module M’ is trivial, then it has no basis and it then is called
0-dimensional and one writes dim(M’) = 0. Clearly dim(Z%) = d. In general, Z-modules
are neither trivial nor have a basis and this demonstrates that Z-modules are more delicate
than vector spaces. A simple example is the Abelian group Zs of two elements 0 and b where
the natural Z-module structure of Zy gives us, for z € Z, 20 = 0,(22)b = 0,2z + 1)b = b
where z is an integer. Clearly Z, is not trivial and it is easy to check that Z, has no linearly
independent subset whence it has no basis. In contrast Z? does not have this pathology
because it has the basis {el,...,e4}. Most importantly M, does not have this pathology
either. In fact since the Z-module Z¢ is d-dimensional every of its Z-submodules, e.g., M,
is s-dimensional where 0 < s < d (see, e.g., [Jac] or [Hun, Section IV.6]). If s would vanish
then M, would be trivial, i.e., M, = {0} whence, by (B.63), (1, x) would be nonresonant, a
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contradiction. Thus s > 0 whence 0 < s < d which completes the first part of the proof. In
the second part we now use the fact that M, is s-dimensional and 0 < s < d whence M,
has a finite basis of s elements, k',...,k°. Thus we can do Linear Algebra by defining the
matrix Z; € Z°*% by Z; := [k}, ..., k®]', i.e., the j-th row of Z; is (k7). Clearly Z, satisfies

M, ={Zk : keZ), Zixel*, (B.86)

where in the equality we used (B.63). By the Linear Algebra of Z-modules (see for example
[Jac, Sec. II1.8] or [Hun, Section VIIL.2]) the matrix Z; can be factorized via

AR AVAVAN (B.87)

where Z, € GL(s,Z) and Z € GL(d,Z) and where the Z3 € Z**? is of “Smith Normal
Form”, i.e., Z3 = [liel, ..., lse5]" with nonzero integers [y, ...,ls. The integers [y, ..., 1 also
satisfy a divisibility condition (which however is not needed in our proof). For the notion of
“Smith Normal Form” see also [AW, Section 5.3]. We define y € R? and y € R® by

(X150 Xa) =X =2x,  Xi= (Xas e Xs)' - (B.88)
To show that y € Q° and that 0 < s < d we compute, by (B.87),(B.88),
ToZsX = ZaZsZx = Zoix € L° . (B.89)
We also note, by (B.88),

Z3X - (115(17 ceey lsXs)t = (llilv ceey ls>~(s)t . (Bgo)

Because Zy € GL(s,Z), (B.89) yields Zsy € Z° whence, by (B.90) and since [y, ..., [ are
nonzero integers, we obtain that Y € Q°. To show that 0 < s < d we first note that y & Q¢
since otherwise Z 'y would belong to Q% i.e., ¥ would belong to Q¢, a contradiction. It is
now easy to see that s < d because the equality: s = d would imply y = x whence x would
belong to Q?, a contradiction. Thus 0 < s < d. We now define Y € R9~* by

~

X = (XS+1> "'aXd)t 5 (Bg].)

whence, by (B.88),
X=X (B.92)

so it remains to be shown that (1, x) is nonresonant. We first compute, by (B.63), (B.86),
(B.87),(B.88),

My={meZ' m-xeZy={meZ  m-(Zx) €2} ={mecZ: (Z'm) x € Z}
={(Z)" 'm:meZ'm-xeZ}={(Z")" 'm:me M}

— (22 k€ Z°) = {(ZY) N (ZoZaZ)h - k € T°) = {2428k - k € 7°)
= {Z%k ke Z°} (B.93)

where in the fourth equality we used that Z € GL(d,Z) and in the ninth equality we used
that Zy € GL(s,Z). We are now in a position to show that (1, x) is nonresonant. By the
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remarks after (B.63), (1,X) is nonresonant iff My = {0}. To show the latter let 7 € M
whence, by (B.63), 7Y € Z so that, by (B.92), (0,m)-x € Z. Thus, by (B.63), (0,m) € M;
whence, by (B.93), (0,m) = Zik for some k = (ki,...,ks)" € Z°. On the other hand, by
the definition of Zs, Zik = kiliel + - - - kel whence (0,m) = kiliel + - - - kgle5 so that
ky =--- =k, and m = 0 which implies that My = {0}, i.e., that (1, x) is nonresonant. O
Proof of Theorem B.7d: By Theorem B.7b, F' is Zx-quasiperiodic whence F' is (X, X)—
quasiperiodic. Thus, by Theorem B.7a, Ay (F) = [0,1). If A(F) = () then, since F is
(X, X)—quasiperiodic and by by Theorem B.7a, F' = 0. O

With the Second, Third and Fourth Spectral Theorems we have shown, for every quasiperi-
odic function F', that Ay (F) = [0,1) and that, in the case A(F) =0, F = 0 (and we will
apply these facts in Appendices B.5 and B.6 below). However we have accomplished even
more since we have found, by (B.50),(B.55), (B.84), how to explicitly express F in terms of
the data a(F,\). The latter circumstance is very interesting for future work on spin-orbit
systems in SOS(d, Plw]) since it opens the road towards generalizing theorems which hold
off orbital resonance (e.g., Theorem 3.3a and the Uniqueness Theorem) to theorems which
even hold on orbital resonance.

Remark:

(3) Let (Plw],A) € ACB(d, P|w]) and v € Z(P[w], A). Let also (Z,S) be a particle-spin-
vector trajectory of (Plw], A) and let S; denote the j-th component of S. We recall
from Remark 2 above that S; is (w,r)-quasiperiodic whence, by the Second, Third
and Fourth Spectral Theorems, A(S;) C Y{,,). This inclusion will be sharpened in
Appendix B.5 below to the spectral formula (7.28). O

B.5 Proof of the spectral formula (7.28)

The following theorem proves the main claims made in Section 7.2 about the spectral ap-
proach to spin tunes. In particular it proves (7.28).

Theorem B.8 Let (Z,5) be a particle-spin-vector trajectory of (Plw], A) € ACB(d, Plw])
and let Sj(n) denote the j-th component of S(n). Then Ay (S;) = [0,1) and, for every
A€ [0,1), an(S;, A) converges to a(S;, A) as N — co. Moreover (7.28) holds, i.e.,

A(S;) CE(Pw],A)u{l-w+n:1€Z' neZ}.

Proof of Theorem B.8: We will prove the claims in two parts. In the first part we prove,
by using the Second, Third and Fourth Spectral Theorems, that A (S;) = [0,1) and in
the second part we use the First Spectral Theorem. Following Remark 2 above, we pick a
v € Z(Plw], A) and a transfer field 7" from (Plw], A) to (Plw], Ag,) (recall from Remark 2
that T is a uniform IFF of (P[w], A)). We also pick a ¢y € R? such that my(¢y) = Z(0) and
we define the function ¢ : Z — SO(3) by (B.24) which gives us (B.25) whence, by (7.5),

U[P[w], Al(n; Z(0)) = t(n) exp(2r Tnv)t*(0) . (B.94)
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Defining

1 1 £2 0 000
Ay = 5| T 1 01, No:=|[ 000 |, (B.95)
0 0 O 0 01
we have, by (6.7),
exp(Jv2mn) = Ay exp(2miny) + A_exp(—2minv) + Ay . (B.96)
By (B.5),(B.94) and (B.96) we have, for all n,
U[P[w], A](n; Z(0)) = t(n) <A+ exp(2minv) + A_ exp(—2minv) + A()) t(0)
=t (n)E,(n) +t (n)E_,(n) +t°(n) , (B.97)

where
tT(n) == t(n)ALt(0), t (n):=t(n)A_t'(0), t°n):=t(n)Act'(0). (B.98)
It follows from (2.35) that S(n) = ¥[P[w], A](n; Z(0))S(0) whence, by (B.97),

3
Si=2 (%Ev +tE, + tg?k) Sk(0) (B.99)

k=1

where ¢, and 3, denote the jk-matrix elements of t+,¢~ and ¢°. We recall from Remark
2 above that each matrix element of ¢ is an w-quasiperiodic function whence, by (B.98) and
Remark 1 above, t;’k, ¢ and t?k are w-quasiperiodic so that, by the Second, Third and Fourth
Spectral Theorems in Appendix B.4, Atot(t;_k) = Atot(tj_k) = Atot(t?k) = [0,1) which implies,
by Theorem B.3a,

AtOt(t;_kEl/> - [0, 1) y At0t<tj_kE—l/) - [0, 1) 5 At0t<t?k) - [0, 1) . (B].OO)
We conclude from (B.99),(B.100) that
AtOt(Sj) = [07 ]-) ) (Bl()l)

which completes the first part of the proof. Of course (B.101) implies, by Definition B.2¢, that
an(S;, \) converges to a(S;, A) as N — oo. We now prove (7.28) by using the First Spectral
Theorem in Appendix B.2. We note, by (B.101) and Definition B.2¢, that the Cesaro spec-
trum of S; is well-defined so let A € A(S;). Then, by Definition B.2¢, a(S;,\) # 0 whence,
by (B.99), there exist j, k € {1,2,3} such that either a(t}, E,, \) # 0 or a(t;, E_,, \) # 0 or
a(t?k, A) # 0 so that we have to consider three cases, i.e., we will show for each case that \ is
an element of the set on the rhs of (7.28). In the case where a(t}, E,, \) # 0 it follows from
Theorem B.3a that a(t},, [A — v]) # 0 whence, by Definition B.2c, |\ —v| € A(t};) so that,
by the First Spectral Theorem in Appendix B.2 and since t;rk is w-quasiperiodic,

A—v|eY,. (B.102)
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It follows from (B.6),(B.102) that A—v = m-w+{ where m € Z%,1 € Z whence, by Theorem
7.3f and since v € Z(Pw], A), we get A € Z(P[w], A) so that indeed A is an element of the
set on the rhs of (7.28). In the case where a(t;, F_,,A) # 0 it follows from Theorem B.3a
that a(tj,, [A +v]) # 0 whence, by Definition B.2¢, [A 4+ v] € A(t};) so that, by the First
Spectral Theorem in Appendix B.2 and since ¢}, is w-quasiperiodic,

A+v|eY,. (B.103)

It follows from (B.6),(B.103) that A\+v = m-w+1 where m € Z%,1 € Z whence, by Theorem
7.3f and since v € Z(Pw], A), we get A € E(P[w], A) so that indeed A is an element of
the set on the rhs of (7.28). In the case where a(t},,A) # 0 it follows from Definition B.2c
that A € A(t9,) whence, by the First Spectral Theorem in Appendix B.2 and since tJ; is
w-quasiperiodic, A € Y, so that, by (B.6), A = m - w + [ where m € Z% | € Z which implies
that A is an element of the set on the rhs of (7.28). This completes the proof of the theorem.
O

By (B.6) and Theorem 7.3f, Z(Plw]|,A) U{l-w+n:1l € Z% n e Z} CY,,) whence the
spectral formula (7.28) sharpens the inclusion: A(S;) C Y{,, from Remark 3 above.

B.6 Remarks on the absence of spin tunes

Let (Plw], A) € ACB(d, P|w]), i.e., by Theorem 7.3b, let (P[w], A) have spin tunes. Let also
(Z,S) be a particle-spin-vector trajectory of (Plw], A) and let S; denote the j-th component
of S. Then, by Remark 3 above, every S; is quasiperiodic and satisfies: Ay (5;) = [0,1)
and A(S;) C Y(,,). Denoting the union over the A(S;) by A where (Z,S) varies over all
particle-spin-vector trajectories of (Plw], A) we get A C U, czipp).4) Y(ww) Whence, by (B.6)
and Theorem 7.3f, A is a countable set.

These properties of the S; are not satisfied in general by spin-orbit systems which do
not have spin tunes. One example is the 2-snake model (P[1/2], Ayg) from Section 3.3. In
fact one can show for (P[1/2], Ass) that, while A is well-defined, it is an uncountable set
[Hel]. This implies, by the above, that (P[1/2], Aas) has no spin tunes. Of course this is no
surprise since we know from Section 3.3 that (P[1/2], Asg) has no ISF whence, by Remark
5 in Chapter 4, (Plw],A) ¢ ACB(d,P|w]), i.e., by Theorem 7.3b, (P[w], A) has no spin
tunes. Another example is the spin-orbit system (P[w], A) of Theorem 7.6 in the case where
d=1and N # 0. In that case let us consider the particle-spin-vector trajectory (Z,S) of
(Plw], A) for which Z(0) = 71(0) and S(0) = (1,0,0)". It is easy to show, by (2.35),(2.36),
Si1(n) = cos(mwNn(n — 1)) which implies (see for example Weyl’s Theorem in Section I11.19
of [Kor]) that Ay (S1) = [0,1) and A(S;) = (). However the latter implies, by the Second,
Third and Fourth Spectral Theorems and since S; is not the zero function, that S; is not
quasiperiodic. Therefore, by the above, (P[w], A) has no spin tunes. Of course this is no
surprise since we know from Theorem 7.6 that (P[w], A) has no spin tunes.
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C Further proofs

C.1 Proof of Theorem 2.5

We first state and prove Theorem C.1 since we need it to prove Theorem 2.5a. For e € (0, 00)
and ¢ € R? we define

Bd[¢75] = (¢l _57¢1 —|—€) X X (¢d_57¢d+5) C Rd ) (C]')
and we also abbreviate

Fra = {By[¢, €] 1 € € (0,00), 0 € R}, (C.2)
71 = {m4(Balp, €]) : € € (0,00), 6 € R} . (C.3)

Theorem C.1 a) Let A C R Then

;' (ma(A) = (J PINI(A4), (C4)

Nezd

where P[N] is defined in Section 2.2.
b) Denoting the natural topology of R by Tga we have

I — {14(A) : A € Tra} . (C.5)

¢) Tra 18 a base of the topology Tra and %jm is a base of the topology ij
d) For every ¢ € R and ¢ € (0, 0)

ma(¢) = (w1 (1), - -+, mi(a))" (C.6)
71-d(Bd[(b, 5]) = 7T1(Bl[¢1,€]) X+ X 7T1(Bl[¢d,€]) . (C?)

Moreover the topological space (T¢ 11™) is Hausdorff.

e) T4 is the subspace topology from Trea, ice., 74 = {BNT? : B € 7gea}. Moreover the
topological space (T?, 1) is compact.

f) i c oo

Proof of Theorem C.1a: If ¢ € R? then, by Definition 2.4 and by the definition of 75[]\7] in
Section 2.2, we compute ;" (14({¢})) = {¢ + 27N : N € Z} = Uyega P[N]({¢}) whence,
for A C RY,

my (ma(A)) = 7 (ma(|J {o1) = m (| ma({o}) = | ma" (ra({0}))

peA peEA peEA
=U U 2o = U U PVdep = U PV {oh) = U
pEA Nezd Nezd ¢€A Nezd peA €zd
which proves the claim. O
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Proof of Theorem C.1b: “C": Let V € 7 " whence, by the definition of T3 " in Section 2.3,
A =7, (V) belongs to Tga. Since 7,4 is onto T¢ we get V = my(7;'(V)) = ma(A) whence V
belongs to the set on the rhs of (C.5) so that

I C {rg(A) - A€ Tral} . (C.8)

“D7: Let A € tga. To show that m4(A) belongs to 7}{ " we note, for every N € Z% and since
P[N] € Homeo(R?), that P[N](A) € 7ge whence the union Unezd P[N](A) also belongs
to Tpa S0 that, by Theorem C.1a, 7, '(74(A)) € Tga which implies, by the definition of 7",
that mg(A) € 71", Thus 71" > {mg(V) : V € 7pa} whence the claim follows from (C.8). O
Proof of Theorem C.1c: Because Tga is the metric topology on R? (from the Euclidean metric
on R?) it is clear that every A € 7a is a union of sets of the form By[¢, €], i.e., that 7ra is a
base of the topology 7a. To show the second claim let V' € 73 moe., A= WC?I(V) belongs
to Tpa. Since Tga is a base of the topology 7ra there exists a set A and, for every A € A,
an ¢y € R? and £, € (0,00) such that A = |J,., Balér, )] whence V = my(r; (V) =
Ta(A) = mg(Uren Baldr,ex]) = Uyen ma(Ba[da,€x]) so that V' is a union of sets of the form
74(Balé, €]) which implies, by (C.5), that 7™ is a base of 7] O
Proof of Theorem C.1d: We first note that (C.6) follows from the definition (2.19) of 7y
and that (C.7) follows from (C.1) and (C.6). To prove the last claim we first consider
the case d = 1 so let 2,2/ € T and z # 2/. We choose ¢,¢' € (—m, x| such that z =
m(), 2 = m(¢') and without loss of generality we assume that ¢ < ¢’ and we define ¢
such that 3e is the minimum of ¢ and ¢ — ¢. Clearly € € (0,00) whence, by Theorem
C.1b, 71 (B[¢,€]) is an open neighborhood of z and m(B;[¢’, €]) is an open neighborhood
of 2. Moreover ¢ + e < ¢ —e,¢ +e < ¢ — e + 27 whence m(Bi[p,e]) N w1 (By[¢,e]) =0
so that (T,7{") is Hausdorff. Let now z,2’ € T¢ and z # 2'. We choose ¢, ¢ € (—n, x|
such that z = m(¢), 2" = ma(¢'). Because z # 2’ we have z; # z; for some j = 1,...,d
and without loss of generality we assume that ¢; < ¢} and we define ¢ such that 3¢ is the
minimum of ¢; and ¢; — ¢;. Clearly ¢ € (0,00) whence, by Theorem C.1b, 74(Ba[¢,¢])
is an open neighborhood of z and my(Bgy[¢',€]) is an open neighborhood of 2. Moreover
¢j +e < P —e, ¢ +e < ¢; — e+ 2m whence m(Bi[g),e]) N mi(Bi[¢),€]) = 0 so that,
by Theorem C.1d, mq(Bq[¢, €]) N ma(Bal¢', €]) = O which implies that the topological space
(T, 7™ is Hausdorff. O
Proof of Theorem C.1e: Since fi4 is the restriction of the Euclidean metric of R?? it follows
and since 7peq is the metric topology from the Euclidean metric it is easy to show, by using
the base Tr2a of 724, that 7, is the subspace topology from 7gea (see also Section 2.10 in [Mul]).
To prove the second claim we define the function f € C(R??, RY) by f(21, 20, - , Z2a_1, 224) :=
(22+22,-++ 22, | +22)" and note that T is the inverse image of (1,---,1)" under f. Since
the singleton {(1,---,1)!} is a closed subset of R? and since f is continuous it follows that
T? is a closed subset of R??. Moreover T? is bounded (w.r.t. the Euclidean metric on R?)
whence, by the Heine-Borel Theorem (see, e.g., Corollary 2.12 in [Hu, Chapter I11]), T? is a
compact subset of R?*? so that, since T is a subspace of R?? the topological space (T¢,7,)
is compact. O
Proof of Theorem C.1f: To show that ij C 7145 we note, by Theorem C.1c, that %C{i” is a base
of the topology TCJ; " whence we are done if we show that T3 " < 7,. We first consider the case
d=1so0let ¢ € (—m, 7] and € € (0,00) whence our aim is to show that m(Bi[p,¢]) € 7.
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We define the wedge W := {r(cos(¢),sin(¢))" : r € (0,00),0 —e < ¢ < ¢+ &} and
observe that W € 7ge as can be easily checked. Moreover m(Bi[¢,¢]) = W N'T whence
71(Bi[é,€]) € 7. We now consider the general case so let ¢ € (—m, 7] and ¢ € (0, 00).
To show that m4(Bq[p,€]) € T4 we define, for j = 1,...,d, W; := {r(cos(¢),sin(¢))" : r €
(0,00),0; —e < ¢ < ¢; + ¢} and recall from above that W, € 7e. On the other hand,
by Theorem C.lc, Tg2a is a base of Tpea whence Wi x --- x Wy € 7Tpea as can be easily
checked. Moreover 71 (Bi[¢;,€]) = W; N'T so we compute, by (2.15) and Theorem C.1d,
Wd(Bd[¢,€]) = W1(31[¢1,6]) X X 7T1(Bl[¢d,€]) = (Wl ﬂT) X X (WdﬁT) = (Wl X

W) N (T x -+ xT) = (W x - x Wy) N T¢ whence, and since Wy X -+ x Wy € Tpoa,
7a(Ba[o, €]) belongs to the subspace topology from 7gea. However, by Theorem C.le, 7, is
the subspace topology from Tgea whence 74( By, €]) € 4. O

We are now ready to prove Theorem 2.5.
Proof of Theorem 2.5a: To prove that 7, = Td " we first note that this equality holds iff idya
is a homeomorphism from (T%, 7,) to (T¢,7J™). Since idya is a bijection we can use the fact
from Proposition 2.6 in [Hu, Chapter III] that tdpa is a homeomorphism if it is continuous
and if 7, " is Hausdorff and 7, is compact. Thus, by Theorems C.1d and C.le above, idya
is a homeomorphism if it is continuous. Of course since idrpa is the identity function on T¢
it is a continuous function from (T 7,) to (T%, 7™ iff 7J"* C 7, whence, by Theorem C.1f
above, tdpa is a continuous function. This completes the proof of the first claim, i.e., that
T = TC{ " To show that m; is continuous let V' € 7; whence we are done if we show that
7' (V) is open. In fact, by the first claim, V € 77" whence m;'(V) is open as was to be
shown. O
Proof of Theorem 2.5b: Let F' € C(R?, X) be 2r-periodic in its arguments. If ¢ € R then,
by Definition 2.4, there exists an N(¢) € Z? such that ¢ + 27N (¢) = Arg(mq(¢)) whence
F(Arg(ra(9))) = F(¢p+2rN(¢)) = F(¢). Let f: T¢ — X be defined by f(z) := F(Arg(2)).
If € R? then, by the above f(mq(¢)) = F(Arg(ma(¢))) = F(¢) whence fony = F. To
see that f is continuous we need to show that for every open subset V of X the inverse
image f~1(V) is open, the latter meamng that f~%(V) € 74. Because of Theorem 2.5a we
just need to show that f~'(V)) € 74", In fact we compute 77 (f~1(V)) = (f o mq) (V) =
F~Y(V). However F is continuous whence F~1(V) is open so that 7' (f~}(V)) is open so that
(V) € 7I™ which implies that indeed f is continuous. Let g € C(T%, X)) such that gomy =
F. To show that f = g we compute f(my(¢)) = F(Arg(mq(9))) = g(ma(Arg(ma()))) =
g(ma(@)) where in the third equality we used Definition 2.4. Thus indeed f = g. Let
G € C(R?, X) be 2m-periodic in its arguments and F(Arg(z)) = G(Arg(z)) and let ¢ € RY.
Thus, by the first claim, F(¢) = F(Arg(mq(¢))) = G(Arg(ma(¢))) = G(¢) so that F' = G.
Let conversely h € C(T¢, X) and H = h o my. By Theorem 2.5a m, is continuous whence
H € C(RY, X). Moreover H(Arg(z)) = h(rq(Arg(z))) = h(z) where in the second equality
we used Definition 2.4. O
Proof of Theorem 2.5¢c: Let F' € C(RF, T?). Since ]Rk is simply connected one can show, e.g.,
as in [Br, Section I11.4] or [Mu, Section 8.4], that a f € C(RF,R?) exists such that F = 7o f.
To prove the second claim let first of all G € C(R*, T¢) be constant valued with value
74(0,---,0) = (1,0,---,1,0)" and let § € C(R*¥,R?) be such that G = w40 g. Then, by Defi-
nition 2.4, §(¢) = 27N (¢) where N(¢) € Z¢ whence, and since § is continuous, N(¢) is inde-
pendent of ¢. To finish the proof of the second claim let fl, f2 € C(R*,R?) such that 740 fl
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74 o fo whence, by Definition 2.4, exp(J, )(1,0,-+,1,0)" = 1a(f1(9) = ma(fold)) =
t

exp(J, ) (1,0,-++,1,0)" so that 7ma(fi(d) — ( ) = exp(Tf ) o)) (1,0, -+, 1,0)" =
exp(Jf, (4)) XP(=T j4)) (1,0, - - ,1,0)" = (1,0,---,1,0)" which implies, by the above, that
setting § = f1 — fo we get §(¢) = 2aN with N € Zd, i.e., f1(¢) = fo(¢) +2rN. This proves
the second claim. O
Proof of Theorem 2.5d: To prove the first claim let us first assume that f € Fun, whence,
for every N € Z% and recalling Section 2.2, there exists an N € Z? such that f (p+27N) =
F(®) + 27N so that, by the periodicity of mq, T4(f(¢+27N)) = 7a(f(0) + 21N) = Ta(f(0))
which implies that 74 o f is 2m-periodic in its arguments. Conversely let f € C(R4,RY) and
g O f be 2m-periodic in its arguments then, for N € 78, Tq 0 f (++ 27 N) is continuous and
equal to mz0 f whence, by the Baby Lift Theorem, an N € Z¢ exists such that f (p+27N) =
F(®) + 27N so that f € Fung.

The second claim follows from the first claim and the definition, (2.11), of Map,,.

To prove the third claim let f € Fung. Then, by the first claim, w4 o f is 27-periodic in
its arguments whence, by Theorem 2.5b and since 7y o f is continuous, we conclude that
740 f o Arg belongs to C(T?, T¢). a
Proof of Theorem 2.5e: The proof is a multiple application of Theorem 2.5b. To prove
the first claim we define the function A : R? — SO(3) by A(z) := A(Arg(z)). Since A
is 2m-periodic in its arguments and continuous and setting X = SO(3), we conclude from
Theorem 2.5b that A € C(T%, SO(3)).

To prove the second claim we have to show that 7y o j o Arg belongs to Homeo(T?) so
we define the function j : T¢ — T¢ by j := 7y 0 j o Arg. To show that j is continuous we
note by Theorem 2.5d that 740 is 2m-periodic in its arguments because j € Map,. Also, by
Theorem 2.5a, m, is continuous whence, and since j is continuous, oj’ is continuous too.
We thus have shown that 7y 0 j is 27-periodic in its arguments and continuous whence, by
Theorem 2.5b, 740 j o Arg is continuous, i.e., j € C(T%, T%). To complete the proof that j is a
homeomorphism we first need to show that it has an inverse. Since j = 140 OArg, a natural
candidate for the inverse of j is the function ¢ : T¢ — T¢, defined by g := mq 0 j Lo Arg.
To show that ¢ indeed is the inverse of j we compute jo g =my0joArgomgoj *oArg =
Tg0joj toArg = Tq © Arg = idra where in the second equality we used Theorem 2.5b and
the periodicity of mz0j and where in the fourth equality we used Definition 2.4. Analogously
we compute goj =mgoj toArgomgojoArg =140 ojoArg = T4 © Arg = idpa where
in the second equality we used Theorem 2.5b and the periodicity of 74 0 77 and where in
the fourth equality we used Definition 2.4. Thus indeed ¢ is the inverse of j, i.e., g = j 7%
To complete the proof that j is a homeomorphism we now show that j=! is contlnuous in
the same way as we proved above that j is continuous. Thus we first note by Theorem 2.5d
that 7w, 0 77! is 2m-periodic in its arguments because j~! € Mapy,. Also, by Theorem 2.5a,
T4 1S continuous Whence and since j~! is continuous, w4 0 77! is continuous too. We thus
have shown that 740 j~! is 2r-periodic in its arguments and continuous whence, by Theorem
2.5b, mg 0 =1 o Arg is continuous, i.e., j~' € C(T, T%).

To prove the third claim we proceed as with our claim after Definition 2.4 so let z =
74(¢),S = S and let ¢/ := j(¢), 2" := j(z) as well as S = A($)S, 8 = A(z)S. To show that
2 = mal@') we compute 2’ = j(2) = j(ma(6)) = (ma 0] 0 Arg 0 ma)(6) = (740 )(0) = Ta(¢)
where in the fourth equality we used Theorem 2.5b and the periodicity of 74 o j whence
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indeed 2" = 74(¢'). To show that &' = 5" we compute &' = A(2)S = A(m4())S = (Ao
Arg o mg)¢)S = A(¢)S = 5" where in the fourth equality we used Theorem 2.5b and the
periodicity of A whence indeed &’ = S’ which completes the proof of the third claim. O

C.2 Proof of Theorem 2.6

Proof of Theorem 2.6a: We define the function F' : R — T by F := f o m; whence, by
Theorem 2.5b, F' is 27-periodic in its arguments. Thus, by Theorem 2.5c¢, there exists a
f e C(R%LRY) such that F = my o f whence fomy = 740 f so that, by Definition 2.4,
f=fomgoArg =740 f o Arg which completes the proof of the first claim. To prove the
second claim let fl, f2 be in Fun, and such that 740 fl oArg = f = myo0 f2 oArg. By Theorem
2.5d w40 f1 and my o f2 are 2m-periodic in their arguments. Using Theorem 2.5b and the
periodicity of w40 fl and the periodicity of w0 fg we compute m, 0 fl =740 fl oArgomy =
T4 0 fyo Argomy = w40 f» whence, by Theorem 2.5¢ and since fi, f» are continuous, there
exists indeed a constant N € Z% such that fi(¢) = fo(¢) + 27 N. O
Proof of Theorem 2.6b: To prove the first claim we note, by Theorem 2.6a and since j &
Homeo(T?), that there exists a j and § in C (]Rd R%) such that w40 and 70§ are 2m-periodic
in their arguments and such that 7 = 750 j 0 Arg and j “l=m4040 Arg Thus to complete
the proof of the first clalm we have to show that j € Map,, i.e., that j; € Homeo(R?) and
that 740 j and mg 0 ! are 27-periodic in their arguments. Of course the latter are already
established whence we have just to show that ; is a homeomorphism so we compute

idpa =joj ' =mgojoArgomgojoArg =my0jo§oArg, (C.9)

where in the third equality we used Theorem 2.5b and the periodicity of 74 o j. It follows
from (C.9) that

Tg=idpaomy=mg0j0goArgomy . (C.10)

To get rid of the factor Arg o my on the rhs of (C.10) we note, by Theorem 2.5b and the
periodicity of 74 0 7, that

jomg=mgojoArgomy=mgo], (C.11)
whence, by (C.10),
Tg=jomgogoArgom, . (C.12)
By Theorem 2.5b and the periodicity of w4 0 § we conclude from (C.12) that
Tg=jomgo§oArgomy=7jomyo§=mg0j04, (C.13)

where in the third equality we used (C.11). By Theorem 2.5¢ and (C.13) a N € 7% exists
such that j o g = idpe + 27N, i.e.,

~

3(3(6) = 6+ 27N, (C.14)
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whence ; is onto R% To show that j is one-one we repeat the argumentation which led us
from (C.9) to (C.14) so we first compute

idra = j oj=mg0G0oArgomgojoArg =mz0GojoArg, (C.15)

where in the third equality we used Theorem 2.5b and the periodicity of m; 0 g. It follows
from (C.15) that

Tqg=idpaomy=mg0§ojoArgomy . (C.16)

To get rid of the factor Arg o m; on the rhs of (C.16) we note, by Theorem 2.5b and the
periodicity of w4 o g, that

gomg=mgogoArgomy=m400, (C.17)
whence, by (C.16),
Tq=gomgojoArgom, . (C.18)
By Theorem 2.5b and the periodicity of 74 o § we conclude from (C.18) that
Tg=gomgojoArgomy=gomgo] =mg0Go], (C.19)

where in the third equality we used (C.17). By Theorem 2.5¢ and (C.19) a M € 7% exists
such that g o j = idypa + 27 M, i.e.,

9(j(0) = o +21M | (C.20)

whence j is one-one. Thus we have shown that j is a bijection. To show that j is a
homeomorphism we need to show that its inverse is continuous so we define the function
h € C(RY,R?) by h(¢) := §(¢) — 2rM and compute, by (C.20), h(j(¢)) = §(j(¢)) — 2rM =
¢+2rM —2rM = ¢ whence ho J = idga so that, and since j is a bijection, his the inverse
of 7. Thus the continuous function h is the inverse of the continuous function 7 whence
7 € Homeo(R?) so that indeed j € Mapy,.

To prove the second claim let j € Map, such that j = 7y 0jo Arg and let us define,
for fixed but arbitrary N, the function § € C(R?R?) by §(¢) := j(¢) + 2rN. Since m
is 2m-periodic in its arguments it is clear that j = mg0 g o Arg whence it remains to be
shown that g € Map,. We first note that = Map, whence 7, o 7 is 2m-periodic in its
arguments. Also 7, is 2m-periodic in its arguments whence 75 o § is 2m-periodic in its
arguments. To show that m; 0 §~! is 2m-periodic in its arguments we have to find g=*. We
again note that j € Map, whence Jis a bijection which implies that g is a bijection so
that §=' exists. To find §=! we compute §(j~'(¢)) = j(j Y(¢)) + 27N = ¢ + 2w N which
suggests to define the function f € C(R% RY) by f(¢) :=j Hp— 27 N) and we readily obtain
9(f(9) = j(f(¢))—|—27TN = (Y ¢p—2aN))+27N = gbwhence §of = idga so that, and since
§ is a bijection, f is the inverse of §. To show that my 0 ¢! is 27-periodic in its arguments
we note again that j € Map, whence 7, o 571 is 27r-periodic in its arguments. On the other
hand, 74(§7'(¢)) = 7a(f(9)) = ma(j (¢ — 27N)) = ma(j 7" (¢)) whence g0 §=' =m0 j~"
so that mg0 g~ ! is 2m-periodic in its arguments since mg0 771 is 27-periodic in its arguments.
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To show that g is a homeomorphism we note that the continuous function f is the inverse
of the continuous function § whence § € Homeo(R?).
The third claim follows readily from Theorem 2.6a.

To prove the fourth claim let A € C(T¢ SO(3)) and let us define A € C(RY, SO(3)) by
A= Aomy Clearly A is 27- periodic in its arguments and, by Definition 2.4, Ao Arg =

AomyoArg = A. If furthermore B € C(R?, SO(3)) is 2m-periodic in its arguments and
B o Arg = A then, by Theorem 2.5b, A = B. O

C.3 Proof of Theorem 7.6

We first state and prove Theorem C.2 since we need its part c) to prove Theorem 7.6.

Theorem C.2 Let Plw] be topologically transitive, i.e., (1,w) be nonresonant and let A €
C(T%,SO(3)) be of the form (7.22), i.e.,

A(z) = exp(T (N - ¢)) ,

where m4(¢) = z and where N € Z2. Then the following hold.

a) Let T' be a transfer field from (Plw], A) to (Plw], Aa,) and let either T or T J" be SO(2)-
valued. Then N = 0.

Remark: Note, by Definition 7.2 and (7.21), that v is a spin tune and T is a uniform IFF

of (Plw], A).

b) Let v € [0,1) and let (Plw],A) and (Plw], Aa,) be equivalent. Then a transfer field T
from (Plw], A) to (Plw], Aa,) exists such that either T or T J" is SO(2)-valued.

Remark: Note, by (7.21), that T is a uniform IFF of (Plw], A).

c) Let v € [0,1) and let (Plw], A) and (P|w], Aa,) be equivalent. Then N = 0.

Proof of Theorem C.2a: We first consider the case where T is SO(2)-valued. Thus, by
Theorem 6.3b,

T(z) = exp(J[M - ¢+ 2mg(2)]) , (C.21)

where 74(¢) = 2z and where M € Z¢ and g € C(T¢,R). Using (2.25),(7.4),(7.22), (C.21) and
the fact that 7" is a transfer field from (P[w], A) to (Plw], Agq,) we compute

s (—J[M (6 +2mw) + 2mg(malo+ 2m>>]) exp(T(N - )

exp (J (M- ¢+ 27rg(7rd(¢))]) = T"(ma(¢ + 2mw)) A(ma(9)) T (ma(¢))
= T"(Pw](2))A(2)T(2) = Aa, = exp(27vT) |

ie.,

exp(TT-27(M ) — 2rglra(6 -+ 27) + N -6+ 2m9(ral) ~270]) = o,
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whence, by Theorem 6.3b, an integer n exists such that, for ¢ € R,
27 (—M cw— g(ma(o + 27w)) + g(ma(@)) — V) =—N-¢+2mn. (C.22)

Since gomy is 2m-periodic in its arguments, the lhs of (C.22) is 2m-periodic in all components
of ¢ whence, by (C.22), the rhs of (C.22) is 27-periodic in all components of ¢ so that N = 0.

We now consider the case when 7.7’ is SO(2)-valued so we define R € C(T¢, SO(3))
by R := TJ'. Thus, by Theorem 6.3b, M € Z? and g € C(T% R) exist such that, when
7a(¢) = 2z, R(z) = exp(J[M - ¢ + 27wg(z)]) whence

T(z) =T(2)T'J" = R(2)J" = exp(T M - ¢+ 2mg(2)]) ", (C.23)
where in the first equality of (C.23) we used (B.32). Using (2.25), (7.4),(7.22), (B.33),(C.23)

and Definition 4.1 and the fact that 7" is a transfer field from (P[w], A) to (Plw], Ag,) we
compute

exp (T2m(M )+ 2mglra(6+ 2m0) — N -6 — 20
= J exp (j[—QW(M w) = 2mg(ma(¢ + 27w)) + N - ¢ + 27T9(7Td(¢))])~7/
= J exp (—j[M (¢ + 2mw) + 2mg(ma(o + 27rw))]) exp(J(N - ¢))

exp (J (M- ¢+ 27rg(7rd(¢))]) J' = T'(ma(¢ + 2mw)) A(a(¢)) T (Ta(0))
= T"(Pw](2))A(2)T(2) = Aq, = exp(2mv.T)

ie.,
exp (j[Qﬂ'(M cw) 4+ 2mg(my(¢ + 2mw)) — N - ¢ — 2mg(ma(p)) — 27T1/]) = I3x3,
whence, by Theorem 6.3b, an integer n exists such that, for ¢ € R,
27 <M cw~ g(ma(¢ + 2mw)) — g(ma(@)) — V) =N-¢p+2mn. (C.24)

Since gomy is 2m-periodic in its arguments, the lhs of (C.24) is 2m-periodic in all components
of ¢ whence, by (C.24), the rhs of (C.24) is 27-periodic in all components of ¢ so that N = 0.
O

Proof of Theorem C.2b: By Definition 4.2 we have a transfer field 7" from (Pw], A) to
(Plw], Aa,) whence our task is to construct, out of 7", a transfer field 7" from (P[w], A) to
(Plw], Aa,) such that either T" or T'J" is SO(2)-valued. Since 7" is a transfer field from
(Plw], A) to (P[w], Aa,) it follows from (7.4) and Definition 4.1 that

A(2)T'(z) = T'(Pw](z)) exp(2mv T ) . (C.25)
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Defining ¢ € C(T?, R3) by t(z) := T"(2)(0,0,1)!, we conclude from (C.25) and (6.7) that

A(2)t(z) = A(2)T'(2)(0,0,1)" = T'(P[w](2)) exp(27v T )(0,0,1)" = T'(P[w](2))(0,0, 1)
=t(Plw](z)) . (C.26)

Note that [t(z)| = 1 because T'(z) € SO(3). Because t € C(T¢ R?), and for j = 1,2,3,
the j-th component ¢; of ¢ belongs to C(T¢ R). Since A is SO(2)-valued it follows from
(C.26),(6.5) and (6.7) that

ts(z) = t3(Plw](2)) . (C.27)

Because P[w] is topologically transitive we conclude from (C.27) and Theorem 3.3a that t3
is a constant function so that, since |t3| < [t| = 1, only the following three cases can occur:
Case (i) where, for all z € T?, t3(z) = 1, Case (ii) where, for all z € T¢, #3(2) = —1, Case
(iii) where, for all z € T, |t3(2)] < 1.

We first consider Case (i). Since |t| = 1, in the present case t1(z) = t2(z) = 0 whence t =
t3(0,0,1)" = (0,0, 1)%, i.e., T77(0,0,1)" = ¢ = (0,0,1)". Due to Theorem 6.2a, we obtain that
T"is SO(2)-valued whence 7" is an SO(2)-valued transfer field from (Plw], A) to (Pw], Aa.)-

We now consider Case (ii). Since |t| = 1, in the present case t1(z) = t3(z) = 0 whence t =
£5(0,0,1)' = (0,0, —1)", i.e., T'(0,0,1)' = ¢ = (0,0, —1)" so that, by (B.32), T'7"(0,0, 1) =
(0,0, 1)" which implies, by Theorem 6.2a, that T7"7" is SO(2)-valued whence T" is a transfer
field from (Plw], A) to (Plw], Aa,) for which 7" J" is SO(2)-valued.

We now consider Case (iii). Note that if 7} or 777" would be SO(2)-valued then, by
(6.5),(6.7), (B.32), the third column ¢ of T} would either be (0,0, 1)*-valued or (0,0, —1)-
valued whence |t3] would be 1-valued which of course is impossible in the present case. Thus,
unlike to Cases (i) and (ii), the transfer field 7" we are looking for is different from 7} so we
have to do some work. In fact this work is rather easy since the (33)-matrix element ¢3 of
T7 is a constant function which allows us to factorize T into three simple and continuous
functions in (C.32) below. To accomplish all that We ﬁrst note, because |t3| < 1, that the
function ¢y € C(T4, R), defined by t(z) := \/t3(2) + t3(2) = \/1 — £3(2) has only positive
values. Note that ty is a constant functlon because t3 is a constant function. Since ty has
only nonzero values we can define Ty : T — SO(3) b

~+

1(2)  _ta(2)
TR

~+

Ty(2) := g(z) 28 0| . (C.28)
0 0 1

Note, by (C.28) and Theorem 6.2a, that T is SO(2)-valued which implies that T, €
C(T?,SO(3)). Tt also follows from (C.28) that

TiT1(0,0,1)" = Tat = Th(t1, ta, t3)" = (17 +13) /to, 0, 13)" = to(1,0,0)" 4+ 3(0,0,1)" . (C.29)

Since ty and t3 are constant functions and since |ty(1,0,0)" + ¢3(0,0,1)!| = 1 there exists a
C in SO(3) such that C'(0,0,1)" = t(1,0,0)" + ¢3(0,0,1)" whence, by (C.29),

C'TIT1(0,0,1)" = C*(t0(1,0,0)" +¢3(0,0,1)") = (0,0,1)". (C.30)
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We thus define the function T3 € C(T¢, SO(3)) by
Ts(z) = C'Ty(2)T1(2) , (C.31)

and observe, by (C.30), that T5(z)(1,0,0)" = (1,0,0)" whence, by Theorem 6.2a, T3 is SO(2)-
valued. With (C.31), we get the following factorization of 77:

To obtain T from T; we first generalize T by defining, for fixed but arbitrary B € SO(3),
the function T € C(T¢, SO(3)) by

Tp(z) :=Ty(z)BT3(2) . (C.33)

Indeed T} = T whence T} is a special case of Ty as can be easily checked by (C.32),(C.33).
We now show that every T is a transfer field from (Plw], A) to (Plw], A4,,) whence we have
to compute T (Plw|(2))A(2)Ts(2). We first compute T3 (P[w](2))A(2)T2(2) and we note, by
(C.26),(C.29),

A(2)Ta(2)[to(1,0,0)" +£5(0,0,1)] = A(2)Ta(2)[to(2) (1, 0,0)" + 5(2)(0,0,1)"] = A(2)t(2)

’ 1 3
= t(P[w](2)) = Ta(Pw](2))[to(P[w](2))(1,0,0)" + t3(P[w](2))(0, 0, 1)
— Ty(PL)(2))[to(1,0,0) +15(0,0,1)1 (C.34)

where in the first and fifth equalities we used that ty and t3 are constant functions. Multi-
plying (C.34) from the left by T4 (Plw](2)) we get

T3 (Plw](2))A(2)To(2)[to(1,0,0)" + t5(1,0,0)] = [to(1,0,0)" + £3(1,0,0)"] . (C.35)

Since A(z), Ty(z) and T4 (P[w](z)) belong to SO(2), their product belongs to SO(2) whence,
by Theorem 6.2a,

T3(Plw](2))A(2)Ta(2)t3(0, 0, 1)" = t3T5(Plw](2)) A(2)T2(2)(0,0,1)" = £3(0,0, 1)" ,
so that, by (C.35),
toTa(Plw](2))A(2)T2(2)(1,0,0)" = TE(Pw](2))A(2)Ta(2)te(1,0,0)" = t4(1,0,0)" , (C.36)
which implies, since t; is nonzero, that
T3 (Pw](2))A(2)Ty(2)(1,0,0)" = (1,0,0)" . (C.37)

Recalling from the remarks after (C.35), that T¢(Plw](z))A(2)T2(z) belongs to SO(2), we
conclude from Theorem 6.2a that Ti(Pw](z))A(2)T2(2)(0,0,1)" = (0,0,1)" whence, by
(C.37),

T3 (Pw](2))A(2)T2(2) = Isxs - (C.38)
It follows from (C.33),(C.38) that

Tp(Plw](2))A(2)Ts(2) = T5(Plw](2)) B'T3(Pw](2)) A(2)Ta(2) BT3(2)
= T5(P[w](2)) B' I5x3 BT3(2) = T5(Plw](2))T5(2) - (C.39)
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We recall from the remarks after (C.33) that 7} = T whence in that case (C.39) results in
Auy(2) = T{(P[w](2))A(2)T1(2) = To(P[w](2)) A(2)Te(2) = T3(Plw](2))T3(2) , (C.40)

where in the first equality of (C.40) we used that 77 is a transfer field 7' from (P|w], A) to
(Plw], Aay). It follows from (C.39),(C.40) that, for every B € SO(3),

Agp(2) = Tp(Plw](2)) A(2)T5(2) , (C.41)

whence indeed every Tp is a transfer field from (Pw], A) to (Plw], A4,). Thus our task of
finding an SO(2)-valued transfer field T from (Pw], A) to (P[w], Ag,) boils down to find a
B € SO(3) such that T is SO(2)-valued. In fact since Ty and T3 are SO(2)-valued we pick
B = I35 and observe, by (C.33), that 77, , is SO(2)-valued whence T' := T}, , = T5T3 is an
SO(2)-valued transfer field 7" from (Pw], A) to (Pw], Aa.)- O
Proof of Theorem C.2c: Since (Plw], A) and (Plw], Aq,) are equivalent we conclude from
Theorem C.2b that a transfer field 7" from (P[w], A) to (Plw], A4, ) exists such that either
T or TJ"is SO(2)-valued which implies, by Theorem C.2a, that N = 0. O

Proof of Theorem 7.6: 1t is clear, by Definition 6.1, that 7" = A, is an IFF of (Plw], A)
whence, by Theorem 6.2c, (Plw], A) has an ISF (recall from the remarks after (3.4) that
Ago(2) = I3x3). To prove the final claim let first of all N = 0. Then A = A, whence, by
Definition 7.2, (P[w], A) has spin tunes. Let now N # 0. Then (P[w], A) has no uniform IFF
as follows. In fact if a uniform IFF would exist then, by (7.21), a v € [0,1) and a transfer
field T from (Plw], A) to (Plw], Agq,) would exist whence, by Definition 4.2, (P[w], A) and
(Plw], Aa,) would be equivalent which, by Theorem C.2c above, would imply that N =0, a
contradiction. Thus if N # 0. Then (P[w], A) has no uniform IFF whence, by Remark 6 in
Chapter 7, (P[w], A) has no spin tune. O
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